N

N

Evaluation of Equivalent Cladding Reacted parameters
of Cr-coated claddings oxidized in steam at 1200 °C in
relation with oxygen diffusion/partitioning and
post-quench ductility
J. C. Brachet, Matthieu Le Saux, J. Bischoff, H. Palancher, Raphaél Chosson,
Edouard Pouillier, Thomas Guilbert, Stéphane Urvoy, G. Nony, Thierry
Vandenberghe, et al.

» To cite this version:

J. C. Brachet, Matthieu Le Saux, J. Bischoff, H. Palancher, Raphaél Chosson, et al.. Evaluation
of Equivalent Cladding Reacted parameters of Cr-coated claddings oxidized in steam at 1200 °C in

relation with oxygen diffusion/partitioning and post-quench ductility. Journal of Nuclear Materials,
2020, 533, pp.152106-1 - 152106-16. 10.1016/j.jnucmat.2020.152106 . hal-02639341

HAL Id: hal-02639341
https://hal.science/hal-02639341
Submitted on 20 May 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche frangais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.science/hal-02639341
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S0022311519314667
Manuscript_55ec9d68c98041623d9c¢90521a5e8e0b

Paper submitted to Journal of Nuclear Materials

Title: “Evaluation of Equivalent Cladding Reacted parameters of Cr-coated claddings
oxidized in steam at 1200°C in relation with oxygen diffusion/partitioning and post-
quench ductility”

Authors: J.C. Brachet(), M. Le Saux'?, J. Bischoff3, H. Palancher*, R. Chosson3, E. Pouilliers, T.
Guilbert!, S. Urvoy', G. Nony', T. Vandenberghe', A. Lequien’, C. Miton', P. Bossis®

Affiliations:

' DEN-Service de Recherches Métallurgiques Appliqguées (SRMA), CEA, Université Paris-Saclay,
91191 Gif-sur-Yvette, France

2 Present address: ENSTA Bretagne, UMR CNRS 6027, IRDL, F-29200, Brest, France

3 Framatome, 10 rue Juliette Récamier, 69456 Lyon, Cedex 06, France

4DEN-DEC, CEA, F-13108 Saint-Paul-lez-Durance, France

5 EDF R&D, Département MMC, avenue des Renardieres, 77818 Moret-Sur-Loing, France

6 DEN-DMN, CEA, Université Paris-Saclay, 91191 Gif-sur-Yvette, France

(*) corresponding author: jean-christophe.brachet@cea.fr

ABSTRACT:

Cr-coated M5framatome’ cladding materials are studied and developed within the CEA-Framatome-EDF
French nuclear fuel joint program as Enhanced Accident Tolerant Fuel claddings for Light Water
Reactors. The objective of this paper is to bring some insights into the relationship between Equivalent
Cladding Reacted (ECR) parameters, oxygen diffusion/partitioning and Post-Quench (PQ) ductility of
Cr-coated M5rramatome fuel claddings oxidized in steam at 1200 °C.

The physical meaning of the ECR parameter, evaluated experimentally from the measured Weight
Gain (WG) or calculated using time and temperature correlations such as the Baker-Just (BJ) or
Cathcart-Pawel (CP) kinetics correlations, is discussed in the light of the benefit brought by Cr coating
to oxidation resistance of cladding. As shown in this article, when applied to the Cr-coated M5framatome
materials, the “experimental” ECR derived from WG does not have the same physical meaning than
for the uncoated cladding materials. As discussed in the paper, this is fundamentally due to the use of
the ECR as a surrogate for retained ductility for uncoated claddings, and to the differences between
uncoated and Cr-coated cladding in the high temperature (HT) steam oxidation processes and
partitioning of the oxygen between the different layers of the oxidized cladding.

It is shown in this article that Cr-coated M5framatome cladding brings significant additional time-at-
temperature before full embrittlement of the cladding after one-sided oxidation at 1200 °C and
quenching, compared to uncoated materials. The oxidation times and associated Baker-Just ECR (BJ-
ECR) values, above which the cladding becomes brittle after low temperature quenching, are
respectively ten times and three times higher than the ones for the uncoated reference cladding. When
analyzing the PQ ductility of the Cr-coated M5rramatome cladding using a similar methodology as the one
used to derive the ECR criterion for uncoated cladding, the 1-2% ductility limit corresponds to a BJ-
ECR of about 50 % or higher, for a 12-15 um-thick Cr-coated cladding tested herein.

KEYWORDS: Enhanced Accident Tolerant Fuel, Cr-coated M5framatome, LOCA, High Temperature
Steam Oxidation, Equivalent Cladding Reacted, Post-Quenching Ductility, Oxygen Diffusion and
Partitioning
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HIGHLIGHTS:

- New insights are gained into the relationship between ECR parameters, oxygen
diffusion/partitioning and post-quenching ductility of Cr-coated M5gramatome Nuclear fuel
claddings one-sided steam oxidized at 1200 °C

- Expressed with the Baker-just correlation, the ECR threshold leading to the post-quenching
embrittlement of 12-15 um thick Cr-coated M5rramatome cladding after one-sided oxidation at
1200°C is higher than 50 %, and thus at least three times higher than the historical ECR
criterion of 17 % for LOCA.



