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SUMMARY 

Dry s torage o f  Z i  r c a l o y- c l a d  spent f u e l  i n  i n e r t  gas ( r e f e r r e d  t o  as 

i n e r t e d  d r y  s to rage  o r  IDS) i s  be ing  developed as an a l t e r n a t i v e  t o  water pool  

s to rage  o f  spent f ue l .  Regulatory  requirements s t a t e  t h a t  d u r i n g  IDS t h e  * 
Z i  r c a l o y  c l  addi ng needs t o  be p r o t e c t e d  agai  n s t  degrada t ion  and gross rup tu re ;  

'A i .e., t h e  i r r a d i a t e d  U02 i s  t o  remain conf  i ned t o  prevent  s i g n i f i c a n t  re leases 

of r a d i o a c t i v e  m a t e r i a l s  t h a t  cou ld  cause s a f e t y  and hand1 i n g  d i f f i c u l t i e s .  

x The Commerci a1 Spent Fuel Management Program a t  Paci f i c  Northwest 
Z Laboratory  has performed work i n  suppor t  o f  e s t a b l i s h i n g  acceptable c o n d i t i o n s  

x f o r  IDS. The o b j e c t i v e s  o f  t h e  a c t i v i t i e s  descr ibed i n  t h i s  r e p o r t  a re  t o  
i d e n t i f y  p o t e n t i a l  Z i  r c a l o y  degrada t ion  mechanisms and eva lua te  t h e i  r appl i- 

cabi  l i t y  t o  c l add ing  breach d u r i n g  IDS, develop models o f  t h e  dominant Z i  r c a l o y  

degradat ion mechanisms, and recommend c l add ing  temperature l i m i t s  d u r i n g  IDS t o  

c o n t r o l  Z i  r c a l  oy degradat ion. 

The p r i n c i p a l  p o t e n t i a l  Z i  r c a l o y  c l add ing  breach mechanisms d u r i n g  IDS 

have been i d e n t i f i e d  as creep rup tu re ,  s t r e s s  co r ros ion  c rack ing  (SCC), and 

delayed hyd r i de  c rack ing  (DHC). Creep r u p t u r e  i s  concluded t o  be t h e  p r imary  

c ladd ing  breach mechanism d u r i n g  IDS. Cladding breach due t o  SCC and DHC i s  

n o t  expected because t h e  t h r e s h o l d  s t r e s s  i n t e n s i t y  l e v e l s  f o r  these  mechanisms 

a re  g rea te r  than  those  expected f o r  spent f u e l .  

Deformat ion and f r a c t u r e  maps based on creep r u p t u r e  were developed f o r  

Z i r ca loy .  These maps were then  used as t h e  bas i s  f o r  develop ing spent f ue l  

c ladd ing  temperature 1  i m i  t s  t h a t  would prevent  c l  addi ng breach d u r i n g  a  40-year 

IDS per iod .  The p r o b a b i l i t y  o f  c l add ing  breach f o r  spent f u e l  s t o r e d  a t  t h e  

temperature l i m i t  i s  l e s s  than  0.5% pe r  spent f u e l  rod. 
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1.0 INTRODUCTION 

The commercial l i g h t - w a t e r  r e a c t o r  (LWR) power i n d u s t r y  p r i m a r i l y  uses 

fue l  composed o f  U02 c l a d  w i t h  Z i rca loy .  At t h e  end o f  i t s  use fu l  i r r a d i a t i o n  

per iod ,  t h e  f u e l  i s  removed from t h e  r e a c t o r  and placed i n  water s to rage  f o r  

c o o l i n g  and r a d i a t i o n  sh ie l d i ng .  Th is  "spent"  f u e l  ( Z i  r c a l  oy- c l  ad U02 f u e l  

t h a t  has concluded i t s  use fu l  i n - r e a c t o r  l i f e )  i s  expected t o  remain i n  water 

s to rage  u n t i l  i t  i s  sent  o f f s i t e  f o r  f i n a l  d i s p o s i t i o n .  However, t h e  amount of  

spent f u e l  now exceeds, o r  i s  p ro j ec ted  t o  exceed, t he  wet s torage capac i t y  a t  

many r e a c t o r  s i t es . (a )  Therefore,  a l t e r n a t i v e s  t o  wet s torage o f  spent f u e l  

a re  becoming impor tan t  t o  t h e  commercial nuc lear  power i ndus t r y .  The c u r r e n t  

pr imary a l t e r n a t i v e  t o  wet s to rage  o f  spent f u e l  i s  d r y  s to rage  us ing  an i n e r t  

cover gas ( r e f e r r e d  t o  as i n e r t e d  d r y  s torage o r  IDS). I n e r t e d  d r y  s to rage  i s  

p rov ing  t o  be a  p r a c t i c a l  s to rage  method and i s  c u r r e n t l y  be ing l i c e n s e d  f o r  

use i n  t h e  Un i ted  S ta tes  and abroad. 

I n  1980, t h e  U.S. Nuclear Regulatory  Commission (NRC) s p e c i f i e d  i n  

10CFR72, L icens ing  Requirements f o r  t h e  Storage o f  Spent Fuel i n  an Independent 

Spent Fuel Storage I n s t a l  l a t i o n  ( ISFSI) , t h a t  du r i ng  d r y  s torage 

[ p a r t  72.72(h) ( I ) ] :  "The f u e l  c l add ing  s h a l l  be p ro tec ted  aga ins t  degrada t ion  

and gross ruptures." A m o d i f i c a t i o n  t o  t h i s  r e g u l a t i o n  has been proposed ( b )  

(approval  a n t i c i p a t e d  f o r  fa1 1  1987) t h a t  more c l e a r l y  de f ines  c l add ing  

degradat ion. Th is  mod i f i ed  r e g u l a t i o n  lOCFR72.92(h) ( 1 )  w i  11 read: "The spent 

f u e l  c l add ing  must be p ro tec ted  aga ins t  degradat ion t h a t  leads t o  gross 

rup tu res  o r  t h e  f u e l  must be o therw ise  con f ined  du r i ng  s torage such t h a t  degra- 

d a t i o n  o f  t h e  f u e l  du r i ng  s to rage  w i l l  no t  pose ope ra t i ona l  s a f e t y  problems 

w i t h  respect  t o  i t s  removal from storage. This may be accomplished by canning 

o f  conso l ida ted  f u e l  rods o r  unconsol idated assemblies o r  o the r  means as appro- 

p r i  ate." Meeting t h i s  NRC r e g u l a t o r y  requ i  rement , i f  c a n i s t e r s  are no t  used, 

means t h a t  t h e  Z i r c a l  oy c l add ing  must ma in ta in  s u f f i c i e n t  i n t e g r i t y  d u r i n g  IDS 

( a )  Reracking, t ransshipment,  and c o n s o l i d a t i o n  are considered t o  be aspects 
o f  wet storage. 

( b )  Publ ished i n  t h e  Federal Reg is te r ,  May 27, 1986, Vol. 51, No. 101, 
pp. 19106-19132. 



t o  p rov ide  adequate c o n f i  nement o f  t h e  i r r a d i a t e d  U02 t o  prevent  s i g n i f i c a n t  

re1 eases o f  r a d i o a c t i v e  p a r t i c l e s  d u r i  ng IDS and assoc ia ted hand1 i ng 

opera t ions  . 
The Dry Storage L icens ing  Support P r o j e c t  o f  t he  Commercial Spent Fuel 

Management (CSFM) has t h e  broad o b j e c t i v e  o f  suppo r t i ng  l i c e n s i n g  

a c t i v i t i e s  f o r  IDS through exper imental  programs and analyses. One element o f  

t h e  work has been t o  recommend c l add ing  temperature l i m i t s  f o r  I D S  (Levy e t  a l .  

1987) such t h a t  t h e  Z i  r c a l  oy c l  addi  ng w i  11 be acceptably  p ro tec ted  aga ins t  

breach and gross rup tu res  due t o  creep and w i l l  con t i nue  t o  c o n f i n e  t h e  

i r r a d i  a ted U02. Cladding temperature l i m i t s ,  r a t h e r  than c l add ing  s t r ess ,  

s t r a i n ,  o r  c o r r o s i o n  1  i m i t s ,  a re  s p e c i f i e d  because temperature i s  a  parameter 

t h a t  a f f e c t s  each o f  t h e  o the r  poss ib l e  types o f  l i m i t s  and can be moni tored 

and c o n t r o l l e d  d u r i n g  IDS.  

1.1 OBJECTIVES 

The o b j e c t i v e s  o f  t h e  a c t i v i t i e s  descr ibed  i n  t h i s  r e p o r t  were t o  1 )  iden-  

t i  f y  poss ib l e  Z i  r c a l  oy degrada t ion  mechani sms and eval  uate t h e i  r appl i c a b i  1  i t y  

t o  p o t e n t i a l  c l add ing  breach du r i ng  IDS, 2) develop p r e d i c t i v e  de fo rmat ion1  

f r a c t u r e  models o f  t h e  c l add ing  based on t h e  dominant Z i r c a l  oy degrada t ion  

mechanisms, and 3) recommend c l  addi  ng temperature 1  i m i  t s  t o  c o n t r o l  Z i  r c a l  oy 

degradat ion d u r i  ng IDS. 

It i s  a n t i c i p a t e d  t h a t  t h e  i n f o r m a t i o n  prov ided i n  t h i s  r e p o r t  t oge the r  

w i t h  t h e  creep- der ived c l add ing  temperature 1  i m i t s  recommended by Levy e t  a1 . 
(1987) wi 11 serve as t h e  t e c h n i c a l  background f o r  l i c e n s i n g  a c t i v i t i e s  re1 a ted  

t o  IDS.  

1.2 REPORT OVERVIEW 

Preven t ing  gross rup tu re  o f  t h e  c l  addi  ng i s  speci f i ed i n 10CFR72.92( h)  ( 1) 

t o  prevent  t h e  re l ease  o f  s i g n i  f i c a n t  q u a n t i t i e s  o f  i r r a d i a t e d  U02 ( i n c l  ud i  ng 

( a )  The CSFM Program i s  managed by P a c i f i c  Northwest Laboratory  (PNL), which 
i s  operated f o r  t h e  U.S. Department o f  Energy (DOE) by B a t t e l l e  Memorial 
I n s t i t u t e  under Contract  DE-AC06-76RLO 1830. 



f i s s i o n  p roduc ts )  t o  t h e  s torage environment. The d e f i n i t i o n  o f  gross r u p t u r e  

i s  based on t h e  p o t e n t i a l  consequences o f  t h e  re leased m a t e r i a l  on spent f u e l  

handl i ng operat ions:  i f  a d d i t i o n a l  f i 1 t r a t i  on, confinement , o r  handl i ng 

equipment would be requ i red  because o f  t h e  m a t e r i a l  re leased v i a  t h e  rup tu re ,  

then  t h e  rup tu re  may be cons idered excess ive (g ross) .  The o b j e c t i v e  of c o n f i n -  

i n g  t h e  r a d i o a c t i v e  m a t e r i a l  i s  t o  p reven t  unnecessary r a d i a t i o n  exposure t o  

t workers du r i ng  spent f u e l  hand l i ng  subsequent t o  IDS. Thus, a  smal l  breach o f  

t h e  c l add ing  (e.g., a  p i n h o l e  o r  h a i r l i n e  c rack )  t h a t  would re lease  f i s s i o n  gas 

b u t  no t  i r r a d i a t e d  U02 p a r t i c l e s  would no t  be cons idered a  gross rup tu re . (a )  A 

. . l a r g e  r u p t u r e  (e.g., cracked and s p l  i t c ladd ing )  t h a t  cou ld  re lease  s i g n i f i c a n t  

amounts o f  r a d i o a c t i v e  mater i  a1 and thus  a f f e c t  handl i ng requ i  rements would be 

considered a gross rup tu re .  

To meet r e g u l a t o r y  requirements,  t e c h n i c a l  c r i t e r i a  a re  commonly spec i  - 
f i e d .  For example, t o  ensure t h a t  t h e  c l add ing  i s  adequately p ro tec ted ,  

p o s s i b l e  c r i t e r i a  m igh t  i n c l u d e  an i n e r t  cover gas t o  prevent  Z i  r c a l o y  and U02 

ox ida t i on ,  a  c l add ing  s t r a i n  l i m i t  t o  l i m i t  deformat ion, and/or a  f a i l u r e  r a t e  

1  i m i t .  No q u a n t i t a t i v e  c r i t e r i a  f o r  c l add ing  s t r a i n s  o r  f a i l u r e  r a t e s  have y e t  

been s p e c i f i e d  f o r  IDS, a l though ope ra t i ng  temperature l i m i t s  have been spec i -  

f i e d .  The creep- der ived c l add ing  temperature l i m i t s  recommended by Levy e t  a l .  

(1987) r e s u l t  i n  l i m i t e d  c l add ing  d i ame t ra l  s t r a i n  (<I%) and l i m i t e d  c l a d d i n g  

breach p r o b a b i l i t y  (<0.5% pe r  spent f u e l  rod) .  

To assure t h a t  c l add ing  degrada t ion  and gross r u p t u r e  do no t  occur, f o u r  

s teps were undertaken. F i  r s t ,  p o s s i b l e  Z i  r c a l o y  degradat ion mechanisms were 

i d e n t i f i e d .  Second, t h e  degradat ion mechanisms were evaluated as t o  t h e i r  

a p p l i c a b i l i t y  du r i ng  IDS. Some o f  t h e  poss ib l e  mechanisms a re  prec luded by t h e  

s p e c i f i c a t i o n s  o f  I D S  ( i  .e., Z i  r c a l o y  and U02 o x i d a t i o n  cannot occur w i t h  an 

i n e r t  cover gas). Th i  rd,  degrada t ion  mechani sms o f  p r i  n c i  p a l  concern were 

( a )  I n  MacDonald (1984), t h e  NRC s t a t e d  t h a t  i n  regards t o  t r a n s p o r t a t i o n  of 
.i 

- spent f u e l  "known o r  suspected f a i l e d  f u e l  assemblies ( rods)  and f u e l  w i t h  
c l add ing  de fec ts  g rea te r  than  p inho les  and ha i  r l i n e  cracks a re  n o t  
authorized." Therefore,  t h e  NRC does no t  cons ider  p i nho les  o r  h a i r l i n e  
cracks t o  be gross spent f u e l  ruptures.  



modeled f o r  a n a l y s i s  and p r e d i c t i o n .  And f o u r t h ,  a  method01 ogy was devel  oped 

t o  p r e d i c t  a1 1  owabl e  c l  adding temperatures f o r  IDS assuming a  40-year s to rage  

per iod.  

The i d e n t i f i c a t i o n ,  eva lua t i on ,  and model ing o f  Z i r c a l o y  degrada t ion  mech- 

anisms a re  summarized i n  Sec t ion  3. A d d i t i o n a l  d e t a i l e d  d i scuss ions  on Z i r -  

ca loy  degrada t ion  may be found i n  Appendices A, B, and C. Appendix A p resen ts  

an overview o f  c rack  growth behavior ,  s t r e s s  co r ros ion  c rack ing  (SCC), and % 

delayed hydr ide  c rack ing  (DHC) ; Appendix B descr ibes  a  qua1 i t a t i v e  model f o r  

QHC; and Appendix C descr ibes  a  hydrogen d i f f u s i o n  model. 

It w i l l  be demonstrated i n  Sect ion 3.1 t h a t  creep r u p t u r e  i s  t h e  p r ima ry  

mechani sm t h a t  cou ld  cause a  through-wal l  c l add ing  c rack  (breach).  The 

behavior  o f  creep de fo rmat ion  and f a i l u r e  has been modeled, and t h i s  model i s  

summarized i n  Sec t ion  3.2; suppo r t i ng  d e t a i l s  a re  presented i n  Appendix D. 

The creep r u p t u r e  model forms t h e  bas i s  f o r  a  methodology t h a t  de f ines  t h e  

a l l owab le  maximum c ladd ing  temperatures d u r i n g  IDS. The p r e d i c t i v e  methodology 

and recommended temperature l i m i t s ,  developed as p a r t  o f  t h e  CSFM Program and 

repor ted  by Levy e t  a l .  (1987), a re  summarized i n  Sec t ion  4.1. Suppor t ing t h e  

temperature l i m i t  methodology i s  model ing o f  spent f u e l  c l add ing  temperatures 

d u r i n g  IDS. Computer codes a re  c u r r e n t l y  capable o f  p r e d i c t i n g  c l add ing  

temperatures t o  w i t h i n  *30°C o f  t h e  temperatures measured du r i ng  metal cask 

demonstrat ion t e s t s  (Sec t i on  4.2). 

I n e r t e d  d r y  s to rage  i s  now being l i c e n s e d  f o r  use i n  t h e  Un i ted  S ta tes  and 

abroad. A number o f  IDS systems are  be ing  o f f e r e d  and eva lua ted  f o r  f u t u r e  

use. An overview o f  t h e  c u r r e n t  s t a t u s  o f  IDS technology i s  presented i n  

Appendix E. 



2.0 CONCLUSIONS AND RECOMMENDATIONS 

I n  t h i s  sec t ion ,  s p e c i f i c  conc lus ions a re  presented regard ing  Z i  r c a l o y  

degradat ion mechanisms and c l add ing  temperature 1  i m i  t s  d u r i n g  IDS. The c u r r e n t  

s t a t u s  o f  d r y  s to rage  exper ience i s  discussed, and recommendations a re  made 

regard ing  IDS. 

2.1 ZIRCALOY DEGRADATION MECHANISMS 

Degradat ion o f  Z i r c a l o y  d u r i n g  IDS may l e a d  t o  c l add ing  breaches i n  spent 

fue l .  The d r i v i n g  f o r c e  f o r  t h e  p r i n c i p a l  degradat ion mechanisms i s  c l a d d i n g  

s t ress ,  which i s  a  f u n c t i o n  o f  t h e  gas pressure d i f f e r e n t i a l  across t h e  c l ad-  

ding.  Once t h e  c l add ing  has been breached ( u s u a l l y  a  p i n h o l e  o r  h a i r l i n e  

c rack)  , (a)  t h e  pressure d i f f e r e n t i a l  and r e s u l t i n g  c l add ing  s t r e s s  a re  

re l i eved .  With t h e  s t r e s s  re1 ieved, t h e r e  i s  no d r i v i n g  f o r c e  t o  en la rge  t h e  

breach and t h e r e f o r e  no gross rup tu re .  

The p r i  n c i  pa l  Z i  r c a l  oy c l  adding degradat ion mechani sms a re  creep rup tu re ,  

SCC, and DIiC. Creep r u p t u r e  i s  t h e  most 1  i k e l y  t ype  o f  c l add ing  breach f o r  t h e  

I D S  c ladd ing  temperature and s t r e s s  regimes. Creep deformat ion and f r a c t u r e  

maps t h a t  de f ine  t h e  t empera tu re l s t r ess  regimes o f  va r ious  creep de fo rmat ion  

and f r a c t u r e  mechanisms have been developed and va l  i dated by comparison w i t h  

exper imental  data. 

S p e c i f i c  conc lus ions re1 a t e d  t o  Z i  r c a l  oy degradat ion mechanisms i n c l u d e  

t h e  f o l l o w i n g :  

The most l i k e l y  Z i  r c a l o y  c l add ing  breach mechanism i s  creep rup tu re .  

The c r i t i c a l  s t r e s s  i n t e n s i t y  l e v e l s  f o r  SCC and DHC a r e  3 and 

12 ~ ~ a - f i ,  r espec t i ve l y .  Spent f u e l  c l add ing  s t r e s s  i n t e n s i t i e s  

d u r i n g  IOS(~) w i l l  be lower  than  these c r i t i c a l  l e v e l s .  Therefore,  

SCC and DHC a re  n o t  expected t o  be Z i  r c a l o y  c l add ing  breach 

mechanisms du r i ng  IDS. 

( a )  C u b i c c i o t t i ,  Jones, and S y r e t t  1980; Mattas, Neimark, and Yaggee 1980. 
( b )  It i s  assumed t h a t  reasonably maximum IDS c l add ing  condLt ions a re  s t r e s s  

equal t o  70 MPa and s t r e s s  i n t e n s i t y  equal t o  1.6 MPaeJm. 



2  The c r i t i c a l  i o d i n e  concen t ra t i on  l e v e l  f o r  SCC i s  5  x  l o e 6  g/cm . 
Spent f u e l  f r e e  i o d i n e  concent ra t ions  a re  below t h i s  c r i t i c a l  concen- 

t r a t i o n .  Therefore,  SCC i s  no t  expected t o  be a  c l add ing  breach 

mechanism d u r i n g  IDS. 

Radia l  r e o r i e n t a t i o n  o f  hydr ides  requ i res  a  s t r e s s  l e v e l  o f  a t  l e a s t  

100 MPa. Spent f u e l  c l add ing  s t r e s s  l e v e l s  du r i ng  IDS(~) w i l l  be 

below t h i s  s t r e s s  l e v e l  ; the re fo re ,  r a d i a l  r e o r i e n t a t i o n  o f  hydr ides  

i s  no t  expected t o  be a  c l add ing  degrada t ion  mechanism d u r i n g  IDS. 

P red i c ted  hydrogen r e d i s t r i b u t i o n  w i t h i n  t h e  spent f u e l  c l add ing  i s  

no t  s i g n i f i c a n t  and i s  t h e r e f o r e  n o t  expected t o  be a  c l a d d i n g  deg- 

r a d a t i o n  mechanism d u r i n g  IDS. 

A spent f u e l  c l a d d i n g  breach due t o  r a d i a t i o n  embr i t t l ement  r e q u i r e s  

a  s t r e s s  i n t e n s i t y  o f  >40 MPa.6. Spent f u e l  c l add ing  s t r e s s  

i n t e n s i t i e s  d u r i n g  IDS(~) w i l l  be lower  than  t h i s  c r i t i c a l  l e v e l .  

Therefore,  i r r a d i  a t i o n  embr i t t l ement  i s  no t  cons idered t o  be a  

s i g n i f i c a n t  c l add ing  degrada t ion  mechani sm du r i ng  IDS. 

Z i  r c a l o y  and U02 o x i d a t i o n  a re  p rec luded  by t h e  i n e r t  gas atmosphere 

and a re  t h e r e f o r e  n o t  c r e d i b l e  c l add ing  degradat ion mechanisms d u r i n g  

IDS (as l o n g  as no oxygen i s  a1 lowed i n t o  t h e  s to rage  cask).  

C ladding s t r e s s  l e v e l s  d u r i n g  IDS(~) a r e  i n s u f f i c i e n t  t o  promote 

c l add ing  s t r a i n  r a t e  embr i t t l ement ;  a  s t r e s s  l e v e l  o f  > I50  MPa i s  

r equ i  red. 

2.2 CLADDING TEMPERATURE LIMITS DURING INERTED DRY STORAGE 

Based on 1 )  t h e  creep de fo rmat ion  and f r a c t u r e  maps f o r  Z i  r c a l o y  and 2) a  

conserva t i ve  decay hea t / c l add ing  temperature h i s t o r y  f o r  IDS, a model was 

developed t h a t  de f i nes  t h e  maximum a1 lowable c l add ing  temperature as a  f u n c t i o n  

o f  c l add ing  s t r e s s  (Levy e t  a l .  1987). Th is  model accounts f o r  f u e l  des ign,  

( a )  It i s  assumed t h a t  reasonably maximum IDS c l add ing  c o n d i t i o n s  a re  s t r e s s  
equal t o  70 MPa and s t r e s s  i n t e n s i t y  equal t o  1.6 MPa-Jm. 



bu rnup l e v e l  , and 1  ength o f  cool  i ng p e r i o d  and thus p rov ides  s p e c i f i c  c l  adding 

temperature l i m i t s  r a t h e r  than  a  s i n g l e  gener ic  l i m i t .  

S p e c i f i c  conc lus ions r e l a t e d  t o  c l add ing  temperature 1  i m i  t s  and o t h e r  tem- 

pe ra tu re  issues i n c l u d e  t h e  f o l  1  owing: 

8 The probabi 1  i ty  f o r  c l  addi  ng breach, us ing  t h e  c l  addi  ng temperature 

methodology, i s  ~0.5% f o r  a  spent f u e l  r od  s to red  a t  t h e  c l a d d i n g  

temperature 1  i m i  t. 

Computer codes f o r  p r e d i c t i n g  c l add ing  temperatures w i t h i n  IDS sys-  

tems a re  c u r r e n t l y  w i t h i n  f 30°C o f  expe r imen ta l l y  measured c l add ing  

temperatures. 

8 Decay heat l e v e l s  f o r  spent f u e l  can be p r e d i c t e d  w i t h i n  10% o f  

exper imenta l l y  measured l e v e l s  f o r  per iods  o f  up t o  10 years.  The 

codes gene ra l l y  ove rp red i c t  decay heat l e v e l s  and a re  thus  conserva- 

t i  ve f o r  p r o v i d i n g  decay heat  values f o r  temperature p r e d i c t i o n  

codes. 

8 Spent f u e l  gas pressure increases du r i ng  IDS as a  r e s u l t  o f  he1 ium 

produc t ion  f rom a c t i n i d e  decay wi 11 be n e g l i g i b l e .  F i s s i o n  gas 

re lease  d u r i n g  IDS w i l l  a1 so be a  n e g l i g i b l e  c o n t r i b u t o r  t o  spent 

f u e l  i n t e r n a l  gas pressure. 

8 Spent f u e l  c l add ing  temperatures du r i ng  cask d r y i n g  opera t ions  a re  

no t  expected t o  exceed t h e  recomniended temperature l e v e l s .  However, 

should s h o r t  per iods  i n  excess o f  t h e  recommended temperature l e v e l s  

occur, they  should no t  be de t r imen ta l .  

2.3 STATUS OF DRY STORAGE EXPERIENCE 

Two IDS f a c i l i t i e s  were 1  icensed a t  commercial nuc lear  power r e a c t o r  s i t e s  

i n  t he  Un i ted  States du r i ng  1986: one a t  t h e  Surry  power reac to r ,  u s i n g  

CASTOR-V/21 metal casks, and t h e  o t h e r  a t  t h e  H. B. Robinson s i t e ,  u s i n g  t h e  

NUHOMS concrete module system. Several o t h e r  manufacturers have submi t ted  

1 

. * t o p i c a l  r epo r t s  t o  t h e  NRC f o r  e i t h e r  metal casks o r  o t h e r  d r y  s to rage  systems 
. 
t f o r  eva lua t i on  and approval .  



Experience w i t h  d r y  s torage o f  Z i  r c a l  oy- c l  ad spent f u e l  has ranged from 

s i  ng le- rod ho t  c e l l  t e s t s ,  t o  mu1 t i  assembly s torage system c h a r a c t e r i z a t i o n  

t e s t s ,  t o  l i c e n s e d  d r y  s to rage  f a c i  1  i t i e s .  More than 30,000 Z i  r ca loy- c lad  

spent f u e l  rods have been sub jec ted  t o  d r y  s to rage  cond i t i ons ,  o f  which more 

than 18,000 were i r r a d i a t e d  i n  LWRs. Only two Z i r c a l o y- c l a d  spent fue l  rods 
#I 

have been repo r ted  as develop ing breached c l add ing  du r i ng  d r y  storage. One of 

t h e  rod breaches occurred du r i ng  a  t e s t  us ing  a i r  as t he  cover gas; t h e  o t h e r  * 
c l add ing  breach occur red  du r i ng  s to rage  i n  helium. The causes o f  t h e  c l a d d i n g  

breaches have no t  been determi ned, and no exami na t i ons  a re  p l  anned. 

.. . 

2.4 RECOMMENDATIONS FOR INERTED DRY STORAGE 

It i s  recommended t h a t  t h e  CSFM IDS c l add ing  temperature model, based on 

c l add ing  creep d u r i n g  IDS and repor ted  by Levy e t  a1 . (1987), be used f o r  spent 

f u e l  IDS 1  i censi  ng. Th is  model accounts f o r  speci  f i c  spent fue l  c h a r a c t e r i  s-  

t i c s ,  1  i m i t s  t h e  p r o b a b i l i t y  o f  c l add ing  breach (p i nho les  o r  h a i r l i n e  c racks )  

f o r  a  l i m i t i n g  spent f u e l  rod t o  ~ 0 . 5 %  over  a  40-year per iod ,  and i s  assoc ia ted  

w i t h  c l  addi ng s t r a i n  1  eve1 s  o f  -1%. Other c l  addi  ng degrada t ion lb reach  mecha- 

nisms such as SCC and DHC r e q u i r e  c l add ing  s t r e s s  l e v e l s  i n  excess o f  those 

assoc ia ted w i t h  t h e  CSFM IDS model and a r e  t h e r e f o r e  no t  cons idered c r e d i b l e  

c l add ing  degrada t ion lb reach  mechanisms. 

Cask d r y i n g  ope ra t i ons  may p o s s i b l y  expose spent f u e l  c l add ing  t o  tempera- 

t u r e s  i n  excess o f  t h e  CSFM I D S  temperature l i m i t s .  I f  t h i s  should occur,  i t  

i s  recommended t h a t  c l add ing  s t r a i n  f rom creep be l i m i t e d  t o  0.1% d u r i n g  t h e  

cask d r y i n g  opera t ion .  A s t r a i n  o f  0.1% may r e s u l t  from a  temperature o f  450°C 

f o r  8  h. 



ZIRCALOY DEGRADATION MECHANISMS AND MODELING 

I Degradat ion o f  Z i  r c a l o y  d u r i n g  IDS may l ead  t o  breaching o f  t h e  f u e l  rod  
I c ladding.  Th is  s e c t i o n  i d e n t i f i e s  severa l  Z i  r c a l o y  degradat ion mechani sms , 
I 
I * eva luates t h e  a p p l i c a b i l i t y  o f  those  mechanisms t o  I D S ,  and presents  

I app rop r i a te  degradat ion models. 
I ; 
I .  

Poss ib le  c l add ing  breach mechanisms f o r  spent f u e l  d u r i n g  IDS a re  creep 

I .. rup tu re ,  SCC, and hydrogen-re1 a ted  f a i  1  u r e  mechanisms. Creep r u p t u r e  (Sec- 
I -- t i o n  3.1) i s  t h e  most l i k e l y  mechanism t h a t  cou ld  cause a  c l add ing  breach and 
I - i s  t h e  p r i n c i p a l  bas i s  f o r  t h e  IDS temperature l i m i t s  presented i n  Sec t ion  4.1. 
1 .- 
I - A methodology f o r  p r e d i c t i n g  t h e  degree o f  creep r u p t u r e  (cumula t i ve  damage) i s  

I presented i n  Sect ion 3.1.2. The temperature and s t r e s s  l i m i t s  e s t a b l i s h e d  t o  

I p reven t  c ladd ing  breach by creep r u p t u r e  a re  a l s o  shown t o  prevent  c l add ing  
I breach caused by SCC (Sec t ion  3.2) and hydrogen-re1 a ted  mechanisms 
I 

(Sec t ion  3.3). 

Add i t i ona l  mechanisms known t o  degrade Z i r c a l o y  c l add ing  a re  presented i n  

Sect ion 3.4 and a re  shown t o  no t  be s i g n i f i c a n t  du r i ng  IDS. These a d d i t i o n a l  

mechanisms i n c l u d e  Z i  r c a l  oy i r r a d i a t i o n  embri ttl ement , Z i  r c a l o y  ox ida t i on ,  U02 

ox ida t i on ,  and Z i  r c a l  oy s t r a i n  r a t e  embri t t l emen t .  

C ladding breach by a  crack growth mechanism requ i res  t h e  p re- ex is tence  o f  

a  crack. These p re- ex i  s t i  ng cracks ( i n c i p i e n t  d e f e c t s )  may r e s u l t  f rom manu- 

f a c t u r i n g  de fec t s  and/or i r r a d i a t i o n .  Tasoo j i  , E inz ige r ,  and M i  1 l e r  (1984) 

have determined t h a t  1% o f  spent f u e l  rods would have a  de fec t  g r e a t e r  than  

0.13 mm deep. Therefore,  f o r  t h i s  r epo r t ,  a  maximum pre- IDS defect  depth of 

0.13 mm (-20% o f  t h e  c l add ing  t h i ckness )  has been assumed f o r  t h e  e v a l u a t i o n  o f  

crack growth mechanisms. 

The c l add ing  degradat ion mechanisms t o  be presented i n  t h i s  s e c t i o n  com- 

monly have a  t h r e s h o l d  c l add ing  s t r ess ,  o r  s t r e s s  i n t e n s i t y ,  f o r  t h e  mechanism 

t o  be operat ive.  To compare these degradat ion th resho lds  t o  expected condi-  

t i o n s  f o r  spent f u e l  i n  IDS, a  maximum c ladd ing  hoop s t r e s s  o f  70 MPa ( c l add ing  



s t r e s s  i n t e n s i t y  o f  1.6 ~ ~ a * f i ) ( ~ )  i s  assumed f o r  spent f u e l  i n  IDS .  To i l l u s -  

t r a t e  t h a t  t h i s  i s  a  l i k e l y  maximum spent f u e l  c l add ing  s t r ess ,  a  p ressu r i zed  

water  r e a c t o r  (PWR) spent f u e l  r od  w i t h  a  gas pressure o f  6  MPa a t  25OC 

(approx imate ly  double t h e  p r e i  r r a d i a t i o n  va lue and s i g n i f y i n g  a  very  l a r g e  

amount o f  f i s s i o n  gas re lease  d u r i n g  i r r a d i a t i o n )  would have a  hoop s t r e s s  o f  

53 MPa a t  400°C. Th i s  va lue  i s  76% o f  t h e  assumed maximum c ladd ing  hoop s t r e s s  

o f  70 MPa used i n  t h e  f o l l o w i n g  analyses. 

An impor tan t  p o i n t  t o  cons ider  i n  t h e  f o l l o w i n g  d iscuss ions  i s  t h a t  once a  

crack breaches t h e  c l add ing  t h e  d r i v i n g  f o r c e  t o  con t inue  p ropagat ing  t h e  crack 

i s  removed. The d r i v i n g  f o r c e  f o r  crack propagat ion i n  spent f u e l  i s  t h e  

s t r e s s  caused by t h e  p ressure  d i f f e r e n t i a l  between t h e  f i l l  gas o f  t h e  spent  

f u e l  ( b )  and t h e  cover  gas. Once t h e  c l add ing  i s  breached, t h e  p ressure  d i f f e r -  

e n t i a l  i s  r e l i e v e d  and t h e  s t r e s s  on t h e  c l add ing  i s  removed. Therefore,  t h e  

i d e n t i f i e d  d e g r a d a t i o n l c l  addi  ng breach mechanisms should r e s u l t  i n  p i n h o l e  o r  

h a i r l i n e  crack c l a d d i n g  breaches t h a t  r e l ease  gas bu t  n o t  i n  gross r u p t u r e s  

t h a t  cou ld  re l ease  spent f u e l  p a r t i c l e s  ( C u b i c c i o t t i  , Jones, and S y r e t t  1980; 

Mattas, Neimark, and Yaggee 1980). 

3.1 CREEP RUPTURE 

F a i l u r e  o f  t h e  Z i  r c a l o y  c l add ing  by creep rup tu re  i s  caused by t h e  forma- 

t i o n  o f  m ic roscop ic  c r a c k s / c a v i t i e s  w i t h i n  t h e  m a t e r i a l .  These cracks and 

c a v i t i e s  r e s u l t  i n  a  reduced c ross- sec t i ona l  area o f  t h e  c l add ing  and subse- 

quent f a i l u r e  o f  t h e  c l a d d i n g  t o  bear t h e  imposed pressure load. C ladd ing  

f a i l u r e s  o f  t h i s  t y p e  a re  gene ra l l y  m a t e r i a l  f a i l u r e s  and a r e  no t  dependent on 

ou t s i de  i n f l u e n c e s  such as cover gas o r  r e a c t i v e  m a t e r i a l s  (e.g., i o d i n e  o r  

( a )  S t ress  i n t e n s i t y  may be r e l a t e d  t o  c l add ing  hoop s t r e s s  and crack s i z e  by 
t h e  f o l l o w i n g  equat ion:  

where K. i s  t h e  s t r e s s  i n t e n s i t y ,  o i s  t h e  s t r ess ,  and a  i s  t h e  c rack  
l e n g t h  l ~ o l f e  and Barsom 1977). 

( b )  The f i l l  gas o f  t h e  spent f u e l  i s  a  m i x t u r e  o f  t h e  i n i t i a l  f i l l  gas and 
f i s s i o n  gas re leased  f rom t h e  U02 m a t r i x  t o  t h e  f r e e  v o i d  volume d u r i n g  
i r r a d i a t i o n .  The pressure o f  t h e  f i l l  gas depends on t h e  volume o f  t h e  
f i l l  gas, t h e  temperature o f  t h e  f i l l  gas, and t h e  f r e e  v o i d  volume. 



hydrogen) w i t h i n  t h e  c ladding.  The presence o f  i n c i p i e n t  de fec ts  a f f ec t s  creep 

r u p t u r e  by i ncreas i  ng 1 oca l  s t resses  th rough  a  reduced c ross- sec t i ona l  area. 

