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~ One of  a ser ies  o f  repor ts  on research and development i n  connection. 

I 
I w i th  the design o f  the Rathfinder Atomic Power Plant, t h i s  pa r t i cu la r  

.- 

I . .  
r epor t  dea l s w l  t h  the burnup. l i m i  t s  f o r  two .weight per cent natura l 

boron s ta  i n less s tee l  cont ro l  rods. 

The B t h f  inder p lan t  w i  l I be located a t  a s i t e  near Sioux Fal Is, 
.& 

South Dakota,and i s  scheduled f o r  operation i n  1964. Owners and 

operators o f  the p lan t  w i l l be the Northern s ta tes PDwer Company of . . 

Minneapol is, Minnesota. A l  l is-Chalmers i s  p r f o r m i n g  the research, 

developnent, and design as we l l as being responsible f o r  p lant  con- 

s t ruc t ion .  
. . 

-. . . 

I The U. S. Atomic Energy Commission, through Contract No. AT(l l- I)-589 

w i th  Northern Sfates Power Company, and Centra l Ut i l it ies ~ tmic  power 

Associates (CWPA) are sponsors o f  the research and devel'opment program. 

The p lan t ' s  reactor wi I I be o f  the  Control led Rec i rcu la t  ion Boi l i ng 

Reactor type with-Nuclear Superheater. 
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1 .0 I NTRODUCT I OM 

The purpose o f  t h i s  r e p o r t  i s  t o  rev iew and evaluate the  e f f e c t s  of 

neutron i r r a d i a t i o n  on. 2 w/o boron s t a i n l e s s  s t e e l  under Pa th f i nde r  

reac to r  cond i t i ons  and determine t h e  maximum Boron-I0 dep le t i on  w h i l e  

s t i l l  i n s u r i n g ' t h e  i n t e g r i t y  o f  the  c o n t r o l  rods. 
. , 

The Pa th f i nde r  Atomic' Power P l a n t  i s  a  66 MWe (gross)  c o n t r o l l e d  

r e c i r c u l a t i o n  b o i l i n g  water reac to r  w i t h  an i n t e g r a l  c e n t r a l  super- 

heater .  The b o i l e r  core operates a t  600 p s i g  and 489 F  and the  super- 

heater core w i l  l produce e x i t  steam a t  825 F (725 F  i n  i t i  a  l l y )  and 

540 p s i g .  The boi l e r  core conta ins  s i x teen  cruci form-shaped.rods which 

a re  i n d i v i d u a l l y  d r i ven  i n  channels prov ided between the  b o i l e r  elements. 

There are f o r t y - e i g h t  superheater c o n t r o l  rods which are  gang d r i v e n  i n  

four  groups o f  twe lve rods each. These rods run  i ns ide  removab le channe l 

tubes w i t h i n  the superheater core .  The boi l e r  rods may be scrammed t o  

shut  down the  reac to r  dur ing  an emergency shut.down, b u t  the superheater 

rods are  "run in "  under power by t h e  superheater c o n t r o l  rod  dr ives. ' .  

Locat ions o f  t he  c o n t r o l  rods i n  t he  core a re  shown i n  F igu re  I .  

, 
2.0 SUMMARY AND CONCLUS l ONS 

A survey o f  t he  l i t e r a t u r e  on i r r a d i a t i o n  experience w i t h  boron , -s ta in-  

less s t e e l  was conducted t o  determine the  e f f e c t  o f  neutron i r r a d i a t i o n  

and boron- I0  burnup on t h e  two weight per cen t  na tura  l boron s ta in - less  

s t e e l  c o n t r o l  rods being used i n  the  Pa th f i nde r  reac to r .  The l i t e r a t u r e  

reviewed i nc luded i r r a d i a t i o n  t e s t  samp les and f  u  l l - s i ze .  c o n t r o l  rods 
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i n  operat ing reactors. From the analys is  o f  the survey, it was concluded . . 

t h a t  the Pathf i nder con t ro l  rods w i l l operate sa t  i s fac to r  i l y and r e t a  i n . . . . . . . . .  . .  - -  . . . .  . t :  . . . .  

t h e i r  i ntegr ity wi th  i n the bornup I im i t s  prescr i bed, 

The e f f e c t s  o f  i r r a d i a t i o n  and B-I0 burnup on boron s ta in less  were . . . .  - .  ....- - 

d i  w ided i n t o  three categories a s  f o l  lows: 
. . . . .  -.- 

I ) mechan i ca l propert ies, 

2) cracks, 
. - . . - .  . "  ..- - .- . 

