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ABSTRACT:

The oxidation of chromium-coated zirconium-based alloys is studied under steam at temperatures
ranging from 800°C up to 1500°C and for oxidation times ranging from a few minutes up to a few hours.
For oxidation temperatures up to 1300°C, the overall oxidation kinetics is nearly parabolic at the
beginning of oxidation, when the Cr outer layer is protective. Finally, it significantly accelerates and
hydrogen is absorbed during a short period. These steps correspond to different oxidation and diffusion
mechanisms, involving: growth of outer chromia scale; Zr-Cr interdiffusion, inducing Zr(Cr,Fe)2
intermetallic layer thickening then disappearance due to transformation into metallic chromium and
zirconia; transport of oxygen through residual chromium (in particular along grain boundaries) and into
the zirconium substrate, and finally growth of a sub-coating zirconia. The additional effect of the Zr-Cr
eutectic reaction occurring when the oxidation temperature is increased beyond 1300°C is also studied
and briefly discussed.

KEYWORDS: chromium coating; zirconium alloys; high temperature steam oxidation; enhanced
accident tolerant nuclear fuel claddings

© 2020 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/


https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0010938X19322565

HIGHLIGHTS:

»  Oxidation of Cr-coated Zr alloys is studied under steam up to 1500°C.

» Oxidation kinetics vary depending on the actual protectiveness of the Cr coating.
» Different underlying diffusion mechanisms are highlighted.

» Crvolatilization appears to be negligible.

» Effect of Zr-Cr eutectic beyond 1300°C is studied.



1. INTRODUCTION

Due to a good balance between resistance to corrosion, neutron transparency and mechanical
properties, zirconium-based alloys have been used since the 1960s for nuclear fuel claddings in Light
Water Reactors (LWRs). However, since the Fukushima-Daiichi nuclear plants accident in 2011, there
is an increasing international effort to develop Enhanced Accident Tolerant Fuels (EATF) cladding
materials [1]-[6]. One of the main objective of such development is to increase the resistance of the
nuclear fuel cladding to oxidation under steam at High Temperature (HT), typical of hypothetical Design
Basis Accidents (DBA) such as LOss of Coolant Accident (LOCA) situations. Indeed, improving the HT
oxidation resistance of the cladding may induce several benefits upon LOCA transients, by:
- inducing additional “coping time” before embrittlement and failure of the cladding due to too
severe oxidation;
- lowering the Peak Cladding Temperature (PCT) by reducing the contribution of the heat
generated by the exothermic oxidation reaction of zirconium;
- decreasing the production of gaseous hydrogen and thus lowering the hydrogen explosion risk
as experienced in some of the Fukushima-Daiichi nuclear plants.

Among the EATF concepts studied worldwide, metallic chromium-based coatings deposited by using a
Physical Vapor Deposition (PVD) process have shown encouraging results during the early prospective
studies engaged at CEA [7] and during the more recent investigations carried out on M5framatome (Zr1Nb)
alloy substrate [8]-[18]. For example, it has been shown that, compared to conventional uncoated
cladding materials, the corrosion kinetics of the last generation of Cr-coated Zr-based materials is
drastically reduced upon out-of-pile autoclave corrosion tests carried-out during several hundred days
at 350°C in representative PWR primary water chemistry and pressure [12]. Moreover, a recent overview
on the behavior of coated zirconium-based claddings upon normal in-reactor operating conditions and
HT oxidation conditions was made in [19]. The authors conclude that among the various coating families
considered for EATF application, metallic chromium-based coatings show one of the best compromise
between resistance to corrosion during in-service operation and under LOCA conditions. Currently,
several institutes are studying Cr-based coatings deposited with different alternative processes [20]-
[32]. This confirms the increasing international interest in Cr-coated Zr-based alloys.

Indeed, as far as appropriate deposition process/parameters and optimized thicknesses are used, Cr-
coated materials show significantly slower HT steam oxidation rate than the uncoated zirconium-based
reference cladding materials. The Cr-coating is thus able to induce a significant additional “grace period”
before oxidation at HT becomes too detrimental to the material mechanical integrity. For example, as
developed and discussed in [18], for 12-15um-thick Cr-coated Zr-based materials, the one-sided
oxidation time at 1200°C, above which the cladding becomes brittle after low temperature quenching, is
ten times higher than the ones of the uncoated reference claddings.

However, under steam and at temperatures up to at least 1300°C, the metallic Cr-coating is consumed
by two simultaneous mechanisms: outer chromia formation and chromium diffusion into the Bz
substrate. A preliminary model describing the kinetics of the overall consumption of the Cr-coating upon
HT steam oxidation, typical of DBA and slightly beyond LOCA conditions, has been proposed in [7].

