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Objectives

® Structure assessment of annealed and hydrogenated specimens
® Fracture surface investigation
® Zirconium hydrides detection

® Progress in understanding the mechanism of embrittlement of

Zirconium alloys

® Application to the results of QUENCH-LOCA test
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Equilibrium phase diagram of Zr-H system* IT
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selected examples
of our tests 1000 =
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* According to E. Zuzek et al., Bull. Alloy Phase Diagr. (1990), 385
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Material and methods of investigation AT
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Material: Conventional Zircaloy-4 cladding tube
ICP-OES measurement of Zircaloy-4 chemical composition (by weight):

Sn: 1.33+0.02%, Fe: 0.23+0.002%, Cr: 0.12+0.0003%, O: 0.116+0.003%, Zr balance

Methods of investigation:

* Hydrogenation in Ar+H, gas mixture in LORA-furnace

« Metallographic investigations and microhardness tests of the tube section

- X-Ray diffraction analysis in the cladding tube wall middie

« Scanning electron microscopy of polished and etched as well as fr\7tured

. . f“.
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Experimental procedure AN{]]
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¥ 4

Hydrogenation facility Specimen before Specimen withdrawal in air Cooled specimen
LORA furnace hydrogenation after hydrogenation after hydrogenation
Hydrogen gas partial Estimated cooling rate was  H, duration was
pressure was 0.1 bar 5 K/s 2 to 12 minutes
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Results of metallographic observations

D oo
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Optical metallography of annealed Zircaloy-4 NIT
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Annealing of Zircaloy-4 cladding at various temperatures during 8 minutes and fast cooling in air

800 °C At 810 °C starts 900 °C
a — B phase transformation

R S
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Optical metallography of hydrogenated Zircaloy-4 NIT
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Hydrogenation of Zircaloy-4 cladding at 600 °C in Ar+H, mixture and fast cooling in air

«

20 wm H 340 wppm H
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Optical metallography of hydrogenated Zircaloy-4 NIT

Hydrogenation of Zircaloy-4 cladding at 700 °C in Ar+H2 mixture and fast cooling in air

T, T v

a-Zr
»islands*

4760 wppm H
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Optical metallography of hydrogenated Zircaloy-4 NIT
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Hydrogenation of Zircaloy-4 cladding at 800 °C in Ar+H2 mixture and fast cooling in air

ST W
95

9/

8600 wppm H 50 wppm H
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Optical metallography of hydrogenated Zircaloy-4 NIT
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Hydrogenation of Zircaloy-4 cladding at 900 °C in Ar+H2 mixture and fast cooling in air
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2000 wppm H 6700 wppm H
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Scanning Electron Microscopy
polished and etched specimens

q q t."_
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Scanning electron microscopy (AT
of annealed and hydrogenated Zircaloy-4 )

After polishing and etching

10 ym EHT = 10.00 kV' Signal A = SE2 i H492 ) (s s x ’ i i
2um EHT = 10.00 kV Signal A = SE2
W= 78 o o= Mag= 100kx  IAM-WPT/KER ok o Has2s

WD = 7.6 mm Photo No. = 5620 Mag= 250KX  |IAM-WPT/KER

10 ym EHT = 10.00 kv Signal

se2 H45Z4 fpm EHT = 10.00 KV Signal A= SE2 H45Z4
WD =11.4 mm Photo No. = 5607 Mag= 1.00KX IAM-WPT/KER — WD =114 mm Photo No. = 5608 Mag= 500KX IAM-WPT/KER
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Scanning electron microscopy (AT
of annealed and hydrogenated Zircaloy-4 )

After polishing and etching

2 pm EHT = 10.00 KV Signal A = SE2 Haoz4 1pm EHT = 10.00 kv Signal A = SE2 Ha974
— WD = 76 mm Photo No. = 5620 Mag= 250KX  IAM-WPT/KER i WO = 7.6 mm Photo No. = 5621 Mag= 500KX  IAM-WPT/KER

e 3 e _ Sormin s e - 1 pm EHT =10.00 kv Signal A = SE2 H45Z4
WD =114 mm Photo No. = 608 Mag= 500KX |AM-WPT/KER — WD =114 mm Photo No. = 5608 Mag= 1000KX |AM-WPT/KER
21.11.2013 A. Pshenichnikov , J. Stuckert 14