3) swel l ing.and gas release. 
. . . . . . . . .  - . . . .  - . 

These categories.were examined i n - d e t a i l  w i th  the data ava i lab le  and . .  .- . . . . .  - -  . . . . . . .  . . 

cor re la ted w i th  the Pathfinder rods and operating condi t ions.  The .. . . . . .  . .  - -. . . 

a t  lowable local  burnup o f  the boi l e r  rods i s  : l imited t o  one core a/o 

(50% B-I0 deplet ion) and the superheater rods are l im i t ed  t o  one-half 

core a/o (25% B-I0 deplet ion).  

'3.0 ' BACKGROUND 

3.1 Control Rod Descr i p t  i ons 

The s ix teen b o i l e r  con t ro l  rods are cruc i form i n  shape. The neutron 

poison sect ion i s  72 inches long and i s  two weight per cent natura l  

boron s t a i n  less stee I. The blades are 1 /4 i nch t h i c k  and have an overa l l 

width o f  10-7/16 inches. A t  the t op  o f  the poison sect ion i s  a 3 inch 

wide cruc i form extension o f  304L s ta in less  s tee l  and a t  the.bot tom i s  

a I /Z inch long 304L nose. The e n t i r e  .rod assembly i s  178-23+32 i nches 

long. A schematic drawing o f  the bo i l e r  cruci-form i s  shown i n  Figure 2.  . -\ 
, . 

The con t ro l  rods are  e n t i r e l y  o f  welded construct ion. The -poison sect ion 





i s  formed by b u t t i n g  two narrow plates t o  a  wide p la te  and j o i n i ng  w i th  

a  staggered 1/8 inch f i l l e t  weld. A l l  the longi tudinal  wolds are  made 

i n  a  special welding f i x t u r e  t o  rninlrnize t w i s t  and warp. This i s  t o  

enable the e n t i r e  cruc i form t o  f i t  w i t h i n  a  0.312 inch envelope. A f te r  

welding, the cruciforms a re  high-temperature s t ress re l ieved  t o  r e l i e v e  

res idua l  stresses formed dur ing fab r i ca t ion .  

The fo r ty -e igh t  superheater cont ro l  rods are  ganged i n t o  four groups 

o f  twelve rods each and connected t o  four d r i ve  un i t s .  Each con t ro l  

rod consists o f  a  3/4 inch diameter poison sect ion w i th  a  tubu lar  

extension o f  304L s ta in less  s tee l .  The poison mater ia l  i s  two weight 

per cent natura l boron s ta  i n less stee I .  The 3/4 inch d  iameter poison 

rod i s  c lad  w i th  a  0.020 inch wall  304L s ta in less  tube which i s  mech- 

a n i c a l l y  bonded by s ink ing the c lad  down onto the rod. The c ladding 

tube i s  welded t o  the 0.060 inch wal l  extension tube on the upper end 

and a 304L tapered nose on the lower end. The sea led extensi'on t i b e  

provides a  large gas space f o r  c o l l e c t i n g  helium t h a t  may be released 

from the boron s ta in less  s tee l .  A schematic drawing o f  the superheater 

con t ro l  rod  i s  shown i n  Figure 3. 

3.2 Operatins Conditions 

The cruc i form con t ro l  rods i n  the b o i l e r  core are used t o  con t ro l  and 

shut down the reactor .  A I l s ix teen rods w i  l  l  be used dur ing s ta r t up  

and shutdown operations, whi le only the outer e i gh t  rods w i l l  no;-maliy 

be used dur ing reactor  operat ion a t  f u l l  power. The rods w i l l  funct ion 

i n  a  steam and water atmosphere a t  a  maximum metal temperature o f  586 F .  





The con t ro l  rods i n  the superheater core are  used t o  ad jus t  steam 

temperature and shut down the reactor .  During normal reactor  operations, 

the superheater con t ro l  rods w i l l  be f u l l y  withdrawn. I f  necessary, one 

o r  more groups o f  cont ro l  rods wz i l l  be p a r t i a l l y  inserted i n t o  the core 

t o  ad jus t  the exi.$ steam temperature. The rods funct ion i n  a steam 

atmosphere a t  a maximum possible temperature o f  990 F dur ing operat ion 

and 1230 F ( fo r . , l ess  than 2 minutes) dur ing shutdown. 