As an illustration of the specific HT oxidation behavior of Cr-coated Zr-based materials, Figure 1 shows
the results of Thermogravimetric Analysis (TGA) measurements carried out in a helium-oxygen mixture
at 1300°C on both uncoated and Cr-coated Zircaloy-4 sheet samples. It was checked that, for the HT
oxidation temperature and time experienced here, the overall oxidation kinetics is nearly the same under
helium-oxygen and under more LOCA-prototypical steam environments. One can observe the well-
known parabolic oxidation kinetics of (uncoated) zirconium-based alloys. The weight gain evolution is
more complex for the Cr-coated material. Indeed, the oxidation kinetics of the Cr-coated sample is nearly
parabolic for oxidation times typical of DBA and slightly beyond conditions. For longer oxidation times,
Cr loses its protectiveness and the overall oxidation kinetics progressive accelerates. One aim of the



present study is to bring insights into the underlying metallurgical evolutions responsible for the complex
oxidation kinetics of Cr-coated zirconium-based alloys oxidized in steam at temperatures up to 1500°C.
For that purpose, detailed post-oxidation microstructural examinations have been carried out in order to
explain the three main oxidation steps defined in Figure 1. Special attention is paid to oxygen diffusion
into the zirconium metallic substrate, because it is well known that this is one first order parameter
influencing the post-HT oxidation and quenching mechanical properties of zirconium-based claddings.

2. MATERIALS AND EXPERIMENTAL PROCEDURES
2.1 Materials

As a first step, the Cr-coatings have been deposited by PVD on 1.2mm-thick low-tin Zircaloy-4 sheet
samples. The typical Cr-coating thicknesses range between 5 and 10um. In the following, these early
Cr-coated produced materials are defined as the first generation Cr-coated Zr. Typical grain
morphologies and associated crystallographic textures of the first generation Cr-coating are illustrated
in Figure 2. More recently, 10 to 20um-thick coatings were deposited onto the outer surface of
M5kramatome Cladding tubes, with typical outer diameter and thickness of 9.5 and 0.57 mm, respectively.

At that point, it must be mentioned that, in the following, the experimental results shown correspond to
different types of Cr-coated samples, from the first generation Cr-coated Zircaloy-4 sheets to the last
generation M5ramatome tubular cladding geometry, with different coating thicknesses and as-received
microstructures. On the one hand, as discussed further hereinafter, the HT oxidation kinetics process
may depend on the as-received Cr-coating grain size. On the other hand, the effect of the initial Cr-
coating crystallographic texture is more difficult to establish because the texture changes continuously
upon incursion at HT due to Cr grain recrystallization.

However, more details on the as-received Cr-coated materials microstructures and properties are given
in [7] and [12]. Additional insights into the structure of the Cr-coating / Zr substrate interface, down to
the atomic scale, can be found in [51]. For this last case, it has been shown that, for the PVD coatings
developed here, the Cr-Zr interface appears to be defects-free with crystallinity continuity between the
two polycrystalline materials, thus insuring a very good Cr-Zr bounding.

2.2 High temperature steam oxidation

One-sided (for tubular geometry) and two-sided (for sheet geometry) isothermal oxidation tests were
performed in flowing steam at atmospheric pressure, at various temperatures between 800 and
1500°C. Three different oxidation and quenching facilities have been used:

- the CEA’s DEZIROX 1 facility, on which more than two thousand tests have been conducted so
far [33]-[36];

- the HT oxidation test facility recently developed at Framatome-Paimboeuf, with technical
characteristics close to those of DEZIROX1 [37];

- the new CEA’s HT steam oxidation facility called 12TOx, able to perform HT tests under inert or
controlled steam environment at temperatures up to 1600°C. In this new experimental device, complex
thermal cycling can be applied with continuous control of sample temperature, gas flow and humidity,
and with fully automatized final water quenching. For the present study, a heating rate of 1°C/s has been
applied. Heating began under flowing helium (neutral environment) and steam was introduced at 600°C
or at 1300°C until the end of the tests (final water quenching).

For the three HT oxidation devices used, the steam flux was high enough to avoid steam starvation or
significant temperature overshoot due to the exothermic HT oxidation of the tested materials.

2.3 Post-HT oxidation/quenching examinations



Post-HT oxidation hydrogen content measurements (three measurements per sample) were carried out
using a HORIBA EMGA-821 analyser.

Electron Probe Micro-Analysis (EPMA, CAMECA SX100 electron microprobe) was carried out after
oxidation and quenching to get additional insights into the potential oxygen (and other chemical species
such as chromium) diffusion into the Zr-based substrate. Indeed, it is well known that the Post-
Quenching (PQ) mechanical properties of the cladding and thus its potential embrittlement rely on the
thickness and the oxygen content of the residual prior-Bz- layer [35] [38]-[40].

Detailed microstructural PQ examinations were carried out from the microscale, using Scanning Electron
Microscopy (SEM) coupled with Electron Back Scattered Diffraction (EBSD) analysis, down to the
nanoscale, using High Resolution Transmission Electron Microscopy (HRTEM). For this last case, TEM
specimens were prepared using Gallium Focused lon Beam (FIB) after platinum metallization and
platinum deposition with ion beam. 30um-long and 20um-deep sections of the samples were extracted,
glued on copper grids, and then thinned with FIB at decreasing voltages and currents. Prior to TEM
observation, lamellas were previously cleaned at low voltage and low current with Gallium FIB.

3. RESULTS AND DISCUSSION FOR OXIDATION AT TEMPERATURES UP TO 1300°C
3.1 Beginning of oxidation (protective coating)

As already mentioned in [7], the Cr-coatings studied here are fully protective at the beginning of
oxidation. Thus, for typical DBA and slightly beyond LOCA conditions, growth of the outer chromia scale
under isothermal conditions should be described using a parabolic law (Equation 1):

Xcr203 = (Kp.t)2 - Equation 1

where Xcre0s is the thickness of the outer chromia scale, t is the oxidation time and Kp is the parabolic
rate constant.

