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FOREWORD 

The Gas-Cooled Reactor Programs being c a r r i e d  o u t  a t  t h e  Oak Ridge 
Nat iona l  Laboratory c o n t r i b u t e  t o  t h e  development and eva lua t ion  of high- 
temperature  gas-cooled r e a c t o r s  (HTGRs) and of gas-cooled f a s t  r e a c t o r s  
(GCFRs). 
Development Adminis t ra t ion  (ERDA) and inc lude  t h e  Thorium U t i l i z a t i o n  
Program (HTGR Fuel Recycle Development Program), t h e  HTGR Base Program, 
t h e  HTGR Sa fe ty  Program, and t h e  GCFR Program. This  r e p o r t  covers  work 
performed on t h e  HTGR Base Program. 

These programs are sponsored by t h e  U.S. Energy Research and 

Major i n c e n t i v i e s  f o r  developing HTGRs are t h e  p rospec t s  f o r  
economically a t t r a c t i v e  power product ion,  improved f u e l  u t i l i z a t i o n ,  t h e  
p o t e n t i a l  f o r  ob ta in ing  low environmental  impact a t  a d i v e r s i t y  of p l a n t  
si tes,  t h e  p o t e n t i a l  f o r  high-temperature d i r e c t  c y c l e  and process  h e a t  
a p p l i c a t i o n s ,  and t h e  pe r t inence  of t h e  component technology t o  GCFRs.  
The good neut ron  economy and f u e l  performance permit  high burnup and 
a s soc ia t ed  low fue l -cyc le  c o s t s .  The high-temperature c a p a b i l i t y  of t h e  
g r a p h i t e  co re  s t r u c t u r e  enables  r e a c t o r  p l a n t  ope ra t ion  a t  h igh  thermo- 
dynamic e f f i c i e n c y ,  and thus  requirements  f o r  h e a t  d i s s i p a t i o n  t o  t h e  
environment are r e l a t i v e l y  low. Exce l l en t  f i s s i o n  product  r e t e n t i o n  by 
t h e  coated f u e l  p a r t i c l e s  l e a d s  t o  coolan t  c i r c u i t s  wi th  low r a d i o a c t i v i t y  
l e v e l s .  Fu r the r ,  t h e  high exposures a t t a i n a b l e  wi th  HTGR f u e l s  permit  
t h e  development of economic f u e l  r ecyc l ing .  

The o rgan iza t ion  of t h i s  r e p o r t  i s  based on an  o r d e r l y  p r e s e n t a t i o n  
of t h e  development work being performed under t h e  Base Technology Program. 
The program inc ludes  t e s t i n g  and eva lua t ion  of p r e s t r e s s e d  conc re t e  
r e a c t o r  v e s s e l s  (PCRVs) and primary c i r c u i t  s t r u c t u r a l  materials under 
p o s s i b l e  r e a c t o r  cond i t ions ,  f i s s i o n  product  behavior  s t u d i e s ,  f u e l  and 
coolan t  chemistry s t u d i e s ,  and a n  emphasis on f a b r i c a t i o n ,  c h a r a c t e r i z a t i o n ,  
i r r a d i a t i o n  t e s t i n g ,  and performance eva lua t ions  of f u e l  and f u e l  e lements .  

I n  work on PCRVs,  c o r r e l a t i o n  of t h e  ope ra t ing  d a t a  wi th  a n a l y t i c a l  
models f o r  conc re t e  behavior and an  i n v e s t i g a t i o n  of tendon co r ros ion  
completed t h e  work on t h e  Thermal Cyl inder  Experiment. Addi t iona l  t e s t i n g  
of materials,  ins t rumenta t ion ,  and conc re t e  models and a n a l y t i c a l  work on 
concre te  behavior w e r e  c a r r i e d  o u t ,  and t h e  programs involv ing  creep  and 
moisture  migra t ion  i n  conc re t e  w e r e  completed by documentation of f i n a l  
r e s u l t s .  

The new program on s t r u c t u r a l  m a t e r i a l s  s t u d i e s  involv ing  mechanical 
p r o p e r t i e s  and co r ros ion  of primary c i r c u i t  materials became ve ry  a c t i v e  
during t h i s  per iod .  A series of c reep  tes t  r i g s  ope ra t ing  i n  HTGR primary 
coo lan t  environment w e r e  commissioned and t e s t i n g  w a s  begun, and s t u d i e s  
on s u b c r i t i c a l  c rack  growth and low-cycle f a t i g u e  f a i l u r e  i n  materials 
were c a r r i e d  o u t .  The co r ros ion  t e s t i n g  of steam genera tor  materials 
involves  i so thermal ,  c y c l i c ,  and h e a t  f l u x  t e s t i n g  of candida te  materials 
i n  a loop a t  a f o s s i l - f i r e d  steam p l a n t .  

x i  
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The experimental  programs on f i s s i o n  product  technology and f u e l  
and coo lan t  chemistry a re  a l l  p r e s e n t l y  included i n  Base Program work. 
The behavior  and release of f i s s i o n  products  i n  f u e l  p a r t i c l e s  have been 
s t u d i e d  f o r  several y e a r s ,  and t h e s e  s t u d i e s  are c l o s e l y  r e l a t e d  t o  
p r e s e n t  i n v e s t i g a t i o n s  of f i s s i o n  product  behavior  i n  g r a p h i t e  and i n  -the 
coo lan t  c i r c u i t  of t h e  Peach Bottom HTGR. Fue l  chemistry s t u d i e s  have 
emphasized t h e  mig ra t ion  of f u e l  i n  a temperature  g r a d i e n t  and t h e  oxygen 
p o t e n t i a l  i n  f u e l  du r ing  v a r i o u s  s t a g e s  of f u e l  element l i f e .  F i n a l l y ,  
coo lan t  chemistry s t u d i e s  have emphasized s team-graphi te  r e a c t i o n  k i n e t i c s  
and involve  a c a r e f u l  a n a l y s i s  of F o r t  S t .  Vrain s t a r t - u p  d a t a  t o  obta:in 
new informat ion  on r e a c t i o n  ra tes .  

HTGR f u e l  development work a t  ORNL i s  l a r g e l y  concerned w i t h  evalu- 
a t i n g ,  understanding,  and improving f u e l  performance and wi th  s tudying  
t h e  behavior  of c e r t a i n  f i s s i o n  products ,  inc luding  t h e i r  e f f e c t s  on f u e l  
performance. Coated-par t ic le  f u e l  s t u d i e s  involve  i r r a d i a t i o n  t e s t i n g ,  
w i th  emphasis on demonstrat ion of s a t i s f a c t o r y  f u e l  and m a t e r i a l s  pe r fo r -  
mance a t  t he  r equ i r ed  f u e l  burnup and f a s t -neu t ron  f luences .  An important  
p a r t  of t h e  program invo lves  i r r a d i a t i o n  t e s t i n g  and eva lua t ion  of f u e l s  
produced i n  p ro to type  r e c y c l e  f a c i l i t i e s .  I n  t h e s e  tests, t h e  High Flux 
I so tope  Reactor  (HFIR) has  proved h igh ly  u s e f u l  as an  i r r a d i a t i o n  f a c i l i t y ;  
w e  a l s o  u t i l i z e  a n  in-core f a c i l i t y  a t  t h e  ORR, which provides  r e l a t iv l e ly  
l a r g e  volumes f o r  t e s t i n g  f u e l  bodies .  P repa ra t ions  are  n e a r l y  complete 
f o r  t h e  u s e  of a second in-core f a c i l i t y  a t  ORR f o r  t h e  measurement of 
i r r a d i a t i o n  c reep  of moderator and r e f l e c t o r  g r a p h i t e s .  

A l l  our  development work is  coord ina ted  c l o s e l y  wi th  s i m i l a r  develop- 
ment work a t  General  Atomic Company t o  supplement and v e r i f y  t h e i r  t es t  
r e s u l t s  wi thout  unnecessary d u p l i c a t i o n  of e f f o r t .  Work on gas-cooled 
r e a c t o r s  i s  a l s o  being performed i n  Europe, w i th  s i g n i f i c a n t  e f f o r t s  
being c a r r i e d  o u t  on t h e  HTGR concept by t h e  Dragon P r o j e c t  i n  England 
and a t  KFA i n  West Germany. Associated informat ion  p e r t a i n i n g  t o  HTGR 
r e sea rch  and development work i s  obta ined  through t h e  ERDA/Dragon HTGR 
Agreement and t h e  ERDA/KFA Exchange Arrangement. These exchange progr,ams 
inc lude  informat ion  on f u e l  c h a r a c t e r i z a t i o n ,  t e s t i n g ,  and performance, 
f u e l  reprocess ing ,  f i s s i o n  product  behavior ,  materials behavior ,  and 
r e a c t o r  s a f e t y .  The exchange of in format ion  i s  f a c i l i t a t e d  by occas iona l  
v i s i t s  and exchanges of mater ia ls  f o r  t e s t i n g  as w e l l  a s  t h e  formal  
exchange of publ ished documents. I n t e r a c t i o n s  between t h e  ORNL and 
overseas  programs are  r epor t ed  where appropr i a t e .  



SUMMARY 

1. PRESTRESSED CONCRETE PRESSURE VESSEL DEVELOPMENT 

Postmortem s t u d i e s  of t h e  ORNL Thermal Cyl inder  Model have been 
The thermal cyc l inde r  experiment w a s  designed t o  provide  a completed. 

means f o r  eva lua t ing  p r e s e n t  c a p a b i l i t y  t o  p r e d i c t  time--dependent stress- 
s t r a i n  behavior  of P r e s t r e s s e d  Concrete  Reactor  Vessels under t y p i c a l  
des ign  and of f -des ign  ope ra t ing  cond i t ions .  The r e s u l t s  of s t u d i e s  con- 
ducted t o  determine reasons  f o r  observed disagreement  between t h e  model 
t es t  d a t a  and c a l c u l a t e d  r e s u l t s  show t h a t  t h e  primary f a c t o r s  are t h e  
f a i r l y  l a r g e  scatter i n  comparable conc re t e  embedment gage d a t a  and a n  
apparent  de f i c i ency  i n  t h e  a n a l y t i c a l  c r eep  a lgo r i thm f o r  t h e  thermal  
t r a n s i e n t  cond i t ion .  
mechanism of co r ros ion  of t h e  thermal  c y l i n d e r  model a x i a l  tendons.  The 
p r e f e r r e d  hypothe.sis t h a t  ammonium carbonate  w a s  r e s p o n s i b l e  f o r  t h e  
f a i l u r e s  w a s  n o t  confirmed; however, h igh  concen t r a t ions  of n i t r a t e s  
caused cracking  of s t r e s s e d  tendon w i r e s  i n  a ve ry  s h o r t  t i m e .  The tendon 
f a i l u r e s  have been a t t r i b u t e d  t o  s t r e s s - c o r r o s i o n  c racking  of t h e  w i r e s  
i n  t h e  r a t h e r  unique environment provided by t h e  thermal  c y l i n d e r  model. 

Laboratory s t u d i e s  w e r e  conducted t o  i d e n t i f y  t h e  

The major e f f o r t  under t h e  a n a l y s i s  methods development t a s k  h a s  
been t o  develop b a s i c  computer c a p a b i l i t y  and t o  review t h e  s t a t e  of t h e  
a r t  of PCRV a n a l y s i s  methods. Both two-dimensional (SAFE/CRACK and 
CREEP/PLAST) and three-dimensional (NgNSAP) f i n i t e  element codes have 
been made o p e r a t i o n a l  on t h e  ORNL computer, and a d i a g n o s t i c  code has  
been developed f o r  checking element s p e c i f i c a t i o n  e r r o r s .  

Under t h e  PCRV head f a i l u r e  s t u d i e s  be ing  conducted a t  t h e  Un ive r s i ty  
of I l l i n o i s ,  two vessel models have been t e s t e d ,  and computer programs f o r  
ana lyz ing  t h e  heads have been made o p e r a t i o n a l .  Design and c o n s t r u c t i o n  
of a p r e s t r e s s i n g  appa ra tus  and development of a l i n e r  system w e r e  
necessary  b e f o r e  t h e  models could be  post- tensioned and p res su r i zed  t o  
f a i l u r e  . 

Plans  have been f i n a l i z e d  f o r  eva lua t ing  PCRV conc re t e  embedment 
in s t rumen ta t ion  and s t r u c t u r a l  model s t u d i e s  a t  ORNL. Represen ta t ive  
commercial i n s t rumen ta t ion  has  been procured,  and t e s t i n g  under s imulated 
PCRV environment h a s  begun. W e  w i l l  a l s o  s tudy  t h e  adequacy and s t r u c t u r a l  
advantages of grouted  over  ungrouted tendons i n  a PCRV. 

The ORNL l a b o r a t o r y  f o r  c a s t i n g  and t e s t i n g  s t r u c t u r a l  models and 
r e l a t e d  conc re t e  specimens has  been completed. A ser ies  of instrumented 
p r e s t r e s s e d  conc re t e  beams having e i t h e r  grouted o r  ungrouted tendons 
w i l l  be  used t o  e v a l u a t e  s t r u c t u r a l  behavior ,  c o r r o s i o n  r e s i s t a n c e ,  new 
g rou t ing  and conc re t e  materials, and tendon monitor ing techniques .  

A program has  been i n i t i a t e d  t o  determine f r a c t u r e  toughness charac-  
ter is t ics  of t h e  f e r r i t i c  components of t h e  steel used f o r  PCRV pene- 
t r a t i o n s  and c l o s u r e s .  The f o r g i n g  and p l a t e  mater ia ls  are be ing  obta ined  
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by General Atomic Company (GA) from t h e  materials being used i n  f a b r i c a t i n g  
PCRV metall ic components. I n i t i a l  t e s t i n g  completed thus  f a r  i n d i c a t e s  
t h a t  t h e  fo rg ing  materials exceed t h e  impact and s t r e n g t h  requirements  
f o r  SA-508 class 1 s tee l .  

L i t e r a t u r e  w a s  reviewed t o  determine c u r r e n t  knowledge of conc re t e  
p r o p e r t i e s  i n  a nuc lea r  environment. There i s  a s e r i o u s  l a c k  of b a s i c  
understanding of behavior  of mass conc re t e  a t  e l eva ted  temperatures ,  of 
i r r a d i a t i o n  e f f e c t s ,  and of t h e  migra t ion  of mois ture  i n  massive s t r u c t u r e s  
such as a PCRV. The t r a d i t i o n a l  types  of s m a l l  p l a i n  conc re t e  l a b o r a t o r y  
specimen tests w e r e  judged as being incapable  of providing t h e  d a t a  re- 
qui red  t o  understand t h e  behavior  of a l a r g e  p r e s t r e s s e d  conc re t e  s t r u c t u r e  
A recommendation w a s  made t h a t  r ea l i s t i c  PCRV s t r u c t u r a l  models be  
developed and t e s t e d  t o  o b t a i n  t h e  r equ i r ed  d a t a .  

A survey of a v a i l a b l e  commercial conc re t e  embedment in s t rumen ta t ion  
has  been completed, r e p r e s e n t a t i v e  ins t ruments  have been procured,  and 
a n  eva lua t ion  program has  been planned. Work has  a l s o  begun t o  determine 
c a p a b i l i t y  of p re sen t  commercial a c o u s t i c  emission systems f o r  i n - se rv ice  
monitor ing of PCRV s t r u c t u r a l  i n t e g r i t y .  Based on informat ion  obta ined  
thus  f a r ,  p l a n s  have been made t o  procure  an  a c o u s t i c  emission monitor ing 
system f o r  use  i n  t h e  i n i t i a l  s t r u c t u r a l  model s tudy of grouted p r e s t r e s s i n g  
tendons. 

Reports  have been publ ished on t h e  U.S. Army Waterways Experiment 
S t a t i o n  mois ture  migra t ion  experiment and t h e  Un ive r s i ty  of Texas long- 
term conc re t e  c reep  tests. The major p o r t i o n  of t h i s  r e sea rch  w a s  
completed i n  1972; however, funding l i m i t a t i o n s  have de fe r r ed  p repa ra t ion  
and p u b l i c a t i o n  of t h e  f i n a l  r e p o r t s  t o  t h e  p re sen t  t i m e .  

2. STRUCTURAL MATERIALS 

A program w a s  i n i t i a t e d  i n  l a t e  1973 t o  provide a n  a p p r o p r i a t e  d a t a  
base  f o r  t h e  s e l e c t i o n  of  materials f o r  primary c i r c u i t  and s t e a m  
genera tor  components of a l a r g e  commercial HTGR. S t u d i e s  inc lude  high- 
temperature  mechanical p r o p e r t i e s  t e s t i n g  and steam cor ros ion  t e s t i n g .  

Mechanical P r o p e r t i e s  

T e n s i l e  t es t  r e s u l t s  of i so the rma l ly  annealed 2 1 / 4  C r - 1  Mo s t ee l  
and 9 C r - 1  Mo s t ee l  up t o  593°C (1100°F) were s imi l a r  t o  and c o n s i s t e n t  
w i t h  d a t a  from t h e  Nuclear Systems Materials Handbook. Has te l loy  S w a s  
s t r o n g e r  than  Has te l loy  X i n  t e n s i l e  tests up t o  816°C (1500°F). 
871OC (1600°F) t e n s i l e  s t r e n g t h s  were i d e n t i c a l .  

A t  

F a c i l i t i e s  w e r e  developed t o  creep test  materials i n  s imulated HTGR 
helium. Ten systems were b u i l t ,  and developments r e l a t i n g  t o  specimen 
des ign ,  extensometry,  and t h e  environmental  system are descr ibed .  
I n i t i a l  c reep  test  r e s u l t s  on 2 1 / 4  C r - 1  Mo s tee l ,  9 C r - 1  M o  s teel ,  and 
Has te l loy  X i n  HTGR helium are  r epor t ed .  



