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Workshop Program

1st Asian Zirconium Workshop

June 8-10, 2011
Hotel Spapia, Daejeon, South Korea

Asian Zirconium Waorkshop is organized to exchange information on the
research and development of zirconium alloys in the nuclear industry among
Asian countries.

There are 39 research papers to be presented in the inaugural workshop. The
workshop consists of four plenary talks and five sessions of alloy design and
basic metallurgy, corrosion, irradiation properties, safety issues, and fabrication
and mechanical properties. In addition, technical tour to KepcoMF-TSA (Korean
cladding manufacturer) and HANARO (Korean research reactor) is provided.

Program at a glance

8 JUME (WED) g JUME (THU) 10 JUNE (FRI)
Session 2z Session 5
Corrosion Fabrication

& Mechanical Property

Loffes break Coffee break
Registration
Corrosion Fabrication
& Mechanical Property
Lurich Closing Remarks
Lunch
Dpening Remarks
Plenary Session 3 Technical Tour
(1) K. Linga Murty Post Irradiation (applicants only)
(z) Bo Cheng Examination
(3) Bangxin Zhou
(4) Fumihiza Magase
Loffes break
Coffee break Session 4
Session 1 Safety Issues
Alloy Design & Hydriding
& Basic Metallurgy
Welcome Reception Workshop Dinner




Wednesday, 8 June 2011

Opening
15:30 - 13:40

PLENARY

15:40 - 14:10

14:10 - 14:40

14:40 - 15:10

15:40 - 16:00

SESSION 1

16:00 - 16:20

16:20 - 16:40

16:40 - 17:00

17:00-17:20

Opening Addres:s
ong-Hwan Jeong

Session Chams: Yong-Hwan Jeong (KAERT)

Creep Anisotropy and Transition: in Zircaloy Cladding
E. Lmga Mty (NC State Univ.}

Evolution of Zircomum Alloy Fuel Cladding to Meet Demanding Fuel
Performance Fequirements

Bo Cheng (EPRI)

Study of the Oxide Films formed on Zircaloy-4
Bangxm Zhou (Shanghai Univ), Q. Li, M.Y. Yao

Failure Behavior of LWE Fuel Cladding under Accident Conditions:
Eey Obzervations from Fuel Safety Research Program at JAEA
Fumibvsa MNagase (JAEA), T. Sugyamz, M. Amaya, Y. Udagawa, T. Fukuda,
T. Mihara

Caffes Break

Alloy Design & Basic Metallurgy

Session Chaws: Jeong-Yong Park (KAERT)
Fummhiza Magase (JAEA)

HANA Alloys for Hizgh Performance Fuel Components
Jeonz-Yong Park (EAERT), Hyun-Gil Emn, Byung-KEwon Chea, Sang-Yoon Park,
‘ang-Il Jung, Dong-Tun Park, Yong Hwan Jeong

Effect of Impurity Hafmwium on the Physical Properties of Delta-phase
Zirconinm Hydrides

Een Ewrosaki (Osaka Univ.}, H. Emowa, H. Muta, Y. Ohishi, K. Eonashi,
5. Yamanaka

The Effect of Beprocessing on Microstructure Evolution of Zr-5n-Nb Alloy
Plates
Dz Fun (NPIC), Zhao Wenym, Lm Hong, Tiang Hongman, Wang Ying

Caffes Break




17:20-17:40

17:40 - 18:00

18:00 - 18:20

19:00 - 20:00

Effect of Microstructure on the Corrosion Behavier of Zr-5n-Nh-Fe (Cr) Alloys
Meryi Yao (Shanghai Unrv), B3 Zhou, QLi, I.C. Peng, W.Q. Lin

Effect of Cocling Rates on the Microstructural Changes of
Zr-0.855n-0.48b-0.4Fe-0.1Cr-0.05Cu Alloy during f—+a Tran:formation
Limjiang Chai (Chonggme Unre), Baifens Luan, Jiamwel Chen, Jun Zhou, Qmg Liu

Qualificadon of HANA Cladding: for Commercialization
Sang Jin Han (KEPCO-NF), Seaung Hwan Lee, In Kyu Eim, Jong Yeol KEahng

Welcome Reception

Thursday, 9 June 2011

e

9:00 - 8:20

9:20 - 3:40

9:40 - 10:00

10:00 - 10:20

10:20 - 10:40

10:40 - 1100

11:00 - 11:20

11:20- 1140

Session Chairs: Ewangheon Park (Eyunghee Unav.}
Wenjin Zhao (NPIC)