The values of Kp (in cm2.s") obtained for oxidation temperatures ranging from 800 up to 1300°C are
shown in Figure 3, where they are compared to values reported in the literature for HT oxidation of pure
(bulk) chromium in oxygen or air environments [41]-[49]. One can observe that the Ky values reported
in the literature for pure chromium are distributed over several orders of magnitude. It has been shown
that under atmospheres containing Oz, chromia grows by diffusion of species across the oxide scale.
Short-circuit diffusion paths such as grain boundaries in oxide scales may have a major effect on the
oxidation kinetics [49], which could contribute to the large scatter of the data. Nevertheless, the K values
obtained in the present study for Cr-coatings tested upon steam at HT and for short oxidation times are
consistent with the quite recent experimental values from Taneichi et al. [48] and with the ones
calculated by Atkinson [47] using the diffusion coefficient of polycrystalline chromia reported by Hagel
and Seybolt [43].

At this point, it must be mentioned that part of the metallic chromium reacting with oxygen at HT may
volatilize (i.e., by formation of CrO3 and/or of volatile gaseous species such as CrO2(OH)z2 and CrO20H),
which would induce a weight loss. For example, such a phenomenon has been proposed recently by
Yeom et al. [76] to explain the observed sub-parabolic (i.e., quartic) oxidation kinetics of cold spray Cr
coatings at 1230°C and above. However, a weight loss of approximately 0.04 mg/cm?2/h due to chromium
volatilization has been measured for pure chromium upon oxidation at 1300°C at atmospheric pressure,
for long oxidation [50]. This value is at least two orders of magnitude lower than the weight gain values
measured on Cr-coatings in the present study at short oxidation times, associated with the growth of an
outer chromia scale. Nevertheless, to assess the assumption of negligible contribution of the HT
volatilization of the Cr oxide for the HT oxidation conditions experienced here, an experimental



equivalent post-oxidation chromium metallic thickness has been calculated by adding the thicknesses

of:

the residual chromium metallic layer measured after oxidation,

the chromia scale measured after oxidation divided by the Pilling-Bedworth coefficient for
Cr-Cr203 (approximately 2 for dense chromia),

Cr obtained by integrating the overall quantity of prior-metallic-chromium that has diffused
into the Bzr substrate measured by EPMA or calculated as reported in [7].

As illustrated in Figure 4, it was observed that the recalculated equivalent post-oxidation metallic
chromium thicknesses are equal or slightly larger than the measured initial (as-received) thicknesses.
Thus, for the HT oxidation conditions tested here, it is assumed that the contribution of chromium
volatilization can be neglected.

Typical microstructures obtained for the first generation of 5-10um-thick Cr-coated Zircaloy-4 sheet
samples after steam oxidation for 300s at 1200°C and water quenching are shown in Figure 5. Three
outer layers are highlighted:

(1)

An outer chromia scale with submicronic grains. This oxide scale displays a typical Cr203
rhombohedral crystallographic structure with a particular crystallographic texture, the (001)
crystallographic planes being mainly perpendicular to the coating surface. TEM micrographs in
Figure 6 show that the bulk outer chromia scale is dense, without apparent defects or cracks,
while numerous cavities are observed at the chromium oxide/metal interface. One may assume
that those cavities have been produced by a Kirkendall-type mechanism due to the outward
cationic diffusion of Cr from the sub-oxide Cr metallic layer, inducing back diffusion of vacancies
at the Cr20s/Cr interface. Additionally, as it will be shown further, oxygen inward diffusion
throughout the remaining sub-oxide metallic chromium layer should also contribute to the
production of vacancies at the oxide (chromia)-metallic (chromium) interface, and thus to the
nucleation and growth of Kirkendall cavities at this interface. However, as discussed below, in
this case, oxygen diffusion occurs at the boundaries of the prior-chromium grains.
Consequently, one could assume that this heterogeneous (intergranular) oxygen diffusion
mechanism is less susceptible to induce a high density of Kirkendall cavities at the chromia-
metallic chromium interface, because grain boundaries are known to be efficient
recombining/annihilation sites for vacancies. Then, even if it cannot be ignored, the inward
intergranular oxygen diffusion mechanism in prior-chromium appears to be less efficient than
the outward cationic volume diffusion mechanism in chromium for formation of back-vacancies
and thus Kirkendall cavities at the chromia/chromium interface. Moreover, HRTEM micrographs
in Figure 6-(c) reveal a certain crystallographic coherency between the neighboring chromia
grains. This confirms the high density and the defect-free structure of the formed outer chromia
scale. This explains the efficient protective properties of the coating observed at the beginning
of oxidation for a fully dense coating.

A sub-oxide residual metallic chromium layer with micrometer-sized grains showing a fiber-type
crystallographic texture with the (100) direction of the body centered cubic (bcc) structure
perpendicular to the coating surface. It is likely that this particular texture has been inherited
from the as-received crystallographic texture induced by the PVD deposition process.