S u b c r i t i c a l  c r ack  growth d a t a  on 2 1 / 4  C r - 1  Mo s t ee l  have been 
obta ined  wi th  s ix  closed-loop e l e c t r o h y d r a u l i c  machines t h a t  o p e r a t e  i n  
e i t h e r  a i r ,  helium, o r  steam. These d a t a  show t h a t  (1) inc reas ing  tempera-  
t u r e  inc reases  c rack  growth r a t e  except  i n  t h e  s t r a i n  aging range 315-430°C 
(600-80OoF), ( 2 )  decreas ing  c y c l e  frequency i n c r e a s e s  c y c l i c  c rack  growth 
ra te  a t  h igh  temperatures ,  (3) i nc reas ing  t h e  mean stress l e v e l  i n c r e a s e s  
c rack  growth ra te ,  and ( 4 )  steam and helium may r e t a r d  c rack  growth ra te  
compared wi th  a i r .  

The low-cycle f a t i g u e  behavior  of 2 1 / 4  C r - 1  Mo s tee l  i n  a i r  i s  
r epor t ed .  Major test parameters included s t r a i n -  o r  load-range, tempera- 
t u r e ,  cyc le  form and frequency, and hold t i m e s .  S t r a i n  aging caused a 
peak i n  f a t i g u e  l i f e  a t  800°C. 
f a t i g u e  l i f e .  A compressive o r  t e n s i l e  hold per iod decreased f a t i g u e  
l i f e .  

Decreasing the  s t r a i n  ra te  decreased 

Corrosion of Steam Generator Materials 

A v a r i e t y  of materials inc luding  2 1 / 4  C r - 1  Mo s t ee l ,  9 C r - 1  Mo s teel ,  
type 304 s t a i n l e s s  s teel ,  type  410 s t a i n l e s s  steel, Incoloy 800, Inconel  
600, Inconel  625, Has te l loy  N ,  and E b r i t e  26-1 were exposed t o  oxygenated, 
ch lor ide-conta in ing  wet-dry s t e a m  environments. When exposed t o  stresses 
w i t h i n  t h e  e las t ic  range no f a i l u r e s  due t o  p i t t i n g  o r  s t r e s s -co r ros ion  
cracking occurred a f t e r  t i m e s  up t o  6475 h r  a t  385°C (725°F). A t  h igh  
s t r a i n s  (-7%) as-welded Incoloy 800, Has te l loy  N ,  and E b r i t e  26-1 w e r e  
extremely s u s c e p t i b l e  t o  c racking .  

Af t e r  6000 h r  a t  specimen temperatures  of 510 t o  540°C (950-1005°F) 
h e a t  f l u x  (126 kW/m2) increased  t h e  co r ros ion  ra te  of 2 1 / 4  C r - 1  Mo s t ee l  
about  1 . 5  t i m e s  t h a t  observed i n  i so thermal  steam cor ros ion  tests a t  
538°C (1000°F). 

3. FISSION PRODUCT TECHNOLOGY STUDIES 

The ex ten t  t o  which r e l a t i o n s h i p s  between f u e l  p a r t i c l e  s t a b i l i t y  
and temperature  and i r r a d i a t i o n  h i s t o r i e s  had been e s t a b l i s h e d  w a s  
reviewed. Experimental  d a t a  are  spa r se .  Moreover, companion s t u d i e s  
of techniques f o r  i d e n t i f y i n g  coa t ing  f a i l u r e s  sugges t  t h a t  some of t h e  
s t a b i l i t y  d a t a  are  suspec t  because t h e  o p t i c a l  methods used are 
u n r e l i a b l e .  

The mathematical  framework f o r  use  i n  s t u d i e s  of f i s s i o n  product  
release from i n t a c t  f u e l  p a r t i c l e s  had been developed, and t h e  exper i -  
mental  s t u d i e s  w e r e  r eo r i en ted  somewhat t o  t es t  t h e o r e t i c a l  p r e d i c t i o n s  
and assumptions,  and t o  provide more d e t a i l e d  information on i n i t i a l  
and boundary condi t ions .  P a r t l y  f o r  t h e s e  reasons ,  a micro g r ind ing  
technique w a s  developed t o  o b t a i n  concen t r a t ion  p r o f i l e s  w i t h i n  t h e  
p y r o l y t i c  carbon coa t ings .  
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S tud ie s  of cesium t r a n s p o r t  through g r a p h i t e  s e p t a  i n d i c a t e  t h a t ,  
i n  gene ra l ,  more than  one d i f f u s i o n  mechanism o p e r a t e s .  Good c o r r e l a t i o n  
of l a b o r a t o r y  and f u e l  element p o s t i r r a d i a t i o n  examination d a t a  has  been 
obta ined  under t h e  assumption t h a t  s imple F ick ian  d i f f u s i o n  of t h e  cesium 
through t h e  g r a p h i t e  i s  per turbed  by a mechanism t h a t  can  be  desc r ibed  
mathematical ly  as a f i r s t - o r d e r  i r r e v e r s i b l e  r e a c t i o n .  

Analyses of t r i t i u m  and i o d i n e  d i s t r i b u t i o n s  i n  a n  HTGR have been 
completed. Most of t h e  t r i t i u m  t h a t  i s  a v a i l a b l e  f o r  release i s  due t o  
t h e  3He(n,p)T r e a c t i o n .  
s i g n i f i c a n t l y  a f f e c t  i o d i n e  release. 

P l a t e o u t  on coo lan t  c i r c u i t  s u r f a c e s  can  

Gamma-activity scans  a t  s e l e c t e d  s t a t i o n s  a long  t h e  Loop 1 coo lan t  
c i r c u i t  of t h e  Peach Bottom HTGR were made dur ing  t h i s  pe r iod  t o  augment 
s i m i l a r  d a t a  taken  ear l ie r ;  samples of coo lan t  helium w e r e  l i k e w i s e  taken  
a t  l o c a t i o n s  upstream and downstream of t h e  steam gene ra to r .  Both sets 
of d a t a  a f f i r m  p rev ious  obse rva t ions  t h a t  cesium behavior  du r ing  t h e  
e a r l y  p a r t  of Core 2 o p e r a t i o n  w a s  due t o  releases experienced du r ing  
Core 1 opera t ion ,  b u t  t h a t  cesium breakthrough from Core 2 f u e l  had 
unmistakenly occurred .  

P o s t i r r a d i a t i o n  examinat ion of Peach Bottom HTGR d r i v e r  f u e l  element 
E06-01 has  been completed. A s  a n t i c i p a t e d ,  1 3 4 C s  and 1 3 7 C s  d i sp l ayed  
g r e a t e s t  mob i l i t y ;  moreover, a n a l y s i s  of t h e  cesium concen t r a t ion  p r o f i l e s  
i n  t h e  sleeve of t h i s  f u e l  element i n d i c a t e s  t h a t  t r a n s p o r t  through t h e  
sleeve w a s  indeed due t o  cesium d i r e c t l y ,  r a t h e r  than  t o  t h e  corresponding 
xenon p recu r so r s .  

4 .  HTGR KERNEL MIGRATION AND IRRADIATED FUEL CHEMISTRY 

T h e  main o b j e c t i v e  of t h i s  1.5-man-year program i s  the unders tanding  
of t h e  k i n e t i c  p rocesses  and thermodynamics of t h e  f u e l ,  f i s s i o n  product ,  
coa t ing  system t o  a degree  t h a t  pe rmi t s  i d e n t i f i c a t i o n  and q u a n t i t a t i v e  
d e s c r i p t i o n  of f a i l u r e  mechanisms and improved f u e l  performance by means 
of k e r n e l  chemistry mod i f i ca t ion .  

Kernel  Migra t ion  S t u d i e s  

During t h i s  r e p o r t i n g  per iod  t h e  k i n e t i c  s t u d i e s  have concen t r a t ed  
p r i m a r i l y  on determining t h e  exper imenta l  k e r n e l  mig ra t ion  c o e f f i c i e n t s  
(KMC) f o r  a wide v a r i e t y  of c u r r e n t  o r  p o t e n t i a l  HTGR k e r n e l  composi t ions.  
In- reac tor  KMC d a t a  have been obta ined  on about  450 p a r t i c l e s  i n  t h e  
pos t i r r ad ia t ion -examina t ion  program f o r  Th0.84UO.16C2, U 0 2 ,  Th02, and 
Thl-zUz02 ( inc lud ing  bo th  3U and 5 U > .  Q u a l i t a t i v e  mig ra t ion  obser- 
v a t i o n s  have been made in - r eac to r  on U C o . b N 0 . 6  and U O 1 . 5 0 N 0 . 3 8 .  The 
s i g n i f i c a n t  new in - r eac to r  in format ion  obta ined  i n  t h e s e  s t u d i e s  con- 
cerned t h e  l a t t e r  two composi t ions;  bo th  t h e  o x y n i t r i d e  and t h e  carbo- 
n i t r i d e  e x h i b i t e d  unacceptab le  fue l -coa t ing  i n t e r a c t i o n s  and a re  n o t  
cons idered  t o  b e  v i a b l e  HTGR f u e l  composi t ions.  The new KMC informat ion  
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obtained on t h e  o t h e r  ox ide  and c a r b i d e  f u e l  k e r n e l  composi t ions w a s  
g e n e r a l l y  c o n s i s t e n t  w i th  KMC informat ion  r epor t ed  p rev ious ly .  
some discrepancy w a s  noted between in - r eac to r  and l a b o r a t o r y  KMC va lues  
f o r  Th0.84UO.16C2. Also, ex tens ive  U 0 2  mig ra t ion  d a t a  from several 
i n s t a l l a t i o n s  w e r e  used t o  demonstrate  t h a t  t h e  KMC p l o t  c o r r e l a t e d  t h e  
d a t a  as w e l l  as a p l o t  based on r a t e  c o n t r o l  by CO-C02 d i f f u s i o n .  

However, 

Laboratory de te rmina t ions  of KMC va lues  have been made f o r  u n i r r a d i a t e d  
U C 2 ,  ThC2, Th0.84U0.16C2, ThO2, and U 0 1 . 6 5 N 0 . 2 5 .  Th i s  p a r t  of t h e  ORNL 
program w a s  accomplished i n  i t s  e n t i r e t y  dur ing  t h i s  r e p o r t i n g  per iod;  
k e r n e l  mig ra t ion  w a s  measured i n  a t o t a l  of approximately 1100 p a r t i c l e s .  
The ORNL KMC d a t a  f o r  t h e  u n i r r a d i a t e d  c a r b i d e s  agreed q u a n t i t a t i v e l y  
wi th  t h a t  publ ished by GA; UC2 w a s  t hus  used as a n  i n t e r n a l  s tandard  i n  
a l l  experiments involv ing  o t h e r  k e r n e l  composi t ions.  
observed i n  Tho2 p a r t i c l e s .  Th i s  w a s  t h e  f i r s t  known obse rva t ion  of 
mig ra t ion  i n  u n i r r a d i a t e d  s to i ch iomet r i c  ox ide  ke rne l s ;  t h e  KMC v a l u e s  
ag ree  w i t h  those  f o r  t h e  ex t r apo la t ed  in - r eac to r  behavior  of ThOp. 
Laboratory KMC va lues  f o r  U 0 1 . 6 5 N 0 . 2 5  were approximately comparable wi th  
t h e  ex t r apo la t ed  in- reac tor  behavior  of U 0 2 .  Attempts t o  make as-coated 
U 0 2  migra te  have n o t  been success fu l .  

Migra t ion  w a s  

U C 2  Kernel Evaporat ion 

Heating of weak-acid-resin-derived (WAR) Biso UC2 p a r t i c l e s  a t  1800 
t o  1900°C r e s u l t e d  i n  t h e  q u a n t i t a t i v e  loss of 50% o r  more of t h e  uranium 
from a l l  t h e  p a r t i c l e s  i n  about  550 h r ;  no l o s s  w a s  observed from Biso 
p a r t i c l e s  con ta in ing  f u l l y  dense  UC2 k e r n e l s .  N o  q u a n t i t a t i v e  t h e o r e t i c a l  
explana t ion  f o r  t h i s  evapora t ion  phenomenon h a s  y e t  been developed. I t  
may be  a s s o c i a t e d  wi th  t h e  s u r f a c e  area of t h e  W A R  k e r n e l ,  which i s  1000 
t i m e s  h igher  than t h a t  f o r  dense U C 2 .  The appa ren t  a c t i v a t i o n  energy i s  
about  kJ/mole (100,000 ca l /mole) ;  t h i s  and t h e  containment p r o p e r t i e s  of 
t h e  S i c  l a y e r  on t h e  f i s s i l e  p a r t i c l e s  appa ren t ly  prec lude  any problem 
wi th  uranium l o s s  a t  nominal HTGR temperatures .  

HTGR Kernel Chemistry 

This p a r t  of t h i s  program involves  i n v e s t i g a t i o n s  of k e r n e l  chemistry 
dur ing  f i s s i o n .  I n  t h e  exper imenta l  p o r t i o n  of t h e  work, approximately 
100 p a r t i c l e s  have been broken and t h e  r e l e a s e d  gases  c o l l e c t e d .  T h i s  
has  revea led  t h e  behavior  of t h e  oxygen release as CO p r e s s u r e  w i t h i n  
the ox ide  p a r t i c l e s  as a f u n c t i o n  of burnup and temperature .  These s t u d i e s  
have concent ra ted  p r imar i ly  on Biso Tho2 p a r t i c l e s  i r r a d i a t e d  i n  t h e  
HT-12, -13, -14, and -15 experiments i n  HFIR t o  as h igh  as about  18% FIMA. 
These burnup l e v e l s  a r e  unique t o  HFIR i r r a d i a t i o n s  and provide  informat ion  
t h a t  extends approximately 2.5 t i m e s  beyond t h e  nominal burnup f o r  HTGR 
Tho2 p a r t i c l e s .  Also, t h e  v a l i d i t y  of t h e  ORNL exper imenta l  t echnique  
w a s  v e r i f i e d  by a n  ORNL-AERE-OSGAE intercomparison t h a t  used p a r t i c l e s  
from a s i n g l e  U.K.  i r r a d i a t i o n .  The t h e o r e t i c a l  p o r t i o n  of t h e  k e r n e l  
chemistry s t u d i e s  i s  d i r e c t e d  t o  apply ing  t h e  thermodynamic l i t e r a t u r e  
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t o  t h e  i n t e r p r e t a t i o n  of t h e  observed i n t e r a c t i o n s  between f u e l ,  f i s s i o n  
products ,  and coa t ing .  The phases p r e s e n t  i n  t h e  W A R  UO2-UC2 k e r n e l  have 
been c a l c u l a t e d  as a f u n c t i o n  of i n i t i a l  UC2 con ten t  and burnup; t h e  s a m e  
phases are appa ren t ly  p r e s e n t  a t  a l l  HTGR temperatures .  

5. COOLANT CHEMISTRY: THE STEAM-GRAPHITE REACTION 

Examination of t h e  F o r t  S t .  Vrain HTGR primary coo lan t  impuri ty  
l e v e l s  t h a t  w e r e  obtained wh i l e  t h e  r e a c t o r  w a s  operated a t  t h e  2% power 
level i n d i c a t e d  much h ighe r  CO2/CO c o n c e n t r a t i o n  r a t i o s  than expected,. 
Th i s  anomaly i s  p o s t u l a t e d  t o  be due t o  t h e  r a d i o l y t i c  r e a c t i o n  between 
steam and g r a p h i t e .  

A computational program h a s  been developed t o  assist i n  t h e  a n a l y s i s  
of l a b o r a t o r y  steam-graphite r e a c t i o n  k i n e t i c s  i n v e s t i g a t i o n s .  

6 .  HTGR FUEL QUALIFICATION 

Fue l  Pa r t i c l e  Process  Development and Q u a l i f i c a t i o n  

Resin k e r n e l  s t u d i e s  included c a r b o n i z a t i o n  of t h e  weak-acid r e s i n  
(WAR) k e r n e l s ,  which have been loaded wi th  uranium n i t r a t e ,  t o  produce 
U02 d i spe r sed  i n  a porous carbon matr ix ,  and conversion,  whereby a 
c o n t r o l l e d  amount of t h e  U 0 2  i s  converted t o  UC2. Both Amberli te and 
D u o l i t e  r e s i n s  w e r e  considered i n  t h e s e  s t u d i e s .  

D i f f e r e n t i a l  thermal a n a l y s i s  (DTA) and thermogravimetric a n a l y s i s  
(TGA) w e r e  used t o  d e f i n e  c r i t i c a l  r e a c t i o n  r e g i o n s  du r ing  t h e  carboni-  
z a t i o n  p rocess  (200-500°C). The h e a t i n g  rate through t h e  c r i t i c a l  carbo- 
n i z a t i o n  r ange  had a s t rong  e f f e c t  on t h e  p r o p e r t i e s  of t h e  f i n a l  
product  . 

The carbon-to-uranium r a t i o  i s  a s i g n i f i c a n t  parameter i n  t h e  co'n- 
v e r s i o n  s t e p .  Values above 5.8 w e r e  necessa ry  t o  prevent  agglomeratlon. 
The D u o l i t e  r e s i n  e x h i b i t s  less tendency t o  agglomerate du r ing  conversion 
than  Amberli te r e s i n .  The p a r t i a l l y  converted r e s i n  k e r n e l s  w e r e  shown 
t o  be a mixture  of t h e  phases U 0 2 ,  UC2 ,  and UC,O1-,. The amount and 
p ropor t ion  of t h e s e  phases can be c o n t r o l l e d  by temperature  v a r i a t i o n  
and t h e  a d d i t i o n  of hydrogen o r  carbon monoxide t o  t h e  f l u i d i z i n g  gas; 
stream. The presence of t h e s e  phases sugges t s  t h e  p o s s i b i l i t y  of uranium 
v o l a t i l i z a t i o n  during conversion, a l though l o s s e s  of on ly  0.02% have 
been d e t e c t e d  under a "worst case" c o n d i t i o n  (very r a p i d  c a r b o n i z a t i o n  
c y c l e ) .  

Microradiographic examination of coated WAR f u e l s  h a s  shown t h a t  
under c e r t a i n  c o n d i t i o n s  a s u b s t a n t i a l  amount of uranium can b e  t r a n s -  
f e r r e d  from t h e  k e r n e l  t o  t h e  b u f f e r .  Th i s  t r a n s f e r  occur s  du r ing  
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annea l ing  of t h e  inne r  L T I  coa t ing  a t  1800°C and during depos i t i on  of t h e  
S i c  l a y e r .  
r a t i o s  (high propor t ion  UC2). 