1. INTRODUCTION

Among the prolific Enhanced Accident Tolerant Fuels or Advanced Technology Fuels (EATF)
concepts studied worldwide, chromium-coated zirconium-based nuclear fuel claddings appeared to be
a promising near term concept [1]-[12]. At CEA, prospective studies on coated zirconium claddings
begun several years before the Fukushima events, as described in [13]. From these early studies,
chromium-based coatings on zirconium claddings associated with a Physical Vapor Deposition (PVD)
process were selected due to its significant improvement of the cladding HT steam oxidation behavior.
More recent studies have been carried out on Cr-coated low-tin Zircaloy-4 and M5gramatome cladding
materials within the CEA-Framatome-EDF French nuclear fuel joint program. These studies have
shown that, the Cr-coating solution, such as the one tested herein, provides benefits in both nominal
in-service conditions (negligible corrosion, increased wear resistance...) and hypothetical High
Temperature (HT) accident conditions, such as Loss-Of-Coolant-Accident (LOCA) and beyond [13]-
[25].

The development of these innovative fuel designs raises the question of the meaning of the historical
ECR calculation using Baker-Just correlation when applied to the Cr coated cladding, especially the
ones for postulated LOCA. These new solutions provide enhanced behavior in high temperature
steam environment but could exhibit different degradation and failure mechanisms than the ones of
the standard fuel, e.g. UO:2 fuel pellets encased in a zirconium alloy cladding [76]. This topic is notably
addressed by the NEA Working Group for Fuel Safety [77].

As an EATF solution, the Cr-coated M5rramatome cladding improves the cladding behavior in accident
conditions, and more specifically HT oxidation in LOCA. Consequently, it brings additional time at
temperature and improves the post-quench ductility as shown in Figure 1 - (a). Nevertheless, if similar
methodologies as for uncoated zirconium alloys and “experimental” ECR derived from the Weight Gain
(WG) measurements as in Figure 1 - (b) are used, the PQ ductility may seem to be reduced. Similar
results were presented by Krejci et al. [12] (Figure 2) and highlighted in the recent report by PNNL in
“Degradation and Failure Phenomena of Accident Tolerant Fuel Concepts Chromium Coated
Zirconium Alloy Cladding” [76]. These observations emphasize some questions regarding:

- the physical meaning of an “experimental” ECR based on WG measurements in the case of
Cr-coated materials, and the use and applicability of correlations defined for uncoated
zirconium cladding;he applicability of the usual “LOCA clad experimental embrittlement limit”,
based on the calculated BJ-ECR parameter, to the Cr-coated materials.

The goal of this article is to clarify the HT oxidation and post-quenching embrittlement processes of the
Cr-coated claddings, and to discuss how to calculate a relevant ECR for such materials. To this end, a
brief review of the ECR history is presented, tracing the rationale behind this calculation, in relation
with the HT oxidation-induced embrittlement of zirconium alloys. The article discusses the differences
in behavior between uncoated and coated zirconium alloys in LOCA conditions based on results
available from the CEA-Framatome-EDF French nuclear joint program and from Krejci et al. [12]. The
uncoated and Cr-coated samples were oxidized and fully characterized along the following key points:
oxidation kinetics, resulting microstructure (i.e., oxygen diffusion and partitioning within the wall clad
thickness) and post-quench mechanical properties. Additional experimental insights and further
discussion on the specific underlying metallurgical oxidation mechanisms are presented in another
paper [75]. Finally, compared to uncoated materials, this paper presents results related to the
increased HT oxidation time before achieving PQ embrittlement, for the specific Cr-coated product
herein.



2. HISTORICAL CONTEXT FOR THE DEFINITION OF THE ECR CRITERION
2.1.The ECR limit and parameter

For postulated LOCA events, safety criteria for Emergency Core Cooling Systems (ECCS) are defined
in the US regulatory 10 CFR §50.46 [47]. Two of these criteria, the peak cladding temperature (PCT)
limit of 1204 °C and the maximum cladding oxidation limit of 17 % (also called ECR limit, Equivalent
Cladding Reacted — calculated using the Baker-Just correlation, see below) aim to prevent from an
excessive embrittlement of fuel claddings, resulting from their HT oxidation in steam. Such an
embrittlement could undermine the ability to cool the core during and after the accident transient.

The ECR parameter is defined as the fraction of zirconium consumed (in relation to the initial metallic
clad thickness) with the assumption that all the oxygen having reacted with the cladding during
oxidation and having diffused through the material has led to the formation of stoichiometric ZrOs:. In
other words, the ECR is a simplified and macroscopic metric of the oxidation state. For the calculation
of the ECR parameter, it is required in most countries to use specific oxidation kinetics correlations,
identified from experimental steam oxidation tests on Zircaloy-4, such as Baker-dust (BJ) — the
historical one - correlation [26] or Cathcart-Pawel (CP) correlation [27].

2.2.HT oxidation and PQ mechanical behavior of zirconium alloys

Before reminding the rationale behind the ECR criterion, one must recall the processes of the HT
steam oxidation of zirconium-based claddings and of the induced embrittlement. The process shown in
Figure 3 leads to the formation of a stratified material, with some more or less wavy interfaces
between each major phase.

At HT in steam, zirconium alloys are oxidized and generally, in the absence of « breakaway »
oxidation and/or steam starvation conditions, a dense and protective layer of zirconia forms on the
metallic surface. As the oxidation reaction takes place at the oxide/metal interface, oxygen has to
diffuse through the growing zirconia layer in order to reach this interface and oxidize the metal. As a
result, the oxidation rate decreases with time as it is driven by this diffusion process and typical
observed kinetics are nearly parabolic [26]-[31].

At these HT (> 800 °C), a fraction of the oxygen available at the oxide/metal interface is absorbed in
the metal instead of reacting to form zirconia. Oxygen diffuses through the cladding thickness and the
oxygen-stabilized a(O) phase appears for local oxygen concentrations superior to ~2 wt. % and up to
~7 wt. %. Depending on the temperature, the a and B phases predominate in the metallic bulk or are
mixed together. The B-phase can sustain an oxygen enrichment, up to 0.5-0.6 wt. % at about 1200 °C
(Figure 3).

