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Acronyms and expressions 

^b`i= ^íçãáÅ=båÉêÖó=çÑ=`~å~Ç~=iáãáíÉÇ=

^kc= ^Çî~åÅÉÇ=kìÅä~ê=cìÉä=

^ki= ^êÖçååÉ=k~íáçå~ä=i~Äçê~íçêó=

^pqj= ^ãÉêáÅ~å=pçÅáÉíó=Ñçê=qÉëíáåÖ=~åÇ=j~íÉêá~äë=

_to= _çáäáåÖ=t~íÉê=oÉ~Åíçê=

`^ime^a=`~äÅìä~íáçå=çÑ=mÜ~ëÉ=aá~Öê~ãë=

`^kar= `~å~Çá~å=aÉìíÉêáìã=rê~åáìã=

`bwrp= `çãé~åáÉ=bìêçéÉå=wáÅçåáìã=rÖáåÉ=p~åÇîáâ=

`q= `çãé~Åí=qÉåëáçå=EëéÉÅáãÉå=Ñçê=ëíêÉëë=Åçêêçëáçå=Åê~Åâ=éêçé~Ö~íáçå=íÉëíëF=

`t= `çäÇ=tçêâÉÇ=

`tpo= `çäÇ=tçêâ=~åÇ=píêÉëë=oÉäáÉîÉÇ=

ae`= aÉä~óÉÇ=eóÇêáÇÉ=`ê~ÅâáåÖ=

ap`= aáÑÑÉêÉåíá~ä=pÅ~ååáåÖ=`~äçêáãÉíêó=

au= aìéäÉñ=

b_= bäÉÅíêçå=_É~ã=

b`= bÇÇÇó=`ìêêÉåí=

b`_b= bÑÑÉÅíáîÉ=`çåíêçä=_ä~ÇÉ=bñéçëìêÉ=

bcma= bÑÑÉÅíáîÉ=cìää=mçïÉê=a~óë=

bip= bñíê~Jiçï=på=

c^= cìÉä=^ëëÉãÄäó=

c`= cìÉä=`ä~Ç=cìÉä=

db= dÉåÉê~ä=bäÉÅíêáÅ=

dkc= däçÄ~ä=kìÅäÉ~ê=cìÉä=

dqk= dìêëçåJqîÉêÖ~~êÇJkÉÉÇäÉã~å=

e``= eóÇêáÇÉ=`çåíáåìáíó=`çÉÑÑáÅáÉåí=

em^= eáÖÜ=mÉêÑçêã~åÅÉ=^ääçó=

emr= eóÇêçÖÉå=máÅâré=

emrc= eóÇêçÖÉå=máÅâré=cê~Åíáçå=

emrc= eóÇêçÖÉå=máÅâré=c~Åíçê=

eoq= eóÇêáÇÉ=oÉçêáÉåí~íáçå=qêÉ~íãÉåí=

et`= eóÇêçÖÉå=t~íÉê=`ÜÉãáëíêó=

f`j= fåíÉêå~ä=`çåáÅ~ä=j~åÇêÉä=

fm= fåJmÜ~ëÉ=

fwk^= fåÑçêã~íáçå=çå=wáêÅçåáìã=^ääçóë=

gJo= gJoÉëáëí~åÅÉ=

hh= hÉêåhê~ÑíïÉêâ=

htr= hê~ÑítÉêâråáçå=

iedo= iáåÉ~ê=eÉ~í=dÉåÉê~íáçå=o~íÉ=

ih= i™Ö=Åçêêçëáçå=Eiçï=`çêêçëáçå=áå=pïÉÇáëÜF=

il`^= içëë=çÑ=`ççä~åí=^ÅÅáÇÉåí=

iq^= iÉ~Ç=qÉëí=^ëëÉãÄäáÉë=

iqm= içï=qÉãéÉê~íìêÉ=mêçÅÉëë=

ito= iáÖÜí=t~íÉê=oÉ~Åíçê=

ja^= jáíëìÄáëÜá=aÉîÉäçéÉÇ=^ääçó=

jef= jáíëìÄáëÜá=eÉ~îó=fåÇìëíêáÉë=

ka^= kÉï=aÉîÉäçéÉÇ=^ääçó=

kcfo= kìÅäÉ~ê=cìÉä=fåÇìëíêó=oÉëÉ~êÅÜ==

kj`^= kçÄäÉ=jÉí~ä=`ÜÉãáÅ~ä=^ÇÇáíáçå=

ko`= kìÅäÉ~ê=oÉÖìä~íçêó=`çããáëëáçå=

kpoo= kìÅäÉ~ê=p~ÑÉíó=oÉëÉ~êÅÜ=oÉ~Åíçê=

krmb`= krÅäÉ~ê=mçïÉê=båÖáåÉÉêáåÖ=`çêéçê~íáçå=

kt`= kçêã~ä=t~íÉê=`ÜÉãáëíêó=
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la= lìíÉê=aá~ãÉíÉê=

lf`= lìíëáÇÉJfåJ`ê~ÅâáåÖ==

lm= lÑJmÜ~ëÉ=

m`f= mÉääÉí=`ä~ÇÇáåÖ=fåíÉê~Åíáçå=

m`jf= mÉääÉí=`ä~ÇÇáåÖ=jÉÅÜ~åáÅ~ä=fåíÉê~Åíáçå=

mfb= mçëíJfêê~Çá~íáçå=bñ~ãáå~íáçåë=

miq= máå=iç~ÇÉÇ=qÉåëáäÉ=

mpf= m~ìä=pÅÜêÉêêÉê=fåëíáíìíÉ=

mq= mêÉëëìêÉ=qìÄÉ=

mto= mêÉëëìêáëÉÇ=t~íÉê=oÉ~Åíçê=

o`q= oáåÖ=`çãéêÉëëáçå=oÉëí=

oeq= o~Çá~ä=eóÇêáÇÉ=qêÉ~íãÉåí=

of^= oÉ~Åíáîáíó=fåáíá~íÉÇ=^ÅÅáÇÉåí=

ou= oÉÅêóëí~ääáëÉÇ=

ou^= oÉÅêóëí~ääáëÉÇ=^ååÉ~äÉÇ==

p^q= päçííÉÇ=^êÅ=qÉëí=

pbj= pÅ~ååáåÖ=bäÉÅíêçå=jáÅêçëÅçéó=

pmm= pÉÅçåÇ=mÜ~ëÉ=m~êíáÅäÉ=

po^= píêÉëë=oÉäáÉîÉÇ=^ååÉ~äÉÇ=

q`b= qçí~ä=`áêÅìãÑÉêÉåíá~ä=bäçåÖ~íáçå=

qbj= qê~åëãáëëáçå=bäÉÅíêçå=jáÅêçëÅçéó=

qpp= qÉêãáå~ä=pçäáÇ=pçäìÄáäáíó=

qq= qÉåëáäÉ=qÉëí=

rqp= räíáã~íÉ=qÉåëáäÉ=píêÉåÖíÜ==

rqq= råá~ñá~ä=qÉåëáäÉ=qÉëí==

sb`= s~ääÉÅáíçë=bãÄÉÇÇÉÇ=`Ü~êéó=

ssbo= sçÇ~=sçÇ~=båÉêÖç=oÉ~Åíçê=Eoìëëá~å=íóéÉ=mtoF=

vp= váÉäÇ=píêÉåÖíÜ==

wfo^q= wfoÅçåáìã=^ääçó=qÉÅÜåçäçÖó=

wfoil= wfoÅçåáìã=içï=lñáÇ~íáçå=

=
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Unit conversion 

TEMPERATURE  MASS 

°C + 273.15 = K               °C*1.8 +32 = °F  kg lbs 

T(K) T(°C) T(°F)  0.454 1 
273 0 32  1 2.20 

289 16 61    

298 25 77  DISTANCE 

373 100 212  x (µm) x (mils) 

473 200 392  0.6 0.02 

573 300 572  1 0.04 

633 360 680  5 0.20 

673 400 752  10 0.39 

773 500 932  20 0.79 

783 510 950  25 0.98 

793 520 968  25.4 1.00 
823 550 1022  100 3.94 

833 560 1040    

873 600 1112  PRESSURE 

878 605 1121  bar MPa psi 

893 620 1148  1 0.1 14 

923 650 1202  10 1 142 

973 700 1292  70 7 995 

1023 750 1382  70.4 7.04 1000 
1053 780 1436  100 10 1421 

1073 800 1472  130 13 1847 

1136 863 1585  155 15.5 2203 

1143 870 1598  704 70.4 10000 
1173 900 1652  1000 100 14211 

1273 1000 1832     

1343 1070 1958  STRESS INTENSITY FACTOR 

1478 1204 2200  MPa√m ksi√inch 

    0.91 1 

Radioactivity  1 1.10 

1 Sv 
1 Ci 

1 Bq 

= 100 Rem 
= 3.7 x 1010 Bq = 37 GBq 
= 1 s-1 

   

 
=
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Acronyms and expressions II 
Unit conversion IV 
1 Introduction 1-1 
2 The zirconium-hydrogen system 2-1 
OKN mÜ~ëÉ=Çá~Öê~ã=~åÇ=ãáÅêçëíêìÅíìêÉë= OJN 
OKO pçäìÄáäáíó=~åÇ=ÇáÑÑìëáçå=çÑ=ÜóÇêçÖÉå= OJU 
OKOKN pçäìÄáäáíó= OJU 
OKOKO aáÑÑìëáçå= OJON 
OKP mÜóëáÅ~ä=éêçéÉêíáÉë=çÑ=ÜóÇêáÇÉë= OJOR 
OKPKN qÜÉêã~ä=ÅçåÇìÅíáîáíó= OJOR 
OKPKO bäÉÅíêáÅ~ä=êÉëáëíáîáíó= OJOU 
OKPKP eÉ~í=Å~é~Åáíó= OJPM 
OKPKQ eÉ~í=çÑ=íê~åëéçêí= OJPN 
3 Hydrogen pickup during corrosion 3-1 
PKN jÉÅÜ~åáëãë= PJN 
PKO bñJêÉ~Åíçê=êÉëìäíë= PJO 
PKOKN fåíêçÇìÅíáçå= PJO 
PKOKO bÑÑÉÅí=çÑ=~ääçóáåÖ=ÉäÉãÉåíë= PJO 
PKOKP bÑÑÉÅí=çÑ=ï~íÉê=ÅÜÉãáëíêó= PJS 
PKP fåJêÉ~Åíçê=êÉëìäíë= PJV 
PKPKN bÑÑÉÅí=çÑ=áêê~Çá~íáçå=~åÇ=ÜÉ~í=Ñäìñ= PJV 
PKPKO oÉëìäíë=áå=CANDU=~åÇ=PWRë=ïáíÜçìí=ÄçêáÅ=~ÅáÇ=~ÇÇáíáçåë=Ee~åÑçêÇ=kJ

êÉ~ÅíçêI=pÜáééáåÖéçêíF= PJNM 
PKPKP oÉëìäíë=áå=PWRë=ïáíÜ=ÄçêáÅ=~ÅáÇ=~ÇÇáíáçåë=EPWRI=VVERF= PJNO 
PKPKPKN cìÉä=êçÇ=Åä~ÇÇáåÖ=êÉëìäíë= PJNQ 
PKPKPKO oÉëìäíë=Ñêçã=ëíêìÅíìê~ä=ÅçãéçåÉåíë= PJON 
PKPKPKP eóÇêçÖÉå=éáÅâìé=çÑ=wêJ~ääçóë=áå=Åçåí~Åí=ïáíÜ=Çáëëáãáä~ê=ãÉí~äë= PJOO 
PKPKQ oÉëìäíë=áå=BWR= PJOQ 
PKPKQKN `ä~ÇÇáåÖ=êÉëìäíë= PJOR 
PKPKQKO oÉëìäíë=Ñêçã=ëíêìÅíìê~ä=ÅçãéçåÉåíë= PJPM 
4 Hydride distribution 4-1 
QKN fåíêçÇìÅíáçå= QJN 
QKO jÉÅÜ~åáëíáÅ=~ëéÉÅíë= QJN 
QKP eóÇêçÖÉå=ÇáëíêáÄìíáçå=áå=ãçåçíìÄÉ=Åä~ÇÇáåÖ= QJQ 
QKPKN dÉåÉê~ä=ÜóÇêçÖÉå=ÇáëíêáÄìíáçå= QJQ 
QKPKO eóÇêáÇÉ=êáãë=~í=éÉääÉí=íç=éÉääÉí=Ö~éë= QJNM 
QKPKP eóÇêáÇÉ=ÅçåÅÉåíê~íáçå=~í=çñáÇÉ=ëé~ää~íáçåë= QJNP 
QKPKQ bÑÑÉÅí=çÑ=íÜÉêã~ä=ÅóÅäáåÖ= QJNR 
QKQ aìéäÉñ=~åÇ=äáåÉêLÄ~êêáÉê=Åä~ÇÇáåÖë= QJNR 
5 Hydride orientation 5-1 
RKN fåíêçÇìÅíáçå= RJN 
RKO jÉÅÜ~åáëíáÅ=~ëéÉÅíë=~åÇ=é~ê~ãÉíÉêë=áãéçêí~åí=Ñçê=ÜóÇêáÇÉ=çêáÉåí~íáçå=~åÇ=

êÉçêáÉåí~íáçå= RJO 
RKP NRC=Éî~äì~íáçå=çÑ=ÜóÇêáÇÉ=êÉçêáÉåí~íáçå= RJNO 
RKQ eóÇêáÇÉ=çêáÉåí~íáçå=áå=RX=wáêÅ~äçóJO= RJNR 
RKQKN råáêê~Çá~íÉÇ=ã~íÉêá~äë= RJNR 
RKQKO fêê~Çá~íÉÇ=ã~íÉêá~äë= RJNV 
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RKR CWSR=wáêÅ~äçóJQ= RJOQ 
RKRKN `çãé~êáëçå=çÑ=ÜóÇêáÇÉ=çêáÉåí~íáçå=áå=CWSR=~åÇ=RX=wáêÅ~äçó= RJOQ 
RKRKO råáêê~Çá~íÉÇ=ã~íÉêá~äë= RJOR 
RKRKP fêê~Çá~íÉÇ=ã~íÉêá~äë= RJOT 
RKS líÜÉê=wêJ^ääçóë= RJPP 
RKT pìãã~êó=~åÇ=ÅçåÅäìëáçåë= RJPV 
6 Effect of a cladding Outer Diameter (OD) hydride rim on corrosion 6-1 
SKN fåíêçÇìÅíáçå= SJN 
SKO bñJêÉ~Åíçê=Ç~í~= SJN 
SKP fåJêÉ~Åíçê=Ç~í~= SJP 
SKQ pìãã~êó=~åÇ=ÅçåÅäìëáçåë= SJU 
7 Hydride induced dimensional changes 7-1 
TKN jÉÅÜ~åáëãë= TJN 
TKNKN BWR=Åä~ÇÇáåÖ=êÉëìäíë= TJP 
TKNKO PWR=Åä~ÇÇáåÖ=êÉëìäíë= TJQ 
TKNKP oÉëìäíë=Ñêçã=PWR=ëíêìÅíìê~ä=ÅçãéçåÉåíë= TJR 
TKNKQ oÉëìäíë=Ñêçã=BWR=ëíêìÅíìê~ä=ÅçãéçåÉåíë= TJT 
TKO eóÇêçÖÉå=áåÇìÅÉÇ=ÉñÅÉëëáîÉ=Äçï=çÄëÉêî~íáçåë= TJV 
TKOKN dÉåÉê~ä=ÅçããÉåíë= TJV 
TKOKO pÜ~ÇçïJáåÇìÅÉÇ=ÅÜ~ååÉä=Äçï= TJV 
8 Effect of hydrogen on mechanical properties 8-1 
UKN fåíêçÇìÅíáçå= UJN 
UKO jÉÅÜ~åáÅ~ä=éêçéÉêíáÉë=çÑ=ÜóÇêáÇÉë= UJP 
UKOKN fåíêçÇìÅíáçå= UJP 
UKOKO aÉåëáíó= UJP 
UKOKP píêÉåÖíÜI=óáÉäÇ=ëíêÉåÖíÜ=~åÇ=ÇìÅíáäáíó= UJQ 
UKOKQ e~êÇåÉëë= UJU 
UKOKR vçìåÖÛë=ãçÇìäìë= UJNM 
UKOKS píêÉëëJêìéíìêÉ= UJNM 
UKOKT qÜÉêã~ä=Éñé~åëáçå=ÅçÉÑÑáÅáÉåí= UJNN 
UKP qÉåëáäÉ=~åÇ=óáÉäÇ=ëíêÉåÖíÜëI=ÇìÅíáäáíó= UJNN 
UKPKN wáêÅ~äçóJO= UJNO 
UKPKO wáêÅ~äçóJQ= UJNS 
UKPKP RXA=wáêÅ~äçó=O=~åÇ=SRA=wáêÅ~äçóJQ=Åçãé~êáëçå= UJOS 
UKPKQ pìãã~êó= UJOT 
UKQ `êÉÉé=ëíêÉåÖíÜ= UJOU 
UKQKN ^ééäáÅ~íáçå=çÑ=Ç~í~= UJOU 
UKQKO `êÉÉé=çÑ=wáêÅ~äçóJQ=~åÇ=wáêÅ~äçóJO=çìíJçÑJêÉ~Åíçê= UJOU 
UKQKP fåJêÉ~Åíçê=ÅêÉÉé= UJPV 
UKR c~íáÖìÉ=ëíêÉåÖíÜ= UJPV 
UKS cê~ÅíìêÉ=íçìÖÜåÉëë= UJQN 
UKSKN qÉëí=ãÉíÜçÇë= UJQN 
UKSKO wáêÅ~äçóJO= UJQO 
UKSKP wáêÅ~äçóJQ= UJQU 
UKT bÑÑÉÅí=çÑ=ÜóÇêáÇÉ=ÅçåÅÉåíê~íáçå=~åÇ=çêáÉåí~íáçå= UJRR 
UKTKN eóÇêáÇÉ=êáãë=~í=íÜÉ=Åä~ÇÇáåÖ=çìíÉê=Çá~ãÉíÉê= UJRR 
UKTKO eóÇêáÇÉ=ÄäáëíÉêë=~åÇ=äÉåëÉë= UJSR 
UKTKP o~Çá~ä=ÜóÇêáÇÉë= UJTN 
9 References 9-1 

=

 



qeb =b c c b`q =l c =evaoldbk =lk =w fo`lk frj =^iilv = molmboq f b p = Ó = O MMU =

Copyright © Advanced Nuclear Technology International Europe AB, ANT International, 2008.  

NJNENJNF 

1 Introduction 

qÜÉ=ÉÑÑÉÅí=çÑ=ÜóÇêçÖÉå=çå=íÜÉ=éêçéÉêíáÉë=çÑ=òáêÅçåáìã=~ääçóë=~ééäáÉÇ=íç=åìÅäÉ~ê=ÑìÉä=ÉäÉãÉåíë=áë=

çåÉ=çÑ=íÜÉ=ãçëí=ëáÖåáÑáÅ~åí=Ñ~Åíçêë=íÜ~í=áåÑäìÉåÅÉ=íÜÉ=éÉêÑçêã~åÅÉ=çÑ=íÜÉ=~ääçóë=~í=ÉñíÉåÇÉÇ=

ÄìêåìéëK=^=ÅçãéêÉÜÉåëáîÉ=ëìãã~êó=~åÇ=Éî~äì~íáçå=çÑ=íÜÉ=íçéáÅ=áë=éêÉëÉåíÉÇ=áå=íÜáë=êÉéçêíK=

sçäìãÉ=N=çÑ=íÜÉ=êÉéçêí=ÇÉëÅêáÄÉë=íÜÉ=òáêÅçåáìãJÜóÇêçÖÉå=ëóëíÉãI=íÜÉ=ÅÜ~ê~ÅíÉêáëíáÅë=çÑ=íÜÉ=

ÜóÇêáÇÉëI=íÜÉ=éáÅâJìé=çÑ=ÜóÇêçÖÉå=Äó=íÜÉ=~ääçóë=ÇìêáåÖ=íÜÉ=ï~íÉê=Åçêêçëáçå=éêçÅÉëëI=íÜÉ=
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2 The zirconium-hydrogen system 

2.1 Phase diagram and microstructures 
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Figure 2-1: (a) Zirconium-hydrogen phase diagram, (b) High hydrogen content portion of the Zr-H phase diagram, 
Libowitz, 1962. 
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Figure 2-2: Variation in c/a ratio of the epsilon phase with hydrogen content, Mueller et al., 1968. 
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Figure 2-3: Effect of composition on the lattice constants of zirconium hydrides, Espagno et al., 1962. 
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Figure 2-4(a): Dislocation tangles around hydrides, shown in TEM, Carpenter et al., 1973. 
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Figure 2-4(b): The Zr-H-O system at 750ºC, Ells & McQuillan, 1956. 
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Figure 2-5(a): Isothermal sections of Zr-O-H ternary phase diagram at 700°C. (a) Experimental (b) Setoyama et al., 2005. 

 

Figure 2-5(b): Calculated pseudo Zr-H(O) phase diagram, Setoyama et al., 2005. 