This  " f u e l  d i spers ion"  i s  worst  f o r  f u e l s  wi th  h igh  conversion 

Pyrocarbon (PyC) coa t ing  s t u d i e s  included both  op t imiza t ion  of t h e  
coa t ing  process  and v a r i a t i o n  of coa t ing  process  parameters  t o  determine 
t h e  e f f e c t s  on measurable p r o p e r t i e s .  
ment, t h e  major work w a s  a s s o c i a t e d  wi th  t h e  use  of MAPP gas  t o  r e p l a c e  
propylene f o r  depos i t i on  of L T I  coa t ings .  Ca lcu la t ions  have shown t h a t  
MAPP gas  should r e s u l t  i n  approximately 50% as much h e a t  abso rp t ion  as  
does propylene during t h e  coa t ing  process ,  y i e l d i n g  a cons iderable  
improvement i n  temperature c o n t r o l  of t h e  coa t ing  process .  Experiments 
v e r i f i e d  t h i s  c a l c u l a t i o n .  

Under PyC coa t ing  process  develop- 

The process  parameters f o r  L T I  coa t ing  depos i t i on  w e r e  s y s t e m a t i c a l l y  
v a r i e d  t o  provide a range of coa t ing  mic ros t ruc tu res  f o r  i r r a d i a t i o n  
t e s t i n g  and development of c h a r a c t e r i z a t i o n  techniques.  The parameters  
va r i ed  included depos i t i on  temperature,  MAPP gas  concen t r a t ion ,  t o t a l  
f l u i d i z i n g  gas  f low rate, and bed volume. 
t h e  process  parameters were t e s t e d  i n  t h e  HT-28 through -30 i r r a d i a t i o n  
capsules .  

Specimens prepared by vary ing  

Permeabi l i ty  of L T I  coa t ings  i s  of p a r t i c u l a r  concern.  An a d d i t i o n a l  
experiment w a s  conducted t o  i n v e s t i g a t e  t h e  e f f e c t  of process  v a r i a b l e s  
on L T I  coa t ing  permeabi l i ty .  Leaching of coated pa r t i c l e s  wi th  C 1 2  w a s  
used as a measure of t h e  L T I  permeabi l i ty .  The d a t a  sugges t  t h a t  a p p l i -  
c a t i o n  of a seal c o a t  t o  t h e  o u t e r  L T I  su r f ace  reduces LTI  pe rmeab i l i t y ,  
bu t  f u r t h e r  t e s t i n g  i s  needed t o  prove t h i s  conclus ive ly .  A s  s t a t e d  
ear l ie r ,  ke rne l s  w i th  h igh  conversion r a t i o s  appear t o  be  most s u s c e p t i b l e  
t o  C 1 2  a t t a c k  through permeable L T I  coa t ings .  

S i l i c o n  c a r b i d e  coa t ing  s t u d i e s  included a n  eva lua t ion  of t h e  e f f e c t s  
of coa t ing  cond i t ions  on coa t ing  c h a r a c t e r i s t i c s  when m e t h y l t r i c h l o r o s i l a n e  
(MTS) i s  used as t h e  source  of S i c .  The p r i n c i p a l  v a r i a b l e s  i n  t h i s  s tudy  
w e r e  MTS f l u x ,  H2/MTS r a t i o ,  and coa t ing  temperature .  W e  reached a good 
understanding of t h e  in f luence  of t hese  v a r i a b l e s  on t h e  mic ros t ruc tu re  
of t he  S i c  coa t ing  depos i ted .  I n  a d d i t i o n ,  a l t e r n a t e  coa t ing  compounds 
were considered as p o t e n t i a l  replacements  f o r  MTS (because of t h e  
co r ros ive  n a t u r e  of t h e  H C 1 ,  which i s  a by-product of MTS). No a l te r -  
n a t i v e s  produced coa t ings  of equal  q u a l i t y  t o  those  produced by MTS, b u t  
much more work is  needed i n  t h i s  area. 

Fuel  Rod Fabr i ca t ion  Development and Q u a l i f i c a t i o n  

In-block ca rbon iza t ion  i s  t h e  r e f e r e n c e  f a b r i c a t i o n  process  f o r  
l a r g e  HTGR f u e l  elements.  
p rocess  complexity of t h i s  method, a l t e r n a t i v e s  are being cons idered .  
Carbonizat ion i n  packed alumina beds has  been cons idered ,  bu t  t h i s  i s  
n o t  e a s i l y  adapted t o  remote o p e r a t i o n  r equ i r ed  f o r  f u e l  r e f a b r i c a t i o n .  
A quick-se t t ing  thermoset t ing r e s i n  t h a t  would permit  ca rbon iza t ion  of 

Because of t h e  s i z e  of t h e  equipment and 
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f u e l  rods  i n  g r a p h i t e  t r a y s  wi thou t  a d d i t i o n a l  mechanical suppor t  i s  
being sought.  Seve ra l  cand ida te s  have been i n v e s t i g a t e d ,  b u t  no s u i t a b l e  
ones have y e t  been found. These i n v e s t i g a t i o n s  are con t inu ing  a t  a low 
level of e f f o r t .  

C h a r a c t e r i z a t i o n  of Pyrocarbon Coatings 

Techniques under development f o r  PyC c h a r a c t e r i z a t i o n  i n c l u d e  o p t i c a l  
an i so t ropy  (OPTAF), x-ray de te rmina t ion  of t h e  Bacon a n i s o t r o p y  f a c t o r  
(BAF), oxygen plasma e t ch ing ,  small-angle x-ray s c a t t e r i n g  (SAXS), 
t r ansmiss ion  e l e c t r o n  microscopy (TEM), and chemical c h a r a c t e r i z a t i o n .  
C h a r a c t e r i z a t i o n  e f f o r t s  have been concen t r a t ed  on specimens prepared f o r  
i r r a d i a t i o n  t e s t i n g .  These specimens were f a b r i c a t e d  w i t h  c o a t i n g  
d e p o s i t i o n  c o n d i t i o n s  s y s t e m a t i c a l l y  v a r i e d  t o  provide r anges  of micro- 
s t r u c t u r e s  f o r  c o r r e l a t i o n  wi th  i r r a d i a t i o n  performance. 

Work on OPTAF during t h e  r e p o r t i n g  per iod w a s  on ly  moderately 
s u c c e s s f u l .  Mechanical problems w e r e  encountered wi th  t h e  a p p a r a t u s ,  
which could b e  overcome wi th  t e d i o u s  manual manipulat ion,  b u t  which wi.11 
probably p rec lude  automating t h e  equipment. Several ba t ches  of c o a t i n g s  
were s u c c e s s f u l l y  c h a r a c t e r i z e d ,  and a comparison of measurements made 
on t h e  s a m e  p a r t i c l e s  a t  ORNL and KFA J i l i c h  showed good agreement. 

Two p re l imina ry  experiments u s ing  x-ray d i f f r a c t i o n  techniques 
demonstrated t h e  t e c h n i c a l  f e a s i b i l i t y  of t h i s  method f o r  c h a r a c t e r i z i n g  
t h e  coa t ing  of a s i n g l e  par t ic le .  The major problem wi th  microspheres  
i s  t o  s u f f i c i e n t l y  c o l l i m a t e  t h e  i n c i d e n t  and d i f f r a c t e d  beams so t h a t  
meaningful c r y s t a l l o g r a p h i c  information could be obtained from a r e l a t i v e l y  
s m a l l  volume of L T I  coa t ing .  Powder p a t t e r n s  from crushed c o a t i n g  
samples  revealed c o n s i d e r a b l e  information on t u r b o s t r a t i c  s t a c k i n g ,  
c r y s t a l l i t e  s i z e ,  and degree of g r a p h i t i z a t i o n  i n  t h e  PyC c o a t i n g s .  Work 
began on a method f o r  d i r e c t  de t e rmina t ion  of p r e f e r r e d  o r i e n t a t i o n  i n  
PyC c o a t i n g s  on p a r t i c l e s .  Th i s  technique i s  of i n t e r e s t  because i t  i s  
f a i r l y  r a p i d  and can be q u a n t i t a t i v e .  Development of t h i s  method i s  
con t inu ing  . 

Severa l  e t ch ing  techniques have been i n v e s t i g a t e d  f o r  PyC charac-  
t e r i z a t i o n ,  i nc lud ing  oxygen p lasma o x i d a t i o n ,  e l e c t r o l y t i c  e t c h i n g ,  and 
ca thod ic  e t ch ing .  The e t ch ing  p a t t e r n s  i n  PyC s t r u c t u r e s  have been 
c o r r e l a t e d  wi th  i r r a d i a t i o n  performance of Biso PyC c o a t i n g s .  F requen t ly  
t h e  m i c r o s t r u c t u r a l  f e a t u r e s  r evea led  w e r e  below t h e  r e s o l u t i o n  l i m i t  f o r  
o p t i c a l  microscopes,  so a scanning e l e c t r o n  microscope (SEM) w a s  used. 
Well de f ined  m i c r o s t r u c t u r e s  w e r e  produced by plasma o x i d a t i o n ,  whereas 
t h e  s t r u c t u r e s  r evea led  by ca thod ic  e t ch ing  w e r e  less w e l l  de f ined .  
Cathodic e t ch ing  has  t h e r e f o r e  been abandoned. A b r i e f  i n v e s t i g a t i o n  of 
e l e c t r o l y t i c  e t ch ing  y i e lded  encouraging r e s u l t s .  On c o a t i n g s  t h a t  had 
f a i l e d  under i r r a d i a t i o n ,  cont inuous c i r c u m f e r e n t i a l  bands of s t r u c t u r e  
w e r e  observed a f t e r  e l e c t r o l y t i c  e t c h i n g .  N o  such band s t r u c t u r e  w a s  
observed i n  a ba tch  of p a r t i c l e s  t h a t  had survived i r r a d i a t i o n .  While 
e l e c t r o l y t i c  e t ch ing  d i d  r e v e a l  m i c r o s t r u c t u r a l  d i f f e r e n c e s  between 
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ba tches  of p a r t i c l e s  t h a t  had f a i l e d  and had survived i r r a d i a t i o n ,  t h e  
d i f f e r e n c e s  w e r e  less w e l l  def ined  than those  produced by plasma ox ida t ion .  
Therefore ,  e l e c t r o l y t i c  e t ch ing  has  n o t  been developed f u r t h e r .  

Development of techniques f o r  examination of PyC coa t ings  by 
t ransmiss ion  e l e c t r o n  microscopy (TEM) has  been f r u i t f u l .  Coat ings wi th  
both " tangledf '  and "ordered" s t r u c t u r e s  have been observed, and t h e  
s t r u c t u r e  appears  t o  b e  r e l a t e d  t o  depos i t i on  cond i t ions .  Work dur ing  
t h e  r e p o r t i n g  per iod  has been aimed a t  f u r t h e r  d e l i n e a t i n g  t h e  micro- 
s t r u c t u r e s  of PyC coa t ings  and a t  c o r r e l a t i n g  the  f e a t u r e s  i n  t h e s e  
s t r u c t u r e s  wi th  depos i t i on  cond i t ions  and r e s i s t a n c e  t o  f a s t -neu t ron  
damage. Coat ings from ba tches  t h a t  had been i r r a d i a t e d  i n  t h e  HT-12 
through -15 and HT-17 through -19 series w e r e  examined. Coat ings t h a t  
demonstrated poor i r r a d i a t i o n  s u r v i v a l  possessed cohe ren t ly  d i f f r a c t i n g  
r eg ions  from one - f i f th  t o  one-quarter of t h e  volume of t h e  growth f e a t u r e s  
i n  which they appeared. Coat ings t h a t  demonstrated good s u r v i v a l  con- 
s i s t e d  of much smaller cohe ren t ly  d i f f r a c t i n g  r eg ions  w i t h i n  growth 
f e a t u r e s .  Fu r the r  examination of good performing coa t ings  revea led  
s t r u c t u r a l  f e a t u r e s  of e s s e n t i a l l y  two s i z e s .  

I r r a d i a t i o n  Tests i n  HFIR Targe t  F a c i l i t y  

HFIR Target  Capsules r epor t ed  i n  t h i s  s e c t i o n  inc lude  HT-12 through 
-30. These experiments are i n  v a r i o u s  s t a g e s  of completion. Capsules 
through HT-23 have been r epor t ed  i n  prev ious  Annual Reports ,  whi le  
Capsules HT-24 through -30 are r epor t ed  f o r  t h e  f i r s t  t ime he re .  A 
major e f f o r t  w a s  expended t o  improve c a p a b i l i t i e s  f o r  c a l c u l a t i n g  
ope ra t ing  temperatures  i n  HT capsules ,  which are n o t  instrumented.  This  
work i s  d iscussed  b r i e f l y  i n  t h e  HT-12 through -15 s e c t i o n .  Capsules 
HT-17 through -19 were designed t o  test t h e  importance of va r ious  coa t ing  
parameters on i r r a d i a t i o n  performance. Th i s  series has  been i n v e s t i g a t e d  
ex tens ive ly  f o r  c o r r e l a t i o n s  between mic ros t ruc tu re  and performance. 
Coat ings from a r c h i v e s  have been subjec ted  t o  numerous c h a r a c t e r i z a t i o n  
techniques i n  a n  a t t e m p t  t o  f i n d  some proper ty  o r  m i c r o s t r u c t u r a l  
parameter t h a t  c o r r e l a t e s  w e l l  w i th  i r r a d i a t i o n  performance. The HT-20 
through -23 series w a s  i r r a d i a t e d  t o  provide specimens f o r  phys i ca l  
p roper ty  measurement. It w a s  intended t o  measure t h e  in f luence  of 
i r r a d i a t i o n  on thermal expansion and thermal conduc t iv i ty  of HTGR f u e l  
rods.  Coated i n e r t  p a r t i c l e s  w e r e  included i n  both s lug  i n j e c t e d  and 
extruded f u e l  rods  wi th  varying p a r t i c l e  loadings .  The HT-24 through 
-25 series w a s  designed as a t e s t  of candida te  shim materials. 
HT-26 and -27 w e r e  a tes t  of pa r t i c l e -ma t r ix  i n t e r a c t i o n .  Experimental  
problems no t  r e l a t e d  t o  t h e  performance of t h e  f u e l  l i m i t e d  t h e  amount 
of information gained from t h e s e  capsules .  I r r a d i a t i o n  performance of 
LTI  coa t ings  and Z r C  c o a t i n g s  (produced by LASL) on bo th  loose  p a r t i c l e s  
and i n  bonded beds w a s  t e s t e d  i n  HT-28 through -30. 

Capsules 
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I r r a d i a t i o n  Tests i n  HFIR Removable Beryll ium F a c i l i t i e s  

Capsules r epor t ed  i n  t h i s  s e c t i o n  inc lude  HRB-4 through -10. These 
experiments are i n  v a r i o u s  s t a g e s  of completion. Capsules through HRB8-8 
have been d iscussed  i n  prev ious  annual  r e p o r t s .  Capsules HRB-9 and -10 
are  r epor t ed  f o r  t h e  f i r s t  t i m e  here .  Topica l  r e p o r t s  have been prepa.red 
on a l l  HRB experiments through HRB-8. The HRB-4 and -5 series w a s  t h e  
f i r s t  major t e s t  of t h e  weak-acid-resin-derived (WAR) f i s s i l e  f u e l .  The 
f avorab le  performance of WAR f u e l  i n  t h e s e  capsu le s  and subsequent tests 
a t  GA on WAR f u e l  l e d  t o  a s e l e c t i o n  of t h i s  as t h e  r e f e r e n c e  r e c y c l e  
f u e l .  The WAR f u e l  w a s  t e s t e d  f u r t h e r  i n  HRB-7 through -10. I n  HRB-9 
and -10 s e v e r a l  s t o i c h i o m e t r i e s  w e r e  t e s t e d ,  ranging from W A R  UO2 t o  
W A R  U C 2 .  I n t e rmed ia t e  s t o i c h i o m e t r i e s  of 85% oxide  15% c a r b i d e  and 
50% oxide  50% ca rb ide  performed ve ry  w e l l .  The 25% oxide  75% c a r b i d e  
f u e l  showed f a i r  performance b u t  d i sp layed  cons iderably  more f i s s i o n  
product  a t t a c k  of t h e  S i c  l a y e r  than t h e  f u e l s  con ta in ing  h ighe r  
p ropor t ions  of oxide.  

I r r a d i a t i o n  Tests i n  ORR 

Two experiments  a re  d iscussed  i n  t h i s  s e c t i o n ,  t h e  OF-1 capsu le ,  
which completed i r r a d i a t i o n  dur ing  t h e  r e p o r t i n g  per iod ,  and t h e  OF-2 
capsule ,  which began i r r a d i a t i o n  a t  t h e  end of t h e  r e p o r t i n g  per iod .  
Considerable  work w a s  done developing procedures  f o r  thermal  a n a l y s i s  of 
OF-type capsu le s .  Th i s  work i s  descr ibed  i n  t h e  OF-1 s e c t i o n .  The f u e l  
i r r a d i a t e d  i n  OF-1 w a s  Tho.eUo.202, which w a s  t h e  r e fe rence  r e c y c l e  f u e l  
a t  t h e  t i m e  t h e  experiment w a s  planned. The swi tch  (descr ibed  e a r l i e r )  
of r e f e r e n c e  t o  t h e  W A R  f i s s i l e  f u e l  made t h e  performance d a t a  from t h e  
OF-1 capsu le  somewhat o b s o l e t e  even be fo re  t h e  i r r a d i a t i o n  w a s  completed. 
However, some of t h e  problems noted w i t h  pa r t i c l e -ma t r ix  i n t e r a c t i o n  i n  
t h e  HRB-4 and -5 capsu le s  w e r e  n o t  p r e s e n t  i n  OF-1. Th i s  r e s u l t  w a s  
somewhat s u r p r i s i n g ,  as some i n t e r a c t i o n  had been a n t i c i p a t e d .  The OF-2 
capsu le  c o n t a i n s  a l l  W A R  f i s s i l e  f u e l .  The test is  doubly s i g n i f i c a n t  
because t h e  s a m e  f u e l  has  been t e s t e d  i n  HRB-9 and -10 under more 
a c c e l e r a t e d  cond i t ions ,  and OF-2 s e r v e s  as a l ead  capsu le  f o r  t h e  F o r t  
S t .  Vrain T e s t  Element Program, where t h e  same f i s s i l e  fuel. f a b r i c a t e d  
i n  engineer ing-sca le  equipment w i l l  be  i r r a d i a t e d  t o  f u l l  exposure under 
real-time HTGR cond i t ions .  