The PQ mechanical behavior of HT oxidized claddings is usually estimated by performing Ring
Compression Tests (RCT) at 20 or 135 °C. An apparent “residual ductility” is estimated from these
tests, as defined as the measured displacement at failure normalized to the initial clad outer diameter.
A limit of 1 or 2 % on this parameter derived from PQ RCT measurements has been proposed to
define the macroscopic PQ clad Ductile-to-Brittle Transition (DBT) [30]-[55].

2.3.The origin and evolution of the ECR limit

As described in-depth in [42]-[44], the ECR limit was derived from early works performed in the sixties
and the early seventies [45]-[47] with the aim of guarantying sufficient retention of ductility of the
cladding after HT oxidation and quench, which was examined notably through RCT. At that early time,
the main experimental programs to define the PQ ductility limit on high-tin Zircaloy-4 were performed
by Hobson and Rittenhouse [55] with RCT.

At that time, it was well understood that the embrittlement of zirconium alloys is caused by the
diffusion of oxygen into the metal underneath the surface oxide rather than by the surface oxide itself.
In other words, the cladding residual structural integrity is controlled by the small fraction of oxygen
that is dissolved in the remaining B zirconium layer, as successively later reassessed by Sawatzki [68],



Chung & Kassner [69], and more recently, for both Zircaloys and Nb-containing alloys, by Brachet et
al. [57] and by Négyesi et al. [70].

Indeed:

- The zirconia and oxygen-enriched a-phase are brittle at low temperature and therefore do not
contribute to the PQ cladding ductility.

- The prior-beta phase exhibits significant ductility (and mechanical resistance) at 135 °C only
for oxygen content lower than a specific threshold, above which the prior-B phase is brittle at low
temperature. At the time, the threshold value was estimated to be about 0.7 wt. %. Based on direct
fractography examinations of PQ specimens impact tested at Room Temperature (RT), CEA studies
[57] highlighted a prior-B oxygen content threshold of about 0.4 wt. %, thus making the PQ residual
ductility even more sensitive to the oxygen diffusion for such PQ mechanical testing conditions.

Lacking a better method of calculating oxygen distribution in the metallic layers, the USAEC
regulations used the required 17 % ECR based on BJ correlation as a surrogate measure of the time
required to diffuse enough oxygen into the underlying metal to embrittle it. More generally, as resumed
by Hache and Chung [42], one has to keep in mind that “the 1204 °C PCT and the 17 % ECR limits
[tied with the use of BJ correlation] are inseparable, and as such, constitute an integral criterion”.

Recently, additional criteria based on hydrogen contents have been proposed, but all rely on a
surrogate ECR, calculated with time and temperature [48]-[51].

3. EXPERIMENTAL PROCEDURES

The studies presented here were carried out on M5rramatome cladding tube samples with a 12-15 um-
thick Cr-coating on their outer surface. A specific PVD-type process has been applied for chromium
deposition. The typical microstructure of the as-received Cr-coated M5rramatome has already been
presented in [13] and [22]. The Cr coatings of this product are fully dense and homogenous in
thickness, with a very good bonding to the M5rramatome Substrate. Importantly, the as-received
M5kramatome  mMicrostructure is not affected by the coating process so that its already assessed
microstructural and mechanical properties are preserved [13][17]-[19].

One-sided steam oxidation, PQ mechanical testing and metallurgical examination including micro-
chemical analysis have been carried out on several CEA’s facilities, described in [56]-[59]:

- For oxidation in steam up to 1250 °C, the “DEZIROX 1” facility was used since it is a reference
device at CEA for HT steam oxidation. To prevent steam from coming into contact with the cladding
inner surface, end caps in Zircaloy-4 were welded under secondary vacuum at both extremities of the
15 cm-long samples. For the Cr-coated cladding samples, the coating was performed on pre-welded
samples to prevent any bias from differential oxidation of the end-plug and the cladding.

- PQ RCTs have been performed at both 20 °C and 135 °C on 1 cm-long clad segments. The
fracture surface of the samples was examined after testing by using Scanning Electron Microscopy
(SEM) to assess the PQ failure mode.

- For Nb-containing zirconium based alloys such as M5Framatome, PQ phases/layers thickness
measurements using conventional optical microscopy is more complicated than the ones for
conventional Zircaloy, due to the formation and thickening of an intermediate az(O) + prior-Bz layer
upon the HT oxidation process [56]. As depicted in Figure 4, image analysis procedure was developed
and applied on SEM micrographs — using Back Scattered Electron (BSE) imaging mode with
enhanced “phase contrast” — to measure accurately the PQ phases/layers thicknesses. Such a
procedure has been already described in details in [57].

- Finally, to get more insights into the relationship between oxygen diffusion throughout the wall
clad thickness and the PQ mechanical behavior, Electron Probe Micro-Analysis (EPMA) was carried
out on PQ specimens. EPMA “band-scan” mode (band width of 50 um) was preferred for smoothing
the local oxygen spatial fluctuations (Figure 5). More details on the EPMA conditions applied can be
found in [57].