Exper imental  measurement o f  t h e  creep r u p t u r e  1  i f e t i m e  o f  Zi r c a l  oy c l a d -  

d ing  i s  t h e  most des i r ed  bas i s  t o  determine expected creep r u p t u r e  l i f e t i m e s  

du r i ng  IDS. D i r e c t  exper imenta l  measurements, however, a re  n o t  p r a c t i c a l  f o r  

two reasons: t e s t  pe r iods  a re  t o o  l ong  and t o o  many t e s t s  a re  requi red,  Long 

t e s t i n g  per iods  a re  r equ i r ed  t o  expe r imen ta l l y  measure m a t e r i a l  behav io r  over  

t h e  a n t i c i p a t e d  l i c e n s i n g  pe r i od  o f  40 years. Many d r y  s to rage  temperature and 

s t r e s s  h i s t o r i e s  would need t o  be s tud ied  f o r  t h e  d i f f e r e n t  types o f  spent f u e l  

and types o f  s to rage  cask designs. S p e c i f i c  tempera tu re /s t ress  h i s t o r i e s  must 

be eval uated because t h e  creep degrada t ion  k i n e t i c s  decrease w i t h  i n c r e a s i n g  

t ime  as t h e  temperature and s t r e s s  l e v e l s  decay w i t h  t ime. The decreas ing  

k i n e t i c s  s i g n i f i c a n t l y  a f f e c t  t h e  expected creep r a t e s  and r u p t u r e  l i f e t i m e s .  

Cal c u l  a ted  cumul a t i  ve creep damage f o r  decayi  ng temperature and s t r e s s  

h i s t o r i e s  has been used as a  bas i s  t o  develop i n i t i a l  temperature and s t r e s s  

l i m i t s  f o r  IDS o f  spent f u e l .  These l i m i t s  a re  descr ibed  i n  Sec t ion  4.1 and 

s p e c i f y  t h e  maximum i n i t i a l  IDS temperatures a t  which f u e l  can be s to red  f o r  a  

g iven  c l add ing  s t r e s s  w i t hou t  be ing  breached by creep rupture.  The creep 

r u p t u r e  model p rov ides  a  reasonable p r e d i c t i o n  o f  creep r u p t u r e  l i f e t i m e  f o r  

t h e  f o l l o w i n g  reasons: 1) i t  p r o p e r l y  accounts f o r  IDS thermal and s t r e s s  

h i s t o r i e s ;  2) i t  i nc l udes  mechanism-based temperature and s t r e s s  dependencies 

f o r  creep behav io r ;  and 3) i t  i s  c o n s i s t e n t  w i t h  expe r imen ta l l y  measured creep 

s t r a i n s ,  r u p t u r e  t imes, and f a i l u r e  s t r a i n s .  

3.1.1 Creep Deformat ion and Rupture Mechanisms 

According t o  Chin, Khan, and Tarn (1986),  t h e  creep ratelmechanism o f  Z i r -  

ca l oy  v a r i e s  w i t h  temperature and s t ress .  A t  h i g h  temperatures and h i g h  

s t resses,  creep i s  dominated by h igh- temperature d i s l o c a t i o n  c l i m b  w i t h  t h e  

c l imb r a t e  c o n t r o l l e d  by l a t t i c e  d i f f u s i o n .  For low temperatures and l o w  

s t resses,  creep i s  dominated by g r a i n  boundary s l i d i n g ,  which i s  c o n t r o l l e d  by 

g r a i n  boundary d i f f u s i o n ,  The t r a n s i t i o n  temperature between mechanisms i s  

about 300°C a t  100 MPa, 400°C a t  50 MPa, and 500°C a t  20 MPa. A t r a n s i t i o n  i n  

creep mechanism has a l s o  been repo r t ed  by Keusseyan (1985) a t  400°C and 120 MPa 



f o r  Z i rca loy- 2 .  Th is  t r a n s i t i o n  was a l s o  i n t e r p r e t e d  as a  s h i f t  t o  g r a i n  

boundary s l  i d i  ng a t  1  ower temperatures. 

The i n t e r p r e t a t i o n s  o f  t h e  temperature and s t r e s s  dependencies o f  creep 

r u p t u r e  t imes a re  more compl icated than  f o r  creep r a t e  (Chin, Khan, and Tarn 

1986). The r u p t u r e  t ime  depends on bo th  t h e  creep r a t e  and t h e  g r a i n  boundary 

f r a c t u r e  res is tance .  I n t e r g r a n u l a r  f r a c t u r e  mechanisms dominate creep r u p t u r e  

t imes a t  temperatures o f  i n t e r e s t  f o r  IDS. A t  s t resses  above -150 MPa, f rac-  

t u r e  occurs by t r i p l e - p o i n t  c rack ing .  A t  s t resses  below -150 MPa, f r a c t u r e  

occurs by g r a i n  boundary c a v i t a t i o n .  Rupture t ime  i s  more s t r o n g l y  a f f e c t e d  by 

s t r e s s  du r i ng  h i  gh- st ress t r i p l e - p o i  n t  c rack ing  than du r i ng  1  ow-stress c a v i  t a -  

t i o n  f r a c t u r e  f o r  a  g iven  s t r a i n  ra te .  

M i c r o s t r u c t u r a l  s t ud ies  have revealed evidence f o r  t h e  g r a i n  sepa ra t i on  

processes proposed i n  t h e  creep r u p t u r e  models, bu t  q u a n t i t a t i v e  v a l i d a t i o n  o f  

t h e  mechanisms f o r  r u p t u r e  a re  no t  p r a c t i c a l  f o r  t h e  r e q u i r e d  spent f u e l  l i f e -  

t imes  i n  excess o f  40 years.  Evidence f o r  t r i p l e - p o i n t  c rack ing  has been 

repo r ted  by Kubo e t  a l .  (1985) f o r  z i r con ium s t r a i n e d  a t  4.4 x  s - I  and a t  

350°C. Evidence f o r  c a v i t a t i o n  damage has been cha rac te r i zed  by Keusseyan 

(1985) f o r  Z i r ca loy- 2  a t  temperatures f rom 350 t o  400°C and a t  s t resses  near  

100 MPa. 

3.1.2 Creep Rupture Model ing 

Creep de fo rmat ion  and f a i l u r e  mechanisms i n  n o n i r r a d i a t e d  and i r r a d i a t e d  

Type 316 s t a i n l e s s  s t e e l  can be p r e d i c t e d  us ing  deformat ion and f r a c t u r e  mecha- 

nism maps. These maps s imu l taneous ly  d i s p l a y  severa l  de fo rmat ion  o r  f a i l u r e  

modes i n  t h e  form o f  a  schematic diagram o f  tempera tu re /s t ress  space. Such 

maps enable p r e d i c t i o n  o f  t h e  dominant deformat ion mechanism and f a i  1  u r e  mode 

f o r  va r ious  temperatures as w e l l  as va ry i ng  i r r a d i a t i o n  h i s t o r i e s .  Z i  r c a l o y  

deformat ion and f r a c t u r e  maps have been developed by Chin, Khan, and Tarn 

(1986) as p a r t  o f  t h e  CSFM Program and have been used i n  de te rmin ing  IDS 

c l add ing  temperature l i m i  t s .  

Deformat ion and f r a c t u r e  maps a re  u s u a l l y  cons t ruc ted  w i t h  normal ized 

s t r e s s  on t he  o r d i n a t e  and homologous temperature on t h e  abscissa. Two 

d i s t i n c t  approaches t o  c o n s t r u c t i n g  t h e  maps have been adopted: exper iment 



based and model based. For t h e  experiment-based approach, a  l a r g e  number o f  

data p o i n t s  ( de r i ved  from t e s t s  on d i f f e r e n t  specimens) a re  p laced on t h e  map 

w i t h  t he  deformat ion o r  f r a c t u r e  mode assoc ia ted w i t h  each p o i n t  i d e n t i f i e d .  

Lines are then drawn on t h e  map t o  i n d i c a t e  t h e  approximate boundaries between 

t h e  d i  f f e r e n t  deformat ion o r  f r a c t u r e  processes. 

To generate model-based f r a c t u r e  maps, t h e o r e t i c a l  express ions f o r  t imes  

t o  f a i l u r e  are numer i ca l l y  eva lua ted  f o r  poss ib l e  f r a c t u r e  mechanisms under t h e  

assumption t h a t  t h e  mechanism w i t h  t h e  s h o r t e s t  f a i l u r e  t ime  c o n t r o l s  t h e  

f r a c t u r e .  S i m i  1  a r l y  , deformat ion maps a re  generated by numer i ca l l y  e v a l u a t i n g  

d i f f e r e n t  deformat ion mechanisms and de te rmin ing  which deformat ion mechanism 

has t he  h ighes t  deformat ion ra te .  I n  t h e  c o n s t r u c t i o n  o f  deformat ion and 

f r a c t u r e  maps, t h e  var ious  mechanisms a re  assumed t o  operate independent ly .  

Th i s  concept i s  an o v e r s i m p l i f i c a t i o n  o f  t h e  ac tua l  process because mixed modes 

o f  f r a c t u r e  occur and because damage in t roduced by one mechanism can a f f e c t  

another.  However, t h e  deformat ion and f r a c t u r e  maps do a l l o w  t h e  p r e d i c t i o n  o f  

dominant deformat ion and f a i l u r e  modes over  a  wide range o f  temperatures and 

s t resses  and represent  a  reasonable approach i n  t h e  absence o f  more d e t a i l e d  

in format ion.  The d e t a i l s  o f  develop ing t h e  deformat ion and f a i l u r e  maps f o r  

t h e  CSFM creep model a re  summarized i n  Appendix D and were presented i n  Chan, 

Khan, and Tarn (1986). 

Measured creep ra tes  have been repor ted  f o r  Z i r c a l o y  a t  temperatures and 

s t resses  w i t h i n  t h e  temperature and s t r e s s  regimes expected f o r  IDS.  A compar- 

i s o n  between CSFM creep model p r e d i c t i o n s  and measured da ta  a t  400°C i s  shown 

i n  F igure  3.1. The model p r e d i c t i o n  represents  a  reasonable f i t  o f  t h e  da ta  a t  

s t resses  re l evan t  t o  d r y  s to rage  and i s  conserva t i ve  when t h e  da ta  a re  so r t ed  

accord ing t o  t h e  t ype  o f  metal  o r  a l l o y  used f o r  t h e  measurement. The creep 

r a t e  data o f  Pahutova and Cadek (1973) i n d i c a t e d  a  h i ghe r  creep r a t e  than  t h e  

model p r e d i c t i o n ;  bu t  those da ta  were f o r  z i rcon ium meta l ,  which i s  l e s s  r e s i s -  

t a n t  t o  creep than Z i r ca loy .  The da ta  demonstrat ing lower  creep r a t e s  than t h e  

model p r e d i c t i o n  a re  f o r  t y p i c a l  Z i r c a l o y  a l l o y s  t h a t  a re  o f  i n t e r e s t  f o r  d r y  

s torage p red i c t i ons .  I n  p a r t i c u l a r ,  t h e  data obta ined by Peehs and coworkers 

i n  t h e  Federal Republ ic  o f  Germany (FRG) (discussed i n  Appendix D) i n d i c a t e  

t h a t  t h e  p red i c ted  creep r a t e s  a re  reasonable and conservat ive.  



loglo (Strain Rate, s-'1 

FIGURE 3.1. Comparison o f  P red i c ted  and Measured Creep Rates a t  400°C. 
The midd le  curve i s  t h e  p r e d i c t i o n ;  t h e  o u t e r  curves a r e  
o rde r- o f  -magni tude  s h i f t s  o f  t h e  p r e d i c t i o n .  

The CSFM creep model accounts f o r  t h e  t r a n s i t i o n s  i n  creep r a t e  and g r a i n  

boundary f r a c t u r e  processes when e x t r a p o l a t i n g  measured r u p t u r e  t imes  t o  lower  

s t resses  and lower  temperatures f o r  d r y  s torage p red i c t i ons .  The l o a d  re l axa-  

t i o n  t e s t s  o f  Keusseyan (1985) do n o t  q u a n t i t a t i v e l y  v a l i d a t e  t h e  modeled .. 
t r a n s i t i o n  bu t  do v e r i f y  t h a t  lower  s t r e s s  exponents a re  expected f o r  creep a t  

t h e  lower  s t resses  r e l e v a n t  t o  d r y  s torage.  The CSFM creep model, t h e r e f o r e ,  4 

V 

accounts f o r  t h i s  t r a n s i t i o n  and does no t  underest imate t h e  creep r a t e  as 



emp i r i ca l  creep models would when based on ly  on h igh- temperature and h igh-  

s t r e s s  creep r a t e  data.  P red i c t i ons  o f  creep r u p t u r e  t ime  i l l u s t r a t e  t h e  

s t r o n g  s t r e s s  dependence expected a t  h i g h  s t resses  and t h e  weak s t r e s s  

dependence expected a t  low s t resses,  as shown i n  F igu re  3.2. 

log10 (Fracture Time, s) 

F I G U R E  3.2. Comparison o f  P red i c ted  and Measured Creep Time t o  F rac tu re  
a t  400°C. The midd le  curve i s  t h e  p r e d i c t i o n ;  t h e  o u t e r  
curves a re  order-of-magnitude s h i f t s  o f  t h e  p r e d i c t i o n .  
Curves g iven  i n  F igu re  16 o f  Chin, Khan, and Tarn (1986) a re  
i n  e r r o r  and have been co r rec ted  here. Arrows i n d i c a t e  t h a t  
f r a c t u r e  d i d  no t  occur. 



Empi r i ca l  creep models such as t h e  La rson- M i l l e r  parameter approach 

(Blackburn e t  a l .  1978) overes t imate  t h e  r u p t u r e  t imes f o r  d r y  s to rage  tempera- 

t u r e s  and s t resses.  The emp i r i ca l  models i n c o r r e c t l y  assume t h a t  behav io r  

eva luated a t  h i gh  temperature and s t r e s s  1  eve1 s, w i t h  h i g h  temperature and 

s t r e s s  dependencies, may be adequately ex t rapo la ted  t o  low temperature and 

s t r e s s  l e v e l s .  However, t h e  temperature and s t r e s s  dependencies found a t  h i g h  

temperatures and s t resses  do n o t  e x i s t  a t  low l e v e l s ;  t he re fo re ,  e m p i r i c a l  * 
models underest imate t h e  creep r a t e  a t  d r y  s to rage  cond i t i ons  and ove res t ima te  

f a i l u r e  t imes. 

The a n a l y t i c a l  form o f  t h e  CSFM creep model f a c i l i t a t e s  computer c a l c u l a -  

t i o n  o f  creep r a t e s  and r u p t u r e  t imes  f o r  t h e  m u l t i p l e  temperatures, s t resses ,  

and mechanisms t h a t  e x i s t  d u r i n g  d r y  s to rage  o f  spent f u e l  i n  a  g iven  cask. 

The model p r e d i c t i o n s  reasonably account f o r  t h e  decrease i n  t h e  temperature 

and s t r e s s  s e n s i t i v i t i e s  f o r  creep behavior  a t  low temperatures and s t resses .  

The CSFM creep model a l s o  r e t a i n s  t h e  b e n e f i t  o f  emp i r i ca l  models i n  t h a t  i t  

uses t h e  data t o  c a l i b r a t e  p r e d i c t e d  creep r a t e s  and r u p t u r e  t imes f o r  tempera- 

t u r e s  and s t resses  a t  which da ta  a re  a v a i l a b l e .  

Chin, Khan, and Tarn (1986) made t h e  f o l l o w i n g  pr imary conc lus ions  regard-  

i n g  creep modeling: 

F rac tu re  and deformat ion maps p rov ide  acceptable methods f o r  ex t rapo-  

l a t i n g  creep r u p t u r e  data over l a r g e  ranges o f  temperature and 

s t r ess .  

Experimental  da ta  a re  i n  agreement w i t h  deformat ion and f r a c t u r e  map 

p r e d i c t i o n s .  S t r a i n  da ta  a re  bes t  p r e d i c t e d  by lower  boundary s t r a i n  

r a t e  p r e d i c t i o n s .  

Flaws i n  t h e  spent f u e l  c l add ing  a re  expected t o  inc rease  t h e  f r e -  

quency o f  c l add ing  breach by creep rup tu re ,  w i t h  t h e  breach charac-  

t e r i z e d  by slow f i s s i o n  gas leakage through a  p i n h o l e  crack. 

Anneal ing o f  i r r a d i a t i o n  damage d u r i n g  t h e  i n i t i a l  s to rage  p e r i o d  may 

be advantageous t o  long- term re1 i ab i  1  i t y  o f  Z i  r c a l o y  c l add ing  d u r i n g  

I D S .  



Creep r u p t u r e  s t r a i n  i s  a  measure o f  r es i s tance  t o  f r a c t u r e  t h a t  can be 

used as an a l t e r n a t i v e  f a i l u r e  c r i t e r i o n  t o  a  r u p t u r e  t ime  c r i t e r i o n .  Such an 

a l t e r n a t i v e  i s  d e s i r a b l e  because o f  t h e  absence o f  measured creep r u p t u r e  t i m e  

da ta  a t  lower  temperatures and s t resses  o f  i n t e r e s t  f o r  IDS. Ca l cu la t i ons  

repor ted  by Levy e t  a l .  (1987) demonstrated t h a t  a  f a i l u r e  c r i t e r i o n  based on a  

1% creep s t r a i n  r e s u l t e d  i n  temperature 1  i m i t s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f rom 

those based on cumulat ive creep damage. Measured f a i l u r e  s t r a i n s  f o r  Z i r c a l o y  

i n  t h e  absence o f  i o d i n e  a re  repo r ted  t o  be g rea te r  than  1% (Porsch, F l e i sch ,  

and He i t s  1986). Therefore,  f a i l u r e  i s  no t  expected a t  t h e  creep model tem- 

pe ra tu re  1  i m i t  (d iscussed f u r t h e r  i n  Sect ion 4.1) because t h e  Z i  r c a l o y  s t r a i n s  

a t  t h a t  l i m i t  (-1%) a re  t o o  low t o  expect f a i l u r e .  

3.2 STRESS CORROSION CRACKING 

The s u s c e p t i b i l i t y  o f  Z i  r c a l o y  t o  i o d i n e  s t r e s s  co r ros ion  c rack ing  (I-SCC) 

has been conc lus i ve l y  demonstrated ( C u b i c c i o t t i  and Jones 1978). Therefore,  

t h e  i n f l u e n c e  o f  I-SCC on Z i r c a l o y  c l add ing  i n t e g r i t y  d u r i n g  IDS i s  o f  p r a c t i -  

c a l  concern. St ress co r ros ion  c rack ing  requ i res  two cond i t i ons  i n  a d d i t i o n  t o  

m a t e r i a l  suscep t i  b i  1  i ty  : an aggress ive chemical env i  ronment and adequate 

s t r e s s  l eve l s .  

A t h resho ld  i o d i n e  concen t ra t i on  has been determined below which I- S C C  has 

n o t  been observed. Also, a  t h r e s h o l d  c l add ing  s t r e s s  has been determined f o r  

crack i n i t i a t i o n .  Once i n i t i a t e d ,  t h e  s t r e s s  must be s u f f i c i e n t  t o  propagate 

t h e  crack a t  a  r a t e  t h a t  would cause f a i l u r e  d u r i n g  t h e  40-year IDS per iod .  

The summary presented below and t h e  ana l ys i s  i n  Appendix A demonstrate 

t h a t  I- SCC i s  no t  cons idered a  s i g n i f i c a n t  degrada t i  on /c l  addi  ng breach mech- 

anism f o r  Z i  r c a l o y  i n  IDS because spent f u e l  i o d i n e  concent ra t ions  and c l add ing  

s t resses expected d u r i n g  IDS a re  t o o  low t o  promote I-SCC. Cadmium and cesium 

have a l so  been i d e n t i f i e d  as crack-promoting elements; however, da ta  

q u a n t i f y i n g  t h e i r  e f f e c t s  on SCC a re  l i m i t e d  and r e q u i r e  f u r t h e r  research. 



3.2.1 Threshold I o d i n e  Concentrat ion 

The t h r e s h o l d  concen t ra t i on  o f  f r e e  i o d i n e  necessary f o r  Z i  r c a l o y  I-SCC(~) 

has been expe r imen ta l l y  determined t o  be g rea te r  than  5 x glcm 2  

( C u b i c c i o t t i  and Jones 1978). Below t h i s  f r e e  i o d i n e  concent ra t ion ,  Z i  r c a l o y  

c rack ing  due t o  I-SCC has no t  been observed. 
't 

I o d i n e  concent ra t ions  i n  excess o f  t h e  t h r e s h o l d  concen t ra t i on  f o r  I - S C C  

a re  no t  expected i n  spent f u e l  d u r i n g  IDS. However, d e f i n i t i v e  da ta  on f r e e  
6 

i o d i n e  concent ra t ions  i n  spent f u e l  a t  IDS temperatures a re  l ack ing .  Several  

arguments may be made t h a t  i n d i c a t e  t h e  f r e e  i o d i n e  concen t ra t i on  a v a i l a b l e  i n  

spent f u e l  f o r  I- S C C  a t  IDS temperatures i s  n e g l i g i b l e .  Those arguments 

i n c l u d e  t h e  f o l  1  owing: 

A l ack  o f  evidence f o r  I- S C C  d u r i n g  I D S  demonstrat ion t e s t s  suggests 

t h a t  i n s u f f i c i e n t  f r e e  i o d i n e  f o r  I - S C C  i s  p resen t  i n  spent f u e l  

d u r i n g  IDS. 

Theo re t i ca l  cons ide ra t i ons  i n d i c a t e  t h a t  t h e  i o d i n e  should form 

compounds w i t h  cesium and z i rcon ium;  i n  a d d i t i o n ,  i o d i n e  has been 

observed t o  condense a t  temperatures <450°C (Genks 1979). 

Release o f  i o d i n e  f rom U02 i s  g e n e r a l l y  low a t  i n - r e a c t o r  f u e l  tem- 

pera tu res  (1000 t o  1800°C) and w i  11 be n e g l i g i b l e  a t  IDS temperatures 

(<400°C). A d d i t i o n a l  ly,  t h e r e  i s  no r a d i a l  temperature g r a d i e n t  t o  

a c t  as a  d r i v i n g  f o r c e  f o r  i o d i n e  t r a n s p o r t  f rom t h e  f u e l  t o  t h e  

c ladding.  

Gamma r a d i o l y s i s  o f  i o d i n e  compounds has been observed f o r  i n - r e a c t o r  

f u e l .  However, i n - r e a c t o r  gamma f l u x e s  a re  t h r e e  o rders  of magnitude 
9 g r e a t e r  than  IDS gamma f l u x e s  (>1  x  10 R/h compared w i t h  

<1  x l o 6  R/h), suggest ing t h a t  i o d i n e  a v a i l a b l e  f rom r a d i o l y s i s  w i l l  

be i nconsequenti a1 . 

( a )  That i s ,  t h e  t h r e s h o l d  concen t ra t i on  o f  i o d i n e  i n  t h e  f u e l - c l a d d i n g  gap. 



Thermal decomposit ion o f  Cs I  has been i n v e s t i g a t e d  by Hoffman and 

Spino (1985). Experiments a t  700°C and t h e o r e t i c a l  analyses i n d i c a t e  

t h a t  t h e  q u a n t i t y  o f  i o d i n e  f rom Cs I  decomposit ion a t  IDS tempera- 

t u r e s  i s  n e g l i g i b l e .  

3.2.2 Threshold Cladding St ress 

Given some u n c e r t a i n t y  i n  t h e  es t imate  o f  i o d i n e  concent ra t ions  i n  spent 

f u e l  du r i ng  IDS, s t r e s s  t h resho lds  f o r  c rack ing  must a l s o  be considered. 

Threshold c l add ing  s t r e s s  i n t e n s i t i e s ,  which a re  f u n c t i o n s  o f  bo th  s t r e s s  and 

f l a w  s ize,  have been measured f o r  c rack ing  o f  Z i  r ca loy .  The p o s s i b i  1  i t y  o f  

c rack ing  du r i ng  IDS i s  r e l a t e d  t o  t h e  l i k e l i h o o d  o f  hav ing a  f law deep enough 

i n  t h e  c l add ing  t o  have a  s t r e s s  i n t e n s i t y  g r e a t e r  than t h e  t h r e s h o l d  s t r e s s  

i n t e n s i t y .  

The t h r e s h o l d  s t r e s s  i n t e n s i t y  f o r  SCC has been exper imental  l y  measured t o  

be -3 ~ ~ a * f i  ( C u b i c c i o t t i  and Jones 1978). For a  20% through-wal l  c rack,  a  

s t r e s s  g rea te r  than 130 MPa i s  r e q u i r e d  t o  exceed t h e  t h r e s h o l d  s t r e s s  i n t e n -  

s i t y  o f  3  MPa-f i ;  1% o f  t h e  spent f u e l  i n  IDS w i l l  have cracks p e n e t r a t i n g  220% 

th rough t h e  w a l l  (Tasoo j i ,  E i nz i ge r ,  and M i l l e r  1984). Th is  magnitude o f  

s t r e s s  i s  g rea te r  than  expected d u r i n g  IDS; t he re fo re ,  I- S C C  i s  no t  cons idered  

a  l i k e l y  c l add ing  breach mechanism d u r i n g  IDS even i f  s u f f i c i e n t  i o d i n e  were 

avai  1  ab le  t o  promote crack ing.  

Given t h e  u n l i k e l y  event t h a t  I-SCC can be i n i t i a t e d ,  f a i l u r e  can o n l y  

occur  i f  t h e  crack grows t o  a  s i g n i f i c a n t  depth du r i ng  IDS. Analyses presented 

i n  Appendix A demonstrate t h a t  SCC growth k i n e t i c s  a re  s u f f i c i e n t  t o  expect 

through-wal l  p e n e t r a t i o n  o f  cracks d u r i n g  IDS i f  t h e  cracks a re  ab le  t o  i n i -  

t i a t e  and if i o d i n e  concen t ra t i on  and c l add ing  s t r e s s  i n t e n s i t y  t h resho lds  a re  

exceeded. The temperature l i m i t  f o r  p reven t i ng  growth o f  a  0.13-mm crack (-20% 

o f  t he  wa l l  t h i ckness )  through Z i  r c a l o y  c l add ing  a t  70 MPa i s  290°C o r  about 

100°C l e s s  than  t h e  corresponding creep r u p t u r e  temperature l i m i t  (see Sec- 

t i o n  4.1). Therefore,  p reven t i ng  I- S C C  f a i l u r e s  a t  t h e  creep r u p t u r e  tem- 

pe ra tu re  1 i m i  t requ i  res ma in ta i n i ng  t h e  c l add ing  s t r e s s  i n t e n s i t y  be1 ow t h e  

t h resho ld  f o r  I - S C C  crack ing.  M a i n t a i n i n g  t h e  i o d i n e  concen t ra t i on  below i t s  

r espec t i ve  t h r e s h o l d  w i l l  a l s o  p reven t  I-SCC; however, i o d i n e  concen t ra t i on  i s  

n o t  a  c o n t r o l  1  ab le  va r i ab le .  



3.3 ZIRCALOY DEGRADATION BY HYDROGEN 

Hydrogen i s  known t o  a f f e c t  c rack ing  o f  Zi rca loy.  The f o l l o w i n g  t h r e e  

aspects o f  t h e  e f f e c t  o f  hydrogen on Z i r c a l o y  were cons idered:  

DHC i s  a  process t h a t  occurs because o f  hydr ide  p r e c i p i t a t i o n  a t  t h e  

t i p  o f  a  crack and subsequent f r a c t u r e  o f  t h e  b r i t t l e  hydr ide. The 

c rack ing  i s  a  time-dependent s t a b l e  crack growth process and can 

occur a t  v e l o c i t i e s  t h a t  a re  comparable t o  SCC. S i m i l a r  t o  t h e  case 

of SCC, DHC o n l y  occurs i f  t h e  s t r e s s  i n t e n s i t y  i s  g r e a t e r  than a  

t h resho ld  v a l  ue. 

Hydr ide r e o r i e n t a t i o n  can occur i n  Z i r c a l o y  and reduce t h e  f r a c t u r e  

toughness. Th is  r educ t i on  i n  f r a c t u r e  toughness may cause b r i t t l e  

f a i l  u re  o f  t h e  Z i  r c a l  oy under c o n d i t i o n s  where f a i l  u r e  would no t  

o therw ise  occur. 

Hydrogen r e d i s t r i b u t i o n  occurs i n  g rad ien t s  o f  temperature,  s t r ess ,  

and concent ra t ion .  Th is  r e d i s t r i b u t i o n  can cause 1  ocal  accumulat ions 

o f  hydrogen and excess ive h y d r i  d i  ng . Because ax i  a1 temperature gra-  

d i e n t s  e x i s t  i n  t h e  c l add ing  d u r i n g  IDS, t h e  p o s s i b i l i t y  o f  hydrogen 

r e d i s t r i b u t i o n  e f f e c t s  on Z i r c a l o y  degrada t ion  must be considered. 

3.3.1 Delayed Hydride Cracking 

The general DHC process begins w i t h  p r e c i p i t a t i o n  o f  a  hyd r i de  a t  t h e  

crack t i p .  The s t r e s s  g r a d i e n t  a t  t h e  crack t i p  p rov ides  a  d r i v i n g  f o r c e  f o r  

p r e f e r e n t i a l  hydr ide  p r e c i p i t a t i o n  i n  t h e  t e n s i l e  s t r e s s  f i e l d  i n  f r o n t  of t h e  

crack t i p .  I f  t h e  crack t i p  s t r e s s  i s  g rea te r  than  t h e  f r a c t u r e  s t r e s s  o f  t h e  

b r i t t l e  hydr ide ,  t h e  hyd r i de  f r a c t u r e s  and crack growth occurs. A decreas ing 

temperature h i  s t o r y ,  as occurs i n  IDS, promotes t h e  repeated p r e c i p i t a t i o n  o f  

hydr ides a t  t h e  crack t i p  as t h e  crack grows. A t h e o r e t i c a l  DHC model i s  pre-  

sented i n  Appendix B. 

There a re  t h r e e  bas i c  requirements f o r  DHC: i n c i p i e n t  de fec t s  o r  cracks;  . 
t h e  presence o f  hyd r i de  a t  o r  near t h e  c rack  t i p ;  and s u f f i c i e n t  s t r e s s  t o  

propagate t he  crack. I n c i p i e n t  de fec t s  and cracks are present  as a  r e s u l t  o f  , . . 
t h e  manufactur ing process and i r r a d i a t i o n .  Hydrogen i s  p resen t  i n  t h e  c l add ing  



as a  r e s u l t  o f  a l l o y  i m p u r i t i e s  and i n - r e a c t o r  co r ros ion ,  and c o o l i n g  of t h e  

c ladd ing  f o l l o w i n g  i r r a d i a t i o n  promotes t h e  p r e c i p i t a t i o n  o f  hydr ides. 

The h igh  s t resses  requ i red  t o  crack a  hydr ide  e x i s t  on l y  i n  f r o n t  o f  a  

deep crack. The c r i t i c a l  s t r e s s  i n t e n s i t y  f o r  DHC i s  -12 ~ p a a f i ,  which i s  much 

g r e a t e r  than c ladd ing  s t r e s s  i n t e n s i t i e s  expected du r i ng  IDS (c1.6 ~ ~ a m f i ) .  + 
A d d i t i o n a l l y ,  a t  t he  h i gh  s t r e s s  i n t e n s i t i e s  requ i red  f o r  DHC, SCC i s  t h e  

2 dominant crack growth mechani sm. 

Cladding breach du r i ng  IDS due t o  DHC i s  no t  expected because c l add ing  

. _ s t r e s s  i n t e n s i t i e s  d u r i n g  IDS a re  below t h e  DHC c r i t i c a l  s t r e s s  i n t e n s i t y .  If 

c ladd ing  s t r ess  i n t e n s i t i e s  were above t h e  c r i t i c a l  s t r e s s  i n t e n s i t y ,  SCC would 

be t h e  dominant crack growth mechanism. An extended d iscuss ion  o f  DHC i s  

presented i n  Appendix A. 

3.3.2 Hydride Reo r i en ta t i on  

A r educ t i on  i n  Z i r c a l o y  res i s tance  t o  b r i t t l e  f r a c t u r e  r e s u l t s  from d i s -  

so l  u t i o n  o f  c i r c u m f e r e n t i a l  hydr ides  f o l l  owed by r e p r e c i  p i  t a t i o n  o f  r a d i a l  

hydr ides  when c ladd ing  hoop s t resses  a re  s u f f i c i e n t l y  high. The r e p r e c i  p i  t a -  

t i o n  o f  r a d i a l  hydr ides occurs u n i f o r m l y  through t h e  t h i ckness  of t h e  c l add ing  

i n  c o n t r a s t  t o  t h e  l o c a l  hydr ide  p r e c i p i t a t i o n  t h a t  occurs a t  a  crack t i p  dur-  

i n g  DHC. Cracking caused by hyd r i de  r a d i a l  r e o r i e n t a t i o n  i s  n o t  t ime  dependent 

bu t  occurs q u i c k l y  once i n i t i a t e d .  Radial  r e o r i e n t a t i o n  o f  hydr ides  depends on 

c l  adding t e x t u r e  (Kawani s h i  , I s h i  no, and M i  shirna 1974) and s t ress.  

The s t r ess  requ i  red  t o  r a d i a l  l y  r e o r i e n t  hydr ides i n  Z i  r c a l  oy i s  r epo r ted  

t o  be 100 MPa (Coleman e t  a l .  1985), a l though t h e  photomicrographs i n  t h a t  

re fe rence  show o n l y  a  small percentage o f  r e o r i e n t a t i o n  t o  r a d i a l  hydr ides  a t  

s t resses up t o  250 MPa. E inz ige r  and Koh l i  (1984) have repor ted  observ ing  

r a d i a l  hydr ides a t  145 MPa bu t  were unable t o  reach a  conc lus ion  as t o  t h e  min- 

imum s t ress  requ i red  f o r  hydr ide  r e o r i e n t a t i o n .  Some evidence e x i s t s  t h a t  

i n d i c a t e s  t h a t  c o o l i n g  r a t e s  may a f f e c t  t h e  minimum s t r e s s  a t  which hydr ide  
. r e o r i e n t a t i o n  may occur  (Northwood and Kosasi h  1983; E inz ige r  and Kohl i 1984). 

Un fo r tuna te ly ,  exper imental  da ta  a re  no t  a v a i l  a b l e  a t  cool  i ng r a t e s  representa-  

, . t i v e  o f  IDS. Cladding s t r e s s  l e v e l s  under IDS c o n d i t i o n s  a re  we l l  below t h e  
100-MPa th resho ld  l e v e l  i d e n t i f i e d  by Coleman. For a  PWR-type rod  w i t h  a  f i l l  



gas p r e s s u r e  of  6 MPa a t  25OC, a  hoop s t r e s s  o f  53 MPa a t  400°C would  be 

p r e d i c t e d  u s i n g  E q u a t i o n  (4.1). T h i s  hoop s t r e s s  i s  w e l l  be low t h e  s t r e s s  

r e q u i r e d  f o r  h y d r i d e  r e o r i e n t a t i o n ;  t hus ,  t h e  f o r m a t i o n  o f  r a d i a l  h y d r i d e s  i s  

n o t  expected under  IDS c o n d i t i o n s .  

3.3.3 Hydrogen R e d i s t r i b u t i o n  b 

Hydrogen r e d i s t r i b u t i o n  w i t h i n  t h e  c l a d d i n g  can occu r  d u r i n g  IDS because 

of  t empera tu re  g r a d i e n t s  a l o n g  t h e  l e n g t h  o f  a  spent  f u e l  rod .  The r o d  ends 
\ 

a r e  s i  g n i  f i c a n t l y  c o o l e r  t h a n  t h e  m i  d d l  e  o f  t h e  rod  ; hence, hydrogen t r a n s p o r t  

down t h e  t e m p e r a t u r e  g r a d i e n t  c o u l d  cause e l e v a t e d  hydrogen c o n c e n t r a t i o n s  a t  _ - 
t h e  r o d  ends. 

The magni tude o f  hydrogen t r a n s p o r t  was e s t i m a t e d  based on t h e  e s t i m a t e d  

hydrogen d i s t r i b u t i o n  i n  a  spen t  f u e l  r o d  a f t e r  i r r a d i a t i o n  and t h e  e s t i m a t e d  

a x i a l  t empera tu re  p r o f i  l e  d u r i n g  IDS. The c a l c u l a t i o n s  a r e  p r e s e n t e d  i n  Appen- 

d i x  C .  The p r e d i c t e d  i n c r e a s e  i n  hydrogen c o n c e n t r a t i o n  a t  t h e  r o d  ends 

(-1.5%) was n o t  s i g n i f i c a n t ,  and enhanced e r n b r i t t l e m e n t  caused by hydrogen 

r e d i s t r i b u t i o n  i s  n o t  c o n s i d e r e d  t o  c o n t r i b u t e  t o  d e g r a d a t i o n  o f  Z i  r c a l o y  

c l  add i  ng d u r i  ng  111s. 