A continuous chromium-zirconium micrometer-thick layer at the Cr/prior-Bzr interface. This layer
is due to the inter-diffusion between the Zr substrate and the Cr coating occurring upon the
incursion at HT. Consistently with the Zr-Cr phase diagram, it was observed that this thin layer
is constituted mainly of an intermetallic Zr(Cr,Fe)2 C15 (face centered cubic, fcc) Laves phase.
As already observed and discussed in [51] and [52], a slight enrichment in Fe of this Zr-Cr
interface intermetallic layer is sometimes observed. This could explain why, for slightly longer
oxidation times (next section of this paper), the C14 (hexagonal close packed, hcp) intermetallic
is observed by TEM (Figure 7-(b)-right). This can be related to the high thermodynamic affinity
of the C14 Laves phase with Fe and to the quite fast diffusion of Fe from the substrate, after full




dissolution of the intermetallic secondary phases precipitates of the Zircaloy-4 matrix at such
HT. From EBSD analysis, the intermetallic grains display no significant overall crystallographic
texture (i.e., nearly isotropic distribution). Moreover, one can observe on EBSD orientation maps
(Figure 5-(b)) the typical twinned intermetallic Laves phase substructure. Furthermore, cavities
are observed at the intermetallic/zirconium interface. Again, one can assume that these cavities
have been produced by a Kirkendall effect but here, at the Cr-Zr metallic interface: at 1200°C,
the solubility and diffusivity of chromium in Bzr are expected to be much higher than the ones of
zirconium in chromium. This induces an inward diffusion of metallic Cr atoms within the Bz
substrate significantly larger than the potential outward diffusion of zirconium atoms within the
Cr layer. Then, the dissymmetric atomic diffusion at both sides of the Zr/Cr interface induces a
back diffusion flux of vacancies from the Bz substrate. Finally, clustering and coalescence of
Kirkendall vacancies promote nucleation and growth of the observed interfacial cavities (a few
tenths of nanometers in diameter).

3.2 Transition between protective and non-protective coating

This transition is characterized by a progressive and smooth acceleration of the weight gain evolution,
the growth rate of the outer chromia drastically decreasing. As already discussed, this phenomenon is
unlikely to be related to chromium volatilization. This means that, at this oxidation stage, a significant
fraction of the oxygen reacting with the Cr-coated material (which contributes to the positive weight gain
evolution measured) diffuses deeper into the sub-chromium oxide substrate. Indeed, as illustrated in
Figure 7, post-oxidation EBSD and TEM examinations showed that a new oxygen transport mechanism
is activated beneath the chromium oxide layer:
- Inward oxygen diffusion together with outward zirconium intergranular diffusion occur within the
residual metallic chromium layer.
- Then, zirconia stringers nucleate and grow at the chromium grain boundaries, likely due to the
higher thermodynamic stability of zirconia compared to chromia.
- Thus, it can be assumed that this more or less continuous network of zirconia at chromium grain
boundaries promotes (inward) diffusion of oxygen anions.

This proposition of mechanism is supported by the EBSD map in Figure 7 which clearly shows that,
when the oxygen atoms diffusing inward along grain boundaries reach the Zr/Cr interface, oxygen-
stabilized az(O) incursions form within the Bz substrate. Moreover, it is worth noticing that az(O)
nucleates and grows in the extent of the adjacent chromium grain boundaries (decorated by zirconia
stringers). This supports again the oxygen transport mechanism proposed above.

Finally, it can be observed in Figure 7 that, at this oxidation stage, the interfacial intermetallic Zr(Cr,Fe)2
layer is still present and has grown significantly. The typical thickness of this layer (i.e., ~1.5-2um) is
consistent with the kinetics data reported for such diffusion couple systems when extrapolated at 1200°C
[53][54].

3.3 Longer oxidation times (no longer protective coating)

Figure 8 shows the typical PQ microstructure of a ~5um-thick Cr-coated Zircaloy-4 sample heavily
oxidized. At this stage and due to its limited initial thickness, the residual Cr-coating is no longer
protective so that a thick zirconia layer grows beneath the heavily oxidized residual Cr-coating. This is
associated with a significant acceleration of the overall oxidation kinetics (non-protective Zr substrate
oxidation). The different layers observed on the EBSD maps shown in Figure 8 are the following:

- An outer heavily damaged residual chromia scale. The numerous cracks and potential local
delamination of the residual outer Cr oxide scale show that the scale is definitely no more
protective at this stage.

- An underlying residual metallic (not oxidized) chromium layer, showing a quasi-continuous
intergranular zirconia network. As discussed previously, it is likely that this zirconia network is a
preferential path for an accelerated access of oxygen to the zirconium substrate.



- Probably because of the high inward diffusion flux of oxygen at the Zr/Cr interface when the
coating is no more protective, it can be observed that the (prior-)Zr(Cr,Fe)2 layer has
disappeared and transformed back into metallic chromium grains together with zirconia grains,
according to the assumed chemical reaction described below (Equation 2, the slight contribution
of Fe is neglected):

Zr(Cr)2+ 20 => ZrOz2 + 2Cr - Equation 2

This last observation is consistent with the recent findings from Han et al. [71]. However, even
if there are some analogies, their findings do not exactly apply here because, in the present
study, there is still an outer metallic (un-oxidized) chromia scale that remains while a thick sub-
coating zirconia layer has already grown (Figure 8). One may assume that for the longest
oxidation times experienced here, all oxygen atoms reacting with the clad surface diffuse
preferentially by the zirconia short-path network (formed into the remaining chromium sub-
chromia layer) into the zirconium substrate, inducing growth of a thick zirconia scale and thus
keeping the neighboring metallic chromium un-oxidized.