4. ECR PARAMETER FOR UNCOATED M5¢ramatome ONE-SIDED OXIDIZED IN STEAM AT 1200 °C

Table 1 summarizes the weight gains, the thicknesses of the phases/layers and the values of the ECR
parameters for reference uncoated M5rramatome ONe-sided steam oxidized at 1200 °C and directly
quenched [31] [57]. The “experimental” ECR values was calculated using two methods:

(1) from the measured WG (ECRwa) and taking into account the initial clad thickness (h = 0.57
mm for most cases) and outer diameter (Do ~ 9.5 mm). This value is simply proportional to the ECRwa:

Equation 1 - One-sided oxidation - ECRwg = 43.9 [(WG/h)/(1 - h/D,)] from [30]

where ECR is in %, WG is in g/cm?, h and Do are in cm

Such an ECR value is representative of an overall “experimental” ECR based on the total oxygen that
reacted with the tested cladding segments. For the one-sided steam oxidation experiments carried out
here, the additional contribution of the oxidation of the end caps surfaces on the overall measured WG
was taken into account (it has been checked in the past that, overall, end caps oxidation kinetics was
quite comparable to the one of the outer tubular clad surface). Additionally, it was checked that there
was no significant thermal gradient induced by the HT oxidation facility used and that the oxidation
was uniform both axially and circumferentially (i.e., ~1 % max. absolute variation of the locally
measured ECR value along the tested 165 mm length clad segments).

(2) from the integration of the oxygen diffusion profiles measured by EPMA (“band-scan” mode,
50um width) across the metallic part of the wall cladding thickness (Figure 5-(b)) added to the
contribution of the outer oxide thickness (Equation 2):

Equation 2 — ECRepua (%) =100 x { (XZrOZ/ PB) + ([O]meta/ X Xmera//66.6) } / Xo
Where,

- PB is the Pilling-Bedworth coefficient [73] (about 1.56) corresponding to the ratio of the molar volume
of the oxide to the molar volume of the metal. In the present case, the PB ratio corresponds to the
increase in thickness associated to the formation of zirconia.

- Xo, Xzro2 and Xmetal are the respective thicknesses of the as-received clad, the outer oxide scale and
the residual metallic substrate (i.e., az(O) + prior-Bz layers).

- [O]metal is the average atomic concentration of oxygen within the remaining metallic substrate derived
from oxygen diffusion profiles measured by EPMA (Figure 5-(b)); it has been checked that oxygen
diffusion was homogenous circumferentially and thus that the measured oxygen profile (in “Band-
scan” mode) was statistically representative.

This last approach would be especially interesting when weighing is not possible and/or when the
tested claddings have been subjected to heterogeneous HT oxidation, as experienced upon LOCA
integral tests for example.



Table 1 — Weight gains, phases/layers thicknesses and ECR parameters values for reference
uncoated M5framatome ONE-sided steam oxidized at 1200 °C and directly quenched:

EL — < N & R e

= 9 NE N~ = ~ 'g — QN.A (1] s (1] < o

5o O35 SE QOFf aE L E P2 2 9z

£9 =3 N2 §3 +3 o3 A sw 3T

S é o) o ﬁ ) ﬁ £ @

5% 3 & T

U L

60 4.7 19 19 26 555 3.4 2.6 5.0
200 8.7 45 51 34 497 7.0 6.3 9.2
560 15-16 73 82 61 416 12.1 11.1 15.4
1420 22.5-24.5 122 148 142 207 18.5 19.2 25.9
3075 35-36 n. m. n. m. n. m. n. m. 28.6 n. m. 38.1
6000 ~49 n. m. n. m. n. m. n. m. 394 n. m. 53.3

n. m. stands for not measured

Figure 6 compares the ECR values determined from experimental measurements and the values
calculated by using the BJ and CP parabolic correlations, as a function of the oxidation time at
1200 °C. This plot confirms the parabolic kinetics of steam oxidation of M5rramatome at 1200 °C. A very
good agreement between the two “experimental” evaluations of ECR is observed. This is likely due to
a good accuracy of EPMA oxygen diffusion profiles measurements together with a good uniformity of
the HT oxidation. Finally, it is confirmed that the BJ-ECR values are quite conservative and thus are
higher than the CP-ECR, these last ones being very close to the experimental ones.

Figure 7 depicts the oxygen through-thickness profile measured by EPMA and associated SEM
micrographs for reference uncoated M5rramaome OXidized for 1500 s at 1200°C. For this oxidation
condition, nearly half of the initial clad wall thickness has been transformed into ZrO2 and oz(O) layers
(brittle at low temperature) and the oxygen concentration within the residual inner prior-Bz layer
reaches ~0.6 wt. %. This last oxygen concentration value is very close to the equilibrium oxygen
solubility in Bz calculated for Zr-1%Nb alloy at 1200 °C using the Thermo-Calc® software associated
with the thermodynamic database for zirconium alloys developed at CEA [71][72]. This means that
after one-sided steam oxidation at 1200 °C for 1500 s (and beyond) the oxygen content in the residual
inner prior-Bzr layer is higher than the critical value (i.e., ~0.4 wt. %) inducing a DBT for prior-Bz at RT
[57]. This explains why the PQ macroscopic behavior of this particular sample is nearly brittle, as
highlighted by the fractographs and the low residual ductility values measured after PQ RCTs which
will be further compared with the Cr-coated material ones.



5. OXIDATION OF CR-COATED M5rramatome IN STEAM AT 1200 °C

The evolution of weight gain as a function of one-sided steam oxidation time at 1200 °C is plotted in
Figure 8 for both uncoated and 12-15 um Cr-coated M5rramatome. Due to the protective effect of the
outer Cr-coating, the coated M5ramatome cladding shows a significant reduction in the HT oxidation by
comparison to the uncoated material. Photographs of some of the tested clad segments are also given
in Figure 8. It appears that there is a critical oxidation time at 1200 °C above which the tested samples
break into pieces upon the final direct water quenching (here, without application of any additional
axial loading). This critical time ranges between 3000 s and 6000 s (38 % < BJ-ECR < 53 %) for
uncoated reference M5framatome and between 9000 s and 12000 s (65 % < BJ-ECR < 75 %) for Cr-
coated M5rramatome. This observation confirms the additional time until the structural failure upon
quench. In other words, the capacity of the cladding oxidized at HT to withstand the final quenching for
the same time-at-temperature is significantly improved by the outer Cr coating.