The limitation of the phase diagram work to date is that it does not cover the Zr alloy in-reactor 
operating temperatures and oxygen contents that adequately apply to fuel assemblies. The 
significant aspect of this work is that the effect of oxygen level in alloys should be considered 
when evaluating the solubility and the precipitation of hydrides and perhaps their re-distribution 
and re-orientation as well. Additional discussion of this topic is in Section 2.2.1, Solubility. 
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Figure 2-6: Phase boundaries between α and α + β for pure Zr and Zr alloys, Yamanaka et al., 1997. 

 

Figure 2-7: Phase transformation temperature of M5 vs. hydrogen content, Mardon et al., 2004. 
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2.2 Solubility and diffusion of hydrogen 

2.2.1 Solubility 

Basics 
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Figure 2-8(a): Zr crystal structure with hydrogen (c) and oxygen (b) in interstial solid solution, Yamanaka et al., 1999(a). 

qÜÉ=É~êäáÉëí=~åÇ=ëçãÉ=çÑ=íÜÉ=ÄÉëí=Ç~í~=Éî~äì~íÉÇ=íÜÉ=ÖÉåÉê~ä=íçéáÅ=çÑ=e=ëçäìÄáäáíó=áå=wê=ãÉí~ä=~åÇ=

ëéÉÅáÑáÅ~ääó=íÜÉ=e=ëçäìÄáäáíó=áå=wêHl=ëçäáÇ=ëçäìíáçåëI=j~êíáå=C=oÉÉëI=NVRQK=qÜÉáê=Ç~í~=ëÜçï=~=

decrease in H solubility with increasing O contents up to O/Zr of 1.0 and with increasing 
temperatures to 820ºC, Figure 2-8(b). There is relatively little change in solubility, a slight 
decrease if any, in the α phase at <1000 ppm O and at 375ºC.  

 

Figure 2-8(b): Experimental points for the saturation solubility as a function of O/Zr atom ratio compared with calculated lines, 
Martin & Rees, 1954. 
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pìÄëÉèìÉåí=ïçêâ=ãÉ~ëìêÉÇ=e=ëçäìÄáäáíó=áå=wê=ãÉí~ä=ïáíÜ=NOMM=ééãI=QOMM=ééãI=~åÇ=RSMM=ééã=l=

E~åÇ=NKVB=eÑ>F=~í=RPM⁄JTVM⁄`=Äó=e=éêÉëëìêÉ=ãÉ~ëìêÉãÉåíë=~åÇ=Çáä~íçãÉíêóI=_êçïå=C=e~êÇáÉI=

NVSNK=qÜÉó=agreed that the H solubility decreased with increasing O content in the β phase, but 
found that the solubility increased in the α phase. 

^=êÉîáÉï=çÑ=íÜÉ=éêáçê=Ç~í~=ï~ë=ÑçääçïÉÇ=Äó=ÉñéÉêáãÉåíë=íÜ~í=çñáÇáòÉÇ=íêáíáìã=Ee
P

F=Åçåí~áåáåÖ=

Åêóëí~ä=Ä~ê=wê=ëéÉÅáãÉåë=íç=íÉëí=ïÜÉíÜÉê=íÜÉ=l=áå=íÜÉ=çÅí~ÜÉÇê~ä=ëáíÉë=ÄäçÅâÉÇ=e=Ñêçã=íÜÉ=

åÉáÖÜÄçìêáåÖ=íÉíê~ÜÉÇê~ä=ëáíÉëK=p~ãéäÉë=ïÉêÉ=çñáÇáòÉÇ=~í=RMM⁄`=~åÇ=e
P

=áåëÉêíÉÇ=Äó=êÉJÜÉ~íáåÖ=íç=

UMM⁄`I=íÜÉå=ï~íÉê=èìÉåÅÜáåÖ=çê=ëäçï=ÅççäáåÖK=qÜÉ=~ìíÜçêë=ÅçåÅäìÇÉÇ=íÜ~í=ENF=~í=íÜÉ=RMM⁄`=

çñáÇ~íáçå=íÜÉ=ëçäìíáçå=çÑ=ÅçåëáÇÉê~ÄäÉ=l=Çáëéä~ÅÉÇ=éêÉîáçìëäó=éêÉëÉåí=eI=EOF=~í=UMM⁄`=e=ãáÖê~íÉÇ=

çìí=çÑ=íÜÉ=òçåÉ=ÉåêáÅÜÉÇ=ÉîÉå=íç=~=ëã~ää=ÉñíÉåí=Äó=lI=EPF=~í=ëçãÉ=íÉãéÉê~íìêÉ=ÄÉíïÉÉå=RMM⁄=~åÇ=

UMM⁄`=íÜÉ=e=ëçäìÄáäáíó=ã~ó=áåÅêÉ~ëÉ=Äó=ëäáÖÜí=ÉåêáÅÜãÉåí=çÑ=íÜÉ=wê=Äó=lK=The experiments 
confirmed that O does block H from adjacent sites. 

qÜÉ=ÉÑÑÉÅí=çÑ=l=~ë=ïÉää=~ë=~ääçóáåÖ=ÉäÉãÉåíë=çå=íÜÉ=e=ëçäìÄáäáíó=ï~ë=ëíìÇáÉÇ=Äó=éêÉëëìêÉ=

ãÉ~ëìêÉãÉåíë=~åÇ=Çáä~íçãÉíêóI=bêáÅâëçå=C=e~êÇáÉI=NVSQK=qÜÉ=ãÉ~ëìêÉãÉåíë=ïÉêÉ=ã~ÇÉ=ïáíÜ=wê=

ãÉí~ä=Åçåí~áåáåÖI=OQMM=ééãI=PTMM=ééã=TTMM=ééãI=VRMM=ééã=ER~LçF=~åÇ=NURMM=ééã=EVKT~LçBF=

l=~ääçóë=áå=íÜÉ=ê~åÖÉ=çÑ=SRM⁄=Ó=UMM⁄`K=qÜÉ=~ìíÜçêë=ÅçåÅäìÇÉÇ=íÜ~í=the presence of O in solution 
tends to increase H solubility, but that at low O contents the effect is small. 

^=ãçêÉ=êÉÅÉåí=ëíìÇó=Åçãé~êÉÇ=íÜÉ=e=ëçäìÄáäáíó=~åÇ=ÉåíÜ~äéó=çÑ=ëçäìíáçåë=çÑ=e=áå=íÜÉ=wêJl=

ëçäáÇ=ëçäìíáçåë=v~ã~å~â~=Éí=~äKI=NVVVE~FK=qÜÉ=ê~åÖÉ=çÑ=Åçãéçëáíáçåë=Éñ~ãáåÉÇ=ï~ë=Ñêçã=éìêÉ=wê=

íç=~å=lLwê=çÑ=MKPU=áå=~=íÉãéÉê~íìêÉ=ê~åÖÉ=çÑ=QMM⁄=Ó=VMM⁄`X=ÜçïÉîÉêI=íÜÉáê=ÉñéÉêáãÉåíë=ïÉêÉ=îÉêó=

äáãáíÉÇ=~í=l=ÅçåíÉåíë=~åÇ=íÉãéÉê~íìêÉë=çÑ=áåíÉêÉëíK=qÜÉáê=ÅçåÅäìëáçåë=ïÉêÉ=íÜ~í=the H solubility in 
Zr first increased then decreased at the higher O contents.=

qÜÉ=ÉÑÑÉÅí=çÑ=l=çå=TSS=áå=wáêÅ~äçóJQ=ï~ë=ãÉ~ëìêÉÇ=Äó=Åçãé~êáåÖ=ëí~åÇ~êÇ=qfd=ïÉäÇÉÇ=

ã~íÉêá~ä=Åçåí~áåáåÖ=NMMM=íç=NOMM=ééã=l=ïáíÜ=ã~íÉêá~ä=qfd=ïÉäÇÉÇ=ïáíÜ=MKTRB=çñóÖÉå=ÅçîÉê=Ö~ë=

íÜ~í=éêçÇìÅÉÇ=ã~íÉêá~ä=ïáíÜ=ORQM=íç=OUSM=ééã=lI=jÅjáåå=Éí=~äKI=OMMMK=qÜÉ=high O material had 
a higher solubility for H as shown on the TSS curves on Figure 2-9(a) and this depresses the 
dissolution and precipitation temperatures.=

qÜÉëÉ=~ìíÜçêë=ÅçåÅäìÇÉ=íÜ~í=íÜÉêÉ=áë=ÖÉåÉê~ä=~ÖêÉÉãÉåí=íÜ~í=e=ëçäìÄáäáíó=ÇÉÅêÉ~ëÉë=ïáíÜ=

áåÅêÉ~ëáåÖ=l=ÅçåíÉåí=áå=íÜÉ=β=éÜ~ëÉK=qÜÉ=ÉÑÑÉÅí=çÑ=l=çå=íÜÉ=e=ëçäìÄáäáíó=áå=íÜÉ=α=éÜ~ëÉ=áë=ìåÅÉêí~áå=
~í=l=äÉîÉäë=çÑ=éê~ÅíáÅ~ä=áåíÉêÉëí=~åÇ=ÅçìäÇ=ÉáíÜÉê=áåÅêÉ~ëÉ=çê=ÇÉÅêÉ~ëÉK=få=ÉáíÜÉê=Å~ëÉ=íÜÉ=ÉÑÑÉÅí=áë=

ÉñéÉÅíÉÇ=íç=ÄÉ=ëã~ääK=

 

Figure 2-9(a): TSS data points for Zircaloy with 2540 to 2860 ppm O compared to Zircaloy with 1000 to 1200 ppm O (solid and 
dashed curves), McMinn et al., 2000. 



qeb =b c c b`q =l c =evaoldbk =lk =w fo`lk frj =^iilv = molmboq f b p = Ó = O MMU =

Copyright © Advanced Nuclear Technology International Europe AB, ANT International, 2008.  

OJNNEOJPNF 

Effect of alloying elements 

qÜÉ=solubility of H in pure Zr=and in the Zircaloys ï~ë=ãÉ~ëìêÉÇ=áå=íÜÉ=ÄÉÖáååáåÖ=çÑ=íÜÉ=

áåÇìëíêóÛë=Ç~óë=~åÇ=íÜÉëÉ=É~êäó=ãÉ~ëìêÉãÉåíë=çå=ìåáêê~Çá~íÉÇ=ã~íÉêá~äë=Ü~îÉ=ÄÉÉå=î~äáÇ~íÉÇ=Äó=

ãçêÉ=êÉÅÉåí=Ç~í~I=h~ããÉåòáåÇ=Éí=~äKI=NVVSK=qÜÉ=Åçãé~êáëçå=çÑ=êÉëìäíë=Äó=h~ããÉåòáåÇÛë=êÉëìäíë=

~êÉ=Åçãé~êÉÇ=íç=íÜÉ=É~êäáÉê=Ç~í~=çå=cáÖìêÉ=OJVEÄF=Ñçê=TSS
a=
~åÇ=cáÖìêÉ=OJNM=Ñçê=TSS

m
K=^=ëìãã~êó=

çÑ=íÜÉ=Ç~í~=íÜ~í=Åçãé~êÉ=íÜÉ=e=ëçäìÄáäáíó=áå=î~êáçìë=~ääçóë=áë=ëÜçïå=çå=cáÖìêÉ=OJNNK=

 

Figure 2-9(b): TSSD of zirconium and Zircaloys, Kammenzind et al., 1996. 
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Figure 2-10: TSSP of zirconium and Zircaloys, Kammenzind et al., 1996. 

 

Figure 2-11: Solubility of hydrogen in Zr alloys, Kearns, 1967. 
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qÜÉ=TSS
a
=~åÇ=TSS

m
=ïÉêÉ=ÇÉíÉêãáåÉÇ=Ñçê=ìåáêê~Çá~íÉÇ=ëí~åÇ~êÇ=~åÇ=ÜáÖÜ=cÉ=wáêÅ~äçóJO=ÅÜ~êÖÉÇ=

ïáíÜ=e=áå=íÜÉ=ê~åÖÉ=çÑ=QMJRQO=ééã=Äó=aáÑÑÉêÉåíá~ä=pÅ~ååáåÖ=`~äçêáãÉíêó=EDSCFI=råÉ=C=fëÜáãçíçI=

OMMPK=qÜÉ=Åçãé~êáëçå=çÑ=ëí~åÇ~êÇI=MKNTB=cÉI=îëK=íÜÉ=ÜáÖÜI=MKOSB=cÉ=~ääçó=ï~ë=çÑ=áåíÉêÉëí=ëáåÅÉ=

íÜÉ=ÜáÖÜ=cÉ=~ääçó=áë=éêçéçëÉÇ=íç=Ü~îÉ=áãéêçîÉÇ=Åçêêçëáçå=êÉëáëí~åÅÉ=áå=~=_çáäáåÖ=t~íÉê=oÉ~Åíçê=

EBWRFK=qÜÉ=êÉëìäíë=áåÇáÅ~íÉ=íÜÉ=ÇáÑÑÉêÉåíá~ä=ÄÉíïÉÉå=íÜÉ=Çáëëçäìíáçå=TSS
a
=~åÇ=íÜÉ=äçïÉê=

íÉãéÉê~íìêÉ=éêÉÅáéáí~íáçå=TSS
m
I=cáÖìêÉ=OJNOK=qÜáë=íÜÉêã~ä=“ÜóëíÉêÉëáëÒ=áë=Åçãé~êÉÇ=íç=É~êäáÉê=Ç~í~=

Äó=çíÜÉê=áåîÉëíáÖ~íçêë=~åÇ=wáêÅ~äçóJQ=çå=cáÖìêÉ=OJNPK=qÜÉ=TSS
d
=ÅìêîÉ=áå=cáÖìêÉ=OJNO=áë=íÜÉ=ÖêçïíÜ=

ëçäîìë=çÑ=ÜóÇêáÇÉëI=êÉéêÉëÉåíáåÖ=íÜÉ=ëçäìÄáäáíó=ÄçìåÇ~êó=áå=íÜÉ=éêÉëÉåÅÉ=çÑ=éêÉÅáéáí~íÉÇ=ÜóÇêáÇÉë=

íÜ~í=Ü~îÉ=êÉ~ÅÜÉÇ=íÜáë=ëí~íÉ=~ë=~=êÉëìäí=çÑ=~=ÖêçïíÜ=éêçÅÉëëK=qÜáë=ïçìäÇ=çÅÅìê=~ÑíÉê=åìÅäÉ~íáçå=Ü~ë=

í~âÉå=éä~ÅÉ=~åÇ=íÜÉ=íÉãéÉê~íìêÉ=~ééêç~ÅÜÉÇ=Ñêçã=~ÄçîÉK=

 

Figure 2-12: Solvi of TSSD and TSSP for Zircaloy-2 and high Fe Zircaloy, Une & Ishimoto, 2003. 

 

Figure 2-13: Thermal hysteresis as a function of TSSP precipitation temperature, Une & Ishimoto, 2003. 
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få=ä~íÉê=ïçêâ=íÜÉ=~ìíÜçêë=Åçãé~êÉÇ=íÜÉ=ìåáêê~Çá~íÉÇ=ÜáÖÜ=cÉ=wáêÅ~äçóJO=íç=éìêÉ=wê=EråÉ=C=

fëÜáãçíçI=OMMQF=~åÇ=íÜÉ=êÉëìäíë=çå=cáÖìêÉ=OJNQ=ëÜçï=íÜÉ=ëáãáä~ê=ÜóëíÉêÉëáë=ÄÉíïÉÉå=Çáëëçäìíáçå=

~åÇ=éêÉÅáéáí~íáçåK=få=~ÇÇáíáçå=áí=ÑìêíÜÉê=ÅçåÑáêãë=íÜÉ=äçïÉê=ëçäìÄáäáíó=çÑ=e=áå=éìêÉ=wê=Åçãé~êÉÇ=íç=

íÜÉ=wáêÅ~äçóëI=ïÜáÅÜ=Å~å=~äëç=ÄÉ=çÄëÉêîÉÇ=çå=cáÖìêÉ=OJVEÄFI=cáÖìêÉ=OJNMI=~åÇ=cáÖìêÉ=OJNQK=qÜáë=

ã~ó=ÄÉ=ÇìÉ=ÉáíÜÉê=íç=íÜÉ=ÇáÑÑÉêÉåÅÉ=áå=~ääçóáåÖ=ÅçåíÉåí=çê=íÜÉ=ÇáÑÑÉêÉåÅÉ=áå=l=ÅçåíÉåíX=íÜÉ=ÜáÖÜÉê=l=

ÅçåíÉåí=çÑ=NPMMJNRMM=ééã=áå=íÜÉ=wáêÅ~äçóë=Å~å=áåÅêÉ~ëÉ=íÜÉáê=ëçäìÄáäáíó=Ñçê=e=~ë=åçíÉÇ=Ñçê=“ÜáÖÜ=

lÒ=ã~íÉêá~äë=áå=cáÖìêÉ=OJNRK=This difference in solubility can be significant for the operation of Zr 
liners in BWR fuel, as discussed in Section 3.3K==

 

Figure 2-14: Comparison of TSSD and TSSP for unalloyed Zr vs. high Fe Zircaloy 2, Une & Ishimoto, 2004. 

 

Figure 2-15: Comparison of TSS for standard and high oxygen Zircaloy-4, McMinn et al., 2000. 
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qÜÉ=ÉÑÑÉÅí=çÑ=áåÇáîáÇì~ä=~ääçóáåÖ=ÉäÉãÉåíë=çå=TSS
a=
çÑ=e=áå=wê=ï~ë=ãÉ~ëìêÉÇ=~åÇ=Åçãé~êÉÇ=íç=

ìå~ääçóÉÇ=wê=~åÇ=î~êáçìë=cÉ=äÉîÉä=wáêÅ~äçóJO=ã~íÉêá~äëI=pÉíçó~ã~=Éí=~äKI=OMMRK=qÜÉ=êÉëìäíë=~êÉ=

ëÜçïå=çå=cáÖìêÉ=OJNSK=_áå~êó=~ÇÇáíáçåë=çÑ=ká=~åÇ=`ê=íç=wê=Ü~Ç=íÜÉ=ãçëí=ëáÖåáÑáÅ~åí=ÉÑÑÉÅí=Äó=

áåÅêÉ~ëáåÖ=íÜÉ=e=ëçäìÄáäáíóI=çê=TSSI=ïÜáäÉ=cÉ=~åÇ=på=Ü~Ç=îÉêó=äáííäÉ=ÉÑÑÉÅíK=páåÅÉ=íÜÉ=ká=Å~å=î~êó=

Ñêçã=MKMP=íç=MKMUB=~åÇ=`ê=Ñêçã=MKMR=íç=MKNRBI=íÜÉ=e=ëçäìÄáäáíó=ÅçìäÇ=î~êó=ëäáÖÜíäó=Ñçê=wáêÅ~äçóJ

O=ã~ÇÉ=íç=íÜÉ=ë~ãÉ=ëéÉÅáÑáÅ~íáçåëK==

 

Figure 2-16: The effect of alloying elements on TSSD of H in Zr, Setoyama et al., 2005. 

qÉëíë=çÑ=wáêÅ~äçóJO=~åÇ=JQ=ã~ÇÉ=Äó=î~êáçìë=éêçÅÉëëáåÖ=ãÉíÜçÇë=~ééÉ~ê=íç=ëÜçï=íÜÉ=ë~ãÉ=TSS=
ÅÜ~ê~ÅíÉêáëíáÅë=Ñçê=~ää=ë~ãéäÉë=ëç=íÜ~í=íÜÉ=ká=~åÇ=`ê=î~êá~íáçåëI=ïáíÜáå=íÜÉáê=ëéÉÅáÑáÅ~íáçåëI=Ñ~ää=

ïáíÜáå=~=ëã~ää=ëÅ~ííÉêJÄ~åÇI=jÅjáåå=Éí=~äKI=OMMMK=qÜÉ=TSS=ÅìêîÉëI=ëÜçïå=çå=cáÖìêÉ=OJNTE~FI=
áåÅäìÇÉ=wáêÅ~äçóJO=~åÇ=JQ=bäÉÅíêçå=_É~ã=ïÉäÇÉÇ=EEBFI=wáêÅ~äçóJO=mêÉëëìêÉ=qìÄÉ=EPTFI=`çäÇ=
tçêâÉÇ=ECWF=~í=î~êáçìë=äÉîÉäë=EMB=~åÇ=PMBF=~åÇ=β=èìÉåÅÜÉÇK=qÜÉëÉ=Ç~í~=ÅçìäÇ=áåÇáÅ~íÉ=~=ëã~ää=
áåÅêÉ~ëÉ=áå=TSS=áå=ÅçäÇ=ïçêâÉÇ=ã~íÉêá~äK=qê~ééáåÖ=çÑ=ÜóÇêçÖÉå=~í=ÇáëäçÅ~íáçåë=ÇìêáåÖ=ÅççäáåÖ=Ü~ë=

ÄÉÉå=çÄëÉêîÉÇI=oçóI=NVSRK=



qeb =b c c b`q =l c =evaoldbk =lk =w fo`lk frj =^iilv = molmboq f b p = Ó = O MMU =

Copyright © Advanced Nuclear Technology International Europe AB, ANT International, 2008.  

OJNSEOJPNF 

 

Figure 2-17(a): TSS data for unirradiated Zircaloy-2 and -4 made by various processes, McMinn et al., 2000. 