3.3 Poison m t e r i a l  Descr ip t ion 

3.3.1 Mechanical and Meta l lu rg ica l  Propert ies 

Boron s ta in less  s tee l  i s  s im i l a r  t o  normal 304 s ta in less  s tee l  w i th  

the add it ion of boron t o  g ive i t  a high therma l neutron absorption 

cross sect  i on. As the boron content i ncreases, the tens i l e  and 

y i e l d  strength increase but the duct i l i t y  and impact s t rength de- 

crease. Typical mechanics l propert ies o f  two weight per cent  boron 

s ta in less  are  as fol lows: Tensi le Strength - 80,000 psi  ... Y ie ld  

Strength - 40,000 psi ... Per Cent E l o n g a t i ~ n  - 8% ... and R ~ c k w o l l  B 

Hardness - 97. The impact strength of unnotched samples ( 8 .  197e' 

x 0.197't x 2. 16511) was 6.5 f t - l b .  Samples of 304 s ta in jess  s tee l  ' 

o f  the same s ize  had an impact strength o f  28 It- I b. 

The s o l u b i l i t y  o f  boron i n  s ta in less  s tee l  i s  less than 0.1 w/a and 

any excess boron i s  present as a b r i t t l e  complex boride phase d is -  

persed throughout the s tee l  mat r ix .  The pisase has been i den t i f i ed  

as a t rans i t i ona l meta I bor i de of the probab l e .form (Fe, Cr 120. 
.- . - .  . 



Some n icke l  i s  a l s o  found w i t h i n  t h i s  phase. This indicates t h a t  the 

add i t i on  of boron p r ima r i l y  withdraws i ron  and chromium from the s ta in -  

less matr ix ,  leaving id- enriched i n  n icke l .  The s ize  o f  the boride 

pa r t  i c  les range general l y between 2 and 4 F, . (1 )  
. - .. - 

The.concentrat ion of. boron i n  s ta in less  s tee l  i s  normally spec i f ied 

i n  un i t s  of ' .weight per cent, buT due t o  i t s  low atomic weight the 

atom concentrat . . i on  i's about f.ive. times. greater than i t s  weight con- 

cent ra t ion.  Thus 2 w/o boron i s  equal t o  9.5 a/o (atom per cent)  

boron i n  t h 6  s ta in less  s tee l .  

A t  t h i s  time it i s  convenient t o  introduce a new term, .core atom 

per cent, and i t s  d e f i n i t i o n .  Core atoms are a l l  the atoms i n  the 

boron s ta  i n  less s tee l  .a l 'loy . The concentrat ion o f  one pa r t i cu l a r  

element or  isotope (such .as I3 o r  0-1 0) can now be stated i n terms 

o f  per cent of  the t o t a l  atans. By using un i t s  o f  core atom per 

cent, i r r a d i a t i o n  data frm d i f f e r e n t  sources and mater ia ls  having 

varying B-I0 content and burnups may be compared and eva l uated on 

a common basis. Figure 4 shows the re l a t i onsh ip  between atom per 

cent and weight per cent  f o r  boron s ta in less  s tee l .  

3.3.2 Nuclear R o p e r t i e s  

The element boron cons is ts  o f  two isotopes, 8-10 and B-I I, w i th  

iso top ic  concentrati'ons of  19.8 a /o  and 80.2 a /o  respect ive ly .  The 

thermal neutron absorpt ion cross sect ion o f  B-I0 i s  3840 5 10 barns 

and B - l l  i s  less than 0.05 barns g i v i ng  an average cross sect ion of 



. . .  

Figure 4 . . . .Atom Percent Vs Weight Percent for  Boron 
(  at yra I )  Sta i n  less Stee l (43-025-298) 



'162'+ - 3 barns fo r  elemental (natural,) boron. n e  neutron ibsorpt ion 
. . 

cross sect ion decreases with' i ncreas i ng neutron energy accord i ng t o  the 

I / y  law. Boron m y  be enr lch id i n  . the B-I0 isotope t o  provlde a higher . , 

t h e r m ' l  neutron capturing e f f i c iency  and a larger B-I0 atomcohcentra- 

t i o n  per u n i t  volume. 