Effect of Cu on the Corrosion Besiztance of Zirconium Alloy: in Superheated
Steam at S00T
Meiyi Yao (Shanghai Unnv), 3. Zhang, SL. Ly, Q. Li J.C. Penz, B.X. Zhou

Enhanced Corrozion of Zirconinm Hydride on Zirealoy-4 Cladding in 360°C
Water
Jen-Hung Chen (INEER), Cheng-Chang Peng, Wen-Chen Lizo

Adzorbed LiOH Effects on the Oxdation of Zr-alloys in Air
Ewangheon Park (Eyvunghes Unv ), Yeonseung Kim Ewangzl Ho

High Temperature Oddation Behavior of N18 Zirconium Alloy in Steam
Jun Qo (WFIC), Wen-JTm Zhao, 3in L

Coffee Break

Alechanizm of LiDH Aqueous Solution Accelerating Corrosion Rate of Zircaloy—4
Wengmg Liu (Shanghai Unmv.), Chang Li, Meryi Yao

Electrochemical Characterization of Oxide Film of Zry4 and NDA in High
Temperature Water
Ervoko Takeda (Sumatomo Metal Industries)

A New Manufacturing Process of Zr-Alloy Strips for Spacer Grids
Yang-Il Tung (EAERT), Byoung-Ewon Chot, Hyun-Gil Eim, Dong-Jun Park,
Sang-Yoon Park, Jeong-Yong Park, Yong-Hwan Jeong




11:40 - 12:00

12:00 - 12:20

12:20 - 1400

SESSION 3

14:00 - 14:20

14:20 - 14:40

14:40 - 15200

15:00 - 15:20

15:20 - 15:40

15:40 - 1600

SESSION 4

16:00 - 16:20

Preliminary Performance AModel: of HANA Cladding:
Jae-MMyung Choi (EEPCO-NF), J.5. Yoo, HT. Han, HE Em B.J. Cho,
J1Em EL Jeon JY. Park, HG Emm Y H. Jeong

Effect of Cu on the Corrosion Resiztance of Zr-2.5Nb Alloy: Correded in SCW
at S50°C/ 25 MPa
(hang Li (Shanghai Univ), B.X. Zhou, M.Y. Yao, J.C. Peng, X. Liang

Lunch

Post Irradiation Examination

Session Chairs: Jong Seong Yoo (EEPCO-NF)
Jen-Hung Chen (INER)

Study on Mechanical Properties of FIWE Fuel Cladding after Power Transient
up to Burn-up of 42MWd/l=TU
KEamalki Yanagmisawa (JAEA)

Aerostructural Characteristics of HANA Cladding: after Irradiated

in Research Reactor

Hyun-Gal Eam (EAFRT), Byoung-Ewon Chot, Yang-1l Jung, Dong-Tun Park,
Sang-Yoon Park, Jeong-Yong Park, Yong-Hwan Jeong

Irradiation effect on Mechanical Properties of N18 Zircaloy Weld Joani=
Guovun L1 (WPIC), Haisheng Zhang, Juan Huang, Furong Li, Lih Lin

Uniaxial Hoop Tensile Test Techmgue for a Nuclear Fuel Cladding in a Hot Cell
Maszafumi Makatsuka (NFD), K. Sakamoto, 5. Saito, M. Aita

Pozt Irradiation Examination of Hizh Burn-up ZIRLO Cladding at the Conformal
Contact Shaped Spacer Grid Position

Jeong-Mam Jang (EAERT). Duck-Eee Min, Hyung-Moon Ewon, Joo-S5eong Emim
Yong-Bum Chun

Caffes Break

Safety Issues & Hydriding

Session Chaws: Eyu Tae Kim (Dengguk Unme )}
Een KEwrosaki (Osaka Unov)

A Study on Fuel Rod Oxdation-Induced Fuel Failure
Eyu Tae Em (Dongguk Unrv.), Myung Soo Eim

-10 -




16:20 - 16:40

16:40 - 1700

17:00 - 17:20

17:20 - 1740

17:40 - 1800

18:00 - 18:20

18:00 - 21:30

Safety Evaluation of Simulated Hizgh Burn-up Fuel Cladding under
LOCA Condition

Dong-Tun Park (EAERT), Yang-1l Jung, Byung-Ewon Chot, Hyun-Gil Eim,
Sang Yoon Park, Jeong-Yong Park, Yong Huwan Jeong