3.4 OTHER DEGRADATION MECHANISMS 

I r r a d i a t i o n  embr i  t t l e m e n t ,  c l a d d i  ny and f u e l  o x i d a t i o n ,  and s t r a i n  r a t e  

e m b r i t t l e m e n t  a r e  known f a i l u r e  modes f o r  Z i r c a l o y .  However, t h e s e  Z i r c a l o y  

d e g r a d a t i o n  mechanisms a r e  n o t  v iewed as b e i n g  r e l e v a n t  t o  I D S .  Each o f  t h e s e  

mechanisms i s  d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  

3.4.1 I r r a d i a t i o n  E m b r i t t l e m e n t  

The c r i t i c a l  s t r e s s  i n t e n s i t y  r e q u i r e d  t o  i nduce  b r i t t l e  f r a c t u r e  o f  Z i r -  

c a l o y  i s  reduced as a  r e s u l t  o f  i r r a d i a t i o n .  For  non i  r r a d i a t e d  Z i  r c a l o y ,  t h e  

c r i t i c a l  s t r e s s  i n t e n s i t y  f o r  b r i t t l e  f r a c t u r e  i s  > l o 0  ~ P a * f i  f o r  t empera tu res  

>20°C (Hoagland, Bement, and Rowe 1967). A f t e r  i r r a d i a t i o n ,  t h e  c r i t i c a l  . 
s t r e s s  i n t e n s i t y  f o r  b r i t t l e  f r a c t u r e  i s  reduced t o  -40 M P ~ * J ~  (Rowe and 

Hoagl and 1969; Farwi  ck  and Moen 1979).  Even w i t h  t h e  i r r a d i  a t i o n - i  nduced 

r e d u c t i o n ,  t h e  c r i t i c a l  s t r e s s  i n t e n s i t y  r e q u i  r e d  f o r  b r i t t l e  f r a c t u r e  i s  much . . 
g r e a t e r  t h a n  t h a t  f o r  SCC (3  M P ~ - 6 )  o r  DHC (12 M P ~ - J ~ ) .  The e s t i m a t e d  



r equ i red  crack s i z e  t o  produce a  s t r e s s  i n t e n s i t y  o f  40 MPa-4;;; a t  a  s t r e s s  o f  

60 MPa, i s  110 mm, i.e., g rea te r  than t h e  c l add ing  th ickness .  Therefore,  

i r r a d i  a t i o n  embr i t t l ement  o f  Z i  r c a l  oy i s  no t  cons idered t o  be o f  concern d u r i n g  

I D S .  

6 A mechanism has no t  been i d e n t i f i e d  t h a t  would sub jec t  i r r a d i a t e d  Z i  r c a l o y  

t o  a  s t r e s s  i n t e n s i t y  as h i gh  as 40 M P ~ * J ~  du r i ng  t h e  d r y  s to rage  per iod .  

However, i t might be pos tu l a ted  t h a t  t r a n s p o r t a t i o n  o r  handl i n g  o f  spent f u e l  

cou ld  produce impact loads on t h e  c ladd ing .  An ana l ys i s  by Bosi (1981) o f  

. . impact l oad ing  d u r i n g  t r a n s p o r t a t i o n ,  handl ing ,  and s torage (exc lud ing  t r a n s -  

p o r t a t i o n  acc iden ts  and dropping acc iden t s )  concluded t h a t  t h e  c r i t i c a l  s t r e s s  

i n t e n s i t y  f o r  b r i t t l e  f r a c t u r e  o f  i r r a d i a t e d  Z i  r c a l o y  was s u f f i c i e n t l y  h i gh  f o r  

t h e  c ladd ing  t o  w i t hs tand  peak s t resses  o f  124 MPa w i t h o u t  through-wal l  c rack  

propagat ion. The ana l ys i s  by Bosi assumed a  minimum c r i t i c a l  s t r e s s  i n t e n s i t y  

o f  30 MP~-JG, which i s  much lower  than  t h e  values presented by Rowe and 

Hoagland (1969) o r  Farwick and Moen (1979). 

3.4.2 Cladding Ox ida t ion  

Ox ida t ion  o f  t h e  c l add ing  d u r i n g  IDS cou ld  cause a  reduc t i on  i n  t h e  c l ad-  

d ing  wa l l  th i ckness  and hence an inc rease  i n  c l add ing  s t r ess .  Cladding ox ida-  

t i o n  du r i ng  IDS, however, i s  no t  s i g n i f i c a n t  because o f  t h e  i n e r t  cover gas. ( a )  

Therefore,  c l add ing  o x i d a t i o n  does no t  c o n t r i b u t e  t o  a  g rea te r  l i k e l i h o o d  o f  

c l add ing  f a i l u r e  du r i ng  IDS. 

3.4.3 Fuel Ox ida t ion  

Ox ida t ion  o f  t h e  U02 f u e l  du r i ng  IDS cou ld  r e s u l t  i n  fue l- swe l l i ng- induced 

s t r e s s  on t h e  c l add ing  t h a t  cou ld  l e a d  t o  gross rupture.  However, o x i d a t i o n  o f  

t h e  U02 can occur on l y  i f  1) t h e  c l add ing  i s  breached and 2) t h e  U02 i s  exposed 

t o  an o x i d i z i n g  atmosphere ( i  .e., a i r ) .  The f i r s t  c o n d i t i o n  has a  p r o b a b i l i t y  

. . 
( a )  I f  the  i n e r t  cover gas should be l o s t  du r i ng  storage, then c l add ing  and 

U02 o x i d a t i o n  a re  poss ib le .  Th is  r e p o r t  assumes t h e  i n e r t  cover gas i s  
mainta ined and does no t  address t h e  ques t ion  o f  l o s s  o f  i n e r t  cover gas. 



o f  < 0 . 5 % ( ~ )  ( u s i n g  t h e  temperature l i m i t  p rov ided  i n  Sect ion 4.1). The second 

c o n d i t i o n  i s  n o t  p o s s i b l e  because o f  t h e  i n e r t  cover gas f o r  t h e  spent f u e l .  

Fuel ox i da t i on ,  t h e r e f o r e ,  cannot c o n t r i b u t e  t o  gross c l add ing  r u p t u r e  d u r i n g  

IDS.  

3.4.4 S t r a i n  Rate Embr i t t l ement  

S t r a i n  r a t e  embri t t l e m e n t  i s  a  known degradat ion mechanism f o r  Z i  r c a l o y  

c l add ing  and i s  assoc ia ted  w i t h  t r i p l e - p o i n t  crack ing.  Based on t h e  a n a l y s i s  

o f  Chi n, Khan, and Tarn (1986), t r i  p l e- po i  n t  c r a c k i  ng o f  Z i  r c a l o y  occurs a t  

s t r e s s  1  evels  > I50  MPa. Therefore,  s t r a i n  r a t e  embr i t t l ement  i s  n o t  expected 

d u r i n g  IDS because c l add ing  s t resses  w i l l  be t o o  low. 

3.5 SUMMARY OF DEGRADATION MECHANISMS AND MODELING 

The pr imary degradat ion mechanism f o r  Z i  r c a l o y  c l add ing  d u r i n g  IDS i s  

creep rup tu re .  Deformat i  on and f r a c t u r e  maps f o r  Z i  r c a l  oy have been developed, 

v e r i f i e d ,  and used t o  p r e d i c t  Z i  r c a l o y  creep behavior  under va ry i ng  

temperature/s t ress regimes. Other Z i r c a l o y  degradat ion mechanisms a re  n o t  

expected t o  r e s u l t  i n  c l add ing  breach d u r i n g  I D S  because mechanisms such as SCC 

and DHC r e q u i r e  c l add ing  s t r e s s  i n t e n s i t i e s  g rea te r  than those  expected f o r  

spent f u e l  i n  IDS. The p o s s i b l e  Z i  r c a l o y  degradat ion mechanisms a re  summarized 

i n  Table 3.1. 

( a )  The p r o b a b i l i t y  ( f a i l u r e  r a t e )  o f  0.5% app l i es  t o  spent f u e l  i n c u r r i n g  
c l add ing  breach d u r i n g  IDS. It does no t  apply  t o  spent f u e l  t h a t  m igh t  
have i n c u r r e d  c l add ing  breach p r i o r  t o  IDS; e.g., d u r i n g  i n - r e a c t o r  
i r r a d i  a t i on .  



TABLE 3.1. Summary o f  Z i  r c a l o y  Cladding Degradat ion Mechanisms Dur ing  IDS 

Mechani sm Basis f o r  Concern Requi rements Concl u s i  on 

Creep r u p t u r e  Known creep behavior ;  Long- term exposure Pr imary degrada t ion  mechanism, se t  
1  ong-term exposure o f  t o  s t r e s s  c l add ing  temperature 1  i m i  t s  on 
c ladd ing  t o  s t r e s s  bas i s  o f  creep r u p t u r e  

SCC 

DHC 

Observed i n - r e a c t o r  
> 8 Not 1  i k e l y  because o f  low s t r e s s  

c ladd ing  breach due t o  I > 5x10- and 1  ow f r e e  i od i  ne concent r a t i o n s  
SCC 

Hydr ide con ten t  o f  I n c i p i e n t  de fec ts ;  Not l i k e l y  because o f  low s t ress ;  
i r r a d i  ated Z i  r c a l  oy hydr ide;  KIC , 12 probabi  1  i ty  o f  SCC c ladd ing  breach 

be fo re  DHC c ladd ing  breach 

Hydr i  de r a d i  a1 Decreased f r a c t u r e  Hydr ide;  a > 100 Not 1  i k e l y  because o f  low s t r e s s  
r e o r i e n t a t i o n  toughness 

w Hydrogen Hydrogen con ten t  o f  Hydrogen t r a n s p o r t  Not 1  i k e l y  because temperature . 
+ r e d i  s t  r i  b u t i  on i r r a d i  ated Z i  r c a l  oy due t o  a x i a l  temper- and temperature g rad ien t s  
4 a t u r e  g rad ien t  a re  t o o  low 

I r r a d i  a t i  on Frac tu re  toughness o f  KIC > 40 
embri ttl ement Z i  r c a l  oy reduced due 

t o  i r r a d i  a t  i on 

I r r a d i a t e d  f r a c t u r e  toughness 
s u f f i c i e n t l y  h igh  t o  p rec lude  
b r i t t l e  f r a c t u r e  

Z i  r c a l  oy/U02 Reduced c l add ing  t h i c k -  Free oxygen; tern- I n e r t  cover  gas prec ludes 
o x i  da t  i on ness; U02 swe l l  i n g  pera tu re ;  t ime  o x i  da t  i on 

i ncreases c l  addi  ng 
s t r ess  and s t r a i n  

S t r a i n  r a t e  Z i  r c a l  oy duct  i 1  i t y  a > 200 
embri t t l  ement reduced d u r i  ng r a p i d  

s t r a i  n  

Not l i k e l y  because o f  low s t r e s s  

( a )  KIC 
2  i s  t h e  c r i t i c a l  s t r e s s  i n t e n s i t y ,  MP~-4;; I i s  t h e  i o d i n e  concent ra t ion ,  g/cm ; and 

u 1s t h e  s t ress ,  MPa. 



4.0 CLADDING TEMPERATURE LIMITS FOR INERTED DRY STORAGE OF 

ZIRCALOY-CLAD SPENT FUEL 

Creep rup tu re  has been i d e n t i f i e d  t o  be t h e  p r i n c i p a l  mechanism f o r  

breaching spent f u e l  c l add ing  (Sec t ion  3). The p r imary  v a r i a b l e  f o r  creep 

r u p t u r e  t h a t  can be c o n t r o l l e d  d u r i n g  I D S  i s  c l add ing  temperature. Temperature 

a f f e c t s  Z i r c a l o y  creep through bo th  t h e  temperature dependence o f  creep and t h e  

temperature dependence o f  t h e  spent f u e l  f i l l  gas pressure t h a t  prov ides t h e  

c l add ing  s t ress .  The creep r u p t u r e  model presented i n  Sect ion 3.1.2 has been 

used as t he  bas is  f o r  de te rmin ing  maximum a l l owab le  spent f u e l  c l add ing  temper- 

a tu res  du r i ng  IDS.  The method01 ogy f o r  speci  f y i  ng t h e  maximum a1 1  owabl e  c l  ad- 

d i n g  ten~pera tu res  i s  presented i n  Sect ion 4.1. Th is  methodology i s  based on 

t h e  CSFM creep model and w i l l  be r e f e r r e d  t o  as t h e  CSFM IDS c l add ing  tempera- 

t u r e  model ( o r  t h e  CSFM IDS model ). 

The f i l l  gas pressure f o r  spent f u e l  du r i ng  IDS may be a f f e c t e d  by f a c t o r s  

o the r  than temperature. Other p o s s i b l e  f a c t o r s  i n c l u d e  a  change i n  r o d  

i n t e r n a l  vo id  volume, re lease  o f  f i s s i o n  gas d u r i n g  IDS, and a c t i n i d e  decay 

produc ing he l ium du r i ng  IDS. A  b r i e f  d i scuss ion  o f  these f a c t o r s  may be found 

i n  Sect ion 4.1.3. 

The temperature h i s t o r y  used i n  t h e  development o f  t h e  CSFM IDS model was 

a  gener ic  I D S  c l add ing  temperature h i s to r y . ( a )  Computer codes a re  a v a i l a b l e  t o ,  

p rov ide  s p e c i f i c  ( i  .e., dependent on cask design, decay heat h i s t o r y ,  e tc . )  

( a )  The temperature h i s t o r y  was based on COBRA-SFS p r e d i c t i o n s  o f  spent f u e l  
c ladd ing  temperature f o r  TN-24P and MSF-IV (REA-2023) casks c o n t a i n i n g  PWR 
and b o i l i n g  water  r e a c t o r  (BWR) spent f u e l  aged f o r  1 year.  Dur ing these 
c a l c u l a t i o n s ,  i t  was found t h a t  t h e  TN-24P cask c o n t a i n i n g  PWR f u e l  had 
t h e  slowest r a t e  o f  c o o l i n g  and t h e r e f o r e  would p rov ide  t h e  most conserva- 
t i v e  c l add ing  temperature h i s t o r y .  A s imple f i t  t o  t h e  COBRA-SFS pre-  
d i c t e d  temperature was then developed. Temperature h i s t o r i e s  f o r  f u e l  
aged f o r  more than  1 yea r  were developed based on t h e  1-year h i s t o r y  and 
account ing f o r  t h e  decrease o f  decay heat; those h i s t o r i e s  a re  more con- 
s e r v a t i v e  than would be p r e d i c t e d  by COBRA-SFS. A d i scuss ion  o f  t h e  
development o f  t h i s  temperature h i s t o r y  may be found i n  Levy e t  a l .  
(1987). 



c ladd ing  temperature h i s t o r i e s  du r i ng  IDS. A b r i e f  rev iew o f  t h e  codes and 

comparisons between p red i c ted  and measured c l add ing  temperatures a re  presented 

i n  Sect ion 4.2. 

Spent fue l  may be exposed t o  e leva ted  temperatures du r i ng  cask d r y i n g  

opera t ions  immediate ly  p r i o r  t o  IDS. An eva lua t i on  o f  expected c l add ing  tem- 

pera tu res  and t h e i r  r e l a t i o n s h i p  t o  t h e  CSFM IDS model i s  presented i n  

Sec t ion  4.3. 

4.1 RECOMMENDED INERTED DRY STORAGE TEMPERATURE LIMITS 

I n  1983, a  maximum i n i t i a l  c l add ing  temperature l i m i t  o f  380°C was recom- 

mended f o r  I D S  o f  Z i r c a l o y- c l a d  spent f u e l .  Th is  1  i m i t  was based on a  rev iew 

o f  t h e  avai  1  ab le  i n f o r m a t i o n  on d r y  s to rage  o f  Z i  r c a l  oy- c l  ad spent f u e l  

(Johnson and G i l b e r t  1983b). Th is  g u i d e l i n e  was chosen t o  represen t  a  r e l a -  

t i v e l y  conserva t i ve  p o s i t i o n  w i t h  respect  t o  t h e  exper ience w i t h  Z i  r c a l o y- c l  ad 

spent f u e l  and t h e  r e s u l t s  o f  model ing t h e  behav io r  o f  Z i r ca loy- c lad  spent  

f u e l  . 
I n  1985, NRC s a f e t y  eva lua t i on  r e p o r t s  on t he  CASTOR-Ic and CASTOR-V/21 

cask t o p i c a l  s a f e t y  a n a l y s i s  r e p o r t s  (TSARs) d i d  no t  u n c o n d i t i o n a l l y  accept t h e  

recommended 380°C temperature gu ide l ine .  Instead,  t h e  NRC developed and used 

an independent model t o  v e r i f y  t h a t  unacceptable degradat ion would n o t  r e s u l t  

f rom t h e  a l l owab le  spent f u e l  temperature l i m i t s  f o r  IDS s p e c i f i e d  i n  t h e  

TSARs. However, no NRC-accepted methods a r e  a v a i l a b l e  t o  cask vendors and 

u t i l i t i e s  t o  c a l c u l a t e  these temperature l i m i t s .  

A s tudy was performed under t h e  CSFM Program a t  PNL (Levy e t  a1 . 1987) 

t h a t  developed recommended gener ic  temperature 1  i m i  t s  f o r  a1 1  Z i  r c a l  oy- c l  ad 

spent f u e l .  The o b j e c t i v e s  o f  t h e  recommended temperature l i m i t s  were t o  pre-  

ven t  spent f u e l  f a i l u r e  by creep r u p t u r e  du r i ng  a  40-year I D S  pe r i od  and 

p rov ide  a  procedure by which u t i  1  i t i e s  cou ld  e a s i l y  c a l c u l a t e  IDS temperature 

l i m i t s  f o r  t h e i r  s p e c i f i c  spent f u e l .  The temperature l i m i t s  were designed t o  . 
accommodate t h e  e f f e c t s  o f  v a r i a t i o n s  i n  fue l  design, burnup l e v e l ,  and f u e l  

age ( i  .e., p e r i o d  from r e a c t o r  d ischarge u n t i l  s t a r t  o f  IDS) i n  Z i  r c a l o y- c l a d  

spent fue l  as we l l  as t h e  geometry and makeup o f  a  v a r i e t y  o f  d r y  s to rage  

casks. 



The major r e s u l t s  o f  t h a t  study a re  summarized i n  t h e  f o l l o w i n g  subsec- 

t i o n .  D e t a i l e d  i n f o r m a t i o n  can be found i n  Levy e t  a l .  (1987). 

4.1.1 Generi c  I n e r t e d  Dry Storage C l  addi  ng Temperature Model 

To accomniodate t h e  e f f e c t s  o f  v a r i a t i o n s  i n  f u e l  design, burnup l e v e l ,  

f u e l  age, and t h e  geometry and makeup o f  d r y  s to rage  casks, a  CSFM-developed 

model f o r  p r e d i c t i n g  c l add ing  temperature l i m i t s  f o r  IDS (Chin, Khan, and Tarn 

1986) was enhanced and used t o  produce a f a m i l y  o f  gener ic  temperature l i m i t  

curves. To generate these curves, deformat ion and f r a c t u r e  equat ions f o r  

Z i r c a l o y  were combined w i t h  a  d e c l i n i n g  temperature h i s t o r y ,  a  d e c l i n i n g  s t r e s s  

h i s t o r y ,  and a l i f e - f r a c t i o n  r u l e  t o  account f o r  damage accumulated under t h e  

var ious  I D S  temperature and s t r e s s  h i s t o r i e s .  

Va r i a t i ons  i n  f u e l  des ign and burnup l e v e l s  r e s u l t  i n  a  range o f  f u e l  rod  

i n t e r n a l  pressures. I n- reac to r  f u e l  rod  gas pressures a t  a  burnup l e v e l  o f  

-30 MWdIkgU may range from ~ 1 . 0  MPa f o r  an average-power BWR 8x8R des ign rod  t o  

as h i gh  as 11.8 MPa f o r  a  peak-power PWR 15x15 design rod. Extended burnups 

w i l l  l ead  t o  even h ighe r  pressures. 

A gener ic  temperature l i m i t  curve accomniodates t h e  v a r i a t i o n  i n  spent f u e l  

gas pressures because i t  de f ines ,  as a f u n c t i o n  o f  c l add ing  hoop s t ress ,  t h e  

recommended maximum a1 1 owabl e  i n i  t i  a1 c l  addi  ng temperature t o  p reven t  c l  addi  ng 

breach du r i ng  a 40-year IDS per iod .  Such a temperature l i m i t  cu rve  i s  i l l u s -  

t r a t e d  i n  F igure  4.1 f o r  spent f u e l  aged 5 years p r i o r  t o  IDS. As t h e  i n i t i a l  

spent f u e l  c l add ing  s t r e s s  i s  increased, t h e  i n i t i a l  maximum a1 lowab le  c l a d d i n g  

temperature must be reduced. The p r o b a b i l i t y  o f  c l add ing  breach f o r  spent fue l  

whose IDS c l add ing  temperature and s t r e s s  a re  descr ibed by a p o i n t  on t h e  

gener ic  temperature l i m i t  curve i s  <0.5% ( < 5  spent f u e l  rods i n  1000). Most 

spent f u e l  i n  IDS w i l l  r e s i d e  i n  t h e  area below t h e  temperature l i m i t  curve, 

where f a i l u r e  p r o b a b i l i t i e s  a re  even lower. 

As spent f u e l  ages, i t s  c o o l i n g  r a t e  decreases, ex tend ing  i t s  t i m e  i n  a  

g iven  temperature range. Since creep damage cou ld  occur i f  t h e  i n i t i a l  I D S  

c ladd ing  temperature were t o o  h igh ,  a  decrease i n  temperature l i m i t  w i t h  

i nc reas ing  f u e l  age i s  necessary. I n  F igure  4.2, temperature l i m i t  curves a re  

p l o t t e d  f o r  spent f u e l  aged f rom 5 t o  15 years be fo re  IDS. A t  an i n i t i a l  







c ladd ing  s t r e s s  o f  70 MPa, t h e  a l l owab le  c l add ing  temperature f o r  spent f u e l  

aged f o r  15 years  i s  50°C lower  than spent f u e l  aged f o r  5  years.  Because 

o l d e r  spent f u e l  r e q u i r e s  lower  c l add ing  temperature l i m i t s ,  t h e  gene r i c  l i m i t  

curve ' for  spent f u e l  a t  a  s p e c i f i c  age i s  conserva t i ve  f o r  a l l  younger f u e l .  

Dry s to rage  casks impose t h e i r  own heat t r a n s f e r  c h a r a c t e r i s t i c s  on t h e  

n a t u r a l  c o o l i n g  r a t e  o f  t h e  f u e l .  Due t o  t h e  d e c l i n i n g  temperature h i s t o r y  

used i n  t h e  CSFM IDS model, t h e  gener ic  temperature l i m i t  curves a re  conserva-  

t i v e  f o r  a  v a r i e t y  o f  d r y  s to rage  cask designs, i n c l u d i n g  h e l i u m- b a c k f i l l e d  

conso l i da ted  and unconso l ida ted  casks, n i t r o g e n - b a c k f i l l e d  unconso l ida ted  

casks, and t h e  NUHOMS concre te  s to rage  system. By s u b s t a n t i a l  margins, t hese  

casks cou ld  no t  be t h e r m a l l y  loaded t o  exceed t h e  IDS c l add ing  temperature 

l i m i t s .  

V a l i d a t i o n  s t u d i e s  were performed on t h e  CSFM IDS model. These s t u d i e s  

i nc l uded  s e n s i t i v i t y  s t ud ies  on parameters used i n  t h e  model, comparisons o f  

t h e  model p r e d i c t i o n s  w i t h  exper ience i n  t h e  FRG, and comparisons o f  t h e  CSFM 

IDS model t o  t h e  NRC model. The s e n s i t i v i t y  analyses demonstrated t h a t  t h e  

CSFM IDS model p r e d i c t i o n s  a re  r e a l i s t i c  w i t h  a  demonstrated measure o f  

conservat ism. Comparison o f  t h e  model p r e d i c t i o n s  w i t h  recen t  exper ience i n  

t h e  FRG showed t h a t  t h e  FRG-recommended temperature l i m i t  o f  450°C (Porsch, 

F l e i sch ,  and Hei t s  1986) was c o n s i s t e n t  w i t h  t h a t  p r e d i c t e d  by t h e  CSFM IDS 

model when t h e  h i g h e r  creep r a t e s  used i n  t h e  CSFM IDS model, compared t o  t h e  

FRG ana lys is ,  were accounted f o r .  

Comparison o f  t h e  CSFM IDS model w i t h  t h e  NRC model showed t h a t  t h e r e  a re  

minor  d i f f e r e n c e s  between t h e  p r e d i c t i o n s  o f  t h e  two models. These d i f f e r e n c e s  

a r i s e  from assumptions regard ing  de fo rmat ion  and f r a c t u r e  mechanisms o c c u r r i n g  

a t  c l add ing  s t resses  >I30 MPa ( t h e  CSFM IDS model i nvo l ves  a  mechanism change), 

spent f u e l  temperature h i s t o r y  ( t h e  NRC model assumed a  cons tan t  temperature 

a f t e r  5  yea rs ) ,  and f a i l u r e  c r i t e r i a  (an a d d i t i o n  o f  5% a l l owab le  c a v i t a t i o n  t o  

t h e  NRC model b r i n g s  t h e  two models i n t o  c l ose  agreement when a  cont inuous 

decaying temperature h i s t o r y  i s  used i n  t h e  NRC model). 



4.1.2 I n e r t e d  Dry Storage Cladding Temperature L imi  t s  f o r  Spec i f i c  Spent Fuel 

A s imple procedure has been developed by which t h e  fami ly  of CSFM I D S  

c l add ing  temperature 1  i m i t  curves can be used by a  u t i l i t y  o r  cask vendor t o  

generate s p e c i f i c  c ladd ing  temperature l i m i t s .  Cladding temperature l i m i t s  

based on peak-power spent f u e l  a re  recommended because o f  t h e  a v a i l a b i l i t y  o f  

t h e  necessary i n p u t  da ta  from f u e l  vendors' s a f e t y  ana l ys i s  repor ts .  The 

1  i m i t s  c a l c u l a t e d  us ing  t h i s  spent f u e l  would be conserva t i ve  f o r  >99% of t h e  

spent f u e l  because t h e  peak-power spent f u e l  represents  <1% o f  a l l  spent fue l .  

However, s p e c i f i c  c l add ing  temperature 1  i m i t s  can be generated f o r  average- 

power spent f u e l  ( o r  o t h e r  s p e c i f i c  spent f u e l )  i f  s i m i l a r  da ta  a re  ava i l ab le .  

An equat ion was developed f o r  c a l c u l a t i n g  t h e  i n i t i a l  I D S  c l add ing  tem- 

pe ra tu re  as a  f u n c t i o n  o f  t h e  i n i t i a l  c ladd ing  s t r e s s  i n  IDS. The c ladd ing  

s t r e s s  changes from i t s  i n - r e a c t o r  va lue t o  i t s  IDS va lue  p r i n c i p a l  l y  due t o  

two f a c t o r s :  t h e  reduc t i on  i n  i n t e r n a l  gas pressure due t o  t h e  temperature 

reduc t i on  and t h e  inc rease  i n  i n t e r n a l  rod  volume due t o  d i f f e r e n t i a l  con t rac-  

t i o n  o f  t h e  U02 p e l l e t s  and t h e  c l add ing  a t  I D S  temperatures. The i n p u t  da ta  

requ i red  f o r  t h i s  equa t ion  a re  t h e  i n t e r n a l  gas pressure of t h e  rod, t h e  

average gas temperature a t  which t h e  pressure i s  determined, and t h e  i n n e r  and 

ou te r  c ladd ing  diameters. The r e s u l t s  o f  eva lua t i ng  t h i s  equa t ion  a re  then  

p l o t t e d  on t h e  gener ic  c l add ing  temperature l i m i t  curve graph f o r  t h e  s p e c i f i c  

spent f u e l  age. The i n t e r s e c t i o n  o f  t h e  curve de f i ned  by t h e  equat ion  and t h e  

c l add ing  temperature 1  i m i  t curve descr ibes  t h e  s p e c i f i c  c ladd ing  temperature 

l i m i t .  The equat ion t o  be used i s  

- u T2 . 69.684 
mhoop - 2 t  ..f; 10,000 

which i s  then t ransformed i n t o  t h e  f o l l o w i n g  equat ion f o r  p l o t t i n g  on gener ic  

temperature s t r e s s  curves such as F igu re  4.1. 



where 'mhoop = d r y  s to rage  c l add ing  hoop s t ress ,  MPa 

P = i n t e r n a l  gas pressure o f  t h e  rod, p s i  

TI = temperature a t  which P  was determined, K 

t = c l add ing  w a l l  th i ckness ,  i n .  

Dmid = c l add ing  midwal l  d iameter,  i n .  

a = a  f a c t o r ,  0.95 f o r  PAR rods o r  0.90 f o r  BWR rods  

10,000/69.684 = a  convers ion f a c t o r  

T2 = a l l owab le  s to rage  temperature f o r  umhoop, K. 

An example o f  de te rm in ing  t h e  maximum a1 1  owable c l add ing  temperature 1  i m i  t 

f o r  spent f u e l  i s  i l l u s t r a t e d  i n  F igu re  4.3. The example i s  f o r  5- year- o ld 

f u e l  w i t h  a  c l add ing  s t r e s s  o f  70 MPa a t  400°C; a  c l add ing  midwal l  d iameter  o f  

1.0 cm, a  w a l l  t h i ckness  o f  0.1 cm, and a  gas pressure o f  6.5 MPa a t  25°C were 

assumed. I n  t h e  f i g u r e ,  t h e  i n t e r s e c t i o n  o f  t h e  CSFM IDS gener ic  temperature 

1  i m i  t w i t h  t h e  c l add ing  tempera tu re /s t ress  r e l a t i o n s h i p  represen ts  t h e  CSFM IDS 

c l add ing  temperature 1  i m i t .  For t h i s  example, t h e  c l add ing  temperature 1  i m i t  

i s  393°C a t  an i n i t i a l  c l add ing  s t r e s s  o f  69.2 MPa. Spent fue l  t h a t  had lower  

f i s s i o n  gas re lease  d u r i n g  i r r a d i a t i o n ,  and thus  lower  gas p ressure  and c l a d -  

d i n g  s t r e s s  a t  t h e  end o f  i r r a d i a t i o n ,  would have a  h i ghe r  temperature l i m i t .  

It should be noted t h a t  spent f u e l  i n  IDS may no t  reach t h e  CSFM IDS 

c l add ing  temperature 1  i m i  t (because o f  more e f f i c i e n t  cool  i ng than  assumed i n  

t h e  ana lys is ,  because t h e  cask/s torage system i s  no t  f u l l ,  e tc . ) .  Lower 

c l add ing  temperatures d u r i n g  IDS, i.e., l ower  than a l lowed on t h e  bas i s  o f  t h e  

CSFM IDS model, w i l l  reduce t h e  p r o b a b i l i t y  o f  c l add ing  breach below t h e  0.5% 

p r e d i c t e d  f o r  peak-power spent f u e l  rods. 

The CSFM I D S  model can be summarized as f o l l o w s :  

Subs tan t i a l  v a r i a t i o n s  i n  spent f u e l  i n t e r n a l  gas pressures and spent 

f u e l  age i n  t h e  c u r r e n t  and fo reseeab le  U.S. spent f u e l  i n v e n t o r y  as 

w e l l  as v a r i a t i o n s  i n  s to rage  cask designs r e q u i r e  m u l t i p l e  tempera- 

t u r e  l i m i t s  f o r  IDS. The es tab l i shment  o f  a  s i n g l e  temperature l i m i t  

t o  account f o r  these f a c t o r s  would, i n  some s i t u a t i o n s ,  impose 

unnecessary conservat ism and p o t e n t i a l  economic p e n a l t i e s  f o r  

u t i l i t i e s  and s to rage  cask vendors. 
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FIGURE 4.3. Graphica l  Determi n a t i o n  of S p e c i f i c  I D S  Cladding Temperature 
L i m i t  f o r  Example Spent Fuel  



The CSFM I D S  model produces a  f a m i l y  o f  gener ic  c l add ing  temperature 

l i m i t  curves t o  accommodate t h e  v a r i a t i o n s  i n  spent f u e l .  These 

curves e s t a b l i s h  t h e  recommended temperature l i m i t s  f o r  spent fue l  

over a  40-year I D S  per iod. (a)  

The CSFM IDS model has been v e r i f i e d  by s e n s i t i v i t y  analyses, compar- 

i son  t o  exper imenta l  data,  and comparison t o  t h e  NRC model; t h e  CSFM 

I D S  model i s  t e c h n i c a l  l y  sound and de fens ib le .  

Cladding temperature l i m i t s  f o r  s p e c i f i c  spent f u e l  can be r e a d i l y  

generated. 

4.1.3 Fac to rs  A f f ec t i ng  Spent Fuel Gas Pressure Dur ing Dry Storage 

The CSFM I D S  model presented above assumes t h a t  spent f u e l  gas p ressure  

d u r i n g  I D S  i s  descr ibed  by t h e  i d e a l  gas law. That i s ,  t h e  i n i t i a l  v o i d  volume 

and t h e  volume o f  f i l l  gas remain cons tan t  du r i ng  I D S  and thus gas p ressure  i s  

d i  r e c t l y  p r o p o r t i o n a l  t o  temperature. However, i f  e i t h e r  t h e  v o i d  v o l  ume 

decreases o r  t he  volume o f  f i l l  gas inc reases  du r i ng  IDS, then  gas pressures 

w i l l  be g rea te r  than  assumed by t h e  CSFM IDS model f o r  a  s p e c i f i c  spent f ue l  

c l  adding temperature. Thi s  s e c t i o n  d i  scusses poss ib l e  changes i n  spent f u e l  

v o i d  volume and gas volume d u r i n g  IDS. 

A vo id  volume decrease d u r i n g  IDS w i l l  i nc rease  t h e  gas p ressure  and thus 

t h e  c ladd ing  hoop s t r e s s  by compressing t h e  gas. (A v o i d  volume increase,  on 

t h e  o t h e r  hand, w i l l  decrease gas pressure.) A vo id  volume decrease may occur 

by c ladd ing  creepdown o r  U02 swe l l i ng .  Cladding creepdown i s  no t  p o s s i b l e  f o r  

spent f u e l  s to red  i n  a  nonpressur ized cask because t h e  gas p ressure  i n s i d e  t h e  

spent f u e l  w i l l  be g r e a t e r  than  t h e  gas pressure o u t s i d e  t h e  spent f u e l .  

( a )  The recommended temperature 1  i m i  t s  app ly  t o  t y p i c a l  spent f u e l  . I f  a  
s p e c i f i c  f u e l  ba tch  i s  known t o  be somewhat abnormal ( f o r  example, t o  have 
demonstrated a  h i ghe r  than normal i n - r e a c t o r  f a i l u r e  r a t e  o r  t o  have 
sus ta ined  unusual c o n d i t i o n s  du r i ng  s h i  pp i  ng o r  hand1 i ng) , i t  may be 
adv isab le  t o  cons ider  such a  f u e l  ba tch  as a  spec ia l  case and eva lua te  a  + 
speci  f i c  temperature 1  i m i  t. Summaries o f  spent f u e l  c o n d i t i o n s  d u r i n g  and 
a f t e r  i r r a d i a t i o n  and wet s to rage  may be found i n  B a i l e y  (1987); B a i l e y  
and Johnson (1986) ; and Bai 1  ey and Wu (1986). 



Swel l ing  o f  U02 i s  an i r r a d i a t i o n  phenomenon and s tops when t h e  f u e l  i s  removed 

from the  reac to r .  Therefore,  l o s s  o f  vo id  volume i s  n o t  a  c r e d i b l e  mechanism 

f o r  gas pressure increases d u r i n g  IDS. 

An inc rease  i n  t h e  volume (moles) o f  gas i n  t h e  spent f u e l  rod  d u r i n g  IDS 

, i s  p o s s i b l e  f rom two mechanisms: f i s s i o n  gas re lease  from t h e  U02 m a t r i x  t o  

t h e  vo id  volume and he l ium p roduc t i on  from a c t i n i d e  decay f o l l owed  by re lease  

from t h e  U02 m a t r i x  t o  t h e  vo id  volume. To es t ima te  p o s s i b l e  f i s s i o n  gas 

re leases from t h e  U02 t o  t h e  v o i d  volume, t h e  ANS-5.4 f i s s i o n  gas re l ease  model 

(Turner e t  a l .  1982) was used.(a) For s t a b l e  isotopes,  a  s i m p l i f i e d  equa t ion  

. . f o r  t h e  re lease  f r a c t i o n  i s  g iven  as 

where D = d i f f u s i o n  c o e f f i c i e n t ,  s  = 0.61 x  exp (-36386/T) x  100 (BU/28000) 

t = t ime, s  

T = temperature, K 

BU = burnup, MWd/MTM ( l o 3  x  MWd/kgU). 