' 'The neutron B- I 0  react ion i s  as f o l  lows: 8- 10 (n, a) L 1-7.. When the. 

8.10 absorbs a thermal neutron, t h e  unstable b d o n  at- 1-d la te ly .  

. . eml tqana lpha . p r t i c l e ( h e l i u m n u c l e u s ) a n d t r a n s m u t e s t o a L I - 7 a t o a p .  

m e  olpha p r t i c  le .  picks'up free electrons and becomes a s tablo 'he l  iw  

. s t m .  , The Immediate area p r e v i o u s l y . ~ c u p i e d  by the boronqtar  i s  now 

occupied by a helium and' l i th ium at&. The balium b t m  i s  gaseou~ 
. . 

and the 1 ithium.atom i s  molten since it melts a t  367 F, 
. . 

. . 

4. O JM4D,IAT I EFFECTS .ON BORON STA 1 NLESS STEEL 

The neution absor i t  i o n  react ion between a the rm I 'neutron and a 8-1 0 atom 
. . 

destroys the boron and' produces a. he 1 i urn atom and a l i t h  i u atom. The in- 
. . 

t ~ o d u c t i o n  of a su f f i c i en t -quan t i t y  of  these foreign atoms inPo the or ig ina l  ; 

. . . .  

boron stqlnless steel a l l o y  can have an adverse e f f e c t  on the propert ies o f  
. . 

. . 

the mter ia I, The onset and extent o f  damage t o  the boron s ta in  less i s  de- 

psndgnt on the core atom. per cent burnup of the 8-10 atoms In  the matbrlg l 

and i t s  operating temperature. A discuss ion o f  t h e  i nfortna%n obt? i ned 

from a 1 i terature survey on The e f fec ts  of neutron i r rad ia t i on  and Burnup', 

l i m i t s  of 2 W/O natural boron stainless steel  are re lated i n  the fol lowing 



4.1 Mecha'nical' Propert ies 

~xpe'rimenta l data on the changes o f  mechanics l prope i t ies  of  boron s ta in less  

due t o  neutron i r r a d i a t i o n  and 6-10 burnup a re  very l i m i  ted.  The ava i lab le  

exper imenta I .  data show t h a t  the tens i  l e  and y i e l d  .st rength w i l l increase, w i th  . 

and red.uct i on o f  area w i. I l decrease. . '  Tab l,e I shows the expar irnenta l data on the 

changes i n  mechanical . . propert ies vs. c o r e  a / ~ , b u i n " ~  o f  B-10 f o r  v a r i o u s t e s t  

samp l es . 
'Boron s ta in less  has a low impact.strength and i s  notch sens i t ive .  Neutron 

i r rad ia t i ,on  reduces the impact s t reng th  o f  the mater ia l  around 50 percent 

. o f i t s ' i n . i t i a I  low.vaIue. Table Zcon ta i ns  the r e s u l t s  o f  impact t e s t s  o f  ' 

un i r rad ia ted and i r r ad ia ted  t e s t  samples. The mater ia l  . i s  s u f f i c i e n t l y  
. . 

notch sens i t i ve  so that .  i r i ad i a ted  t e n s i l e  specinens, which have the gage 

length i nd icated by punch marks, have broken a t  the punch marks dur ing tens i l e  

tes ts .  I t  i s  necessary f o r  a l l  boron s ta in less  mater ia l  to..have a very smooth 

surface, t o  minimize the notch. s e n s i t i v i t y  o f  the mater ia l .  

when thermal neutrons are abosrbed by the B-I0 i n  a "uc lear black con t ro l  

rod, the absorptions do not  occur un i form'l y  across the rod thickness but 
. . 

ra ther  a t  a decreasing r a t e  'from the surface t o  center o f  the mate r ia l .  

Thus, the core a/o burnup o f  B-I0 on the surfece i s  always higher than the 

average. burnup and cenfer l i ne bwrnup. As an example, Bwo w/o natural  boron 

s ta in ,ess 1/4 inch th ick ,  w i th  an sverage burnup o f  1.0 core a/o, w i l !  have 

a surface bornup o f  1.3 core a /o  and a center,  turnu.p o f  0.6 core a/o. There-. 

fore, even w i t h  a h igh average burnup, the center l i ne burnup w i  l l be r e  la t i ve . l y  

low and the mater ia l  i n  t h i s  area w i l ' l  have re ta iced most of  i t s  i n i t i a l  

mechan ica l propert ies . 
-I 1,- 
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m'e' hardness .of the sta.1 nless matt? i x i.ncr'eases s i..gn i:,f.icant;l y dar!i;ng B,rcadiat;i;on. 
! 