Effect of stress 

a~í~=çå=íÜÉ=ÉÑÑÉÅí=çÑ=ëíêÉëë=çå=TSS=~êÉ=îÉêó=äáãáíÉÇ=~åÇ=çéáåáçåë=çå=íÜÉ=ÉÑÑÉÅí=çÑ=ëíêÉëë=~êÉ=~=

ëìÄàÉÅí=çÑ=ÅçåíêçîÉêëóK=bñéÉêáãÉåíë=çå=wáêÅ~äçóJQ=ëéÉÅáãÉåë=ëÜçï=íÜ~í=íÜÉêÉ=áë=~å=ÉÑÑÉÅíI=Äìí=áí=áë=

ãìÅÜ=ëã~ääÉê=íÜ~å=íÜÉ=ÉÑÑÉÅí=çÑ=íÉãéÉê~íìêÉI=h~ããÉåòáåÇ=Éí=~äKI=NVVUI=cáÖìêÉ=OJNTEÄFK=

 

Figure 2-17(b): Hydride dissolution solvus, comparative effect of temperature and stress, Kammenzind et al., 1998. 
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íÉíê~ÜÉÇê~ä=áåíÉêëíáÅÉë=áå=íÜÉ=ÜÉñ~Öçå~ä=α−wê=ìåáí=ÅÉää=~åÇ=Å~ìëÉë=~=ëã~ää=Çáä~íáçå=çÑ=íÜÉ=ä~ííáÅÉI=

j~êíáå=C=oÉÉëI=NVRQK=^ë=~=êÉëìäí=çÑ=íÜáëI=ÜóÇêçÖÉå=ëÜçïë=~=íÉåÇÉåÅó=íç=ëÉÖêÉÖ~íÉ=íç=êÉÖáçåëI=ëìÅÜ=

~ë=íÜÉ=ÅçêÉë=çÑ=ÇáëäçÅ~íáçåëI=ïÜÉêÉ=íÜÉ=Åêóëí~ä=ä~ííáÅÉ=áë=~äêÉ~Çó=Çáä~íÉÇI=`çñI=NVVTK=_ÉÅ~ìëÉ=çÑ=íÜáë=
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1 1×1021 n/cm2 corresponds to a burnup of about 5 MWd/kgU. 
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Figure 2-18: TSSD for irradiated and post-irradiation annealed Zircaloy samples compared to the unirradiated mean line, 
McMinn et al., 2000. 

 

Figure 2-19: TSSP for irradiated and post-irradiation annealed Zircaloy samples compared to the unirradiated mean line, 
McMinn et al., 2000. 
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Figure 2-20: TSS data for irradiated Zircaloy-4, McMinn et al., 2000. 

 

Figure 2-21: TSSD first run values averaged for regions 1 (<0.05x1022 n/cm2), and 3 CC (1x1022 n/cm2). The solid line 
corresponds to unirradiated fully recrystallized Zircaloy-4, Vizcaino et al., 2002. 

Precipitation of hydrides at a lower temperature in irradiated materials is advantageous to dry 
storage conditions, at which time the internal gas pressure and the resulting clad stresses will be 
lower benefiting the creep stresses and the stress levels for hydride re-orientation. 
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Figure 2-22: Enthalpy evolution with long thermal annealings of irradiated Zircaloy-4. ΔH for unirradiated material is about 38 
on given scale, Vizcaino et al., 2005. 

Summary of effects that influence hydride dissolution and 
precipitation 
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2.2.2 Diffusion 

^ë=åçíÉÇ=áå=íÜÉ=éêÉîáçìë=ëÉÅíáçåI=íÜÉ=ëçäìÄáäáíó=çÑ=e=áå=wê=~åÇ=áíë=~ääçóë=áë=ÉñíêÉãÉäó=äçï=~í=äçï=

íÉãéÉê~íìêÉë=~åÇ=áåÅêÉ~ëÉë=~í=ÜáÖÜÉê=íÉãéÉê~íìêÉëK=qÜÉ=ÇáÑÑìëáçå=çÑ=e=áå=ëçäìíáçå=~í=íÜÉ=ÜáÖÜÉê=

íÉãéÉê~íìêÉë=áë=èìáíÉ=ê~éáÇK=qÜÉ=diffusion coefficient=áë=ÖáîÉå=ÄóW=

= a=Z=a
M=
Éñé=EJn

G

LoqF=

ïÜÉêÉ= a= Z= ÇáÑÑìëáçå=ÅçÉÑÑáÅáÉåíI=çê=ÇáÑÑìëáîáíóI=áå=Åã
O

LëÉÅ=

= a
M
= Z= äáãáíáåÖ=ÇáÑÑìëáçå=ÅçÉÑÑáÅáÉåí=~í=ìåäáãáíÉÇ=íÉãéÉê~íìêÉ=

= n
G

= Z= ~Åíáî~íáçå=ÉåÉêÖó=Ñçê=ÇáÑÑìëáçåI=çê=ÜÉ~í=çÑ=íê~åëéçêí=áå=Å~äLãçäÉ=

EíóéáÅ~ääó=SMMM=Å~äLãçäÉF=

= q= Z= ~ÄëçäìíÉ=íÉãéÉê~íìêÉ=áå=h=

qÜÉ=ÇáÑÑìëáçå=ÅçÉÑÑáÅáÉåí=~ë=~=ÑìåÅíáçå=çÑ=íÉãéÉê~íìêÉ=Ñçê=éìêÉ=wê=~åÇ=wáêÅ~äçóë=áë=ÖáîÉå=çå=

cáÖìêÉ=OJOPK=a~í~=~í=íÉãéÉê~íìêÉë=~ë=äçï=~ë=NRMø`=Å~å=ÄÉ=ÑçìåÇ=áå=`çñ=C=oìÇäáåÖI=OMMM=çê=

`ìéé=C=cäìÄ~ÅÜÉêI=NVSOK=

a~í~=íÜ~í=ëÜçï=ÜáÖÜÉê=ÇáÑÑìëáçå=ÅçÉÑÑáÅáÉåíë=áå=íÜÉ=β=éÜ~ëÉ=~åÇ=áå=íÜÉ=δ=ÜóÇêáÇÉ=éÜ~ëÉ=~êÉ=
ëìãã~êáòÉÇ=çå=cáÖìêÉ=OJOQX=íÜÉëÉ=~êÉ=ëáÖåáÑáÅ~åí=áå=ëíêìÅíìêÉë=íÜ~í=ëí~ÄáäáòÉ=íÜÉëÉ=éÜ~ëÉëK=

 

Figure 2-23: Diffusion coefficients of H in alpha Zr and Zircaloys, Kammenzind et al., 1996. 
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Figure 2-24: Diffusion of H in alpha and beta phases of Zr, Mueller et al., 1968. 
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tEíáãÉFZxO

EÇáëí~åÅÉFLDI=NKU=Üçìêë=çîÉê=~=Çáëí~åÅÉ=çÑ=N=ããK=qÜáë=êÉéêÉëÉåíë=~=îÉêó=ëÜçêí=íáãÉ=Ñçê=

ÇáÑÑìëáçå=~Åêçëë=íÜÉ=Çáëí~åÅÉ=Éèìáî~äÉåí=íç=~=Åä~ÇÇáåÖ=ï~ää=íÜáÅâåÉëëK=

qÜÉ=heat of solutionI=íÜÉ=ÇáÑÑÉêÉåÅÉ=áå=ãçä~ê=ÑêÉÉ=ÉåÉêÖó=çÑ=ÜóÇêçÖÉå=áå=íÜÉ=ãÉí~ä=~åÇ=áå=íÜÉ=

Ö~ë=éÜ~ëÉI=áåÅêÉ~ëÉë=ïáíÜ=ÇÉÅêÉ~ëáåÖ=íÉãéÉê~íìêÉë=~åÇ=íÜáë=Å~ìëÉë=íÜÉ=e=íç=ÇáÑÑìëÉ=Ççïå=~=

íÉãéÉê~íìêÉ=Öê~ÇáÉåí=çê=~=ÅçåÅÉåíê~íáçå=Öê~ÇáÉåíI=~=ëáÖåáÑáÅ~åí=ÉÑÑÉÅí=~í=ÑìÉä=çéÉê~íáåÖ=ÅçåÇáíáçåëK=

qÜÉ=ÇáÑÑìëáçå=çÑ=e=áå=wê=áë=ÇÉÑáåÉÇ=~ëW=

=
ORT

TCDQ
CDJ

* Δ
−Δ−= =

ïÜÉêÉ= J= Z=e=~íçã=Ñäìñ=áå=íÜÉ=ãÉí~ä=

= D= Z=ÇáÑÑìëáçå=ÅçÉÑÑáÅáÉåí=Ñçê=e=~ë=ÇÉÑáåÉÇ=~ÄçîÉ=

= C= Z=íçí~ä=äçÅ~ä=e=ÅçåÅÉåíê~íáçå=

= Δ= Z=ê~íÉ=çÑ=ÅÜ~åÖÉ=áå=C=çê=T=
= QG

=Z=ÜÉ~í=çÑ=íê~åëéçêí=EÖÉåÉê~ääó=~êçìåÇ=S=hÅ~äLãçäÉF=

qÜáë=êÉä~íáçåëÜáé=ïáää=éêÉÇáÅí=ê~éáÇ=ÇáÑÑìëáçå=çÑ=e=ÉáíÜÉê=Ççïå=~=íÉãéÉê~íìêÉ=çê=~=ÅçåÅÉåíê~íáçå=

Öê~ÇáÉåíI=Äìí=íÜáë=ÜáÖÜ=ê~íÉ=ïáää=çåäó=çÅÅìê=áÑ=íÜÉ=ÅçåÅÉåíê~íáçå=áå=ÅçäÇÉê=ÉåÇ=çÑ=íÜÉ=íÉãéÉê~íìêÉ=

Öê~ÇáÉåí=áë=~ÄçîÉ=íÜÉ=ëçäìÄáäáíó=äáãáí=~åÇ=ïáää=Ñçêã=ÜóÇêáÇÉëK==

tÜáäÉ=íÜÉ=ΔC=íÉêã=íÉåÇë=íç=ë~íáëÑó=íÜÉ=ÜóÇêçÖÉå=ÅçåÅÉåíê~íáçå=ÇáÑÑÉêÉåíá~äI=çåÉ=Å~å=ÑêÉèìÉåíäó=

çÄëÉêîÉ=íÜ~í=áå=êÉëéçåëÉ=íç=~=íÉãéÉê~íìêÉ=Öê~ÇáÉåí=íÜÉ=ΔT=íÉêã=Å~å=çîÉêÅçãÉ=íÜÉ=ΔC=íÉêã=íç=

éêçÇìÅÉ=~=êÉä~íáîÉäó=ÜáÖÜ=e=ÅçåÅÉåíê~íáçå=áå=íÜÉ=ÅççäÉëí=êÉÖáçå=çÑ=íÜÉ=wê=ÅçãéçåÉåíK=qÜÉ=e=Å~å=

ÇáÑÑìëÉ=Ççïå=~=íÉãéÉê~íìêÉ=Öê~ÇáÉåí=ÉîÉå=áÑ=áí=êÉèìáêÉë=ÇáÑÑìëáçå=ìé=íÜÉ=ÅçåÅÉåíê~íáçå=Öê~ÇáÉåíI=çê=

îáÅÉ=îÉêë~I=ÇÉéÉåÇáåÖ=çå=íÜÉ=çéÉê~íáåÖ=ÅçåÇáíáçåëK=
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3 Hydrogen pickup during corrosion 

3.1 Mechanisms 

^=é~êí=çÑ=íÜÉ=ÜóÇêçÖÉå=ÑçêãÉÇ=Äó=íÜÉ=~èìÉçìë=Åçêêçëáçå=çÑ=wêJ~ääçóë=áë=~ÄëçêÄÉÇ=Äó=íÜÉ=ãÉí~äK=

qÜÉ=e=ÅçåíÉåí=çÑ=íÜÉ=ëíêìÅíìê~ä=ã~íÉêá~äë=~åÇ=áíë=ÉÑÑÉÅíë=çå=íÜÉáê=ãÉÅÜ~åáÅ~ä=éêçéÉêíáÉë=~åÇ=

ÇáãÉåëáçå~ä=ÄÉÜ~îáçìê=áë=áãéçêí~åíI=ëáåÅÉ=íÜÉ=áåíÉÖêáíó=çÑ=íÜÉ=ÑìÉä=~ëëÉãÄäó=Å~å=ÇÉéÉåÇ=çå=íÜÉãK=

qÜÉ=~Äëçêéíáçå=çÑ=e=Äó=wê=~åÇ=áíë=~ääçóë=áë=íÜÉ=êÉëìäí=çÑ=íÜÉ=Åçêêçëáçå=êÉ~Åíáçå=~í=çéÉê~íáåÖ=

íÉãéÉê~íìêÉëW=

= wê=H=Oe
O
l=→=wêl

O
=H=Oe

O
=

låäó=~=Ñê~Åíáçå=çÑ=íÜÉ=e=éêçÇìÅÉÇ=áë=~ÄëçêÄÉÇ=Äó=íÜÉ=wê=ãÉí~ä=~åÇ=íÜÉ=“ÜóÇêçÖÉå=éáÅâìé=

Ñê~ÅíáçåÒ=çê=“éÉêÅÉåí~ÖÉ=ÜóÇêçÖÉå=ìéí~âÉÒ=áë=ÇÉÑáåÉÇ=~ë=íÜÉ=ê~íáç=çÑ=e=ÉåíÉêáåÖ=íÜÉ=ãÉí~ä=íç=íÜ~í=

ÑçêãÉÇ=Äó=íÜÉ=Åçêêçëáçå=êÉ~Åíáçå=ÇìêáåÖ=íÜÉ=ë~ãÉ=éÉêáçÇK=qÜÉ=e=íÜ~í=áë=~ÄëçêÄÉÇ=Äó=íÜÉ=ãÉí~ä=

ÇçÉë=ëç=~ë=~å=áåíÉÖê~ä=é~êí=çÑ=íÜÉ=êÉ~Åíáçå=çÑ=wê=ïáíÜ=íÜÉ=ï~íÉê=ãçäÉÅìäÉ=ê~íÜÉê=íÜ~å=Äó=íÜÉ=

êÉ~Åíáçå=ïáíÜ=~åó=ÇáëëçäîÉÇ=e=áå=íÜÉ=ï~íÉêI=ÉñÅÉéí=~í=ÜáÖÜ=e=éêÉëëìêÉë=ÄÉóçåÇ=~åó=çéÉê~íáåÖ=

ÅçåÇáíáçåë=áå=iáÖÜí=t~íÉê=oÉ~Åíçê=ELWRëFI=ëìÅÜ=~ë=eLl=ê~íáçë=çÑ=NM
P

=ëáåÅÉ=e=éÉåÉíê~íáçå=íÜêçìÖÜ=

íÜÉ=ÉëëÉåíá~ääó=ÉîÉê=éêÉëÉåí=çñáÇÉ=ä~óÉê=áë=ëäçïI=`çñ=C=gçÜåëíçåI=NVSO=~åÇ=f^b^=qb`al`JVVSI=

NVVUK=^=e=í~âÉ=ìé=Ñêçã=íÜÉ=Åççä~åí=Å~å=~äëç=çÅÅìê=áå=ká=Åçåí~áåáåÖ=~ääçóë=áÑ=íÜÉ=Åçêêçëáçå=

éçíÉåíá~ä=áë=ëç=äçï=íÜ~í=ká=êÉã~áåë=ãÉí~ääáÅ=áå=íÜÉ=çñáÇÉK=ká=Å~å=í~âÉ=ìé=ÇáëëçäîÉÇ=e=Å~í~äóíáÅ~ääóK==

qÜÉ=Åçêêçëáçå=éêçÅÉëë=Åçåëáëíë=çÑ=~å=~åçÇáÅ=Ü~äÑJÅÉää=êÉ~Åíáçå=~í=íÜÉ=ãÉí~äJçñáÇÉ=EwêJwêl
O
F=

áåíÉêÑ~ÅÉ=íç=Ñçêã=íÜÉ=çñáÇÉ=~åÇ=ã~âÉ=íÜÉ=çñáÇÉ=Ñáäã=íÜáÅâåÉëë=Öêçï=xwêHOl
OJ

=→=wêl
O
HQÉ

J

HO��zI=~åÇ=

~=Å~íÜçÇáÅ=Ü~äÑJÅÉää=êÉ~Åíáçå=~í=íÜÉ=çñáÇÉJÅççä~åí=áåíÉêÑ~ÅÉ=íç=Ñçêã=e=xO��HOe
O
lHQÉ

J

=→=Ol
OJ

=HQe
H

zK=

qÜÉ=Å~íÜçÇáÅ=êÉ~Åíáçå=áë=ÄÉíïÉÉå=~å=çñóÖÉå=~íçã=î~Å~åÅó=xO□°z=~åÇ=~=ï~íÉê=ãçäÉÅìäÉ=çå=íÜÉ=

çñáÇÉ=ëìêÑ~ÅÉI=ÖáîáåÖ=~å=çñóÖÉå=áçåI=ÑáääáåÖ=íÜÉ=î~Å~åÅóI=~åÇ=éêçÇìÅáåÖ=íïç=éêçíçåëK=qïç=

ÉäÉÅíêçåë=Ñêçã=íÜÉ=çñáÇ~íáçå=çÑ=íÜÉ=wê=ãÉí~ä=~íçã=íÜÉå=ÇáëÅÜ~êÖÉ=íÜÉ=éêçíçåë=íç=ÖáîÉ=íïç=e=~íçãë=

~í=íÜÉ=ÑêÉÉ=ëìêÑ~ÅÉK=^=Ñê~Åíáçå=çÑ=íÜÉëÉ=~íçãë=íÜÉå=ÉåíÉê=íÜÉ=ãÉí~ä=~åÇ=íÜÉ=êÉã~áåáåÖ=~íçãë=

êÉÅçãÄáåÉ=ïáíÜ=íÜÉ=ï~íÉê=Åççä~åíK=qÜÉ=ãÉ~åë=Äó=ïÜáÅÜ=íÜÉ=e=íÜÉå=ÉåíÉêë=íÜÉ=ãÉí~ä=áë=íÜÉ=íçéáÅ=çÑ=

åìãÉêçìë=íÜÉçêáÉëI=Äìí=åç=êÉëçäìíáçåI=`çñI=NVVTK=

s~êáçìë=íÜÉçêáÉë=éêçéçëÉÇ=Ñçê=íÜÉ=íê~åëéçêí=çÑ=e=áåíç=íÜÉ=ãÉí~ä=Ü~îÉ=ÄÉÉåW=

• e=ÇáÑÑìëÉë=íÜêçìÖÜ=Ñä~ïë=áå=íÜÉ=áãéÉêîáçìëI=çê=éçêçìë=çñáÇÉ=ÑáäãI=ëáåÅÉ=êÉäá~ÄäÉ=ÇáÑÑìëáçå=

ãÉ~ëìêÉãÉåíë=çÑ=e=íÜêçìÖÜ=íÜÉ=ëçäáÇ=çñáÇÉ=áíëÉäÑ=~êÉ=åçí=~î~áä~ÄäÉK=

• e=ÇáÑÑìëÉë=íÜêçìÖÜ=íÜáå=çñáÇÉ=Ñáäãë=~ÑíÉê=~ääK=

• e=ÇáÑÑìëÉë=íÜêçìÖÜ=~=Öêçìé=çÑ=SPPë=íÜ~í=ÄêáÇÖÉ=íÜÉ=çñáÇÉ=ÑáäãI=~=ÑìåÅíáçå=çÑ=íÜÉáê=

ÅçãéçëáíáçåI=ëáòÉ=~åÇ=ÇáëíêáÄìíáçå=çÑ=íÜÉ=SPPë=áå=íÜÉ=çñáÇÉ=ÑáäãK=

• mêçíçå=ÅçåÇìÅíáçå=~Åêçëë=~=íÜáå=çñáÇÉ=Ñáäã=Äó=le
J

=ÅçåÅÉåíê~íÉÇ=áå=íÜÉ=ä~ííáÅÉ=Çáëíçêíáçåë=çÑ=

íÜÉ=çñáÇÉK=

aÉí~áäë=çÑ=íÜÉëÉ=éêçéçëÉÇ=ãÉÅÜ~åáëãëI=åçåÉ=çÑ=ïÜáÅÜ=Ü~îÉ=ÄÉÉå=ÅçåÑáêãÉÇI=~êÉ=ÇáëÅìëëÉÇ=Äó=

`çñI=NVVVK=

c~Åíçêë=íÜ~í=~ÑÑÉÅí=íÜÉ=~ãçìåí=çÑ=ÜóÇêçÖÉå=éáÅâìé=áåÅäìÇÉW=

• lñáÇÉ=Ñáäã=ÅÜ~ê~ÅíÉêáëíáÅëI=ëìÅÜ=~ë=íÜáÅâåÉëëI=ãçêéÜçäçÖóI=~åÇ=Åêóëí~ä=ëíêìÅíìêÉK=

• SPPë=çÑ=î~êáçìë=ÅÜ~ê~ÅíÉêáëíáÅë=~åÇ=éçíÉåíá~ääó=çíÜÉê=ÅçãéçìåÇë=áå=íÜÉ=çñáÇÉ=ÑáäãK=

• jÉí~ä=~ääçó=Åçãéçëáíáçå=~åÇ=ãáÅêçëíêìÅíìêÉK=

• t~íÉê=ÅÜÉãáëíêó=~åÇ=ê~Çáçäóëáë=çÑ=íÜÉ=ï~íÉêK=
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3.2 Ex-reactor results 

