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Abstract. During the Fukushima Daiichi accident in 2011 finel rods underwent the degradation stages of ersev
accident, including the rapid oxidation of zircamiuwhich led on the one hand to the productioraafé quantities
of hydrogen, and on the other hand to additional peoductionReducing the susceptibility of the cladding to the
high temperature oxidation in steam can improvatyehe accident tolerance of the cladding and thelp reduce
the risk of core meltdown. The worldwide researod development effort of the fuel nuclear indugtryincrease
fuel margins in severe accidents is referenceti@dévelopment of Enhanced Accident Tolerant HiEAS F).

In this context AREVA NP, along with CEA and EDB, developing, among others, a chromium (Cr) coatting
20um thick) on zirconium alloy cladding. The cogtiis deposited on the cladding surface by PhysiGador

Deposition (PVD) and forms a dense and adheremegiive layer. It preserves the good mechanicahbien of the
current cladding in normal operating conditions letsignificantly improving the oxidation behaviaor accidental
conditions. This behavior is being evaluated thtoogt-of-pile corrosion and mechanical tests atAREVA NP

Technical and Research Centers. The corrosion ehamss evaluated through autoclave tests in boWRRvater
chemistry at 360°C and in 415°C steam to increlasedrrosion kinetics. In both cases very smallghegain was
measured on the order of 1mg/damd remains stable throughout the length of thiste

This development is a part of the worldwide AREVA Mffort to improve the accident tolerance of thelf
through several projects and partnerships, in lttope and the USA. In the USA, AREVA NP is strgngl
involved in the Department of Energy (DOE) progratmose goal is to insert EATF solutions in US Ligkater
Reactors (LWRs) by 2022. In Europe, AREVA NP isane side developing two cladding solutions (Cr-edat
zirconium and SiC/SiC composite sandwich claddinigh the CEA and EDF, and on the other side is fogra
partnership with the Gdsgen utility to irradiatemso EATF concepts under representative Pressurizateiv
Reactor (PWR) conditions.
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INTRODUCTION

The current nuclear fuel rod concept for Light Wakeactors (LWRs) of UPpellets enclosed in zirconium alloy
cladding has been used and optimized to improveafisty, reliability, and performance, leadinghe tevelopment
of advanced zirconium alloys, such as M5®. Follayihe Fukushima Daiichi accident in 2011 whereftlet rods



underwent the degradation stages of a severe atcimeluding the rapid oxidation of zirconium, timeiclear
industry began investigating fuel and cladding epts to enhance the fuel rod’s accident toleramckiacrease
margins in severe accident conditions [1]. Thigiinational development effort is known as “Enhandedident
Tolerant Fuels” (EATF), and it focuses primarily onproving the cladding’s high temperature stearidaton
behavior to limit both the heat production and leggm production originating from the high temperatsteam
oxidation of zirconium alloys. By reducing the steaxidation kinetics, EATF solutions can also impdoe high
temperature mechanical behavior by limiting therésg of oxygen (and hydrogen) in the zirconiumyalthus
inhibiting its embrittlement and subsequent potrtilure.

In this context AREVA NP has investigated sevetatiding concepts ranging from evolutionary to resolnary
solutions with various implementation times andeptil severe accident performance benefits [2]EXR NP’s
worldwide EATF effort is composed of two tightlynked programs: a European program including thddatey
material developments performed in the French JR&D Program and their subsequent irradiation i @bsgen
reactor, and the participation to the United StaBepartment of Energy (DOE) project. The two pargs are
linked in the fact that the developments performétiin the French Joint Program are used in supgitiie DOE
program. Figure 1 summarizes schematically tharamgtion of AREVA NP’s worldwide EATF program diled
into two main categories of solutions investigatelaort and long term. The short-term solution & ¢bhmbination
of CrOs-doped UQ fuel with Cr-coated zirconium alloy cladding, atite development goal is to introduce full
length Lead Test Rods (LTR) or Lead Fuel Assemb{ldsA) before 2022. For the longer-term solutioktise
development effort will focus on SiC/SiC sandwidadding with the goal of inserting segmented tedsrby 2022.
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FIGURE 1. Schematic of AREVA's worldwide EATF program