I r r a d i a t i o n  Tests i n  Pro to type  Reac tors  

The Peach Bottom Recycle T e s t  Elements (RTE) w e r e  f a b r i c a t e d  and 
i r r a d i a t e d  under t h e  sponsorship of t h e  Thorium U t i l i z a t i o n  Program. 
These elements  w e r e  i n s e r t e d  i n t o  t h e  r e a c t o r  i n  J u l y  1970. Three of 
t h e  seven elements w e r e  removed and examined be fo re  t h e  October 1974 
shutdown of t h e  Peach Bottom Reactor .  The remaining f o u r  e lements  began 
examiat ion dur ing  t h e  r e p o r t i n g  per iod ,  and t h i s  examination i s  expected 
t o  be completed by t h e  end of FY 1976. A b r i e f  summary of t h i s  work i s  
included i n  t h i s  r e p o r t ,  and a complete r e p o r t  i s  included i n  t h e  Thorium 
U t i l i z a t i o n  Program Progress  Report  (ORNL-5128). 
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An experiment w a s  begun i n  January 1975 i n  t h e  Dragon Reactor .  
Operat ion of Dragon w a s  terminated i n  F a l l  1975, and no examination of 
t h e  test specimens is planned. A b r i e f  summary of t h a t  experiment i s  
contained i n  t h i s  r e p o r t .  

Nuclear Analysis  i n  Support of I r r a d i a t i o n s  

Flux mapping experiments have been conducted i n  t h e  HFIR and ORR. 
These experiments and t h e  computational ana lyses  t h a t  accompany them have 
been conducted t o  determine t h e  s p a t i a l  v a r i a t i o n s  of neu t ron ic  parameters  
r equ i r ed  f o r  t h e  des ign  and ope ra t ion  of t e s t  capsules  i n  t h e s e  r e a c t o r s .  
Computational models have been developed and t e s t e d .  These models 
a c c u r a t e l y  c a l c u l a t e  s p a t i a l  v a r i a t i o n s  of neutron f l u x e s  and energy 
s p e c t r a  i n  t h e  ORR, and e f f o r t s  are under way t o  provide t h e  same 
q u a l i t y  of information f o r  t h e  HFIR. Replacement of t h e  bery l l ium 
r e f l e c t o r  i n  HFIR i n  1975 r equ i r ed  experiments be fo re  and a f t e r  replacement 
t o  determine whether t h e  experimental  environment experienced by HFIR 
capsules  had changed. 

A computer program (CACA) w a s  w r i t t e n  t o  provide c a l c u l a t i o n s  of t h e  
neut ronic- re la ted  engineer ing parameters r equ i r ed  dur ing  t h e  des ign  and 
ope ra t ion  of i r r a d i a t i o n  capsules .  A development program w a s  s t a r t e d  t o  
produce a c a l o r i m e t r i c  device  f o r  d i r e c t  measurement of gamma and/or  
f i s s i o n  h e a t  rates i n  s e l e c t e d  materials. 

Capsule Thermometry 

The HRB capsu le s  have been used as v e h i c l e s  f o r  t e s t i n g  of improved 
thermocouple des igns  aimed a t  inc reas ing  t h e  accuracy and r e l i a b i l i t y  of 
temperature  measurements. Cen te r l ine  thermometers i n  HRB capsules  must 
withstand temperatures  as  h igh  as 1500°C f o r  up t o  6000 h r  and neut ron  
f luences  of 3 X l o2 '  n/cm2 ( thermal)  and 8 x 1021 n/cm2 ( f a s t ) .  Tempera- 
t u r e  accuracy of 10°C i s  d e s i r a b l e  f o r  experimental  de te rmina t ion  of f u e l  
thermal c o n d u c t i v i t i e s  and d i f f u s i o n  k i n e t i c s  i n  t h e  coated p a r t i c l e  f u e l s .  

Chrome1 v s  Alumel thermocouples have performed w e l l  i n  t h e  g r a p h i t e  
s l e e v e  r eg ions  of t h e  HRB capsu le s  (experiencing temperatures  of up t o  
900°C) but  are no t  s u i t a b l e  f o r  c e n t e r l i n e  temperature  measurement. 
Tungsten-rhenium thermocouples have s u i t a b l e  temperature  range and out-of- 
r e a c t o r  s t a b i l i t y  bu t  experience l a r g e  d e c a l i b r a t i o n  d r i f t s  in - reac tor  due 
t o  t ransmuta t ion  of rhenium t o  osmium. Thermocouples us ing  r e f r a c t o r y  
materials wi th  low neut ron  c r o s s  s e c t i o n  could be  u s e f u l  t o  1500"C, bu t  
are s t i l l  i n  t h e  e a r l y  s t a g e s  of development. U l t r a son ic  thermometers 
a l s o  have s u i t a b l e  temperature  ranges,  bu t  a l s o  show unfavorable  
d e c a l i b r a t i o n  c h a r a c t e r i s t i c s  i n - r eac to r .  A Johnson n o i s e  thermometer (JNT) 
has  been s u c c e s s f u l l y  t e s t e d  i n  one HRB capsu le  f o r  4500 h r  a t  1250 t o  
1500°C and experienced no apparent  d e c a l i b r a t i o n .  
thermometer, and i t s  development r e p r e s e n t s  t h e  main t h r u s t  of t h e  
thermometer development program. 

The JNT i s  an  a b s o l u t e  
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Performance Assessment of Coated Par t ic le  Fue l s  

Information gained through i r r a d i a t i o n  t e s t i n g  i s  i n t e r p r e t e d  and 
a p p l i e d  t o  process  and equipment development and s p e c i f i c a t i o n  w r i t i n g .  
Most of t h e  a t t e n t i o n  during t h i s  r e p o r t i n g  pe r iod  has  been d i r e c t e d  a t  
thermal a n a l y s i s  and t h e  de t e rmina t ion  of f a i l e d  p a r t i c l e  f r a c t i o n s .  A 
l i t t l e  work w a s  done t o  adap t  computer models f o r  coated p a r t i c l e  
mechanical a n a l y s i s  f o r  u s e  i n  d i r e c t  e v a l u a t i o n  of t h e  d a t a  from l o o s e  
p a r t i c l e  i r r a d i a t i o n s  i n  HT capsu le s .  Dynamic t e s t i n g  methods w e r e  
s t u d i e d  b r i e f l y  t o  determine whether our thermal a n a l y s i s  procedures  could 
be improved through such t e s t i n g ,  b u t  w e  concluded t h a t  t h e  a d d i t i o n a l  
information would n o t  j u s t i f y  t h e  c o s t .  The s t u d i e s  of f i s s i o n  product  
r e a c t i o n  wi th  S i c  r e p r e s e n t  a new f i e l d ,  where a d d i t i o n a l  work i s  planned 
f o r  t h e  f u t u r e .  

7 .  CHARACTERIZATION AND STANDARDIZATION OF GRAPHITE 

The v a l u e s  f o r  both t h e  primary and secondary c reep  c o e f f i c i e n t s  
f o r  g r a p h i t e s  i n  HTGRs are r e q u i r e d  f o r  t h e  s a f e t y  and des ign  calcu1at:ions 
f o r  t h e s e  r e a c t o r s .  Such primary and secondary c reep  c o e f f i c i e n t s  f o r  
high-temperature fast-neutron-induced c reep  are  t o  be determined f o r  
compressive stresses i n  t h e  Oak Ridge Research Reactor (ORR) i n  p o s i t i o n  
E-5. The work i s  p r i m a r i l y  f o r  and c r i t i c a l  t o  HTGRs, b u t  i t  should a l s o  
be u s e f u l  f o r  o t h e r  systems t h a t  i nvo lve  g r a p h i t e  i n  t h e i r  des igns ,  such 
as f u s i o n  r e a c t o r s .  

The materials s e l e c t e d  f o r  t h e s e  tests are g rades  H-327, a n  
a n i s o t r o p i c  g r a p h i t e  used i n  t h e  F o r t  S t .  Vrain Reactor ;  H-451 and 
TS-1240, both coarse-grained,  n e a r - i s o t r o p i c  g rades  of g r a p h i t e  t h a t  are 
two of t h e  p r i n c i p a l  cand ida te s  f o r  lOOO-MW(e) HTGR a p p l i c a t i o n ;  and 
AXF-8QBG, a f ine-grained n e a r - i s o t r o p i c  grade of g r a p h i t e .  These are t o  
be i r r a d i a t e d  under t es t  c o n d i t i o n s  of compressive stresses of 13.8 and 
20.7 MPa (2000 and 3000 p s i ) ;  temperatures  of 900, 600, and 115OOC l i s t e d  
i n  t h e  o r d e r  of p r i o r i t y ,  accumulating increments of f l u e n c e  of approxi-  
mately 1 x 1021 n/cm2 (>0.18 MeV) pe r  s e t  of specimens pe r  tes t  tempera-  
t u r e  u n t i l  each se t  of specimens has  accumulated f l u e n c e s  i n  excess  of: 
8 x 1021 n/cm2, f u l l  des ign  f l u e n c e  of t h e  HTGR. Accompanying each set 
of compressively s t r e s s e d  g r a p h i t e  specimens i n  each t e s t  f o r  each t e s t  
temperature  i s  a matching s e t  of uns t r e s sed  ( c o n t r o l )  specimens. Both 
t h e  c o n t r o l  (uns t r e s sed )  and stress specimens s h a l l  be measured i n  t h e  
u n i r r a d i a t e d  c o n d i t i o n  and a t  t h e  end of each increment of f l u e n c e  
accumulation f o r  dimensions, l o n g i t u d i n a l  and shea r  son ic  moduli ,  and 
o t h e r  p rope r ty  d a t a  r equ i r ed  f o r  c o n s t i t u t i v e  equa t ions  f o r  primary and 
secondary c reep  c o e f f i c i e n t s .  

A minor rearrangement of t h e  ORR load ing  p a t t e r n  meets t h e  neutron 
f l u x  requirements  f o r  t h e  i r r a d i a t i o n  f a c i l i t y ;  however, t h e  accuracy:, 
p r e c i s i o n ,  and t h e  complexity of t h e  tests t o  a c q u i r e  s u i t a b l e  d a t a  f o r  
t h e  de t e rmina t ion  of t h e  c reep  c o e f f i c i e n t s  r e q u i r e  a well-designed 
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complex i r r a d i a t i o n  capsu le  and f a c i l i t y  w i th  s o p h i s t i c a t e d  equipment f o r  
t h e  tes t  c o n t r o l ,  d a t a  a c q u i s i t i o n ,  and d a t a  process ing .  The des ign  of 
t h e  f i r s t  capsule  OC-1 f o r  t h e  900°C tes t ,  t h e  f i r s t  of t h e  OC-series of 
capsu le s ,  w a s  completed. The necessary  ins t ruments  and c o n t r o l s  t o  
o p e r a t e  t h e  capsu le s  as w e l l  a s  a D i g i t a l  Equipment Corporat ion PDP 11 /40  
computer wi th  a n c i l l a r y  equipment t o  c o n t r o l  capsu le  tempera tures  and t o  
handle  o the r  f a c e t s  of t h e  experiment dur ing  i r r a d i a t i o n  have been procured.  
Algorithms have been developed t o  re la te  t h e  v a r i o u s  capsu le  thermocouple 
temperatures  t o  t h e  specimen tempeatures and thus  permit  t h e  computer t o  
a d j u s t  t h e  h e a t e r s  t o  t h e  r equ i r ed  ope ra t ing  levels .  The f i r s t  capsu le ,  
OC-1, i s  scheduled f o r  i n s e r t i o n  i n t o  t h e  ORR dur ing  January 1976.  





1. PRESTRESSED CONCRETE PRESSURE 
VESSEL DEVELOPMENT 

J. P .  Callahan 

1.1 INTRODUCTION 

The p r e s e n t  r e p o r t i n g  pe r iod  marks a t r a n s i t i o n  from t h e  o r i g i n a l  

program of P r e s t r e s s e d  Concrete Reactor Vessel (PCRV) Development t o  

a r e d i r e c t e d  and ampl i f i ed  new program. 

w a s  designed t o  provide a f i n a l  culminat ion t o  t h e  o r i g i n a l  program. 

Its primary purpose w a s  t o  provide t h e  experimental  d a t a  r equ i r ed  t o  

e v a l u a t e  p r e s e n t  c a p a b i l i t y  f o r  p r e d i c t i n g  time-dependent behavior  of 

a PCRV during s imulated HTGR ope ra t ing  cond i t ions .  During the  p r e s e n t  

r e p o r t i n g  pe r iod ,  w e  completed postmortem s t u d i e s  of t h e  model. These 

s t u d i e s  w e r e  conducted t o  i d e n t i f y  causes of observed disagreement 

between model t e s t  d a t a  and r e s u l t s  c a l c u l a t e d  w i t h  t h e  SAFE/CRACK 

f i n i t e  element a n a l y s i s ,  and t o  i d e n t i f y  the  mechanism of co r ros ion  of 

t he  model a x i a l  p r e s t r e s s i n g  tendons. Sect ion 1.2 desc r ibes  t h e  las t  

of t h e  planned s t u d i e s  p e r t a i n i n g  t o  t h i s  very important experiment. 

The Thermal Cylinder Experiment 

The new PCRV Research and Development Program i s  divided i n t o  t h e  

fol lowing e i g h t  t a s k s :  

Task 1. PCRV A n a l y t i c a l  S tud ie s  

Task 2. PCRV Head F a i l u r e  S tud ie s  

Task 3. Concrete P r o p e r t i e s  i n  Nuclear Environment 

Task 4 .  Long-Term Creep and Moisture Migrat ion 

Task 5. I n v e s t i g a t i o n  of Tendon Corrosion 

Task 6 .  Line r s  and P e n e t r a t i o n  S tud ie s  

Task 7. Instrumentat ion Evaluat ion and Development 

Task 8. Concrete S t r u c t u r a l  Model Tests 

Sec t ions  1 .3  through 1.8 d e s c r i b e  p rogres s  made under t h e  v a r i o u s  

t a s k s ,  c o n s i s t i n g  of s t a t e -o f - the -a r t  reviews, planning,  and i n  some 

cases i n i t i a t i o n  of new re sea rch .  New s t u d i e s  under Tasks 4 and 5 have 

been delayed by t h e  need f o r  completing s t u d i e s  conducted under t h e  

previous PCRV Research and Development Program. 

1 
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I n  a d d i t i o n  t o  t h e  Thermal Cyl inder  Model postmortem s t u d i e s  

desc r ibed  i n  Sec t .  1 .2 ,  work i s  under way t o  document an e x t e n s i v e  s t u d y  

of moi s tu re  mig ra t ion  and time-dependent behavior  of conc re t e .  Laboratory 

t e s t i n g  w a s  completed i n  1972 w i t h  t h e  except ion of e i g h t  long-term 

creep specimens, which remained under s u s t a i n e d  loading a t  t h e  Un ive r s i ty  

of Texas. The r e p o r t s  publ ished thus  f a r  and r e s u l t s  of t h e  long-term 

creep tests are d i scussed  i n  Sec t .  1 .9 .  

1.2 PCRV THERMAL CYLINDER EXPERIMENT - J. P. Cal lahan 

The thermal  c y l i n d e r  experiment w a s  designed t o  p rov ide  in fo rma t ion  

f o r  e v a l u a t i n g  t h e  c a p a b i l i t y  of a n a l y t i c a l  methods t o  p r e d i c t  stress- 

s t r a i n  behavior  of t h e  b a r r e l  p o r t i o n  of a s i n g l e - c a v i t y  PCRV, as shown 

i n  Fig. 1.1, under t y p i c a l  des ign  and off-design o p e r a t i n g  c o n d i t i o n s .  

The 1 /6 - sca l e  model shown schemat i ca l ly  i n  Fig.  1 .2  w a s  a thick-walled 

c y l i n d e r  having a h e i g h t  of 1.22 m (4 f t ) ,  a th i ckness  of 0.46 m (1.5 f i t ) ,  

and an  o u t e r  diameter of 2.06 m (6.75 f t ) .  It w a s  p r e s t r e s s e d  both 

a x i a l l y  and c i r c u m f e r e n t i a l l y  and s u b j e c t e d  t o  4 . 8 3  MPa (700 p s i )  in-  

t e r n a l  p r e s s u r e  t o g e t h e r  w i t h  a thermal c r o s s f a l l  imposed by h e a t i n g  

t h e  i n n e r  s u r f a c e  of t h e  c y l i n d e r  t o  66°C and coo l ing  t h e  o u t e r  s u r f a c e  

t o  24°C. 

s e c t i o n  of a massive conc re t e  s t r u c t u r e  such as t h e  F o r t  S t .  Vrain 

Nuclear Generating S t a t i o n  PCRV, a l l  exposed s u r f a c e s  w e r e  s e a l e d  t o  

p reven t  moi s tu re  l o s s ,  and t h e  top and bottom of t h e  model w e r e  i n s u l a t e d  

thermally t o  p reven t  h e a t  f low i n  t h e  a x i a l  d i r e c t i o n .  

Since the  test  w a s  designed t o  s tudy  behavior  of t h e  b a r r e l  

The experiment w a s  designed t o  u t i l i z e  in fo rma t ion  developed from 

p r e v i o u s l y  r e p o r t e d  s t u d i e s  of conc re t e  materials p r o p e r t i e s ,  t r i a x i a l  

c r eep ,  i n s t rumen ta t ion ,  a n a l y s i s  methods, and s t r u c t u r a l  models. The 

i n i t i a l  460 days of t e s t i n g  were d iv ided  i n t o  t i m e  p e r i o d s  t h a t  s imulated 

p r e s t r e s s i n g ,  heat-up, r e a c t o r  o p e r a t i o n ,  and r e f u e l i n g .  A t  t h e  con- 

c l u s i o n  of t he  s imulated r e f u e l i n g  pe r iod ,  t h e  model w a s  r ep res su r i zed , ,  

and a narrow c i r c u m f e r e n t i a l  band a t  t h e  i n n e r  s u r f a c e  w a s  hea t ed  t o  

232°C f o r  84 days t o  produce an off-design hot-spot cond i t ion .  