3.2.1 Introduction 

bñJêÉ~Åíçê=Åçêêçëáçå=íÉëíë=~êÉ=çÑíÉå=ìëÉÇ=Ñçê=e=éáÅâìé=ëíìÇáÉëI=~åÇ=íÜÉó=Å~å=ÄÉ=ìëÉÑìä=Ñçê=

ëÅêÉÉåáåÖ=éìêéçëÉëK=qÜÉ=ãçëí=ãÉ~åáåÖÑìä=Ç~í~I=ÜçïÉîÉêI=~êÉ=íÜÉ=Éî~äì~íáçåë=çÑ=áåJêÉ~Åíçê=

ÉñéÉêáÉåÅÉ=~åÇ=~å~äóëÉë=çÑ=ã~íÉêá~äë=áêê~Çá~íÉÇ=ìåÇÉê=éêçíçíóéáÅ~ä=çéÉê~íáåÖ=ÅçåÇáíáçåëK==

qÜÉ=Ñê~Åíáçå=çÑ=Åçêêçëáçå=ÜóÇêçÖÉåI=íÜ~í=áë=éáÅâÉÇ=ìéI=ÅÜ~åÖÉë=ëäáÖÜíäó=çîÉê=íÜÉ=íáãÉ=çÑ=

Åçêêçëáçå=ÉñéçëìêÉ=EÉKÖK=ÄÉÑçêÉ=~åÇ=~ÑíÉê=íê~åëáíáçåFI=ÉKÖK=e~ê~Ç~=C=t~â~ã~íëìI=OMMTK=cçê=

éê~ÅíáÅ~ä=Ç~í~=~å~äóëáë=~åÇ=Ñçê=ÇÉëáÖå=éìêéçëÉë=~å=~îÉê~ÖÉ=Åçåëí~åí=î~äìÉ=ãÉ~ëìêÉÇ=~í=äçåÖ=

ÉñéçëìêÉ=íáãÉë=áë=ìëì~ääó=~ééäáÉÇK=

3.2.2 Effect of alloying elements 

b~êäó=ÉñJêÉ~Åíçê=~ìíçÅä~îÉ=íÉëíë=ïÉêÉ=ìëÉÇ=íç=Éî~äì~íÉ=íÜÉ=ÉÑÑÉÅí=çÑ=î~êáçìë=éçíÉåíá~ä=~ääçóáåÖ=

ÉäÉãÉåíë=áå=wê=çå=e=éáÅâìé=EÉKÖK=cáÖìêÉ=PJNI=cáÖìêÉ=PJO=~åÇ=cáÖìêÉ=PJPFK=tÜÉêÉ~ë=íáå=J=ÄÉáåÖ=áå=

ëçäáÇ=ëçäìíáçå=ïáíÜáå=íÜÉ=ãÉí~ä=ã~íêáñ=J=ï~ë=ÑçìåÇ=íç=Ü~îÉ=äáííäÉ=ÉÑÑÉÅí=çå=íÜÉ=eóÇêçÖÉå=máÅâré=

cê~Åíáçå=EHPUFFI=íÜÉ=éêÉëÉåÅÉ=çÑ=åáÅâÉä=J=Åçåí~áåÉÇ=áå=SPP=J=Ü~Ç=~=éêçåçìåÅÉÇ=ÉÑÑÉÅí=çå=HPUFK=
sI=`ê=J=Åçåí~áåÉÇ=áå=SPP=JI=~åÇ=kÄ=Óíç=~=ä~êÖÉ=ÉñíÉåí=EMKRBF=áå=ëçäáÇ=ëçäìíáçå=J=êÉÇìÅÉ=íÜÉ=HPUFK=
qÜÉ=ÄÉåÉÑáÅá~ä=ÉÑÑÉÅí=çÑ=kÄ=áë=Éñéä~áåÉÇ=Äó=íÜÉ=çÄëÉêîÉÇ=ëìêÑ~ÅÉ=ëÉÖêÉÖ~íáçå=çÑ=kÄ

RH

I=ïÜáÅÜ=ëÜçìäÇ=

ÉåÜ~åÅÉ=íÜÉ=Å~íÜçÇáÅ=ï~íÉê=êÉÇìÅíáçåI=_çëëáë=Éí=~äKI=OMMO=~åÇ=o~ã~ëìÄê~ã~åá~å=Éí=~äKI=OMMOK==

 

Figure 3-1: Hydrogen pickup in different Zr alloys exposed in 650°F (343°C) degassed water under static conditions for 575 
days, Berry et al., 1961. 
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Figure 3-2: Effect of some alloying elements forming intermetallic precipitates on hydrogen uptake percentage, Cox, 1976. 

 

Figure 3-3: Effect of Niobium on the hydrogen pickup fraction of binary Zr-Nb alloys degassed water under static conditions 
at 350°C after 750 days, Kiselev et al., 1962. 
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4 Hydride distribution 

4.1 Introduction 

^í=íÜÉ=çéÉê~íáåÖ=íÉãéÉê~íìêÉI=íÜÉ=òáêÅçåáìã=Åä~ÇÇáåÖ=áë=ÉñéÉÅíÉÇ=íç=~ÄëçêÄ=ÜóÇêçÖÉå=EeFK=qÜÉ=e=

íÜ~í=áë=áå=ëçäìíáçå=áå=íÜÉ=wê=~ääçó=ÅçãéçåÉåíë=Å~å=ÇáÑÑìëÉ=~åÇ=ÇáëíêáÄìíÉ=çê=êÉÇáëíêáÄìíÉ=áíëÉäÑ=

ÅêÉ~íáåÖ=äçÅ~äáòÉÇ=ÅçåÅÉåíê~íáçåë=çÑ=ÜóÇêáÇÉëK=eóÇêáÇÉë=ÑçêãÉÇ=Äó=e=äÉîÉäë=~ÄçîÉ=íÜÉ=TSS=ïáää=
êÉã~áå=êÉä~íáîÉäó=ëí~ÄäÉK=qÜÉ=ÇáëíêáÄìíáçå=çÑ=e=áë=ÅçåíêçääÉÇ=éêáã~êáäó=Äó=íÜÉ=ÑçääçïáåÖ=Ñ~ÅíçêëW=

• fåÖêÉëë=ê~íÉëK=

• qÉãéÉê~íìêÉ=Öê~ÇáÉåíK=

• pçäìÄáäáíó áå=íÜÉ=~ääçóë=íÜÉ=e=áë=ÇáÑÑìëáåÖ=íÜêçìÖÜ=ÇìêáåÖ=ÜÉ~íáåÖ=~åÇ=ÅççäáåÖ=ÅóÅäÉëK 
• `ççäáåÖ=ê~íÉ=~åÇ=åìãÄÉê=çÑ=ÅççäáåÖ=ÅóÅäÉëK=

qÜÉëÉ=Ñ~Åíçêë=~êÉ=áåíÉê~ÅíáîÉ=~ë=ÇáëÅìëëÉÇ=ÄÉÑçêÉ=~åÇI=ÇÉéÉåÇáåÖ=çå=íÜÉ=ã~íÉêá~äë=~åÇ=íÜÉ=

çéÉê~íáåÖ=ÅçåÇáíáçåëI=ëçãÉ=Ñ~Åíçêë=ã~ó=Ççãáå~íÉ=çîÉê=íÜÉ=çíÜÉêëK==

qÜÉ=Åä~ÇÇáåÖ=áë=çÄîáçìëäó=íÜÉ=ëìÄàÉÅí=çÑ=ãçëí=çÑ=íÜÉ=êÉÇáëíêáÄìíáçå=ÉîÉåíëI=ÇìÉ=íç=íÜÉ=î~êáÉíó=çÑ=

íÉãéÉê~íìêÉ=Öê~ÇáÉåíë=éêÉëÉåíK=kçåJÜÉ~í=ÖÉåÉê~íáåÖ=ëíêìÅíìê~ä=ÅçãéçåÉåíë=EáÑ=γ=ÜÉ~íáåÖ=áë=
åÉÖäÉÅíÉÇF=ïáää=Ü~îÉ=ìåáÑçêã=ÇáëíêáÄìíáçå=çÑ=ÜóÇêáÇÉëI=ìåäÉëë=ëçãÉ=ëéÉÅá~ä=ÅáêÅìãëí~åÅÉë=Éñáëí=

~ãçåÖ=íÜÉ=Ñ~Åíçêë=ãÉåíáçåÉÇI=ëìÅÜ=~ë=ïÉäÇÉÇ=ëÉÅíáçåëK=qÜÉ=êÉÇáëíêáÄìíáçå=ÉîÉåíë=Ñçê=ìåÑ~áäÉÇ=

Åä~ÇÇáåÖ=~êÉ=ÇáëÅìëëÉÇ=Ñáêëí=Ñçê=monotube cladding=íÜ~í=áë=Åä~ÇÇáåÖ=ã~ÇÉ=çÑ=çåÉ=ã~íÉêá~äI=~åÇ=

ëÉÅçåÇ=Ñçê=duplex cladding íÜ~í=Ü~ë=~=íÜáå=Åçêêçëáçå=êÉëáëí~åí=çìíÉê=ä~óÉêI=Ñçê=PWRëI=~åÇ=~=íÜáå=
mÉääÉí=`ä~ÇÇáåÖ=fåíÉê~Åíáçå=EPCIF=êÉëáëí~åí=áååÉê=ä~óÉêI=Ñçê=BWRëK==

qÜÉ=éêÉëÉåÅÉ=çÑ=eI=áå=íÜÉ=Ñçêã=çÑ=ï~íÉê=ãçäÉÅìäÉëI=áå=íÜÉ=çñáÇÉ=ä~óÉê=ëÜçìäÇ=ÄÉ=åçíÉÇK=tÜáäÉ=

íÜáë=áë=ìåäáâÉäó=íç=~ÑÑÉÅí=íÜÉ=e=ÅçåíÉåíI=ÇáëíêáÄìíáçåI=çê=êÉÇáëíêáÄìíáçå=áå=íÜÉ=Åä~ÇÇáåÖI=áí=Å~å=~ÑÑÉÅí=

íÜÉ=ÉñéÉêáãÉåí~ä=êÉëìäíë=íç=ÇÉíÉêãáåÉ=íÜÉ=íçí~ä=e=ÅçåíÉåí=áå=íÜÉ=Åä~ÇÇáåÖ=áÑ=íÜÉ=çñáÇÉ=ä~óÉê=áë=åçí=

êÉãçîÉÇ=éêáçê=íç=~å~äóëÉëK=^åó=Éî~äì~íáçå=çÑ=ÉñéÉêáãÉåí~ä=Ç~í~=ëÜçìäÇ=êÉîáÉï=íÜáë=~ëéÉÅí=çÑ=íÜÉ=

Éñ~ãáå~íáçå=éêçÅÉÇìêÉëK=qÜÉ=~ãçìåí=çÑ=e=áå=íÜÉ=çñáÇÉ=ä~óÉê=Å~å=ÄÉ=ÅçåëáÇÉê~ÄäÉ=~ë=áÇÉåíáÑáÉÇ=Äó=

_Éííáë=i~ÄëKI=Eh~ããÉåòáåÇ=Éí=~äKI=NVVSF=~åÇ=m~ìä=pÅÜêÉêêÉê=fåëíáíìíÉ=EPSIF=Edçää=C=eçÑÑã~ååI=

OMMOFK=qÜÉ=_Éííáë=Ç~í~=ëÜçïÉÇ=äáííäÉ=ÇáÑÑÉêÉåÅÉ=áå=e=ÅçåíÉåí=ÄÉíïÉÉå=ìåáêê~Çá~íÉÇ=ë~ãéäÉë=ïáíÜ=

~åÇ=ïáíÜçìí=íÜÉ=çñáÇÉ=ä~óÉêX=ÜçïÉîÉêI=ë~ãéäÉë=áêê~Çá~íÉÇ=íç=NM
OO

=åLÅã
O=

Eb[N=jÉsF
=

ïáíÜ=çñáÇÉ=Ñáäãë=

ìé=íç=NMM=μã=Ü~Ç=QMMJOPMM=ééã=e=áå=íÜÉ=çñáÇÉK=

4.2 Mechanistic aspects 

fÑ=íÜÉ=ê~íÉ=çÑ=e
O
=~Äëçêéíáçå=áë=ÄÉäçï=~=ÅêáíáÅ~ä=áåÖêÉëë=ê~íÉI=íÜÉ=ÉÑÑÉÅíë=çÑ=äçÅ~ä=î~êá~íáçåë=áå=

ëçäìÄáäáíó=~êÉ=ëìÑÑáÅáÉåí=íç=éêÉîÉåí=éêÉÅáéáí~íáçå=çÑ=~=ëçäáÇ=ÜóÇêáÇÉ=êáã=~í=íÜÉ=ëìêÑ~ÅÉ=çÑ=áåÖêÉëëK=

cáÖìêÉ=QJN=ëÜçïë=íÜáë=ÅêáíáÅ~ä=áåÖêÉëë=ê~íÉ=îÉêëìë=íÉãéÉê~íìêÉ=Ä~ëÉÇ=çå=ÇáÑÑÉêÉåí=Åçêêçëáçå=íÉëíë=áå=

iále=ëçäìíáçåëK=pçäáÇ=ÜóÇêáÇÉ=ä~óÉêë=~êÉ=ÑçêãÉÇ=áå=íÉëíë=ìåÇÉê=ENF=Ö~ëÉçìë=ÜóÇêáÇáåÖI=EOF=Å~íÜçÇáÅ=

ÜóÇêçÖÉå=ìéí~âÉ=~åÇ=EPF=Ñ~ëí=Åçêêçëáçå=áå=iáleJï~íÉê=ãáñíìêÉë=ÉëéÉÅá~ääó=~í=äçï=íÉãéÉê~íìêÉë=

ïÜÉå=ÜóÇêçÖÉå=ÇáÑÑìëáçå=áë=äçïK=få=êÉ~Åíçê=ëìÅÜ=~=ëìêÑ~ÅÉ=ÜóÇêáÇÉ=êáã=ÇìÉ=íç=~=ÜáÖÜ=áåÖêÉëë=ê~íÉ=

çåäó=Ñçêãë=ìåÇÉê=~Äåçêã~ä=ÅçåÇáíáçåëI=~ë=áå=íÜÉ=Å~ëÉ=çÑ=ÑìÉä=Ñ~áäìêÉë=çê=ëìêÑ~ÅÉ=Åçåí~ãáå~íáçåë=

ïáíÜ=ãÉí~ääáÅ=káI=ÉKÖK=`çñ=C=iáåÖI=NVTVK=

qÜÉ=ÜÉ~í=Ñäìñ=íÜêçìÖÜ=íÜÉ=Åä~ÇÇáåÖ=ÅêÉ~íÉë=~=ê~Çá~ä=Δq=~Åêçëë=íÜÉ=Åä~ÇÇáåÖ=ï~ää=ïáíÜ=íÜÉ=äçïÉê=
íÉãéÉê~íìêÉ=~í=íÜÉ=lìíÉê=aá~ãÉíÉê=EODF=áå=Åçåí~Åí=ïáíÜ=íÜÉ=Åççä~åíK=qÜÉ=áåÅêÉ~ëáåÖ=ÜÉ~í=çÑ=

ëçäìíáçå=ïáíÜ=ÇÉÅêÉ~ëáåÖ=íÉãéÉê~íìêÉ=EëÉÉ=pÉÅíáçå=OKOKOF=Å~ìëÉë=íÜÉ=e=ÅçåÅÉåíê~íáçå=áå=ëçäìíáçå=íç=

ÄÉ=ëäáÖÜíäó=ÜáÖÜÉê=~í=íÜÉ=ÅçäÇÉê=ëìêÑ~ÅÉK=qÜÉ=êÉä~íáçåëÜáé=çÑ=íÜÉ=TSS=íç=íÜÉ=e=ÇáëíêáÄìíáçå=áë=ëÜçïå=

çå=cáÖìêÉ=QJOK=qÜÉ=TSS=ïáää=ÄÉ=êÉ~ÅÜÉÇ=Ñáêëí=~í=íÜÉ=ÅçäÇÉê=ëìêÑ~ÅÉ=~åÇ=íÜìë=~ää=íÜÉ=e=~ÄëçêÄÉÇ=

~ÄçîÉ=íÜÉ=TSS=ïáää=éêÉÅáéáí~íÉ=~í=íÜáë=ëìêÑ~ÅÉK=råÇÉê=åçêã~ä=ÅçåÇáíáçåë=íÜáë=ïáää=ÄÉ=~=íïç=éÜ~ëÉI=
αHδI=ëíêìÅíìêÉK=
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Figure 4-1: Critical hydrogen ingress rate for surface hydride layer formation, Cox & Ling, 1979. 

 

Figure 4-2: The effect of the temperature dependent TSS on hydrogen distribution in cladding wall, Asher & Trowse, 1970. 
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cáÖìêÉ=QJP=ëÜçïë=íÜÉ=áåÅêÉ~ëáåÖ=e=ÅçåíÉåí=íçï~êÇ=íÜÉ=ODK=qÜáë=ëíêìÅíìêÉ=ïáää=ÄÉ=ëáãáä~ê=~äçåÖ=íÜÉ=

äçåÖáíìÇáå~ä=~ñáë=çÑ=íÜÉ=Åä~ÇÇáåÖ=ïáíÜ=î~êá~íáçåë=áå=íçí~ä=e=ÇìÉ=íç=íÜÉ=áåÅêÉ~ëáåÖ=íÉãéÉê~íìêÉë=

íçï~êÇ=íÜÉ=íçé=çÑ=PWR=ÑìÉä=êçÇëK=^í=ÅççäÉê=ëéçíë=çå=íÜÉ=Åä~Ç=ÖÉåÉê~íÉÇ=Äó=éÉääÉíJéÉääÉí=Ö~éë=çê=
ëé~ääÉÇ=Åä~ÇÇáåÖI=ÇáëÅìëëÉÇ=åÉñíI=íÜÉ=êÉÖáçå=ÅçìäÇ=Åçåëáëí=çÑ=ëçäáÇ=ÜóÇêáÇÉëK=

 

Figure 4-3: Through-thickness distribution in stress-relieved Zircaloy-4 cladding irradiated for 5 annual cycles in a PWR, , 
Guedeney et al., 1991. 

`áêÅìãÑÉêÉåíá~ä=ÜóÇêáÇÉ=ÅçåÅÉåíê~íáçå=Öê~ÇáÉåíë=Ü~îÉ=ÄÉÉå=çÄëÉêîÉÇ=çå=ÑìÉä=êçÇëK=qÜÉëÉ=~êÉ=

~ííêáÄìíÉÇ=ÉáíÜÉê=íçW=

• `áêÅìãÑÉêÉåíá~ä=ÇáÑÑÉêÉåÅÉë=áå=Åçêêçëáçå=~åÇ=ÜóÇêçÖÉå=éáÅâìé=ê~íÉ=çê==

• ÅáêÅìãÑÉêÉåíá~ä=e=ÇáÑÑìëáçå=Ççïå=íÜÉêã~ä=Öê~ÇáÉåíë=Éëí~ÄäáëÜÉÇ=Äó=î~êá~íáçåë=áå=çñáÇÉ=

íÜáÅâåÉëë=~åÇ=íÜÉáê=íÜÉêã~ä=êÉëáëí~åÅÉ=íÜ~í=Å~ìëÉ=î~êá~íáçåë=áå=íÜÉ=çñáÇÉ=ãÉí~ä=áåíÉêÑ~ÅÉ=

íÉãéÉê~íìêÉ=~êçìåÇ=íÜÉ=êçÇ=ÅáêÅìãÑÉêÉåÅÉK==
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5 Hydride orientation 

5.1 Introduction 

qÜÉ=çêáÉåí~íáçå=çÑ=íÜÉ=ÜóÇêáÇÉ=éä~íÉäÉíë=íÜ~í=Ñçêã=ÇìêáåÖ=åçêã~ä=êÉ~Åíçê=çéÉê~íáçåI=~ë=ÇÉëÅêáÄÉÇ=áå=

pÉÅíáçå=QI=Ü~îÉ=ìëì~ääó=~å=~ñá~äJÅáêÅìãÑÉêÉåíá~ä=çêáÉåí~íáçåI=cáÖìêÉ=RJVI=áå=íìÄÉë=E~åÇ=~ñá~äJ

í~åÖÉåíá~ä=çêáÉåí~íáçå=áå=ëíêáéëF=~åÇ=íÜáë=ÜóÇêáÇÉ=çêáÉåí~íáçå=êÉã~áå=ÇìêáåÖ=ïÉí=ëíçê~ÖÉ=çÑ=íÜÉ=

ëéÉåí=ÑìÉäK=

eçïÉîÉêI=íÜÉ=ÜóÇêáÇÉë=Å~å=ÄÉÅçãÉ=çêáÉåíÉÇ=áå=íÜÉ=~ñá~ä=J=ê~Çá~ä=ÇáêÉÅíáçå=áÑ=íÜÉó=éêÉÅáéáí~íÉ=

ÇìêáåÖ=çéÉê~íáçå=ìåÇÉê=ÜáÖÜ=íÉåëáäÉ=ëíêÉëëÉëI=ÉKÖK=Ñêçã=ÑìÉä=ëïÉääáåÖI=çê=éêÉÅáéáí~íÉ=Ñêçã=ëçäáÇ=