Concerning the developments in the United-Statesther paper will describe the work completed wittiie DOE
ATF program during Phase 1, where several claddpigpns were investigated: MAX phase coatings ocozium

alloys, and coated Mo cladding (development perémnm collaboration with EPRI) [3]. For Phase 2 tbis

program AREVA NP will focus on its short-term satut combining Cr-coated zirconium alloy claddingthwi
Cr,0s-doped fuel. In this concept both the doped fuel #ire Cr-coated cladding bring significant advaatam

accident conditions that complement each other.a@xample during a LOCA transient, the reduced dissjas
retention of the fuel leads to decreased interodlpressure, which limits the ballooning of theddiamg which is
also reinforced by the Cr-coating on the cladditigus reducing the risk of cladding burst. Durihg bxidation and
quench part of the transient the Cr-coated claddiggificantly limits the oxidation and helps presepost-quench
ductility.

This paper will focus on the European program ammtemspecifically on the development of the Cr-cdate
zirconium (Zr) alloys, with results from the expagnts performed at the AREVA NP Technical and Refea



Centers. The analyses performed at AREVA NP fadliaim to evaluate the normal operating condibehavior
of the Cr-coated cladding while the CEA focusegtanhigh temperature conditions and accidental\aehavhich
will be presented in another paper [4]. Within #rench Joint Program, on top of the Cr-coated mitgo alloy
cladding, SiC/SiC composite sandwich cladding $® @leveloped as a more revolutionary and therédoiger term
cladding concept.

Additionally, a collaborative project with the G@&ygplant in Switzerland is ongoing to verify thafpanance of
these cladding solutions in representative preasdrivater reactor (PWR) conditions, with insertafnmaterial
samples planned in mid-2016

RESULTS ON CR-COATED ZIRCONIUM ALLOY CLADDING

Description and Fabrication
Scoping studies were performed by the CEA with dewiange of coating materials (both ceramic andhltiet
coatings, either mono or multi-layered) to deteenthe most appropriate coating material. Metallicomium
coating was selected as it provides the optimalpromise between high corrosion resistance, exdetleating
adherence, and reasonable neutron transparencgnéheeutron absorption cross-section of 3.1 bgis)rhe Cr-
coating thickness envisioned ranges between 5 @pch?2

Cr-coated zirconium alloy cladding exhibits sigoditly reduced high temperature steam oxidatioetlds, which
leads to considerably reduced heat and hydrogeduption, as normally observed during the high tenajpee
steam oxidation of uncoated zirconium alloys. Femtiore, the Cr-coating protects the underlying sabs from
oxygen or hydrogen ingress, thus inhibiting therfation of the brittle Zk(O) phase leading to a considerable
improvement of the post-quench ductility of theddag. The ductility of the Cr-coated cladding meléed similar
before and after high temperature oxidation andefioee retains its integrity even after relativedpg exposure to
high temperature steam for a 15um thick Cr coatpgo at least 6000s at 1200°C as was shown inquewarticles
[2, 6]. Consequently, the use of Cr-coated zirconicladding is expected to improve the coping tirhefgre
occurrence of rod fragmentation upon or after gham) in severe accident conditions by a couplédatirs at
1200-1300°C up to about 5 to 10 hours at 1000°d@ing on the Cr-layer thickness. This solutiothirefore a
near term evolutionary solution which will providaportant benefits in Design Based Accident (DBA)CA and
severe accident conditions.

To produce Cr-coated cladding samples, pure Cejmsited on the surface of the samples using aadpduysical
Vapor Deposition (PVD) process. This technique ®ranvery dense coating with no cracks in the Cedayor
porosity present at the Cr-Zr interface, thus pimg excellent adherence, as described in a prsvéoticle [6].
Currently the size of the PVD furnace facilitatesiing tubes up to 50cm long. The industrializatdénhe coating
process is feasible since some companies use P\¢Batdarge surfaces on the industrial scale witliesponding
quality control, and this will be demonstrated comenercial length zirconium alloy cladding tubes.r Ebis
purpose, AREVA NP has launched a process developpnegram to fabricate full length Cr-coated tulketh the
ultimate goal to have a robust process to coat certial length (5m) tubes.