Additionally, Optical Micrographs (OM) of post-oxidized/quenched Cr-coated samples are shown in
Figure 8. At this scale, one can observe various microstructural evolutions of the metallic substrate as
a function of the one-sided oxidation time at 1200 °C:

- For times < 5000-6000 s, the weight gain is low and the Cr-coating is protective as no zirconia
or az(O) incursions are observed within the (full) prior-Bzx metallic substrate beneath the
residual outer Cr scale. As a reminder, for the uncoated reference material, within the same
oxidation time range, up to about two-thirds of the initial metallic clad thickness is transformed
into brittle zirconia and az(O) layers.

- For times > 5000-6000 s, an acceleration of the weight gain is observed, which is associated
with a loss of protectiveness of the Cr-coating linked with the formation of a ZrO2 layer under
the remaining Cr-coating and the growth of a thick az(O) layer.

Between these two major oxidation stages, the transition observed at about 5000-6000s is
characterized by the partial loss of protectiveness of the Cr-coating allowing oxygen diffusion in the
substrate without formation of a zirconia layer. The oxidation-induced microstructural and micro-
chemical evolutions of Cr-coated M5rramatome for each of these two stages will be analyzed in more
detail hereafter before assessing the relation with its PQ ductility derived from RCT. A deep discussion
of the underlying oxidation mechanisms of the Cr-coating itself is outside the scope of the present
paper and is then fully described in another dedicated paper [75]. However, to summarize the specific
HT oxidation process of Cr-coated zirconium based claddings, it must be noticed first that, consistently
with previously published HT oxidation kinetics data for bulk chromium, 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 intermediate period. These steps
correspond to different underlying oxidation and diffusion mechanisms, involving:

- Formation and growth of outer chromia scale simultaneously with chromium diffusion into the Bz
zirconium substrate,

- Zr-Cr interdiffusion, inducing Zr(Cr,Fe)z2 intermetallic layer thickening, and then disappearance at
longer oxidation times due to re-transformation to metallic chromium and to zirconia (i.e., when the Cr-
coating is no more protective, inducing a high inward flux of oxygen into the Bz zirconium substrate),

- Transport of oxygen through the residual metallic chromium layer (in particular along grain
boundaries with formation of a continuous zirconia network) and then into the zirconium substrate,

- And finally, when the residual sub-oxide metallic layer has been mainly consumed (by both outer
chromia scale formation and chromium diffusion into the zirconium substrate) and due to residual
coating multi-cracking occurrence, growth of sub-coating zirconia. This last situation occurs when the
inward flux of oxygen into the Bz zirconium substrate is high enough.



Microstructural analysis of Cr-coated cladding oxidized at 1200 °C for 1500 s (times < 5000-6000 s):

Preliminary remark: thanks to its quite low thermal diffusivity and its thermodynamic affinity to the Bz
phase, niobium displays a specific partitioning behavior upon HT oxidation process, inducing some
microstructural and micro-chemical fluctuations within the post-oxidized zirconium structure [56].
However, in the following, we will focus only on chromium and oxygen behavior upon the HT oxidation
process because diffusion and partitioning of these chemical species are believed to be mainly
responsible for the PQ coated clad mechanical properties evolution. While, based on previous results
obtained on uncoated M5ramatome [57], niobium partitioning occulting upon HT oxidation seems to have
limited effect (if any) on the PQ clad properties.

The optical micrographs in Figure 9 show a few micrometers-thick outer chromia scale with a ~10 pm-
thick sub-oxide residual chromium (non-oxidized) metallic layer. These observations confirm that for
these oxidation conditions, the Cr-coating has prevented the under-coating prior-Bz metallic substrate
from oxygen ingress. Figure 9 gives more detailed informations on chemical species diffusion and
partitioning. Consistent with the very low WG measured, EPMA measurements show no significant
oxygen diffusion within the prior-Bzx metallic substrate. A slight oxygen uptake via the inner clad
surface can be noticed. It is likely due to some residual air trapped into the inner clad volume (the
closed inner clad volume is under secondary vacuum, but for some samples, a small residual oxygen
partial pressure may be present). Additionally and as already discussed in [13], EPMA measurements
highlight some chromium diffusion that has occurred within the prior-Bz metallic substrate; such
phenomena may induce some localized prior-Bz hardening but a deep discussion on this additional
metallurgical effect is outside the scope of the present paper.

Microstructural analysis of Cr-coated cladding oxidized at 1200 °C for 9000 s (times > 5000-6000 s):

For such extreme oxidation times, uncoated M5framatome is heavily oxidized (BJ-ECR ~ 65 %) and
would not survive water quenching while the 12-15 pm Cr coated M5gramatome S€gmMent did. For these
severe oxidation conditions, the coated materials show a nearly brittle PQ macroscopic behavior
during PQ RCT carried out at RT.

It must be mentioned that even if PQ residual ductility of HT oxidized cladding is low, this does not
necessarily mean that the sample does not survive to the water quenching. This is for example the
case for uncoated zirconium alloys after steam oxidation for 1500 s at 1200 °C showing low residual
ductility at RT while surviving to the final water quenching.