ëçäìíáçå=ÇìêáåÖ=ÅççäáåÖ=ìåÇÉê=~=íÉåëáäÉ=Üççé=ëíêÉëëK==

oÉçêáÉåí~íáçå=ÅçìäÇ=çÅÅìê=ÇìêáåÖ=êÉ~Åíçê=çéÉê~íáçå=ÇìêáåÖ=ÅççäJÇçïå=çê=éçïÉê=ÅóÅäáåÖI=

~äíÜçìÖÜ=áí=áë=ÖÉåÉê~ääó=ìåäáâÉäóK=_ìíI=áí=Å~å=~äëç=çÅÅìê=ÇìêáåÖ=ÅççäáåÖ=ìåÇÉê=Çêó=ëíçê~ÖÉ=ÅçåÇáíáçåë=

éêçîáÇÉÇ=íÜ~íW=

• qÜÉ=ÜóÇêçÖÉå=ÅçåíÉåí=áë=ä~êÖÉ=ÉåçìÖÜ=~åÇI=

• íÜÉ=íÉåëáäÉ=Üççé=ëíêÉëëÉë=~êÉ=ä~êÖÉ=ÉåçìÖÜ==

eçïÉîÉêI=çåäó=íÜÉ=ÜóÇêçÖÉå=áå=ëçäìíáçå=ã~ó=êÉçêáÉåí=ÇìêáåÖ=ÅççäáåÖ=ïÜáäÉ=íÜÉ=ÜóÇêáÇÉë=ÉñáëíáåÖ=

ÄÉÑçêÉ=ÅççäáåÖ=ïáää=êÉã~áå=áå=íÜÉáê=çêáÖáå~ä=ÅáêÅìãÑÉêÉåíá~ä=çêáÉåí~íáçåK==

få=ëìãã~êó=íÜÉ=Ñ~Åíçêë=íÜ~í=~ÑÑÉÅí=ÜóÇêáÇÉ=êÉJçêáÉåí~íáçå=áå=áêê~Çá~íÉÇ=Åä~ÇÇáåÖ=~êÉW=

• eççé=íÉåëáäÉ=ëíêÉëë=äÉîÉäK=

• j~ñáãìã=íÉãéÉê~íìêÉK=

• `ççäJÇçïå=ê~íÉ=~åÇ=Ñáå~ä=ÅççäJÇçïå=íÉãéÉê~íìêÉK=

• pçäìÄáäáíó=çÑ=e=áå=íÜÉ=ëéÉÅáÑáÅ=~ääçó=~í=áíë=ëéÉÅáÑáÅ=Äìêåìé=íÜ~í=ïáää=ÇÉíÉêãáåÉ=íÜÉ=~ãçìåí=çÑ=e=

áå=ëçäìíáçå=~í=íÜÉ=ã~ñK=íÉãéÉê~íìêÉ=~åÇ=íÜÉ=~ãçìåí=çÑ=ÅáêÅìãÑÉêÉåíá~ä=ÜóÇêáÇÉëK=

• jáÅêçëíêìÅíìêÉ=ÑÉ~íìêÉë=ëìÅÜ=~ë=Öê~áå=ëáòÉ=~åÇ=ëÜ~éÉI=~ãçìåí=çÑ=ÅçäÇ=ïçêâI=ÇáëäçÅ~íáçå=

ëíêìÅíìêÉë=~åÇ=éÉêÜ~éë=çíÜÉêëK=

• qÉñíìêÉ=

• qáãÉ=

qÜÉ=ê~Çá~ä=ÜóÇêáÇÉë=îáëáÄäÉ=áå=ãÉí~ääçÖê~éÜáÅ=Åêçëë=ëÉÅíáçåë=Å~å=ÄÉ=éêÉëÉåí=áå=~=ïáÇÉ=î~êáÉíó=çÑ=

ëáòÉë=~åÇ=ÇáëíêáÄìíáçåë=~ë=ïÉää=~ë=Ñê~Åíáçåë=çÑ=íÜÉ=íçí~ä=ÜóÇêáÇÉë=éêÉëÉåíK=

Radial hydrides in zirconium alloy cladding are undesirable because they reduce the cladding 
ductility during handling or transportationK=cçê=íÜáë=êÉ~ëçå=ÅçåëáÇÉê~ÄäÉ=~ííÉåíáçå=~åÇ=ÉÑÑçêí=áë=
ëéÉåí=íç=ÇÉÑáåÉ=íÜÉ=ÅçåÇáíáçåë=Ñçê=ê~Çá~ä=ÜóÇêáÇÉ=êÉçêáÉåí~íáçå=~åÇ=Éî~äì~íÉ=áíë=ÉÑÑÉÅí=çå=

ãÉÅÜ~åáÅ~ä=éêçéÉêíáÉë=EëÉÉ=pÉÅíáçå=UF=~åÇ=íÜÉ=éÉêÑçêã~åÅÉ=çÑ=íÜÉ=ÑìÉäI=é~êíáÅìä~êäó=ÇìêáåÖ=

ÜóéçíÜÉíáÅ~ä=~ÅÅáÇÉåíëK=låÉ=çÑ=íÜÉ=çÄàÉÅíáîÉë=çÑ=íÜÉ=Çêó=ëíçê~ÖÉ=êÉÖìä~íáçåë=áå=íÜÉ=rp=áë=íç=ÇÉÑáåÉ=

íÜÉ=ÅçåÇáíáçåë=íç=äáãáí=íÜÉ=ÜóÇêáÇÉ=êÉçêáÉåí~íáçå=íÉåÇÉåÅó=ÇìêáåÖ=Çêó=ëíçê~ÖÉK=

qÜÉ=ìåÇÉëáê~ÄäÉ=ÉÑÑÉÅí=çÑ=ê~Çá~ä=ÜóÇêáÇÉë=ï~ë=êÉÅçÖåáòÉÇ=~äêÉ~Çó=~í=íÜÉ=ÄÉÖáååáåÖë=çÑ=íÜÉ=

åìÅäÉ~ê=wê=áåÇìëíêó=áå=íÜÉ=É~êäó=SMëK=bñíÉåëáîÉ=ïçêâ=ï~ë=ÇçåÉI=ãìÅÜ=çÑ=áí=áå=`~å~Ç~=~í=^íçãáÅ=

båÉêÖó=çÑ=`~å~Ç~=iáãáíÉÇ=EAECLFI=íç=ëíìÇó=íÜÉ=Ñ~Åíçêë=íÜ~í=Ñçêã=ê~Çá~ä=ÜóÇêáÇÉë=~åÇ=Éëí~ÄäáëÜ=

Ñ~ÄêáÅ~íáçå=éêçÅÉÇìêÉë=íÜ~í=ïçìäÇ=éêçîáÇÉ=éä~íÉë=~åÇ=íìÄáåÖ=ïáíÜ=íÉñíìêÉë=íÜ~í=~îçáÇ=íÜÉ=

Ñçêã~íáçå=çÑ=ê~Çá~ä=ÜóÇêáÇÉë=áå=íÜÉ=~ëJÑ~ÄêáÅ~íÉÇ=ëí~íÉK=qÜÉ=ÅìêêÉåí=PMø=íÉñíìêÉ=Ñçê=íìÄáåÖ=ìëÉÇ=Äó=

ãçëí=îÉåÇçêë=áë=~=êÉëìäí=çÑ=íÜ~í=ÉÑÑçêíK=^=ÖççÇ=êÉîáÉï=çÑ=íÜ~í=ïçêâ=áë=ÖáîÉå=áå=açìÖä~ëëI=NVTN=~åÇ=

bääëI=NVSUK=
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pçãÉ=çÑ=íÜÉ=ãçëí=êÉÅÉåí=ïçêâ=áå=íêóáåÖ=íç=áÇÉåíáÑó=íÜÉ=é~ê~ãÉíÉêë=íÜ~í=Åçåíêçä=ê~Çá~ä=ÜóÇêáÇÉ=

Ñçêã~íáçå=~åÇ=íÜÉáê=ÉÑÑÉÅíë=çå=ãÉÅÜ~åáÅ~ä=éêçéÉêíáÉë=áë=ÇÉëÅêáÄÉÇ=áå=íÜáë=pÉÅíáçå=~åÇ=pÉÅíáçå=UK=

qÜÉ=Éî~äì~íáçå=~åÇ=~ééäáÅ~íáçå=çÑ=íÜÉëÉ=Ç~í~=ãìëí=ÅçåëáÇÉê=ïÜÉíÜÉê=íÜÉ=íÉëí=ÅçåÇáíáçåë=~ÇÉèì~íÉäó=

êÉéêÉëÉåí=íÜÉ=ÉîÉåí=íÜÉó=~êÉ=ëìééçëÉÇ=íç=ëáãìä~íÉK=cçê=Éñ~ãéäÉI=íÜÉ=íáãÉJíÉãéÉê~íìêÉ=Üáëíçêó=Ñçê=

êÉçêáÉåí~íáçå=ïáää=ÄÉ=ÇáÑÑÉêÉåí=Ñçê=ëáãìä~íáåÖ=~=êÉ~Åíçê=ëÜìíÇçïåI=î~Åììã=ÇêóáåÖ=éêáçê=íç=Çêó=

ëíçê~ÖÉI=çê=íÜÉ=ëìÄëÉèìÉåí=Çêó=ëíçê~ÖÉ=ÅçåÇáíáçåëK=qÜÉ=äÉîÉäë=çÑ=e=~åÇ=ãáÅêçëíêìÅíìêÉ=ÑÉ~íìêÉë=ïáää=

î~êó=Ñêçã=çåÉ=ã~íÉêá~ä=íç=íÜÉ=çíÜÉêK=qÜÉ=ÉÑÑÉÅíë=çÑ=ê~Çá~íáçå=ÅçìäÇ=ÄÉ=é~êíá~ääó=çê=ÅçãéäÉíÉäó=

~ååÉ~äÉÇ=çìí=Äó=ëìÑÑáÅáÉåíäó=ÜáÖÜ=íÉãéÉê~íìêÉ=ÜáëíçêáÉëK==

qÜÉ=ãÉÅÜ~åáÅ~ä=íÉëí=ãÉíÜçÇ=áíëÉäÑ=ëÜçìäÇ=êÉéêÉëÉåí=íÜÉ=ëíêÉëë=ÇáëíêáÄìíáçå=ÉñéÉÅíÉÇ=áå=íÜÉ=

ÅçãéçåÉåíX=Ñçê=íÜÉ=Åä~ÇÇáåÖI=íÜÉ=íÉëíë=íÜ~í=éêçÇìÅÉ=Äá~ñá~ä=ëíêÉëëÉë=ÄÉëí=êÉéêÉëÉåí=íÜÉ=áåíÉêå~ä=

éêÉëëìêÉ=ÖÉåÉê~íÉÇ=Üççé=ëíêÉëëÉëK=eóÇêáÇÉ=çêáÉåí~íáçå=ÇçÉë=åçí=Ü~îÉ=ãìÅÜ=ÉÑÑÉÅí=çå=íÉåëáäÉ=

ëíêÉåÖíÜ=çê=ÇìÅíáäáíó=çÑ=íìÄÉë=ïáíÜ=ê~Çá~ä=ÜóÇêáÇÉë=~í=ÉáíÜÉê=OM⁄=çê=PMM⁄`=áÑ=íÜÉ=ëíêÉëë=áë=~ééäáÉÇ=áå=

íÜÉ=~ñá~ä=ÇáêÉÅíáçå=çÑ=íÜÉ=íìÄÉK=^=ëáÖåáÑáÅ~åí=êÉÇìÅíáçå=áå=ÇìÅíáäáíó=çÅÅìêë=~í=OM⁄`I=ÜçïÉîÉêI=áÑ=íÜÉ=

ëíêÉëë=áë=~ééäáÉÇ=íç=íÜÉ=ë~ãÉ=ã~íÉêá~ä=áå=íÜÉ=ÅáêÅìãÑÉêÉåíá~ä=ÇáêÉÅíáçå=ïáíÜ=íÜÉ=ëíêÉëë=éÉêéÉåÇáÅìä~ê=

íç=íÜÉ=éä~åÉ=çÑ=íÜÉ=ÜóÇêáÇÉ=éä~íÉäÉíëK=

qÜÉ=ã~àçêáíó=çÑ=íÜÉ=íÉëíë=Ü~îÉ=ÄÉÉå=ã~ÇÉ=çå=éêÉJÜóÇêáÇÉÇI=ìåáêê~Çá~íÉÇ=ã~íÉêá~äë=Ñçê=êÉ~ëçåë=

çÑ=Åçëí=~åÇ=ÅçåîÉåáÉåÅÉ=~åÇ=íÜÉëÉ=~êÉ=~ÇÉèì~íÉ=Ñçê=ëçãÉ=~ééäáÅ~íáçåëK=qÜÉ=ÇáÑÑáÅìäíó=çÑ=ÜóÇêáÇáåÖ=

ìåáêê~Çá~íÉÇ=ã~íÉêá~äë=íç=éêçÇìÅÉ=íÜÉ=ÜóÇêáÇÉ=ëíêìÅíìêÉ=íÜ~í=ëáãìä~íÉë=íÜÉ=áêê~Çá~íÉÇ=ã~íÉêá~ä=

ëÜçìäÇ=åçí=ÄÉ=ìåÇÉêÉëíáã~íÉÇK=qÜÉ=åìãÄÉê=çÑ=íÉëíë=çÑ=áêê~Çá~íÉÇ=ã~íÉêá~äë=áë=áåÅêÉ~ëáåÖ=~ë=

ã~íÉêá~äë=~åÇ=ÑìåÇáåÖ=ÄÉÅ~ãÉ=~î~áä~ÄäÉK=

qÜÉ=ÉÑÑÉÅí=çÑ=ÜóÇêáÇÉë=çå=ãÉÅÜ~åáÅ~ä=éêçéÉêíáÉë=çÑ=wê=~ääçóë=áë=ÇÉëÅêáÄÉÇ=áå=pÉÅíáçå=UK=

qÜÉ=ãÉÅÜ~åáëíáÅ=~ëéÉÅíë=~åÇ=é~ê~ãÉíÉêë=áãéçêí~åí=Ñçê=ÜóÇêáÇÉ=çêáÉåí~íáçå=~åÇ=êÉçêáÉåí~íáçå=

~êÉ=ÇÉëÅêáÄÉÇ=ÑáêëíK=qÜÉ=ÅìêêÉåí=îáÉï=çÑ=íÜÉ=kìÅäÉ~ê=oÉÖìä~íçêó=`çããáëëáçå=ENRCF=çÑ=íÜÉ=ÉÑÑÉÅíë=
çÑ=ê~Çá~ä=ÜóÇêáÇÉë=~åÇ=íÜÉáê=ÉÑÑÉÅí=çå=êÉÖìä~íáçåë=áë=ÇÉëÅêáÄÉÇ=åÉñíK=qÜÉ=ã~àçê=ÅçåÅÉêå=çÑ=íÜÉ=NRC=
áë=íÜÉ=ÉÑÑÉÅí=çÑ=ê~Çá~ä=ÜóÇêáÇÉë=ÇìêáåÖ=Çêó=ëíçê~ÖÉI=ëéÉÅáÑáÅ~ääó=ÇìêáåÖ=Ü~åÇäáåÖ=~åÇ=ÇÉëáÖå=Ä~ëÉ=

íê~åëéçêí~íáçå=~ÅÅáÇÉåíëK=cáå~ääó=íÜÉ=~î~áä~ÄäÉ=áåÑçêã~íáçå=çå=ÜóÇêáÇÉ=çêáÉåí~íáçå=~åÇ=

êÉçêáÉåí~íáçå=~êÉ=ëìãã~êáòÉÇ=áå=ÇÉí~áä=ÑçêW=

• oÉÅêóëí~ääáëÉÇ=ERXF=wáêÅ~äçóJOK=

• `çäÇ=tçêâ=~åÇ=píêÉëë=oÉäáÉîÉÇ=ECWSRF=wáêÅ~äçóJQI=~åÇ==
• íÜÉ=wêJ~ääçóëI=ïáíÜ=áãéêçîÉÇ=Åçêêçëáçå=êÉëáëí~åÅÉI=ìëÉÇ=Ñçê=ãçÇÉêå=PWR=ÑìÉä=ÉäÉãÉåíë=~åÇ=

íÜÉ=wêOKRkÄ=~ääçó=~ééäáÉÇ=Ñçê=íÜÉ=CANDU=éêÉëëìêÉ=íìÄÉëK=

5.2 Mechanistic aspects and parameters important for 
hydride orientation and reorientation 

qÜÉ=ÜóÇêáÇÉ=çêáÉåí~íáçå=áë=ìëì~ääó=ÇÉëÅêáÄÉÇ=îá~=íÜÉ=ÜóÇêáÇÉ=çêáÉåí~íáçå=Ñ~ÅíçêI=íÜÉ=åìãÄÉê=çÑ=

ÜóÇêáÇÉë=áå=~å=~åÖìä~ê=ê~åÖÉ=ÄÉíïÉÉå=VMø=~åÇ=~=êÉÑÉêÉåÅÉ=~åÖäÉ=EÉKÖK=QRBF=ÇáîáÇÉÇ=Äó=íÜÉ=íçí~ä=

åìãÄÉê=çÑ=ÜóÇêáÇÉëK==

 

Figure 5-1: Typical hydride orientation observed in metallographic cross sections of Zr-alloy claddings, Källström, 1975. 
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eóÇêáÇÉë=Ü~îÉ=~=ä~êÖÉê=îçäìãÉ=íÜ~å=wê=ãÉí~äI=ÉKÖK=íÜÉ=δJÜóÇêáÇÉ=Äó=~Äçìí=NSBK=qÜìë=~=ä~êÖÉ=

ëíê~áå=ÉåÉêÖó=áë=ÅçååÉÅíÉÇ=ïáíÜ=íÜÉ=åìÅäÉ~íáçå=çÑ=ÜóÇêáÇÉëK=mêÉÅáéáí~íÉ=åìÅäÉ~íáçå=áå=ëçäáÇë=ìåÇÉê=

ëìÅÜ=ÅçåÇáíáçåë=áë=~äï~óë=ÜÉíÉêçÖÉåÉçìëK=kçåJÉèìáäáÄêáìã=ÇÉÑÉÅíë=ëìÅÜ=~ë=ÉñÅÉëë=î~Å~åÅáÉëI=

ÇáëäçÅ~íáçåëI=Öê~áå=ÄçìåÇ~êáÉë=~åÇ=ÑêÉÉ=ëìêÑ~ÅÉë=áåÅêÉ~ëÉ=íÜÉ=ÑêÉÉ=ÉåÉêÖó=çÑ=íÜÉ=ã~íÉêá~ä=~åÇ=~êÉ=íÜÉ=

éêÉÑÉê~ÄäÉ=ëáíÉë=Ñçê=ÜóÇêáÇÉ=åìÅäÉ~íáçåK=qÜÉ=Éñ~Åí=ÜóÇêáÇÉ=éêÉÅáéáí~íáçå=éêçÅÉëë=áë=ëíáää=ÄÉáåÖ=

Éñ~ãáåÉÇK=^ÅÅçêÇáåÖ=íç=êÉÅÉåí=Éñ~ãáå~íáçåëI=wÜ~ç=Éí=~äKI=OMMTI=áí=éêçÄ~Ääó=Åçåëáëíë=áåáíá~ääó=áÑ=

åìÅäÉ~íáçå=~åÇ=ÖêçïíÜ=çÑ=~=ãÉí~ëí~ÄäÉ=ÜÉñ~Öçå~ä=ζJÜóÇêáÇÉ=Ewê
O
eI=ζJÜóÇêáÇÉ=åÉÉÇäÉë=ïáíÜ=~=äÉåÖíÜ=çÑ=

YRMM=åãF=ïÜáÅÜ=íê~åëÑçêãë=íç=íÜÉ=ëí~ÄäÉ=ÑÅÅ=δJÜóÇêáÇÉ=Ewêe
NKS
FI=çê=ìåÇÉê=Ñ~ëí=ÅççäáåÖ=ê~íÉë=íç=~=

ãÉí~ëí~ÄäÉ=ÑÅí=γJÜóÇêáÇÉ=EwêeFK=få=ÑìÉä=ÅçãéçåÉåíë=íÜÉ=δJÜóÇêáÇÉ=áë=íÜÉ=éêÉÑÉêÉåíá~ä=wêJÜóÇêáÇÉK==
^ééäóáåÖ=TEM=Éñ~ãáå~íáçåëI=çÑíÉå=íÜêÉÉ=ÇáÑÑÉêÉåí=ÜóÇêáÇÉ=ãçêéÜçäçÖáÉë=~êÉ=ÇáëíáåÖìáëÜÉÇW==

1) Intra-granular hydride needles (0.1-1 μm in length), see Figure 5-2. 
2) Inter-granular hydride platelets (1-5 μm in length, parallel or perpendicular to the grain boundaries), 

see Figure 5-3. 
3) Trans-granular hydrides running across several α-Zr grains, see Figure 5-4. 

 

Figure 5-2: (a) Needle-like intra-granular hydrides formed after water quenching. (b) Focusing on a typical small hydride 
having a sharp interface, Zhao et al., 2007. 