Corrosion Behavior

Corrosion in autoclave in 360°C water
Cr-coated zirconium alloy samples were exposecdutociave at 360°C at the AREVA NP Technical ceimethe
following pressurized water reactor (PWR) chemisopditions:
» Deaerated solution (<10ppb) dissolvedadd no added H
*  [H3BO;3] = 650 ppm
e [LIOH] =2 ppm



After the end of each test period, the water cheyiwas analyzed and no Cr was detected in solufidmis
confirms that there is no dissolution of the Creiain the water under these conditions and thatiery adherent to
the substrate. The samples were corroded up tg@osere time of 180 days.

Figure 2 shows the corrosion kinetics of Cr-coaahples for M5®, and Zy4. The tube samples aresdoaly on
the external surface and therefore the weight géithe tube samples mainly comes from the corrosibthe
uncoated zirconium inner surface. This explains wheg tube samples exhibit about half the weighh gdi the
reference uncoated samples in all cases. It isetodied that the corrosion kinetics of zirconiuroysd, and
especially Zy4 (as observed in Figure 2), is natticmious with time for these test conditions butiofes a sequence
of weight-gain periods, leading to the periodiasture of the zirconium oxide formed. Additionalfiat corrosion
coupon samples were coated on all surfaces, aneftine are the ones giving the representative smmokinetics
and behavior of the Cr-coating. These samples éxhiry low weight gain (on the order of 1mg/m
demonstrating the extremely low corrosion kinet€<Cr-coated zirconium alloys in autoclave. Simitesults are
obtained for several zirconium alloy substrates @MBhd Zy-4) confirming the good reproducibility arabustness

of the coating process and the negligible impacthef underlying substrate on the corrosion progertf a Cr-
coated sample.
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FIGURE 2. Corrosion kinetics of Cr-coated M5® and Zy4 samm@rposed to 360°C PWR water

Figure 3 shows the optical micrograph of the crmstion and a general overview of the surface Gf-aoated
zirconium sample after corrosion in 360°C PWR wattter 30 days of exposure. The aluminum preserhén
micrograph is used for sample preparation. The &arsprface overview shows a light golden color with
delamination of the Cr-coating. The golden cologgests that the Cr203 layer is less than 100 nok thnd
changes towards bluish/purple tints as the Cr otiittkness increases. This suggests that the daige formed
stays on the order of a few hundred nanometersdaad not change much. This is confirmed by thesssection,
which shows the Cr-coating and the underlying sabstut without visible outer gD; oxide scale, due to its very
limited thickness which needs higher magnificatand SEM-FEG or TEM examinations to be highlighted.
Furthermore, no evidence of Zr@& seen under the Cr-coating, thus demonstratiag the Cr-coating is highly
protective against corrosion with no diffusion afygen (and hydrogen) through the Cr-layer.

No ZrO, oxide
observed under Cr-
layer

Cr-layer

Aluminum foil
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FIGURE 3. Optical micrograph of the cross-section and gdneésaal aspect of an M5® Cr-coated sample afterasion in
360°C PWR water for 30 days



Corrosion in autoclave in 415°C steam
The excellent corrosion behavior was confirmed éstg performed at the AREVA NP Research Cented 5@
steam to accelerate the corrosion process andfdherevaluate the corrosion behavior in more agives
conditions. Figure 4 shows the corrosion kineticthis environment for samples coated with Cr amahgared to a
reference M5®. Once again, samples coated on ardysade exhibit half the weight gain of the uncdateference,
demonstrating that the Cr-coated side does notizexichuch and mainly the uncoated side forms aneoxithe
samples coated on both sides exhibit very smalyiajain that remains almost constant on the artiémg/dns.
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FIGURE 4. Corrosion kinetics of Cr-coated M5® and Zy4 sara@gposed to 415°C steam

Additionally, some Cr-coated samples were scratéhihtionally all the way through the Cr-coatifgckness to
simulate damage to the Cr-coating prior to testiing15°C steam. The goal was to have a conservafpeoach
concerning potential handling damages or potersisface defects of the Cr-coating. For example nguriod

insertion in the fuel assembly structure some shest may appear on the Cr-coating (this will beegtigated in the
near future). After corrosion, the pre-damaged dasnghowed no delamination of the Cr-layer and laitd

similar weight gains to undamaged Cr-coated samplts no exacerbated zirconium alloy corrosion obeé at

the scratch location. This confirms that the capiim very adherent and that its performance is tagiad even
when locally flawed. Figure 5 shows an intentiopaltratched Cr-coated M5® sample before and aftepsion in

steam at 415°C for 28 days.