For f u e l  w i t h  a  burnup o f  40 MWd/kgU and s to red  f o r  40 years a t  a  temperature 

o f  400°C, t h e  r e s u l t i n g  re lease  f r a c t i o n  i s  -3.0 x  For a  f u l l - l e n g t h  

commercial rod  w i t h  a  rod-average burnup o f  40 MWd/kgU, t h e  f i s s i o n  gas produc- 
3  t i o n  would be -3600 cm . App ly ing  t h e  above f i s s i o n  gas re lease  f r a c t i o n  t o  

3  t h e  produced f i s s i o n  gas r e s u l t s  i n  a  f i s s i o n  gas re lease  o f  0.01 cm d u r i n g  

40 years a t  400°C. This  amount o f  a d d i t i o n a l  gas i s  n e g l i g i b l e  and has no 

e f f e c t  on I D S  o f  spent f u e l .  Two a d d i t i o n a l  f a c t o r s  w i l l  reduce t h e  f i s s i o n  

gas re lease f rom t h e  U02 m a t r i x :  1 )  t h e  decreas ing temperature h i s t o r y  w i l l  

reduce f i s s i o n  gas re l ease  f rom t h e  f u e l  and 2) t h e r e  i s  a  minimal temperature 

p r o f i l e  w i t h i n  t h e  f u e l  t o  a i d  i n  f i s s i o n  gas d i f f u s i o n  from t h e  U02 m a t r i x  t o  

t he  vo id  volume. 

( a )  Data are l a c k i n g  regard ing  long- term, low- temperature f i s s i o n  gas re l ease  
f o l l  owing i r r a d i  a t i  on. 



Decay o f  a c t i n i d e  i so topes  occurs by t h e  re lease  o f  an a lpha p a r t i c l e ,  

i .e, a  he1 ium nucleus, and thus increases t h e  i n v e n t o r y  o f  he1 ium i n  t h e  U02 

m a t r i x .  Th is  re1 a t i o n s h i p  i s  i l l u s t r a t e d  by t h e  f o l l o w i n g  reac t i on :  

The i so topes  t h a t  a re  t h e  p r imary  c o n t r i b u t o r s  t o  t h e  he l ium i n v e n t o r y  a re  

Re1 ease o f  t h i s  decay-produced he1 i um can 

inc rease  t h e  volume o f  f r e e  gas i n  t h e  spent f u e l .  

An ORIGEN2 ( C r o f f  1980) computer code p r e d i c t i o n  o f  a c t i n i d e  p r o d u c t i o n  

and decay was made assuming an i n i t i a l  f u e l  enr ichment o f  3.2% 2 3 5 ~  and a  f i n a l  

burnup of 36 MWd/kgU ( a c t i n i d e  p roduc t i on  i s  approx imate ly  p r o p o r t i o n a l  t o  

burnup). The p r e d i c t e d  p roduc t i on  o f  he l ium as a  r e s u l t  o f  a c t i n i d e  decay i s  

presented i n  F igu re  4.4 as a  f u n c t i o n  o f  decay t ime. The i n f o r m a t i o n  i n  F i g -  

u r e  4.4 was conver ted t o  he l ium p roduc t i on  i n  terms o f  cub i c  cen t imete rs  pe r  

spent f u e l  rod  by assuming f u e l  w i t h  a  d iameter  o f  0.01 m, an enr i ched  l e n g t h  

o f  4 m, and a  d e n s i t y  o f  10.4 g/cm3; t h i s  convers ion i s  presented i n  F i g -  

u r e  4.5. The p r e d i c t e d  he l ium p roduc t i on  a f t e r  40 years  o f  a c t i n i d e  decay i s  

52.0 cm3. For a  spent f u e l  rod  w i t h  an e n d - o f - l i f e  v o i d  volume o f  30 cm3, 100% 

re lease  o f  t h e  produced he l ium would t h e r e f o r e  r e s u l t  i n  a  p ressure  i nc rease  o f  

<0.2 MPa. However, because o f  t h e  r e l a t i v e l y  low I D S  temperatures (compared 

w i t h  i r r a d i a t i o n  temperatures)  and t h e  decrease i n  I D S  temperature w i t h  t ime,  

100% re lease  o f  t h e  he l ium i s  no t  p l a u s i b l e  and t h e  t r u e  re l ease  i s  p robab ly  

much lower  . ( a )  Therefore,  gas p ressure  increases due t o  he1 i um p r o d u c t i o n  f rom 

a c t i n i d e  decay and t h e  subsequent re lease  o f  t h e  he1 ium t o  t h e  f r e e  gas a re  no t  

cons idered a  problem f o r  a  40-year IDS per iod .  

( a )  Ana lys is  o f  f u e l  r od  f i l l  gases f o l l o w i n g  i r r a d i a t i o n  has shown t h a t  low- 
temperature p ressu r i zed  rods u s u a l l y  l o s e  he l ium f rom t h e  f i l l  gas due t o  
absorp t ion  by t h e  f u e l  w h i l e  low- temperature nonpressur ized rods ga in  a  
small amount o f  he1 ium i n  t h e  f r e e  gas from re lease  o f  he1 ium produced by 
t e r t i a r y  f i s s i o n  and a c t i n i d e  decay. High f u e l  temperatures d u r i n g  i r r a d-  I 

i a t i o n  l ead  t o  h i ghe r  he l ium re l ease  as would be expected. However, 100% 
re lease  o f  t h e  produced he l ium has no t  been observed f o r  rods operated a t  
s i g n i f i c a n t l y  h i g h e r  temperatures than  w i  11 be encountered d u r i  ng IDS. 
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FIGURE 4.4. ORIGEN2-Predicted Helium Produc t ion  from A c t i n i d e  Decay 

It should be noted, however, t h a t  he1 ium produc t ion  from a c t i n i d e  decay i s  

an approx imate ly  exponent ia l  f u n c t i o n  and t h a t  f o r  per iods g rea te r  than 

40 years t he  he l ium produc t ion  i s  subs tan t i a l .  Therefore,  if a mechanism 

e x i s t s  t h a t  can re lease  t h e  produced hel ium from the  f u e l  m a t r i x  t o  t he  f ree  

gas, t h e  rod gas pressure inc rease  f o r  l ong  s to rage  per iods  cou ld  be substan-  

t i a l .  A 100% hel ium re lease  r a t e  a f t e r  10,000 years  would inc rease  rod pres-  

sure by 4.1 MPa ( a t  t h e  o r i g i n a l  IDS temperature).  However, a  100% re lease  

r a t e  i s  no t  p l a u s i b l e ;  t h e r e f o r e ,  gas pressure increases should be cons iderab ly  

1  ower. 

4.2 MODELING OF INERTED DRY STORAGE CLADDING TEMPERATURES 

The temperature- t ime h i s t o r y  o f  spent f u e l  i n  I D S  i s  an impor tan t  consid-  

e r a t i o n  i n  model ing spent f u e l  and s to rage  cask i n t e g r i t y .  Because m a t e r i a l s  

g e n e r a l l y  degrade more r a p i d l y  a t  h i ghe r  temperatures, l i m i t s  must be s e t  on 
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FIGURE 4.5. P red i c ted  He1 i um Produc t ion  f rom A c t i n i d e  Decay 
f o r  a  S p e c i f i c  Spent Fuel Rod 

maximum a1 1  owable spent f u e l  s to rage  temperatures. Temperature 1  i m i  t s  based on 

m a t e r i a l  i n t e g r i t y  t e s t s  conducted under i so therma l  c o n d i t i o n s  may be o v e r l y  

conservat ive.  More r e a l i s t i c  es t imates  o f  a l l owab le  s to rage  temperatures may 

be ob ta ined  by model ing m a t e r i a l  i n t e g r i t y  under t h e  decreas ing temperature 

h i s t o r y  c h a r a c t e r i s t i c  o f  r a d i o a c t i v e  decay i n  t h e  f u e l .  Th is  s e c t i o n  d i s -  

cusses t h e  p r e d i c t i o n  and model ing o f  t h e  t ime  dependence o f  f u e l  and cask tem- 

pera tu res  under IDS cond i t i ons .  

Spent f u e l  temperatures du r i ng  IDS depend p r i m a r i l y  on t h e  decay heat  

power l e v e l  i n  t h e  f u e l  and on t h e  r a t e  a t  which t h i s  heat  i s  d i s s i p a t e d  t o  t h e  

env i  ronment . Decay heat  l e v e l s  decrease exponent i  a1 l y  w i t h  t ime  a f t e r  d i  s-  

charge from t h e  reac to r ,  and t h e  abso lu te  magnitude depends on f u e l  burnup and 

t h e  ope ra t i ng  h i s t o r y  under which t h e  burnup was accumulated. The r a t e  o f  heat  



t r a n s f e r  t o  t h e  env i ronment  depends p r i m a r i l y  on t h e  geomet r i c  d e s i g n  of t h e  

s to rage  system and t h e  the rma l  p r o p e r t i e s  o f  t h e  m a t e r i a l s  used i n  t h e  s t o r a g e  

system. Wh i le  s t o r a g e  tempera tu res  g e n e r a l l y  decrease w i t h  t ime ,  p r e d i c t i n g  a  

s p e c i f i c  t empera tu re- t ime  h i s t o r y  r e q u i r e s  d e t a i l e d  s p e c i f i c a t i o n  o f  cask  

des ign ,  f u e l  age, f u e l  burnup, and s t o r a g e  c o n f i g u r a t i o n .  

Recent d r y  s t o r a g e  cask demons t ra t i ons  have p r o v i d e d  exper imen ta l  d a t a  on 

spen t  fue l  c l a d d i n g  tempera tu res  f o r  v a r i o u s  meta l  cask des igns  d u r i n g  IDS. 

These t e s t s  have i n c l u d e d  t h e  CASTOR-I and TN-1300 casks i n  t h e  FRG ( S p i l  k e r  

and F l  e i  sch 1986; Gei s e r  1986),  t h e  CASTOR-V/21 cask  ( C r e e r  and Schoonen 1986) , 
. .  

. . t h e  MSF-IV (REA-2023) cask (McKinnon e t  a1 . 1986a), t h e  TN-24P cask (McKinnon 

e t  a l .  1986b), and t h e  MC-10 cask. Tes ts  on t h e  CASTOR-I and TN-1300 casks  

c o n s i s t e d  o f  t empera tu re  measurements d u r i n g  vacuum d r y i n g  o p e r a t i o n s  and w i t h  

a  he1 ium b a c k f i l l .  Tes ts  on t h e  CASTOR-1/21 and MSF-IV (REA-2023) casks 

i n v o l v e d  v e r t i c a l  and h o r i z o n t a l  o r i e n t a t i o n s  w i t h  a  h e l i u m  f i l l  gas, a  

n i t r o g e n  f i l l  gas, o r  vacuum; t e s t s  a r e  a l s o  p lanned u s i n g  c o n s o l i d a t e d  f u e l  

rods  (Cree r  and Schoonen 1986). 

Thermal a n a l y s i s  computer codes have r e c e n t l y  been adapted t o  t h e  prob lem 

o f  model ing  t h e  the rma l  b e h a v i o r  o f  d r y  s t o r a g e  casks,  t h u s  p r e d i c t i n g  t h e  tem- 

p e r a t u r e  h i s t o r y  o f  t h e  spent  f u e l .  Two such codes a r e  t h e  COBRA-SFS and HYDRA 

thermal  a n a l y s i s  codes deve loped a t  PNL (Wheeler  e t  a1 . 1986). Both  codes 

a1 l o w  th ree- d imens iona l  model i n g  and use a  f i n i t e - d i f f e r e n c e  formul  a t i o n  t o  

s o l v e  t h e  mass, momentum, and energy  c o n s e r v a t i o n  e q u a t i o n s  t o  de te rm ine  t h e  

p ressu re ,  temperature ,  and v e l o c i t y  f i e l d s .  Heat t r a n s f e r  i s  modeled by fl u i d -  

f l u i d  conduc t ion ,  s o l i d - s o l i d  c o n d u c t i o n ,  s u r f a c e - t o - s u r f a c e  r a d i a t i o n ,  and 

convec t i on .  HYDRA i s  a  s t e a d y - s t a t e  code t h a t  can model buoyancy- dr iven f l o w s  

by d e f i n i n g  t h e  a p p r o p r i a t e  d i r e c t i o n  f o r  t h e  g r a v i t y  v e c t o r .  COBRA-SFS uses a  

s t e a d y - s t a t e  subchannel f o rmu l  a t i o n  w i t h  t h e  channe ls  connected by the rma l  con- 

d u c t i o n  and d i v e r s i o n  c r o s s- f l o w .  

HYDRA and COBRA-SFS have b o t h  been shown t o  be e f f e c t i v e  i n  c a l c u l a t i n g  
/ 

tempera tu re  d i s t r i b u t i o n s  i n  d r y  s t o r a g e  casks (Wheeler  e t  a l .  1986; Lombardo 

e t  a l .  1986). P r e t e s t  p r e d i c t i o n s  u s i n g  nominal  cask d imens ions and nominal  

thermal  p r o p e r t y  v a l u e s  f o r  cask m a t e r i a l s  gave tempera tu re  v a l u e s  w i t h i n  20 t o  

30°C o f  t h e  a c t u a l  measured data.  P o s t - t e s t  c a l  c u l  a t i o n s  u s i n g  more a c c u r a t e  



a s - b u i l t  dimensions and thermal p r o p e r t i e s  r e s u l t e d  i n  mean code- to-data 

d i f f e r e n c e s  o f  * l O ° C  f o r  HYDRA and k3OC f o r  COBRA-SFS (Wheeler e t  a l .  1986). 

These codes a re  now v a l i d a t e d  f o r  use i n  d r y  s torage cask analyses (Lombard0 

e t  a l .  1986). 

An a d d i t i o n a l  component o f  model i n g  temperatures accu ra te l y  d u r i n g  d r y  

s to rage  i s  c o r r e c t l y  p r e d i c t i n g  t h e  decay heat  o f  t h e  s t o r e d  spent f ue l  as a  

f u n c t i o n  o f  decay t ime. It has been concluded (Beeman 1986) t h a t  t h e  ORIGENZ 

decay heat code (Heeb 1986) can p r e d i c t  decay heat  w i t h i n  10% o f  t h e  measured 

values f o r  spent f u e l  w i t h  c o o l i n g  t imes  o f  up t o  10 years.  The code g e n e r a l l y  

ove rp red i c t s  t h e  measured decay heat  and i s  thus  conse rva t i ve  f o r  use i n  

supp ly ing  decay heat l e v e l s  t o  cask temperature codes. 

4.3 CLADDING TEMPERATURES DURING CASK DRYING OPERATIONS 

I n  a d d i t i o n  t o  t h e  long- term IDS per iod ,  spent f u e l  w i l l  a l s o  be exposed 

t o  e leva ted  temperatures d u r i n g  cask l o a d i n g  and d r y i n g  ope ra t i ons  f o l l o w i n g  

pool  storage. A common method o f  cask d r y i n g  i s  a  vacuum process t h a t  r e q u i r e s  

severa l  hours ( 2  t o  5) and a  minimum gas p ressure  o f  1 x  MPa ( F l e i s c h  and 

Ramcke 1983). Experience i n  t h e  FRG has shown t h a t  under r e l a t i v e l y  s h o r t  

d r y i n g  cyc les  ( 2  t o  5  h )  temperature excurs ions above 380°C a r e  u n l i k e l y .  

I f  vacuum d r y i n g  should cause temperature excurs ions above t h e  CSFM IDS 

c l add ing  temperature 1  i m i t  (Sec t ion  4.1), two approaches a r e  suggested: 

implement spec ia l  procedures t o  keep c l add ing  temperatures below t h e  

CSFM IDS c l add ing  temperature 1 i m i  t 

request  a  temperature var iance f o r  t h e  r e l a t i v e l y  s h o r t  p e r i o d  o f  t h e  

d r y i n g  opera t ion .  

The t e c h n i c a l  bas is  t o  request  a  temperature var iance  f o r  t h e  sho r t - te rm  

cask d r y i n g  opera t ions  i s  suppor ted by Z i  r c a l  oy t e s t s  a t  temperatures >500°C 

(Table E.l) f o r  t imes o f  30 days o r  more w i t h  no c l add ing  f a i l u r e s  ( E i n z i g e r  
-" 

e t  a l .  1982). The absence o f  c l add ing  f a i l u r e s  i n  these  t e s t s  i n d i c a t e s  t h a t  

t h e  s h o r t  p e r i o d  r e q u i r e d  f o r  cask d r y i n g  wi 11 probably  n o t  compromise c l a d d i n g  
& 

i n t e g r i t y  f o r  f u e l  w i t h  c l add ing  hoop s t resses  near, o r  below, those  o f  t h e  

f u e l  types t h a t  were h igh- temperature tes ted .  A t  temperatures near o r  above 



400°C, some anneal ing o f  i r r a d i a t i o n  damage i s  l i k e l y ,  even i n  a  few hours. 

Annealing r e s u l t s  i n  h i ghe r  c l add ing  d u c t i l i t y  and t h e r e f o r e  tends t o  improve, 

r a t h e r  than degrade, subsequent c l add ing  i n t e g r i t y  (Lowry e t  a l e  1981). 

A1 though c l add ing  breach du r i ng  d r y i n g  opera t ions  i s  n o t  1  i ke ly ,  unaccept- 

a b l e  l e v e l s  o f  c l add ing  s t r a i n  cou ld  occur i f  t h e  spent f u e l  was exposed t o  

e leva ted  temperatures f o r  extended per iods  o f  t ime. Using t h e  CSFM c l  adding 

v creep model and assuming 70 MPa c l add ing  s t r e s s  f o r  24 h, p red i c ted  c l add ing  

s t r a i n  would be 0.10% a t  436OC, 0.23% a t  450°C, and 3.37% a t  500°C. The asso- 

c i a t e d  cumulat ive damage f a c t o r s  f o r  t h e  t h r e e  temperatures a r e  5.7%, 12.1%, 
1 .  

. . and 48.8%. Obviously,  s t r a i n  i s  a  f u n c t i o n  o f  t ime a t  temperature and 

t h e r e f o r e  sho r te r  per iods  o f  exposure would reduce t h e  s t r a i n  p red i c ted  f o r  t h e  

above temperatures. 

A c ladd ing  s t r a i n  l i m i t  o f  0.1% d u r i n g  cask d r y i n g  opera t ions  i s  recom- 

mended. Th is  l e v e l  o f  p l a s t i c  s t r a i n  i s  approx imate ly  equ i va len t  t o  t h e  e l as-  

t i c  s t r a i n  a t  t h e  y i e l d  s t r e s s  l i m i t  and w i l l  r e s u l t  i n  a  minimal l e v e l  o f  

damage t o  t h e  spent f u e l  c ladding.  With a  0.1% s t r a i n  l i m i t ,  a  temperature o f  

450°C would be acceptable f o r  an 8-h working s h i f t .  

Some c ladd ing  o x i d a t i o n  may occur  due t o  r e a c t i o n  w i t h  mo is tu re  as d r y i n g  

proceeds. However, t h e  mo is tu re  1  eve1 s  w i  11 r a p i d l y  d i s s i p a t e  du r i ng  d r y i n g  t o  

l e v e l s  where c ladd ing  o x i d a t i o n  w i l l  be i n s i g n i f i c a n t .  Temperatures g r e a t e r  

than 600°C are  requ i red  t o  cause s u b s t a n t i a l  Z i r c a l o y  o x i d a t i o n  over a  1-day 

per iod ,  even a t  h i gh  ox idan t  l e v e l s  (Johnson, G i l b e r t ,  and Guenther 1983; 

Johnson and G i  1  b e r t  1983a). 

Based on t h e  above d iscuss ion ,  i t  i s  concluded t h a t  cask d r y i n g  opera t ions  

should no t  compromi se spent f u e l  c l add ing  i n t e g r i t y .  
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APPENDIX A  

ZIRCALOY DEGRADATION MECHANISMS: STRESS CORROSION CRACKING AND HYDROGEN 

Crack growth i n  Z i r c a l o y  can occur by t h r e e  mechanisms i n  a d d i t i o n  t o  

creep: b r i t t l e  f r a c t u r e ,  s t r e s s  co r ros ion  c rack ing  (SCC) , and delayed h y d r i  de 

c rack ing  (DHC). To cause crack propagat ion,  each mechanism requ i  res a  s t r e s s  . 
i n t e n s i t y ,  i.e., s t r e s s  and f l a w  s ize ,  g rea te r  than a  c r i t i c a l  ( o r  t h r e s h o l d )  

l e v e l .  Above t h a t  c r i t i c a l  s t r e s s  i n t e n s i t y ,  c rack propagat ion can occur  
. . 

e i t h e r  by a  r a p i d  uns tab le  mechanism o r  by a  s low (t ime-dependent) s t a b l e  

mechanism. 

B r i t t l e  f r a c t u r e  i s  a  r a p i d  uns tab le  process whereas DHC and SCC a re  slow, 

s t a b l e  growth mechanisms d u r i n g  i n e r t e d  d r y  s to rage  (IDS). B r i t t l e  f r a c t u r e  i s  

a  mechanical process i n f l uenced  by r a d i a t i o n  and hyd r i de  p r e c i p i t a t i o n  whi 1  e  

DHC and SCC are chemical-based processes i n f l u e n c e d  by hyd r i de  p r e c i p i t a t i o n  

and iod ine .  I n  t h e  f o l l o w i n g  d iscuss ion ,  t h e  e f f e c t s  o f  s t r e s s  i n t e n s i t i e s  a re  

evaluated, and i t  i s  assumed t h a t  s u f f i c i e n t  hydrogen and i o d i n e  e x i s t  t o  cause 

crack ing.  Add i t i ona l  d e t a i l e d  analyses a re  presented i n  Sect ions A. l  th rough 

A.3. 

The dependency o f  crack growth on t h e  s t r e s s  i n t e n s i t y  f a c t o r  a t  350°C and 

t h e  range o f  s t r e s s  i n t e n s i t y  f a c t o r s  expected f o r  Z i  r c a l  oy c l add ing  d u r i n g  IDS 

a r e  shown i n  F igu re  A.1. The c r i t i c a l  ( t h resho ld )  s t r e s s  i n t e n s i t y  f a c t o r s  and 

t h e  regimes f o r  s t a b l e  crack growth a re  i nd i ca ted .  A l l  c rack growth mechanisms 

r e q u i r e  s t r e s s  i n t e n s i t i e s  t h a t  a re  l a r g e r  than expected f o r  IDS. The c r i t i c a l  

s t r e s s  i n t e n s i t i e s  a r e  3, 12, and >40 ~~a-4;;; f o r  SCC, DHC, and b r i t t l e  f r a c -  

t u r e ,  r espec t i ve l y .  The SCC growth k i n e t i c s  a re  based on t h e  ana l ys i s  o f  

Kreyns, Spahr, and McCauley (1976); and t h e  DHC growth k i n e t i c s  a re  based on 

t h e  ana l ys i s  o f  Ambler (1984). 

The SCC mechanism dominates a t  lower  s t r e s s  i n t e n s i t i e s ,  and t h e  uns tab le  
I ( .  b r i t t l e  crack growth mechanism dominates a t  h i ghe r  s t r e s s  i n t e n s i t i e s .  The DHC 

mechanism i s  s i g n i f i c a n t  a t  i n t e rmed ia te  s t r e s s  i n t e n s i t i e s  b u t  i s  never t h e  
9 

dominant crack growth mechanism a t  350°C. At temperatures below 350°C, DHC 
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FIGURE A.1. R e l a t i o n s h i p  Between S t ress  I n t e n s i t y  and Crack Growth Rate 
f o r  Z i  r c a l o y  a t  350°C 

growth r a t e s  a re  p r e d i c t e d  t o  be f a s t e r  than SCC growth r a t e s  a t  i n t e rmed ia te  

s t r e s s  i n t e n s i t i e s .  These i n te rmed ia te  s t r e s s  i n t e n s i t i e s ,  however, a r e  much 

g r e a t e r  than those expected du r i ng  IDS. 

Experimental  l y  observed s t r ess  i n t e n s i t y  t h resho lds  a r e  sub jec t  t o  

unce r ta i n t y ,  p a r t i c u l a r l y  because o f  t h e  d i f f i c u l t y  o f  expe r imen ta l l y  measuring 

ve ry  s low crack growth ra tes.  I f  t h e  observed s t r e s s  i n t e n s i t y  t h resho lds  were 

no t  present,  c rack growth r a t e s  a t  low s t r e s s  i n t e n s i t y  l e v e l s  would be p re-  

d i c t e d  by e x t r a p o l a t i n g  h i gh  s t r e s s  i n t e n s i t y  crack growth k i n e t i c s .  Such an -3 

e x t r a p o l a t i o n  i s  presented i n  F igu re  A.2 w i t h  crack growth r a t e s  f o r  SCC and 

DHC ex t rapo la ted  t o  a  s t r e s s  i n t e n s i t y  o f  1.6 Npa*f i  ( c l add ing  s t r e s s  o f  70 MPa 

and i n i t i a l  c rack s i z e  o f  0.13 mm). The ex t rapo la ted  DHC growth r a t e  i s  



2130 mmlyear, and t h e  ex t r apo la ted  SCC growth r a t e  i s  5 mmlyear. Both 

mechanisms would, i n  t h e  absence o f  a  c r i t i c a l  s t r e s s  i n t e n s i t y ,  generate a  

c l  addi  ng breach. 

The conc lus ion  t h a t  SCC and DHC w i  11 no t  cause c l add ing  breach d u r i n g  IDS, 

t h e r e f o r e ,  depends on t h e  v a l i d i t y  o f  t h e  measured t h r e s h o l d  s t r e s s  i n t e n s i t i e s  

f o r  SCC and DHC. I f  crack growth can be i n i t i a t e d  below t h e  known t h r e s h o l d  

va lues (which has no t  been observed),  then  t h e  c rack  growth r a t e s  would be 

s u f f i c i e n t l y  f a s t  t o  cause c l add ing  breach d u r i n g  IDS a t  t h e  CSFM IDS 

temperature 1  i m i  t (Sec t i on  4.1). 
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FIGURE A.2. Crack Growth Rates Ex t rapo la ted  t o  a  S t ress  I n t e n s i t y  
o f  1.6 M P a - f i  f o r  Zi r c a l o y  a t  350°C 



A.l STRESS CORROSION CRACKING 

S t ress  c o r r o s i o n  c rack ing  i s  an impor tan t  Z i  r c a l  oy degrada t ion  mechanism 

d u r i n g  I D S  because i t  may d i r e c t l y  cause c rack  growth th rough t h e  f u l l  t h i c k -  

ness o f  t h e  c ladding.  A1 so, SCC may cause c l add ing  breach i n d i r e c t l y  by pro-  

duc ing deep c racks  t h a t  may subsequent ly extend through t h e  c l add ing  by another  

mechanism such as DHC. 

Causes f o r  cracks and mechan is t i c  requirements f o r  SCC a re  descr ibed  i n  

t h i s  sect ion.  Est imates o f  temperature l i m i t s  f o r  IDS a re  g i ven  based on crack 

growth mechanisms and data. St ress c o r r o s i o n  c rack ing  i s  no t  expected d u r i n g  

IDS because t h r e s h o l d  i o d i n e  concen t ra t i ons  and t h resho ld  s t r e s s  i n t e n s i t i e s  

a re  no t  exceeded by spent f u e l  du r i ng  IDS ( F i g u r e  A.1). Crack growth p red i c-  

t i o n s ,  assuming t h a t  c rack  growth i s  p o s s i b l e  below these t h resho lds  and 

e x t r a p o l a t i n g  t h e  expe r imen ta l l y  observed behavior ,  i n d i c a t e  t h a t  c rack  growth 

would be r a p i d  enough t o  cause c l add ing  breach a t  temperatures l e s s  than  t h e  

CSFM I D S  temperature l i m i t .  

To eva lua te  c rack  growth, t h e  ex is tence  o f  cracks o f  some s i z e  and number 

must be assumed. These cracks o r i g i n a t e  from mechanical f l aws  t h a t  were n o t  

e l  im ina ted  by examinat ion be fo re  i r r a d i a t i o n  and from pel  l e t - c l a d d i n g  i n t e r -  

a c t i o n  mechani sms d u r i n g  i r r a d i a t i o n .  Cracks propagate d u r i n g  i r r a d i a t i o n  as a  

r e s u l t  o f  r e a c t o r  power maneuvers (rampi ng) , noncor ros ive  creep c rack ing  , and 

SCC induced by i o d i n e  and o t h e r  c o r r o s i v e  species. I f  t h e  c racks  i n  t h e  c l a d-  

d i n g  have no t  grown through t h e  c l add ing  by t h e  t ime t h e  f u e l  rods a r e  removed 

from t h e  r e a c t o r  and placed i n t o  s torage,  i t  may be s t a t i s t i c a l l y  p o s s i b l e  t h a t  

some cracks would con t inue  t o  grow under s to rage  c o n d i t i o n s  e i t h e r  by con t inued  

SCC o r  by o the r  mechanisms u n t i l  t h e  c rack  breached t h e  c ladd ing .  

Ste inberg,  Peehs, and Steh l  e  (1983) inspec ted  t he  sur faces  o f  noni  r r a -  

d i a t e d  c l add ing  specimens t h a t  had been p ressur ized  and found a  p l u r a l i t y  o f  

induced cracks w i t h  a  1  og-normal d i s t r i b u t i o n  o f  depths. Wi th  i n c r e a s i n g  

s t r a i n  and t h e  presence o f  i od ine ,  t h e  mean crack depth (and l e n g t h )  grew, b u t  
i 

t h e  number o f  cracks t h a t  were growing decreased. Less s t r a i n  was r e q u i r e d  t o  

produce crack ex tens ion  and p e r f o r a t i o n  a t  1  ower temperatures. Accordi  ng t o  

Steinberg, Peehs, and Steh le,  c l add ing  breach would s t a t i s t i c a l l y  be expected 

t o  occur when one c rack  reached a  depth equal t o  t h e  c l add ing  wa l l  th i ckness .  



Both crack coalescence and i n d i v i d u a l  c rack growth would c o n t r i b u t e  t o  t h e  

o v e r a l l  growth o f  t h e  cracks.  Using these da ta  and methods, i t  would be pos-  

s i b l e  t o  c a l c u l a t e  a  s i z e  d i s t r i b u t i o n  o f  i n c i p i e n t  c racks and f i n d  t h e  number 

o f  c racks i n  a  s i z e  band t h a t  m igh t  be extended by SCC o r  DHC. 

The mechanisms o f  I-SCC a re  d iscussed i n  C u b i c c i o t t i  and Jones (1978). 

The Zr02 f i l m  p r o t e c t s  t h e  Z i r c a l o y  f rom i o d i n e ;  and u n t i l  t h e  ox i de  i s  

. rup tu red  by mechanical s t r a i n ,  SCC does no t  proceed. C ladd ing  creep due t o  

i n t e r n a l  pressure s t r e s s  may eventua l  l y  p r o v i d e  s u f f i c i e n t  s t r a i n  t o  r u p t u r e  

t h e  b r i t t l e  ox i de  l a y e r ;  b u t  " ox ide  f i l m  p e n e t r a t i o n  i s  no t  t h e  c r i t i c a l  s t e p  

i n  t h e  o v e r a l l  i od i  ne-SCC process . " ( a )  They be1 i eve t h a t  because t h e  exposure 

o f  Z i r c a l o y  by c rack i ng  o f  t h e  ox i de  l a y e r  i s  so smal l  i t  i s  t h e  f o rma t i on  o f  
' . 

t h e  crack i n  t h e  Z i r c a l o y  t h a t  i s  c r i t i c a l .  They suggest t h a t  i t  i s  s t r e s s  

r a t h e r  than s t r e s s  i n t e n s i t y  o r  s t r a i n  t h a t  i s  t h e  key f a c t o r  i n  fo rm ing  t h e  

crack:  " t he  t h r e s h o l d  s t r e s s  i s  t h e  s t r e s s  r e q u i r e d  t o  form c rack  n u c l e i  a t  

chemical inhomogenei t ies  and t h a t  t h e i r  p ropaga t ion  causes iod ine- induced  

f a i l u r e . "  Crack i n i t i a t i o n  and p ropaga t ion  occur  i f  t h e  s t r e s s  i s  l a r g e  enough 

(>315 MPa) and t h e  i o d i n e  concen t ra t i on  i s  s u f f i c i e n t  ( i o d i n e  > 5  x g/cm2). 

Note t h a t  t h e  s t r e s s  s p e c i f i e d  by C u b i c c i o t t i  and Jones i s  much g r e a t e r  t han  

t h a t  expected f o r  IDS cond i t i ons .  

W i l l i f o r d  (1984) suggested t h a t  s t r a i n  r a t e  s e n s i t i v i t y  o f  t h e  I-SCC 

process i s  caused by compe t i t i on  between chemical r e a c t i o n  and ma te r i  a1 creep 

r a t e  phenomena, r a t h e r  than  by s t r e s s  t h resho lds  o r  by t h e  requi rement  t h a t  a  

complete monolayer of Zr14 form on t h e  crack t i p .  He says t h a t  f a i l u r e  t imes  

a re  dominated by t h e  t ime  r e q u i r e d  t o  i n i t i a t e  a c t i v e  crack growth. He p ro-  

poses a  chemica l l y  a s s i s t e d  creep c rack i ng  model t h a t  pe rm i t s  " t h resho ld N 

concepts t o  be t r e a t e d  as very  s low processes whose phys i ca l  man i f es ta t i ons  a re  

t o o  smal l  t o  be measured i n  usual  exper iments.  

When a  crack ( l o n g i t u d i n a l  c racks t h a t  grow across t h e  w a l l  pe rpend i cu l a r  

t o  t h e  hoop s t r e s s  i n  t h e  c l a d d i n g )  i s  o f  s u f f i c i e n t  s i z e  t o  a l l o w  cont inuum 
br  

mechanics t o  be app l ied ,  t h e  minimum s t r e s s  i n t e n s i t y  f o r  i o d i n e  c r a c k i n g  i s  

( a )  C u b i c c i o t t i  and Jones (1978) s t a t e  t h a t  t h e  sma l l es t  s t r a i n  assoc ia ted  
w i t h  iod ine- induced  f a i l u r e  i n  t h e i r  Z i  r ca l oy- 4  t u b i n g  t e s t s  was 0.3%. 



9 ~ ~ a - f i .  C u b i c c i o t t i  and Jones (1978) p o i n t  out  t h a t  t h i s  va l ue  i s  i n  

agreement w i t h  I-SCC da ta  o f  o t h e r  i n v e s t i g a t o r s ,  a l though  t h e  minimum s t r e s s  

i n t e n s i t y  may be l e s s  i n  i r r a d i a t e d  c ladd ing .  They i n d i c a t e  t h a t  a  v a l i d  ASTM 

t e s t  d i d  no t  generate  a  f a i l e d  crack a t  s t r e s s  i n t e n s i t i e s  as low as 2.4 t o  

3.3 MPa-4;. The c o n t r o l l i n g  f a c t o r  f o r  c rack  growth changes f rom s t r e s s  t o  

s t r e s s  i n t e n s i t y  a t  a  c rack  depth o f  0.1 t o  0.2 mm (approx imate ly  15% t o  35% of 

t h e  c l add ing  t h i ckness ) .  

Peehs (1980) b e l i e v e s  t h a t  ( d u r i n g  IDS) no new cracks w i l l  be formed; 

i .e., no cracks i n  a d d i t i o n  t o  those  t h a t  a l r eady  e x i s t e d  i n  t h e  c l a d d i n g  i n  

t h e  reac to r .  Under t h e  t heo ry  t h a t  c rack  growth r a t e  depends on t h e  s t r e s s  

i n t e n s i t y  f a c t o r  (Kreyns 1976), t h e  va lue  o f  t h i s  f a c t o r  i s  o f  g r e a t  impor-  

tance. Reduct ions i n  t h e  c r i t i c a l  s t r e s s  i n t e n s i t y  f a c t o r  would e n t a i l  more 

crack ing.  I n  commenting on t h e  va lue  o f  t h e  f a c t o r ,  Peehs says t h a t  t h e  

r e d u c t i o n  i n  c r i t i c a l  s t r e s s  i n t e n s i t y  i s  more severe when i o d i n e  i s  p resen t ,  

and t h e  reduc t i on  due t o  i o d i n e  i s  g r e a t e r  than  t h e  r e d u c t i o n  due t o  h y d r i d i n g  

o r  by i r r a d i a t i o n .  Peehs uses I-SCC s t r e s s  i n t e n s i t y  f a c t o r s  as a  bas i s  f o r  a  

conse rva t i ve  es t ima te  o f  c rack  ex tens ion  i n  IDS. The ac tua l  va lues t o  be used 

requ i  r e  some judgment because d i f f e r e n t  observers  have repo r t ed  d i f f e r e n t  

values. Assuming a  lower  bound va lue  f o r  s t r e s s  i n t e n s i t y  o f  3 M P a - f i  a t  

3 0 0 ' ~ , ( ~ )  Peehs p r e d i c t s  t h a t  c racks up t o  0.4 rnrn deep (about  60% o f  t h e  w a l l  

t h i c kness )  would n o t  extend t o  a  th rough- wa l l  c rack a f t e r  20 years .  