 

Figure 5-3: Inter-granular hydrides in a furnace cooled samples. (a) A hydride precipitated almost perpendicular to a grain 
boundary; (b) A hydride precipitated along the grain boundary, Zhao et al., 2007. 
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6 Effect of a cladding Outer Diameter (OD) 
hydride rim on corrosion 

6.1 Introduction  

qÜáë=íçéáÅ=ÄÉÅ~ãÉ=çÑ=áåíÉêÉëí=áå=íÜÉ=ä~ëí=íïç=ÇÉÅ~ÇÉë=ïÜÉå=PWR=ÑìÉä=ï~ë=ÉñéçëÉÇ=ìåÇÉê=ÜáÖÜ=
éçïÉê=íç=ÜáÖÜ=Äìêåìé=~åÇ=ÇÉîÉäçéÉÇ=ÜóÇêáÇÉ=êáãë=çå=íÜÉáê=OD=ÉñéçëÉÇ=íç=íÜÉ=Åççä~åíK=

6.2 Ex-reactor data 

qÜÉ=ï~íÉê=Åçêêçëáçå=çÑ=wê=ÜóÇêáÇÉë=ï~ë=êÉÅçÖåáòÉÇ=íç=ÄÉ=ÜáÖÜÉê=íÜ~å=íÜ~í=çÑ=wáêÅ~äçóëI=Äó=ÉñJ

êÉ~Åíçê=íÉëíë=çå=ëçäáÇ=ÜóÇêáÇÉë=ëçãÉ=íáãÉ=~ÖçI=`çñ=C=gçÜåëíçåI=NVSOK==

^=éçëëáÄäÉ=~ÅÅÉäÉê~íáçå=çÑ=Åçêêçëáçå=ïÜÉå=ÜóÇêáÇÉë=éêÉÅáéáí~íÉ=~í=íÜÉ=ãÉí~ä=çñáÇÉ=áåíÉêÑ~ÅÉ=ï~ë=

ÇáëÅìëëÉÇ=ÅçåíêçîÉêëá~ääó=áå=íÜÉ=É~êäó=ëáñíáÉëI=ÉKÖK=`çñ=C=gçÜåëíçåI=NVSOK=få=NVVMI=d~êÇÉI=NVVNI=

éêçéçëÉÇ=íÜ~í=íÜÉ=çÄëÉêîÉÇ=~ÅÅÉäÉê~íáçå=çÑ=áåJPWR=ÑìÉä=Åä~ÇÇáåÖ=Åçêêçëáçå=~í=ÜáÖÜ=Äìêåìéë=
E[RM=jtÇLâÖrF=ãáÖÜí=ÄÉ=ÇìÉ=íç=~=ÜáÖÜ=ÜóÇêáÇÉ=ÇÉåëáíó=~í=íÜÉ=ãÉí~ä=çñáÇÉ=áåíÉêÑ~ÅÉK=eÉ=ÉîÉå=

ëéÉÅìä~íÉÇ=íÜ~í=íÜÉ=ê~íÉ=íê~åëáíáçå=ìëì~ääó=çÄëÉêîÉÇ=áå=çìí=çÑ=éáäÉ=íÉëíë=ãáÖÜí=ÄÉ=~ëëçÅá~íÉÇ=ïáíÜ=íÜÉ=

çåëÉí=çÑ=ÜóÇêáÇÉ=éêÉÅáéáí~íáçåK=eóÇêáÇÉë=éêÉÅáéáí~íÉ=~í=~=ÜóÇêçÖÉå=ÅçåÅÉåíê~íáçå=áå=ÉñÅÉëë=çÑ=UMJ

NUM=ïíééãI=ÇÉéÉåÇáåÖ=çå=Åçêêçëáçå=íÉãéÉê~íìêÉK=

háÇçI=NVVP=êÉéçêíÉÇ=çå=ëíÉ~ã=Åçêêçëáçå=íÉëíë=~í=QMMø`=ïáíÜ=wáêÅ~äçóJQ=ë~ãéäÉëI=éêÉÅÜ~êÖÉÇ=áå=

ÜóÇêçÖÉåL~êÖçå=Ö~ë=ãáñíìêÉë=íç=~å=~îÉê~ÖÉ=ÅçåíÉåí=çÑ=NMM=íç=PPMM=ééã=ÜóÇêçÖÉåI=ëÜçïÉÇ=~=

ÇÉÑáåáíÉ=~ÅÅÉäÉê~íáçå=çÑ=íÜÉ=Åçêêçëáçå=ê~íÉ=Ñçê=ë~ãéäÉë=ïáíÜ=~å=~îÉê~ÖÉ=ÜóÇêçÖÉå=ÅçåíÉåí=ÉñÅÉÉÇáåÖ=

NMMM=ééãI=cáÖìêÉ=SJNK=kç=áåÑçêã~íáçå=çå=íÜÉ=ÇáëíêáÄìíáçå=çÑ=ÜóÇêçÖÉåLÜóÇêáÇÉë=ï~ë=ÖáîÉåI=Äìí=

áåÅêÉ~ëÉÇ=ÅçåÅÉåíê~íáçåë=~í=íÜÉ=ëìêÑ~ÅÉ=ïÉêÉ=äáâÉäóI=ÉëéÉÅá~ääó=Ñçê=íÜÉ=ë~ãéäÉë=ïáíÜ=~=ÜáÖÜ=~îÉê~ÖÉ=

eJÅçåíÉåíK=qÜÉ=ÅÜ~êÖáåÖ=ãÉíÜçÇ=áå=íÜÉëÉ=íóéÉ=çÑ=ÉñéÉêáãÉåíë=áë=ÅêáíáÅ~ä=íç=ÖÉí=~=ÜóÇêçÖÉåLÜóÇêáÇÉ=

ÇáëíêáÄìíáçå=áå=íÜÉ=ë~ãéäÉ=ëáãáä~ê=íç=íÜ~í=áå=áêê~Çá~íÉÇ=ã~íÉêá~äëK=

 

Figure 6-1: Weight gain at 17, 150, and 350 days at 360°C as a function of initial average hydrogen concentration, 
Kido, 1993. 
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qÜÉ=ÇÉíêáãÉåí~ä=êçäÉ=çÑ=ÜóÇêçÖÉåLÜóÇêáÇÉë=ï~ë=ä~íÉê=ÅçåÑáêãÉÇ=Äó=_ä~í=C=kçÉäI=NVVR=~åÇ=_ä~í=

Éí=~äKI=NVVUK=qÉëíë=çå=ÅçããÉêÅá~ä=ÜáÖÜ=på=ENKRBF=ÅçäÇ=ïçêâÉÇ=~åÇ=ëíêÉëë=êÉäáÉîÉÇ=wáêÅ~äçóJQ=

Åä~ÇÇáåÖ=ïÉêÉ=ã~ÇÉ=íÜ~í=ï~ë=éêÉJÜóÇêáÇÉÇ=Äó=ÄçíÜ=Å~íÜçÇáÅ=~åÇ=Ö~ëÉçìë=ÅÜ~êÖáåÖK=qÜÉáê=

ÉñéÉêáãÉåíë=ëÜçïÉÇ=~=ëíêçåÖ=áåÅêÉ~ëÉ=çåäó=Ñçê=Å~íÜçÇáÅ=ÅÜ~êÖÉÇ=ë~ãéäÉë=EcáÖìêÉ=SJOF=ïáíÜ=~å=

~äãçëí=ã~ëëáîÉ=ÜóÇêáÇÉ=êáã=~í=íÜÉ=ëìêÑ~ÅÉ=~åÇ=çåäó=éçëíJíê~åëáíáçå=E[PV=ãÖLÇã²I=YPM=Ç~óëFK=^=P=

íáãÉë=íÜáÅâÉê=çñáÇÉ=ä~óÉê=ï~ë=ÑçìåÇ=Ñçê=Å~íÜçÇáÅ~ääó=ÅÜ~êÖÉÇ=ë~ãéäÉë=~í=~å=~îÉê~ÖÉ=e=ÅçåíÉåí=çÑ=

QUM=ééãI=ïÜáäÉ=çåäó=~=ãçÇÉê~íÉ=áåÅêÉ~ëÉI=~=RMB=ÜáÖÜÉê=çñáÇÉ=íÜáÅâåÉëëI=ï~ë=ÑçìåÇ=~í=~å=~îÉê~ÖÉ=

e=ÅçåíÉåí=çÑ=UUM=ééãI=Ñçê=Ö~ëÉçìë=ÅÜ~êÖÉÇ=ë~ãéäÉëI=~ÑíÉê=NPO=Ç~óë=áå=PSMø`=ï~íÉêK=qÜÉ=

ÇáÑÑÉêÉåÅÉ=áå=áãé~Åí=çå=Åçêêçëáçå=ê~íÉ=ÄÉíïÉÉå=íÜÉ=ÇáÑÑÉêÉåí=ÅÜ~êÖáåÖ=ãÉíÜçÇë=áë=ÄÉÅ~ìëÉ=Ö~ëÉçìë=

ÅÜ~êÖáåÖ=êÉëìäíë=áå=ÜóÇêáÇÉë=ìåáÑçêãäó=ÇáëíêáÄìíÉÇ=áå=íÜÉ=íÜáÅâåÉëë=çÑ=íÜÉ=ë~ãéäÉ=ïÜáäÉ=Å~íÜçÇáÅ=

ÅÜ~êÖáåÖ=êÉëìäíë=áå=~=ã~ëëáîÉ=ÜóÇêáÇÉ=êáã=~í=íÜÉ=OD=çåäóI=cáÖìêÉ=SJPK=

 

Figure 6-2: Effect of average initial hydrogen content on the corrosion rate in primary light water (2 ppm Li, 1000 ppm B, 
360°C), Blat et al., 1998. Filled symbols represent catodhically charged samples and unfilled symbols gaseously 
charged samples. 

 

Figure 6-3: SEM observation of massive hydride layer just after cathodic charging ([H]: 360 ppm-average concentration), 
Blat et al., 1998. 



qeb =b c c b`q =l c =evaoldbk =lk =w fo`lk frj =^iilv = molmboq f b p = Ó = O MMU =

Copyright © Advanced Nuclear Technology International Europe AB, ANT International, 2008.  

SJPESJVF=

i~íÉêI=áí=ï~ë=éçáåíÉÇ=çìíI=íÜ~í=~=ëáÖåáÑáÅ~åí=áåÅêÉ~ëÉ=áå=éçëíJíê~åëáíáçå=Åçêêçëáçå=ê~íÉ=çåäó=çÅÅìêë=áÑ=

íÜÉ=ÜóÇêçÖÉå=ÅçåÅÉåíê~íáçå=~í=íÜÉ=ëìêÑ~ÅÉ=áë=îÉêó=ä~êÖÉ=EcáÖìêÉ=SJQFI=≥UMMM=ééãI=d~êò~êçääá=Éí=~äKI=

OMMNK=~=ÜóÇêçÖÉå=ÅçåÅÉåíê~íáçå=çÑ=UMMM=ééã=ÅçêêÉä~íÉë=íç=~=RMB=ÇÉåëÉ=ÜóÇêáÇÉ=êáãK=qÜÉ=ë~ãéäÉë=

ìëÉÇ=Ñçê=íÜÉ=äçåÖ=íÉêã=EVMM=Ç~óëF=Åçêêçëáçå=íÉëíë=áå=ï~íÉê=~í=PRMø`=ëÜçïå=áå=cáÖìêÉ=SJQ=Ü~Ç=

ÇáÑÑÉêÉåí=ëìêÑ~ÅÉ=ÜóÇêçÖÉå=ÅçåíÉåíë=~ééäáÉÇ=áå=ëáãìä~íÉÇ=ëí~êíìé=íÉëíë=áå=~ìíçÅä~îÉëI=ÇÉëÅêáÄÉÇ=Äó=

mÉííÉêëëçå=Éí=~äKI=OMMTK=

 

Figure 6-4: Out of pile corrosion of Zircaloy-4 cladding samples with hydride rims in 350°C water, Garzarolli et al., 2001. 

qçÇ~ó=áí=áë=åçí=Ñìääó=ÅäÉ~ê=áÑI=çê=ìåÇÉê=ïÜáÅÜ=ÅáêÅìãëí~åÅÉI=áåÅêÉ~ëÉÇ=Åçêêçëáçå=Å~å=çÅÅìê=~í=

ãçÇÉê~íÉ=ÜóÇêçÖÉå=ÅçåíÉåíë=EäÉëë=íÜ~å=ëÉîÉê~ä=NMMM=ééãF=~í=íÜÉ=ëìêÑ~ÅÉK=qÜÉ=áåÑçêã~íáçå=áë=

Åçåíê~ÇáÅíçêóK=pçãÉ=íÉëíë=áåÇáÅ~íÉ=~å=áåÅêÉ~ëÉÇ=Åçêêçëáçå=ê~íÉ=Ñçê=ÅçåÅÉåíê~íáçåë=ÉñÅÉÉÇáåÖ=UMMJ

NMMM=ééã=eI=~=ÅçåÅÉåíê~íáçå=~í=ïÜáÅÜ=íÜÉ=ã~íÉêá~ä=ëìêÑ~ÅÉ=ïçìäÇ=ÄÉ=íïç=éÜ~ëÉ=ê~íÜÉê=íÜ~å=~=

ëçäáÇ=ÜóÇêáÇÉK=få=~åó=Å~ëÉ=çåÉ=Å~å=ÅçåÅäìÇÉ=íÜ~í=~=ëçäáÇ=ÜóÇêáÇÉ=êáã=éêçãçíÉë=~ÅÅÉäÉê~íÉÇ=

Åçêêçëáçå=ÇìÉ=íç=áíë=äçïÉê=Åçêêçëáçå=êÉëáëí~åÅÉ=~åÇ=éêçÄ~Ääó=Äó=ÄäçÅâáåÖ=e=~Äëçêéíáçå=Äó=íÜÉ=wê=

~ääçóI=ÇÉÖê~ÇáåÖ=íÜÉ=éêçíÉÅíáîÉ=çñáÇÉ=Ä~êêáÉê=ä~óÉê=~åÇ=íÜÉêÉÄó=áåÅêÉ~ëáåÖ=íÜÉ=Åçêêçëáçå=ê~íÉ=

ÑìêíÜÉêK=^=íïç=éÜ~ëÉ=αHδ=ëìêÑ~ÅÉI=ãÉí~ä=ïáíÜ=ëçãÉ=ÜóÇêáÇÉëI=ã~ó=~ÑÑÉÅí=íÜÉ=Åçêêçëáçå=ê~íÉ=

ëçãÉïÜ~íI=Äìí=íÜÉ=Ç~í~=~êÉ=åçí=ÅäÉ~ê=~í=íÜáë=éçáåíK=

6.3 In-reactor data 

^ë=ãÉåíáçåÉÇ=áå=pÉÅíáçå=Q=EcáÖìêÉ=QJNV=~åÇ=cáÖìêÉ=QJOMF=ã~ëëáîÉ=ÜóÇêáÇÉ=êáãë=Å~å=ÄÉ=ÑçêãÉÇ=áå=

íÜÉ=ÑìÉä=Åä~ÇÇáåÖ=~í=éÉääÉí=Åçäìãå=Ö~éëK=^í=ëìÅÜ=äçÅ~íáçåë=áí=áë=ÖÉåÉê~ääó=çÄëÉêîÉÇ=íÜ~í=íÜÉ=

Åçêêçëáçå=ê~íÉ=áë=áåÅêÉ~ëÉÇ=~äíÜçìÖÜ=íÜÉ=äçÅ~ä=íÉãéÉê~íìêÉ=~í=ëìÅÜ=éçëáíáçåë=ëÜçìäÇ=ÄÉ=ëáÖåáÑáÅ~åíäó=

äçïÉê=ÇìÉ=íç=íÜÉ=äçïÉê=ëìêÑ~ÅÉ=ÜÉ~í=ÑäìñK=qÜáë=áå=~ÖêÉÉãÉåí=ïáíÜ=íÜÉ=ÑáåÇáåÖ=çÑ=`çñ=C=gçÜåëíçåI=

NVSO=íÜ~í=íÜÉ=ï~íÉê=Åçêêçëáçå=ê~íÉ=çÑ=ã~ëëáîÉ=wê=ÜóÇêáÇÉë=áë=ä~êÖÉê=íÜ~å=íÜ~í=çÑ=wáêÅ~äçóëK==

`ÜÉåÖ=Éí=~äKI=NVVR=ÅçåÅäìÇÉÇ=Ñêçã=~å=~å~äóíáÅ~ä=ãçÇÉä=íÜ~í=~ääçïë=ëÉé~ê~íáçå=ÇáÑÑÉêÉåí=

é~ê~ãÉíÉê=ÉÑÑÉÅíë=çå=Åçêêçëáçå=ê~íÉ=ëìÅÜ=~ë=áêê~Çá~íáçåI=iáI=~åÇ=ê~Çá~ä=e=êÉÇáëíêáÄìíáçå=Ó=~ééäáÉÇ=íç=

háÇçÛë=Ç~í~=íÜ~í=íÜÉ=ÜóÇêáÇÉ=êáã=êÉëìäíë=áå=~=Åçêêçëáçå=ê~íÉ=~ÅÅÉäÉê~íáçå=Ñçê=~=ëéÉÅáÑáÅ=Q=ÅóÅäÉ=PWR=
ÜáÖÜ=Äìêåìé=ÑìÉä=êçÇI=cáÖìêÉ=SJRK=This author concluded that it is doubtful that the magnitude of 
the effect (a factor of 4) is as large as this prediction. Nevertheless modelling is a valuable tool to 
identify the parameter impact on a specific property and their individual level of importance. 
Modelling also helps to guide fuel examinations as well as research programs. 
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7 Hydride induced dimensional changes  

7.1 Mechanisms 

^ää=ÅçãéçåÉåíë=çÑ=ÑìÉä=~ëëÉãÄäáÉë=Å~å=ÉñéÉêáÉåÅÉ=~=îçäìãÉ=áåÅêÉ~ëÉ=~ë=~=ÅçåëÉèìÉåÅÉ=çÑ=Åçêêçëáçå=

~åÇ=ÜóÇêçÖÉå=éáÅâìéI=~ë=ï~ë=éçáåíÉÇ=çìí=áå=pÉÅíáçå=OK=qÜÉçêÉíáÅ~ääóI=~=ÜóÇêçÖÉå=ÅçåÅÉåíê~íáçå=çÑ=

NMMM=ééã=éêçÇìÅÉë=~Äçìí=NB=îçäìãÉ=áåÅêÉ~ëÉ=áå=wáêÅ~äçóI=Ä~ëÉÇ=çå=íÜÉ=úNSB=ÇáÑÑÉêÉåÅÉ=áå=

ÇÉåëáíáÉë=ÄÉíïÉÉå=wáêÅ~äçó=~åÇ=òáêÅçåáìã=ÜóÇêáÇÉK=fÑ=íÜáë=îçäìãÉ=áåÅêÉ~ëÉ=áë=~ëëìãÉÇ=íç=ÄÉ=

áëçíêçéáÅI=íÜÉ=ÅçêêÉëéçåÇáåÖ=äáåÉ~ê=áåÅêÉ~ëÉ=ïáää=ÄÉ=MKPPBK=cáÖìêÉ=TJN=ëÜçïë=ÉñéÉêáãÉåí~ä=Ç~í~=

Åçãé~êÉÇ=íç=íÜÉ=“íÜÉçêÉíáÅ~äÒ=êÉä~íáçåëÜáéK=eóÇêáÇÉJáåÇìÅÉÇ=ÖêçïíÜ=ëíê~áå=~ééÉ~êë=íç=ÄÉ=áëçíçéáÅ=

áå=íÜÉ=íïç=ÇáãÉåëáçåë=ãÉ~ëìêÉÇI=Äìí=íÜÉ=ÉñéÉêáãÉåí~ä=ÅìêîÉ=ïáíÜ=ãçëí=ÜóÇêáÇÉë=ÑçêãÉÇ=~í=PNSø`=

áå=ìåáêê~Çá~íÉÇ=ã~íÉêá~äI=Ñ~ääë=ëáÖåáÑáÅ~åíäó=ÄÉäçï=íÜÉ=íÜÉçêÉíáÅ~ä=ÅìêîÉK=qÜáë=ÇáÑÑÉêÉåÅÉ=ÅçìäÇ=ÄÉ=

ÇìÉ=íç=êÉëáëí~åÅÉ=çÑ=íÜÉ=ãÉí~ä=ëíê~áåÉÇ=Äó=íÜÉ=ÜóÇêáÇÉëX=ïÜÉêÉ~ë=çìíJçÑJéáäÉ=íÜÉ=êÉä~íáîÉ=ÜáÖÜ=óáÉäÇ=

ëíêÉåÖíÜ=ÅçìäÇ=êÉëìäí=áå=~=ÜáÖÜ=êÉëáëí~åÅÉI=íÜÉ=áåJéáäÉ=êÉëáëí~åÅÉI=ÖçîÉêåÉÇ=Äó=áêê~Çá~íáçå=ÅêÉÉéI=

ÅçìäÇ=ÄÉ=ãìÅÜ=ëã~ääÉêI=ÇÉéÉåÇáåÖ=çå=íÜÉ=ëíê~áå=ê~íÉ=áãéçëÉÇ=ÇìêáåÖ=ÜóÇêáÇÉ=éêÉÅáéáí~íáçåK=^äëçI=áí=

ÅçìäÇ=êÉëìäí=Ñêçã=~=ÇÉÅêÉ~ëÉ=áå=ÜóÇêáÇÉJáåÇìÅÉÇ=ëíêÉëë=ïÜÉå=íÜÉ=ã~íÉêá~ä=áë=ÅççäÉÇ=íç=êççã=