Concerning Cr-coated materials in Figure 8 and Figure 10, for long oxidation times such as 9000 s, the
outer Cr coating is no more protective and leads to a brittle behavior since most of the residual Zr-
based metallic substrate has been converted to brittle az:(O) [76]. It is important to highlight that at the
same time, only a few tens of micrometers of the outer clad thickness has been transformed into
(Cr203 + ZrO2) oxide scales. This last observation shows that, after HT oxidation, the ratio between the
thicknesses of az:(O) and outer oxide scales is very different for Cr-coated and uncoated materials. In
other words, upon HT oxidation, the Cr coating significantly slows down the formation (and
subsequent thickening) of under-coating zirconia layer than on the growth of az(O), while for
conventional uncoated claddings, zirconia and az(O) have comparable growth kinetics, as it can be
observed in Table 1.

Additionally, in Figure 10, it can be observed that there are significant fluctuations of the Cr
concentration along the chromium diffusion profile. In fact, even if it has not been plotted here for sake
of simplicity, these fluctuations are correlated to the niobium partitioning/fluctuations already
mentioned. Indeed, as for niobium [56], chromium has a higher thermodynamic affinity to the Bz phase
and thus tends to segregate into some residual thin prior-Bzr zones upon the az(O) growth thickening
process for this high oxidation time.



6. ANALYSIS OF THE DIFFUSION OF OXYGEN IN THE ZIRCONIUM SUBSTRATE FOR CR-
COATED CLADDING OXIDIZED IN STEAM AT 1200 °C

Table 2 summarizes the weight gains (WG), the phases/layers thicknesses and the ECR parameters
of 12-15 pym Cr-coated M5Framatome Cladding samples after one-sided steam oxidation at 1200 °C
followed by direct water quenching down to RT. This Table shows a significant difference for the Cr-
coated cladding between the ECRwg and the BJ-ECR, unlike the results shown in section 3 on
uncoated cladding. So unlike for uncoated cladding, ECRWG and ECR BJ cannot be used
indiscriminately as they differ by order of magnitude in the case of Cr coated claddings. Both ECRs
cannot be confused and one must keep in mind which is which.

Table 2 - Weight gains, phase/layer thicknesses and ECR parameters of 12-15 um Cr-coated
Mb5¢ramatome after one-sided steam oxidation at 1200 °C and direct quenching:

m 7 —_— _—~
130 - g g <E E -
c9 L& §- £ 2, 4y 3 x
0 f—ag e i L) —
cg 83 2§ £E 5% 5% gF'  gg
chs £ s 9 °3 &3 & 2
oFv N 5§ SE £
600 ~1.2 0 0 0 575 0.9 16.8
1500 1.5 0 0 0 575 1.2 26.6
3000 2.5 0 0 0 575 2.0 37.7
5000 4.7 n. r.(**) n. r.(**) n. r.(** n. r.(** 3.8 48.6
~500 -
6000 >6-7.4 0 25 550 0-50 5-6 53.3
~200 - ~300 -
9000 15.6 - 18.7 10-30 550 350 0 125-15 65.2
12000 32.4 45 - 65 ~400 <50 0 26.1 75.3

(*) calculated for 0.57 mm-thick uncoated cladding
(**) not relevant, because of significant inner oxidation contribution (due to residual oxygen trapped

inside this particular end-plugged clad segment); thus, should be more or less considered as a two-
sided oxidized sample. ..

This table shows that this 12-15 um-thick Cr-coating is fully protective for oxidation times up to at least
3000 s at 1200 °C, corresponding to an approximate BJ-ECR of at least 40 %. For longer oxidation
times, the coating allows a progressive in-coming oxygen diffusion within the underlying metallic
substrate, which leads first to a thickening of a az(O) layer and then, at longer oxidation times, to the
formation of a zirconia layer under the coating [75].

Additionally, results given in Table 3 were derived from oxygen profiles measured by EPMA and the
measured outer oxide scale thicknesses. These results further justify the difference in behavior
between uncoated and Cr-coated cladding. The values reported in this Table demonstrate that the
partition of oxygen between the outer oxide scales and the sub-oxide metallic substrate is very
different for uncoated and Cr-coated M5rramatome. Indeed, for the uncoated reference material, only 20
to 30 % of the overall oxygen which reacted with the clad during its oxidation at 1200°C diffused into
the sub-oxide metallic substrate, whereas this value is over 85 % for Cr-coated cladding.

It is the prior Bz layer which is responsible for the retention of post quench ductility. As recalled in
Figure 5-(a), at RT, the PQ DBT failure mode of prior-Bzr takes place for an oxygen content of ~0.4
wt. %. It means that, beyond some potential and limited additional PQ hardening effect due to the HT
chromium diffusion (which concerns mainly the outer part of the wall clad thickness and which will be
discussed elsewhere), the “physical-metallurgical” parameter responsible for the PQ macroscopic DBT
as derived from PQ RCT is directly related to the quantity of oxygen which diffused into the sub-oxide
metallic substrate, rather than to the overall quantity of oxygen that reacted.



After 1500 s at 1200 °C, no significant oxygen diffusion into the Bz layer is observed in the case of the
coated material. For longer oxidation times, a major part (approximately 85 % after oxidation for
9000 s) of the oxygen that reacted with Cr-coated M5framatome diffused into the metallic substrate,
inducing extended growth of az(O). Because most of the oxygen that reacted with the Cr-coated clad
during HT oxidation diffused into the sub-oxide metallic substrate for the longer oxidation times applied
here (9000-12000 s), the DBT occurs for a lower measured weight gain for the Cr-coated M5Framatome.
Basically, as shown in Table 3, this is due to the fact that the weight gain associated to oxygen
diffusion within the prior-Bzr layer (and to the growth of az(O)) is at least one order of magnitude lower
than the one corresponding to the growth of outer stoichiometric zirconia.