- Finally, a thick zirconia layer is observed beneath the residual chromium-rich outer layers.
Figure 8 shows the typical PQ morphological and crystallographic textures of zirconium oxide.
One can assume that this particular oxide microstructure is due to:

(1) formation during oxidation at 1200°C of coarse columnar tetragonal zirconia grains (at
1200°C, zirconia is expected to be fully tetragonal [75]);

(2) transformation of tetragonal zirconia into (sub-grains) monoclinic crystallographic variants
upon the final quenching down to room temperature. The particular “periodic oriented
bands” morphology of zirconia sub-grains should rely on the orientation relationships
between the former tetragonal phase and the resultant monoclinic phase [55]. Indeed, the
associated pole figure (Figure 8-B-right) highlights a specific crystallographic texture for PQ
zirconia, likely inherited from the crystallographic texture of the former tetragonal grains
formed at HT. However, a deeper analysis and discussion of the crystallographic and
morphological textures of the zirconia scale formed at HT is out of the scope of the present

paper.
3.4 Effect of chromium grain size and morphology

To get more insights and to assess the phenomenological oxidation mechanism proposed herein, pre-
annealing thermal treatments under neutral environment (secondary vacuum) have been carried out on
6-8um-thick Cr-coated Zr1Nb(O) (sheets materials) for 2 hours at both 700 and 800°C. As shown in
Figure 9, the idea here was to increase the initial chromium grain size and thus to decrease the density
of grain boundaries. Indeed, as observed above, grain boundaries may constitute preferential paths for
oxygen diffusion for intermediate and long HT oxidation times.

Subsequently, the as-received and annealed coated samples were subjected to steam oxidation for
1500s at 1200°C and then water quenched down to RT. This particular oxidation time at 1200°C has
been chosen because, for 6-8um-thick Cr coatings, it corresponds more or less to the beginning of the
non longer protective HT oxidation process (i.e., formation of fresh zirconia layer beneath the residual
coating).

Figure 10 and Figure 11 confirm that pre-annealing (chromium recrystallization) has a delaying effect
on oxidation at HT. Indeed, it is observed that as the annealing temperature and thus the chromium
grain size increase, the subsequent oxidation and the associated oxygen ingress into the Zr substrate
are significantly reduced when compared to the behavior of the as-deposited material. These results
seem to confirm the significant contribution of the grain boundaries of the (metallic) chromium to the
oxygen diffusion/transport into the zirconium substrate for longer oxidation times.

This higher chromium grain size (and morphology) effect may have positive consequences during
hypothetical accidental transients during which the nuclear fuel clad may stay a certain time at



intermediate temperatures (~600-1000°C) before reaching the higher PCT. Indeed, the resistance of
the Cr coating to HT oxidation when reaching PCT may be increased due to the decrease of the density
of chromium grain boundaries during prior holding at intermediate temperatures, limiting short-circuit
paths for diffusion of oxygen through the residual (un-oxidized) chromium metallic layer. It is also
possible that the chromium coating recrystallization that occurs upon annealing modifies the Cr grain
boundary atomic arrangement / energy and its intrinsic atomic transport properties, thus decreasing the
overall grain boundary diffusion coefficients of chemical species (zirconium and/or oxygen) and/or
increasing the energy barrier for intergranular nucleation of zirconia.

3.5 Hydrogen uptake

Upon steam oxidation at 1200°C under atmospheric pressure and as far as the steam flux is high enough
to prevent from steam starvation, no significant hydrogen uptake is usually observed for modern
uncoated nuclear zirconium-based fuel claddings [56]. In other words, the outer (tetragonal) zirconium
oxide scale formed in these conditions is dense and constitutes an efficient hydrogen permeation barrier.

Systematic PQ hydrogen analysis have been performed on ~15um-thick Cr-coated zirconium alloys
after steam oxidation up to a few hours, at both 1200°C and 1300°C. To be able to rationalize and to
compare the results obtained at these two different oxidation temperatures, one can use the Equivalent
Cladding Reacted (ECR) parameter instead of the oxidation time. The zirconium-based alloy ECR
parameter is defined as the fraction of zirconium consumed (in relation to the initial thickness of the
metallic clad) if all the oxygen having reacted with the cladding during oxidation and having diffused
through the material had led to the formation of stoichiometric ZrO2. The historical background of the
ECR-related regulatory LOCA criteria and a discussion about these criteria can be found in refs. [57]-
[59]. An ECR limit of 17% preventing uncoated Zr-based claddings from detrimental embrittlement,
associated with the Baker-Just (BJ) correlation describing the oxidation kinetics of uncoated Zircaloy-4
under steam at HT [60], was derived from the early work performed in the 1960s and the early 1970s
[61]-[63].