Comparisons of experimental  s t r a i n  gage d a t a  w i t h  time-dependent 

a n a l y s i s  p r e d i c t i o n s  ob ta ined  by use of t h e  SAFE/CRACK f i n i t e  element 
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COOLED TO 75°F 

PRESTRESSED CONCRETE REACTOR VESSEL 

Fig. 1.1. Re la t ionsh ip  of Thermal Cyl inder  T e s t  Specimen t o  
P r e s t r e s s e d  Concrete Reactor Vessel. I n t e r n a l  p r e s s u r e  i s  4.8 ma, 
i n n e r  s u r f a c e  temperature is  66"C, and o u t e r  s u r f a c e  temperature is  2 4 ° C .  

computer program i n d i c a t e d  g e n e r a l l y  good agreement f o r  t h e  normal 

vessel o p e r a t i n g  pe r iod ;  however, t h e  a n a l y s i s  tended t o  underest imate  

h e a t i n g  s t r a i n s  and ove res t ima te  mechanical loading s t r a i n s .  

Postmortem examinations of  t h e  model have r evea led  c o r r o s i o n  of 

the a x i a l  p r e s t r e s s i n g  tendons, w i t h  a number having f a i l e d  du r ing  both 

normal ope ra t ing  pe r iods  and hot-spot t e s t i n g  pe r iods .  The only o t h e r  

d e t r i m e n t a l  e f f e c t  of t h e  h o t  s p o t  w a s  a s u b s t a n t i a l  r e d u c t i o n  i n  

s t r e n g t h  of t h e  conc re t e  w i t h i n  an 80-mm d i s t a n c e  from t h e  h e a t i n g  

element. 

The model test w a s  completed i n  December 1 9 7 2 ,  and p re l imina ry  

r e s u l t s  w e r e  r epor t ed .  

c a l c u l a t e d  r e s u l t s  ob ta ined  w i t h  t h e  SAFE/CRACK code were a l s o  presented.  

De ta i l ed  comparisons of experimental  d a t a  w i t h  
2 

During t h e  p r e s e n t  r e p o r t i n g  pe r iod  we  have i n v e s t i g a t e d  t h e  causes  

of t h e  observed disagreement between t h e  experimental  d a t a  and c a l c u l a t e d  
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r e s u l t s ,  and we  have conducted l a b o r a t o r y  s t u d i e s  i n  a t t empt ing  t o  

i d e n t i f y  t h e  causes of t h e  a x i a l  tendon corrosion.  

descr ibed i n  t h e  fol lowing s e c t i o n s .  

These s t u d i e s  are 

CWLING 
WbTER I N  

ORNL-OWL 69-48281 

U 
8 11 -7  36 ,n 

IAPPROXIMATE MIXIMUM OIMENSION) __ __ -1 

Fig. 1.2. I s o m e t r i c  of Thermal Cyl inder  T e s t  S t r u c t u r e .  To 
convert  dimensions, 1 i n .  = 25.4 mm, 1 f t  = 0.305 m. 
p e r  s t r a n d  is  0.161 MN, equ iva len t  t o  5.15 MPa e x t e r n a l  p r e s s u r e .  

I n i t i a l  t e n s i o n  
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1 . 2 . 1  C o r r e l a t i o n  of A n a l y t i c a l  R e s u l t s  w i th  Model T e s t  Data - 
W. G. Dodge and D. N.  Fanning 

The d i f f e r e n c e s  between t h e  a n a l y t i c a l  r e s u l t s  ob ta ined  by use of 

t he  SAFE/CRACK f i n i t e  element code3 and t h e  r e s u l t s  ob ta ined  from t h e  

OWL Thermal Cylinder model embedded s t r a i n  t r ansduce r s  seemed t o  be 

excess ive  when compared wi th  similar r e s u l t s  found i n  t h e  publ ished 

l i t e r a t u r e .  4-6 

mental r e s u l t s  and t o  i d e n t i f y  any t r e n d s ,  i t  i s  d e s i r a b l e  t o  compare 

t h e  r e s u l t s  from groups of gages whose r ead ings  should b e  e s s e n t i a l l y  

the  same. Due t o  t h e  model design (Fig. 1.2) t h e  e f f e c t  of end r e s t r a i n t s  

on the s t r a i n  d i s t r i b u t i o n  nea r  t h e  midplane should be n e g l i g i b l e .  

Hence i t  is  reasonable  t o  ignore  d i f f e r e n c e s  i n  t h e  a x i a l  p o s i t i o n .  

With t h e  a d d i t i o n a l  assumption t h a t  t he  loading is axisymmetric t h e  

only r e l e v a n t  p o s i t i o n a l  parameter f o r  grouping is t h e  r a d i a l  p o s i t i o n  

of t he  gages. 

To o b t a i n  a b e t t e r  feel  f o r  t h e  accuracy of t h e  experi-  

A s i g n i f i c a n t  number of gages w e r e  l o c a t e d  i n  t h e  neighborhood of 

t h r e e  r a d i a l  p o s i t i o n s :  76 nun (3 i n . )  from t h e  i n s i d e  w a l l ,  a t  mid- 

th i ckness ,  and 76 mm (3 i n . )  from o u t s i d e  w a l l .  These p o s i t i o n s  w i l l  be 

r e f e r r e d  t o  as t h e  i n s i d e ,  middle,  and o u t s i d e  p o s i t i o n s ,  r e s p e c t i v e l y .  

The s t r a in - t ime  h i s t o r i e s  shown i n  Figs .  1 . 3  through 1 . 5  i n d i c a t e  t h a t  

a number of gages a t  each l o c a t i o n  e x h i b i t  s imilar  t r ends  throughout t h e  

l i f e  of t h e  t es t  bu t  have s i g n i f i c a n t  d i f f e r e n c e s  i n  s t r a i n  magnitudes. 

Some of t h e s e  d i f f e r e n c e s  w e  thought t o  be due t o  the  f a c t  t h a t  t h e  

c i r c u m f e r e n t i a l  p r e s t r e s s i n g  w a s  n o t  uniformly d i s t r i b u t e d ,  as assumed 

i n  t h e  axisymmetric a n a l y s i s ,  b u t  w a s  l o c a l l y  a p p l i e d  through steel  

bea r ing  pads. These pads w e r e  approximately 0.20 m (8 i n . )  wide and had 

a center- to-center  c i r c u m f e r e n t i a l  spacing of 0.46 m (18 i n . ) .  The e f f e c t  

of t h i s  nonuniformity i n  t h e  load ing  should b e  p a r t i c u l a r l y  s i g n i f i c a n t  

f o r  t h e  o u t e r  gages b u t  could a l s o  b e  expected t o  have some e f f e c t  

throughout t h e  th i ckness ,  as the  model w a l l  t h i ckness  w a s  t h e  same as 

the  pad spacing.  

To i n v e s t i g a t e  t h e  e f f e c t  of nonuniform loading of the model due t o  

t h e  c i r c u m f e r e n t i a l  p r e s t r e s s i n g ,  a t h i n  slice from mid-height i n  a 

s e c t o r  of t h e  vessel w a s  analyzed by u s e  of a r a d i a l  loading obtained 
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F i g .  1 . 3 .  S t r a i n  76 mm ( 3  i n . )  
from I n s i d e  Wall of Thermal Cylin- 
d e r  Model T e s t  Sec t ion .  (a) Axia l .  
(b) Radia l .  (c)  C i rcumfe ren t i a l .  

F ig .  1 .4 .  S t r a i n  a t  Midthickness 
of Thermal Cyl inder  Model Tes t  Sec- 
t i o n .  (a)  Axia l .  (b) Rad ia l .  
(c)  C i rcumfe ren t i a l .  
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Fig. 1.5. Strain 76 mm (3 in.) from Outside Wall of Thermal 
Cylinder Model Test Section. (a) Axial. (b) Radial. (c) Circumferential. 



from an  a n a l y s i s  of t h e  f o r c e  t r a n s m i t t e d  by t h e  p r e s t r e s s i n g  through 

t h e  b e a r i n g  pads.  F igu re  1.6 shows t h e  f i n i t e  element mesh, l oad ing  

c o n d i t i o n s ,  and boundary cond i t ions  imposed i n  t h e  a n a l y s i s .  I n  

a d d i t i o n ,  a cons t an t  a x i a l  stress w a s  a p p l i e d  t o  s i m u l a t e  t h e  e f f e c t  

of the a x i a l  p r e s t r e s s i n g .  The r e s u l t s  from t h i s  a n a l y s i s  f o r  r a d i a l  

p o s i t i o n s  a long  a r a y  pass ing  through t h e  c e n t e r  of a pad (9 = 0 )  and 

r a d i a l  p o s i t i o n s  midway between a d j a c e n t  pads (9 = a )  are  shown on t h e  

Figs .  1 . 3  through 1.5. The e f f e c t  of t h e  nonuniformity i n  t h e  load ing  

i s  s i g n i f i c a n t  a t  t h e  o u t s i d e  p o s i t i o n s  (Fig.  1 .5)  b u t  i n s i g n i f i c a n t  

a t  t h e  i n s i d e  p o s i t i o n  (Fig.  1 .3 ) .  Aside from p r o p e r l y  account ing f o r  

the p o s i t i v e  r a d i a l  s t r a i n s  measured a t  t h e  o u t s i d e  p o s i t i o n s  [F ig .  1 . 5 ( b ) ]  

and b e t t e r  agreement f o r  t h e  a x i a l  r e s u l t s  [Figs .  1 . 3 ( a ) ,  1 .4 (a )  and 

1 . 5 ( a ) ] ,  t h e  r e s u l t s  from t h e  p l ane  and axisymmetric ana lyses  are 

e s s e n t i a l l y  t h e  same. Thus t h e  d i f f e r e n c e s  i n  s t r a i n  r ead ings  w i t h i n  

each grouping cannot be explained by the  nonuniformity of l oad ing  on 

t h e  o u t s i d e  w a l l .  

The c l o s e  agreement between t h e  r e s u l t s  of t h e  axisymmetric and 

t h e  p l ane  a n a l y s i s  and t h e  f a c t  t h a t  f o r  most cases t h e  a n a l y t i c a l  

r e s u l t s  l i e  w i t h i n  t h e  d i s t r i b u t i o n  of s t r a i n  r e s u l t s  g i v e  a degree of 

c r e d i b i l i t y  t o  the  accuracy of t h e  a n a l y s i s ,  one s i g n i f i c a n t  excep t ion  

being t h e  c i r c u m f e r e n t i a l  s t r a i n s  occur r ing  du r ing  vessel heat-up. The 

resul ts  g iven  i n  Figs .  1 .3 (c )  and 1 . 4 ( c )  i n d i c a t e  t h a t  t he  a lgo r i thm 

used f o r  c a l c u l a t i n g  creep s t r a i n s  s i g n i f i c a n t l y  underest imates  t h e  

s t r a i n s  occur r ing  during vessel heat-up. The creep ra te  of conc re t e  i s  

known t o  be approximately p r o p o r t i o n a l  t o  t h e  stress and s t r o n g l y  de- 

pendent on t h e  temperature;  consequently,  t h e  e f f e c t  of e r r o r s  i n  t h e  

creep c a l c u l a t i o n s  w i l l  be  most pronounced f o r  t he  h i g h e r  stress com- 

ponents  a t  l o c a t i o n s  having the  g r e a t e s t  temperature  change; namely, 

f o r  t h e  c i r c u m f e r e n t i a l  s t r a i n s  a t  t h e  i n s i d e  and middle l o c a t i o n s  

[Figs .  1 . 3 ( c )  and 1 . 4 ( c ) ] .  It should be noted t h a t  i f  t h e  observed 

disagreement between c a l c u l a t e d  and experimental  s t r a i n s  during heat-up 

had been due t o  an i n c o r r e c t  va lue  of t h e  c o e f f i c i e n t  of t h e  thermal  

expansion, an e q u a l  e r r o r  would have been produced i n  t h e  a x i a l  and 

r a d i a l  s t r a i n s  a t  t h e s e  l o c a t i o n s ,  b u t  such an  e r r o r  i s  n o t  ev iden t  
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[F igs .  1 . 3 ( a )  and (b) , 1 . 4 ( a )  and (b) 1 .  The a x i a l  and r a d i a l  stresses 

a t  t h e s e  l o c a t i o n s  are ve ry  low; thus  t h e  corresponding creep s t r a i n s  

are s m a l l  and even a r e l a t i v e l y  l a r g e  percentage e r r o r  i n  t h e i r  c a l c u l a t e d  

v a l u e s  w i l l  n o t  be s i g n i f i c a n t .  It  a l s o  should be noted t h a t  i f  t h e  

a n a l y t i c a l  r e s u l t s  w e r e  co r rec t ed  f o r  t h e  discrepancy du r ing  heat-up, 

c l o s e  agreement between the a n a l y t i c a l  and experimental  r e s u l t s  would 

be obtained f o r  t h e  remaining p o r t i o n s  of t h e  test .  

To ensu re  t h a t  t he  discrepancy during heat-up w a s  no t  t h e  r e s u l t  

of an i n c o r r e c t  coding of t h e  creep a lgo r i thm,  t h e  a lgo r i thm w a s  inde- 

pendent ly  recoded. There w a s  very l i t t l e  d i f f e r e n c e  i n  t h e  r e s u l t s  from 

t h e  two independent codings,  i n d i c a t i n g  t h a t  t h e  e r r o r  i s  fundamental t o  

the a lgo r i thm and n o t  t h e  r e s u l t  of improper coding. A s  t h e  code reproduced 

t h e  s p e c i f i e d  i so the rma l  creep curves and t h e  c a l c u l a t e d  creep during i s o -  

thermal cond i t ions  seemed t o  ag ree  w i t h  t h e  corresponding experimental  re- 

s u l t s  f o r  t h e  thermal c y l i n d e r ,  t h e  probable  source of e r r o r  i s  i n  t h e  mathe- 

matical g e n e r a l i z a t i o n  of t h e  i so the rma l  creep d a t a  t o  the  thermal t r a n s i t  

case. Although t h e  a lgo r i thm implemented i n  the  SAFE/CRACK code i s  

widely used, t h e  r e s u l t s  of t h i s  s tudy and o t h e r  pub l i shed  results'- ' '  

i n d i c a t e  t h a t  i t  underest imates  t h e  accumulated creep s t r a i n  during 

thermal t r a n s i t  cond i t ions .  The e f f e c t  of t h i s  e r r o r  would probably b e  

less f o r  an a c t u a l  PCRV than i n  t h i s  test  because t h e  heat-up i s  s lower,  

occurs  a t  a l a t e r  conc re t e  age,  and occurs  i n  some cases a f t e r  vessel 

p r e s s u r i z a t i o n  and hence a t  lower stress l e v e l s .  

I n  conclusion,  t he  r e s u l t s  of t h i s  i n v e s t i g a t i o n  i n d i c a t e  t h e  need 

f o r  b e t t e r  embedded gages and/or  b e t t e r  techniques f o r  embedding t h e s e  

gages,  as t h e  scat ter  p r e s e n t  i n  t h e  r e s u l t s  reduces t h e i r  e f f e c t i v e n e s s  

i n  t h e  v a l i d a t i o n  of vessel design and a n a l y s i s .  The cons i s t ency  of t h e  

two a n a l y t i c a l  r e s u l t s  tends t o  v e r i f y  t h e  accuracy of t h e  v i s c o e l a s t i c  

f i n i t e  element a lgo r i thm i n  t h e  SAFE/CRACK code; however, t h e r e  appears  

t o  be a d e f i c i e n c y  i n  t h e  creep a lgo r i thm f o r  t h e  thermal t r a n s i e n t  ca se .  

Add i t iona l  fundamental r e s e a r c h  i s  r e q u i r e d  t o  c o r r e c t  a p o s s i b l e  

d e f i c i e n c y  i n  t h e  theory.  
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1.2.2 I n v e s t i g a t i o n s  of Tendon Corrosion Problems - D. A. Canonico and 
J. C. Griess 

I n  May 1973 t h e  PCRV thermal  c y l i n d e r  test  w a s  terminated. During 

detensioning of t h e  axial  p r e s t r e s s i n g  tendons,  we  discovered t h a t  a 

number of the inner-row 7 - w i r e  tendons had f a i l e d  during the  l i f e t i m e  of 

the experiment. 

g a t i o n  showed t h a t  i n d i v i d u a l  w i r e s  i n  t h e  tendons had f a i l e d  bo th  b e f o r e  

and a f t e r  t he  hot-spot test. Figure 1.8 i s  a composite showing a t y p i c a l  

f r a c t u r e  s u r f a c e  of one w i r e  from a f a i l e d  tendon. The f a i l u r e s  i n i t i a t e d  

from a f l a t  area, which i s  r e a d i l y  seen i n  t h e  photomacrograph of t h e  

w i r e  (Fig. 1 . 8 ) .  A scanning e l e c t r o n  microscopy (SEM) i n v e s t i g a t i o n  of 

t h e  f r a c t u r e d  s u r f a c e s  w a s  conducted. 

e l e c t r o n  micrograph of t he  f l a t  area. There are no i n d i c a t i o n s  of 

s t r i a t i o n s  on t h e  f r a c t u r e  s u r f a c e .  This ,  p l u s  o t h e r  v i s u a l  evidence, 

l e d  t o  t h e  conclusion t h a t  t he  tendon f a i l u r e s  w e r e  due t o  s t r e s s - c o r r o s i o n  

cracking (SCC) of t h e  w i r e s  u n t i l  t h e  n e t  s e c t i o n  w a s  i ncapab le  of main- 

t a i n i n g  t h e  p r e s t r e s s  l oad  (%70% of t h e  u l t i m a t e  t e n s i l e  s t r e n g t h ) .  