The increase io  greater than the hardening e f f e c t  due t o  t a s t  neutron f l u x  

bombardment and must be t i e d  i n  with the burnup of the 8-90 atoms, One 

set df i r radiated samples in~reased from a hardness of 225 t o  400 DPH. (5) 

S i m i  l a r  samples of p1ai.n stainless steel  increased by  only 50 DPH, Also, the . . . . . .  - . . . .  ,-. .  . . . . .  -. * . . . 

I: harden1 ng appears t o  ,take place . . . . . . .  very-rapid i y  since samples having a neutron 
. . . +  . .. ." -- - - . . 

dose ranging . . . . . . . . . . . . . .  from 8 x ld9 t o  I x . . . . . .  nv t  e 1 1 had Qpproximate~y the same1 - - . . . - -  - . . 

f i na l hardness. Another source (6) reports an increase i n  hardness from 28 . - - ,. - 
t o  50 Rockwel l C a f t e r  a neutron dose of 8 x 1 0 ~ ~ ' n v t .  Since the B-I0 burns - .  

up i n  layers from surface t o  center of the - - material, a high hardness on the 
r 

surface does not indicate a high hardness a t  the center.  her: i s  no exper i- 

mental information avai lable t o  provide a corre lat ion between the change i n  - * - - 

surface hardness and changes i n  mechanical propert ies due t o  i r rad iat ion.  

I r rad ia t ion  data on t e s t  samples and fu l l - s i red  control  rods have shor-ln t h a t  - 
a f t e r  s u f f i c i e n t  burnup, the matrix w i l l  develop micro and macro cracks. 

Results of  an i r rad ia t i on  study o f  2 w/o B-I0 austeni t ic  stainless steel  - - 
samples a t  W A A ) ( ~ )  indicate three consecutiye stages i n  the i r rad ia t i on  

- - . - .  . -  - .. - 

damage of these samples. A )  In  the f i r s t  stage, the a l loy exh i b i t s  neg- 
- .  

l i g i  b l e  volume swe l l'l'& and an i-ncrease i n  hardness and tens i l e  strength 
. - 

w i th  burnup; B) The second stage i s  noted by an increased volume swel l ing 

r a t e  o f  the a l loy with burnup. a decrease i n  tens i je  strength, a satwrat ion 

of hardness and the i n i t i a t i o n  of  submicrocrack Poyma-tion2 C) The -third 

stage i s  character i zed by the f orma)ion o f  m tcrocracks 1 ,?he a 1 lay, gross 

swelling, and a complete loss of  mechanicas str'ength, The i n i t i a t i o n  of  . . - .  - - .- - .  - 

the second stage and the subm icrocracks i n  austen'l t i c  s i a  i n  less stee l started 

a t  approximately 195 core a/o .burnup, 
., - 
-13- 



Twelve t e n s i l e  specimens o f  18-8 s ta in less  s tee l  conta in ing I w/o boron, 

enriched t o  93 per cent  i n  B-10, were i r rad ia ted  t o  0.3, 1 . 1 ,  1.8,'and 

4.0 core,  a /o  burnup. (6 )  Posf i r r a d i a t i o n  examination o f  the specimens 
. . 

pr i o r  t o  tens i l e  t e s t  i ng showed a crack present i n one o f  the spec imens 

i r r ad ia ted  t o  1.8 core a/o burnup. No cracks were observed i n  the re-  

maining eleven samples, inc luding the one i r rad ia ted  t o  4.0 core a /o  

burnup. No explanation was avai table. f o r  the cause o f  the crack. 

Examination o f  the 2 w%o boron (na tu ra l )  s ta in less  s tee l  con t ro l  rods 
. . 

removed f r an  EBWR: has shown t h a t  .cracking ' k cu r red  a t  a large qurnber 

: (estimated a t  60 per cent)  o f  the 's,pot we Ids. ( I I ) The cracks are  

semi-circu lar ,  averaging abou t .  1 /4 inch "in .length. Some o f  the cracks 

from the outer-most row o f  welds extend t o  the edge.of the blades. The 

rods have experienced approximately 8,000 TMWD o f  i r r a d i a t i o n  i n  the 
. . 