Analyse: on Hydrogen Diffusion to a Crack Tip n Delayed Hydride Cracking
of Zircaloy-1
Toshio Eubo (NED), Y. Eobavazhu, K. Sakamoto, T. Higuch

Coffee Break

Evaluation of an ISCC AMechanizsm and a PCT Resistance of HANA Cladding
Sang Yoon Park (KAERT), Jeong-Yong Park, Hyun-Gil Emm Byung-Ewon Cho,
Yang-Il Jung, Dong-Jun Park, Yong Hwan Jeong

Fracture Properties of Hydrided Zircaloy-4 Cladding in Keervstallized and
Stresz-Relieved Conditions

Hsiao-Hung Heu (INER), Wen-Chen Liao

The Effects of Steamn Pressure on the Oxidation of Zr-allovs at Hizh Temperatures
Ewangheon Park (Kyunghes Unrv ), Sunpwoo Yang, Ewangml Ho

Workzhap Dinner

Friday, 10 June 2011

SESSIONS

9:00 - 9:20

9:20 - %40

%:40 - 10:00

10:00 - 10:20

Fabrication & Mechamical Property

Session Chairs: In Kyu Emm (KepoolNE-TSA)
Meiyi Yao (Shanghai Unv)

Westinghouse Qualification to supply KEFCO NF's Tube
Mam Chan Cho (EepcolNF-TSA), Tung Suk Park, JTong YVeol Kabng

ZIELOE Cladding Tube Properties made by KEPCO NF
Yoog Eyun Mok (EEPCO-NF), Y H Em 57 Lee JI Emm EL. Jeon 5D Eim

The Compresszion Deformation Behavior of Zirconium Alloy with Dhifferent Grain
Orientations at Hizgh Temperature
Shasha Gao (Chongging Univ.), Baifeng Luan, Chng Lin

AGerostructural and Textural Developments during Tube Fabricaton of
Zr-5u-Nb alloy

Dai Xun (MPIC), Zhao Wenym, Lm Hong, Wang Pengfeq, Dai Xun, Lm Hong,
Tiang Hongman, Wang Ying, Zhao Wenym
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10:20 - 10:40

10:40 - 11:00

11:00-11:20

11:20- 11:40

11:40 - 12:00

12:00 - 12:20

Closing
12:20- 12:30

12:30 - 14:00

Coffee Break

Development of Twe Passes Cold Pilzering Techuolozy for Dashpot Tube
Ei Bum Park (KepcoF-T5A), In Eyu Exm, Yeng shin Chot, Jong Yeol Ealng

Effect of Initial Texture on Deformation Mechanizms and Texture Evolution of the
Ir-5n-Nb Sheet: during Cold Rolling
Tiamwel Chen {(Chongging Univ), Barfeng Luan, Hongbmg Yu, Qmg Lm, Zhongkm L1

Temperature Dependence of Deformation Anizotropy in Zirealov-4 Fuel Cladding
Tochiya Eido (NDC), T. Kitagawa, K. Ogata

Twinning Bebavior of Pure Zr during Eolling at T7TE
Baifeng Luan, Chng Ye (Chongging Univ.), Yunchang ¥in, Chongsheng Long, Qimmg Liu

Status of Korean Zircomum Industry and Plan of Zirconium Extraction
o1 Lee (RIST), Mi-Secn Chot, Sung-Eoo Jo, Chanz-Eyu Lee, Jae-Young Juns

Clozing Remarks
Yeng-Hwan Jeonz

Lunch

Technical Tour

14:00 - 16:00

Technical Tour to KepcoNF-TSA and HANARO
{zpplicants only)
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Committees

Crganizing Committee (from Korea):
Yong Hwan JEONG {Chair, KAERI), Jeong-Yong PARK (KAERI)

kKyeong Lak JEON (Kepco-MF), Chan Hyun PARK. (Kepco-NF)
kKyu Tae KIM (Dongguk Univ.), Kwangheon PARK (Kyunghee Univ.)

Advisory Committee (alphabetical order):
Bangxin ZHOU (Shanghai Univ), Ken KUROSAKI (Osaka Univ.)