F igu re  1 .7  shows a t y p i c a l  f a i l e d  tendon. An i n v e s t i -  

Figure 1.8 con ta ins  a scanning 

An i n v e s t i g a t i o n  sought t h e  SCC mechanism by which t h e  w i r e s  could 

have f a i l e d .  Newly disassembled duc t s  t h a t  contained f a i l e d  tendons 

were found t o  b e  "wet" .  

about 2.5% H 2 0  and 50 ppm n i t r a t e .  

w i th  a newly disassembled tendon duct .  This  odor suggested a high n i t r o g e n  

con ten t ,  which w a s  later a t t r i b u t e d  t o  the  use of an i n c o r r e c t l y  formu- 

l a t e d  epoxy r e s i n  i n  t h e  r eg ion  of t h e  bottom anchor p l a t e s .  

involving NH4 and carbonate  (C0,2-) from t h e  conc re t e  w a s  p o s t u l a t e d .  

l a b o r a t o r y  s tudy  w a s  conducted t o  assess t h i s  hypo thes i s .  U-bend w i r e  

samples (from seven-wire-strand c i r c u m f e r e n t i a l  tendons) w e r e  exposed a t  

70°C t o  ammonium carbonate  and ammonium n i t r a t e  s o l u t i o n s .  Cracking 

occurred i n  0.2 M s o l u t i o n  of ammonium n i t r a t e  i n  t h r e e  days. Specimens 

exposed t o  0.1, 0 .2 ,  0.5,  and 1.0 M and s a t u r a t e d  ammonium carbonate  

s o l u t i o n s  f o r  94 days a t  70°C d i d  n o t  f a i l .  

ammonium carbonate  s o l u t i o n s )  t o  which 50 ppm n i t r a t e  (as  NaN03) w a s  

added w e r e  conducted. No evidence of cracking w a s  observed a f t e r  100 

days a t  66'C. 

An a n a l y s i s  of the "wet"  wax showed i t  t o  c o n t a i n  

A s t r o n g  ammonia odor w a s  a s s o c i a t e d  

A mechanism 
+ A 

Subsequent tests (with f r e s h  

This s tudy showed t h a t  t h e  s t e e l  from which the  tendons 
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X-RAY SURFACE 

T E N D O N  1 ,  STRAND 7 

Fig. 1.8. Frac tographic  Examination of F a i l u r e  Surface i n  a Wire from 
a f a i l e d  Tendon. 
analyzed i n  the  scanning e l e c t r o n  microscope. 
c a t i o n  of s u l f u r  i n  t h e  f l a t  area of t h e  f r a c t u r e  su r face .  

The f l a t  area i n  the  photomacrograph w a s  viewed and 
There i s  a d e f i n i t e  ind i -  
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w e r e  made is  s u s c e p t i b l e  t o  SCC i n  ammonium n i t r a t e  s o l u t i o n s ,  b u t  no 

cracking w a s  noted i n  s o l u t i o n s  t h a t  contained only 50 pprn n i t r a t e .  

(The 50 ppm n i t r a t e  i s  i n  t h e  range of concen t r a t ions  found i n  t h e  

l i q u i d  i n  c o n t a c t  with t h e  f a i l e d  tendons.)  

The hypothesis  t h a t  ammonium carbonate  w a s  r e s p o n s i b l e  f o r  t h e  

f a i l u r e  w a s  n o t  proven. It w a s  shown, however, t h a t  h igh  concen t r a t ions  

(6000 ppm) of n i t r a t e s  caused c rack ing  i n  h igh ly  s t r e s s e d  tendon w i r e s  

i n  a very s h o r t  t i m e .  It i s  conceivable t h a t  i n  t h e  thermal c y l i n d e r  

t es t  t h e  n i t r a t e  concen t r a t ion  could have been high enough t o  be re- 

spons ib l e  f o r  t h e  tendon f a i l u r e s .  

An i n t e r i m  r e p o r t ’  d e s c r i b i n g  the e a r l y  f a c e t s  of t h i s  i n v e s t i g a t i o n  

has been published. 

1 . 3  DEVELOPMENT OF ANALYTICAL METHODS FOR PCRVs - W. G .  Dodge and 
D. N.  Fanning 

During t h e  f i r s t  yea r  of a c t i v i t y  under t h i s  t a s k  area, t h e  major 

t h r u s t  has  been d i r e c t e d  toward e s t a b l i s h i n g  r equ i r ed  b a s i c  a n a l y t i c a l  

c a p a b i l i t i e s .  This e f f o r t  c o n s i s t e d  of ob ta in ing  o p e r a t i o n a l  b a s i c  

computer sof tware and developing a p p r o p r i a t e  material c o n s t i t u t i v e  

r e l a t i o n s  f o r  concrete .  

1 .3 .1  Computer C a p a b i l i t y  Development 

A survey w a s  made of a v a i l a b l e  computer programs a p p l i c a b l e  t o  t h e  

a n a l y s i s  of PCRVs. Four f i n i t e  element codes were ob ta ined  and made 

o p e r a t i o n a l  on t h e  ORNL computers. The b a s i c  c a p a b i l i t i e s ,  s t a t u s ,  

and p r o j e c t e d  use of t h e s e  programs are as fol lows.  

1 .3 .1 .1  Two-Dimensional Plane-Axisymmetric Codes 

The SAFE/CRACK and CREEP/PLAST codes w e r e  s e l e c t e d  from t h i s  

category. Both were developed under the d i r e c t i o n  of Y.  R .  Rashid and 

have many similarities i n  con ten t  and l o g i c  s t r u c t u r e s .  This p a r a l l e l i s m  

reduces the  e f f o r t  r equ i r ed  t o  become f a m i l i a r  w i th  t h e i r  i n t e r n a l  

ope ra t ions .  
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SAFE/CRACK. This  program w a s  developed a t  GA f o r  t h e  a n a l y s i s  of 

PCRV s t r u c t u r e s  and remains one of G A ' s  primary a n a l y s i s  t o o l s .  The 

conc re t e  is  d i s c r e t i z e d  by use of c o n s t a n t - s t r a i n  t r i a n g u l a r  elements 

having l i n e a r  v i s c o e l a s t i c  time-dependent material p r o p e r t i e s .  A 

h e r e d i t a r y  i n t e g r a l  fo rmula t ion  i s  used f o r  t h e  time-dependent a n a l y s i s ,  

w i th  temperature  e f f e c t s  i nco rpora t ed  by a t ime-sh i f t  i n  t h e  b a s i c  

creep func t ions .  Concrete f a i l u r e  under combined stresses is imple- 

mented by changing t h e  material behavior  s o  as t o  model t h e  f o r c e  

t r ansmiss ion  of t h e  crack.  l 2  The material p r o p e r t i e s  f o r  t hose  elements 

exceeding t h e  f a i l u r e  c r i t e r i a  are changed from i s o t r o p i c  t o  Or tho t rop ic  

s o  t h a t  t h e  element s t i f f n e s s  pe rpend icu la r  t o  t h e  c rack  becomes zero 

while  f u l l  s t i f f n e s s  is maintained p a r a l l e l  t o  t h e  c rack .  E l a s t i c -  

p e r f e c t l y  p l a s t i c  membrane and u n i a x i a l  elements are a v a i l a b l e  f o r  

modeling t h e  steel-bonded reinforcement  and vessel l i n e r .  

Because SAFE/CRACK i s  used by GA f o r  PCRV a n a l y s i s  w e  have devoted 

a r a t h e r  e x t e n s i v e  e f f o r t  t o  become f a m i l i a r  w i t h  t h i s  code. The theo- 

r e t i ca l  b a s i s  of t h e  major a lgo r i thms  and t h e i r  implementation have been 

reviewed. I n  p a r t i c u l a r ,  t h e  a lgo r i thms  a s s o c i a t e d  wi th  t h e  element 

fo rmula t ions ,  creep computations,  and t h e  s o l u t i o n  procedure have been 

e x t e n s i v e l y  examined, and c e r t a i n  mod i f i ca t ions  have been inco rpora t ed  

t o  improve t h e  l o g i c  s t r u c t u r e  and/or  computational e f f i c i e n c y .  

p o r t i o n  of t h e  code r e l a t e d  t o  the c a l c u l a t i o n  of r e l a x a t i o n  f u n c t i o n s  

f o r  time-dependent mater ia l  response w a s  completely reprogrammed, and 

many comment c a r d s  w e r e  i n t roduced  throughout t h e  code t o  improve t h e  

i n t e r n a l  documentation. 

The 

I n  t h e  OFWL v e r s i o n  of t h i s  code, t h e  a l g e b r a i c  equa t ions  t h a t  

r e s u l t e d  from f i n i t e  element d i s c r e t a t i o n  are so lved  u s i n g  the  Gauss- 

S e i d e l  i t e ra t ive  method. l 3  This  method o f f e r s  two d i s t i n c t  advantages 

over  t h e  more commonly used d i r e c t  methods of s o l u t i o n .  Because i t  i s  

necessa ry  t o  a l l o c a t e  s t o r a g e  only f o r  t h e  nonzero c o e f f i c i e n t s  of t h e  

s t i f f n e s s  matrix, co re  s t o r a g e  requirements  are s i g n i f i c a n t l y  reduced, 

and t h e  f i n a l  s o l u t i o n  accuracy i s  n o t  a f f e c t e d  by accumulation of 

round-off e r r o r s  beyond t h a t  occu r r ing  w i t h i n  a s i n g l e  row o p e r a t i o n .  

The main d i f f i c u l t y  w i t h  t h e  method i s  t h a t  slow convergence o f t e n  l e a d s  

t o  an  excess ive  number of i t e r a t i o n s  b e f o r e  a s a t i s f a c t o r y  s o l u t i o n  i s  

obtained.  
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The two most widely used methods f o r  a c c e l e r a t i n g  t h e  convergence 
are t h e  over - re laxa t ion  method and the  Aitken’s  e x t r a p o l a t i o n  formula,  1 3  

both of which w e r e  employed i n  t h e  o r i g i n a l  v e r s i o n  of SAFE/CRACK. 

of our  e a r l y  d i f f i c u l t y  wi th  the  code w a s  r e l a t e d  t o  t h e s e  a c c e l e r a t i o n  

techniques.  Although our  p ro f i c i ency  improved wi th  exper ience ,  w e  w e r e  

unable t o  develop a c o n s i s t e n t  and r e l i a b l e  s o l u t i o n  procedure based on 

these  techniques.  This  d i f f i c u l t y  w a s  reso lved  by t h e  development of a 

completely new a c c e l e r a t i o n  method based on v a r i a t i o n a l  p r i n c i p l e s .  

a l s o  incorpora ted  a d i r e c t  s o l u t i o n  a lgor i thm as a p o s s i b l e  backup.) 

Much 

( W e  

The system of a l g e b r a i c  equat ions  t o  be so lved  i s  of t h e  from 

where [ K ]  i s  an n X n matr ix  c a l l e d  t h e  s t i f f n e s s  matrix, (61 i s  t h e  

n X 1 vec to r  of gene ra l i zed  displacements ,  and (F) i s  t h e  n X 1 v e c t o r  

of genera l ized  f o r c e s .  These equat ions  arise as a necessary  cond i t ion  

t h a t  t h e  t o t a l  p o t e n t i a l  energy of  t he  e l a s t i c  system be a l o c a l  minimum. 

For any s e t  of gene ra l i zed  displacements  (6’) s a t i s f y i n g  t h e  c o n s t r a i n t  

condi t ions  t h e  t o t a l  p o t e n t i a l  energy i s  g iven  by 

where 

u = 1 / 2  {6’lT[Kl{6’1 ( 3 )  

i s  c a l l e d  t h e  t o t a l  s t r a i n  energy, and 

is  t h e  p o t e n t i a l  energy of t h e  genera l ized  fo rces .  

s a t i s f y i n g  Eq. (1) and the  c o n s t r a i n t  condi t ions  on displacements  

y i e l d s  a m i n i m u m  f o r  the t o t a l  p o t e n t i a l  energy,  V .  

The v e c t o r  (6’) 

The new a c c e l e r a t i o n  scheme i s  based upon t h e  use of  t h e  i t e r a t i v e  

approximations as t r i a l  func t ions  f o r  minimizing the  t o t a l  p o t e n t i a l  energy. 
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L e t  {D) b e  t h e  approximation of t h e  s o l u t i o n  of Eq. (1) a f t e r  t h e  i t h  

i t e r a t i o n  of t h e  Gauss-Seidel method and { A )  be t h e  change i n  t h e  

s o l u t i o n  du r ing  t h e  (i + 1 ) t h  i t e r a t i o n .  A new approximation of t h e  

s o l u t i o n ,  (6'1, i s  cons t ruc t ed  as a l i n e a r  combination of {D) and {A}: 

where a and b are c o n s t a n t s  t o  be determined by r e q u i r i n g  t h a t  V b e  a 

minimum. The minimum requirement y i e l d s  

av av . aa ab - 
_ -  - - -  

The v a l u e s  of a and b s a t i s f y i n g  t h e  above equa t ions  are 

where 

A f t e r  t h e  v a l u e s  of a and b are determined, t h e  i t e r a t ive  procedure i s  

r e s t a r t e d  us ing  t h e  v a l u e  of 16') given by Eq. (5).  
This  a c c e l e r a t i o n  procedure has  been used s u c c e s s f u l l y  f o r  a broad 

range of problems having q u i t e  d i f f e r e n t  convergence p r o p e r t i e s  and has  

produced r a p i d  and s t a b l e  convergence i n  a l l  cases .  

b e  a p p l i e d  r e p e a t e d l y  du r ing  t h e  s o l u t i o n  p rocess ,  and t h e  o v e r a l l  

convergence does n o t  s e e m  t o  b e  ve ry  s e n s i t i v e  t o  t h e  number of i t e r a t i o n s  

The procedure may 
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between a p p l i c a t i o n  s i n c e  t h e  longer  t h e  i n t e r v a l ,  t h e  l a r g e r  t h e  va lue  

of b y  and t h e  g r e a t e r  t h e  r e s u l t i n g  a c c e l e r a t i o n  f o r  each a p p l i c a t i o n  

of t h e  procedure. Typ ica l ly ,  s o l u t i o n  convergence i s  obtained i n  1/5 

t o  1/20 t h e  number of i t e r a t i o n s  r equ i r ed  f o r  t he  nonaccelerated 

procedure. 

The advantages of t h e  i terat ive procedure over d i r e c t  s o l u t i o n  

methods become more pronounced i n  incremental  i n e l a s t i c  problems because 

a r e a l i s t i c  estimate of t he  s t a r t i n g  v e c t o r  is  g e n e r a l l y  a v a i l a b l e .  For 

three-dimensional problems, t h e  reduced core requirements become in -  

c r eas ing ly  important.  Also, because the  i terat ive method i s  independent 

of the bandwidth of t h e  [K] ma t r ix ,  i t  i s  t h e o r e t i c a l l y  p o s s i b l e  t o  

develop a procedure f o r  automatic mesh r e d e f i n i t i o n  t o  account f o r  crack 

propagation. Thus, t h e  method o f f e r s  an excep t iona l  p o t e n t i a l  f o r  

reducing t h e  c o s t  of i n e l a s t i c  a n a l y s i s  of m u l t i c a v i t y  PCRVs and f o r  

improving t h e  accuracy by which crack propagat ion problems can b e  modeled. 

Various test cases w e r e  run  on t h e  SAFE/CRACK code t o  v a l i d a t e  i t s  

accuracy, i nc lud ing  an  a n a l y s i s  of t h e  ORNL Thermal Cylinder t es t ,  which 

w a s  discussed i n  Sec t ion  1 . 2 . 1  of t h e  r e p o r t .  Our op in ion  i s  t h a t  t h e  

code is  f u n c t i o n a l l y  c o r r e c t  i n  i t s  p r e s e n t  form. 

is  two-dimensional, w i th  l i m i t e d  a p p l i c a b i l i t y  t o  m u l t i c a v i t y  PCRV 

a n a l y s i s ,  f u r t h e r  development does no t  seem t o  b e  j u s t i f i e d .  

Because SAFEICRACK 

CREEP/PLAST. This  computer program is  c u r r e n t l y  the  primary 

a n a l y s i s  t o o l  f o r  t h e  LMFBR High-Temperature S t r u c t u r a l  Design Methods 

t a s k  a t  ORNL and has  consequently received ex tens ive  check-out. Thus, 

i t  provides  a convenient t o o l  f o r  v a l i d a t i o n  of e q u i v a l e n t  f e a t u r e s  i n  

the  SAFE/CRACK code, and we have used i t  f o r  t h i s  purpose.  I n  i t s  p r e s e n t  

form t h e  code i s  capable  of performing e l a s t i c - p l a s t i c  and non l inea r  

creep computations using c o n s t i t u t i v e  models a p p r o p r i a t e  t o  metals. I n  

the  f u t u r e  the  code may be u s e f u l  f o r  e v a l u a t i n g  t h e  use of p l a s t i c i t y  

models i n  d e s c r i b i n g  non l inea r  behavior of conc re t e  and t h e  u s e  of rate- 

type models f o r  time-dependent response of conc re t e .  

1.3.1.2 Three-Dimensional Codes 

A t  t h i s  t i m e  no nonproprietary three-dimensional f i n i t e  element 

codes are capable  of analyzing non l inea r  and/or time-dependent e f f e c t s  
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i n  PCRVs. I n  t h e  s e l e c t i o n  of s u i t a b l e  three-dimensional codes i t  w a s  

a n t i c i p a t e d  t h a t  f u r t h e r  development would be r equ i r ed ,  and p a r t i c u l a r  

a t t e n t i o n  w a s  given t o  those f a c t o r s  t h a t  a f f e c t  t h e  amount of e f f o r t  

r e q u i r e d  f o r  implementing mod i f i ca t ions .  The two most important  factoirs 

considered are t h e  degree of i n t e r n a l  and e x t e r n a l  documentation and a 

modular l o g i c  s t r u c t u r e .  Both t h e  codes s e l e c t e d  i n  t h i s  category w e r e  

developed a t  t h e  Un ive r s i ty  of C a l i f o r n i a  and s h a r e  many s imilar i t ies  

i n  con ten t  and l o g i c  s t r u c t u r e .  They are moderately w e l l  s t r u c t u r e d ,  

very w e l l  documented, and widely used. 