The PQ hydrogen contents (in weight-ppm, wt.ppm) and the sub-coating zirconia thicknesses measured
for 12-15um-thick Cr-coated Zr-based materials after one-sided steam oxidation at 1200 and 1300°C
are given in Table 1 for the different oxidation times tested. The corresponding calculated ECR-BJ
values (related to uncoated Zircaloy-4) are also mentioned. The evolution of the PQ hydrogen content
and of the (under-residual-coating) zirconia layer thickness measured on Cr-coated materials are plotted
in Figure 12 as a function of the calculated ECR-BJ for steam oxidation at both 1200°C and 1300°C. A
transient hydrogen uptake corresponding to a quite short period is observed when the coating becomes
fully non-protective. It can be assumed that there is a short time-period during which steam has a direct
access to the metallic zirconium-based substrate, when the Cr-coating loses definitely its protective
properties, which may coincide with the early formation of thin and discontinuous zirconia spots beneath
the residual Cr-coating. Nevertheless, this phenomenon occurs at high ECR values (i.e. between
approximately 50 and 60%, for the uncoated material) and appears to be limited to a hydrogen uptake
of a few hundreds of wt.ppm. The hydrogen content saturates after this short transient period.

Indeed, when the chromium coating loses its protective properties after a long oxidation period and
despite a short transient and limited hydrogen uptake, the continuous zirconia layer formed at HT
beneath the residual Cr-coating appears to be dense and protective against further hydrogen uptake.



3.6 Summary

Before describing the HT oxidation mechanism of Cr-coated zirconium alloys, it is useful to recall the
fundamental characteristics of oxygen diffusion in the uncoated reference materials upon HT oxidation.
Figure 13 depicts the different layers formed upon HT oxidation on uncoated reference zirconium-based
alloys and the associated oxygen diffusion profile (schematic plot derived from [64]). One-dimension
oxygen diffusion modelling has been developed, based on both analytical and numerical approaches
[65]-[69]. For short oxidation times (isothermal conditions) and except for post-breakaway oxidation or
steam starvation situations, the growth kinetics of the outer zirconia scale and the intermediate az(O)
layer are nearly parabolic.

Figure 14 is a schematic overview of the different stages of the HT steam oxidation process of Cr-coated
zirconium-based alloys (the additional transient hydrogen diffusion/uptake is not considered here for
sake of simplicity).

Finally, it must be mentioned that specific HT oxidation mechanisms have been reported for titanium-
based substrate [70] and, more recently, and as already mentioned, for Cr-coated zirconium-based
substrate [71]. However, to our knowledge, the oxidation mechanism that has been observed here,
involving outward intergranular diffusion of zirconium through the residual metallic (un-oxidized)
chromium layer with subsequent formation of a zirconia intergranular network and transient hydrogen
uptake, had never been reported before. Further experimental study and modelling efforts are planned
to get a deeper understanding of the present underlying diffusion mechanism.

4. RESULTS FOR OXIDATION AT TEMPERATURES HIGHER THAN 1300°C

For oxidation temperatures higher than 1300°C, a eutectic reaction may occur between pure zirconium
and chromium with a theoretical eutectic temperature close to 1332°C, according to the binary Zr-Cr
phase diagram. In case of formation of a eutectic liquid outer layer, the HT steam oxidation behavior of
Cr-coated zirconium alloys is questionable. To investigate the effect of a eutectic liquid outer layer on
the actual HT steam oxidation behavior of Cr-coated zirconium alloys, preliminary studies have been
recently carried out [17][72]. The main findings from [17] are summarized hereinafter. Then the
mechanisms of HT steam oxidation of Cr-coated Zr alloys are described when a Zr-Cr eutectic reaction
has occurred.

Before carrying out steam oxidation tests at very HT (=1300°C), calorimetric measurements have been
performed under (inert) helium gas on Cr-coated M5rramatome to determine the temperatures at which the
eutectic Zr-Cr reaction occurs. Heating and cooling rates of 10°C/min have been applied, corresponding
to near equilibrium conditions. A part of the thermogram obtained is shown in Figure 15-(b). The Zr-Cr
eutectic reaction is clearly highlighted by an endothermic peak between ~1305°C and ~1325°C. It has
been checked that the associated measured enthalpy is consistent with the melting enthalpy of pure
zirconium. Additionally, Figure 15-(c) and Figure 15-(d) illustrate the typical post-test eutectic
microstructure and micro-chemical profiles obtained by EPMA. As anticipated from the equilibrium
phase diagram (Figure 15-(a)), the eutectic liquid phase has decomposed during the slow cooling into
prior-Bzr (enriched in oxygen) and ZrCrz intermetallic phases.

Then, steam oxidation tests have been conducted up to 1500°C for short exposure times on coated and
uncoated M5rramatome industrial clad segments, followed by direct water quenching. For the conditions
tested and as described in more details in [17], Cr-coated clad segments did not fail upon the final water
quenching while some uncoated reference segments did. To get more insights into the microstructural
and micro-chemical evolution of the tested Cr-coated Mb5framatome clad segments, detailed PQ
metallurgical examinations were carried out.