EBWR reac to r  which i.s 9qua.l t o  about 0.4 maximum core a /o  burnup. The 

technique o f  spot welding inherent ly 'produces h igh res idua l  mechanical 

stresses i n  the immediate v i c i n i t y  o f  the weld which i s  exact ly  where a l l 

o f  the cracks occurred. The unstressed mater ia l  showed no signs o f  crack 

formation. 

Cracks were observed i n  the Dresden 2 w/o natural  boron s ta in less ,con t ro l  
. . 

rods when they were removed from the reactor  t o  check the guide r o l l e r s .  ( i l l  

The cracks were adjacent t o  the boron s t a i n  less we Ids j o i  n i ng tb,e blades 

o f  the cruc i form and on. the blades themse I ves. The cracks were not  ob- 

served p r i o r  t o  i r r ad ia t i on ,  but  appeared a f t e r  a shor t  i r r a d i a t i o n  time. 

The h igh res idua l  stresses i n  the weld area ( i f  not  re l ieved  by a thermal 

treatment), combined w i th  the mechanical and thermal stresses present dur ing 

reactor  0perat.i on, wou I d probab l y be suf f i c  i en t  t o  cause the observed 
. .. - . , . .. . . . . 

cracks. Cold r o l l e d  p l a te  was used . in  these rods which would be more l i k e l y  

t o  crack than annealed plate. 



4.3 SweII inq and Helium Gas Release . . 

. . 

The quan t i t y  o f  hel ium generated i n  an i r r a d i a t e d  boron s t a i n l e s s  a l l o y  

i s  equa l t o  t h e  core  atom per cent  burnap o r  B-I0 atoms t h a t  have been 

destroyed. The he l i um i s  generated pr i nc i pa l I  y  i n  the  complex bor i de 

phase wh ich  i s  d  i s p e r ~ e d  throughout the  s t a i : i l . ~ : ~ s $  ;tee l ma t r i x .  The g a s  

c o l  l e c t s  i n  sma l  I  pockets and voids produced by the  des t ruc t  ion o f  t h e  

B-10, and exe r t s  an i n t e r n a l  pressure on the  ma t r i x .  The magnitude o f  

gas pressure i s  dependent upon the  temperature and the  q u a n t i t y  of gas '. 

?toms present.  When t h e  s t rength  o f  t h e  m a t r i x  i s  exceeded, s w e l l i n g  

o f  t h e  mater i a  l occurs. 

Low Temperature 

S u f f i c i e n t  i r r a d i a t i o n  data has,been c o l l e c t e d  t o  show a , , d e f i n i t e  cor -  

r e l a t i o n  between B-IO barnup and s w e l l i n g  o f  t he  metal.  As shown by 

Figure 5, t h e  data can be co r re la ted  by p l o t t i n g  per cent  volume increase 

o f  t he  metal versus core atom W r  cent  burnup. Due t o  t h e  spread i n  t h e  

data caused by u n l i k e  samples, a  d i s t i n c t  curve cannot be p l o t t e d  but 

I r a t h e r  a  band. The .f i gure shows t h a t  I  core a /o  'burnup can cause from 

I  t o  4 volume per cent  increase . . ( s w e l l i n g )  i n  boron s t a i n l e s s ,  Tt i is i s  

foq  dala i r r a d i a t e d  a t  +600 F. 

The fo l l ow ing  general qbservat ions have been made on s w e l l i n g  o f  boron 

i s t a i n l e s s  i r r a d i a t e d  .a t  5 600.F. Yeniscovich, e t  a l ,  est imate t h e  r a t e .  , . '  

o f  vo(ume increase f o r  a u s t e n i t i c  boron s t a i n l e s s  i s  2-4 per cent  per 

core  a /o  burnup f o r  burnups greater  than 1.5 core a/o. W .  E. Ray 

est imates t h a t  s w e l l i n g  and associated c rack ing becomes det r imenta l  t o  
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t h e  i n t e g r i t y  o f  t h e  m a t r i x  above I .5 core a/o  burn^^.(^) Reference 

7 s ta tes  t h a t  no growth appears t o  occur u n t i l  0.7 core  a / o  burnup. 

Beyond t h i s  po in t ,  growth i s  r a p i d  and proceeds a t  an increasing r a t e .  