NgNSAP. ’ This  program i s  designed f o r  l i n e a r  and n o n l i n e a r ,  

s t a t i c  and dynamic a n a l y s i s  of two- and three-dimensional s t r u c t u r e s  by 

the  f i n i t e  element method. Var i ab le  node i sopa rame t r i c  elements are 

a v a i l a b l e  f o r  continuum d i s c r e t i z a t i o n ,  and va r ious  mater ia l  models arle 

a v a i l a b l e  t o  r e p r e s e n t  e l a s t i c ,  h y p e r e l a s t i c  (non l inea r  e l a s t i c ) ,  and 

h y p o e l a s t i c  ( e l a s t i c - p l a s t i c )  material behavior .  One p a r t i c u l a r l y  

i n t e r e s t i n g  f e a t u r e  i s  a t e n s i o n  cut-off c a p a b i l i t y  f o r  modeling geo- 

l o g i c a l  materials. Unfortunately,  t h e  m a j o r i t y  of t h e s e  mater ia l  models 

are implemented on ly  f o r  t h e  two-dimensional ca se ,  and t h e  time-dependent 

material  response (creep)  model i s  n o t  a v a i l a b l e .  Also,  only an  in-core 

s o l u t i o n  a lgo r i thm e x i s t s ,  t hus  l i m i t i n g  t h e  maximum problem s i z e .  The 

l a t t e r  l i m i t a t i o n  is no t  now viewed as a s e r i o u s  r e s t r i c t i o n ,  b u t  i f  i n  

f u t u r e  s t u d i e s  i t  should become s o ,  t he  i n t r o d u c t i o n  of out-of-core 

s o l u t i o n  a lgo r i thm should n o t  be a major problem. 

B a s i c a l l y ,  NgNSAP i s  an  e f f i c i e n t ,  modular, and e a s i l y  modified 

g e n e r a l  a n a l y s i s  code. Consequently i t  i s  an e f f e c t i v e  t o o l  f o r  con- 

duc t ing  r e s e a r c h  p e r t a i n i n g  t o  non l inea r  a n a l y s i s  procedures ,  and simul- 

taneously it o f f e r s  t h e  c a p a b i l i t y  of e f f i c i e n t  s o l u t i o n  of a v a r i e t y  of 

p r a c t i c a l  problems r e l a t e d  t o  PCRV s t r u c t u r e s .  A t  p r e s e n t ,  t h e  code i s  

o p e r a t i o n a l ,  and many of i t s  f e a t u r e s  have been t e s t e d .  We are becoming 

f a m i l i a r  w i t h  t h e  i n t e r n a l  l o g i c  so  as t o  be i n  a p o s i t i o n  t o  i n c o r p o r a t e  

a p p r o p r i a t e  c o n s t i t u t i v e  models f o r  conc re t e  and make o t h e r  mod i f i ca t ions  

t o  improve t h e  modeling c a p a b i l i t i e s .  

STATIC/SAP. l 7  This  program i s  a predecessor  t o  NflNSAP, and much of 

t h e  coding i s  s i m i l a r .  The fundamental d i f f e r e n c e  i s  t h a t  STATIC/SAP i s  
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only a l i n e a r l y  e l a s t i c  code, hence i t s  c a p a b i l i t i e s  are r e s t r i c t e d .  

However, t h e r e  are d i s t i n c t  advantages a s s o c i a t e d  w i t h  t h i s  code: t h e r e  

is g r e a t e r  o p e r a t i o n a l  exper ience  w i t h  i t ,  i t  i s  s imple r ,  and i t  con ta ins  

an out-of-core s o l u t i o n  a lgor i thm.  

development f o r  t h i s  code b u t  w i l l  use i t  t o  provide  p a r a l l e l  v a l i d a t i o n  

of N@NSAP. 

t h i s  code f o r  i n c l u s i o n  i n t o  NgNSAP. 

W e  do n o t  a n t i c i p a t e  any f u r t h e r  

If necessary ,  w e  may extract  t h e  s o l u t i o n  a lgo r i thm from 

1.3.1.3 Support  Programs 

I n  a d d i t i o n  t o  t h e  f o u r  f i n i t e  element codes d i scussed  p rev ious ly ,  

two suppor t  computer programs w e r e  developed t o  provide  e r r o r  d i a g n o s t i c  

c a p a b i l i t i e s  f o r  t he  f i n i t e  element mesh d e f i n i t i o n .  Both programs a l s o  

provide  p l o t s  of a l l  nodes and elements  making up t h e  complete mesh. 

The program CHECK/2D provides  a d i a g n o s t i c  c a p a b i l i t y  f o r  t h e  p l ane /  

axisymmetric two-dimensional programs by p repa r ing  a p l o t  of a l l  element 

boundaries  t h a t  are s p e c i f i e d  on ly  once by t h e  element cards .  I f  no 

e r r o r s  e x i s t  i n  t he  element s p e c i f i c a t i o n s ,  on ly  t h e  o u t l i n e  of  t h e  

s t r u c t u r e  w i l l  appear  on t h i s  p l o t .  

produce i n t e r n a l  l i n e s  w i t h i n  t h e  s t r u c t u r e .  

Any element s p e c i f i c a t i o n  error w i l l  

The program CHECK/3D provides  d i a g n o s t i c  c a p a b i l i t y  f o r  t h e  three-  

dimensional programs by p l o t t i n g  a l l  element boundary s u r f a c e s  t h a t  are 

s p e c i f i e d  only  once. Any element  s p e c i f i c a t i o n  e r r o r  w i l l  produce i n t e r n a l  

s u r f a c e s  w i t h i n  t h e  s t r u c t u r e .  Both programs provide  a n  a b s o l u t e  val i -  

d a t i o n  of t h e  c o r r e c t n e s s  of  t h e  f i n i t e  element mesh d e f i n i t i o n .  

1 .3 .2  R e v i e w  of Methods f o r  Analys is  of  PCRVs 

To ensu re  t h a t  ou r  e f f o r t s  i n  t h e  development of  a n a l y t i c a l  capa- 

b i l i t i e s  are p rope r ly  d i r e c t e d  and p r o f i t  from p rev ious  exper ience ,  an 

ex tens ive  e f f o r t  w a s  devoted t o  t h e  review of publ i shed  informat ion .  

Two consu l t an t s ,  Prof .  Z .  P .  Bazant of Northwestern Un ive r s i ty  and 

P ro f .  R .  H. Gal lagher  of Cornel1 Un ive r s i ty ,  are p a r t i c i p a t i n g  i n  t h i s  

e f f o r t .  The f i n d i n g s  w i l l  be  publ i shed  i n  a r e p o r t  on t h e  s ta te -of - the-  

ar t  of a n a l y s i s  methods f o r  PCRVs. The document d i s c u s s e s  t h e  r e l a t i o n -  

s h i p  between t h e  des ign  phi losophy and t h e  types  of  ana lyses  r e q u i r e d  
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( l i n e a r  e las t ic ,  time-dependent, and i n e l a s t i c ) ,  t h e  v a r i o u s  c o n s t i t u t i v e  

r e l a t i o n s  t h a t  are used t o  d e s c r i b e  material behavior ,  and t h e  imple- 

mentat ion of t h e s e  behavior  models i n  f i n i t e  element computer codes. 

1.4 HEAD FAILURE STUDIES - M. A. Sozen and W. C .  Schnobrich 
(Un ive r s i ty  of I l l i n o i s )  

The immediate o b j e c t i v e  of t h e  p r o j e c t  a c t i v i t i e s  f o r  t h e  f i r s t  

yea r  w a s  t o  develop experimental  techniques and t o  reassemble computer: 

programs t o  s tudy  t h e  shea r  s t r e n g t h  of f l a t  end s l a b s  of c y l i n d r i c a l  

vessels, w i t h  v a r i o u s  arrangements of p e n e t r a t i o n s  i n  t h e  end s l a b .  

The o v e r a l l  dimensions of the  two vessels t e s t e d  are shown i n  

Fig.  1.9.  

had s i x  0.13-m (5-in.)  p e n e t r a t i o n s  d i s t r i b u t e d  symmetrically around a 

0.20-m (8-in.) r a d i u s .  

One of t h e  test  vessels had a s o l i d  end s l a b  wh i l e  t h e  o t h e r  

ORNL-DWG 7 6 - 3 0 2 1  

3 - m  PENETRATION 

Fig.  1.9.  Overall Dimensions of Test Vessel. 
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1 . 4 . 1  P r e s t r e s s i n g  System 

The end s l a b  is  made of p l a i n  conc re t e  (without convent ional  s t ee l  

reinforcement) .  T e n s i l e  stresses c r e a t e d  during loading are counter- 

a c t e d  by t h e  compressive stresses generated by t h e  c i r c u m f e r e n t i a l  and 

v e r t i c a l  p r e s t r e s s i n g .  

Because no commercial source w a s  a v a i l a b l e  f o r  applying t h e  c i r -  

cumferent ia l  p r e s t r e s s i n g  f o r c e  wi th  t h e  v a r i a b i l i t y  t h a t  would be 

r e q u i r e d  i n  t h e  course of t h e  p r o j e c t ,  w e  e l e c t e d  t o  develop a system 

f o r  c i r c u m f e r e n t i a l  p r e s t r e s s i n g  i n  the  l abora to ry .  Figure 1.10 shows 

t h e  p r e s t r e s s i n g  r i g  c u r r e n t l y  being used. 

The system uses a dead weight of 680 kg (1500 l b )  t o  develop t h e  

p r e s t r e s s i n g  f o r c e  such t h a t  t he  t o t a l  f o r c e  of t h e  2.0-mm (0.08-in.) 

p r e s t r e s s i n g  w i r e  i s  approximately 3.3 kN (750 l b )  as cont inuously re- 

corded by a t r ansduce r  connected t o  t h e  las t  p u l l e y .  The test vessel 

is  s e a t e d  on a platform,  which is  r o t a t e d  by an e l e c t r i c  motor providing 

the  p r e s t r e s s i n g  f o r c e .  The travel of t h e  p r e s t r e s s i n g  steel i s  r e g u l a t e d  

by a f r i c t i o n  wheel. 

cons t an t  e l e v a t i o n  by c o n t i n u a l l y  a d j u s t i n g  t h e  normal f o r c e  on t h e  f r i c t i o n  

wheel w i th  t h e  brake l e v e r .  

The 680-kg (1500-lb) weight i s  maintained a t  

The p r e s t r e s s i n g  f o r c e  i s  provided by a series of bands,  each of 

which occupies a he igh t  of 0.10 m ( 4  i n . )  on t h e  vessel w a l l  and comprises 

approximately 300 t u r n s .  The bands are spaced on 0.20-m (8-in.)  c e n t e r s .  

The t o t a l  p r e s t r e s s i n g  o p e r a t i o n  t akes  approximately two days. 

The ver t ical  o r  l o n g i t u d i n a l  p r e s t r e s s  i s  provided by s i x t y  19-nnn 

(3/4-in.)  stress steel  rods ,  as shown i n  Fig. 1.11. F i f t e e n  of t h e s e  

rods are instrumented and c a l i b r a t e d  t o  measure changes i n  stress during 

the  tes t .  

1 .4 .2  Seal ing and Instrumentat ion 

One of t h e  c r i t i c a l  t a s k s  i n  t h e  t e s t i n g  of each vessel i s  t h e  

i n t e r n a l  seal  o r  l i n e r ,  which has t o  hold t h e  p r e s s u r e  a f t e r  cracking of 

t h e  i n s i d e  s u r f a c e  of t he  v e s s e l  and r o t a t i o n  of t he  head. Developmental 

work l e d  t o  t h e  sandwich l i n e r  shown i n  Fig. 1.12. 
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A hollow s tee l  c y l i n d e r  w i th  one end open is  b u i l t  from 2.6-mm 

(0.104-in.) s teel  p l a t e  t o  f i t  i n  t h e  conc re t e  vessel, r e s t i n g  on a 

6.4-mm (0.25-in.) g rou t  l a y e r .  The i n s i d e  s u r f a c e  of t h e  hollow s t ee l  

c y l i n d e r  i s  l i n e d  w i t h  a 1.9-kg/m2 (16-oz/f t2)  sof t -copper  p l a t e ,  

which is s o l d e r e d  t o  t h e  steel  r i n g  a t  t h e  open end of t h e  c o n c r e t e  

v e s s e l .  The copper p l a t e  i s ,  i n  t u r n ,  l i n e d  by a 1.6-mm (1/16-in.) 

membrane of neoprene. A 19-mm (3/4-in.) O-ring i s  p l aced  a t  t h e  r e e n t r a n t  

co rne r  and covered by a generous l a y e r  of s i l i c o n e  cau lk .  An expansion 

r i n g ,  which pushes t h e  l i n e r  membrane a g a i n s t  t h e  s teel  r i n g  a t  t h e  open 

end of t h e  conc re t e  vessel, is  a l s o  covered by caulk.  The seal  between 

the s teel  c l o s u r e  p l a t e  and t h e  test vessel i s  provided by a 5.3-mm 

(0.21-in. ) O-ring. 

I n  a d d i t i o n  t o  in s t rumen ta t ion  f o r  measuring t h e  p r e s t r e s s i n g  

f o r c e s ,  t h e  i n t e r n a l  p r e s s u r e ,  and c rack  p a t t e r n s ,  e l e c t r i c a l  r e s i s t a n c e  

gages measure t h e  s t r a i n s  on conc re t e  a t  two s u r f a c e s  of t h e  end s l a b  as 

w e l l  as i n  t h e  p e n e t r a t i o n s .  

1 .4 .3  T e s t  R e s u l t s  

Both specimens f a i l e d  as a r e s u l t  of s h e a r  i n  t h e  end s l a b  i n  a 

manner s i m i l a r  t o  t h e  f a i l u r e s  desc r ibed  by Karlsson and Sozen.18 

1 . 1 3  shows t h e  measured r e l a t i o n s h i p  between t h e  i n t e r n a l  stress and 

d e f l e c t i o n  a t  t h e  center of s l a b .  The observed c l o s e  r e l a t i o n s h i p  between 

t h e  s t r e n g t h  and deformation p r o p e r t i e s  of t h e s e  two vessels, one of 

which has v i r t u a l l y  h a l f  i t s  c r o s s - s e c t i o n a l  area a t  a r a d i u s  of 0.20 m 

(8 i n . )  removed, is  noteworthy and confirms t h e  obse rva t ion  made by 

Karlsson and Sozen. 

F igu re  

1.4.4 A n a l y t i c a l  S tud ie s  

The a n a l y s i s  of t h e  vessel heads us ing  t h e  element approach requ: i res  

an e f f i c i e n t  program t o  adequately treat  t h e  non l inea r  phase of t he  s tudy  

i n  an inc remen ta l  manner. A f t e r  experiments w i th  several e x i s t i n g  programs 
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Fig. 1.13. Measured Pressure-Deflect ion Re la t ionsh ip .  

of both the  gene ra l  purpose and t h e  s p e c i a l  purpose types w e  concluded 

t h a t  s e v e r a l  programs t a i l o r e d  t o  t h e  p a r t i c u l a r  problem rep resen ted  an  

e f f e c t i v e  approach. 

The cracking program adap t s  a combined i n c r e m e n t a l - i t e r a t i v e  procedure.  

The s t r u c t u r e  i s  loaded monotonically (with increments determined by t h e  

u s e r ) .  Within each increment t he  program performs a number of i t e r a t i o n  

cyc le s  t o  achieve an equ i l ib r ium s o l u t i o n  under t h e  app l i ed  loads p l u s  

a l l  t h e  r e s i d u a l  f o r c e s  being r e d i s t r i b u t e d  as a r e s u l t  of t h e  non l inea r  

ac t ion .  

i s  use r  s e l e c t e d .  

The frequency a t  which t h e  t a n g e n t i a l  s t i f f n e s s  ma t r ix  i s  updated 

A major problem i n  t h e  a p p l i c a t i o n  of t he  procedure i s  t h e  s p e c i f i -  

c a t i o n  of t he  non l inea r  p r o p e r t i e s  of conc re t e  under t h e  wide v a r i e t y  of 

p o s s i b l e  stress combinations. A number of programs have used an  e l a s t i c -  

p l a s t i c  material  c h a r a c t e r i z a t i o n  w i t h  t h e  f a i l u r e  s u r f a c e  determined by 

t h e  choice of y i e l d  c r i t e r i o n .  Such programs have worked s u c c e s s f u l l y  

mostly on problems i n s e n s i t i v e  t o  t h e  compressive stress cond i t ions .  For 

the  head problem t h i s  type of material s p e c i f i c a t i o n  i s  inadequate .  Thus 

the  c o n s t i t u t i v e  r e l a t i o n s  inco rpora t ed  i n  the  program are based on an 
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empir ica l  model of a genera l  curved shape f o r  t he  concre te .  Based on 

the  s e l e c t e d  s t r e s s - s t r a i n  c h a r a c t e r i s t i c s  t h e  stresses which t h e  material 

can s t and ,  t h e  r e s i d u a l  stresses, and the  ins tan taneous  moduli are  

determined. The flow diagrams f o r  t h e  b a s i c  a lgor i thms used wi th  p r i n c i p a l  

t e n s i l e  o r  compressive stresses are shown i n  Figs .  1 . 1 4  and 1.15. 

The program al lows two-dimensional axisymmetric o r  three-dimensional 

i soparamet r ic  elements t o  be s e l e c t e d  along wi th  a gene ra l  nonl inear  

concre te  s t r e s s - s t r a i n  r e l a t i o n s h i p .  I n  i t s  c u r r e n t  formula t ion ,  i t  dioes 

not  accept  decaying s t r e s s - s t r a i n  condi t ions .  

The program i s  c u r r e n t l y  being employed t o  i n v e s t i g a t e  t h e  stress 

f i e l d s  i n  the  cryptodome conf igu ra t ions  developed i n  t h e  r e c e n t  t es t  

specimens. 

ORNL-DWG 7 6 - 3 0 2 5  
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Fig.  1 .14.  Basic Algorithm f o r  Handling P r i n c i p a l  Tens i l e  S t r e s s e s .  
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1.5  CONCRETE STRUCTURAL MODEL TESTS - D .  J. Naus 

1.5.1 Background 

P res t r e s sed  concre te  r e a c t o r  vessels (PCRVs) are gene ra l ly  massive 

thick-walledy r i g h t - c i r c u l a r  cy l inde r s  having f l a t  heads.  They are 

e i t h e r  of t h e  s ing le -cav i ty  o r  mul t i cav i ty  type.  Analysis  of t h e s e  

s t r u c t u r e s  i s  extremely d i f f i c u l t  because of t h e i r  complexity,  varying 

loading condi t ions ,  time-dependent material behavior ,  and changing 

environments. Their  design i s  based on t h e  premise t h a t  c a t a s t r o p h i c  

f a i l u r e  i s  v i r t u a l l y  impossible  s i n c e  s u f f i c i e n t  convent ional  r e i n f o r c i n g  

steel  and p r e s t r e s s i n g  s teel  are contained i n  the  concre te  ma t r ix  t o  

ensure  t h a t  t he  s t r u c t u r a l  behavior  i s  n o n b r i t t l e .  Thus, i f  f a i l u r e  ever 

happened, i t  would be a progress ive  process  occurr ing  i n  small increments .  