I n  a  paper by M i l l e r  e t  a l .  (1981),  a  phenomenological model was developed 

t o  p r e d i c t  t h e  c rack  growth i n  Z i r ca l oy .  Data a re  quoted t h a t  i n d i c a t e  t h a t  

75% o f  t h e  t i m e  t o  f a i l u r e  i s  spent i n  growing a  crack t o  10% o f  t h e  w a l l  

th i ckness .  Subsequent growth proceeds ever  more r a p i d l y  as t h e  c rack  extends. 

Cons ider ing a  p r o b a b i l i s t i c  d i s t r i b u t i o n  o f  i n i t i a l  f l a w  s izes ,  t h e  M i l l e r  

model i s  used t o  show t h e  p robab le  t i m e  t o  f a i l u r e  o f  va r i ous  numbers o f  f u e l  

rods. For example, t h e  d i s t r i b u t i o n s  show t h a t  t h e  c r i t i c a l  s t r e s s  i s  lower  

f o r  a  f u e l  rod  than  f o r  a  t e s t  specimen because o f  t h e  h i ghe r  p r o b a b i l i t y  o f  

hav ing a  l a r g e  f l a w  i n  t h e  l a r g e  area o f  c l add ing  i n  a  reac to r .  

( a )  Peehs re fe rences  were C u b i c c i o t t i  and Jones (1978) and Simpson and Cann 
( 1984). 

A.6 



Using some methods and i n f o r m a t i o n  from M i l l e r  e t  a1 . (1981), an es t ima te  

can be made o f  t h e  s i z e  d i s t r i b u t i o n  o f  cracks a f t e r  some amount o f  t i m e  i n  t h e  

reac to r .  The subsequent growth o f  these  cracks i n  s to rage  cou ld  then be 

est imated f o r  bo th  I- S C C  and DHC. Tasooj i ,  E inz iger ,  and M i l l e r  (1984) have 

done t h i s  t o  some ex ten t  f o r  I- SCC.  They show t h a t  a t  t h e  end o f  r e a c t o r  

se rv ice ,  t h e  maximum i n c i p i e n t  crack s i z e  i n  unbreached rods would be 20% o f  

t h e  w a l l  th i ckness  a t  a  f a i l u r e  p r o b a b i l i t y  o f  1%. Then us ing  a  " t y p i c a l "  case 

o f  1% f i s s i o n  gas re lease,  a  maximum i n t e r n a l  pressure (15.2 MPa a t  315"C), and 

a  burnup o f  50 MWdIkgU w i t h  a  nominal i o d i n e  concen t ra t i on  and an i n e r t  cover 

atmosphere, they i n d i c a t e  t h a t  a  temperature o f  450°C would be a l lowed f o r  a  

1000-year s torage p e r i o d  be fo re  f a i l u r e .  For a  more " conserva t i ven case o f  20% 

f i s s i o n  gas re1 ease (h i ghe r  than  expected),  t h e  1000-year s to rage  1  i m i  t i ng 

temperature was p r e d i c t e d  t o  be 280°C o r  less .  Shor te r  s to rage  t imes,  such as 

100 years,  would a1 low h ighe r  1  i m i  t i  ng temperatures. Peehs and F l  e i s c h  (1986) 

s t a t e  t h a t  crack propagat ion w i l l  n o t  occur f o r  crack s izes  sma l le r  than  0.3 mm 

( ~ 5 0 %  o f  w a l l  t h i ckness )  a t  temperatures lower  than 450°C. 

Crack growth was c a l c u l a t e d  based on t h e  growth model o f  Kreyns (1976), a  

s tandard spent f u e l  c o o l i n g  h i s t o r y  (g iven  i n  Sect ion 4.2), a  0.13-mm-deep 

i n i t i a l  crack, and a  c l add ing  s t r e s s  o f  70 MPa. These s t r e s s  and crack s izes  

correspond t o  a  s t r e s s  i n t e n s i t y  o f  1.6 ~ P a . 6  and a re  reasonable bounding 

values f o r  d r y  storage. The maximum a l l owab le  temperature f o r  a r r e s t  o f  crack 

propagat ion caused by t h e  decreas ing temperature w i t h  t ime  was determined t o  be 

290°C. A t  300°C, t h e  crack was p r e d i c t e d  t o  propagate through t h e  c l add ing  

th ickness,  r e s u l t i n g  i n  f a i l u r e  a f t e r  3 years  o f  storage. The c a l c u l a t e d  

inc rease  i n  crack depth and t h e  c a l c u l a t e d  decrease i n  temperature w i t h  

i nc reas ing  t ime  a re  shown i n  F igu re  A.3. ( a  > 
The 290°C temperature l i m i t  i s  -100°C lower  than t h e  creep r u p t u r e  temper- 

a t u r e  l i m i t  f o r  a  s t r e s s  o f  70 MPa (see F igu re  4.3). Therefore,  i f  SCC cou ld  

i n i t i a t e ,  then SCC cou ld  occur f o r  s to rage  temperatures a l lowed by t h e  CSFM IDS 
f 

. - temperature l i m i t  a t  and above 300°C. However, crack i n i t i a t i o n  i s  n o t  

expected because n e i t h e r  t h e  t h r e s h o l d  i o d i n e  concen t ra t i on  nor  t h e  t h resho ld  

- ( a )  Th is  ana l ys i s  i s  based on i g n o r i n g  t h e  SCC t h r e s h o l d  s t r e s s  i n t e n s i t y  o f  
3 MPaoJm. 
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s t r e s s  i n t e n s i t y  i s  exceeded (see Sec t ion  3.2). Furthermore, t h e  l a c k  o f  SCC 

f a i l u r e s  du r i ng  d r y  s to rage  demonstrat ion t e s t s  i n d i c a t e s  t h a t  c l add ing  breach 

due t o  SCC has n o t  occurred even though crack growth k i n e t i c s  would be adequate 

t o  produce c l add ing  breaches i f  t h resho lds  were ignored. 

A.2 DELAYED HYDRIDE CRACKING 

Del ayed h y d r i  de c r a c k i  ng can occur i n s t ressed  Z i  r c a l  oy d u r i  ng coo l  i ng 

when t h e  c o n d i t i o n s  a re  appropr ia te .  When c rack ing  i s  observed, t h e  measured 

crack growth r a t e s  a re  rap id ,  bu t  o n l y  f o r  c o n d i t i o n s  o f  h i gh  s t r e s s  i n t e n s i t y .  

I n  t h i s  sec t ion ,  i t  i s  demonstrated t h a t  DHC w i l l  no t  be l i k e l y  d u r i n g  IDS 



because SCC i s  more dominant than DHC a t  s t r e s s  i n t e n s i t i e s  above t h e  s t r e s s  

i n t e n s i t y  t h resho ld  f o r  DHC. As was presented i n  F igure  A.1, t h e  s t r e s s  

i n t e n s i t i e s  requ i red  f o r  DHC a re  no t  expected du r i ng  IDS. 

For DHC t o  occur i n  Z i  r ca loy ,  t h r e e  c o n d i t i o n s  must be met: 1) an i n c i  p i  - 
e n t  de fec t  o r  crack must e x i s t ;  2) hyd r i de  must be present  a t  o r  near t h e  crack 

t i p ;  and 3) s u f f i c i e n t  s t r e s s  must be present  t o  propagate t h e  crack. The da ta  

and theory  t h a t  a1 low t h e  de te rm ina t i on  o f  these cond i t i ons  a re  no t  t o t a l l y  

unequivocal. I n  t h e  d i scuss ion  t h a t  f o l l ows ,  t h e  f a c t o r s  t h a t  have been 

exper imental  l y  and t h e o r e t i c a l  l y  connected t o  DHC i n  Zi r c a l  oy wi 11 be pre-  

sented. For t h e  f o l l o w i n g  d iscuss ion ,  t h e  presence o f  c racks  ( t h e  f i r s t  cond i -  

t i o n  f o r  DHC) w i  11 be assumed. 

A DHC nuc lea t i on  and growth model has been proposed by Sawatzky (1986) 

t h a t  may exp la i n  t h e  observed DHC growth behav io r  b e t t e r  than  t h e  commonly used 

Dut ton model (Dut ton,  Puls, and Simpson 1 9 8 ~ ) . ( ~ )  I n  t he  Sawatzky model, as i n  

t h e  Dutton model, an " i ncuba t i on  per iod"  i s  def ined. During t h i s  i n c u b a t i o n  

per iod ,  hydrogen d i f f u s e s  t o  t h e  s t ressed  t i p  o f  t h e  i n c i p i e n t  crack from 

hydr ide  p l a t e l e t s  beyond t h e  t i p .  However, once t h e  hydr ide  has formed a t  t h e  

crack t i p  and f r ac tu red ,  t h e  hyd r i de  p rov ides  t h e  c l o s e s t  source of hydrogen 

f o r  f u r t h e r  d i f f u s i o n  t o  t h e  crack t i p  f o r  crack propagat ion, which would 

account f o r  t he  observed de lay  i n  i n i t i a l  c rack ing  fo l lowed by an almost con- 

s t a n t  crack growth ra te .  Sawatzky has suggested d e t a i l  ed e q u i l  i b r i  um so l  u- 

b i l i t y  mechanisms as f unc t i ons  o f  s t r e s s  and temperature r a t e  o f  change t h a t  

might  be used t o  develop a  q u a n t i t a t i v e  model, bu t  t h i s  has no t  y e t  been done. 

Typ ica l  de lay  t imes f o r  DHC a r e  s h o r t  (40 h )  r e l a t i v e  t o  t he  IDS t ime;  

thus,  t h e  DHC growth r a t e  may be used f o r  e s t i m a t i n g  t h e  t ime  t o  c l add ing  

breach. Un l i ke  I- S C C ,  t h e  crack growth r a t e  does n o t  depend on t he  s t r e s s  

i n t e n s i t y  f ac to r .  A f t e r  DHC has begun, t h e  crack growth r a t e  i s  independent o f  

s t r e s s  (p rov ided  t h e  s t r e s s  i s  s u f f i c i e n t  t o  f r a c t u r e  t h e  hydr ide  o r  hydr ided 

Z i  r c a l  oy) b u t  i s a  f u n c t i o n  o f  t h e  temperat ure-dependent hydrogen d i  f f  u s i  on 
C 

ra te .  Th is  d iscuss ion  i s  f u r t h e r  expanded i n  Appendix C. 

( a )  The Sawatzky model has o n l y  r e c e n t l y  been proposed and has n o t  y e t  been 
f u l l y  peer reviewed. 



For DHC t o  occur  du r i ng  I D S  r equ i res  s u f f i c i e n t l y  h i gh  c l add ing  s t r e s s  

i n t e n s i t i e s  under IDS cond i t i ons .  The c r i t i c a l  s t r e s s  i n t e n s i t y  t h a t  Sawatzky 

(1986) s t a t e s  as be ing  necessary f o r  DHC i n  spent f u e l  i s  compared t o  p r e d i c t e d  

s t r e s s  i n t e n s i t i e s  i n  F igu re  ~ . 4 . ( ~ )  The same c r i t i c a l  s t r e s s  i n t e n s i t y  va lue  

(12 MPaef i )  was g iven  by Dutton, Puls,  and Simpson (1982) on t h e  bas i s  o f  

measurements. ( b )  Pure bu lk  hydr ide  was expe r imen ta l l y  determined t o  have a  

c r i t i c a l  s t r e s s  i n t e n s i t y  f o r  c rack ing  o f  -1 t o  3 MPa-f i .  Pure h y d r i d e  i s  n o t  

b e l i e v e d  t o  be formed a t  t h e  crack t i p .  Some metal a l s o  e x i s t s  i n  t h e  s t r e s s  

f i e l d ,  r e s u l t i n g  i n  a  h i ghe r  va lue  o f  toughness r e s u l t s  (which i s  a f f e c t e d  by 

t h e  o r i e n t a t i o n  o f  t h e  metal  g ra i ns ) .  Walker and Kass (1974) have measured 

much h ighe r  toughness va lues f o r  i r r a d i  ated, hydr ided  (250 ppm) Z i  r c a l  oy-4 than  

f o r  pure bu lk  hydr ide.  I n  t h e  temperature range o f  100 t o  300°C, t h e i r  

measurenients g i v e  toughness i n c r e a s i n g  i n  t h e  range o f  30 t o  50 M P ~ &  f o r  a  

t e x t u r e  r e p r e s e n t a t i v e  o f  c ladding.  T h e i r  da ta  a l s o  show a  l a r g e  e f f e c t  o f  

t e x t u r e .  The Walker and Kass da ta  a l s o  show t h a t  r a d i a t i o n  does n o t  s i g n i f i -  

c a n t l y  decrease t h e  toughness o f  severe ly  hydr ided  Z i r c a l o y  a t  room temperature 

and above. 

The r a t e  o f  crack propagat ion as a  f u n c t i o n  o f  temperature has been ca l cu-  

l a t e d  f rom t h e  equat ions o f  Dutton, Puls,  and Simpson (1982) and Kreyns, Spahr, 

and McCauley (1976) and i s  presented i n  F igu re  A .~ . ( c )  At temperatures above 

about 285OC and a t  s t r e s s  i n t e n s i t i e s  above t h e  c r i t i c a l  s t r e s s  i n t e n s i t y ,  DHC 

( a )  The curves i n  F i g u r e  A.4 were c a l c u l a t e d  based on t y p i c a l  spent f u e l  f i l l  
gas pressures and c l add ing  s t resses  f o r  p ressu r i zed  wate r  r e a c t o r  (PWR) 
rods i n  IDS. The gas pressures and dimensions g iven  by Levy e t  a1 . (1987) 
were used t o  c a l c u l a t e  t h e  s t r e s s  i n t e n s i t y  f a c t o r  f o r  va r i ous  c rack  
l eng ths  u s i n g  t h e  methods and r e s u l t s  o f  De la l e  and Erdogan (1982) and a  
power- law temperature decay w i t h  t i m e  g iven by Tarn, Madsen, and Chin 
(1986). 

( b )  Dutton, Puls, and Simpson (1982) g i v e  a  lower  c r i t i c a l  s t r e s s  i n t e n s i t y  
f o r  Zr-2.5%Nb, and t h e  d i f f e r e n c e  between t h e  two a l l o y s  i s  exp la i ned  as 
be ing  due t o  t h e  d i f f e r e n c e  i n  t e x t u r e ,  which l i m i t s  t h e  maximum amount o f  
hyd r i de  t h a t  can be formed a t  t h e  crack t i p .  -a 

( c )  The crack growth r a t e s  g iven  by Dutton, Puls, and Simpson (1982) f o r  DHC 
a r e  f o r  Z i rca loy- 2 ,  and t h e  r a t e s  g iven  by Kreyns, Spahr, and McCauley 
(1976) f o r  I - S C C  a re  f o r  Z i rca loy- 4 .  It i s  assumed t h a t  t h e  r e s u l t s  o f  
Kreyns, Spahr, and McCauley would have been s i m i l a r  t o  those  o f  Dut ton,  
Puls,  and Simpson i f  they  had used Z i rca loy- 2 .  
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i s  s lower than I- S C C .  Thus, a crack t h a t  had progressed by I-SCC t o  o r  th rough  

a zone o f  s t r ess  i n t e n s i t y  g rea te r  than 12 ~ ~ a . f i  would move more s l ow l y  by t h e  

DHC mechanism. Therefore,  i t appears t h a t  DHC i s  no t  as l i k e l y  t o  cause c lad-  

d ing  breach as i s  I-SCC (d iscussed i n  Sect ion A.l). Therefore,  t h e  I - S C C  c rack  

growth r a t e s  and c r i t e r i a  w i l l  p robably  bound those o f  DHC f o r  long- term IDS. 

A t  temperatures below 285OC and a t  s t r e s s  i n t e n s i t i e s  h i g h  enough t o  cause DHC, 

F igu re  A.5 i n d i c a t e s  t h a t  DHC would propagate a crack f a s t e r  than  I-SCC. 

i . - An a d d i t i o n a l  p o i n t  o f  i n t e r e s t  r e l a t e d  t o  DHC deals  w i t h  t h e  d i r e c t i o n  o f  

approach, e i t h e r  hea t i ng  o r  coo l i ng ,  t o  a t e s t  temperature. Ambler (1984) has 



FIGURE A.5. Crack Growth Rates i n  Z i r c a l o y - 2  Due t o  
I-SCC and DHC 

shown t h a t  DHC b e h a v i o r  o f  Zr-2.5%Nb i s  a f f e c t e d  by whether  t h e  t e s t  tempera-  

t u r e  i s  approached by c o o l i n g  o r  h e a t i n g .  Bo th  Ambler (1984) and Sawatzky 

( 1 9 8 6 ) ( ~ )  p r o v i d e  t h e o r e t i c a l  e x p l a n a t i o n s  o f  t h i s  e f f e c t .  I n  summary, i f  t h e  

t e s t  t empera tu re  i s  reached by c o o l i n g  f r o m  a h i g h e r  tempera tu re ,  t h e  measured 

c r a c k  growth  r a t e  i s  an A r r h e n i u s  f u n c t i o n  o f  temperature .  I f  t h e  sample i s  

f i r s t  c o o l e d  and t h e n  hea ted  t o  t h e  t e s t  t empera tu re ,  t h e  measured c r a c k  g r o w t h  

r a t e  s t i l l  f o l l o w s  t h e  same A r r h e n i u s  f u n c t i o n  b u t  o n l y  up t o  a  c e r t a i n  temper-  
\ . , 

a t u r e .  About 50°C beyond t h a t  t empera tu re ,  t h e  c rack  g rowth  r a t e  i s  perhaps 

100 t o  1000 t i m e s  s l o w e r  t h a n  when t h e  t e s t  t empera tu re  was reached by c o o l i n g .  

( a )  See Appendix C f o r  Sawatzky ' s  d i s c u s s i o n .  



This observed e f f e c t  may be due t o  t h e  p r e c i p i t a t i o n  o f  t he  hydr ide  i n  a  

cons t ra ined  c o n d i t i o n  t h a t  i s  re leased upon hea t ing  and thus lowers t h e  d r i v i n g  

f o r c e  f o r  d i f f u s i o n  t o  t h e  crack t i p .  

P repara t ion  o f  f u e l  rods f o r  d r y  s to rage  ( c o o l i n g  i n  t h e  r e a c t o r  and 

s torage pool f o l l owed  by s e l f - h e a t i n g  i n  d r y  s torage)  i s  s i m i l a r  t o  Ambler's 

hea t i ng  technique and has been suggested by Coleman e t  a l .  (1985) as a  tech-  

n ique f o r  m in im iz i ng  DHC a t  temperatures between 177OC and 327°C. Because t h e  

c l add ing  temperature can r i s e  t o  an anneal ing l e v e l  i n  IDS, t h e  temperature f o r  

t h e  crack growth r a t e  reduc t i on  e f f e c t  a l s o  depends on t h e  hydrogen concentra-  

t i o n  i n  t he  cladding. Th is  i s  because t h e  hydrogen concen t ra t i on  determines 

t h e  anneal ing temperature a t  which a1 1  hyd r i de  would be r e d i s s o l  ved upon 

hea t ing  i n  IDS.(~) I f  t h e  IDS temperature r i s e s  above t h e  anneal ing tempera- 

tu re ,  then hydr ide  i s  p r e c i p i t a t e d  upon c o o l i n g  i n  s torage and crack growth 

r a t e s  a re  those assumed i n  t h e  above discussions. However, i f  rehea t ing  does 

no t  reach t h e  anneal ing temperature,  t h e  crack growth r a t e s  w i l l  be lower. 

Thus, a  l a r g e  hydrogen concen t ra t i on  r a i s e s  t h e  anneal ing temperature and, con- 

sequent ly,  t he  upper temperature l i m i t  f o r  which t h e  hea t i ng  approach may be 

b e n e f i c i a l  f o r  reduc ing crack growth rates.  Therefore,  i f  DHC were t o  occur i n  

fue l  rods i n  I D S ,  t h e  coo l i ng /hea t i ng  h i s t o r y  may p rov ide  much-reduced DHC 

crack growth ra tes  r e l a t i v e  t o  t h e  body o f  t h e  d iscuss ion  presented here. 

A.3 HYDROGEN CONTENT AND DISTRIBUTION 

The hydrogen con ten t  and d i s t r i b u t i o n  i n  spent f u e l  c l add ing  can a f f e c t  

t h e  c l add ing  res i s tance  t o  f r a c t u r e  d u r i n g  IDS. Hydrogen p ickup  and t r a n s p o r t  

mechanisms are descr ibed i n  t h i s  sec t ion ,  and two example c a l c u l a t i o n s  a re  

presented f o r  r e d i s t r i b u t i o n  o f  hydrogen and hyd r i de  p r e c i p i t a t i o n  du r i ng  

IDS. The p r e d i c t i o n s  i n d i c a t e  t h a t  hydrogen r e d i s t r i b u t i o n  du r i ng  I D S  i s  no t  

s i g n i f i c a n t  and w i l l  n o t  s i g n i f i c a n t l y  a f f e c t  t h e  c l add ing  f r a c t u r e  res is tance .  

( a )  The anneal ing temperature i s  t h e  t e rm ina l  so l  i d  s o l u t i o n  temperature and 
depends on t h e  amount o f  hydrogen present  i n  t h e  c ladd ing ;  e.g., t h e  
anneal ing temperature i s  340°C f o r  96 ppm hydrogen and 400°C fo r  190 ppm 
hydrogen. 



A f r a c t i o n  o f  t h e  hydrogen re leased  d u r i n g  Z i  r c a l o y  o x i d a t i o n  i s  assumed 

t o  be p icked  up by t h e  Z i r c a l o y  and then  t o  d i f f u s e  a long decreas ing temper- 

a t u r e  g rad ien ts .  Peehs (1980) assumed a  hydrogen p ickup f r a c t i o n  o f  20% 

[Peehs' re fe rence  was Stehle,  Kaden, and Manzel (1975) l ;  t h i s  f r a c t i o n  agrees 

w i t h  da ta  and examinat ions o f  extended burnup f u e l  by Garde (1986). Garde 

g ives an average hydrogen absorp t ion  o f  15.9%, a l though t h e  values ranged as 

h i g h  as 20.1%. The l i m i t  o f  t o t a l  hydrogen concen t ra t i on  t o  which t h e  c l a d d i n g  

remains d u c t i l e  was taken  as 500 ppm [Peehs' re fe rence  was S l a t t e r y  (1969) l .  

For t h e  case o f  gross b r i t t l e  f a i l u r e ,  Peehs deduced an a l l owab le  s to rage  

temperature o f  310°C a t  cons tan t  temperature,  o r  up t o  460°C i n i t i a l l y ,  

depending on t h e  temperature- t ime c o o l i n g  p r o f i l e .  

The d i sso l ved  hydrogen d i f f u s e s  because o f  g rad ien t s  o f  c o n c e n t r a t i o n  

and/or temperature.  A t  c o l d  l o c a t i o n s  (and i n  reg ions o f  r e l a t i v e l y  h i g h  

t e n s i l e  s t r e s s )  where hydr ides  p r e c i p i t a t e ,  t h e  hydrogen concen t ra t i on  i s  t h e  

t e r m i n a l  so l  i d  s o l  ub i  1  i ty  (TSS) , which , being lower  than t h e  hydrogen concen- 

t r a t i o n  elsewhere, p rov ides  a  l a r g e  concen t ra t i on  g rad ien t  and thus  a  d r i v i n g  

f o r c e  f o r  d i f f u s i o n  o f  hydrogen toward t h e  hydr ide.  Hydrogen t r a n s p o r t  i s  a l s o  

d r i v e n  by a  temperature g rad ien t .  Peehs' c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  change 

i n  concen t ra t i on  o f  hydrogen by temperature g rad ien t  movement i s  n e g l i g i b l e  

compared w i t h  t h e  concen t ra t i on  ob ta ined  through hydrogen takeup. An a n a l y s i s  

o f  hydrogen d i f f u s i o n  p rov ided  i n  Appendi x C a l s o  reaches t h a t  conc lus ion.  

Sawatzky (1986) has c a l c u l a t e d  t h e  a x i a l  d i f f u s i o n  o f  hydrogen i n  spent  

f u e l  c l add ing  under IDS c o n d i t i o n s  . ( a )  The temperature p r o f i l e  o f  a  c e n t r a l  

fue l  r od  i n  an IDS cask was ob ta ined  w i t h  a  COBRA code p r e d i c t i o n  s i m i l a r  t o  

those d iscussed by Wheeler e t  a1 . (1986a; 1986b). An upper l i m i t  o f  expe r i  - 
men ta l l y  observed hydrogen con ten t  i n  spent f u e l  c l add ing  ( A t k i n  1981) was 

taken  by Sawatzky as t h e  i n i t i a l  hydrogen d i  s t r i  bu t i on ;  t h e  hydrogen concen- 

t r a t i o n  ranged f rom 43 t o  100 ppm. Higher hydrogen concent ra t ions  observed by 

o the rs  and t h e  va lue  o f  500 pprn assumed by Peehs (1980) may no t  be t y p i c a l .  

Examinations o f  a  BUR high-burnup f u e l  r od  ( S t r a i n  and Johnson 1985) show 

hydrogen concen t ra t i ons  rang ing  from 100 ppm i n  t h e  cen te r  t o  over  200 pprn a t  

( a )  Sawatzky ' s  d i scuss ion  o f  hydrogen d i f f u s i o n  i s  p a r t i a l l y  reproduced i n  
Appendix C. 



t h e  ends. According t o  S t r a i n  and Johnson, t h e  hydrogen concen t ra t i on  p r o f i  l e  

shows t h e  e f f e c t  o f  hydrogen d i f f u s i o n  toward t h e  co lde r  ends o f  t h e  c l add ing  

w h i l e  i n  t h e  reactor .  The t h i ckness  o f  t h e  ox ide  cou ld  be roughly  c o r r e l a t e d  

w i t h  t h e  hydrogen d i s t r i b u t i o n  a x i a l l y ,  b u t  r a t h e r  l a r g e  azimuthal  v a r i a t i o n s  

d i d  no t  co r re l a te .  Sawatzky es t imated  t h a t  thermal d i f f u s i o n  a lone cou ld  n o t  

account f o r  t h e  a x i a l  v a r i a t i o n  and t h a t  t h e  d i s t r i b u t i o n  measured by S t r a i n  

and Johnson may be due t o  t h e  s p e c i f i c  coo lan t  chemist ry  t h a t  gave d i f f e r e n t  
\ 

r a d i o l y s i s  1  eading t o  t h e  v a r i a t i o n s  i n  hydrogen absorp t ion  a long  (and around) 

t h e  c l  addi ng. 
. - 

Sawatzky's hydrogen d i f f u s i o n  model (Appendix C) cons iders  t h e  a x i a l  

temperature p r o f i l e  and i t s  decrease w i t h  t i m e  i n  IDS. Hydrogen was assumed t o  

p r e c i p i t a t e  as a hydr ide  i n  t h e  coo les t  reg ion,  t h e  end caps. H is  r e s u l t s  

(assumi ng t h e  i n i  t i a1 a x i  a1 d i s t r i b u t i o n  o f  hydrogen d i  scussed above) i n d i c a t e  

very  l i t t l e  change ((1.5%) between t h e  i n i t i a l  and f i n a l  concen t ra t ions  of 

hydrogen. [This f i n d i n g  agrees w i t h  Peehs' (1980) conclusion.]  The amount o f  

s o l i d  hydr ide  i n  t h e  coo les t  p a r t  o f  t h e  end cap ( t h e  corner  r i m )  has a depth 

o f  0.1 mm o r  l e s s  a f t e r  10 years;  t h e r e  i s  l i t t l e  f u r t h e r  change a f t e r  t h a t .  

Sawatzky p red i  c t s  t h a t  hyd r i de  w i  11 have p r e c i p i t a t e d  from t h e  d i  sso l  ved 

hydrogen a t  t he  coo le r  ends and a long  t h e  f u l l  l e n g t h  o f  t h e  f u e l  tube  a f t e r  

3 years i n  IDS under he l ium and a f t e r  5 years under n i t rogen .  It appears, 

then, t h a t  hydr ides w i l l  remain p resen t  a long  t h e  l e n g t h  o f  t h e  c l add ing  where 

i n c i p i e n t  cracks (due t o  manufactur ing de fec t s  and I-SCC) may be present.  

The hydrogen d i f f u s i o n  model developed by Sawatzky was a l s o  used t o  

analyze a second assumed a x i a l  hydrogen d i s t r i b u t i o n .  A p r e d i c t i o n  was made 

f o r  a  high-burnup case i n  which t h e  measured hydrogen i n  t h e  c l add ing  had a 

U-shaped a x i a l  concen t ra t i on  p r o f i l e  w i t h  hydrogen concent ra t ions  rang ing  f rom 

87 ppm i n  t h e  midd le  t o  220 t o  280 ppm a t  t h e  ends ( S t r a i n  and Johnson 1985). 

Using an I D S  temperature h i s t o r y  s i m i l a r  t o  t h e  f i r s t  case, t h e  l e v e l  o f  hydro-  

gen f o r  t h i s  case was p r e d i c t e d  t o  be s u f f i c i e n t  t o  develop hyd r i de  th roughout  .- t h e  c l add ing  l e n g t h  i n  <2 years o f  IDS. The d i f f u s i o n  concen t ra t i on  g rad ien t  

i s  t h e r e f o r e  almost e n t i r e l y  g iven  by t h e  TSS a t  t h e  temperatures assumed. 

Again, t h e  r e s u l t  was t h a t  very  l i t t l e  hydrogen would be moved du r i ng  a s to rage  



p e r i o d  o f  100 years.  Hydr ide remains p resen t  a long t h e  c l add ing  l e n g t h  

throughout  t h e  s to rage  per iod ,  and t h e  s h i f t  i n  hyd r i de  toward t h e  c o o l e r  ends 

i s  n e g l i g i b l e  a f t e r  10 years.  The t o t a l  hydrogen reaching t h e  c l a d d i n g  ends 

would be 1.9 x g/cm2. For  t h e  h i ghe r  p a r t  o f  t h e  temperature range under 

cons ide ra t i on ,  t h e  a c t u a l  TSS may be 10 t o  20 ppm lower  than  assumed i n  these  

p r e d i c t i o n s ,  accord ing  t o  da ta  o f  Mishra and Asundi (1971), which would mean 

e a r l i e r  p r e c i p i t a t i o n  o f  hyd r i de  and thus  l e s s  hydrogen d i f f u s i o n  than  

p r e d i c t e d  by Sawatz ky . 
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APPENDIX B ( ~ )  

THEORETICAL DISCUSSION ON DELAYED HYDRIDE CRACKING 

Delayed hyd r i de  c rack i ng  (DHC) o f  Zr-2.5%Nb was f i r s t  observed i n  f u e l  

c l add ing  near t h e  f u s i o n  l i n e  between t h e  c l add ing  and t h e  end cap (Simpson and 

E l l s  1974). The magnet ic f o r c e  r e s i s t a n c e  we ld ing  used i n  f u e l  e lement 

f a b r i c a t i o n  s e t  up h i g h  r e s i d u a l  s t resses  i n  t h i s  r eg ion  t h a t  a re  b e l i e v e d  t o  

have caused t h e  DHC. Cracks were de tec ted  i n  elements h e l d  a t  room temperature 

f o r  as l i t t l e  as 5  weeks a f t e r  welding. Z i rcon ium hyd r i de  p l a t e l e t s  were found 

a t  t h e  r o o t s  o f  i n t e r n a l  notches between c l add ing  and end cap. A pos twe ld  

s t r e s s  r e l i e f  (24 h  a t  400°C) e l i m i n a t e d  hyd r i de  growth and subsequent 

c rack ing .  

The nex t  r epo r t ed  case o f  DHC was t h e  growth o f  smal l  th rough- wa l l  c racks 

i n  69 Zr-2.5%Nb pressure  tubes o f  U n i t s  3 and 4 o f  t h e  P i c k e r i n g  power s t a t i o n  

(Perryman 1978). These tubes had been i n c o r r e c t l y  r o l l e d  i n t o  s t e e l  end f i t -  

t i n g s ,  r e s u l t i n g  i n  h i g h  r e s i d u a l  s t resses  j u s t  i nboa rd  o f  t h e  end f i t t i n g s  

where t h e  cracks occurred. The banded appearance o f  t h e  ox i de  on t h e  crack 

su r faces  i n d i c a t e d  c o n c l u s i v e l y  t h a t  c rack i ng  had occur red  d u r i n g  shutdown when 

t h e  p ressure  tube  temperature was low enough t o  p r e c i p i t a t e  hydr ides.  

B .1 THE DUTTON, NUTTAL, PULS, AND SIMPSON MODEL 

The bas ic  model f o r  DHC used today (1986) i n  z i  rconium a1 l o y s  was 

developed by Dut ton e t  a l .  (1977a). I n  t h i s  model, a  hyd r i de  p l a t e l e t  i s  

nuc lea ted  a t  t h e  h i gh- s t ress  r eg ion  near t h e  c rack  t i p ,  grows t o  some c r i t i c a l  

s i z e  by means o f  hydrogen d i f f u s i o n  f rom nearby hydr ides ,  and cracks.  The 

process i s  then repeated. 

, . ( a )  Th i s  appendix i s  a  near- reproduc t ion  o f  a  p o r t i o n  o f  t h e  d i scuss ion  
p rov ided  i n  Sawatzky (1986); 1  i m i  t e d  e d i t i n g  has been performed where 
necessary f o r  c l a r i t y  and b r e v i t y .  Some te rmino logy  used i n  t h i s  appendix 
(and Appendix C) may n o t  match t h a t  used i n  t h e  balance o f  t h e  r e p o r t .  



On t h e  bas is  o f  i r r e v e r s i  b l e  thermodynamics, bo th  concen t ra t i on  and s t r e s s  

g rad ien ts  p rov ide  a  d r i v i n g  f o r c e  f o r  d i f f u s i o n  such t h a t  t h e  hydrogen f l u x  

dens i t y ,  J, i s  approx imate ly  g iven  by 

J  = Y i  [VC -$ .  v (i;l uii)] 

where 7 = molal  volume o f  hydrogen i n  a-Zi r c a l o y  

D = d i f f u s i o n  c o e f f i c i e n t  f o r  hydrogen i n  a- Z i r ca loy  

A = atomic volume o f  Zry i n  a-Zi r c a l o y  

C = atom f r a c t i o n  o f  hydrogen i n  a-Zi r c a l o y  

V = d ivergence ope ra to r  

R = gas cons tan t  

T  = abso lu te  temperature 

uii = p r i n c i p a l  s t r e s s  components i n  t h e  v i c i n i t y  o f  t h e  

crack t i p  (assumed p o s i t i v e  i f  t e n s i l e ) .  

Thus, f o r  a  t e n s i l e  load,  t h e  s t r e s s  g rad ien t  p rov ides  a  d r i v i n g  f o r c e  f o r  

hydrogen d i f f u s i o n  towards t h e  h i gh- s t ress  reg ion  near t h e  crack t i p .  A lso  

i nc l uded  i n  t h e  model i s  t h e  f a c t  t h a t  a t  a  g iven  temperature,  t h e  t e r m i n a l  

s o l i d  s o l u b i l i t y  (TSS) decreases w i t h  i n c r e a s i n g  h y d r o s t a t i c  s t r e s s .  

C y l i n d r i c a l  geometry was assumed, as shown i n  F igu re  B.1. Equat ion (B. l )  

can be so lved (Dut ton 1978) t o  g i v e  t h e  f o l l o w i n g :  

where dn/dt  i s  f l u x  o f  hydrogen atom pe r  u n i t  l e n g t h  o f  c y l i n d e r  and CL and CR 

a re  TSS a t  r = L and r = a (F i gu re  B. l ) ,  r e s p e c t i v e l y ,  and g iven  by 



and 

FIGURE 0.1. Schematic o f  Crack Geometry 

I 

c,  = co  ex, (- g) 
where C o  = TSS under zero  s t r e s s  

P = h y d r o s t a t i c  s t r ess ,  which i s  assumed t o  vary  w i t h  r as 

shown i n  F igu re  0.2; see Equat ion (0.4) 

V '  = t h e  l o c a l  volume change assoc ia ted  w i t h  t h e  t r a n s f e r  of 

hydrogen f rom s o l u t i o n  t o  t h e  hyd r i de  phase. 