Reference 2 s t a t e s  a s w e l l i n g  r a t e  o f  2.6 volume per cen t  per core  

a / o  burnup f o r  a burnup range o f  1 . 7  core a/o. I t  appears t h a t  a burnup 

beyond 1.0 core a /o  would be de t r imen ta l .  

H i qh Temperature 

The amount o f  maclerial s w e l l i n g  i s  a l s o  a func t i on  of  t h e  i r r a d i a t i o n  

temperature f o r  a g iven burnup above 800 F.  Some pos t - i r rad  i a t i o n  

annea I s  have been performed on i r r a d i a t e d  specimens. These data a r e  

p l o t t e d  on F igu re  6. ( l o )  These annea I s  were from one t o  twenty-four 

hours a t  t he  se lec ted  temperatures. I t  i s  seen t h a t  above 1100 F t h e  

r a t e  o f  .swe l I i ng f o r  I core a / o  burnup shows a sharp i ncrease and the  .' 

2 core  a /o  s w e l l i n g  becomes s i g n i f i c a n t  above 850 F. Ths s w e l l i n q  

which occurred du r inq  the  anneals was i n  a d d i t i o n  t o  t h e  swe l l  i n s  which 

took place du r inq  i r r a d i a t i o n .  I f  t h e  samples had been i r r a d i a t e d  a t  

t he  anneal ing temperatures, t h e  s w e l l i n g  most c e r t a i n l y  would have been 

greater ,  and by as much as a fac to r  o f  two. Thus, t h e  presence o f  swel 1 ing 

a t  h igh  temperatures poses a d e f i n i t e  l i m i t a t i o n  on t h e  a l lowab le  core a /o  

burnup f o r  such appl  i ca t i ons .  

Yeniscavich, (8)  e t  a I ,  whi l e  performing p o s t - i r r a d i a t i o n  annea I s  on some 

o f  t he  boron s t a i n l e s s  samples measured the  amount o f  Me gas released. 

Two a u s t e n l t i c  samples having 3.7 a / o  burnup annealed a t  750 F f o r  one 

hour had 41-43 per c e n t  o f  t he  generated He released. Two s i m i l a r  samples 
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annealed a t  750 F  f o r  one hour and a t  930 F f o r  an a d d i t i o n a l  hour had 

44-46 per cent  o f  t he  He r e  leased. Th i s  was the  on l  y  reference found 

which gave s p e c i f i c  amounts o f  gas re lease.  However, a l l  references 
I 

which performed p o s t - i r r a d i a t i o n  anneals t o  determine swe l l i ng  a l s o  

repor ted  a  gas release, but t he  q u a n t i t y  was not  determined. 

5.0. ALLOWABLE BURNUP L l M l TS ON PATHF I NDER CONTROL RWS 

5.1 B o i l e r  Contro l  Rods 

The a v a i l a b l e  i r r a d i a t i o n  data on boron s t a i n l e s s  a l l o y s  has es tab l ished 

d e f i n i j s  t rends f o r  t he  change o f  t h e  mater ia l  p roper t ies  w i t h  B-I0 burn- 

up. Very l i t t l e  2 w/o natura l  boron s t a i n l e s s  has been i r r a d i a t e d  and i t  

i s  necessary t o  i n t e r p r e t  data on o ther  boron a1 loys, conta in ing  d i f f e r e n t  

boron concentrat ions and B-I0 enrichments, t o  f i l l  ou t  t he  o v e r a l l  p i c t u r e .  

i The data i nd i ca te  one core a/o burnup i s  the th resho ld  f o r  observable 

I 
I 

de le te r ious  e f f e c t s  k; 2 d o  natura l  boron s t a i n l e s s  performing i n  Path- 

f i n d e r  b o i l e r  core cond i t ions .  Therefore, a  one core a/o was s e t  as t h e  

maximum p o i n t  burnup l i m i t  f o r  t h e  Fath f inder  b o i l e r  c o n t r o l  rods. 