Qing LIU {Chongging Univ.), Roang-Ching KUO (INER)
Sadaaki ABETA (Mitsubishi), Shinsuke YAMANAKA (Osaka Univ)
Wenjin ZHAQ {NPIC), Yoshinori ETOH {(NFD)

C )
C Hosted by Korea Atomic Energy Research Institute
/ KAERI
BREREFHHER

Korea Atomic l‘r'IilIITr' Research Institute

I K%s I
_ Sponsored by Korean Nuclear Society
Kl
rd

KoREAN INSTITUTE OF
METALS AND MATERLELS

Sponsored by Korean Institute of Metals and Materials
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ENHANCED CORROSION OF ZIRCONIUM HYDRIDE ON ZIRCALOY-4 CLADDING
N 360°C WATER

Jen-Hung Chen, Cheng-Chang Peng and Wen-Chen Liao

Institute af Nuclear Energy Research, Taiwan

Corresponding author: jhchen(@iner.gov.tw

In order to investigate the role of zirconium hydride in the oxidation of fuel cladding at high
burnups, a long term corrosion test of Zircaloy-4 cladding with different levels of hydrogen
content was performed. Zircaloy-4 tube specimens were uniformly hydrided to 120ppm and
500ppm respectively by a gaseous thermal eyeling process. Moreover, for the specimen with
extremely high hydrogen concentration, an external hydride layer was formed on the external
surface of Zircaloy-4 tube by a cathodic charging. Then four specimens with different
hydrogen concentrations were tested in autoclave with 360°C saturated water according to
ASTM G2 specification. The weight gains were measured periodically during the exposure
time of 300 days.

The results indicate that corrosion rate significantly inereases with increasing hydrogen
content, as shown in Fig. 1. The as-received specimen shows the lowest weight gain while
compared to the other three hydrided specimens. The two uniformly hydrided specimens
show similar increase of weight gain with the exposure time. However the specimen with
external hydride layer shows the highest corrosion rate and demonstrates a linear relationship
between weight gain and exposure time. The effect of enhanced corrosion with increasing
hydrogen concentration is revealed in Fig.2. It is obvious that the weight gain for hydride-
layered specimen is several times more than those for the other three specimens with low
hydrogen content after 60-day exposure. The enhanced corrosion of hydride-layersd
specimen increases with the inereasing exposure time until end of the test, 300 days. It can be
concluded that zirconium hydrides in Zircaloy-4 cladding enhance the corrosion in water and
the enhancement is more significant in long term exposure.

500
Comosion Testin 3500 Waier Time in 350C Waber [ ]
= | —+—# szrersnen 200 —] <
$——0—0 Hysrided Spacimes - 120ppm H -
400 —| | F—F—— Hymtea Speaman - S0ppm 4 o
88 Eummal Hysrice Leyerd- 1700000 H E y -
% L 300 — #
b=} ~
3 .
2 g ,”
€ £ .
E 13 200 — - a
o % i i
2 3 1~ =
. =
mug -
- i — %
*:_—_'__:_————-'—"'
i T T T T T T T T T
o 4000 8000 12000 16000 20000
Comosion Time, day Initial Hydrogen Concentration. ppm
Figure 1- Weight gain against exposure fime in Figure 2 Effect of enhanced corrosion with
360 C water for the hydrided Zircaloy-4 tube increasing hydrogen concentration revealed
specimens by increasing exposure time.
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Enhanced Corrosion of Zirconium Hydride on
Zircaloy-4 Cladding in 360°C Water

Presented at
15t Asian Zirconium Workshop
Hotel Spapia, Daejeon, South Korea
June 8 — 10, 2011

e

By
Jen-Hung Chen

CF
[ “inem Institute of Nuclear Energy Research

C e Outline

o Introduction and Objective
o Experimental

o Results

o Conclusions

Institute of Nuclear Energy Research *mﬁ Sl
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INER

Introduction

® The corrosion of Zircaloy-4 cladding is accelerated at
high burnups in PWRs

® Hydride is one of the possible causes for the corrosion

enhancement

Institute of Nuclear Energy Research

INER

Maximum Oxide Thickness { »m)

100

* [Ref1]

|2

® (3]

o [4], BU is given for Assy

g

8

]

1 X M 1
ol 10 20 30 40 g0

Rod Average Bumup (GWdf)

Objective

bt TR

® To investigate the corrosion behaviour of
Zircaloy-4 cladding with hydrogen in water

® To investigate the effect of hydrides on the

corrosion of Zircaloy-4 cladding

Institute of Nuclear Energy Research
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Experimental

® Specimen Preparation
» Zircaloy-4 tube with 3 cm long, 9.5mm outer
diameter, and 8.375mm inner diameter
® Specimen Hydriding
» As-received specimen with H < 20 ppm