íÉãéÉê~íìêÉ=ëáåÅÉ=íÜÉ=ÅçÉÑÑáÅáÉåí=çÑ=íÜÉêã~ä=Éñé~åëáçå=çÑ=ÜóÇêáÇÉ=áë=ÖêÉ~íÉê=íÜ~å=wêK=

fí=ï~ë=åçíÉÇ=áå=pÉÅíáçå=O=íÜ~í=ÜóÇêçÖÉåI=ïÜáÅÜ=çÅÅìéáÉë=áåíÉêëíáíá~ä=ëáíÉë=áå=íÜÉ=wê=ä~ííáÅÉI=

Å~ìëÉë=åÉ~êäó=íÜÉ=ë~ãÉ=ä~ííáÅÉ=ëíê~áå=~ë=íÜ~í=çÑ=íÜÉ=ÜóÇêáÇÉI=ëç=íÜÉêÉ=áë=åç=ÅÜ~åÖÉ=áå=îçäìãÉ=çÑ=íÜÉ=

òáêÅçåáìã=~ääçó=ïÜÉå=ÜóÇêáÇÉë=ã~ó=éêÉÅáéáí~íÉ=ÇìêáåÖ=ÅççäáåÖ=íç=êççã=íÉãéÉê~íìêÉ=ïÜÉêÉ=

ÜóÇêçÖÉå=ëçäìÄáäáíó=áë=ÅäçëÉ=íç=òÉêçK=

qÜÉ=ÉÑÑÉÅí=çÑ=ÜóÇêáÇÉë=çå=ÇáãÉåëáçå~ä=ÅÜ~åÖÉ=Ü~ë=ÄÉÉå=äçåÖ=êÉÅçÖåáòÉÇI=ÉKÖKI=^Ç~ãëçåI=NVTTI=

Äìí=çåäó=êÉÅÉåíäó=Ü~ë=íÜÉ=ÉñíÉåí=ÄÉÉå=ìåÇÉêëíççÇK=kçíÉ=íÜ~í=NMMM=ééã=ÜóÇêçÖÉå=Å~å=Å~ìëÉ=~=

äÉåÖíÜ=ÅÜ~åÖÉ=çÑ=NO=ãã=EMKQT=áåÅÜÉëF=áå=~=íóéáÅ~ä=ÑìÉä=êçÇ=çê=ÅçêÉJäÉåÖíÜ=ÅçãéçåÉåíK==

fí=ëÜçìäÇ=~äëç=ÄÉ=åçíÉÇ=íÜ~í=íÜÉêÉ=áë=ëéÉÅìä~íáçå=íÜ~í=ÜóÇêçÖÉå=çê=ÜóÇêáÇÉë=ã~ó=~ÑÑÉÅí=íÜÉ=Ä~ëáÅ=

áêê~Çá~íáçå=ÖêçïíÜ=éêçÅÉëëÉëI=oìÇäáåÖ=Éí=~äKI=OMMT=Eé~ÖÉ=RJNVF=éÉêÜ~éë=Äó=~ÇÇáåÖ=~åçíÜÉê=ëáåâ=Ñçê=

áêê~Çá~íáçåJéêçÇìÅÉÇ=ÇÉÑÉÅíë=çê=Äó=ãçÇáÑóáåÖ=íÜÉ=éêçéÉêíáÉë=çÑ=ÉñáëíáåÖ=ëáåâëI=áåÅäìÇáåÖ=YÅ[=

ÅçãéçåÉåí=ÇáëäçÅ~íáçå=äççéë=EëÉÉ=pÉÅíáçåë=O=~åÇ=RKOFK=oìëëá~å=Ç~í~I=cáÖìêÉ=TJOI=ëÜçïë=~=ä~êÖÉ=

ÇáÑÑÉêÉåÅÉ=áå=ÖêçïíÜ=çÑ=íÜÉ=bNNM=~ääçó=ÇÉéÉåÇáåÖ=çå=ïÜÉíÜÉê=çê=åçí=ÜóÇêçÖÉå=~Äëçêéíáçå=

çÅÅìêêÉÇ=E“çäÇ=bNNMÒF=çê=åçí=E“ÉJbNNMÒF=ÇìêáåÖ=áêê~Çá~íáçå=áå=íÜÉ=ëçÇáìã=Åççä~åí=çÑ=_lo=SMX=

~åÇ=Ç~í~=çå=PWR=ÖêáÇ=EcáÖìêÉ=TJPF=çê=ÖìáÇÉ=íìÄÉ=ÇáãÉåëáçåëI=hÉëíÉêëçå=Éí=~äKI=OMMM=E~äëç=

ÇáëÅìëëÉÇ=ÄÉäçïF=êÉîÉ~ä=ä~êÖÉ=ÇáãÉåëáçå~ä=ÅÜ~åÖÉëK=få=åÉáíÜÉê=Éñ~ãéäÉ=Å~å=ÜóÇêáÇÉJáåÇìÅÉÇ=

îçäìãÉ=ÅÜ~åÖÉ=Éñéä~áå=íÜÉ=ÇáÑÑÉêÉåÅÉëK=^äëçI=Ñçê=ãÉãÄÉêë=çÑ=íÜÉ=bmofJëéçåëçêÉÇ=kìÅäÉ~ê=cìÉä=

fåÇìëíêó=oÉëÉ~êÅÜ=ENFIRF=éêçÖê~ãI=NFIR=Ç~í~=~äëç=áãéäáÅ~íÉ=ÜóÇêáÇÉë=~ë=íÜÉ=Å~ìëÉ=çÑ=ìåìëì~ääó=

ÜáÖÜ=áêê~Çá~íáçå=ÖêçïíÜK=
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Figure 7-1: Dimensional changes in unirradiated ZIRLO and Zircaloy-4 tubing and strip for different sample orientations as a 
function of hydrogen content, King et al., 2002.  

 

Figure 7-2: Irradiation growth of Zr1Nb alloys as a function of fluence, n/m2 > 01 MeV, at about 330°C (613K). Original data 
points for electrolytic/Zr iodide e-E110 (red) and sponge S-E-110 (green), Novikov et al., 2006. Data added for 
M5 (blue), Mardon et al., 2005 and old E110 (black), Shishov et al., 2005. To convert data to n/m2 E>1 MeV in a 
PWR must divide fluence by a factor of 3.3, Shishov et al., 2005. 
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Figure 7-3: Grid dimensional changes as a function of measured hydrogen content. Neutron fluence is constant over the 
hydrided regions. King et al., 2002. The 3 components of grid growth (hydride, maximum growth and 
unexplained) have been estimated by R. Adamson. 

7.1.1 BWR cladding results 

BWR=ÑìÉä=êçÇë=ïáíÜ=LKO=Åä~ÇÇáåÖëI=ïáíÜ=îÉêó=ÑáåÉ=SPPI=Ü~îÉ=ëÜçïå=áåÅêÉ~ëÉÇ=ÜóÇêçÖÉå=éáÅâìéI=
çñáÇÉ=ä~óÉê=ÄìáäÇ=ìéI=~åÇ=äÉåÖíÜ=ÖêçïíÜ=~í=Äìêåìéë=áå=ÉñÅÉëë=çÑ=PM=jtÇLâÖrI=cáÖìêÉ=TJQK=cêçã=

íÜÉ=ÖêçïíÜ=ÄÉÜ~îáçìê=çÑ=ÇáÑÑÉêÉåí=ÑìÉä=êçÇë=ïÜáÅÜ=ïÉêÉ=Éñ~ãáåÉÇ=Ñçê=íÜÉáê=ÜóÇêçÖÉå=ÅçåíÉåí=íÜÉ=

ÜóÇêçÖÉå=áåÇìÅÉÇ=êçÇ=ÖêçïíÜ=çÑ=LKO=Åä~ÇÇáåÖë=ï~ë=ÇÉÇìÅÉÇ=îÉêëìë=íÜÉ=ãÉ~ëìêÉÇ=ÜóÇêçÖÉå=

ÅçåíÉåíI=~ÑíÉê=ÅçêêÉÅíáçå=Ñçê=íÜÉ=ÉñéÉÅíÉÇ=áêê~Çá~íáçå=áåÇìÅÉÇ=ÖêçïíÜI=cáÖìêÉ=TJRK=qÜÉ=ÜóÇêçÖÉå=

áåÇìÅÉÇ=ÖêçïíÜ=áåÇáÅ~íÉÇ=Äó=íÜÉ=ÑáÖìêÉ=áë=~Äçìí=RMB=ä~êÖÉê=íÜ~å=íÜÉ=î~äìÉë=Éëíáã~íÉÇ=Ñêçã=íÜÉ=

íÜÉçêÉíáÅ~ä=ÇÉåëáíó=áåÅêÉ~ëÉ=EMKPPB=éÉê=NMMM=ééã=eFK=qÜìë=áí=Å~å=ÄÉ=ëéÉÅìä~íÉÇI=íÜ~í=é~ê~ãÉíÉêë=

çíÜÉê=íÜ~å=íÜÉ=ÇÉåëáíó=ÇáÑÑÉêÉåÅÉ=ÅçåíêáÄìíÉ=íç=íÜÉ=çÄëÉêîÉÇ=êçÇ=ÖêçïíÜI=áåÅäìÇáåÖ=éçëëáÄäÉ=éÉääÉíJ

Åä~ÇÇáåÖJãÉÅÜ~åáÅ~äJáåíÉê~ÅíáçåK=
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8 Effect of hydrogen on mechanical properties 

8.1 Introduction 

qÜÉ=êÉä~íáçåëÜáé=çÑ=íÜÉ=ãÉÅÜ~åáÅ~ä=íÉëí=ÅçåÇáíáçåë=íÜ~í=ãÉ~ëìêÉ=íÜÉ=ÉÑÑÉÅí=çÑ=ÜóÇêáÇÉë=íç=íÜÉ=~Åíì~ä=

ÑìÉä=éÉêÑçêã~åÅÉ=ÅçåÇáíáçåë=íç=ÄÉ=Éî~äì~íÉÇ=åÉÉÇ=íç=ÄÉ=Éëí~ÄäáëÜÉÇ=áÑ=íÜÉ=ãÉÅÜ~åáÅ~ä=íÉëí=

ÅçåÇáíáçåë=~åÇ=êÉëìäíë=~êÉ=íç=éêçîáÇÉ=ãÉ~åáåÖÑìä=Ç~í~K=tÜáäÉ=íÜáë=í~ëâ=áë=ÄÉóçåÇ=íÜÉ=ëÅçéÉ=çÑ=íÜáë=

êÉéçêíI=~=ÄêáÉÑ=ÖìáÇÉ=íç=éìí=íÜÉ=ãÉÅÜ~åáÅ~ä=íÉëí=êÉëìäíë=áå=íÜáë=ëÉÅíáçå=áåíç=íÜÉ=ÅçåíÉñí=çÑ=

éÉêÑçêã~åÅÉ=ÅçåÇáíáçåë=ëÉÉãë=~ééêçéêá~íÉK=

qÜÉ=Éñ~Åí=ëáãìä~íáçå=çÑ=ÑìÉä=éÉêÑçêã~åÅÉ=ÅçåÇáíáçåë=Äó=íÉëíáåÖ=áë=ÇáÑÑáÅìäí=áÑ=åçí=áãéçëëáÄäÉI=

ïÜÉíÜÉê=íÜÉó=ÄÉ=åçêã~ä=áåJêÉ~Åíçê=çéÉê~íáçåI=ÜóéçíÜÉíáÅ~ä=~ÅÅáÇÉåí=ÅçåÇáíáçåë=çê=ëéÉåí=ÑìÉä=

ëíçê~ÖÉK=qÜáë=ÖáîÉë=êáëÉ=íç=íÜÉ=í~ëâ=çÑ=áåíÉêéêÉíáåÖ=íÜÉ=íÉëí=ÅçåÇáíáçåë=~åÇ=íÉëí=êÉëìäíë=Ñçê=íÜÉáê=î~äáÇ=

~ééäáÅ~íáçå=íç=ÉáíÜÉê=Éî~äì~íáåÖ=çê=éêÉÇáÅíáåÖ=íÜÉ=éÉêÑçêã~åÅÉ=ìåÇÉê=íÜÉëÉ=ÅçåÇáíáçåëK=

`çåëáÇÉê~íáçå=ãìëí=ÄÉ=ÖáîÉå=íç=íÜÉ=î~êáÉíó=çÑ=Ñ~Åíçêë=áåÑäìÉåÅáåÖ=íÜÉëÉ=ÅçåÇáíáçåë=íÜ~í=áåîçäîÉ=

ÇáÑÑÉêÉåí=ëíêÉëë=äÉîÉäëI=ëíêÉëë=ÇáëíêáÄìíáçåëI=ëíê~áå=ê~íÉëI=íÉãéÉê~íìêÉëI=ÅçãéçåÉåí=ëÜ~éÉëI=ã~íÉêá~ä=

ÅÜ~ê~ÅíÉêáëíáÅë=~åÇ=áêê~Çá~íáçå=ÉÑÑÉÅíëK==

^å=~ééêç~ÅÜ=íç=íÜáë=áë=íÜÉ=êÉîáÉï=çÑ=íÜÉ=îÉåÇçêëÛ=ãÉÅÜ~åáÅ~ä=ÇÉëáÖå=Ñçê=íÜÉ=ÅçãéçåÉåí=áå=

èìÉëíáçå=áåÅäìÇáåÖ=Üáë=ÇÉëáÖå=Ä~ëáëK=qÜÉëÉ=Ç~í~=ïáää=çÄîáçìëäó=î~êó=Ñêçã=ÇÉëáÖå=íç=ÇÉëáÖå=~åÇ=Ñêçã=

îÉåÇçê=íç=îÉåÇçêK=pçãÉ=ÖÉåÉêáÅ=Éñ~ãéäÉë=~êÉ=ÖáîÉå=ÄÉäçï=~ë=Éñ~ãéäÉë=Ñçê=íÜÉ=î~êáçìë=Ñ~Åíçêë=íç=

ÄÉ=ÅçåëáÇÉêÉÇK=

Stresses and stress distribution 

qÜÉ=tensile strength and yield strength=çÑ=ã~íÉêá~äë=áë=êçìíáåÉäó=ãÉ~ëìêÉÇ=Äó=ìåá~ñá~ääó=ëíêÉëëÉÇ=

íÉåëáäÉ=ëéÉÅáãÉåëK=qÜÉ=Ç~í~=~ééäó=éêáã~êáäó=íç=íÜÉ=ëíêìÅíìê~ä=ãÉãÄÉêë=çÑ=íÜÉ=~ëëÉãÄäó=~åÇ=áå=~=

äáãáíÉÇ=ï~ó=íç=íÜÉ=Åä~ÇÇáåÖK=qÜÉ=ã~àçêáíó=çÑ=íÜÉ=ÅêáíáÅ~ä=ëíêÉëëÉë=áå=íÜÉ=Åä~ÇÇáåÖ=íìÄáåÖ=~êÉ=íÜÉ=

êÉëìäí=çÑ=ÉáíÜÉê=íÜÉáê=áåíÉêå~ä=éêÉëëìêáò~íáçå=çê=íÜÉ=éêÉëëìêÉ=ÇáÑÑÉêÉåíá~ä=~Åêçëë=íÜÉáê=ï~ääK=qìÄìä~ê=

ëéÉÅáãÉåë=ìåÇÉê=Äá~ñá~ä=ëíêÉëëÉë=íÜ~í=ëáãìä~íÉ=áåíÉêå~ä=éêÉëëìêÉ=çê=äçÅ~äáëÉÇ=ëíêÉëë=~êÉ=íÜÉ=

~ééêçéêá~íÉ=ï~ó=íç=Éî~äì~íÉ=íÜÉëÉK=

Burst strength=áë=Éî~äì~íÉÇ=Äó=áåíÉêå~ä=éêÉëëìêáò~íáçå=çÑ=íìÄìä~ê=ëéÉÅáãÉåëK=

fÑ=éçëëáÄäÉI=íÜÉ=ëáãìä~íáçå=çÑ=stress distribution=áå=~=ÅçãéçåÉåí=áë=áãéçêí~åíI=ÉëéÉÅá~ääó=áÑ=

ÅçåÅÉåíê~íáçåë=çÑ=ÜóÇêáÇÉë=áå=íÜÉ=ë~ãéäÉ=~êÉ=áåîçäîÉÇK=sÉêáÑáÅ~íáçå=Äó=ÑáåáíÉ=ÉäÉãÉåí=~å~äóëÉë=

éêçîáÇÉë=î~äì~ÄäÉ=áåëáÖÜíK=

qÜÉ=strain rates=~ééäáÉÇ=~êÉ=ÅêáíáÅ~ä=íç=çÄí~áå=êÉéêÉëÉåí~íáîÉ=êÉëìäíëK=qÜÉ=ÉñíêÉãÉë=~êÉ=ëäçï=

ëíê~áå=ê~íÉë=Ñçê=creep=ëáãìä~íáåÖ=Çêó=ëíçê~ÖÉ=çê=Åä~ÇÇáåÖ=ÅêÉÉéÇçïå=áåJêÉ~Åíçê=~åÇ=îÉêó=ê~éáÇ=ê~íÉë=

Ñçê=ëáãìä~íáåÖ=RIAK=píêÉëëÉë=~ëëìãÉÇ=ÇìÉ=íç=ä~íÉê~ä=áãé~Åíë=ÇìêáåÖ=ëÉáëãáÅ=ÉîÉåí=~å~äóëÉë=Å~å=ÄÉ=

ëìÑÑáÅáÉåíäó=ÅçãéäÉñ=íç=êÉèìáêÉ=ëéÉÅá~ä=êáÖë=Ñçê=íÉëíáåÖ=~åÇ=áåîçäîÉ=impact strength=Éî~äì~íáçåI=~äëç=
~=ÜáÖÜ=ëíê~áå=ê~íÉ=íÉëíK=

qÜÉ=ÉÑÑÉÅíë=çÑ=cyclic stresses=Ü~îÉ=ÄÉÉå=Éî~äì~íÉÇ=~ë=íÜÉó=ãáÖÜí=~ééäó=íç=îáÄê~íáçå=çÑ=ëé~ÅÉêë=

~åÇ=ÅÜ~ååÉäë=ÇìÉ=íç=ÜóÇê~ìäáÅ=ÉÑÑÉÅíë=~åÇ=Åä~ÇÇáåÖ=ÇìÉ=íç=éçïÉê=ÅóÅäáåÖK=qÜÉ=ä~êÖÉ=ã~êÖáåë=íç=

äáãáíë=~åÇ=äçï=ÉîÉåí=éêçÄ~Äáäáíó=Ü~îÉ=ã~ÇÉ=íÜáë=~=äÉëë=ëáÖåáÑáÅ~åí=Å~ëÉK=cçê=ãçêÉ=ÇÉí~áäë=ëÉÉ=

IZNANLZIRATS=oÉéçêí=çå=jÉÅÜ~åáÅ~ä=mêçéÉêíáÉëI=^Ç~ãëçå=C=oìÇäáåÖI=OMMNK=

qÜÉ=~ééäáÅ~íáçå=çÑ=fracture toughnessI=êÉëáëí~åÅÉ=íç=Åê~Åâ=éêçé~Ö~íáçåI=Å~å=~ééäó=íç=Åä~ÇÇáåÖ=
ÇìêáåÖ=RIA=ÉîÉåíë=çê=éÉêÜ~éë=íç=çíÜÉê=ÅçãéçåÉåíë=ïáíÜ=áåÅáéáÉåí=Åê~ÅâëK=qÜáë=é~êíáÅìä~ê=éêçéÉêíó=

Ü~ë=åçí=ÄÉÉå=~=é~êí=çÑ=ÑìÉä=ÇÉëáÖå=Ä~ëÉë=áå=íÜÉ=é~ëíI=Äìí=ã~ó=ÄÉ=î~äì~ÄäÉ=áå=íÜÉ=Éî~äì~íáçå=çÑ=

éÉêÑçêã~åÅÉ=êÉëìäíëK=qÜÉ=ÇÉîÉäçéãÉåí=çÑ=ëéÉÅáãÉåë=êÉéêÉëÉåí~íáîÉ=çÑ=éä~åÉ=ëíê~áå=áå=íìÄìä~ê=

Åä~ÇÇáåÖ=Ü~ë=ÄÉÉå=~=âÉó=åÉÉÇ=íç=çÄí~áå=êÉéêÉëÉåí~íáîÉ=êÉëìäíë. Impact testing=Ü~ë=~äëç=ÄÉÉå=ìëÉÇ=
Ñçê=íÜáë=éìêéçëÉK=
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Ductility 

qÜÉ=áãé~Åí=çÑ=ÜóÇêáÇÉë=çå=wê=~ääçó=ÇìÅíáäáíó=áë=éÉêÜ~éë=íÜÉ=ãçëí=áãéçêí~åí=éêçéÉêíó=íç=ÄÉ=

Éî~äì~íÉÇI=ëáåÅÉ=íÜÉ=êÉëìäíáåÖ=ÇÉÅêÉ~ëÉ=áå=ÇìÅíáäáíó=áë=~=ã~àçê=áëëìÉK=aìÅíáäáíó=áë=~äëç=çåÉ=çÑ=íÜÉ=ãçëí=

ÇáÑÑáÅìäí=éêçéÉêíáÉë=íç=ÇÉÑáåÉI=é~êíáÅìä~êäó=Ñçê=~=íïç=éÜ~ëÉ=ã~íÉêá~äI=ëìÅÜ=~ë=wê=ãÉí~ä=ã~íêáñ=H=wê=