These results clearly show that the weight gain and therefore the “experimental” ECRwa are not
relevant indicators of the PQ material brittleness when the partition of oxygen between the outer
oxides (ZrO2 and/or Cr203) and the metallic substrate does not follow the typical partition observed in
uncoated zirconium-based cladding steam oxidized at HT. It can be mentioned that such a
discrepancy also exists for conventional uncoated claddings when the partition of oxygen deviates
from the “usual” one, in case of “steam starvation” or “post-breakaway oxidation” for example.

Table 3 - Fraction of the “experimental” ECRwg corresponding to the overall fraction of reacted oxygen
which has diffused into the metallic substrate beneath the outer coating / oxide scales during oxidation

at 1200 °C
Fraction of ECR
Oxidation time corresponding to
Materials at 1200 °C WG (mg/cm?) ECRwa (%) oxygen which has
(s) diffused into the
metallic substrate
Uncoated 60-1420s  43-235(+/1)  35-19 (+/-1) 20-30 %
M5Framatome
1500 15 12 Negligible oxygen
12-15um : : diffusion in prior-Bz
Cr-coated
MSrramatome 9000 15.6 12,5 85 %

Finally, as an attempt to summarize the above observations, Figure 11 gives an overview of the
oxygen diffusion and partitioning within the wall clad thickness of 12-15 pm Cr-coated M5rramatome UpPON
one-sided steam oxidation at 1200 °C.



7. ANALYSIS OF THE CR-COATED CLADDING PQ DUCTILITY AND ITS RELATIONSHIP WITH
THE BJ-ECR CRITERION

Figure 12 shows the PQ “residual ductility” obtained from RCT performed at 20 and 135 °C on
uncoated and 12-15 pm Cr-coated M5rramatome @s a function of one-sided steam oxidation time at
1200 °C and ECR parameters (calculated by using the BJ correlation (BJ-ECR) and deduced from the
measured WG (ECRwa)). One has to keep in mind that these ECR parameters were evaluated using
the conventional correlations and assumptions for uncoated claddings. As described in Section 6 and
discussed in more details in [75], the diffusion of oxygen within the underlying zirconium substrate
change with coated cladding. Thus, the “physical meaning” of the “experimental” ECRwa is not
applicable for the coated material.

The different plots in Figure 12 show that:

- on the one hand and as already observed for the resistance to quenching, when compared to
reference uncoated M5rramatome, the 12-15 um Cr-coating exhibits a significant additional time to the
PQ emobrittlement threshold (Figure 12-(a)). This is also shown by the plot of the RCT ductility as a
function of the calculated BJ-ECR, which is not surprising since this parameter is simply proportional
to the square root of the oxidation time.

- on the other hand, the plot of RCT ductility as a function of the “experimental” ECRwa (which,
as already discussed, has not the same physical meaning for coated claddings than for uncoated
ones) displays an opposite tendency. Indeed, the ECRwc value corresponding to the PQ
embrittlement threshold is ranging between 5 and 15 % for the Cr-coated M5Framatome, Which is
significantly lower than the characteristic value for the uncoated reference M5¢rramatome. The various
plots in Figure 12 qualitatively confirm Krejci et al.” [12] data tendency (Figure 2); but the conclusion
drawn from them is different since they suggest that the “ECRwg” is not the appropriate parameter for
Cr-coated cladding, because the ECRwa does not have the same physical meaning for the Cr-coated
cladding.

When further analyzing these plots (excluding the ones based on ECRwa), the general aspect of the
Cr-coated curves in Figure 12 a) and b) is quite different than that of the uncoated cladding with some
form of plateau up to at least 3000 s, and then a clear, accelerated decrease after 5000 s. The
uncoated cladding exhibits a decrease in ductility from the beginning of oxidation. In the “plateau”
region for the Cr-coated cladding, there is nonetheless a slight decrease in ductility, which can likely
be attributed to the diffusion of Cr in the zirconium substrate inducing some PQ prior-Bz hardening.
However, the data presented here demonstrates that the Cr diffusion in the zirconium matrix has a
secondary effect on the loss of ductility of the Cr-coated cladding compared to the diffusion of oxygen
once the coating becomes non-protective.

These curves can help adapt the BJ-ECR criterion for application to the Cr-coated cladding using the
same methodology that was used to define the initial BJ-ECR criterion of 17 %. By considering that the
cladding’s residual ductility limit is of 1-2 %, one can extrapolate this limit for the Cr-coated cladding,
which leads to a BJ-ECR criterion around 50 % or higher for one-sided oxidation, as shown by the
dotted lines in Figure 12. This shows how the BJ-ECR can be maintained to evaluate cladding
embrittlement due to oxidation during a LOCA even for Cr coated cladding. Comparing the BJ-ECR for
both alloys the better oxidation resistance of Cr Coated alloy is clearly evidenced.

Finally, Figure 13 depicts the PQ “residual ductility” derived from RCT carried out at both 20 and
135 °C on uncoated and Cr-coated claddings as a function of the mean oxygen content of the residual
prior-Bzr layer. In this figure, some previous results obtained both at UJP Praha (Krejci et al. [12]) and
at CEA on different Cr-coated substrates, and using different coating processes, were added to extend
the database. It has to be mentioned that the experimental testing and analysis procedures used at
CEA (present study) and at UJP Praha (Krejci et al. [12]) sometimes differ, and thus may contribute to
some bias on the results when plotted in the figure. However, the plot indicates that, as for the
reference uncoated claddings, the PQ embrittlement threshold of Cr-coated claddings relies mainly on
the oxygen content of the residual prior-beta layer. Thus, the observed improvement of the PQ
properties of Cr-coated claddings is directly related to the capacity of the Cr-coating to delay the



inward diffusion of oxygen into the sub-coating Zr metallic substrate upon HT steam oxidation, typical
of LOCA situations.

