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hydrogen concentrations up to 
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Mechanical behavior and 
integrity of the oxidized cladding 

during and after LOCA-like 
thermal-mechanical transients? � Mechanical behavior at high and low 

temperature of the (prior-) βZr phase 
containing up to 3000 wt.ppm of hydrogen?

� Mechanical behavior at high 
temperature of the αZr(O) phase containing 

more than 2 wt.% of oxygen?



MECHANICAL BEHAVIOR OF THE HIGHLY 
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27 AVRIL 2016 |  PAGE 4I. TURQUE ET AL., 18TH INTERNATIONAL SYMPOSIUM ON ZIRCONIUM IN THE NUCLEAR INDUSTRY

Materials and experimental procedures
M5 is a registered trademark of AREVA NP in 

the USA or other countries

*
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Microstructure of model materials
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Microstructure of model materials
Texture (EBSD, neutron diffraction) comparable to that measured for the αZr(O) 
phase formed during oxidation in steam at HT

αZr(O) layer formed during 
oxidation in steam at 1100°C 
on a M5® cladding tube 

Model αZr(O) phase with 
2 wt.% of O in average 

≈

� Model αZr(O) phase reasonably representative of the αZr(O) phase observed in 
claddings oxidized at HT
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Viscoplastic flow
Two creep regimes, 
depending on stress level
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Viscoplastic flow
Modeling:

Effect of the residual βZr phase relatively small

10-8

10-7

10-6

10-5

10-4

10-3

1 10 100

S
tr

ai
n

ra
te

(s-1
)

Stress (MPa)

2 wt.% O

3.2 wt.% O

E
xp

e
ri

m
e

n
t

M
o

d
e

l

M4
1000°C

1100°C
1000°C
900°C
800°C
M1M4
1000°CM11

( )O
n BC

RT

Q

T

A −






−= expexp σε&

strain rate stress

temperature

oxygen
content

Strain 
regime

A
(K.MPa-n.s-1)

n Q
(kJ.mol-1)

B

Linear 5.75·103 1 180 0.53
Power-law 4.80·103 5 222 2.29



MECHANICAL BEHAVIOR OF THE HIGHLY 
OXYGEN-ENRICHED αZr PHASE

27 AVRIL 2016 |  PAGE 9I. TURQUE ET AL., 18TH INTERNATIONAL SYMPOSIUM ON ZIRCONIUM IN THE NUCLEAR INDUSTRY

Viscoplastic flow
Modeling:

Effect of the residual βZr phase relatively small
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� Mechanical behavior between et low ad 
high temperature of the (prior-) βZr phase 

containing up to 3000 wt.ppm of hydrogen?
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Materials and experimental procedures

Time

Temperature

Hydrogen charging
~1700-3200 wt.ppm

800°C

Ar + H

~3200 wt.ppm of H

Prepared from low-tin Zircaloy-4 cladding tubes

Satisfactory homogeneity 
of hydrogen content within 
the samples 

Hydrogen content measured for each sample by using an inert 
gas fusion thermal conductivity technique (+ DSC, µ-ERDA and 

neutron radiography on a selected number of samples)
�
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Materials and experimental procedures

Temperature

Hydrogen charging
~1700-3200 wt.ppm

800°C

Ar + H

3000 wt.ppm of H

Thermo-Calc™ + 
Zircobase calculation

Partitioning of chemical elements between
βZr and αZr (prior-βZr) phases during cooling

and βZr to αZr phase transformation

βZr

O αZr

O
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Materials and experimental procedures

Time

Temperature

Hydrogen charging
~1700-3200 wt.ppm

800°C

AirAr + H

Prepared from low-tin Zircaloy-4 cladding tubes
Axial 
tension

*

Heat-treatment in the 
βZr phase domain

up to ~1200°C

Strain
0.1 s-1

Stress

Tensile test
20-700°C

fast strain rate in order to minimize 
metallurgical evolutions and oxidation 
of the material during the test 
(faster than the rates at which the 
cladding can be subjected during a 
LOCA transient)

Growth of a thin oxide layer 
(5-10 µm) during heating in order 
to prevent hydrogen desorption
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Elasticity and plastic isotropy

Young’s modulus and plastic isotropy 
not significantly modified by the 
presence of high H contents

2D digital image 
correlation 
� Young’s modulus 
and plastic strain 
anisotropy
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Fracture
Material embrittled by H contents of 
2000-3000 wt.ppm for temperatures 
below 500°C

Macroscopically 
brittle

H content �

ductile fracture

brittle fracture zones surrounded 
by zones of ductile fracture

Prior-βZr transformed below the eutectoid
temperature enriched in H and depleted in O 

Proeutectoid αZr (prior-βZr) 
depleted in H and enriched in O
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Fracture
Effect of H on macroscopic ductility 
diminishes when temperature increases 
and becomes negligible beyond 500°C

Cross-section reduction 
at failure ~98%

Macroscopically 
brittle

H content �

ductile fracture

brittle fracture zones surrounded 
by zones of ductile fracture

Prior-βZr transformed below the eutectoid
temperature enriched in H and depleted in O 

Proeutectoid αZr (prior-βZr) 
depleted in H and enriched in O

T �
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Plasticity
When the behavior is macroscopically 
ductile, the flow stress of the (prior-) βZr

phase containing between 1700 and 
3200 wt.ppm of H is, compared to the 
one of the non-hydrided material

higher at 500°C and below 

lower at 700°C

H content �
H content �

Prior-βZr transformed below the 
eutectoid temperature, depleted in 
O but containing a very large 
amount of H at least partially 
precipitated under the form of 
strengthening nano-hydrides 

Proeutectoid αZr enriched
in O and depleted in H

βZr with all H in 
solid solution

Proeutectoid αZr
Figure: Highly hydrided material
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Creep resistance of the oxygen-enriched αZr(O) material increases with increasing 
O content, significantly higher than the creep resistance of the as-received 
material without additional O

Two creep regimes observed: power-law regime for stresses higher than 15 MPa 
and nearly linear regime for lower stresses (further investigation needed to identify 
the mechanisms that drive the linear creep regime)

Model αZr(O) materials ductile between 800 and 1100°C for O contents between 2 
and 3.2 wt.%, brittle, even at 1100°C, for O contents higher than 4 wt.%

Oxygen and hydrogen are known to be the main parameters 
responsible for embrittlement of zirconium alloys

� Mechanical behavior between 800 and 1100°C of the αZr(O) phase containing 
between 2 and 5.8 wt.% of oxygen?
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Young’s modulus and plastic isotropy not substantially modified by H

Material embrittled by H contents of 1700-3200 wt.ppm for temperatures below 
500°C: macroscopically brittle at 135°C and below for average H content of ~2000 
wt.ppm and at 350-400°C for ~3000 wt.ppm of H (further work to be done to 
determine the underlying mechanisms responsible for the effects of high H contents)

Effect of H on macroscopic ductility diminishes when temperature increases and 
becomes negligible beyond 500°C

When the behavior is macroscopically ductile, the flow stress of the material 
containing between 1700 and 3200 wt.ppm of H is higher than the one of the non-
hydrided material at 500°C and below, and lower at 700°C

� Mechanical behavior between 20 and 700°C of the (prior-) βZr phase 
containing between 1700 and 3200 wt.ppm of hydrogen?
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