ÜóÇêáÇÉëI=ïáíÜ=~=åçåJìåáÑçêã=ÇìÅíáäáíóK=qÜÉ=ã~íÉêá~ä=Å~å=Ü~îÉ=ÖççÇ=ÇìÅíáäáíó=áå=íÜÉ=ã~íêáñ=

ÄÉíïÉÉå=ÜóÇêáÇÉ=é~êíáÅäÉë=~åÇ=éççê=ÇìÅíáäáíó=áå=íÜÉ=ÜóÇêáÇÉëI=~ää=çå=~=ãáÅêçëÅçéáÅ=ëÅ~äÉK=EqÜáë=

áÖåçêÉë=~åó=éçíÉåíá~ä=ÉÑÑÉÅí=çÑ=SPPëKF=qÜÉ=Ö~ìÖÉ=äÉåÖíÜ=ìëÉÇ=áå=íÜÉ=íÉëí=ÄÉÅçãÉë=áãéçêí~åí=ëáåÅÉ=áí=

ÇÉÑáåÉë=íÜÉ=ã~íÉêá~ä=ÄÉáåÖ=íÉëíÉÇK=qÜÉ=ìëì~äI=êÉä~íáîÉäó=äçåÖ=Ö~ìÖÉ=äÉåÖíÜë=çÑ=NMJRM=ãã=Å~å=áåîçäîÉ=

~=ãáñíìêÉ=çÑ=éÜ~ëÉë=çê=éÜ~ëÉ=ÅçåÅÉåíê~íáçåë=~åÇ=íÜÉ=íÉëí=Å~å=éêçÇìÅÉ=êÉëìäíë=íÜ~í=êÉéêÉëÉåí=íÜÉ=

~îÉê~ÖÉ=ÇìÅíáäáíó=çÑ=íÜÉ=éÜ~ëÉëI=çê=íÜÉ=ÇìÅíáäáíó=çÑ=çåÉ=çê=íÜÉ=çíÜÉêI=ÇÉéÉåÇáåÖ=çå=íÜÉ=éÜ~ëÉ=~åÇ=

ëíêÉëë=ÇáëíêáÄìíáçåëK=^åÇI=áêê~Çá~íáçå=áåÇìÅÉë=ã~êâÉÇ=áåJÜçãçÖÉåÉçìë=ÇÉÑçêã~íáçå=çå=~=

ãáÅêçëÅçéáÅ=ëÅ~äÉK=qÜÉ=êÉëìäíë=íÜÉêÉÑçêÉ=Å~å=ÄÉ=èìÉëíáçå~ÄäÉK=pã~ää=Ö~ìÖÉ=äÉåÖíÜë=~åÇ=ãáÅêçJ

ëéÉÅáãÉåë=íÜ~í=êÉéêÉëÉåí=ÅçåÇáíáçåë=~í=íÜÉ=éçíÉåíá~ä=Åê~Åâ=íáé=~êÉ=ÅäÉ~êäó=ãçêÉ=ÇÉëáê~ÄäÉK=cçê=ãçêÉ=

ÇÉí~áäëI=ëÉÉ=IZNANLZIRATSI=^Ç~ãëçå=C=oìÇäáåÖI=OMMNK=

bî~äì~íáçå=çÑ=íÜÉ=ÇìÅíáäáíó=çå=~=ãáÅêçJëÅ~äÉ=Å~å=ÖáîÉ=î~äáÇ=êÉëìäíëI=Äìí=íÜÉëÉ=ã~ó=åçí=~åëïÉê=íÜÉ=

åÉÉÇë=çÑ=~å=ÉåÖáåÉÉêáåÖ=Éî~äì~íáçå=çÑ=íÜÉ=ã~íÉêá~äK=eÉåÅÉ=É~ÅÜ=~ééäáÅ~íáçå=çÑ=~=ÇìÅíáäáíó=

êÉèìáêÉãÉåí=ëÜçìäÇ=ÄÉ=í~áäçêÉÇ=íç=íÜÉ=ëéÉÅáÑáÅ=ÅçãéçåÉåí=~åÇ=áíë=éÉêÑçêã~åÅÉ=êÉèìáêÉãÉåíëK=qÜÉ=

ÇìÅíáäáíó=î~äìÉë=Å~å=ÄÉ=áåíÉêéêÉíÉÇ=~ë=uniform elongation, total elongation, or reduction-in-area=
ÇÉéÉåÇáåÖ=çå=íÜÉ=~ééäáÅ~íáçå=~åÇ=ïÜÉíÜÉê=íÜÉ=ã~íÉêá~ä=áë=áêê~Çá~íÉÇ=çê=ìåJáêê~Çá~íÉÇK=

Temperature 

qÜÉ=~ééäáÅ~ÄäÉ=íÉãéÉê~íìêÉë=ïáää=ÇÉéÉåÇ=éêáã~êáäó=çå=íÜÉ=ëÉêîáÅÉ=ÉåîáêçåãÉåí=~åÇ=íç=ëçãÉ=ÇÉÖêÉÉ=

çå=íÜÉ=ÑìÉä=ÇÉëáÖåK=cçê=normal operation=íÜÉ=Åä~ÇÇáåÖ=íÉãéÉê~íìêÉë=ïáää=î~êó=Ñêçã=íÜÉ=Üçí=áåëáÇÉ=

íç=íÜÉ=Åççä=çìíëáÇÉ=áå=íÜÉ=ê~åÖÉ=çÑ=~Äçìí=OUMJQMM⁄`=Ñçê=PWRë=~åÇ=OTMJPRM⁄`=Ñçê=BWRëK=
píêìÅíìê~ä=ã~íÉêá~äë=ïáää=ÄÉ=ëäáÖÜíäó=~ÄçîÉ=íÜÉ=Åççä~åí=íÉãéÉê~íìêÉë=ÇìÉ=íç=Ö~ãã~=ÜÉ~íáåÖI=íÜÉ=

Åççä~åí=íÉãéÉê~íìêÉë=ÄÉáåÖ=~Äçìí=OUMJPPM⁄`=Ñçê=PWRë=~åÇ=OTMJPMM⁄=Ñçê=BWRë=Ñêçã=áåäÉí=íç=

çìíäÉí=áå=É~ÅÜ=Å~ëÉK=qÉãéÉê~íìêÉ=ÜáëíçêáÉë=ïáää=ÇÉéÉåÇ=çå=íÜÉ=çéÉê~íáåÖ=ãçÇÉK=

qÜÉ=íáãÉJíÉãéÉê~íìêÉ=Üáëíçêó=çÑ=íÜÉ=íÉëí=Å~å=Ü~îÉ=~å=ÉÑÑÉÅí=çå=íÜÉ=ÜóÇêçÖÉå=ÇáëíêáÄìíáçå=áå=íÜÉ=

ë~ãéäÉI=~ë=ïÉää=~ë=çå=íÜÉ=~ååÉ~äáåÖ=çÑ=íÜÉ=áêê~Çá~íáçå=ÉÑÑÉÅíëI=~ë=åçíÉÇ=ÄÉäçïK=

cçê=hypothetical accidents=íÜÉ=íÉãéÉê~íìêÉë=~åÇ=íÉãéÉê~íìêÉ=ÜáëíçêáÉë=ïáää=ÄÉ=ÇÉéÉåÇ~åí=çå=íÜÉ=

~ÅÅáÇÉåí=ëÅÉå~êáç=~ëëìãÉÇ=~åÇ=íÜÉ=êÉ~Åíçê=ëóëíÉã=~åÇ=ÑìÉä=ÇÉëáÖåë=~ë=ïÉääI=Äìí=ÖÉåÉê~ääó=ïáää=ÄÉ=

èìáíÉ=ëÜçêí=áå=Çìê~íáçåK=

qÜÉ=dry cask storage=íÉãéÉê~íìêÉ=Üáëíçêó=ïáää=~ÑÑÉÅí=íÜÉ=Åä~ÇÇáåÖ=éêáã~êáäóI=~åÇ=ïáää=ëí~êí=áå=

íÜÉ=PMMJQMM⁄`=ê~åÖÉ=~åÇ=ÇÉÅêÉ~ëÉ=çîÉê=ëÉîÉê~ä=ÇÉÅ~ÇÉë=ïáíÜ=íÜÉ=ÅçåÅìêêÉåí=ÇÉÅêÉ~ëÉ=áå=ëíêÉëëÉëK=

qÜÉ=ëíêìÅíìê~ä=ã~íÉêá~äë=ïáää=ÄÉ=~í=~=ãìÅÜ=äçïÉê=íÉãéÉê~íìêÉK=

qÜÉ=handling and transport=çÑ=ÑìÉä=ïáää=çÅÅìê=~í=äçï=çê=êççã=íÉãéÉê~íìêÉ=~åÇ=íÜ~í=áë=~å=

áãéçêí~åí=ÅçåëáÇÉê~íáçå=ëáåÅÉ=íÜÉ=ÇìÅíáäáíó=çÑ=íÜÉ=ÜóÇêáÇÉÇ=wê=~ääçóë=ïáää=íÜÉå=ÄÉ=~í=áíë=äçïÉëíK=

Materials 

qÜÉ=ã~íÉêá~äë=íç=ÄÉ=íÉëíÉÇ=ëÜçìäÇ=ÄÉ=~ë=ÅäçëÉ=áÑ=åçí=áÇÉåíáÅ~äI=íç=íÜÉ=ã~íÉêá~äë=ÄÉáåÖ=Éî~äì~íÉÇ=~åÇ=

~ééäáÉÇ=Ñçê=íÜÉ=ÑìÉä=~ëëÉãÄäáÉë=áåíÉåÇÉÇ=Ñçê=ìëÉK=qÜáë=áë=åçí=~=éêçÄäÉã=ïÜÉå=í~âáåÖ=íÉëí=ë~ãéäÉë=

Ñêçã=ÑìÉä=~ëëÉãÄäáÉë=íÜ~í=Ü~îÉ=ÄÉÉå=áêê~Çá~íÉÇK=fÑ=íÜ~í=áë=åçí=íÜÉ=Å~ëÉI=ÜçïÉîÉêI=íÜÉå=Å~êÉ=ãìëí=ÄÉ=

í~âÉå=íç=ëÉäÉÅí=ã~íÉêá~äë=íÜ~í=Ü~îÉ=íÜÉ=ë~ãÉ=ÅçãéçëáíáçåI=íÜÉ=ë~ãÉ=Ñ~ÄêáÅ~íáçå=Üáëíçêó=~åÇ=íÜÉ=

ë~ãÉ=ëÜ~éÉ=~ë=íÜÉ=ÅçãéçåÉåí=çÑ=áåíÉêÉëíK=^ë=~å=Éñ~ãéäÉI=ëÜÉÉí=ë~ãéäÉë=Ü~îÉ=ÄÉÉå=ìëÉÇ=íç=Éî~äì~íÉ=

íÜÉ=ÉÑÑÉÅí=çÑ=e=çå=ãÉÅÜ~åáÅ~ä=éêçéÉêíáÉë=áå=åìãÉêçìë=áåëí~åÅÉëI=ëçãÉíáãÉë=ã~íÅÜáåÖ=íÜÉ=íÉñíìêÉ=

çÑ=íìÄáåÖ=~åÇ=ëçãÉíáãÉë=åçíK=`~êÉ=ãìëí=ÄÉ=í~âÉå=áå=~ééäóáåÖ=ëìÅÜ=Ç~í~=íç=Åä~ÇÇáåÖK==

^=ä~êÖÉ=Ñê~Åíáçå=çÑ=íÜÉ=Ç~í~=çå=íÜÉ=ÉÑÑÉÅí=çÑ=e=çå=ãÉÅÜ~åáÅ~ä=éêçéÉêíáÉë=Ü~ë=ÄÉÉå=íÉëíÉÇ=çå=

ìåáêê~Çá~íÉÇI=éêÉJÜóÇêáÇÉÇ=ë~ãéäÉëK=qÜÉ=ÜóÇêáÇáåÖ=éêçÅÉÇìêÉ=áíëÉäÑ=Å~å=Ü~îÉ=ÇáÑÑáÅìäíáÉë=áå=

êÉéêçÇìÅáåÖ=e=ÇáëíêáÄìíáçåë=íóéáÅ~ä=çÑ=áåJêÉ~Åíçê=ëÉêîáÅÉI=ëç=íÜáë=ëÜçìäÇ=ÄÉ=Éî~äì~íÉÇ=~ë=ïÉääK=



qeb =b c c b`q =l c =evaoldbk =lk =w fo`lk frj =^iilv = molmboq f b p = Ó = O MMU =

Copyright © Advanced Nuclear Technology International Europe AB, ANT International, 2008.  

UJPEUJUPF 

Effects of irradiation 

qÜÉ=ÉÑÑÉÅíë=çÑ=áêê~Çá~íáçå=Ü~êÇÉåáåÖ=çå=íÜÉ=wê=~ääçóë=ëÜçìäÇ=ÄÉ=áåÅäìÇÉÇ=áå=ãçëí=ãÉÅÜ~åáÅ~ä=

éêçéÉêíó=Éî~äì~íáçåëK=fåJêÉ~Åíçê=ãÉÅÜ~åáÅ~ä=íÉëíáåÖI=ÉñéÉåëáîÉ=~åÇ=ê~êÉäó=ÇçåÉI=ïáää=~ÅÅçìåí=Ñçê=

íÜáë=é~ê~ãÉíÉêK=bñJêÉ~Åíçê=íÉëíáåÖ=ã~ó=çê=ã~ó=åçí=~ååÉ~ä=çìí=íÜÉ=ÉÑÑÉÅíë=ÇìÉ=íç=ê~Çá~íáçå=Ç~ã~ÖÉK=

cçê=ãçêÉ=ÇÉí~áäë=ëÉÉI=^Ç~ãëçåI=OMMSK=qÉëíë=~í=êççã=íÉãéÉê~íìêÉ=~åÇ=êÉä~íáîÉäó=äçï=íÉãéÉê~íìêÉë=

ïáää=ã~áåí~áå=íÜÉ=ÉÑÑÉÅíë=çÑ=áêê~Çá~íáçåK=qÉëíë=~í=ÉäÉî~íÉÇ=íÉãéÉê~íìêÉëI=ÖêÉ~íÉê=íÜ~å=~Äçìí=PRMø`=

Å~å=~ååÉ~ä=çìí=íÜÉ=ê~Çá~íáçå=ÉÑÑÉÅíë=ÇÉéÉåÇáåÖ=çå=íÜÉ=íáãÉJíÉãéÉê~íìêÉ=Üáëíçêó=çÑ=íÜÉ=íÉëí=~åÇ=íÜÉ=

ãÉí~ääìêÖáÅ~ä=ÅçåÇáíáçå=çÑ=íÜÉ=ã~íÉêá~ä=EêÉÅêóëí~ääáòÉÇ=çê=ÅçäÇ=ïçêâÉÇFK=^ë=~å=Éñ~ãéäÉI=íÜáë=ïçìäÇ=

ÄÉ=~ééäáÅ~ÄäÉ=íç=äçåÖ=íÉêã=ÉñJêÉ~Åíçê=Çêó=ëíçê~ÖÉ=ÅçåÇáíáçåë=íç=ëáãìä~íÉ=áåJêÉ~Åíçê=ÅêÉÉé=íÉëíë=çÑ=

áêê~Çá~íÉÇ=ã~íÉêá~äëK=qÜáë=ëÉåíÉåÅÉ=ÇçÉë=åçí=ëÉÉã=íç=ÅçêêÉä~íÉ=ïáíÜ=íÜÉ=åÉñí=ëÉåíÉåÅÉK=qÜÉ=ÅêÉÉé=

Ç~í~=ïçìäÇ=åçí=ÄÉ=~ééäáÅ~ÄäÉ=íç=Éî~äì~íÉ=áåJêÉ~Åíçê=Åä~ÇÇáåÖ=ÅêÉÉéJçìí=ÇìÉ=íç=áåíÉêå~ä=éêÉëëìêÉX=

~ååÉ~äáåÖ=çìí=íÜÉ=ê~Çá~íáçå=Ç~ã~ÖÉ=ïçìäÇ=áåÅêÉ~ëÉ=íÜÉ=ÅêÉÉé=ê~íÉ=áå=íÜÉ=ÉñJêÉ~Åíçê=íÉëí=Åçãé~êÉÇ=

íç=íÜÉ=ÅêÉÉé=ê~íÉ=íÜ~í=ïçìäÇ=ÄÉ=éêÉëÉåí=áåJêÉ~ÅíçêK=

qÜÉëÉ=ÄêáÉÑ=Éñ~ãéäÉë=~êÉ=ãÉ~åí=íç=êÉJÉãéÜ~ëáòÉ=íÜÉ=áãéçêí~åÅÉ=çÑ=Éî~äì~íáåÖ=íÜÉ=~ééäáÅ~Äáäáíó=

çÑ=íÜÉ=ãÉÅÜ~åáÅ~ä=íÉëí=ÅçåÇáíáçåë=~åÇ=êÉëìäíë=íç=íÜÉ=ÇÉëáÖå=~åÇ=éÉêÑçêã~åÅÉ=çÑ=íÜÉ=ÑìÉä=~ëëÉãÄäó=

ÅçãéçåÉåíëK=

8.2 Mechanical properties of hydrides 

8.2.1 Introduction 

qÜÉ=~ãçìåí=çÑ=ÜóÇêáÇÉë=áå=íÜÉ=wê=~ääçóë=Å~å=î~êó=Ñêçã=~=äçï=äÉîÉäI=ìåáÑçêã=ÇáëéÉêëáçå=íç=êÉÖáçåë=

çÑ=ëçäáÇ=ÜóÇêáÇÉë=~åÇ=~ë=~=êÉëìäí=ïáää=Ü~îÉ=î~êóáåÖ=ÉÑÑÉÅíë=çå=íÜÉ=ãÉÅÜ~åáÅ~ä=éêçéÉêíáÉë=çÑ=íÜÉ=

~ääçóëK=qÜÉ=éêçéÉêíáÉë=çÑ=íÜÉ=ÜóÇêáÇÉë=íÜÉãëÉäîÉë=~êÉ=áãéçêí~åí=íÜÉêÉÑçêÉI=ëáåÅÉ=íÜÉó=Å~å=~ÑÑÉÅí=íÜÉ=

éÉêÑçêã~åÅÉ=çÑ=ÜóÇêáÇÉÇ=wê=~ääçóëK=qÜÉáê=ãÉÅÜ~åáÅ~ä=éêçéÉêíáÉë=~êÉ=ëìãã~êáòÉÇ=áå=íÜáë=ëÉÅíáçåK=

qÜÉ=éÜóëáÅ~ä=éêçéÉêíáÉë=çÑ=íÜÉ=ÜóÇêáÇÉë=ïÉêÉ=ëìãã~êáòÉÇ=áå=pÉÅíáçå=OKPK=

8.2.2 Density 

qÜÉ=ÇÉåëáíó=çÑ=íÜÉ=wê=ÜóÇêáÇÉë=áë=äçïÉê=íÜ~å=íÜ~í=çÑ=wê=ãÉí~ä=~åÇ=ÇÉÅêÉ~ëÉë=~ë=~=ÑìåÅíáçå=çÑ=

áåÅêÉ~ëáåÖ=e=ÅçåíÉåíI=cáÖìêÉ=UJNK=qÜÉ=ãçëí=Åçããçåäó=çÄëÉêîÉÇ=δ=ÜóÇêáÇÉI=wêe
NKSS
I=Ü~ë=~=ÇÉåëáíó=

çÑ=~Äçìí=RKSR=Åçãé~êÉÇ=íç=SKR=ÖLÅÅ=Ñçê=wê=ãÉí~äI=~Äçìí=NPB=äçïÉêK=qÜáë=ïáää=êÉëìäí=áå=~=îçäìãÉ=

Éñé~åëáçåI=ïÜÉíÜÉê=e=áë=áå=ëçäáÇ=ëçäìíáçå=çê=~ë=~=ÜóÇêáÇÉI=êÉëìäíáåÖ=áå=áåíÉêå~ä=ëíêÉëëÉë=~åÇ=

ÇáëäçÅ~íáçåë=ëìêêçìåÇáåÖ=íÜÉ=ÜóÇêáÇÉK=qÜÉ=îçäìãÉ=Éñé~åëáçå=ÇìÉ=íç=ÜóÇêáÇÉë=Ü~ë=ÄÉÉå=Éëíáã~íÉÇ=

áå=íÜÉ=ê~åÖÉ=çÑ=NQ=Ó=NTBI=`çäÉã~åI=OMMPI=~åÇ=êÉëìäíë=áå=íÜÉ=ÇáãÉåëáçå~ä=ÖêçïíÜI=ÇáëÅìëëÉÇ=áå=

pÉÅíáçå=TK=

jÉÅÜ~åáÅ~ä=éêçéÉêíó=Ç~í~=çå=ëçäáÇ=ÜóÇêáÇÉë=~êÉ=ëÅ~êÅÉK=qÜÉ=ëéÉÅáãÉåë=~êÉ=ÇáÑÑáÅìäí=íç=éêÉé~êÉ=

ÄÉÅ~ìëÉ=çÑ=íÜÉáê=ÄêáííäÉ=å~íìêÉ=~åÇ=íÜÉáê=ÇÉÅêÉ~ëÉÇ=ëí~Äáäáíó=áå=ÜáÖÜ=íÉãéÉê~íìêÉ=íÉëíëK=kÉîÉêíÜÉäÉëëI=
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