Radial Distance from Crack Tip, r 

FIGURE 0.2. Hyd ros ta t i c  S t ress  as a  Funct ion o f  D is tance  
from Crack T i p  

I n  t h e  t heo ry  o f  e l a s t i c - p l a s t i c  f r a c t u r e  mechanics, t h e  r a d i u s  o f  t h e  

p l a s t i c  zone r found nex t  t o  t h e  crack as shown i n  F igu re  0.1, inc reases  as 
Y' 

t h e  square o f  t h e  s t r e s s  i n t e n s i t y  f a c t o r  KI. Two stages o f  c rack ing  a r e  

cons idered:  one f o r  small KI va lues (Stage I )  and t h e  o t h e r  f o r  l a r g e  KI 

va lues (Stage 11). 

Stage I appl i e s  t o  smal l  KI va lues  and hence small ry values. I t  i s  

assumed t h a t  t h e  hyd r i de  p l a t e l e t  growing from t h e  c rack  t i p  extends beyond t h e  

p l a s t i c  zone before i t  f rac tu res .  As KI i s  increased, PR inc reases  more 

r a p i d l y  than  PL, t he reby  i nc reas ing  t h e  d r i v i n g  f o r c e  f o r  hydrogen d i f f u s i o n  

and hence t h e  crack v e l o c i t y ,  v, as shown i n  F igure  0.3a. 

Stage I 1  a p p l i e s  t o  KI values g r e a t e r  than some c r i t i c a l  va lue  KIC such 

t h a t  t h e  p l a s t i c  zone i s  l a r g e  enough t o  comple te ly  c o n t a i n  t h e  hyd r i de  

p l a t e l e t  when i t  f rac tu res .  The s t r e s s  i s  assumed t o  be un i fo rm i n  t h e  p l a s t i c  

zone and g iven  by Mu where M i s  a  cons tan t  g rea te r  than 1 and oy i s  t h e  y i e l d  Y' 



st ress.  Since P i s  independent o f  KI and PQ > PL as K increases [on t h e  bas is  

o f  Equations (B.2), (B.3a), and (Bm3b)] ,  dn /d t  and hence crack v e l o c i t y  a r e  

decreased, as shown i n  F igure  B.3a. 

Accurate crack v e l o c i t i e s  a re  d i f f i c u l t  t o  o b t a i n  exper imental  l y ,  and 

e a r l y  data (Dut ton e t  a l .  1977a) seemed t o  s u b s t a n t i a t e  t h e  above model. L a t e r  

and more c a r e f u l  exper imental  work (Simpson and Pul s  1979) showed t h a t  t h e  

r e l a t i o n s h i p  between crack v e l o c i t y  and s t r e s s  i n t e n s i t y  f a c t o r  i s  more n e a r l y  

represented by F igure  B.3b. There seems t o  be a  t h resho ld  i n  KI, say KIH9 such 

a. Basic Model 

I+- Critical Stress Intensity, KIC 

I 
1 

Stress Intensity, K 

b. Experimental Results 
> 

Stage II 

c Threshold Stress Intensity, KIH 

Stress Intensity, K 

FIGURE B.3. Schematic o f  Re la t i onsh ip  Between Crack 
Growth Rate and St ress I n t e n s i t y  



t h a t  v  = 0 f o r  KI < KIH and v  = cons tan t  f o r  KI > KIH; i.e., t h e r e  i s  no 

Stage I. Changes t o  t h e  bas i c  model seemed necessary and some have been made 

(Dut ton  e t  a1 . 1977b). 

It has been suggested t h a t ,  a t  l e a s t  f o r  smal l  hydrogen concen t ra t i ons ,  

t h e  main source o f  hydrogen f o r  hyd r i de  f o rma t i on  a t  t h e  crack t i p  i s  t h e  j u s t -  

f r a c t u r e d  p l a t e l e t .  A suppo r t i ng  observa t ion  was t h e  l a c k  o f  h y d r i d e  on t h e  

f r a c t u r e  sur face  o f  d e f e c t i v e  Zr-2.5%Nb f u e l  c l add ing  (Simpson and E l  1  s  

1974). Th is  model p rov ides  t h e  s h o r t e s t  hydrogen d i f f u s i o n  path;  and, s i n c e  

t h e  hyd r i de  i s  on a  f r e e  sur face,  t h e  d r i v i n g  f o r c e  f o r  d i f f u s i o n  between i t  

and t h e  new hyd r i de  p l a t e l e t  be ing formed would be g rea te r  than  f o r  t h e  case o f  

t h e  o the r  hydr ides  under tens ion .  Since n e i t h e r  t h e  hyd r i de  on t h e  f r e e  

su r f ace  nor  t h e  one be ing  formed a re  g r e a t l y  a f f e c t e d  by KI, t h e  crack v e l o c i t y  

should be f a i r l y  independent o f  KI, as was observed. 

Th is  model cou ld  a l s o  account f o r  t h e  f a c t  t h a t  t h e  i n c u b a t i o n  p e r i o d  may 

be much l onge r  than  t h e  t ime  f o r  subsequent g row th l c rack ing  cyc les  as seen by 

Coleman and Ambler (1979). Dur ing t h e  i ncuba t i on  per iod ,  t h e  hydrogen source 

i s  t h e  ne ighbor ing  hydr ides,  as i n  t h e  bas i c  model o f  Dut ton e t  a l .  (1977a). 

I n  subsequent cyc les ,  t h e  main hydrogen source i s  t h e  " j u s t  cracked" hydr ide .  

Puls,  Simpson, and Dut ton (1981) p o i n t  ou t  t h a t  t h e i r  model does n o t  show 

a  KIH because they  assumed pure z i r con ium hyd r i de  t o  have zero  r e s i s t a n c e  t o  

f r ac tu re .  I n  fac t ,  i t s  KIH i s  between 1 and 3 ~ P a = h i ,  whereas t h a t  f o r  

Zr-2.5%Nb i s  -6 ~~a.4;;;. They suggest t h a t  hydr ides  a t  t h e  crack t i p s  

p r e c i p i t a t e  ou t  o n l y  i n  g ra i ns  hav ing a  p r e f e r r e d  o r i e n t a t i o n  w i t h  respec t  t o  

s t r ess .  Crack ing t h e r e f o r e  occurs th rough a  m i x t u r e  o f  hyd r i de  and meta l ,  

which would have h ighe r  KIH values than  pure hydr ide.  C r i t e r i a  f o r  c r a c k i n g  o f  

t h e  hyd r i de  have been p o s t u l a t e d  (Dut ton e t  a l .  1977b; Simpson 1981). On t h e  

bas i s  o f  t h i s  model, a  hyd r i de  w i l l  grow a t  t h e  crack t i p  when TSS i s  exceeded 

b u t  w i  11 no t  necessar i  l y  f r a c t u r e .  

8.2 NUCLEATION AND GROWTH MODEL 

It has been suggested t h a t  KIH m igh t  a l s o  be exp la ined  by t h e  c l a s s i c a l  

n u c l e a t i o n  and growth theory .  The bas i c  DHC model by Dut ton e t  a1 . (1977a) 

i m p l i c i t l y  assumed a  hyd r i de  nucleus t o  be p resen t  a t  t h e  crack t i p  and a l l  



growth t o  occur a t  steady s ta te .  These assumptions accommodated a  re1 a t i  v e l y  

s imple mathematical t rea tment  o f  t h e  model ; but ,  as a1 ready i nd i ca ted ,  i t  does 

n o t  g i ve  a  very s a t i s f a c t o r y  exp lana t i on  f o r  some o f  t h e  exper imenta l  observa- 

t i o n s .  I n  t h i s  sec t ion ,  a  q u a l i t a t i v e  d e s c r i p t i o n  o f  t h e  model t h a t  seems 

somewhat more r e a l  i s t i  c  w i  11 be provided. 

A bas ic  assumption o f  t h e  proposed model i s  t h a t  supe rsa tu ra t i on  i s  

necessary f o r  hyd r i de  nuc lea t ion . (a )  Also, i t  i s  be1 i eved  t h a t  t h e  t r a n s i e n t  

hydrogen d i f f u s i o n  preceding steady s t a t e  must be considered. 

F i gu re  B.4 represents  a  s e c t i o n  perpend icu la r  t o  t h e  crack t i p  where t h e  

area between p o i n t s  a  and b  i s  t h e  ex ten t  o f  t h e  p l a s t i c  zone, p o i n t  c  i s  t h e  

p o s i t i o n  o f  t h e  nearest  hyd r i de  p l a t e l e t ,  and p o i n t  d  i s  a  hyd r i de  l a y e r  on t h e  

crack surface. The h y d r o s t a t i c  s t r e s s  P as a  f u n c t i o n  o f  p o s i t i o n  (F igu re  B.4) 

i s  shown i n  F igure  B.5. 

A t  e q u i l i b r i u m  t h e r e  i s  no hydrogen f l u x  (J = 0); thus, f rom Equa- 

t i o n s  (B. l )  and (B.4): 

where C(X) i s  t h e  e q u i l i b r i u m  hydrogen concen t ra t i on  a t  X i n  t h e  presence o f  a  

s t r e s s  g rad ien t  and CT(c) i s  TSS a t  X = c. 

Because P(X) > P(c )  , t h e  equi  1  i br ium hydrogen concen t ra t i on  C(X) increases 

w i t h  i nc reas ing  P, as shown i n  F igu re  B.6. From Equat ions (B.3a) and (B.3b): 

where CT(X) i s  TSS a t  X, which decreases w i t h  i nc reas ing  P, as shown i n  

F igure  B.6. 

( a )  I n  a  paper i n  which he shows t h e o r e t i c a l l y  t h a t ,  due t o  l a t t i c e  
cons t ra i n t s ,  TSS should be g rea te r  du r i ng  c o o l i n g  than hea t ing ,  Puls 
(1984) uses t h e  te rm " u n d e r ~ o o l i n g , ' ~  bu t  t h i s  seems t o  be d i f f e r e n t  f rom 
t h e  term " supersa tu ra t ion"  used above. 



FIGURE B.4. Crack Geometry w i t h  D e f i n i t i o n  o f  P l a s t i c  Zone 

Position, X 

FIGURE B.5. H y d r o s t a t i c  S t r e s s  as a  F u n c t i o n  o f  P o s i t i o n  



Position, X 

FIGURE 0.6. Hydrogen Concentrat ion as a  Funct ion o f  P o s i t i o n  

The above r e s u l t s ,  t oge the r  w i t h  t h e  requirement o f  supe rsa tu ra t i on  f o r  

hyd r i de  nuc lea t ion ,  a re  used t o  o b t a i n  a  q u a l i t a t i v e  c r i t e r i o n  f o r  KIH. A 

specimen i n  which t h e  hydrogen i n  s o l u t i o n  i s  u n i f o r m l y  d i s t r i b u t e d  w i t h  

concen t ra t i on  CT(c) i s  shown i n  F igu re  B.7. I f  a  t e n s i l e  l oad  i s  a p p l i e d  as i n  

F igure  0.5, i t  may be seen f rom F igure  0.6 t h a t  TSS a t  X = b, CT(b) w i l l  be 

lowest,  and new hyd r i de  would be most l i k e l y  t o  be p r e c i p i t a t e d  there.  Le t  t h e  

degree o f  supe rsa tu ra t i on  be such t h a t  a  concen t ra t i on  C i ( b )  i n  F igu re  0.7 i s  

necessary t o  nuc lea te  a  hyd r i de  a t  b. Since cT(b)  > C i ( b ) ,  a  hyd r i de  would be 

nuc leated a t  b  as soon as t h e  l o a d  was appl ied.  

C- 
Suppose, however, t h a t  a  h i ghe r  concen t ra t ion ,  C i ( b ) ,  i s  needed f o r  

hydr ide  nuc lea t i on  a t  b  (see F igu re  0.7). Since CT(c) < C i ( b ) ,  a  hyd r i de  would 

no t  be nuc leated immediately on t h e  a p p l i c a t i o n  o f  a  load. However, t h e  l oad  

would cause r e d i s t r i b u t i o n  o f  t h e  hydrogen u n t i l  e q u i l i b r i u m  was reached. I f  

e q u i l i b r i u m  was g iven by Curve 1 i n  F igu re  B.7, a  hyd r i de  would never be 



C; (b) and C; (b): Possible Hydrogen Concentrations 
Necessary for Hydride Precipitation 
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FIGURE B.7. Schematic o f  C r i t e r i a  f o r  Hydr ide Nuc lea t ion  

p r e c i p i t a t e d  a t  b. I f  t h e  e q u i l i b r i u m  hydrogen d i s t r i b u t i o n  was g iven  by 

Curves 2 o r  3, a hyd r i de  would e v e n t u a l l y  be p r e c i p i t a t e d .  Curve 2 corresponds 

t o  t h e  minimum s t r e s s  i n t e n s i t y  f a c t o r  a t  which a  hydr ide  cou ld  be nuc leated,  

namely KIHe 

The t ime e v o l u t i o n  o f  hydrogen r e d i s t r i b u t i o n  i s  now presented. To begin,  

a  specimen has a  cons tan t  hydrogen concen t ra t i on  (C) as a f u n c t i o n  o f  p o s i t i o n  

( F i g u r e  B.8); C1 i s  assumed t o  be TSS a t  zero s t ress.  With t h e  a p p l i c a t i o n  o f  

a  load,  t h e  s teady- s ta te  TSS w i l l  evo lve  from C1 t o  CT(c) a t  c  ( a  s l i g h t  

decrease from C1) and CT(b) a t  b  ( a  l a r g e  decrease from C1). A s u f f i c i e n t  l oad  

t o  p r e c i p i t a t e  a  hyd r i de  a t  b  i s  app l ied ,  and t h e  r e s u l t i n g  hydrogen r e d i s t r i -  

b u t i o n  i s  presented i n  F igure  B.8. Hydrogen now d i f f u s e s  up t h e  s t r e s s  



1 =Transition From Original Concentration to Curve 1 

2 = Distribution Immediately Preceding Hydride Formation 

3 = Distribution Immediately Following Hydride Formation 

4 =Transition From Curve 3 to Curve 5 

5 = Steady-State Distribution Assuming Hydride Does Not Fracture 

I I I 

- C'(b) 

C1 ----- Initial Hydrogen 
Distribution, TSS @ p=O 

- CT (c) 

- CT (b) 

Position, X 

FIGURE B.8. Time E v o l u t i o n  o f  Hydrogen R e d i s t r i b u t i o n  Dur ing  
Hydr i  de Nucl ea t  i on and Growth 

g rad ien t  f rom c t o  b  a t  a  s t e a d i l y  decreas ing r a t e  because t h e  concen t ra t i on  

g rad ien t ,  b u i l t  up as shown by Curve 1, tends t o  r e t a r d  hydrogen d i f f u s i o n .  

When t h e  hydrogen concen t ra t i on  a t  b reaches C 1 ( b )  (Curve 2 ) ,  a hyd r i de  

p l a t e l e t  i s  p r e c i p i t a t e d .  The hydrogen concen t ra t i on  i n  t h e  m a t r i x  a t  t h i s  

p o i n t  immediately drops t o  i t s  e q u i l i b r i u m  va lue CT(b), as shown i n  Curve 3. 

The steep hydrogen concen t ra t i on  g rad ien t  near t h e  hyd r i de  now i s  i n  a  d i r e c-  

c t i o n  t o  enhance d i f f u s i o n .  The hydrogen f l u x  i s  immediately sha rp l y  inc reased  

bu t  then decreases g radua l l y  as t h e  concen t ra t i on  g rad ien t  decreases, as shown 
.. by Curve 4. Prov ided t h e  hyd r i de  does no t  f r a c t u r e  i n  t h e  meantime, a  steady-  

s t a t e  hydrogen d i s t r i b u t i o n ,  as shown by Curve 5, i s  e v e n t u a l l y  developed. 



The above d e s c r i p t i o n  o f  growth and c rack ing  app l i es  t o  t h e  f i r s t  c y c l e  

corresponding t o  incuba t ion .  As a1 ready mentioned, Coleman and Ambler (1979) 

found t h e  t ime  f o r  subsequent c rack ing  cyc les  t o  be apprec iab ly  sho r te r ,  and 

t h i s  may i n d i c a t e  t h a t  t h e  " j u s t  cracked" hyd r i de  i s  t h e  p r i n c i p a l  source f o r  

hyd r i de  p r e c i p i t a t i o n  a t  t h e  crack t i p .  

B.2.1 Crack ing Behavior Dur ing Coo l ing  

I n  F igure  B.9, an i n i t i a l  temperature T7 i s  assumed w i t h  hydr ides  a t  a  

and b  and an equi 1 i br ium hydrogen concen t ra t i on  CT(T7). Equi 1  i b r i  um over  t h e  

hyd r i de  sur faces  i s  assumed d u r i n g  coo l i ng .  Because TSS decreases w i t h  tem- 

pera tu re ,  t h e  hydr ides  a re  s i nks  f o r  hydrogen d i f f u s i o n .  Because o f  f i n i t e  

d i f f u s i o n  ra tes ,  hydrogen d i s t r i b u t i o n  curves a re  s e t  up f o r  severa l  tempera- 

t u r e s  as shown i n  F igu re  B.9. A t  lower  c o o l i n g  ra tes ,  t h e  curves w i l l  become 

f l a t t e r ;  d u r i n g  r a p i d  coo l i ng ,  new hydr ides  may be p r e c i p i t a t e d .  Thus, f o r  a  

g iven  temperature,  t h e  hydrogen concent ra ted  a t  a  crack t i p  ( p o i n t  0 i n  F i g-  

u r e  B.9) would be g r e a t e r  du r i ng  c o o l i n g  than  a t  e q u i l i b r i u m .  

I n  F igu re  B.10, t h e  equi  1  i br ium hydrogen concen t ra t i on  under s t r e s s  i s  

shown [as g iven  by Equat ion (B.5)]. The equi 1  i br ium hydrogen concen t ra t i on  f o r  

a  t e n s i l e  s t ressed  specimen C(b)  i s  l e s s  than t h e  nuc lea t i on  concen t ra t i on ,  

cT(b ) ,  so t h a t  a  hyd r i de  w i l l  n o t  be nuc lea ted  a t  a  cons tan t  temperature T. I f  

t h e  unst ressed specimen i s  s l ow l y  coo led  t o  T  (Curve I ) ,  a  h y d r i d e  w i l l  s t i l l  

no t  be nuc lea ted  a t  b. However, w i t h  more r a p i d  c o o l i n g  (Curve 2), hydrogen 

does n o t  have t i m e  t o  d i f f u s e  f rom b, and a  hydr ide  w i l l  be nuc lea ted  as soon 

as t h e  s t r e s s  i s  appl ied.  However, once t h e  temperature i s  ma in ta ined  a t  T  and 

t h e  equi  1  i br ium hydrogen d i s t r i b u t i o n  i s  approached, h y d r i d i  ng a t  b  would s top  

and, even tua l l y ,  c rack ing  would stop. The same would apply  t o  a  s t r essed  spe- 

cimen du r i ng  coo l ing ;  then  most o f  t h e  c rack ing  might occur d u r i n g  c o o l i n g .  

Such an e f f e c t  has been observed by N u t t a l l  (1977). 

Even though c rack ing  may occur i n  t h e  absence o f  c o o l i n g  (e.g., Curve 3 o f  

F i gu re  B.7), i t  would be expected t o  occur more r a p i d l y  du r i ng  c o o l i n g  under 
3 

s t r ess ,  and i t  would slow down t o  a  cons tan t  crack v e l o c i t y  some t i m e  a f t e r  t h e  

s teady- s ta te  temperature was reached. Such an e f f e c t  was seen by Ambler (1984). 



(Hydride) Position (Hydride) 

FIGURE B.9. Hydrogen R e d i s t r i b u t i o n  D u r i n g  H e a t i n g  o r  Cool i n g  



1 = Specimen Slowly Cooled to T 

2 = Specimen Rapidly Cooled to T 

C i  (b): Hydride Nucleation Concentration 

FIGURE B.10. Hydrogen R e d i s t r i b u t i o n  Dur ing Coo l ing  
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He found t h a t  t h e  t i m e  r e q u i r e d  f o r  t h e  c rack  v e l o c i t y  t o  decrease t o  a  con- 

s t a n t  va lue  depended on t h e  f i n a l  temperature,  as g iven  i n  Table B.1. For  

f a i r l y  r a p i d  coo l i ng ,  t h i s  t i m e  may be g i ven  rough ly  by t h e  f o l l o w i n g :  

- c; (b) 

- c (b) 

CT (c) ---- -- 

Under Stress 

I I I 
I 
I 

I I 
I I I 
I a 

I 
,b j c 

Position, X 

Using t h e  va lue  of D f o r  Zr-2.5%Nb from Sawatzky e t  a l .  (1981) and 

Ambler 's t i m e  t o  e q u i l  i b r i  um c rack  v e l o c i t y  a t  100°C (Ambler 1984), Equat ion 

(B.7) y i e l d s  L = 0.033 cm as hyd r i de  spacing. Assuming t h e  same L, t h e  t ime  t o  

e q u i l i b r i u m  was es t imated  f o r  o t h e r  temperatures.  As seen i n  Table  B.1, 

agreement w i t h  t h e  exper iment i s  f a i  r l y  reasonabl e. 



TABLE B.1. Time t o  Constant Crack Growth Rate as a  
Func t ion  o f  Temperature 

Time, h  
Temperature, K Ambl e r  (1984) T h e o r e t i c a l  

373 40.0 40.0 
423 15.0 10.0 
473 1.5 3.32 

B .2.2 Crack i  ng Behavi o r  Du r i  ng Heat i  ng 

I n  F i gu re  B.9, t h e r e  a re  hydr ides  a t  a  and b w i t h  a  crack t i p  a t  0. The 

i n i t i a l  temperature f o r  t h e  h e a t i n g  e v a l u a t i o n  i s  T1, and t h e  hydrogen concen- 

t r a t i o n  o f  t h e  m a t r i x  i s  u n i f o r m  a t  CT(T1), t h e  TSS on heat ing.  The TSS 

increases w i t h  hea t i ng  so t h e  hydr ides  a c t  as sources f o r  hydrogen d i f f u s i o n .  

I t  i s  assumed t h a t  TSS a t  a  g iven  temperature i s  l e s s  d u r i n g  c o o l i n g  than  hea t -  
I 

ing,  as shown a t  temperature T4 [as does Puls  (1984) l .  At a  g i  ven s t r e s s  

i n t e n s i t y  f a c t o r ,  t h e r e  would be h y d r i d e  f o rma t i on  and c r a c k i n g  d u r i n g  c o o l i n g  

bu t  not  d u r i n g  hea t ing .  I n  F i g u r e  B.9, t h e  hydrogen concen t ra t i on  a t  t h e  crack 

t i p  i s  l e s s  when approaching T4 by h e a t i n g  t han  by coo l ing .  Therefore,  even i f  

c rack i ng  occurs a t  T4 i n  t h e  case o f  a  s t r e s s - f r e e  specimen heated t o  T4  f rom 

T1 and then  stressed, more hydrogen must be r e d i s t r i b u t e d  be fo re  a  hyd r i de  can 

be nuc leated a t  t h e  crack t i p  than  i n  t h e  c o o l i n g  mode. Th is  would r e q u i r e  a  

l onge r  i ncuba t i on  t ime  i n  t h e  case o f  heat ing.  

I n  t h e  Du t ton  e t  a l .  (1977a) model, t h e  d i f f u s i o n  o f  hydrogen f rom ne igh-  

b o r i n g  hydr ides  t o  t h e  crack t i p  i s  assumed t o  occur a t  steady s ta te ,  and t h e  

mathematical t rea tment  i s  f a i r l y  simple. I n  t h e  n u c l e a t i o n  and growth model, 

t h e  hydrogen concen t ra t i on  a t  t h e  crack t i p  may f i r s t  have t o  be b u i l t  up by 

s t r ess  g r a d i e n t - d r i  ven d i f f u s i o n  u n t i l  a  hyd r i de  p l a t e l e t  can be nuc leated,  

a f t e r  which growth occurs by f u r t h e r  d i f f u s i o n .  A l though t h e  model may be 

d i f f i c u l t  t o  t r e a t  mathemat ica l ly ,  i t  does p r o v i d e  a f e a s i b l e  qua1 i t a t i  ve 

exp l  ana t i on  f o r  many o f  t h e  exper imenta l  observat ions.  
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APPENDIX C 

A X I A L  HYDROGEN D I F F U S I O N  



APPENDIX c ( ~ )  

AXIAL HYDROGEN DIFFUSION 

C.1 BASIC EQUATIONS 

The hydrogen f l u x  under a temperature g rad ien t  i n  a s ingle-phase reg ion  i s  

g iven by t h e  f o l l o w i n g  (Sawatzky 1960): 

where J = hydrogen f l u x  

D = d i f f u s i o n  c o e f f i c i e n t  

c = hydrogen concen t ra t i on  

x = a x i  a1 p o s i t i o n  on t h e  f u e l  tube 

Q* = heat o f  t r a n s p o r t  

R = gas constant  

T = abso lu te  temperature. 

Conservat ion o f  hydrogen requ i  res t h e  f o l  1 owing : 

a c where - i s  t h e  r a t e  o f  hydrogen inc rease  a t  x. a t  

S u b s t i t u t i n g  Equat ion (C.1) i n t o  (C.2) r e s u l t s  i n  t h e  f o l l ow ing :  

( a )  Th is  appendix i s  a near- reproduc t ion  of a p o r t i o n  o f  t h e  d iscuss ion  pro-  
v ided i n  Sawatzky (1986);  l i m i t e d  e d i t i n g  has been performed where 
necessary f o r  c l a r i t y  and b r e v i t y .  Some te rmino logy  used i n  t h i s  appendix 
(and Appendix B) may n o t  match t h a t  used i n  t h e  balance o f  t h e  repo r t .  



The d i f f u s i o n  c o e f f i c i e n t  i s  g i ven  by 

- Q D  = Do exp RT 

where Do i s  t h e  f requency f a c t o r  and Q i s  t h e  a c t i v a t i o n  energy f o r  d i f f u s i o n .  

Equat ion (C.4) i s  s u b s t i t u t e d  i n t o  Equat ion (C.3), and s i nce  T i s  a  f u n c t i o n  o f  

x, t h e  f o l l o w i n g  equa t ion  i s  ob ta ined :  

Equat ion (C.5) a p p l i e s  o n l y  t o  a  s ing le- phase reg ion  (here  t h e  s o l i d  so l u -  
a c t i o n  a lpha phase) where i s  t h e  t i m e  r a t e  o f  change o f  t h e  hydrogen concen- 

t r a t i o n  a t  x. However, a  s imple model f o r  thermal d i f f u s i o n  i n  t h e  a lpha- p lus-  

hyd r i de  reg ion  i s  a v a i l a b l e  (Sawatzky 1960). The hydrogen i s  assumed t o  

d i f f u s e  o n l y  i n  t h e  a lpha  m a t r i x  f o r  which t he  hydrogen c o n c e n t r a t i o n  i s  g iven  

by t h e  t e rm ina l  s o l i d  s o l u b i l i t y  (TSS). The hyd r i de  i s  assumed t o  se rve  o n l y  

as a  source o r  s i nk  f o r  hydrogen. Th is  assumption i s  good t o  -2000 t o  

3000 ppm. The TSS i s  g iven  by t h e  f o l l o w i n g  equa t ion :  

- H 
c '  = co exp RT 

where H i s  t h e  heat  o f  m i x i ng  and co i s  a  constant .  D i f f e r e n t i a t i n g  c '  g i v e s  

and 



S e t t i n g  c = c '  and s u b s t i t u t i n g  Equat ions (C.4), (C.6), and (C.7) i n t o  

Equat ion (C.1) r e s u l t s  i n  t h e  f o l l o w i n g :  

S u b s t i t u t i n g  Equat ions (C.4), (C.6), (C.7), and (C.8) i n t o  t h e  l e f t - hand-  

s i d e  o f  Equat ion (C.5) g i ves  

a c where - i s  t h e  t ime  r a t e  o f  change o f  t h e  hydrogen coqcen t ra t i on  i n  t h e  a lpha-  a t  
p l  us- hydr ide region. 

APPLICATION TO AXIAL DIFFUSION 

The equat ions developed i n  Sec t ion  C.1 can be used t o  determine hydrogen 

r e d i s t r i b u t i o n  a long t h e  f u e l  tube. It i s  necessary t o  know t h e  a x i a l  tempera- 

t u r e  p r o f i l e  as a f u n c t i o n  o f  t ime. As presented i n  F i gu re  C.1, t h e  tempera- 

t u r e  i s  assumed t o  be symmetric a long  a spent f u e l  s to rage  cask and can be 

represented by a s i n e  func t ion . (a )  The temperature p r o f i l e  a long a f u e l  rod  

may be g iven by 

'IT T = To + A ( t )  - s i n  (x + xo)  

The o r i g i n  x = 0 i s  taken  as t h e  upper end o f  t h e  f u e l  tube, as seen i n  F i g -  

u r e  C.1. The temperature a t  t h e  ends o f  t h e  cask i s  To and i s  taken t o  be con- 

s t a n t  w i t h  time. I n  genera l ,  t h e  temperature p r o f i l e  i s  t i m e  dependent, as 

shown by A ( t ) ,  which i s  a f u n c t i o n  o f  t ime  only.  I n  Equat ion (C.11), L i s  t h e  

( a )  An example o f  t h e  symmetric a x i a l  temperature p r o f i l e  may be found i n  
Creer and Schoonen 1986. 

C.3 
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FIGURE C.1. Axi a1 Temperature P r o f i  1  e  

l e n g t h  o f  t h e  cask and x, i s  t h e  d i s tance  between upper ends o f  f u e l  cask and 

f u e l  tube. For computing purposes, t h e  l e n g t h  o f  t he  f u e l  tube  i s  d i v i d e d  i n t o  

w segments. The temperature p r o f i l e  i s  then  g iven  by 

T = T~ + ~ ( t )  s i n  f ($  x + xo) 

where R i s  t h e  l e n g t h  o f  t h e  f u e l  tube  and X i s  t h e  number o f  t h e  segment 

s t a r t i n g  a t  x  = 0. The d e r i v a t i v e s  o f  T  w i t h  respect  t o  x  a r e  g iven  by 

d 2 ~  2  TI - = -(?) ~ ( t )  s i n  (i x + xo) dx 2 



An a n a l y t i c a l  express ion f o r  A ( t )  i s  now developed. The maximum f u e l  tube 

temperatures as a f u n c t i o n  o f  decay heat  a re  g iven  i n  F i gu re  C.2 f o r  he l ium and 

n i t r o g e n  cover gases. Using F igu re  C.2 and Table C.1, t h e  maximum f u e l  tem- 

pe ra tu re  versus t i m e  a f t e r  d i scharge  can be ob ta ined  (see F igu re  C.3). 

A semi- log p l o t  o f  maximum temperature versus t ime  i s  shown f o r  he l ium 

cover  gas as Curve 1 i n  F i gu re  C.4. Curve 2 i s  t h e  d i f f e r e n c e  between t h e  

maximum and ambient temperatures.  It i s  f a i r l y  l i n e a r  f o r  l ong  t imes and i s  

shown extended t o  s h o r t e r  t imes  as Curve 3. Curve 4 i s  t h e  d i f f e r e n c e  between 

Curves 2 and 3 and i s  a l s o  l i n e a r .  Expressing Curves 3 and 4 as exponen t ia l s  

and adding r e s u l t s  i n  t h e  f o l l o w i n g :  

where 

A ( t )  = 300 exp (-0.28t) + 117 exp (-0.0134t) (C.16) 

For a n i t r o g e n  cover  gas 

A ( t )  = 590 exp (-0.41t) + 200 exp (-0.0106t) (C.17) 

a c 2 
The simp1 e s t  f i  n i  t e - d i  f f e r e n c e  express ions f o r  and ---2 a a re  used i n  t h e  

s ing le- phase reg ion,  namely: ax 

2 2 
- -  a 5 - (4) [c (X + 1)  - 2c(X) + c (X  - I ) ]  
ax 

- .  
These expressions, t oge the r  w i t h  Equat ions (C.12), (C.13), and (C.14), a re  sub- 

- T  

s t i t u t e d  i n t o  Equat ion (C.5). The hydrogen d i s t r i b u t i o n  as a f u n c t i o n  of t i m e  

can now be obta ined,  us ing  



a where A t  i s  t h e  t ime  increment and - [c(X, t ) ]  i s  g iven  by Equat ions (C.5) o r  a t  
(C.10). 

Nominal Assembly Decay Heat, kW/assembly 

FIGURE C.2. Maximum Cladding Temperature as a Func t ion  of Decay Heat 



TABLE C.1. Decay Heat f o r  BWR Spent Fuel as Determined from 
ORIGEN2 P r e d i c t i o n s  

Years 
Si nce Decay Heat, W/ kg U 
D is-  10 MWd/kgU 20 MWd/kgU 30 MWd/kgU 40 MWd/kgU 50 MWd/kgU 60 MWd/kgU 

charge 

1 
2 
3 
4 
5 

10 
1 5  
2 0 
2 5 
3 0 
3 5 
40 
45 
5 0 

Burnup 

3.193 
1.504 
0.879 
0.596 
0.462 
0.307 
0.271 
0.245 
0.227 
0.211 
0.195 
0.175 
0.160 
0.144 

Burnup 

4.850 
2.524 
1.590 
1.148 
0.924 
0.629 
0.553 
0.503 
0.470 
0.44.0 
0.403 
0.370 
0.337 
0.313 

Burnup 

6.381 
3.520 
2.333 
1.752 
1.445 
0.991 
0.865 
0.784 
0.725 
0.670 
0.615 
0.562 
0.520 
0.487 

Burnup 

7.966 
4.604 
3.180 
2.464 
2.070 
1.437 
1.244 
1.119 
1.022 
0.940 
0.870 
0.800 
0.735 
0.677 

Burnup 

9.569 
5.786 
4.151 
3.309 
2.830 
1.996 
1.714 
1.527 
1.390 
1.275 
1.160 
1.050 
0.970 
0.878 

Burnup 

11.160 
7.058 
5.245 
4.288 
3.727 
2.678 
2.283 
2.013 
1.850 
1.660 
1.510 
1.360 
1.225 
1.092 

Nitrogen 
Cover Gas 

Helium 
Cover Gas 

I I I I I I 
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Time After Reactor Discharge, years 

FIGURE C.3. Maximum Cladding Temperature as a Func t ion  
o f  Time A f t e r  Reactor Discharge 



When TSS i s  exceeded and an a lpha-p lus -hydr ide  r eg ion  e x i s t s  a t  t h e  end o f  

t h e  f u e l  tubes, t h e  hydrogen f l u x  i s  g iven  by Equat ion (C.9). However, s i n c e  

t h e  hydrogen g e n e r a l l y  does no t  d i f f u s e  ou t  o f  t h e  f u e l  tube, i t  i s  assumed t o  

p r e c i p i t a t e  as s o l  i d  h y d r i d e  i n  t h e  c o l d e s t  r eg ion  o f  t h e  end cap. Such 

h y d r i d e  depos i t s  have, i n  f a c t ,  been found i n  t h e  Z i  r c a l o y  f u e l  tubes o f  WR- 1 

(an o rgan i  c- cool  ed r e a c t o r  a t  t h e  Whi t e s h e l l  Nuclear Research Es tab l  i shment i n  

Canada) and a re  i d e n t i f i e d  i n  F i gu re  C.5 as Hydr ide # l .  The h y d r i d e l a l p h a -  

p l us- hyd r i de  i n t e r f a c e  f e l l  on an isotherm,  as would be expected a t  o r  near  

e q u i l i b r i u m .  As a  r e s u l t ,  Equat ion (C.9) has been used t o  determine t h e  amount 

o f  hydrogen t h a t  may have d i f f u s e d  i n t o  t h e  ends o f  t h e  t ube  a t  any t i m e  and 

t h a t  may have been depos i ted  as hydr ide .  

The hydrogen r e d i s t r i b u t i o n  t o  be expected a f t e r  90 yea rs  and t h e  amount 

o f  hydrogen d i f f u s i n g  i n t o  t h e  end caps have been p red i c t ed .  The v a r i o u s  

cons tan ts  used a re  g iven  i n  Table C.2. The upper l i m i t  o f  t h e  hydrogen d i s t r i -  

b u t i o n  i n  F i gu re  C.6 was used as t h e  i n i t i a l  hydrogen d i s t r i b u t i o n .  A va lue  o f  

20 f o r  w and a  t i m e  i n t e r v a l  o f  0.1 yea r  were used. These increments  l e d  t o  a  

d i f f e r e n c e  o f  <1.5% between t h e  i n i t i a l  and f i n a l  amounts o f  hydrogen. 