FIGURE 5. Visual aspect of an intentionally scratched M5®dBated sample before and after corrosion in 41%8@m

Mechanical Behavior
The mechanical behavior of Cr-coated samples wakiated through tensile tests on Cr-coated andataddV5®
tube samples at both room temperature and 400°€seTtests were performed at AREVA Research Ceatats
enable the comparison of the mechanical propediesoated versus uncoated tube samples. Figureowsshn



example of the stress-strain curves for referenomoated M5® and Cr-coated M5® at room temperature a
400°C. The curves demonstrate that the Cr-coateplea exhibit similar mechanical behavior as unegdaamples,
and for all the tests performed, the mechanicapgries (yield strength 0.2%, ultimate tensile rggtl, and total
elongation) of the Cr-coated samples all fell witthie range of values for uncoated samples. Thatdliifferences
observed between the coated and uncoated M5® datsoa significant since within the range of dakdained for
reference samples. Consequently, the mechanicavlmtof Cr-coated samples can be approximatedhatydf the
underlying zirconium alloy substrate. This suggéisés the licensing of Cr-coated zirconium allogdding may be
greatly simplified by relying on the propertiestb& underlying substrate, which is already licen3edconfirm this
statement, AREVA NP has launched an irradiatiogmm to study the mechanical behavior of the Ctemba
zirconium alloy cladding under representative PWehditions. This irradiation program is briefly debed
hereafter.
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FIGURE 6. Tensile tests at room temperature and 4DOf Cr-coated M5® compared to uncoated referéns®.

IRRADIATION PROJECT IN GOSGEN REACTOR

Gosgen plant and AREVA NP have a long lasting baltation in the development and implementationent fiuel,
aimed at improving the safety and performance ef tbactors. This cooperation has been confirmednthc
through a multi-year contract for broad fuel R&Dvdpments, including an irradiation project of BA$olutions
in the Gosgen reactor. This irradiation projectcédled IMAGO, which stands for Irradiation of Matds for
Accident tolerant fuels in the GOsgen reactor. bal of IMAGO is to verify the behavior of EATF stions in
representative PWR conditions, mainly the corrogiehavior, the microstructural evolution underdietion and
some mechanical properties. Both Cr-coated zirecoralloy and SiC/SiC composite cladding samplesptaianed
to be inserted by mid-2016 in the form of matetedt rods (MTRs) placed within the guide tubes mhs fuel
assemblies. IMAGO will be the first irradiation BATF solutions in a commercial reactor and willv&emas a
stepping stone to obtain in-pile data for the fiestion of future fuel rod irradiations.



CONCLUSION

AREVA NP has a worldwide EATF program with work bgiperformed in the United States as part of th&eDO
project, and, within the French Nuclear Collabamatprogram with CEA and EDF. Two cladding solutiare
being developed in Europe and are planned to hdiated in the Gosgen reactor mid-2016: Cr-coatexbraum
alloys and SiC/SiC composite sandwich cladding.c@oming the Cr-coated cladding, AREVA NP is invgating
the behavior under normal operating conditions evtiile CEA focuses on the accidental behavior. Tureent
results show extremely low corrosion kinetics ipressentative PWR autoclave tests and the mechaegtatesults
show no significant difference of the Cr-coatedddiag mechanical properties from that of the undegd substrate
(uncoated zirconium cladding). These results coetbinith the very good accidental behavior preseptegtiously
suggest that the Cr-coated cladding solution iy peomising and would provide significant benefit®. obtain in-
pile data as early as possible on this solutionEXR and Goésgen are launching an irradiation prograited
IMAGO to verify the behavior of the Cr-coated clauglin representative PWR conditions. This will the first
irradiation of EATF solutions in a commercial reactConsequently, it is a solution that could b@lemented in a
relatively short time frame and full length LeadsTRods or Lead Fuel Assemblies are planned befiza.
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