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Abstract. For enhanced accident tolerant fuels for lightawateactors application, chromium coatings on zinazm
based nuclear fuel claddings are developed andestad CEA in the framework of the French CEA-EDREVA
collaborative program. The results obtained so faajnly on Zircaloy-4 substrate, show very goodrasion
resistance in nominal conditions and significartatement of the resistance of the material toatixid in steam
at high temperature (HT), up to 1300°C, with a ticadecrease of hydrogen release and/or pick-upe. diesent
paper reports some new results obtained on chroroaated Zircaloy-4 claddings tested in loss-of-aablccident
(LOCA) conditions. In order to investigate the putal effect of the coating on the cladding mechahbehavior at
HT and the capacity of the coating to sustain §icenit substrate deformationd,, during ballooning until burst
occurrence) without generalized cracking/peelingpraliminary limited set of internal pressure creepd
temperature ramp tests have been performed in séesimonment thanks to the EDGAR facility. The thet-
mechanical tests were done for testing/burst teatpeys ranging from 600°G4 phase domain) up to 1000°@x(
phase domain) on 50 cm long low-tin Zircaloy-4 dieg) samples with a 15um thick outer chromium cwati

Keywords: Enhanced Accident Tolerant Fuels (EATF), chromiwating, Zircaloy-4, LOCA, internal pressure
burst test, high temperature creep

INTRODUCTION

Oxidation resistant coatings are an attractive ahdrt term solution to enhance the resistance ofeotu
zirconium based nuclear fuel cladding to accelerdtigh temperature (HT) steam oxidation (and podént
hydriding) upon accidental scenario such as logssofant accident (LOCA). With the aim of achievitigese
objectives, CEA has initiated several years agoes@mospective studies and preliminary evaluatiorthef
performances of different types of coatings, inglgdceramic and metallic, mono- or multi-layerechtogs.
During these early studies, metallic chromium cuggihave shown an encouraging behavior with a geod
corrosion resistance in nominal conditions and iigant enhancement of the HT steam oxidation beirawm
accidental conditions, when compared to referemomated zirconium based cladding materials. Mocenty,
the studies conducted in the framework of the HreBEA-EDF-AREVA collaborative program have confimine
the good behavior of Cr coatings in steam enviramntraéHT, up to at least 1300°C [1, 2].



However, the HT experiments performed so far didcomsider the coating behavior and its potenti@ce on

the whole thermal-mechanical behavior of the clagdipon HT transient, when the cladding tube igested to

internal pressure and then experiences signifidafdarmation/ballooning until burst occurrence. Sasselies are

thus still pending:

- Does cracking of the Cr-coating occur at a cet@il of strain at HT?

- Is the good adherence of the coating maintainétfdeading to no delamination?

- Due to higher Young’'s modulus and strength whenpamed to zirconium based alloys, may a 15 um thick
chromium coatings influence the overall thermal-h@tcal response of coated cladding tubes wheadest
in LOCA conditions?

In an attempt to address these pending questioset af isothermal internal pressure creep and rpiadiry
temperature ramp tests have been recently perfoah&@EA on Cr coated Zircaloy-4 cladding segmeintsa
steam environment, using the CEA “EDGAR” facility]] The main results obtained so far are brieflgsented
and discussed here after.

MATERIALS AND EXPERIMENTAL PROCEDURE

Materials
490mm long low-tin (SRA) Zircaloy-4 cladding segrnterfrom AREVA-NP have been used. 15um thick
chromium coating was deposited using a special ipalysapor deposition (PVD) method. As-received sien
coatings were thus obtained without apparent pgrosi cracks at the Cr-Zr interface, and with good
azimuthal/axial homogeneity of thickness, excephatvicinity of the ends of the cladding tube whthre coating
was sometimes thinner due to “ends effect” duriregdoating deposition process.

Thermal-mechanical LOCA testing
The “EDGAR?” facility has been extensively used &ACduring the last twenty years on various moderaear
fuel cladding materials, some of them being prerialtl as a surrogate to the in-service microstratitladding
evolution [3]-[5]. The facility enables to conduesrious kinds of simultaneous and independent theand
internal pressure transients on a 490mm long spcoh fuel cladding tubes, representative of thiéyedages of
a LOCA transient. This facility has already beemsalided in details in reference [3]. In order tdaib rapid
heating rates, up to at least 100°C/s, a direcleJefiect heating is used in a flowing steam envinent. In
steady-state conditions, the axial and azimuthaperature gradients are lower than 5°C over ther@80useful
part (gauge length) of the specimen. Temperatur¢hefclad is followed by dedicated thermocoupled an
pyrometers. The circumferential deformation of thkbe is measured continuously until burst occureefmon-
contact measurements using a laser device). The tae generally performed until the cladding kurst
Postmortem measurements are systematically perébratedifferent axial locations, including at ther$tu
opening, for the evaluation of local hoop straid arial extent of the balloon.