Figure 16 shows the typical PQ aspect of the coated samples after one-sided HT steam oxidation at
temperatures above the temperatures at which the Zr-Cr eutectic reaction occurs (~1305-1325°C
according to differential scanning calorimetry measurements performed under neutral environment



(pure flowing argon [17]). For such very HT oxidation conditions, the PQ Cr-coated clad surface shows
a “crocodile skin” morphology with some continuous blisters forming an external protruding pattern. This
“crocodile skin” aspect should be due to small displacement of the Zr-Cr eutectic film at the outer clad
surface, induced by potential liquid “capillary” effects and local swelling associated with the solid-to-
liquid volume change.

Figure 17 shows an example of EPMA results at the location of one protruding blister. From the mapping
of oxygen and chromium, one can observe that the protruding blister corresponds to the formation at
HT of a prior-liquid “pocket” with a typical dendritic substructure generated upon the final
solidification/quenching. This zone consists of both chromium-depleted prior-Bz- dendrites and
chromium-enriched inter-dendritic zones, containing around 30at.% of chromium. Such microstructure
can be understood by considering the pseudo-binary M5gramatome-Cr phase diagram shown in Figure 18.
This phase diagram has been calculated using the Thermocalc® software and the CEA’s Zircobase
thermodynamic database for zirconium alloys [73][74]. The various metallurgical evolutions upon
heating beyond 1300°C, annealing for 100s at ~1400-1450°C and final water quenching down to room
temperature, can be summarized as follows:

(a) upon heating beyond 1300°C, fast inter-diffusion between Zr and Cr occurs, then the
intermediate metallic ZrCr2 layer reacts with the Bz substrate to form the eutectic liquid phase;

(b) upon annealing for 100s at 1400-1450°C, the liquid (eutectic) phase is progressively enriched
in zirconium coming from the Zr-substrate (considering that no more Cr is available due to its early
consumption to form a eutectic liquid phase upon heating in the 1305-1325°C temperature range);

(c) upon quenching from 1400-1450°C, Bzr dendrites precipitate in association with enrichment in
Cr of the inter-dendritic residual Zr-Cr liquid phase as the temperature decreases; then, the residual Zr-
Cr liquid phase solidifies when the temperature decreases below the eutectic point of the phase diagram,
which corresponds to approximately 30%at. of chromium, consistently with EPMA measurements.

Additionally, EPMA oxygen mapping shows that continuous outer scales of ZrO2 and az(QO) have grown
during the HT oxidation process. The homogeneity and uniformity of these outer scales are remarkable.
The local oxidation kinetics are outstandingly the same at the liquid eutectic and the Cr-depleted
locations. This indicates that the formation of a liquid Zr-Cr phase at the outer surface of the Cr-coated
clad at temperatures higher than 1300°C may not drastically modify the HT oxidation mechanisms and
kinetics of the zirconium-based material, at least for the quite short oxidation times experienced here.

5. CONCLUSIONS

Chromium-coated zirconium-based claddings are studied as potential near-term EATF for LWRs.
Previous studies have shown that, as far as appropriate deposition process/parameters and coating
thicknesses are used, the Cr-coating is able to induce significant additional “grace period” before
oxidation becomes too severe in LOCA conditions up to at least 1300°C.

Zircaloy-4 sheet samples with 5-10um-thick Cr-coatings and M5framatome cladding samples with 10-
20um-thick outer Cr-coatings deposited using a special PVD process were oxidized in flowing steam
(atmospheric pressure) at various temperatures between 800 and 1500°C. The samples were then
examined in depth after oxidation and quenching. For oxidation temperature up to 1300°C, it is shown
that the overall oxidation kinetics can be divided into three main successive stages, corresponding to
different underlying oxidation/diffusion mechanisms:

Protective coating oxidation: This early stage corresponds to a nearly parabolic oxidation kinetics with
growth of an outer protective chromia scale. Parabolic rate constants for Cr203 have been determined
within the 800-1300°C steam oxidation temperature range. The obtained values are consistent with data
previously published obtained on bulk chromium upon HT oxidation in oxygen or air. After HT oxidation



and quenching, EBSD and HR TEM examinations were carried out. Chromia appears to be dense (with
a specific crystallographic texture), in accordance to its protectiveness nature. At the Zr/Cr interface and
due to thermally-accelerated Zr-Cr inter-diffusion, thickening of a Zr(Cr,Fe)z inter-layer is also observed
and, as already reported and discussed in [7], inward volume diffusion of Cr occurs within the prior-Bzr
substrate, thus contributing to the overall thinning of the Cr-coating.

Transition: This oxidation transition time-period is characterized by a smooth acceleration of the weight
gain evolution. Additionally, the outer chromia thickening rate drastically decreases. As discussed and
evidenced in the paper, it is unlikely that this phenomenon is related to chromium volatilization. In-depth
post-oxidation examinations showed that, during this transition time-period, a fraction of the oxygen
reacting with the Cr-coated material diffuses deeper into the sub-chromia substrate throughout the
residual metallic (un-oxidized) chromium thickness. It is shown that this progressive oxygen ingress into
the zirconium substrate is due to an outward diffusion of Zr along chromium grain boundaries. This
induces formation of zirconia layers at chromium grain boundaries, promoting further inward oxygen
diffusion.