Hydrogen d i s t r i b u t i o n s  were computed f o r  a  burnup o f  50 MWd/kgU f o r  bo th  

he l ium and n i t r o g e n  cover  gases. The temperature p r o f i l e s ,  TSS, hydrogen 

d i s t r i b u t i o n s ,  and t h e  amounts o f  hydrogen e n t e r i n g  t h e  end cap were ca l cu-  

l a t e d .  Under he1 ium, hyd r i de  was p r e c i p i t a t e d  a long t h e  f u l l  l e n g t h  o f  t h e  

f u e l  tube  i n  <3 years ;  under n i t r ogen ,  i t  took  -5 years.  The a c t u a l  change i n  

hydrogen concen t ra t i on  was smal l ,  (1 ppm f o r  he l ium and (10 ppm f o r  n i t r ogen .  

I n  both cases, t h e r e  was l i t t l e  f u r t h e r  change a f t e r  10 years .  

The t o t a l  amount o f  hydrogen d i f f u s e d  i n t o  t h e  end cap r e g i o n  a f t e r  

90 years  i s  about 0.00043 mg/cm2 f o r  he1 ium cover  gas and 0.029 mg/cm2 f o r  

n i t r o g e n  cover  gas. Assuming t h a t  h y d r i d e  i s  p r e c i p i t a t e d  ou t ,  as shown as i n  

F i g u r e  C.5, 

7 

where V i s  t h e  volume o f  hyd r i de  per  u n i t  l e n g t h  o f  c i r cumference  o f  f u e l  tube. 



Helium Cover Gas 

Time After Reactor Discharge, years 

F I G U R E  C.4. Semi-Log P l o t  o f  Maximum C l a d d i n g  Temperature as a  
F u n c t i o n  o f  Time A f t e r  Reac to r  D ischarge  
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FIGURE C.5. Fuel Rod and Hydride Deposi ts  
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TABLE C .2. Constants Used i n  Hydrogen R e d i s t r i b u t i o n  C a l c u l a t i o n s  

Cladding 

, 
Constant 

Q 
Q* 

Val ue Reference 

10,830 c a l  /mol Kearns 1972 

6,000 c a l  /mol Sawatz ky 1960 

9,300 c a l  /mol Sawatzky and W i  l k i n s  1967 

7.73 x lo-3  cm2/s Kearns 1972 

1.99 x l o 5  ppm Sawatzky and W i  1 k i  ns 1967 

1.987 c a l  /mol -K 

490 cm 

410 cm 

40 cm 
6 3.15 x 10 s 

300K 

20 



Distance from Rod Bottom, in. 

FIGURE C.6. Axi a1 Hydrogen D i  s t r i  b u t i o n  Observed i n  Fuel Rod Z i  r c a l  oy 
Cladding from t h e  Turkey Po in t  U n i t  3  Reactor ( A t k i n  1981) 

The hydrogen concen t ra t i on  i n  so l  i d  hyd r i de  i s  about 110 mg/cm3. Therefore,  i n  

b o i l i n g  water r eac to r  f u e l  tubes ( w a l l  th i ckness  = 0.89 mm) 

V = ( 0 * 0 0 0 4 3 ~ 1 ( 0 ~ 0 8 9 )  0 = 3.48 x cm3/cm f o r  he l i um 

V = = 2.35 x cm3/cm f o r  n i t r o g e n  
110 

The corresponding r values a re  

r = 2.16 (3.48 x  10-7)1/2 = 0.0013 cm f o r  he1 ium 

r = 2.16 (2.35 x  = 0.010 cm f o r  n i t rogen .  

The a x i a l  temperature p r o f i l e  has been taken t o  be s i nuso ida l  f o r  t he  

hydrogen d i s t r i b u t i o n  c a l  c u l a t i o n s  whereas, as i n d i c a t e d  i n  F igure  C.l, t h e r e  



may be a f a i r l y  sharp drop i n  temperature near t h e  end o f  t h e  f u e l  stack.  Th i s  

drop has l i t t l e  e f f e c t  on hydrogen r e d i s t r i b u t i o n  as l o n g  as t h e  hydrogen i s  i n  

s o l u t i o n .  However, once TSS i s  exceeded, a h i ghe r  hydrogen c o n c e n t r a t i o n  m igh t  

be expected i n  t h i s  r e g i o n  than  would be p red ic ted .  I n  f a c t ,  bands o f  s o l  i d  

h y d r i d e  ex tend ing  ha l fway through t h e  tube  w a l l  (as shown i n  F i gu re  C.5, 

Hydr ide  #2) and l e a d i n g  t o  f a i l u r e  have been observed i n  exper imenta l  WR-1 

f u e l  . 
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APPENDIX D 

CREEP RUPTURE MODELING 

This  appendix i s  a  condensat ion o f  t h e  creep r u p t u r e  model ing performed by 

Chin, Khan, and Tarn (1986). Unless o therw ise  i d e n t i f i e d ,  t h e  re fe rence  f o r  

t h e  m a t e r i a l  i n  t h i s  appendix i s  Chin, Khan, and Tarn (1986). Deformat ion/ 

f r a c t u r e  maps f o r  Z i  r c a l o y  were developed because o f  t h e  observed success of 

such maps f o r  o the r  metals,  p a r t i c u l a r l y  316 SS. 

D.l DEFORMATION MAP CONSTRUCTION 

An ex tens ive  survey o f  t h e  l i t e r a t u r e  was performed t o  i d e n t i f y  p o s s i b l e  

mechanisms o f  deformat ion i n  t h e  Z i r c a l o y  a l l o y  system. Based on t h i s  survey, 

n i n e  mechanisms were i d e n t i f i e d  f o r  i n v e s t i g a t i o n .  These mechanisms were 

p laced i n t o  f o u r  general ca tego r i es :  h i  gh- st ress deformat ion, d i f f u s i o n -  

c o n t r o l  l e d  d i s l o c a t i o n  creep, g r a i n  boundary s l  i d i  ng, and d i f f u s i o n a l  creep. 

The h igh- s t ress  deformat ion mechanisms category i nc l udes  t h e  t h e o r e t i c a l  

s t r e n g t h  o f  t h e  m a t e r i a l  l a t t i c e  t h a t  serves as an upper l i m i t  t o  deformat ion 

by d i s l o c a t i o n  mot ion. Below t h i s  upper l i m i t ,  h i gh- s t ress  de fo rmat ion  w i l l  

occur p r i n c i p a l l y  by conserva t i ve  d i s l o c a t i o n  mot ion o r  g l i d e .  ( a )  

The d i f f u s i o n - c o n t r o l  l e d  d i s l o c a t i o n  creep processes a re  descr ibed  by 

f o rmu la t i ons  f o r  h igh- temperature c l imb,  low- temperature cl imb, and a  d i  f f u -  

s i ona l  c l imb. A l l  t h r e e  f o rmu la t i ons  use a  power law express ion t o  desc r i be  

t h e  r e l a t i o n s h i p  between s t r a i n  r a t e  and s t r ess .  

With t h e  use o f  q u a n t i f i e d  equat ions f o r  each o f  t h e  de fo rmat ion  

mechanisms, a  deformat ion map was produced by f i n d i n g  t h e  p o r t i o n  o f  s t r e s s /  

temperature space where a  p a r t i c u l a r  mechani sm p r e d i c t e d  t h e  h i ghes t  s t r a i n  

ra te .  A n a l y t i c a l  s o l u t i o n s  were de r i ved  f o r  each o f  t h e  boundaries between 

regions. The r e s u l t i n g  deformat ion map i s  presented as F igu re  D.1. 

( a )  C o n s t i t u t i v e  equat ions d e s c r i b i n g  deformat ion and f a i  1  u r e  mechanisms, 
a long w i t h  t h e i r  numerous re ferences,  a re  om i t t ed  here. Equat ions and 
re fe rence  n o t a t i o n s  a re  presented i n  Chin, Khan, and Tarn (1986). 



Temperature, O C  

6 5 4 3 2 I 

Tm/T, Absolute Melting Temperature/Absolute Temperature 

FIGURE D.1. Deformat ion Map f o r  Z i r c a l o y  ( g r a i n  s i z e  = 5 urn) 
w i t h  Constant St ress and S t r a i n  Rate Contours 

The map c o n s i s t s  o f  reg ions  dominated by t h e  s p e c i f i c  deformat ion mecha- 

nism l i s t e d  i n  each reg ion.  Regions f o r  t h e o r e t i c a l  s t r e n g t h  and d i s l o c a t i o n  

g l i d e  de fo rmat ion  do n o t  show up on t h e  p l o t  because t hey  occur  a t  va lues  o f  

a/E (s t ress/Youngls  e l  a s t i c  modulus) g rea te r  than shown [1  n (a/E)  > -3.731.  

Harper-Dorn d i f f u s i o n a l  c l imb  does n o t  appear because Nabarro-Herr ing creep 

dominates f o r  t h i s  g r a i n  s ize.  Grain boundary s l  i d i n g  (1  a t t i c e  d i f f u s i o n )  i s  

a1 so nar row ly  e l  im ina ted  by s l  i g h t l y  h i ghe r  h igh- temperature d i s l o c a t i o n  c l i m b  

and Nabarro-Herr i  ng de fo rmat i  on ra tes.  



D.2 FRACTURE MAP CONSTRUCTION 

The methods f o r  f r a c t u r e  map development, un fo r t una te l y ,  a re  no t  as 

advanced as those used i n  de fo rmat ion  map generat ion.  There i s  much debate 

over  t h e  f o rmu la t i on  o f  equat ions d e s c r i b i n g  d i f f e r e n t  f r a c t u r e  mechanisms. 

One t r ansg ranu la r  and t h r e e  i n t e r g r a n u l a r  processes o f  f r a c t u r e  were cons idered 

i n  t h i s  study f o r  development o f  a  f r a c t u r e  map. 

D u c t i l e  t r ansg ranu la r  f r a c t u r e  i s  a t  t h e  h i ghe r  end o f  t h e  s t r e s s  

spectrum. I n  t h i s  mechanism, t h e  presence o f  a  "hard" i n c l u s i o n  d i s t u r b s  t h e  

e l a s t i c  and p l a s t i c  displacement f i e l d s  and thus leads t o  t h e  b u i l d u p  o f  l o c a l  

s t resses a t  t h e  i n c l u s i o n- m a t r i x  i n t e r f a c e .  Once these l o c a l  s t resses  reach a  

c r i t i c a l  value, t h e  i n c l u s i o n  e i t h e r  separates f rom t h e  m a t r i x  o r  f r a c t u r e s  and 

nuc leates a  hole.  Once a  vo id  has nuc lea ted  f u r t h e r ,  p l a s t i c i t y  makes i t  grow 

u n t i l  i t  j o i n s  w i t h  o t h e r  vo ids and a  f r a c t u r e  pa th  i s  created. 

Transgranul a r  c reep- con t ro l  1  ed f r a c t u r e  i s  found a t  somewhat 1  ower 

s t resses  and a t  h i ghe r  temperatures. Th is  mechanism i s  very s i m i l a r  t o  d u c t i l e  

t r ansg ranu la r  f r a c t u r e .  Here, a lso,  vo ids nuc lea te  a t  i n c l u s i o n s  w i t h i n  t h e  

m a t r i x  and grow as t h e  m a t e r i a l  creeps u n t i l  coalescence occurs and t h e  mate- 

r i a l  f r ac tu res .  Void nuc lea t i on  i n  t r ansg ranu la r  creep f o l l o w s  t h e  s teps 

descr ibed e a r l i e r  f o r  d u c t i l e  f r a c t u r e .  I n  t h i s  case, however, i f  t h e  tempera- 

t u r e  i s  h igh  enough t o  a l l o w  d i f f u s i o n ,  t h e r e  i s  t r a n s p o r t  o f  ma t te r  f rom those 

areas on t h e  i n c l u s i o n  su r f ace  t h a t  a r e  i n  compression t o  those  areas t h a t  a r e  

i n  tens ion.  Th is  t r a n s p o r t  tends t o  s t a b i l i z e  t h e  p l a s t i c  f l o w  and thus  pos t -  

pone t he  coalescence o f  t h e  voids.  

Experimental  observat ions o f  i n t e r g r a n u l a r  f r a c t u r e  have shown t h a t  t h e r e  

a re  two d i s t i n c t  c h a r a c t e r i s t i c s  o f  i n t e r g r a n u l a r  f a i l u r e :  wedge c rack ing  and 

c a v i t a t i o n .  One c o n s t i t u t i v e  equa t ion  f o r  wedge o r  t r i p l e - p o i n t  c rack ing  i s  

presented; c a v i t a t i o n  f a i l u r e  i s  descr ibed  by two processes: power- law and 

d i  f f u s i  onal  growth. 

T r i p l e - p o i n t  c rack ing  occurs a t  low s t r a i n  and r e l a t i v e l y  h i gh  s t ress .  I n  

t h i s  mechanism, t h e  a p p l i c a t i o n  o f  a  t e n s i l e  s t r e s s  causes s l i d i n g  o f  g r a i n s  

a long t h e  g r a i n  boundaries, g i v i n g  r i s e  t o  a  s t r e s s  concen t ra t i on  a t  t r i p l e -  

po in t s .  Th is  s t r e s s  concen t ra t i on  can be r e l i e v e d  by t h e  n u c l e a t i o n  o f  a  crack 



o r  change o f  t h e  g r a i n  boundary o r i e n t a t i o n .  Once t h e  c rack  has been nuc lea ted  

a t  t h e  t r i p l e - p o i n t ,  i t  con t inues  t o  grow by s l i d i n g  o f  t h e  g r a i n  boundar ies.  

C a v i t a t i o n  f a i l u r e ,  on t h e  o t h e r  hand, has been exper imenta l  l y  observed 

under c o n d i t i o n s  o f  l ow s t r e s s  and h i g h  temperatures. Here, c a v i t i e s  a r e  

nuc lea ted  and grow on t h e  g r a i n  boundar ies;  t h e  c a v i t i e s  con t i nue  l i n k i n g  up 

u n t i l  f r a c t u r e  occurs. D i f f u s i o n a l  growth models a re  based on t h e  f a c t  t h a t  

vacancies d i f f u s e  a long t h e  g r a i n  boundar ies,  p r e f e r e n t i a l l y  be ing  absorbed 

i n t o  c a v i t i e s .  Th is  movement o f  vacancies i s  equ i va l en t  t o  a  r eve rse  f low o f  

atoms from t h e  c a v i t y  between two ad jacen t  gra ins.  The c a v i t i e s  a re  separated 

by a  b r i d g e  o f  m a t e r i a l  t h a t  must deform i f  t h e  c a v i t i e s  a re  t o  grow. The 

growth o f  each c a v i t y  i s  thus c o n t r o l l e d  by t h e  creep o f  t h e  su r round ing  m a t r i x  

o f  m a t e r i a l  , which i s  i n  t u r n  c o n t r o l  1  ed by a  power-1 aw-type behav ior .  A 

f o r m u l a t i o n  d e s c r i b i n g  t h i s  c r e e p- c o n t r o l l e d  f r a c t u r e  behav io r  was adopted i n  

t h i s  study. Mechanisms i n v o l v i n g  dynamic r e c r y s t a l l i z a t i o n  and dynamic 

f r a c t u r e  were no t  i nc l uded  i n  t h i s  a n a l y s i s  because t hey  r e q u i r e  s t r e s s  and 

temperatures g r e a t e r  than  expected f o r  normal i n e r t e d  d r y  s to rage  ( IDS)  

cond i t i ons .  

Using t h e  f r a c t u r e  equat ions w i t h  t h e  app rop r i a t e  c o e f f i c i e n t s ,  a n a l y t i c a l  

so l  u t i  ons f o r  t h e  boundar ies between domi nant f r a c t u r e  reg ions  were developed. 

A f r a c t u r e  map was then generated us ing  t h e  s t r a i n  r a t e  p r e d i c t i o n s  o f  t h e  

de fo rmat ion  map (see F igu re  D.2). D i r e c t  s u b s t i t u t i o n  o f  s t r a i n  r a t e s  f rom t h e  

de fo rmat ion  map i n t o  t h e  f r a c t u r e  equa t ions  r e s u l t s  i n  a  map t h a t  i s  t o t a l l y  

domi nated by t r i  p l  e- poi  n t  c rack i ng  f o r  s t r esses  > I50  MPa. Th is  phenomenon 

r e s u l t s  from t h e  assumption t h a t  t h e  c o n t r i b u t i o n  o f  g r a i n  boundary s l i d i n g  t o  

t h e  t o t a l  creep r a t e  i s  a  cons tan t  20%. To a l l e v i a t e  t h i s  problem, an upper 

1  i m i  t s t r e s s  o f  200 MPa was chosen f o r  t r i p l e - p o i n t  c rack ing.  A t  t h i s  s t r e s s ,  

t h e  g r a i n  boundary s l i d i n g  c o n t r i b u t i o n  was p laced a t  zero. Hence, 

t r a n s g r a n u l a r  f r a c t u r e  becomes t h e  dominant mechanism f o r  h i ghe r  s t resses.  

Because t h e  f r a c t u r e  mechanisms depend on t h e  r a t e  a t  which de fo rma t i on  i s  

accumulated, a  change i n  t h e  de fo rmat ion  map i s  u s u a l l y  r e f l e c t e d  i n  t h e  - .  

f r a c t u r e  map. Often, bo th  t h e  reg ions  o f  dominance and t h e  t imes  t o  f r a c t u r e  

a r e  a1 te red .  
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FIGURE D.2. Frac tu re  Map f o r  Z i  r c a l  oy Generated Using S t r a i n  Rates 
from Deformat ion Map 

Expressions t o  desc r i be  t h e  d u c t i l e  t r ansg ranu la r  f r a c t u r e  r eg ion  were 

developed based on exper imenta l  y i e l d  s t r e s s  and u l t i m a t e  t e n s i l e  s t r e n g t h  

data. Th is  r eg ion  was added by p l o t t i n g  t h e  locus  o f  t h e  y i e l d  s t resses ,  one 

from each temperature,  on to  t h e  f r a c t u r e  map. 

D.3 COMPARISON OF THE MODEL WITH THE EXPERIMENTAL DATA 

Exper imental  s t r a i n  r a t e  da ta  were placed on a  s e r i e s  o f  s t r e s s  versus 

s t r a i n  r a t e  p l o t s  w i t h  each p l o t  c o n t a i n i n g  s t r a i n  r a t e  p r e d i c t i o n s  f o r  a  

s p e c i f i c  temperature. The p l o t  a t  350°C i s  i l l u s t r a t e d  i n  F i gu re  D.3. The 

data shown a re  f o r  z i r con ium a l l o y s  used by each i n v e s t i g a t o r .  
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FIGURE D.3. P red i c ted  S t r a i n  Rate Contours a t  350°C Compared w i t h  
Experimental  Data. The midd le  curve i s  t h e  p r e d i c t i o n ;  
t h e  o u t e r  curves a re  order-of-magnitude s h i f t s  o f  t h e  
p r e d i c t i o n .  

Experimental  f r a c t u r e  da ta  were p l o t t e d  on a  s e r i e s  o f  s t r e s s  versus t ime  

t o  f r a c t u r e  p l o t s ,  w i t h  each p l o t  c o n t a i n i n g  p r e d i c t e d  s t r e s s  a t  f r a c t u r e  f o r  a  

s p e c i f i c  temperature. The p l o t  f o r  350°C i s  presented as F igu re  D.4. The 

spread o f  t h e  exper imenta l  data may be a t t r i b u t e d  t o  t h e  v a r i e t y  o f  z i r c o n i u m  

a l l o y s  used by t h e  i n v e s t i g a t o r s .  A d d i t i o n a l l y ,  much of t h e  f r a c t u r e  da ta  were 
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FIGURE D.4. Pred ic ted  Time t o  F rac tu re  a t  350°C Compared w i t h  Experimental  
Data. The middle curve i s  t h e  p r e d i c t i o n ;  t h e  o u t e r  curves 
a re  order-of-magnitude s h i f t s  o f  t h e  p r e d i c t i o n .  P r e d i c t i o n  
and order-of-magnitude curves i n  F igure  15 o f  Chin, Khan, and 
Tarn (1986) a re  i n  e r r o r  and have been co r rec ted  here. 

obta ined from programs i n v e s t i g a t i n g  s t r e s s  co r ros ion  c rack ing  (SCC) r a t h e r  

than creep rup tu re ;  exper imenta l  c o n d i t i o n s  (h i gh  s t r esses )  were such t h a t  SCC 

occurred more r a p i d l y  than creep r u p t u r e  would have occurred. 



The best  da ta  p r e d i c t i o n  comparisons a re  f o r  t h e  temperature range of 

i n t e r e s t  f o r  I D S :  250 t o  400°C. 

D.4 ENVIRONMENTAL AND IRRADIATION EFFECTS 

Examinat ion o f  t h r e e  da ta  se t s  generated a t  t h e  Argonne Na t i ona l  Labora- 

t o r y  (Yaggee, Mattas, and Neimark 1979), Kra f twerk  Union (Peehs and F l e i s c h  

1986), and t h e  Chalk R i ve r  s i t e  (Novak and Hast ings 1983) revea led  t h a t  t h e  

l o s s  o f  d u c t i l i t y  i s  one o f  t h e  p r i n c i p a l  e f f e c t s  o f  i r r a d i a t i o n .  Post-  

i r r a d i a t i o n  da ta  showed f r a c t u r e  s t r a i n s  between 5% and 12% t h a t  correspond t o  
- . 

reduc t ions  i n  d u c t i l i t y  o f  112 t o  1/10. 

For s i m p l i c i t y  and because o f  t h e  l a c k  o f  a d d i t i o n a l  p o s t i r r a d i a t i o n  data,  

i r r a d i a t i o n  was assumed t o  reduce t h e  d u c t i l i t y  o f  t h e  c l add ing  by a  f a c t o r  o f  

10 i n  t h e  s t r ess l t empera tu re  reg ion  o f  i n t e r e s t  f o r  d r y  storage. Such an 

assumption i s  c o n s i s t e n t  w i t h  p o s t i r r a d i a t i o n  behavior  seen i n  316 s t a i n l e s s  

s t e e l .  I n  a  comparison o f  p o s t i  r r a d i  a t i o n ,  i n- reac to r ,  and l a b o r a t o r y  

p ressu r i zed  tube  specimens, o n l y  t h e  onset o f  t e r t i a r y  creep was found t o  be 

a f f e c t e d  by i r r a d i a t i o n .  Because t h e  s teady- s ta te  creep r a t e  i s  n o t  a f f e c t e d  

by i r r a d i a t i o n  and because t e r t i a r y  creep i s  t h e o r e t i c a l  l y  assoc ia ted  w i t h  t h e  

onset o f  f r a c t u r e  o f  t h e  m a t e r i a l ,  i t i s  c o n s i s t e n t  t o  assume t h a t  t h e  p r ima ry  

e f f e c t  o f  i r r a d i a t i o n  i s  a  r educ t i on  i n  d u c t i l i t y  t h a t  leads t o  a  r e d u c t i o n  by 

some constant  f a c t o r  i n  t h e  f r a c t u r e  t ime. Th is  assumption o f  a  l o s s  i n  duc- 

t i  1  i t y  a t  f r a c t u r e  a l  so leads t o  t h e  enhancement o f  t h e  t r i p l e - p o i n t  c r a c k i n g  

reg ion  t o  lower  s t resses  because t r i p l e - p o i n t  c rack ing  i s  a  r e l a t i v e l y  low 

s t r a i n  ( t o  f r a c t u r e )  mechanism. I r r a d i a t i o n  a l s o  moves t h e  boundary o f  t h e  

d u c t i l e  t r ansg ranu la r  f r a c t u r e  reg ion  upward by i nc reas ing  t h e  y i e l d  s t r e n g t h  

o f  t h e  mater i  a1 . 
I n  a d d i t i o n  t o  s t r e s s  and temperature changes t h a t  occur  d u r i n g  d r y  

s torage o f  spent f u e l ,  t h e r e  w i  11 be Z i  r c a l o y  m i  c r o s t r u c t u r a l  ad justments  t h a t  

a re  a n t i c i p a t e d  t o  change m a t e r i a l  p r o p e r t i e s .  These adjustments a re  t h e  

r e s u l t  o f  recovery o f  i r r a d i  a t i  on damage, i n c l  u d i  ng i r r a d i  a t i  on-enhanced d i  s-  

l o c a t i o n  dens i ty ,  p o i n t  d e f e c t  concen t ra t ion ,  and o the r  e f f e c t s  t h a t  a re  

"annealed" ou t  as a  f u n c t i o n  o f  t i m e  i n  d r y  storage. Th is  recovery i s  t i m e  and 

temperature dependent and i s  an impor tan t  f a c t o r  when s to rage  temperatures 



exceed 350°C. As t h e  i r r a d i a t i o n  damage i s  annealed out ,  t h e  m a t e r i a l  prop-  

e r t i e s  are a n t i c i p a t e d  t o  approach those  o f  u n i r r a d i a t e d  m a t e r i a l .  The 

p r i n c i p a l  e f f e c t  o f  anneal ing i n  t h e  d r y  s to rage  s t ress / tempera tu re  regime i s  a 

recovery o f  d u c t i l i t y .  The t ime  and temperature dependence o f  anneal ing, 

expressed as a  recovery f a c t o r ,  i s  presented i n  F igure  D.5. The r e l a t i o n s h i p  

i n  F igure  D.5 i s  based on da ta  f rom non i r r ad ia ted ,  cold-worked Z i r c a l o y ;  

anneal ing o f  loop  and c l u s t e r  damage f rom i r r a d i a t i o n  may occur more q u i c k l y .  

D.5 LIFE-FRACTION RULE 

O f  p a r t i c u l a r  i n t e r e s t  t o  cask des igners i s  t h e  maximum a l l owab le  i n i t i a l  

s to rage  temperature o f  t h e  cask. A l l  pass ive  s to rage  concepts t o  da te  p r o j e c t  

a  decrease i n  s torage temperature w i t h  t ime  because o f  t h e  decay i n  t h e  heat  

generat ion r a t e  o f  t h e  f u e l .  To account f o r  t h i s  a n t i c i p a t e d  decrease i n  

s to rage  temperature, a  l i f e - f r a c t i o n  r u l e  was used t o  c a l c u l a t e  accumulated 

damage f o r  decreasing temperature cond i t i ons .  The l i f e - f r a c t i o n  r u l e  can be 

expressed as t h e  f o l l o w i n g  equat ion:  

Time in Dry Pool Storage, Days 

FIGURE D.5. Time and Temperature Dependence o f  Recovery Fac to r  
(annea l ing)  i n  Z i  rca loy .  Based on da ta  repo r ted  by 
Ste inberg,  Weidinger, and Schaa (1984). 



where ~t~ i s  t h e  t i m e  spent a t  t h e  i t h  temperature and T~ i s  t h e  t ime  r e q u i r e d  

t o  f r a c t u r e  a  specimen under i so therma l ,  i s o s t r e s s  t e s t i n g  cond i t i ons .  When 

t h e  cumula t i ve  damage f r a c t i o n - - t h e  sum o f  t h e  1  i f e  f r a c t i o n s  (a t i  /ri )- - reaches 

1, t h e  m a t e r i a l  i s  assumed t o  have f a i l e d . ( a )  

D.6 ANALYSIS OF FEDERAL REPUBLIC OF GERMANY DATA - .  

Chin, Khan, and Tarn (1986) used t h e  deformat ion and f r a c t u r e  map method- 

ology t o  analyze da ta  f rom f o u r  s tud ies :  1) a  study t o  s imu la te  t h e  d r y  . . 

s to rage  o f  a  p ressu r i zed  water  r e a c t o r  (PWR) spent f u e l  assembly (Assembly B02 

o f  t h e  Turkey Po in t  PWR) conducted a t  t h e  Nevada Test S i t e  i n  t h e  Engine 

Maintenance and Disassembly (EMAD) sh ie l ded  f a c i  1  i t y  ; 2) a s tudy  o f  abnormal 

d r y  s to rage  events conducted a t  P a c i f i c  Northwest Laboratory  (PNL); 3) a  s tudy  

performed by t h e  Federal  Republ ic  o f  Germany (FRG) i n  suppor t  o f  i t s  d r y  spent 

f u e l  s to rage  e f f o r t ;  and 4)  a  s tudy repo r ted  by Westinghouse Hanford Company i n  

suppor t  o f  a  d r y  spent f u e l  s to rage  program. Only t h e  a n a l y s i s  o f  t h e  FRG da ta  

i s  discussed here t o  i l l u s t r a t e  t h e  u t i l i t y  o f  t h e  de fo rmat ion  and f r a c t u r e  map 

method01 ogy developed f o r  Z i  r c a l  oy- c l  ad spent f u e l  . 
A summary o f  bo th  u n i r r a d i a t e d  and i r r a d i a t e d  s t r a i n  r a t e  da ta  f rom t e s t s  

conducted by t h e  FRG i n  suppor t  o f  i t s  d r y  spent f u e l  s to rage  e f f o r t  i s  p re-  

sented i n  Table D.l (Peehs e t  a l .  1979). The data a re  superimposed on p r e-  

d i c t i o n s  o f  t h e  de fo rmat ion  and f r a c t u r e  map methodology i n  F i g u r e  D.6. These 

p l o t s  represent  temperatures o f  300, 325, 350, and 375°C. Genera l ly ,  good 

agreement i s  found between p r e d i c t i o n s  and data. The da ta  a t  these  temper- 

a tu res  f a l l  towards t h e  lower  l i m i t s  o f  t h e  data f i e l d  ( lower  creep r a t e s ) ,  b u t  

they  a re  c o n s i s t e n t  w i t h  t h e  da ta  o f  o t h e r  i n v e s t i g a t o r s .  Because t h e  FRG da ta  

( a )  Another a p p l i c a t i o n  o f  t h e  l i f e - f r a c t i o n  r u l e ,  w i t h  a d d i t i o n a l  d iscuss ion ,  
i s  presented i n  Reid and G i  1  b e r t  (1986). 



TABLE D.1. S t r a i n  Rate Data from t h e  Federal Republ ic  of Germany 
(Peehs e t  a l .  1979) 

Temperature, OC 

275 

300 

300 

325 

325 

350 

350 

375 

375 

37 5 

400 

400 

400 

400 

400 

400 

400 

400 

400 

400 

400 

400 

400 

Stress,  MPa 

200 

150 

200 

150 

200 

150 

200 

150 

7 0 

7 0 

150 

112 

75 

70 

7 0 

70 

7 0 

7 0 

7 0 

7 0 

7 0 

7 0 

7 0 

S t r a i n  Rate, s - l  

4.215 x 10-l1 

4.81 x 10-l1 

( a )  Out- o f- reac to r  creep data. 

f a l l  towards t h e  lower  creep r a t e  s i d e  o f  t h e  data f i e l d ,  s t r a i n  r a t e s  a re  bes t  

p red i c ted  by t h e  l o w e r - l i m i t  creep r a t e  p r e d i c t i o n  o f  t h e  deformat ion and 

f r a c t u r e  map model s. 

The FRG da ta  a re  d isp layed  on p l o t s  o f  s t r e s s  versus f r a c t u r e  t i m e  p red i c-  

t i o n s  i n  F igure  D.7. These maps represen t  temperatures o f  300, 325, 350, and 
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375OC. None o f  t h e  FRG specimens have a c t u a l l y  f r ac tu red ;  there fo re ,  t h e  t e s t  

data represent  maximum t ime  o f  exposure a t  temperature w i t h o u t  f r a c t u r e .  Thi s  

has been i n d i c a t e d  by arrows p o i n t i n g  t o  l onge r  t imes. Again t h e  f r a c t u r e  maps 

appear t o  be conserva t i ve ;  no f r a c t u r e s  a re  repor ted  be fo re  p r e d i c t e d  f a i l u r e .  

A t  350°C and 400°C, some specimens have exceeded t h e  p r e d i c t e d  f r a c t u r e  t ime  

w i t hou t  i n d i c a t i o n s  o f  f a i l u r e .  However, s i nce  t h e  accumulated s t r a i n  on each 

o f  these specimens exceeds I%, they a re  a1 1  approaching f a i l u r e .  It i s  t he re-  

f o r e  concluded t h a t  t h e  de fo rmat ion  and f r a c t u r e  maps p rov ide  good agreement 

w i t h  FRG data.  
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STATUS OF INERTED DRY STORAGE TECHNOLOGY 

There has been a  g rea t  deal  o f  a c t i v i t y  i n  i n e r t e d  d r y  s to rage  ( IDS) s i n c e  

t h e  1983 r e p o r t  by Johnson and G i l b e r t .  A  number o f  s to rage  casks have been 

designed, two s to rage  f a c i l i t i e s  have been l i c e n s e d  i n  t h e  Un i ted  States,  and 

cons iderab le  s c i e n t i f i c  work has been i n i t i a t e d  and/or completed on d r y  s t o r -  

age. Th is  appendix d iscusses t h e  c u r r e n t  need f o r  IDS i n  t h e  Un i t ed  S ta tes ,  

I D S  systems c u r r e n t l y  be ing  promoted i n  t h e  Un i t ed  States,  and t h e  s t a t u s  of 

I D S  l i c e n s i n g .  An overv iew o f  IDS exper ience i s  a l s o  prov ided.  

E.l EXPECTED SCOPE OF DRY STORAGE FOR U.S. SPENT FUEL 

Wet s to rage  o f  spent f u e l  con t inues  t o  be t h e  p r i n c i p a l  i n t e r i m  spent f u e l  

s to rage  technology i n  use i n  t h e  Un i t ed  States.  A l l  spent f u e l  w i l l  c o n t i n u e  

t o  be d ischarged t o  water  poo ls  and w i l l  remain i n  wet s to rage  u n t i l  decay heat  

1  eve l  s  decrease t o  1  eve l  s  c o n s i s t e n t  w i t h  maximum a1 1  owabl e  c l a d d i n g  tempera- 

t u r e  l i m i t s  d u r i n g  d r y  storage. Wet s to rage  i s  a  demonstrated, s a f e  techno logy  

t h a t  has f unc t i oned  e f f e c t i v e l y  f o r  years  (IAEA 1982; DOE 1980; Johnson 

1977). Most u t i l i t i e s  w i l l  p robab ly  f u l l y  u t i l i z e  t h e i r  c u r r e n t  o r  p lanned 

investments  i n  wet s t o rage  f a c i l i t i e s ;  d r y  s to rage  w i l l  t h e r e f o r e  be cons idered  

as a  supplemental techno1 ogy . 
Beginn ing i n  1987, some p ressu r i zed  water  r eac to r s  (PWRs) and bo i  1  i ng 

water  r eac to r s  (BWRs) i n  t h e  Un i t ed  S ta tes  w i l l  beg in  t o  l o s e  t h e i r  f u l l  c o r e  

reserve  capabi 1 i t y ( a )  (DOE 1986). The number o f  spent f u e l  assernbl i es expected 

t o  exceed t h e  capac i t y  o f  c u r r e n t l y  l i c e n s e d  s to rage  f a c i l i t i e s  i s  presented i n  

F i g u r e  E.1. Th is  p r o j e c t i o n  was based on u t i l i t y  es t imates  o f  spent f u e l  d i s -  

charge r a t e s  and s to rage  c a p a c i t i e s ,  i n c l u d i n g  c u r r e n t l y  l i c e n s e d  d r y  s t o rage  

a t  t h e  Surry  and H. B. Robinson-2 p l a n t s .  It assumes pool sha r i ng  between 

m u l t i p l e  p l a n t s  a t  a  common s i t e  when t h e  p l a n t s  share a  common s to rage  pool  

( a )  F u l l  co re  reserve  c a p a b i l i t y  i s  t h e  c a p a b i l i t y  t o  remove t h e  e n t i r e  f u e l  
l oad  from t h e  co re  and p l ace  i t  i n  t h e  s to rage  poo l .  
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FIGURE E. 1. P ro j ec ted  Number o f  Spent Fuel Assembl i es (cumul a t i  ve )  
i n  Excess o f  A v a i l a b l e  Ons i te  Storage Capac i t y  

o r  when s to rage  poo l s  a r e  l i n k e d  by underwater connect ions f o r  f u e l  t r a n s f e r s .  

The p r o j e c t e d  amount can p robab ly  be cons idered a  maximum because i t  does no t  

t ake  i n t o  account i n c r e a s i n g  f u e l  u t i  1  i z a t i o n ,  p lanned (bu t  no t  c u r r e n t l y  

1  i censed)  d r y  s torage,  o r  t rans- shipments  o f  spent f u e l  between p l a n t s  o f  a  

u t i l i t y .  