ISOTHERMAL CREEP TESTS RESULTS

Before conducting more LOCA representative therraalp tests, a set of isothermal EDGAR creep tesdsbeen
done, covering the main burst temperature rangésteriest for DBA (design basis accident) LOCA citinds, i.e.
between 600°Cuof, phase domain) and 1000°Bz{(phase domain).

Overall creep behavior
Figure 1 shows the evolution of the time to rupt@until burst) as a function of the initial hoopess of both
uncoated and 15um thick Cr-coated Zircaloy-4 clegimgents, for creep tests performed at differenptatures.



Additionally, Figure 2 shows two typical creep cesvobtained on uncoated and 15um thick Cr-coatexhldy-4
clad segments tested at 600°C for an internal presspplied of 120 bar. From these two figures thiserved that,
for a given internal pressure, typical creep rupttimes of 15um thick coated materials are twohied times
higher than those of the uncoated material. Thisameethat the 15um thick chromium coating induces a
strengthening effect at HT.
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Figure 1 — Time to rupture as a function of the infial hoop stress of uncoated and 15um thick Cr-coatl Zry-
4 clad segments for EDGAR (internal pressure) iso#rmal creep tests performed at different temperatues
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Figure 2 — Typical creep curves obtained on uncoatieand 15um thick Cr-coated Zry-4 clad segments
at 600°C, for an applied internal pressure of 1204r



Discussion
Given the rather thin thickness of the chromiumticgastudied here, such a strengthening effectccbel regarded
as astonishing. At that point, it can be mentiotitet H. G. Kim et al. [6] have recently conducteng internal
pressure thermal ramp tests on ~80um thick chrondoated Zircaloy-4 cladding tubes prepared by 3&era
coating. From these results, the authors stated ththe cladding burst was observed in the non-coatsgion in
the partially Cr-coated samples, it is believedtttiee burst resistance of the Cr-coated cladding waproved over
the non-coated cladding. Of course, there is pdyilbo increase the burst strength in the Cr-oggtarea since the
cladding thickness in the Cr-coated region was @éased about 80 um..To analyze more in depth Kim et al.’'s
data and to compare them with the present datanebtavith a much thinner coating, let us recal$tfithat the
actual hoop stressd,, in MPa) is related to the difference betweenitibernal and the external pressure (P, in MPa)
and the actual external clad diameter (D) and tiésk (e) according 00 = P(D- €)/(2e)- Equation 1:

ogo = P(D- €)/(2e)- Equation 1
Then, at a given creep testing temperature, theabcteep rate is assumed to follow a Norton-typeqr law:
dSee/dt = KGeen - Equation 2

For the typical internal pressures applied heregtkponent (n) value must range from ~4 to ~6 [@degtion creep”
mechanism) [7]-[8]. Considering as an averageesstexponent value of 5 and by combining Equatloasd 2, it
is possible to evaluate, for any given appliedrimé pressure, the relative decrease of the cragpdue to the
increase of the clad wall thickness only. From ¢hgisnple calculations it can be observed that erease of 80pum
of the clad thickness may induce a relative deeredis-50% of the actual creep rate while, for thespnt study,
increasing by 15um the clad thickness may only ¢edai 10% relative decrease of the actual creepThtes, this
evaluation shows that for the rather thin Cr-coateaterials tested here, the increase in time téurapand the
associated decrease of the steady-state creephsdeved cannot be explained by the moderate Veallthickness
increase and thus might be due to an “intrinsidragthening effect of the chromium coating.

Post-testing balloon and failure appearances
Figure 3 shows some typical post-test visual asplehcoated and 15um thick Cr-coated Zircaloyaldegments
that have experienced EDGAR creep tests until lairgs0°C and at 850°C.

R Reference uncoateZry-4:

Zry-4 + 15um thick Cr coatir:

Burst opening ~1mr

(a) After creep tests at50°C (b) After creep tests &@850°C

Figure 3 - Burst appearance of uncoated and 15umittk Cr-coated Zircaloy-4 clad segments
that have experienced isothermal EDGAR creep testt 750°C and at 850°C

- Remark: On Figure 3 and Figure 4, circular blacknpmarks are visible; they correspond to locations
where diametric deformation of the tube at varielesations are performed after the test (i.e., post
mortem circumferential strain measurements).