8. CONCLUSION

The objective of the present paper was to bring some insights into the relationship between
“experimental” and “calculated” ECR parameters, oxygen diffusion for Cr-coated claddings oxidized in
high temperature steam and how they relate to post-quench ductility. It is confirmed that, for Cr-coated
Mb5rramatome, the coating brings significant additional time before full clad embrittlement, following
oxidation at 1200 °C and final direct water quenching down to RT. Overall, the observed improvement
of the PQ properties is related to the capacity of the coating to delay the inward diffusion of oxygen
into the sub-coating Zr metallic substrate upon HT steam oxidation.

One-sided oxidation behavior of the Cr-coated M5Framatome cladding

The results presented show that the one-sided steam oxidation process at 1200 °C of 12-15 um Cr-
coated M5rramatome includes two main steps:

1. For oxidation times <5000 s, a dense and protective thin outer chromia scale grows without
significant oxygen diffusion into the substrate. Indeed, the oxygen content of the inner prior-Bz
layer is close to the as-received (nominal) value. In this case, and as it will be discussed
elsewhere, the PQ clad ductility is slightly affected by the hardening and embrittlement effects of
Cr having diffused into the outer part of the prior-Bzr layer, but this effect is secondary to that of
oxygen diffusion.

2. For longer oxidation times (> 5000 s), when the in-coming oxygen diffusion flux beneath the
coating is high enough, ZrO2 starts growing (i.e., when the Cuox equilibrium solubility in the
metallic az(O) is reached at the metal/oxide interface). At this stage, most of the underlying
metallic substrate is transformed into az(O), thus inducing a macroscopic PQ brittle behavior of
the cladding at RT.

In-between these two oxidation stages, there is a transition where the residual (mostly oxidized) outer
chromium coating loses progressively its protective properties. In this case and as discussed in depth
in [75], oxygen progressively diffuses within the metallic substrate, which leads to the growth of an
under-coating az(O) layer, but without formation of ZrO: at this stage.

Discussion on the use of the “experimental” ECR derived from WG using the uncoated cladding
correlations

The US LOCA ECR criterion is used together with the conservative BJ or “best-estimate” CP
correlations. The BJ correlation was derived from results of oxidation tests performed on uncoated
zirconium alloys.

The coated cladding shows different oxidation mechanisms, kinetics and distribution of oxygen, most
of which is not used to form ZrO:2 like for the uncoated cladding. As a result, the usual interpretation of
ECRwa, as used for uncoated claddings, is no longer valid for Cr-coated claddings because the
oxygen reacting upon HT oxidation is fully used to form an outer chromia scale for smaller oxidation
times or mainly diffuses in the metallic bulk for the longer oxidation times. Therefore, the uncoated
ECRwe calculations should not be used to compare uncoated and coated materials since the
uncoated cladding correlation is not valid for the Cr-coated cladding.

Embrittlement threshold for the Cr-coated M5rramatome cladding and corresponding ECR limit

By definition, the BJ-ECR and CP-ECR parameters are proportional to the square root of the HT
oxidation time. Thus, plotting the residual PQ RCT ductility as a function of the BJ-ECR or CP-ECR
(Figure 12-(b)) confirms the additional time-at-temperature observed for Cr-coated cladding when
plotting the results as a function of the one-sided oxidation time. The data presented in this article



show that the oxidation time at 1200 °C leading to cladding embrittlement and the associated BJ-ECR
threshold are much larger for the Cr-coated material than for the uncoated reference cladding.

Using the same methodology as that used historically to derive the ECR criterion for uncoated
cladding, a 1-2 % ductility limit would correspond to about 50-% BJ-ECR for the 12-15 um thick Cr-
coated M5rramatome Cladding one-sided oxidized in steam at 1200 °C. The current US regulatory ECR
limit of 17 % calculated with the BJ correlation, is therefore highly conservative for the one-sided
oxidation of the Cr-coated M5framatome cladding.

Although the BJ-correlation does not accurately describe the oxidation behavior of the Cr-coated
materials, it can still be used as an oxidation time-at-temperature metric. It would therefore be possible
to define new BJ-ECR limits corresponding to the performance of the Cr-coated cladding using the BJ-
correlation.

Alternatively, one could also establish new oxidation kinetics correlations specific to the coated
materials, using the weight gain for instance, and use these correlations to define new limits
preventing the cladding embrittlement in LOCA conditions. Such new correlations may vary according
to the Cr-coated material used so a new standardized approach would have to be created.

In both cases, the new limits should:

- Be performance-based and thus specific to each Cr-coated cladding solution. Indeed, the
protection given by the Cr-coating during high temperature oxidation depends certainly on
numerous parameters, notably the coating thickness and the deposition process [13].

- Take into account the relevant phenomena occurring during LOCA transients, especially
ballooning, burst and inner oxidation.
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Figure 12 — Post-Quenching “residual ductility” derived from RCTs performed at 20 and 135 °C on

uncoated and 12-15 um Cr-coated M5rramatome @s a function of: one-sided steam oxidation time at

1200 °C (a), ECR calculated using the BJ correlation (b) and ECR deduced from measured weight
gain using the conventional correlations for the (uncoated) claddings (c)
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