» 120 ppm H and 500 ppm H by a gaseously
thermal cycling process

»40 1 m external hydride layer by a cathodic
charging

Institute of Nuclear Energy Research

Experimental

® Corrosion Test
» Static autoclave test in 360°C saturated water
v'According to ASTM G2 specification

»Weight gain measured at 10, 20, 30, 60,
90,150, 210, and 300 days

Institute of Nuclear Energy Research
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= Experimental

® Specimen micrographs before testing

As-received Zrv-4 cladding Zrv-4 cladding with 120 ppm H

Institute of Nuclear Energy Research émﬁ "'ﬂ

[

- Experimental

® Specimen micrographs before testing

Zrv-4 cladding with 500 ppm H Zrv-4 cladding with 40 z m

external hvdride laver

Institute of Nuclear Energy Research gmg ""ﬂi
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L inen Results

® \Veight gain

»Linear rate law ] Gorosin Testin 380G Waer
. —a—h Hydr?ded Speoi:men-m(lppmH
»Increases with 400 | | e
increasing :
hydrogen E’ -7
o - —

Corrosion Time, day

Weight gain against exposure time in 360 C water for the hydrided
Zircaloy-4 tube specimens.

Institute of Nuclear Energy Research ém@ ""i

Sl

<k Results

® Oxide layer after 300 days
»As-received specimen
»Z~d LM

Outer surface Inner surface

Institute of Nuclear Energy Research
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o Results

® Oxide layer after 300 days
»Specimen with 120 ppm H
»~10 zm

Outer surface

Inner surface

Institute of Nuclear Energy Research

= Results

® Oxide layer after 300 days
»Specimen with 500 ppm H
»>~10 um

Outer surface

e o, g ey '-"»'lfu. g

e At G B D gt Wt~

oxide
layer

institute of Nuclear Energy Research

-21-
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Results

® Oxide layer after 300 days
» Specimen with external hydride layer
»~40 1 m at outer surface, ~10  m at inner surface

Outer surface

Inner surface
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Results

® Effect of enhanced corrosion

» Significant enhanced-corrosion at higher H
content and longer exposure time
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Conclusions

® Zircaloy-4 cladding corrosion rate in 360°C
water increases with increasing hydrogen
content.

® Oxide layer thickness is consistent with the
weight gain result

® Zirconium hydrides (layer) in Zircaloy-4
cladding significantly enhance the corrosion
and the enhancement is revealed in long term
exposure.
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FRACTURE PROPERTIES OF HYDRIDED ZIRCALOY-4 CLADDING IN

RECRYSTALLIZED AND STRESS-RELIEVED CONDITIONS
Hsiao-Hung Hsu, Wen-Chen Liao

Institute of Nuclear Energy Research (INER), Lungtan Township, Taoyuan County 325, Taiwan

Corresponding author: hhhsu@iner.gov.tw
Abstract

Hydrogen embrittlement occurs when there are sufficient hydrides to cause detrimental ef-
fects to mechanical properties, including tensile ductility and fracture toughness of Zircaloy
(Zry) fuel cladding, at high burnups. In this study, the stress-relieved (SRA) and recrystal-
lized (RXA) Zry-4 cladding tubes were hydrogen-charged to the 300 wppm and manufac-
tured into X-specimens [1]. For comparison purpose, the J-integral values of Zry-4 clad-
ding have been obtained to evaluate the susceptibility to hydrogen embrittlement. The
J-integral values for both RXA and SRA Zry-4 x-specimens at room temperature decreased
significantly as the hydrogen concentration increased, as shown in Fig. 1. The brittle zirco-
nium hydrides formed could impact the fracture toughness of Zry-4 cladding. For Zry-4
cladding with the same level of 300-wppm hydrides, the J-integral values in RXA condi-
tion were higher than the ones in SRA condition. As shown in Fig. 2, the degradation of
fracture toughness depends on the zirconium grain morphology and hydride distribution.
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Figure 2: SEM Fractographs of 300-wppm hydrogen
(a)SRA and (b) RXA Zry-4 cladding. (The crack

Figure 1: J-integral values against hydrogen con-
J g g yarog propagation from top to bottom of the fractographs)

tent for Zry-4 cladding

[1] H.H. Hsu, K.F. Chien, H.C. Chu, R.C. Kuo, P.K. Liaw, ASTM STP 1406, 2001, pp.214.
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Fracture properties of hydrided Zircaloy-4
cladding with recrystallized and stress-relieved
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rar Outline

» Introduction and Objective
» Experimental

» Results

» Conclusions
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rar Introduction

» Zircaloy materials [
— neutron transparency ol
— satisfied mechanical strength od -
— corrosion resistance

» Design and criteria

— More than 1 % plastic strain BL
» recrystallized (RXA) .

