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ZIRCALOYZIRCALOY’’SS

ZircaloyZircaloy’’ss > 98 % zirconium> 98 % zirconium

High mechanical resistance
High strength at high temperature (1850°C)
Mechanically usinable
Rather corrosion resistant
Relative abundance

Transparency for neutron (0.004 cm-1)

iron (0.12 cm-1)



ZIRCALOYZIRCALOY’’SS

PWR : 155b - 345°C

1300 MW: ~ 50 T UO2 (3%) in Zyr tubes, 9.5  mm, wall 0.8 mm



ZIRCALOYZIRCALOY’’SS

(at. %) Sn Ni Fe Cr Nb Cu-Mo-0

Zyr 2 1.3 0.05 0.13 0.10

Zyr 4 1.3 - 0.14 0.11

Zyr 2.5Nb(1) 1.3 2.5(1)

Zyr M* 1.3 - Yes Yes Yes

other Zyr 1.8...

Zyr NZ2 1.0 - 0.30 0.10 0.3 0.08

Zyr NZ8 1.0 - 0.30 - 1.0 0.08

* Brazil, Canada, China, France,China, France, Germany, Japan, Russia, USA...



ZIRCALOYZIRCALOY’’SS

* Highly textured material (rolled, extruded….)

-Zr - hexagonal phase : hard mechanical phase

-Zr - bcc phase for T > 800 °C

-Zr - bcc phase when alloyed with Nb

* Alloying elements : solid solution at high
temperature but precipitate to a fine microstructure
for nice mechanical strength at RT 



ZIRCALOYZIRCALOY’’SS

* Needs of better Zyr : to use in higher temperature
reactor for better thermodynamic efficiency (> 35 %)
and for longer life-time (> 30 y.)
* Corrosion : near to super critical water regime,
dry steam in PWR

* Reaction : Zr + 2H2O ---> ZrO2 + 2H2 (or 4 H??)
at least 2 types of zircona can be formed
tetragonal dense ZrO2
monoclinic expanded ZrO2

Fukushima



ZIRCALOYZIRCALOY’’SS

* Role of precipitates on the corrosion process?

Zyr 2 : Ni easies the H diffusion in bulk via Zr-Ni precipitates

Zyr 4 : Zr(Fe,Cr)2 precipitates trap H at working temperature,
they release H to form brittle ZrH2 hydrides when cooling down

Zyr 2.5Nb : the -Zr better diffuse hydrogen than the -Zr

ExEx--situsitu andand in situin situ neutron diffraction experimentsneutron diffraction experiments



ZIRCALOYZIRCALOY’’SS
Fundamental ExperimentsFundamental Experiments

50 strips Zyr-4
2 mm wide, 0.12 mm thick,
D2O for 48 h., T = 420°C, 155 b
1 record every 3 min.



ZIRCALOYZIRCALOY’’SS
Neutron Diffraction PatternsNeutron Diffraction Patterns



ZIRCALOYZIRCALOY’’SS
Results :Results : T = 432°C, 150 b stream pressure, for 48h.

Kinetic of
formation
of zirconia

and AB2
hydride



ZIRCALOYZIRCALOY’’SS
Results :Results : cooling down from 432°C to 20°C in 9 h.

ZrO2
ZrHx

AB2Hx



NZ2 and NZ8NZ2 and NZ8

((InIn--situsitu) Neutron Diffraction ) Neutron Diffraction ExperimentsExperiments
XX--RayRay diffractiondiffraction

GrazingGrazing incidenceincidence
Large Angle DiffractionLarge Angle Diffraction
TextureTexture analysisanalysis

NPANPA –– TEMTEM –– SEMSEM -- μμ--AnalysesAnalyses
RamanRaman spectroscopyspectroscopy



Neutron Diffraction Neutron Diffraction AnalysisAnalysis NZ2NZ2

TextureTexture



InIn--situsitu Neutron Diffraction Neutron Diffraction –– 420420°°CC

-- ZrZr--NbNb

ZrMZrM22



InIn--situsitu Neutron Diffraction Neutron Diffraction –– 420420°°CC

27 h27 h
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Corrosion kinetics of NZ2 and NZ8 alloys 

in 360 Li water

CorrosionCorrosion kineticskinetics

Corrosion kinetics of NZ8 alloy in 360 Li

water and in 400 steam

NZ2 better resistant to steam



PrecipitatesPrecipitates analysisanalysis
Element at.%
Cr 8.76
Fe 35.75
Zr 55.49

Element at%
Cr 8.47
Fe 36.76
Zr 43.43
Nb 11.35

Element at%
Cr 4.90
Fe 15.92
Zr 79.18

NZ2

Element at%
Fe 9.05
Zr 82.34
Nb 8.60NZ8



GrazingGrazing incidence XRD incidence XRD analysisanalysis NZ2NZ2

Grazing incidence XRD patterns of the oxide film 
surface of NZ2 alloy exposed to 360 Li water for 3d



Grazing angle XRD patterns of the oxide film surface of 
NZ2 alloy exposed to 360 Li water for different time

Grazing angle XRD patterns of the oxide film surface
of NZ2 alloy exposed to 400 steam for different 
time

GrazingGrazing incidence XRD incidence XRD analysisanalysis NZ2NZ2



Normal XRD patterns of the oxide film of NZ2
alloy exposed to 360 Li water for different
time

Normal XRD patterns of the oxide film of
NZ2 alloy exposed to 400 steam for 
different time

GrazingGrazing incidence XRD incidence XRD analysisanalysis NZ2NZ2



XX--RayRay DiffractionDiffraction
GrazingGrazing Incidence  NZ2Incidence  NZ2

NZ2NZ2
differentdifferent
DurationDuration

DevelopmentDevelopment
ofof

3 types3 types
ZirconaZircona

TT -- CC -- MM



Relationship of corrosion time and the t-ZrO2 content in oxide 
film of NZ2 alloy:  (circle) corroded at 360 Li water and 
(square) corroded at 400 in steam

Corrosion rate Corrosion rate analysisanalysis NZ2NZ2
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Raman spectra of oxide film of NZ2 alloy 
exposed to 360 Li water for 14d, 42d and
70d
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Raman spectra of oxide film at the difference
distances from surface, which was gained by 
exposing NZ2 alloy to 360 Li water for 70d
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Raman spectra of oxide film for NZ8 alloy 
exposed to 360 Li water for 14d and 98d

RamanRaman analysisanalysis



Some of the 27 pole figures 
recorded of the oxide film of
NZ2 alloy corroded in 360 Li
water for 294d

Texture XRD Texture XRD analysisanalysis NZ2NZ2



Neutron diffraction
patterns recorded for
3d in 360 Li water

Neutron diffraction Neutron diffraction analysisanalysis



Neutron diffraction
patterns recorded for
294d in 360 Li water

Neutron diffraction Neutron diffraction analysisanalysis



ConclusionConclusion

InIn--situsitu neutron diffraction neutron diffraction analysisanalysis
XRDXRD lowlow ++ highhigh anglesangles
AnalysisAnalysis ofof thethe texturetexture
SEM + SEM + microanalysismicroanalysis
TEMTEM
RamanRaman

ToTo determinedetermine thethe bestbest corrosioncorrosion resistantresistant ZircaloyZircaloy
thatthat aa hydrogenhydrogen--assistedassisted phenomenaphenomena viavia precipitatesprecipitates