However, it can be observed that:

whatever the applied temperature/pressure valies,chromium coating is still fully adherent afteaving
experienced ballooning and burst, including at whenity of the burst where the Zircaloy-4 clad sthate is
highly deformed;

the post-test surface of the coated cladding shoaisly negligible oxidation (with a typical “metal! aspect),
while the uncoated reference materials, testedérsame conditions, show a black surface due todton of a
relatively thick outer zirconium oxide; this comfis the good resistance of Cr coatings to HT steddation;

for creep temperatures below ~800°C (i.e., flltemperature range), circumferential “uniform” amdximum
strains of Cr-coated claddings are generally Ialvan those of uncoated reference materials;

for creep temperatures above ~800°C (i.eH Bz} and full Bz temperature ranges), even if significant
ballooning occurs before burst, the burst opensgdry small, of the order or less than 1mm?; dpparent
intrinsic Cr-coating effect on the burst openingynhi@ve positive consequences by mitigating the riatiefuel
relocation/dispersal as observed after semi-intemrantegral tests performed on high burnup (Buadiated
claddings (cf. integral LOCA “IFA” tests performeti Halden and semi-integral LOCA tests at Studsyik...

PRELIMINARY THERMAL RAMP TESTS RESULTS

With the aim of being more representative of LOGAé transients, two preliminary temperature rangtste
under internal pressure have been performed as1Fof the higher internal pressure applied (109, bapture
occurs in thexz, temperature rangeeg. in the 700-800°C temperature range, while forlthveer internal pressure
applied (10 bar) burst occurs above 1000°C withim full Bz, temperature range. Keeping in mind the limited
number of temperature ramp tests performed sorfaoated materials, temperature to rupture of coetgedding
tubes seems slightly higher than those of the uedoaaterials. Nevertheless, more ramp tests ayeiresl
before drawing definitive conclusions. Figure 4 whahe uncoated/coated clad segments appearamcethadt
internal pressure ramp tests. It can be observadttte preliminary ramp tests performed at 1°Chsirseo
confirm the isothermal creep and burst behavioCotoated claddings when compared to referenceatedo
materials:i.e, good coating adherence, negligible oxidation, Ienaalloon when burst occurs in the,
temperature range (high internal pressure appked) very small burst opening after ballooning wihnemst
occurs in thedz, temperature range (lower internal pressure applied

T
Reference uncoateZry-4:

Zry-4 + 15um thick Cr coatir:

Burst opening ~1mr

-
(&) 1°C/s- 100 bar (b) 1°C/s- 10 bar
= Burst occurrencein the a, temperature range = Burst occurrencein the 7, temperature range

Figure 4 - Clad segment appearance after internalnessure ramp tests at 1°C/s



CONCLUSIONS AND FURTHER WORK:

The present paper reports some new results obtaimetiromium coated Zircaloy-4 nuclear fuel clagditested in
LOCA conditions showing some improvements of thetamal accidental behavior. In order to investigéte
potential effect of the coating on the cladding heetdcal behavior at HT and its capacity to sustagmificant
substrate deformation, a set of internal pressteepcand temperature ramp tests have been perfaamidd in
steam environment. The thermal-mechanical teste Wene on 490 mm long (SRA) low-tin Zircaloy-4 aaty
samples with a 15um thick outer chromium coating &r testing/burst temperatures ranging from 60Qd%
phase domain) up to at least 10008g phase domain). It is shown that:

- whatever the applied temperature/pressure valbesshromium coating is still fully adherent afteving
experienced ballooning and burst, including at\teinity of the burst opening where the Zircaloyatt
substrate is highly deformed;

- a HT strengthening effect of the coating on theralereep clad behavior is evidenced when comptored
uncoated Zircaloy-4 cladding materials tested exgdhme conditions;

- as a consequence, it is observed that, in the 6007 temperature range{ phase domain) and after
burst occurrence, the balloon sizes.(“uniform “and maximum hoop strains) are generadiguced when
compared to uncoated materials;

- regarding the burst mechanism in fy¢ phase temperature range (~1000°C), it is intergdth observe
that, even if some ballooning occurred prior to ¢chelding failure, the actual burst openings ameegally
very small (in the order of 1 nfnor less), reducing the risk of fuel fragments displ in the coolant.

On-going and further work- A ddailed study of the coating ductility as a functioh both the local clad
circumferential strain and the creep/burst tempeeais on-going. More thermal ramp tests underiiratiepressure
on coated materials, including M5™ substrate, #aared in the near future to be able to acquirea&nowledge
and to model the thermal-mechanical behavior obtimm coated nuclear fuel cladding tubes subjettatifferent

types of LOCA transients.
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