- PWR
» cold worked stress relief (SRA)

[rerranium liser}
Bpprar. 1.7m

Cladding

Institute of Huckar Ensrgy Rassarch

rar Introduction

» High burnup
— Irradiation
— Hydrogen embrittlement
— PCI (pellet-cladding interation)

» Spent fuel dry storage
—Creep
— Delay hydride cracking
— Stress corrosion cracking (SCC)

Ingtituts of Muckar Enargy Rassarch ﬁw- = ';.'
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ran Objective

Fracture behavior of thin-walled tube

Hydrogen embrittlement of Zircaloy-4
cladding (Zry-4)

— Recrystallized annealing (RXA)

— Stress-relieved annealing (SRA)

N E l'ﬁ'_ _.'
walin T
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ran Experimental

Materials: Zry-4 cladding

— SRA: archived

— RXA: 650°C, 5 hrs in vacuum

Hydrogen charging

— Gaseously thermal cycling process: 300
wppm

Fracture toughness testing

— X-specimen test

N E l'ﬁ'_ _.'
walin T
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- Experimental

» Chemical composition of Zry-4 cladding

Chemical composition of Zey-4 cladding

Element wit. %
Cr 011

Fe 021

(8] 012

Si <001
sn 1.2

£ Balance

Instituts of Muckar Energy Ressarch ﬁWME &

e Experimental
Optical metallography

SRA
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Experimental

» Hydrogen charging method

— Gaseously thermal cycling process
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Experimental

Optical metallography
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e Experimental

Considerations of Specimen Design

— An axial through-wall flaw
Loaded in the circumferential direction
Crack propagated along the cladding axis
— Curved compact tension specimen
A similar test method as flat CT specimen
— Bending effect
Simplifying the stress field around the crack-tip

N BT
el
Ingtituts of Muckar Enargy Resaarch Aﬁh Ild'-: 10

e Experimental

Specimen Model
— Two curved CT specimens sampled from a hollow thin-wall tube

section
— Bond two specimens with epoxy adhesive to minimize the bending
effect
_.' ‘ 'l'“'__'
Institute of Huckar Ensrgy Rassarch Aﬁhﬂl’d’_ 11
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- Experimental

* Flowchart for fabrication of Zry-4 cdadding
specimen into an X-specimen

Instituta of Muckar Erergy Ressarch

B Experimental

» Configuration and dimensions of an X-specimen

Wo=§ 2B=1.4

- Uit man
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e Experimental

» X-specimen Testing
— Fatigue precrack to g/14'=0.5~0.6
= Frequency=1Hz
= R=0.2
* Prax=100 N

— Using an optical microscope to measure the crack extension

Ingtituts of Muckar Enargy Rassarch *Mﬁ ﬁ
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e Experimental

« X-specimen Testing
— Simple tension
—P-LLD curve

Fig. & The crack Bunting of e crack tp on the inney swfaces of X-upecimen with plastic deformation

Instituts of Muckar Energy Resaarch &mﬁﬁ 15
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rar Results

Fracture Toughness Determination

— Fintegral
J=Ar/ Bby
Aris the total area under the load versus load-line
displacement curve, £ is specimen thickness, and bpis the
uncracked ligament length. The coefficient § depends on the
ratio 3g/B5 where is the initial crack length.
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= Results

« 300-wppm hydrogen (a)SRA and (b) RXA Zry-4 cladding

T}
10 wm SRR
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g Results

+ A Comparison of Fracture Toughness Results
Obtained by X-Specimen Tests

Fracture SRA SRA RXA
Toughness _3[I[prpm 3[Il]w_ppm 300wppm
of Zry-4 | circumferent radial hydrides
cladding | ial hydrides hydrides
Unit: kJ/m2 ~40 ~]12 ~115
Instituts of Muckar Energy Ressarch &mﬂ i:i-
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e Conclusions

The Fintegral values for both RXA and SRA Zry-4
x-specimens at room temperature decreased
significantly as the hydrogen concentration
increased.

For Zry-4 cladding with the same level of 300-
wppm hydrides, the Fintegral values in RXA
condition were higher than the ones in SRA
condition.

The degradation of fracture toughness depends
on the zirconium grain morphology and hydride
distribution.

walin T
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