To he lp  a l l e v i a t e  t h e  a n t i c i p a t e d  s to rage  problem, t h e  1982 Nuclear  Waste 

P o l i c y  Act s p e c i f i e d  t h a t  t h e  f e d e r a l  government would beg in  t o  accept  f u e l  

f rom u t i l i t i e s  i n  1998 f o r  s to rage  i n  moni tored r e t r i e v a b l e  s t o rage  (MRS) o r  

f i n a l  r e p o s i t o r y  f a c i  1  i t i e s ,  p rov i ded  t h a t  u t i  1  i t i e s  have n o t  e l e c t e d  t o  



reprocess t he  f u e l .  The Un i ted  States has no c u r r e n t  prospects  f o r  re1 i e v i n g  

t h e  s torage s i t u a t i o n  through reprocess ing o f  spent f u e l  f o r  recovery o f  

uranium and p lu ton ium and subsequent c o n s o l i d a t i o n  o f  waste. U n t i l  t h e  MRS 

f a c i l i t y  o r  t h e  f i n a l  r e p o s i t o r y  has been implemented, IDS i s  expected t o  

handle s torage needs no t  met by wet storage. 
'8 

No commercial f u e l  reprocess ing has occurred i n  t h e  Un i ted  States s i n c e  

J 1971; t he re fo re ,  a s u b s t a n t i a l  f r a c t i o n  o f  t h e  s to red  spent f u e l  i n v e n t o r y  

c o n s i s t s  o f  o l d e r  f u e l  assemblies. The burnup d i s t r i b u t i o n  o f  d ischarged and 

s to red  f u e l  assemblies as o f  December 1985 i s  presented i n  F igu re  E.2 ( B a i l e y  

and Wu 1986). A t o t a l  o f  29,174 BWR f u e l  assemblies and 18,518 PWR f u e l  

assemblies were d ischarged i n  t h e  Un i ted  States by t h e  end o f  1985 
. * (DOE 1986). O f  t h e  t o t a l ,  o n l y  1,140 BWR and 577 PWR assemblies have been 

reprocessed a t  t h e  West Val l e y  f a c i  1 i t y .  
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FIGURE E.2. D i s t r i b u t i o n  o f  Stored Spent Fuel as a Func t ion  
o f  Assembly-Average Burnup (as o f  December 1985; 
B a i l e y  and Wu 1986) 



E.2 PRINCIPAL STORAGE SYSTEMS 

The two p r i n c i p a l  d r y  s to rage  systems c u r r e n t l y  be ing  promoted i n  t h e  

Un i ted  States a re  metal  casks and concre te  modules. Other systems under con- 

s i d e r a t i o n  i n c l u d e  v a u l t s  and d r y  we l l s .  The d iscuss ion  t h a t  f o l l o w s  p rov ides  

a  b r i e f  bu t  no t  n e c e s s a r i l y  complete overview o f  t h e  p r i n c i p a l  des igns t h a t  a r e  4 

c u r r e n t l y  be ing o f f e r e d  by var ious  nianufacturers.  
"+ 

The CASTOR s e r i e s  o f  metal casks was i n i t i a l l y  designed and manufactured 

i n  t h e  Federal  Republ ic  o f  Germany (FRG) by Deutsche Gessel l  s c h a f t  f u r  

Wiederaufarbe i tung von Kernbrennstof fen mbH (DWK). The CASTOR s e r i e s  casks a r e  

made o f  nodular  cas t  i r o n  and a re  designed t o  h o l d  a  va ry i ng  number of spent 

f u e l  assemblies: Ia ,  4 PWR assemblies; Ib,  4 PWR assemblies; I c ,  16 BWR - . 

assemblies; and V/21, 21 PWR assemblies (Spi 1  k e r  and F l e i s c h  1986; Creer  and 

Schoonen 1986; F l e i s c h  and Peehs 1986). The V/21 cask i s  supp l i ed  by General 

Nuclear Systems, Inc.  (GNSI), a  j o i n t - v e n t u r e  o f  Gesse l l scha f t  f u r  Nuclear  

Serv ice  (GNS) and Chem-Nuclear Systems, Inc.  The CASTOR casks a r e  f i l l e d  w i t h  

he l ium and pass i ve l y  cooled by a i r .  The V/21 cask has been used i n  a t e s t i n g  

program conducted by P a c i f i c  Northwest Laboratory  (PNL) a t  t h e  Idaho Na t i ona l  

Engi nee r i  ng Laboratory  (INEL) (Creer and Schoonen 1986) and has been 1  i censed 

f o r  d r y  s to rage  a t  t h e  Surry  p l a n t  (Godlewski 1987; Smith, McKay, and B a t a l o  

1986). A l i c e n s i n g  a c t i o n  by t h e  U.S. Nuclear Regulatory  Commission (NRC) has 

s e t  t h e  c l add ing  temperature l i m i t  f o r  t h e  CASTOR V/21 cask a t  370°C (Levy 

e t  a1 . 1987). The FRG has s e t  a  c l add ing  temperature 1  i m i t  o f  400°C f o r  t h e  I c  

cask i n  use a t  t h e  Gorleben f a c i  1  i t y  (Mu1 l e r  1986). 

I n  t h e  NUTECH Hor i zon ta l  Modular Storage (NUHOMS) system, spent f u e l  

assemblies a re  p laced  i n  a  h e l i u m - f i l l e d  s t a i n l e s s  s t e e l  c a n i s t e r ,  which i s  

then  h o r i z o n t a l l y  s t o r e d  i n  a  pass i ve l y  a i r - coo led  concre te  module. Each 

c a n i s t e r  and module i s  designed t o  s t o r e  seven PWR assemblies (Massey e t  a1 . 
1986). Th is  system has been l i c e n s e d  f o r  d r y  s torage a t  t h e  H. B. Robinson 

p l  an t  (God1 ewski 1987; Roberts and Sturz  1986). The NRC-1 i censed maximum 

c ladd ing  temperature i s  380°C (Massey e t  a1 . 1986). 

Add i t i ona l  metal  casks designs t h a t  have been announced b u t  n o t  y e t  

l i c e n s e d  i n c l u d e  t h e  f o l l o w i n g :  



The TN-24 cask, a fo rged  s t e e l  cask, i s  manufactured by Transnuclear,  

Inc.  (TN) and has severa l  v a r i a t i o n s .  The bas ic  TN-24 cask i s  

designed f o r  24 PWR assemblies o r  52 BWR assemblies; t h e  TN-24P cask 

i s  s p e c i f i c a l l y  designed f o r  24 PWR assembles; t h e  TN-BRP cask was 

designed f o r  t r a n s p o r t  and s to rage  o f  85 B ig  Rock Po in t  BWR spent 

f u e l  assemblies; and t h e  TN-REG cask was designed f o r  t r a n s p o r t  and 

s torage o f  40 R. E. Ginna PWR spent f u e l  assemblies (Wi 11 iams and 

Go1 dman 1986). S p e c i f i e d  c l add ing  temperature 1 i m i  t s  a r e  375°C f o r  

t h e  TN-REG cask and 336°C f o r  t h e  TN-BRP cask (Pennington and Teer 

1986). An a d d i t i o n a l  TN cask, t h e  TN 1300, i s  designed t o  h o l d  

12 PWR assemblies ( S p i l  k e r  and F l e i s c h  1986). 

8 The MSF-IV cask ( o r i g i n a l l y  REA 2023) uses a s t a i n l e s s  s t e e l  o u t e r  

sk in ,  a l e a d l s t a i n l e s s  s t e e l  gamma sh ie l d ,  and a w a t e r l g l y c o l  neut ron 

s h i e l d  (McKinnon e t  a l .  1986a). Th is  cask was o r i g i n a l l y  developed 

by R id iha lgh ,  Eggers & Associates (REA), bu t  t h e  r i g h t s  t o  t h e  cask 

now belong t o  M i t s u b i s h i  Heavy I n d u s t r i e s  (Godlewski 1987). The cask 

i s  designed t o  h o l d  52 BWR spent f u e l  assembl i es .  

Westi nghouse E l e c t r i c  Co rpo ra t i  on has designed a cask des ignated t h e  

MC-10 t h a t  w i l l  h o l d  24 PWR assemblies (Godlewski 1987). The p r imary  

cask m a t e r i a l  i s  fo rged  s t e e l .  

8 Nuclear Assurance Corpora t ion  (NAC) has designed a combinat ion 

t r anspo r t / s t o rage  cask des ignated t h e  NAC SlOO (Roberts and Sturz  

1986). Th is  cask has a capac i t y  o f  24 PWR o r  60 BWR spent f u e l  

assembl i es. 

8 Combustion Engineer ing (CE) i s  propos ing two carbon s t e e l  casks: t h e  

Dry-Cap-P24 t o  h o l d  24 PWR assemblies and t h e  Dry-Cap-B60 t o  h o l d  

60 BWR assemblies (Godlewski 1987; Roberts and Sturz  1986). 

8 Robatel SLPI o f  France has designed t h e  RS-24 metal cask (Robatel and 

Bochard 1986) t o  handle 24 PWR assemblies w i t h  a maximum c ladd ing  

temperature o f  300°C. The RS-24.1 cask i s  f o r  t r a n s p o r t  and s to rage  

o f  spent f u e l  a f t e r  4 years  o f  coo l ing ,  and t h e  RS-24.2 cask i s  f o r  

s torage o f  spent f u e l  a f t e r  10 years  o f  coo l ing .  



Two o the r  d r y  s to rage  systems have been proposed. One i s  a  modular d r y  v a u l t  

system be ing  proposed by t h e  Foster-Wheeler Company and General E l e c t r i  c  

Company of t h e  Un i t ed  Kingdom (Godlewski 1987; Roberts and S tu rz  1986). I n  

t h i s  concept, t h e  f u e l  i s  p laced i n  metal  c a n i s t e r s  and s t o r e d  i n  c o n c r e t e  

vau l t s .  The o t h e r  system i s  a  non t ranspo r t ab le  concre te  cask s to rage  system 

be ing  proposed by Nuc lear  Packaging (NuPac). The NuPac CP-9 cask wi  11 h o l d  

9  PWR assemblies, and t h e  NuPac CB-25 cask w i l l  h o l d  25 BWR assemblies. Va r i a-  

t i o n s  o f  each concre te  cask w i l l  a l l o w  e i t h e r  d ry  o r  wet t r a n s f e r  (Godlewski 

1987). Th is  cask system i s  based on t h e  Canadian system o f  s t o r i n g  CANDU f u e l .  

E.3 STATUS OF LICENSING FOR DRY STORAGE OF LIGHT-WATER REACTOR (LWR) FUEL 

Dry s to rage  f a c i l i t i e s  a re  now l i c e n s e d  i n  both t h e  Un i t ed  S ta tes  and 

o the r  coun t r i es .  

E.3.1 Un i t ed  S ta tes  

I n  1986, two f a c i l i t i e s  a t  commercial U.S. r e a c t o r  s i t e s  were l i c e n s e d  f o r  

d r y  s to rage  o f  spent f u e l  i n  an i n e r t  gas atmosphere. These two f a c i l i t i e s  a r e  

a t  t h e  Sur ry  p l a n t ,  operated by V i r g i n i a  Power and E l e c t r i c  Company, and t h e  

H. 6. Robinson-2 p l a n t ,  operated by C a r o l i n a  Power and L i g h t .  

The l i c e n s e d  f a c i l i t y  a t  Sur ry  i s  s t o r i n g  spent f u e l  i n  CASTOR-V/21 casks 

p laced  v e r t i c a l l y  on concre te  pads (Smith,  McKay, and B a t a l o  1986). The 

f a c i l i t y  was l i c e n s e d  on J u l y  2, 1986, f o r  a  p e r i o d  o f  20 years  (Godlewski 

1987). The l i c e n s e  a l l ows  f o r  t h r e e  concre te  pads w i t h  a  c a p a c i t y  o f  28 casks 

pe r  pad (84 casks t o t a l ) .  The CASTOR-V/21 cask (Creer and Schoonen 1986) has a  

capac i t y  o f  21 PWR assembl ies t h a t  have been aged(a) f o r  5 yea rs  and has been 

1  icensed w i t h  a  maximum c l add ing  temperature o f  370°C (Levy e t  a1 . 1987). As 

o f  December 1986, two casks had been loaded and t h e  f i r s t  cask was i n  p l a c e  on 

a  concre te  pad (Godlewski 1987). 

The l i c e n s e d  f a c i  1  i t y  a t  t h e  H. B. Robinson p l a n t  uses t h e  NUHOMS concept:  

a  metal spent f u e l  c a n i s t e r  t h a t  i s  s t o r e d  h o r i z o n t a l l y  w i t h i n  a  c o n c r e t e  

module. Each metal  c a n i s t e r  w i t h  i t s  concre te  module i s  designed t o  h o l d  seven 

( a )  Fuel age r e f e r s  t o  t h e  t ime  a f t e r  t h e  f u e l  was removed f rom t h e  r e a c t o r .  



PWR assembl i e s  w i t h  a  maximum c l add ing  temperature o f  380°C (Massey e t  a1 . 
1986). The f a c i l i t y  was i ssued  a  20-year l i c e n s e  on August 13, 1986, f o r  a  

t o t a l  o f  e i g h t  modules; t h r e e  o f  t h e  modules have been cons t ruc ted  (Godlewski 

1987). The f u e l  t o  be s t o r e d  i n  t h e  f a c i l i t y  w i l l  have been coo led  f o r  5  yea rs  

and have a  maximum burnup o f  35 MWd/kgU. 

The CASTOR-V/21 and NUHOMS d ry  s to rage  systems a re  t h e  o n l y  ones t h a t  have 

been issued l e t t e r s  o f  approva l  and s a f e t y  e v a l u a t i o n  r e p o r t s  by t h e  NRC 

(Roberts and Sturz  1986). Other casks under rev iew by t h e  NRC i n c l u d e  t h e  

f o l l  owing: 

a CASTOR-Ic - t o p i c a l  r e p o r t  submi t ted  i n  1984 and approved i n  1985 

a TN-24 (p l us  v a r i a t i o n s  TN-24P, TN-REG, TN-BRP) - t o p i c a l  r e p o r t  has 

been submi t ted on TN-24P 

a MSF-IV (REA 2023) - t o p i c a l  r e p o r t  submi t ted  i n  1984 by REA; a  new 

t o p i c a l  r e p o r t  subm i t t a l  by M i  t s u b i s h i  i s  expected 

MC-10 - t o p i c a l  r e p o r t  submi t ted  by Westinghouse i n  1985; t h e  NRC 

re tu rned  comments t o  Westinghouse i n  December 1985 

a NAC SlOO - t o p i c a l  r e p o r t  submi t ted  by NAC i n  1985; NRC re tu rned  

comments t o  NAC i n  October 1985 

a Dry-Cap-P24 and Dry-Cap-B60 - t o p i c a l  r e p o r t  submi t ted  by CE i n  

December 1985. 

E.3.2 Fore ign 

Four f o r e i g n  f a c i  1  i t i e s  have been l i c e n s e d  f o r  d r y  s to rage  o f  spent f u e l .  

These f a c i l i t i e s  a re  a t  Gorleben, FRG; Wh i teshe l l  Nuclear Research E s t a b l i s h -  

ment (WNRE) and t h e  G e n t i l l y - 1  r e a c t o r  s i t e ,  Canada; and t h e  Swiss Federal  

I n s t i t u t e  f o r  Reactor Research, Swi tzer land.  

The away-f rom- reactor  (AFR) f a c i  1 i t y  a t  Gorl eben w i  11 use CASTOR s e r i e s  

casks f o r  i n t e rmed ia te  s to rage  o f  spent f u e l  f o r  a  p e r i o d  o f  40 years  ( E i n f e l d  

and Popp 1986). Th is  f a c i l i t y  has a  capac i t y  o f  1500 MTU (420 casks) and was 

1  i censed by t h e  Physi k a l  i sch-Techni sche Bundesanstal t (Mu1 1  e r  1986). The casks 

a re  t o  be s t o r e d  i n s i d e  a  b u i l d i n g ;  t h e  b u i l d i n g  f a c i l i t a t e s  n a t u r a l  a i r  con- 

vec t i on  coo l  i ng and p rov ides  r a d i a t i o n  s h i e l d i n g  f o r  t h e  su r round ing  



environment bu t  does no t  f u n c t i o n  as a  b a r r i e r  aga ins t  t h e  escape o f  r a d i o -  

a c t i v e  m a t e r i a l s .  Spent f u e l  may be s t o r e d  a f t e r  1 year  o f  ag i ng  and w i t h  a  

maximum burnup o f  35 MWd/kgU f o r  PWR f u e l  and 33 MWd/kgU f o r  BWR f u e l .  A 

maximum c l a d d i n g  temperature o f  400°C has been s p e c i f i e d  (Mu1 l e r  1986). A 

second AFR f a c i l i t y  i s  p lanned a t  nearby Ahaus. 

Dry s to rage  o f  WR- 1 spent f u e l  a t  WNRE began i n  1975. I n  1985, a  WNRE 

c a n i s t e r  des ign was l i c e n s e d  by t h e  Atomic Energy Cont ro l  Board f o r  t h e  s t o rage  b 

o f  G e n t i l l y - 1  spent f u e l  a t  t h e  G e n t i l l y - 1  s i t e  (Pa t te rson  and Hoye 1986). The . . 

WNRE s to rage  concept i s  based on s to rage  of f u e l  elements i n  metal  baskets ,  
" . 

which a re  then  p laced  i n  v e r t i c a l  concre te  c a n i s t e r s .  The G e n t i l l y - 1  f u e l  t h a t  

i s  be ing s t o r e d  has a maximum burnup o f  4.7 MWdIkgU and was coo led  f o r  7  yea rs  
. - 

p r i o r  t o  IDS. 

Spent f u e l  f rom t h e  DIORIT r e a c t o r  i n  Swi tze r land  has been l i c e n s e d  f o r  

d r y  s to rage  o n s i t e  a t  t h e  Swiss Federal  I n s t i t u t e  f o r  Reactor Research (Ospina 

1986). The f u e l  s to rage  cask i s  a  v a r i a t i o n  o f  t h e  CASTOR design. P r i o r  t o  

be ing  p laced  i n  IDS, t h e  spent f u e l ,  w i t h  a  maximum burnup o f  17.7 MWd/kgU, was 

coo led  f o r  10 years .  

E.4 DRY STORAGE RESEARCH PROGRAMS 

The research be ing  performed i n  suppor t  o f  d r y  s to rage  o f  spent f u e l  may 

be grouped i n t o  t h e  f o l l o w i n g  two genera l  areas: 

8 behav io r  o f  spent f u e l  d u r i n g  d r y  s torage,  w i t h  emphasis on demon- 

s t r a t i n g  t h e  a c c e p t a b i l i t y  o f  d r y  s to rage  - A major o b j e c t i v e  i s  

s p e c i f y i n g  t h e  maximum a1 1 owable c l  addi  ng temperature d u r i n g  s to rage .  

Th is  work i ncludes s i  ng l  e- rod exper iments,  f u e l  assembly exper iments ,  

and s p e c i a l i z e d  t e s t s  f o r  o b t a i n i n g  da ta  on, f o r  example, creep 

behav io r  and r e s i s t a n c e  t o  i o d i n e  s t r e s s  c o r r o s i o n  c rack ing .  A 

summary o f  exper ience and a d e s c r i p t i o n  o f  t h e  o v e r a l l  s t a t u s  o f  

research t a r g e t e d  f o r  l i c e n s i n g  IDS a re  presented i n  Sec t ion  E.4.1. 

A summary o f  speci  f i e d  maximum a1 1 owable c l add ing  temperatures i s  

presented i n  Sec t ion  E.4.2. Comments r e l a t e d  t o  s t o r i n g  spent f u e l  

i n  a i r  a re  p rov i ded  i n  Sec t ion  E.4.3. 



performance ana l ys i s  o f  d r y  s to rage  systems, w i t h  t h e  emphasis on 

eva lua t i ng  thermal and r a d i o a c t i v e  s h i e l d i n g  performance - A major  

o b j e c t i v e  o f  t h i s  work i s  t o  p rov ide  data f o r  computer code 

modeling. A p r i n c i p a l  example o f  t h i s  t ype  o f  t e s t  i s  p rov ided  by 

Creer and Schoonen (1986), and t h i s  t ype  o f  work was discussed i n  

Sect ion 4.2. 

E.4.1 Summary o f  Dry Storage Tes t i ng  Experience 

Experimental  programs and long- term s to rage  demonstrat ions a re  summarized 

i n  Tables E . l  and E.2; t h e  da ta  i n  these  two t a b l e s  a re  based on Tables 5 and 6 

f rom Johnson and G i l b e r t  (1983). Demonstrat ion t e s t s  conducted i n  t h e  Un i t ed  

States on d r y  s to rage  casks a re  summarized i n  Table E.3. I n  t h e  p e r i o d  s i n c e  

t h e  summaries were o r i g i n a l l y  prepared, a number o f  t h e  i d e n t i f i e d  programs 

have cont inued w h i l e  a few new programs have been i n i t i a t e d .  To date, more 

than  30,000 f u e l  rods have been exposed t o  IDS f o r  per iods  ranging from days t o  

more than 10 years.  Cladding temperatures have ranged from l e s s  than  100°C t o  

g r e a t e r  than 450°C. A general  summary o f  t h e  d r y  s to rage  exper ience i s  

presented be1 ow: 

Work performed i n  t h e  FRG has been summarized i n  Peehs and F l e i s c h  

(1986); Peehs, Bokelmann, and F l e i s c h  (1986); and F l e i s c h  and Peehs 

(1986). More than  3000 LWR f u e l  rods have been used i n  d r y  s to rage  

t e s t s  w i t h  c l add ing  temperatures rang ing  up t o  450°C and t e s t  pe r i ods  

t o  30 months; no rod  f a i l u r e s  have been repor ted.  

Canadian exper ience w i t h  WR- 1 and p ressu r i zed  heavy water r e a c t o r  

spent f u e l  p laced i n  d r y  s to rage  us ing  concre te  s i l o s  has been 

summarized by Pat terson and Hoye (1986). More than 9000 f u e l  rods 

have been s to red  d r y  i n  i n e r t  gas. No rod  f a i l u r e s  have been 

reported. 

Considerable exper ience i n  d r y  s to rage  o f  advanced gas reac to r  (AGR) 

spent f u e l  i n  t h e  Un i ted  Kingdom has been ob ta ined  a t  t h e  Wylfa 

magnox power s t a t i o n  (Cundi 11, Wheeler, and B a r r e t t  1986). Three 

s torage modules c o n t a i n i n g  2.49 x l o 5  kgU spent f u e l  cooled by C O q  

have been ope ra t i ng  s i nce  1973. The maximum ope ra t i ng  c l add ing  



TABLE E.1. Labo ra to r y lHo t  C e l l  Tests  I nvo l  v i n g  Z i  r c a l  oy-Cl ad Spent Fuel ( a )  

Temperature, 
" C 

480 t o  570 

Country 

USA 

C l  addi  ng 

Z i  r c a l  oy-4 

No. Rods 

14 

Time, days 

30 t o  320 

USA 

USA 

Zi r c a l  oy-4 

BCL/ PNL Zi r c a l  oy-4 

USA 

USA 

PNL Zi r c a l  oy-4 

EPR I/TVA/ 
HEDL/ ANL 

Zi r c a l  oy-4 

USA Zi r c a l  oy-2 
Zi r c a l  oy-4 

Canada Zi r c a l  oy-4 

Canada AECLIOH Zi  r c a l  oy-4 150 16 1300 

FRG KW U Zi r c a l  oy-4 100 t o  300 550 

FRG KW U Z i  r c a l  oy-4 350 t o  450 2 0 40  t o  170 

FRG/ I t a l y  IspraINUKEM Zi r c a l  oy-2 400 25 18 
Zi r c a l  oy-4 430 t o  450 50 150 

FRG KW U Zi r c a l  oy-4 400 6 180 

( a )  Th i s  t a b l e  was abs t rac ted  from Table  5 o f  Johnson and G i l b e r t  (1983). 
A l l  t e s t s  except t h e  Canadian t e s t s  a t  150°C had some t y p e  o f  s u r -  
v e i  11 ance moni t o r i  ng. 

(b )  See acronym l i s t  f o r  d e f i n i t i o n s  (p. v i i ) .  

temperature has been 150°C, though 600°C i s  s p e c i f i e d  as t h e  l i m i t i n g  

temperature. Two a d d i t i o n a l  modules us ing  a i r  as t h e  c o o l i n g  medi um 

were added i n  1980; more than 7.0 x l o 5  kgU o f  spent f u e l  have been 

coo led  i n  a i r  w i t h  maximum c l add ing  temperatures o f  150°C s i n c e  

1983. No f u e l  rod  f a i l u r e s  have been repor ted.  

The IDS exper ience  i n  t h e  Un i ted  S ta tes  has no t  been f u l l y  summari zed 4v 

r e c e n t l y ;  genera l  overviews a re  presented i n  God1 ewski (1987) and 

Roberts and S t u r z  (1986). Approx imate ly  18,700 LWR f u e l  rods have 



TABLE E.2. Dry Storag emonst ra t ions I n v o l v i n g  Z i  r ca loy- Clad  
Spent Fuel ?a? 

Country 

USA 

USA 

USA 

USA 

USA 

Canada 

Canada 

FRG 

FRG 

FRG 

FRG 

Su i 

~i t e ( b )  

EMAD/NTS 

EMADINTS 

EMADINTS 

C l  i max/NTS 

EMAD/NTS 

WNRE 

WNRE 

KWO 

KWO 

KWW 

KKS/ 
Ka r l s ruhe  

EIR 

C l  addi ng 

Z i  r c a l  oy-4 

Z i  r c a l  oy-4 

Z i  r c a l  oy-4 

Z i  r c a l  oy-4 

Z i  r ca l oy- 4  

Z i  r c a l  oy/ 
2.5%Nb 

Z i  r c a l  oy-4 

Z i  r c a l  oy-4 

Z i  r c a l  oy-4 

Z i  r c a l  oy-2 

Z i  r c a l  oy-4 

Z i  r c a l  oy-2 

No. o f  Rods 

816 

204 

2448 

2244 

20 2 

>2484 

7921 

180 

180 

896 

816 

Temperatu re, 
0 P 

( a )  Th is  t a b l e  was abs t rac ted  f rom Table  6  o f  Johnson and G i l b e r t  
(1983). A l l  t e s t s  except t h e  Canadian Z i  r c a l o y - 4  t e s t s  had 
some t ype  o f  s u r v e i l l a n c e  mon i to r ing .  The Swiss t e s t  moni- 
t o r e d  on l y  t h e  cask e x t e r i o r  temperature.  

( b )  See acronym l i s t  f o r  d e f i n i t i o n s  (p. v i i ) .  

been used f o r  d r y  s to rage  t e s t i n g  and demonst ra t ions;  i n  a d d i t i o n ,  

9450 PWR rods a re  s t o r e d  i n  t h e  f i r s t  two casks a t  t h e  Surry  inde-  

pendent spent f u e l  s to rage  i n s t a l  1 a t i o n  ( ISFSI  ), and 106 c a n i s t e r s  o f  

non-LWR f u e l  rods have been s t o r e d  a t  t h e  Idaho Chemical Process ing 

P lan t  (Chr i s tensen  e t  a l .  1986). I n  general ,  recen t  U.S. IDS e f f o r t s  

have concen t ra ted  on f u e l  behavi o r  model i ng (Chi n, Khan, and Tarn, 

1986; Levy e t  a l .  1987) and e v a l u a t i o n  o f  metal  cask o p e r a t i n g  

c o n d i t i o n s  (e.g., Creer  and Schoonen 1986). 



Only two f u e l  rod  f a i l u r e s  ( c l add ing  breach) have been repo r ted  d u r i n g  

d ry  s to rage  t e s t i n g  o f  spent f u e l .  The f i r s t  f u e l  rod f a i l u r e  occur red  i n  

Assembly B02 f rom t h e  Turkey Po in t  r e a c t o r  du r i ng  t e s t i n g  a t  t h e  EMAD 

f a c i l i t y . ( a )  Th is  spent f u e l  assembly was s to red  i n  he l ium a t  <150°C f o r  

4  years a t  t h e  EMAD f a c i l i t y .  The rod f a i l u r e  occurred d u r i n g  a  f u e l  

temperature t e s t  a t  270°C w i t h  a i r  as t h e  cover gas (Johnson e t  a l .  1985; 

1987). The cause o f  t h e  rod  f a i l u r e  has no t  been determined; 17 Turkey P o i n t  

f u e l  assemblies c o n t a i n i n g  -3500 f u e l  rods were i n v o l v e d  i n  t h e  EMAD program. 

The second f u e l  rod  f a i l u r e  occurred d u r i n g  performance t e s t i n g  of a  

TN-24P cask (McKinnon e t  a l .  1986b). Based on cask cover gas ana l ys i s ,  one r o d  

apparen t l y  developed a  smal l  l eak  d u r i n g  t h e  f o u r t h  t e s t  s e r i e s  w i t h  t h e  f u e l  

i n  t h e  cask. Th is  h o r i z o n t a l  t e s t  used he1 ium as t h e  cover gas and f o l l o w e d  

t h r e e  v e r t i c a l  t e s t s  us ing  va ry i ng  cover gases. The cask h e l d  24 assemblies 

c o n t a i n i n g  4896 f u e l  rods. The cause o f  t h e  rod  f a i l u r e  i s  n o t  known, and 

p o s t - t e s t  examinat ion has no t  y e t  been performed. 

Therefore,  as o f  e a r l y  1987, t h e r e  have been on l y  two known f u e l  r o d  

f a i l u r e s  d u r i n g  d r y  s to rage  t e s t i n g  and demonstrat ion o f  >30,000 Z i  r c a l o y - c l  ad 

spent f u e l  rods (>18,000 LWR rods p l u s  spent f u e l  f rom CANDU, AGR, and o t h e r  

r e a c t o r  des igns) .  One o f  t h e  rods f a i l e d  du r i ng  t e s t i n g  i n  a i r ,  so o n l y  one 

rod has f a i l e d  d u r i n g  d r y  s to rage  u s i n g  an i n e r t  cover gas. 

E.4.2 S p e c i f i e d  Maximum Cladding Temperatures 

The major emphasis i n  many research programs has been t h e  de te rm ina t i on  o f  

acceptable s to rage  cond i t i ons ,  p r i n c i p a l l y  c l add ing  temperature,  f o r  d r y  s t o r -  

age o f  spent f u e l .  C ladding temperature d u r i n g  d r y  s to rage  i s  o f  major  concern 

because temperature d i r e c t l y  a f f e c t s  i n t e r n a l  gas pressure i n  rods and t h u s  

c l add ing  s t ress .  C ladd ing  s t r ess ,  i n  t u r n ,  i s  t h e  pr imary d r i v i n g  f o r c e  f o r  

c l add ing  f a i l u r e ,  e.g., creep rup tu re ,  s t r e s s  co r ros ion  c rack ing ,  de layed 

hyd r i de  c rack ing .  Though c l add ing  s t r e s s  i s  t h e  parameter promot ing f a i l u r e ,  

( a )  Engine Maintenance and Disassembly f a c i l i t y ,  Nevada Test S i t e ;  used f o r  a  
d r y  s to rage  demonstrat ion o f  spent f u e l  i n  d r y  we l l s .  



temperature i s  t h e  v a r i a b l e  t h a t  can be d i r e c t l y  con t ro l l ed .  L i s t e d  below are 

t h e  l i m i t i n g  cond i t i ons  f o r  LWR spent f u e l  i n  IDS t h a t  have been s p e c i f i e d  t o  

date:  

a  maximum a1 lowable c l add ing  temperature o f  380°C, recommended by 

Blackburn e t  a l .  (1978). Th is  l i m i t  was based on an a n a l y s i s  o f  

s t r e s s  rup tu re  w h i l e  account ing f o r  a  decay temperature h i s t o r y .  

a a maximum c ladd ing  su r f ace  temperature l i m i t  o f  380°C, recommended by 

Johnson and G i  1  b e r t  (1983). Th is  l i m i t  was de r i ved  based on research 

i n f o r m a t i o n  a v a i l a b l e  a t  t h a t  t ime. 

a  maximum c ladd ing  temperature l i m i t  o f  370°C f o r  t h e  CASTOR V/21 

cask, s p e c i f i e d  by t h e  NRC f o r  t h e  Surry  d r y  s to rage  l i c e n s e  (Levy 

e t  a l .  1987). The V/21 cask i s  c u r r e n t l y  l i c e n s e d  f o r  f u e l  coo led  

f o r  5  years,  w i t h  a  maximum i n i t i a l  enr ichment o f  2.2 w t %  2 3 5 ~ .  The 

CASTOR I c  cask was assigned a maximum c ladd ing  temperature l i m i t  o f  

400°C by t h e  NRC (Levy e t  a l .  1987) and FRG l i c e n s i n g  a u t h o r i t i e s  

( M ~ l l e r  1986). 

a a maximum c ladd ing  temperature l i m i t  o f  380°C, s p e c i f i e d  by NUTECH, 

and l i c e n s e d  by NRC, f o r  t h e  NUHOMS system (Massey e t  a l .  1986). 

Fuel i s  t o  have a maximum burnup o f  35 MWd/kgU and t o  have been 

cooled f o r  5  years.  

a a maximum c ladd ing  temperature l i m i t  o f  300°C, s p e c i f i e d  by t h e  

manufacturer f o r  t h e  RS-24 (Robatel  and Bochard 1986) 

manufac tu re r- spec i f ied  l i m i t s  on t h e  TN-24 cask and i t s  d e r i v a t i v e s ,  

as f o l l ows :  TN-24, 375"C, 35 MWd/kgU, 5  years  coo l i ng ,  3.7% 23Su. 

TN-REG, 375OC; and TN-BRP, 336OC (Pennington and Teer 1986). Note 

t h a t  t h e  TN-REG and TN-BRP a re  spec ia l  des ign v a r i a t i o n s  o f  t h e  

s tandard cask (Wi 11 i ams and Go1 dman 1986). 

a a c l add ing  temperature l i m i t  o f  375°C f o r  t h e  proposed U.S. MRS 

f a c i  1  i t y  (Woods and Unterzuber 1986). 

a  v a r i a b l e  temperature l i m i t  based on t h e  temperature- t ime h i s t o r y  

d u r i n g  s to rage  o f  t h e  spent f u e l ,  i n t e r n a l  gas pressures (and 



r e s u l t i n g  c l  adding s t r e s s )  i n  t h e  spent f u e l  , and model i ng o f  f a i  1 u r e  

mechanisms (Levy e t  a1 . 1987). Th is  model i s  based on de fo rmat ion  

and f r a c t u r e  maps (presented i n  Sec t ion  3.2 and Appendix D )  and i s  

presented i n  more d e t a i l  i n  Sec t ion  4. 

E.4.3 Dry Storage o f  Spent Fuel Using A i r  as a  Cover Gas 

Though no t  t h e  t o p i c  o f  t h i s  r epo r t ,  d r y  s to rage  o f  spent f u e l  i n  a i r  i s  

o f  i n t e r e s t  f rom t h e  s tandpo in t  o f  inc reased  convenience and reduced s to rage  

costs .  The convenience and c o s t  b e n e f i t s  a r i s e  p r i n c i p a l l y  f rom t h e  reduced 

cask atmosphere m o n i t o r i n g  requirements and be ing ab le  t o  use a  f r e e l y  a v a i l -  

a b l e  resource f o r  coo l i ng .  M o n i t o r i n g  requirements a re  reduced because t h e  

i n t e g r i t y  o f  an i n e r t  gas atmosphere does no t  have t o  be assured i f  accep tab le  - - 
c o n d i t i o n s  f o r  a i r  c o o l i n g  a re  def ined.  

The main i s sue  o f  concern w i t h  d r y  s to rage  i n  a i r  i s  t h e  p o s s i b l e  access 

of t h e  a i r  t o  t h e  U02 f u e l  through a  c l add ing  de fec t  and t h e  subsequent 

o x i d a t i o n  o f  t h e  f u e l .  Ox ida t i on  o f  t h e  f u e l  can l ead  t o  swe l l i ng ,  s p l i t t i n g ,  

and p o s s i b l e  breakup o f  t h e  c ladd ing ,  as w e l l  as t o  t h e  f o rma t i on  o f  r e s p i r a b l e  

s i z e  p a r t i c l e s .  C ladd ing  degrada t ion  and resp i  r a b l e  p a r t i c l e  f o rma t i on  would 

r e s u l t  i n  hand1 i ng d i f f i c u l t i e s  and r i s k  o f  r a d i o l o g i c a l  exposure. Several  

s t ud ies  a re  under way t o  d e f i n e  acceptable c o n d i t i o n s  f o r  s t o r i n g  spent f u e l  i n  

a i  r (Gi 1  b e r t  and E i  n z i  ger  1986). 

TABLE E.3. Dry Storage Cask Demonstrat ion Tests i n  t h e  U.S. 
(Johnson, G i  1 b e r t  , and Bai 1 ey 1987) 

Maximum C l  addi  ng 
Cask Temperature, O C  Test Per iod,  d  

MSF-IV (REA-2023) 250 125 

CASTOR V/21 350 100 
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