Non-protective coating oxidation: When the protectiveness of the Cr-coating is lost, a significant
acceleration of the overall oxidation kinetics is observed, associated with a transient hydrogen uptake.
At this stage, since the residual Cr-coating is no longer protective, a thick zirconia layer grows beneath
the heavily oxidized residual Cr-coating. EBSD examinations showed that the zirconia layer with a priori
a tetragonal structure at HT (with a columnar morphology) displays characteristic sub-grains
corresponding to monoclinic crystallographic variants after cooling. Additionally, probably because of
the high inward diffusion flux of oxygen at the Zr/Cr interface, the prior-Zr(Cr,Fe)z inter-layer disappears
and transforms back into metallic chromium grains together with zirconia grains, according to the
assumed chemical reaction: Zr(Cr)2 + 20 => ZrO2 + 2Cr.

To get more insights into the mechanisms involved, Cr-coated Zr-based samples were pre-annealed
under neutral environment at 700-800°C to increase the initial chromium grain size and thus to decrease
the initial density of grain boundaries of the chromium coating. It is observed that, as the pre-annealing
temperature and thus the chromium grain size increase, HT oxidation and associated oxygen ingress
into the Zr substrate are significantly reduced. This suggests that the (metallic) chromium grain
boundaries significantly contribute to the oxygen diffusion/transport throughout the thickness of the
residual (un-oxidized) metallic chromium layer towards the zirconium substrate.

HT steam oxidation experiments carried out at temperatures above 1300°C show that the formation of
a liquid Zr-Cr (eutectic) phase at the outer surface of the Cr-coated clad may not drastically modify the
HT oxidation mechanisms and kinetics of the zirconium-based material, at least for the quite short
oxidation times experienced here.
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Figure 1 - Weight gain evolution measured by TGA experiments carried out in helium-oxygen mixture
at 1300°C on the first generation of Cr-coated Zircaloy-4 (sheet sample geometry) compared to the
weight gain evolution of uncoated Zircaloy-4
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Figure 5 - PQ typical microstructure of a first generation 5-10um-thick Cr-coated Zircaloy-4 sample
after steam oxidation for 300s at 1200°C (protective coating): (a) SEM micrograph (Back-Scatter
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on Cr-coated Zircaloy-4 sheet sample from the first generation
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Figure 7 - PQ typical microstructure of a 5-10um-thick Cr-coated Zircaloy-4 sheet sample from the first

generation after steam oxidation for 1400s at 1200°C (transition stage):
(a) SEM-EBSD phase map,

(b) TEM micrographs and associated electron diffraction patterns of a metallic chromium grain
boundary decorated with an intergranular ZrO2 layer (left) and of the Zr/Cr interface with Zr(Cr,Fe)2

intermetallic phase (right)
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Figure 9 - SEM-BSE micrographs of the outer chromium coating as-deposited and annealed at 700
and 800°C for two hours
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Figure 10 - Comparison of the weight gains of uncoated and 6-8um-thick Cr-coated Zr alloys claddings
after steam oxidation at 1200°C and corresponding PQ optical micrographs (polarized light):
(1) as-deposited, (2) pre-annealed for 2h at 700°C, (3) pre-annealed for 2h at 800°C
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Figure 13 - The different layers formed upon HT oxidation in uncoated reference zirconium-based
(Zircaloy-type) alloys and associated oxygen concentration profile through the clad wall thickness
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Figure 14 - Schematic overview of the HT steam oxidation process of Cr-coated zirconium-based
(Zircaloy-type) alloys

(this figure is only qualitative and for schematic purpose; thus, it does not reproduce the actual
thicknesses of the different layers, which are related to the initial Cr-coating thickness and
microstructure, that may differ from one sample to another)
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Figure 15 - Calculated pseudo-binary M5rramatome-Cr phase diagram, partial thermogram from
calorimetric measurements, associated microstructures and chemical profiles, underlying the M5-Cr
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Figure 16 - Typical PQ aspect of a 12-15um thick Cr-coated M5framatome cladding sample after HT
oxidation for 100s at 1400°C followed by direct water quenching
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Figure 17 - EPMA chemical element mapping and quantitative profiles obtained at the vicinity of a
protruding blister in a Cr-coated M5rramatome Cladding segment one-sided steam oxidized for 100s at
~1400-1450°C and water quenched down to room temperature
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Figure 18 - Phenomenological description of the mechanisms of HT oxidation of Cr-coated M5rramatome
at temperatures above 1300°C, involving eutectic formation and re-solidification; corresponding
calculated pseudo-binary M5rramatome-Cr phase diagram



Oxidation

Hydrogen

temperature Oxidation time ECE!-BJ content ZrO, thickness
°C) (s) (%) (wt.ppm) (um)
600 17 14 0
1500 26,5 8 0
3000 38 13 0
5000 485 28 0
20
1200°C 6000 53 24 -0
35
394
9000 65 411 10-35
414
345
12000 75 e 45
920 30 15 0
1300°C =200 -~ — g
9200 88 353 274

Table 1 — Oxidation conditions, corresponding ECR-BJ values and associated PQ hydrogen contents
and sub-coating zirconia thicknesses measured for 12-15um-thick Cr-coated M5framatome after one-
sided steam oxidation at 1200 and 1300°C