19th QUENCH-Workshop

Institute for Applied Materials



Scanning electron microscopy (AT
of annealed and hydrogenated Zircaloy-4

After polishing and etching

3

1pm EHT =10.00 kv Signal A = SE2 H49Z4

1um EHT = 10.00 k¥ Signal A = InLens H4074
WD = 76mm Photo Mo. = 5621 Mag= 500KX  |AM-WPT/KER

WD = 38 mm Photo No. = 5622 Mag= 1000KX  IAM-WPT/KER

a-Zr(0)?

a-Zr (prior
phase)?

8600 wppm H
Y- Zr hydrides?

1um EHT = 10.00 k¥ Signal A= SE2 s ] 200 nm; EHT = 10.00 kv Signal A = InLens H45Z4
B e o e e Meg - 1000KX  IAM-WPTIKER H WD = 34 mm Photo No. = 5610 Mag= 2000KX IAM-WPT/KER
q q xS
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Scanning Electron Microscopy
fracture surface

0 a t'b_
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Scanning electron microscopy T
of fracture surfaces of hydrogenated Zircaloy-4

; e
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Scanning electron microscopy T
of fracture surfaces of hydrogenated Zircaloy-4

800 °C

1110 wppm H 3070 wppm H
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Scanning electron microscopy ﬂ(lT
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of fracture surfaces of hydrogenated Zircaloy-4

1170 wppm H 1640 wppm H

Ductile fracture
on needles of
a-Zr(O)

Brittle fracture
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Microhardness tests

— iS%.
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Microhardness of annealed and hydrogenated ﬂ(lT
Zircaloy-4

330
305 +
hydrogen + T impact
at900°C | __—— P
280 .l

HV

255 =

—4—Zircaloy-4 600 °C
. Z- I q zgg oC
== Zircaloy-4 800 °C

[

hydrogen impac
at600°C | ——

230

205 - - 7irralny-d 900 °C

Zircaloy-4 annealed level

The diagonal length of resulting indented square was about 10 pm.
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X-Ray diffraction analysis

— iS%.
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X-Ray profiles of Zircaloy-4 samples AT
hydrogenated at 600 °C
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X-Ray profiles of Zircaloy-4 samples AT
hydrogenated at 700 °C
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X-Ray profiles of Zircaloy-4 samples

hydrogenated at 800 °C
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Change of lattice parameters after hydrogenation _\ﬁ(IT
of Zircaloy-4 samples
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3D model of Scheme of decohesion mechanism,
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21.11.2013 A. Pshenichnikov , J. Stuckert 26 ‘..’& lA M

19th QUENCH-Workshop

Institute for Applied Materials



Conclusion \‘(lT

No “macroscopic” hydrides were detected by means of optical microscopy, only hlgh
magnification SEM observations reveal presumable submicroscale hydrides.

Microhardness tests showed a relationship between hydrogen content hardening, annealing
softening and hardening due to  — o transformation during cooling phase.

The XRD-analysis showed the presence of y-, 6-phases of zirconium hydrides in all of
performed experiments. With the increase of hydrogen content the hydride peak intensity
was also increased. Simultaneously the hydrogen should be partially dissolved in the lattice
which is indicated by increase of the lattice parameter “c”

Because carried out observations have proved only the presence of hydrides and gave not
enough information on the hydride structure and distribution, further detailed EBSD and
TEM investigations should be performed in order to determine the location, morphology
and orientation of nano-scaled hydrides and to separate hydrides from other structural
features.

The performed experiments can explain the absence of macroscopic hydrides in QUENCH-
LOCA experiments. The increased brittleness of some zirconium claddings after QUENCH-
LOCA tests could be caused by nano-scaled hydrides which are distributed in the bulk of
material. The fact of the growth of the lattice parameter “c” allows to suggest that the
decohesion mechanism accompanied by hydride formatlon could be responsible for
cladding destruction.
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Thank you for your attention!

anton.pshenichnikov@kit.edu
juri.stuckert@kit.edu

http://www.iam.kit.edu/wpt/471.php
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