Examination o f  t e s t  samples from two separate i r r a d i a t i o n  programs show 

t h a t  c rack ing o f  boron s t a i n l e s s  w i l l  no t  occur before 1.5 core a /o  burn- 

up. l r r a d  ia ted  f u  l l  s i z e  c o n t r o l  rods from EBWR and Dresden have d isp layed 

cracks a f t e r  moderate and s h o r t  burnup, respec t i ve l y .  I t  i s  f e l t  t h a t  t h e  

fabr i c a t  ion process used t o  make these c o n t r o l  rods . l e f t  h  igh r e s  idua l 

st resses i n  the  mater ia l  and t h a t  these stresses, p lus t h e  opera t ing  mech- 

I 

an ica l and therma I' stresses, were s u f f i c i e n t  t o  cause the  cracks. A s t r e s s  

r e l i e f  f o l l ow ing  f a b r i c a t i o n  would have 'g rea t l y  reduced the  res idua l  s t resses 

and t h e  c rack ing might  n o t  have occurred. 



The Pathf inder c o n t r o l  rods w i l  l be s t ress  r e l i e v e d  t o  reduce a1 I  res idua l  

f a b r i c a t i o n  st resses and minimize t h e  p o s s i b i l i t y  o f  c rack ing o f  ma te r ia l  

du r ing  i r r a d i a t i o n .  

I r r a d i a t i o n  data ind ica tes  approximately two t o  th ree volume per cent  

increase o f  the  mater i a  l  w i  l  I  occur per core a:/o burnup. Wi th in  the  

burnup l i m i t ,  swel l i n g  w i l l  occur slowly and should n o t  be detr imental  

t o  t h e  material,, o r  t o  t h e  opera t ion  o f  t he  rod. 

Mechanical p roper t ies  o f  t he  2 w/o boron s t a i n l e s s  w i l l  change w i t h  ir- 

r a d i a t i o n .  A t  one core a /o  burnup, the  t e n s i l e  and y i e l d  s t reng th  w i l l  

increase w i t h  t h e  y i e l d  s t reng th  approaching the  t e n s i l e  s t rength .  

Elongat ion o f  t h e  mater ia l  w i l l  be reduced t o  about one percent and the  

impact s t rength  w i l l  be g r e a t l y  reduced. The large reduc t ion  i n  d u c t i l i t y  

o f  t h e  mater ia l  i s  t he  major burnup r e s t r i c t i o n  as  f a r  as mechanical pro- 

p e r t i e s  a r e  concerned. Thus the  burnup should no t  exceed one core a/o. 

Also, t h e  rods must be r e l a t i v e l y  notch f ree  and have a  smooth sur face 

f i n i s h  t o  minimize notch s e n s i t i v i t y  of t h e  ma te r ia l s .  

5.2 Superheater Contro l  Rods 

Swel l ing  and gas re lease a r e  t h e  on ly  i r r a d i a t i o n  e f f e c t s  which pose a  

l i m i t  on the  superheater c o n t r o l  rods. The mechanical s t rength  and s t ruc -  

t u r e  support of t he  c o n t r o l  rod  i s  suppl ied by t h e  304L s t a i n l e s s  s tee l  

c ladding.  Any change i n  mechanical p roper t ies  o f  t h e  2 w/o boron s t a i n l e s s  

w i l I have no adverse e f f e c t  on i n t e g r i t y  o f  t h e ,  c o n t r o l  - rod  .?.;l:Abo-ve th6  boron 

s t a  i n  I  ess"!rod;-- alYgas chamber i s  provided w i t h  i n the  c o n t r o l  rod  wh i c h  i s  



s u f f i c i e p t l y  large t o  con ta in  any amount o f  hel ium t h a t  may be released 

dur ing  i r r a d  ia't ' ion. 

Some swe l I i ng of the  boron s t a i n  less may occur . i f  the. rods accumulate . 

s u f f i c i e n t  burnup and a re  exposed t o  h igh  temperatures (above 1000 F)  

f o r  an extended length o f  t ime ( r e f e r  t o  ~ i g . ' 6 ) .  Due t o  t h e  manner 

i n  which these.rods w i l l  be used i n  the  r e a c t o r ' i t  i s  very doubt fu l  i f  ;$ . 
' 

such a c o n d i t i o n  w i l l  occur. A maximum burnup o f  0.5 core a /o  has been 

s e t  f o r  these rods t o  insure t h a t  the, swe l l i ng  and gas re lease . w i  I !  not  

be detr imental  t o  the  i n t e g r i t y  o f  t h e  c o n t r o l  rod .  The c o n t r o l  rods 

have been designed t o  adequately accomodate any swe l l i ng  t h a t  t he  burnup 

may cause. D e t a i l s  on t h i s  sub jec t  a re  presented i n  Reference 13. 
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