During development of PCRVs as containment s t r u c t u r e s  f o r  nuc lea r  

r e a c t o r s  many models w e r e  f a b r i c a t e d ,  t e s t e d ,  and analyzed t o  v e r i f y  

designs and t o  develop and r e f i n e  e x i s t i n g  f a i l u r e  ana lyses .  I n  f a c t ,  

models have been t e s t e d  f o r  a l l  PCRVs t h a t  have been b u i l t  t o  da te .  

Despi te  t h e  cons iderable  research  d a t a  obta ined  through model s t u d i e s  !, 

t h e r e  i s  s t i l l  a d e f i n i t e  cont inuing  need f o r  model s t u d i e s  a s soc ia t ed  

wi th  PCRV development. I n  many of t h e  previous i n v e s t i g a t i o n s  the  d a t a  

are of l i m i t e d  use  because only l i m i t e d  ranges of v a r i a b l e s  w e r e  i n v e s t i -  

ga ted ,  r e sea rch  e f f o r t s  w e r e  conducted independently and t h e  d a t a  are 

app l i cab le  only t o  the  p a r t i c u l a r  model s tudy ,  and t h e  models w e r e  falsri-  

ca ted  from "model" conc re t e s  and t e s t e d  i n  environments no t  adequately 

r e p r e s e n t a t i v e  of  t h e  material s t a t e  i n  the  PCRV. (Resul t s  cannot be 

r e l a t e d  t o  t h e  20 t o  30-year design l i f e . )  

The series of model tests t o  be conducted under t h i s  t a s k  w i l l  be 

designed t o  provide i n p u t  f o r  development of new and/or  ref inement  of 

e x i s t i n g  a n a l y t i c a l  techniques f o r  desc r ib ing  PCRV long-term t i m e ,  tempera- 

t u r e ,  and load-dependent behavior.  I n i t i a l l y ,  the  models w i l l  involve  

r e l a t i v e l y  s imple s t r u c t u r a l  members. The s t r u c t u r a l  models w i l l  then 

inc rease  s tepwise  i n  complexity u n t i l  they r ep resen t  a PCRV o r  major 

po r t ions  of a PCRV. Loading and environments w i l l  be  designed t o  s imula t e  

long-term PCRV opera t ing  condi t ions .  The models w i l l  gene ra l ly  b e  of 

s u f f i c i e n t  s i z e  s o  t h a t  r e p r e s e n t a t i v e  PCRV materials may be u t i l i z e d .  
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1.5.2 I n i t i a l  S t r u c t u r a l  Models T e s t  Series: Grouted vs Nongrouted 
P r e s t r e s s i n g  Tendon Behavior 

A s  a r e s u l t  of a r e q u e s t l g  from GA f o r  information on use of grouted 

tendons i n  P C R V s ,  the  i n i t i a l  s t r u c t u r a l  models test series has  been 

designed t o  i n v e s t i g a t e  the  r e l a t i v e  performance of grouted vs nongrouted 

tendons. I f  grouted tendons perform adequately i n  P C R V s ,  reduced o v e r a l l  

c o s t s  and improved performance may be a f f ec t ed .  

p ~ & ~ 4  t he  use of grouted tendons,  f u r t h e r  experimentat ion i s  requi red  

t o  eva lua te  grouted tendon systems, e s p e c i a l l y  i n  p o t e n t i a l l y  aggres s ive  

environments. 

* 
Before accept ing  a 

1.5 .3  Experimental I n v e s t i g a t i o n  

The p resen t  experimental  e f f o r t  i s  d iv ided  i n t o  two phases:  (1) 

development of a concre te  l abora to ry  capable  of ba tch ing ,  mixing, and 

c a s t i n g  the  requi red  s t r u c t u r a l  models, and (2) a n  eva lua t ion  of t h e  

relative performance of grouted and nongrouted p r e s t r e s s i n g  tendons. The 

work t h a t  has been completed during t h i s  r epor t ing  per iod  inc ludes  the  

development of t he  concre te  s t r u c t u r a l  model l abora to ry  and development 

of a test  program f o r  t h e  grouted tendon s tudy.  

1.5.3.1 Concrete Laboratory 

The in-house l abora to ry  f o r  ba tch ing ,  mixing, c a s t i n g ,  and t e s t i n g  

Basic  equipment con- of concre te  s t r u c t u r a l  models has  been completed. 

t a ined  i n  t h e  l abora to ry  inc ludes :  coarse  and f i n e  aggregate  s t o r a g e  

f a c i l i t i e s ,  sieves f o r  aggregate  g rada t ions ,  hoppers f o r  ba tch ing  the  

dry concre te  ing red ien t s  and t r anspor t ing  the  concre te  whi le  i n  a p l a s t i c  

condi t ion ,  batching scales, a 0.17-m3-capacity (6-f t 3, concre te  mixer 

e s p e c i a l l y  designed f o r  optimum e f f i c i e n c y ,  a 0.07-m3 (2 .5- f t3)  and a 

0.02-m3 (0.7 f t 3 )  mixer s u i t a b l e  f o r  cas t ing  r e l a t i v e l y  s m a l l  models, 

* I n i t i a l  c o s t s  of  grouted and nongrouted tendons are approximately 
equal ,  bu t  the  s u r v e i l l a n c e  c o s t s  f o r  nongrouted tendons over t h e  20 t o  30- 
year  design l i f e  of t he  s t r u c t u r e  may c o s t  as much as the  p r e s t r e s s i n g  
system i t s e l f .  I n  add i t ion ,  grouted tendons provide increased  u l t ima te  
moment capac i ty ,  b e t t e r  crack c o n t r o l ,  improved anchorage e f f i c i e n c y ,  
and e l imina t ion  of dynamic e f f e c t s  r e s u l t i n g  from tendon f r a c t u r e .  
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and e x t e r n a l  and i n t e r n a l  v i b r a t o r s  f o r  compaction of t h e  concre te  i n  

the  molds. Equipment i s  a v a i l a b l e  f o r  de te rmina t ion  of t h e  fol lowing 

concre te  p r o p e r t i e s :  compressive s t r e n g t h ,  s p l i t t i n g - t e n s i l e  s t r eng th , ,  

u n i t  weight ,  a i r  conten t ,  slump, t i m e  of s e t ,  and modulus of rup tu re .  

Two t e s t i n g  machines have been obta ined  f o r  t h e  l abora to ry :  a 

1.78-MN (400-kip) hydrau l i c  machine and a 0.24-MN (55-kip) s t r u c t u r a l  

tes t  system. The 1.78-MN hydrau l i c  machine i s  p r imar i ly  f o r  concre te  

materials p rope r ty  eva lua t ions ,  and the  0.24-MN closed-loop e l e c t r o -  

hydrau l i c  system w i l l  be  used f o r  s t r u c t u r a l  t e s t i n g  of t he  models. 

a d d i t i o n  t o  i t s  0.24-MN capac i ty ,  t he  system has  a 0.15-m (6- in . )  s t r o k e ,  

the  c a p a b i l i t y  of being programmed f o r  cons tan t  l oad ing ,  cons tan t  

deformation ra te ,  o r  a wide v a r i e t y  of ramp loading func t ions ,  as w e l l  

as dynamic and c y c l i c  loading  c a p a b i l i t y .  

In 

1.5.3.2 Grouted o r  Nongrouted Tendon I n v e s t i g a t i o n  

A test program t o  assess the  re la t ive behavior of grouted and non- 

grouted tendons has  been developed. The experimental  i n v e s t i g a t i o n  i s  

t o  be  d iv ided  i n t o  s t u d i e s  o f :  (1) s t r u c t u r a l  behavior ,  (2) co r ros ion  

behavior ,  ( 3 )  new materials, and (4) tendon monitor ing techniques.  Po:s t- 

tensioned beams f a b r i c a t e d  from r e p r e s e n t a t i v e  PCRV materials w i l l  be  

used as the  primary s t r u c t u r a l  elements.  

1.5.3.2.1 Specimen Geometry, Materials, and Specimen Fabr i ca t ion .  

To s impl i fy  the  t e s t i n g  and a n a l y s i s  requirements ,  beam s t r u c t u r a l  

elements have been s e l e c t e d  as the  primary members t o  be used i n  t h e  

i n v e s t i g a t i o n .  

(6 i n .  by 1 2  i n .  by 10 f t )  w a s  s e l e c t e d  accoring t o  c r i t e r i a  t h a t  t h e  

beam be of s u f f i c i e n t  s i z e  t h a t  f l e x u r a l  members a r e  a c c u r a t e l y  modeled, 

t h a t  r e p r e s e n t a t i v e  p r e s t r e s s i n g  s teel  types and q u a n t i t i e s  may b e  used, 

and t h a t  t he  beam and material  p r o p e r t i e s  specimens be c a s t  from one 

concre te  mix. 

t he  geometry s e l e c t e d  w i l l  f a i l  i n  f l e x u r e  a f t e r  steel  y i e l d i n g  and t h a t  

u l t i m a t e  loads  are w i t h i n  the  capac i ty  of t he  s t r u c t u r a l  test system. 

A beam geometry of 0.15 m wide by 0.305 m deep by 3.1 m long 

An a n a l y s i s  has  been conducted t o  ensure  t h a t  specimens of 



A 19-mm (3/4 i n . )  maximum aggregate  s i z e  concre te  wi th  des ign  

p r o p e r t i e s  r e p r e s e n t a t i v e  of t h e  mix s p e c i f i e d  f o r  t he  Summit Power 

S t a t i o n  [compressive s t r e n g t h  = 45 MPa (6500 p s i ) ,  modulus of e l a s t i c i t y  = 

31-45 GPa (4.5-6.5 X l o 6  p s i ) ,  and Poisson ' s  r a t i o  = 0.15-0.251 w i l l  be  

used f o r  specimen f a b r i c a t i o n .  Type I1 cement w i l l  be used i n  t h e  i n v e s t i -  

gat ion.  Seven-wire 13-mm-diam (0.5-in.) lo - lax  grade 270 s t r a n d  has  been 

s e l e c t e d  as the  pos t - tens ioning  reinforcement  s i n c e  t h i s  s t r a n d  i s  repre-  

s e n t a t i v e  of p r e s e n t l y  used p r e s t r e s s i n g .  The quan t i ty  (a rea)  of steel  

provided by one s t r a n d  w i l l  c l a s s i f y  the  beams as underreinforced and 

thus the  s t e e l  w i l l  y i e l d  be fo re  f a i l u r e  of t he  beam. 

Specimens c a s t  from each mix w i l l  be one beam tes t  specimen, t h r e e  

0.15-m-diam by 0.305-m (6- by 12-in.)  compression test  c y l i n d e r s ,  t h r e e  

0.10-m-diam by 0.20-m (4-by 8-in.)  s p l i t t i n g - t e n s i l e  t e s t  c y l i n d e r s ,  and 

t h r e e  0.08 by 0.10 by 0.46 m ( 3  by 4 by 18 i n . )  modulus of rup tu re  t es t  

prisms. Slump, a i r  conten t ,  and u n i t  weights w i l l  be determined f o r  each mix. 

The beam s t r u c t u r a l  elements w i l l  be cast  i n  s t ee l  molds, and t h e  pro- 

cedure followed w i l l  include:  placement and attachment of the  f l e x i b l e  

condui t  i n  the mold, concre te  placement, compaction by v i b r a t i o n ,  l e v e l i n g  

of exposed su r face ,  and covering w i t h  w e t  bur lap  and p l a s t i c  t o  minimize 

moisture  loss .  Companion c o n t r o l  specimens w i l l  be  c a s t  according t o  

appropr i a t e  ASTM s tandards .  From 20 t o  24 h r  a f t e r  c a s t i n g  the  specimens 

w i l l  be removed from t h e i r  molds, condui t  temporar i ly  s e a l e d ,  and t h e  

specimens coated wi th  a b r i t t l e  she l lac- type  material  t o  prevent  mois ture  

l o s s  and thus s imula te  mass concre te  condi t ions .  The specimens w i l l  b e  

cured f o r  21 days i n  the  labora tory  environment. Af t e r  specimen cur ing ,  

t h e  s t r a n d  reinforcement w i l l  be i n s e r t e d  i n t o  the  condui t  and post-  

tensioned t o  t he  des i r ed  p r e s t r e s s i n g  l e v e l  tak ing  i n t o  account l o s s e s  

due t o  deformations and anchorage s e a t i n g .  Tendons s l a t e d  f o r  grout ing  

w i l l  be grouted by t h e  fol lowing procedure: 

e leva ted  s o  the  grout  w i l l  have t o  be pumped u p h i l l ;  f l u s h  condui t  w i th  

an  a l k a l i n e  water s o l u t i o n ;  blow o u t  r e s i d u a l  water w i t h  compressed a i r  

t h a t  i s  dry and o i l  f r e e ;  pump grout  i n t o  condui t  u n t i l  i t  flows f r e e l y  

and uniformly from the  e leva ted  end; c lose  u p h i l l  opening; maintain g rou t  

pressure  1 min; and seal lower end. The beams w i l l  be t e s t e d  approximately 

seven days a f t e r  grout ing.  

p l ace  beam wi th  one end 
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1.5.3.2.2 Grouted vs Nongrouted Tendon Behavior. Relative behavior  

of grouted and nongrouted post- tensioned beam s t r u c t u r a l  elements w i l l  

be  assessed .  The beam geometry presented  i n  Fig.  1.16 w i l l  be used f o r  

this phase of t he  i n v e s t i g a t i o n .  Tests t o  be conducted w i l l  i nc lude  

s t a t i c  f l e x u r e ,  dynamic f l e x u r e ,  and f a t i g u e .  

Approximately seven s t a t i c  f l e x u r e  tests w i l l  be  conducted. Three 

of t he  tes ts  w i l l  be grouted post- tensioned tendons having e f f e c t i v e  

p r e s t r e s s i n g  levels of 0.5, 0 .6 ,  and 0 .7  t i m e s  fi where f;. i s  t h e  

u l t ima te  t e n s i l e  s t r e n g t h  of t h e  p r e s t r e s s i n g  s t r and .  * 
ungrouted post- tensioned beams wi th  the  s a m e  e f f e c t i v e  p r e s t r e s s i n g  levels 

w i l l  be  t e s t e d .  The beams w i l l  be  loaded a t  t h e  " t h i r d  po in t s "  s o  t h a t  

t h e  c e n t r a l  l eng th  of t h e  beam w i l l  no t  be subjec ted  t o  e x t e r n a l  shea r  

f o r c e s .  The beams w i l l  be  loaded a t  a r a t e  of 7 3  N/sec (1000 lb /min) .  

Af t e r  t he  f i r s t  crack occurs  loading  w i l l  be  temporar i ly  stopped and 

he ld  u n t i l  c racks  can be marked and measured. The beams w i l l  then  be 

loaded i n  increments of 4.45 t o  8.9 kN (1-2 k i p s )  u n t i l  f a i l u r e  occurs  

by c rushing  of t h e  concre te ,  excess ive  d e f l e c t i o n ,  o r  s t r a n d  f a i l u r e .  

Cracks w i l l  be  marked and measured a t  each load increment.  Def l ec t ions  

a t  t h e  t h i r d  p o i n t s  and a t  t h e  c e n t e r  of the  beam w i l l  be  cont inuously 

monitored as w e l l  as s t r a i n s  i n  t h e  beam. One a d d i t i o n a l  grouted post-  

tensioned f l e x u r e  member w i l l  be  t e s t e d  wi th  one end anchorage loosened 

t o  determine t h e  e f f e c t s  of a s imulated d e f e c t i v e  anchorage on performance. 

Three companion 

S i x  tests are planned t o  provide an i n d i c a t i o n  of t he  ra te  of 

loading on re la t ive performance of grouted and nongrouted post- tensioned 

beams. Three grouted tendon beams w i l l  be t e s t e d  a t  loading  rates of 

0.73, 7.3, and 73 kN/sec (10, 100, and 1000 kips/min) .  A companion non- 

grouted beam w i l l  a l s o  be t e s t e d  a t  each load rate. Loads and d e f l e c t i o n s  

w i l l  be  monitored dur ing  t h e  tests. 

An i n d i c a t i o n  of t h e  re la t ive performance of grouted and nongrouted 

post- tensioned beams subjec ted  t o  c y c l i c  loadings  such as might occur  

during the  p re s su r i za t ion -depres su r i za t ion  phases i n  a PCRV w i l l  be  

*Unless otherwise s p e c i f i e d  0.6fg w i l l  be  used as t h e  e f f e c t i v e  
p r e s t r e s s i n g  level f o r  a l l  post- tensioned beam elements.  
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AND (INCHES) 

Fig. 1.16. Flexure Test Specimen. 

provided by s i x  f a t i g u e  tests. 

nongrouted cond i t ion  w i l l  b e  cycled i n  f l e x u r e  a t  load  levels t h a t  

produce corresponding stress levels i n  t h e  p r e s t r e s s i n g  ranging from 

60 t o  80, 60 t o  70, and 50 t o  70% of fi. 
a t  a ra te  of 1 Hz (60 cycles/min)* u n t i l  e i t h e r  f a i l u r e  occurs  o r  l o 6  
load  cyc les  have been appl ied .  Data w i l l  be obtained dur ing  t h e  tests 

on load-def l e c t i o n ,  c racking  (number, depth,  w id th ) ,  and number of cyc le s  

t o  f a i l u r e .  

Three beams each f o r  t h e  grouted and 

The specimens w i l l  be cycled 

*This slow rate of loading  i s  t o  ensure  t h a t  t h e  loading  frequency 
is  s u f f i c i e n t  below the  fundamental n a t u r a l  frequency of t h e  beam 
(=30 Hz) .  
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1.5.3.2.3 Corrosion Res is tance .  The cor ros ion  p r o t e c t i o n  provided 

by g rou t ing  of tendons w i l l  be  eva lua ted  and compared wi th  c o n t r o l  

(nongrouted-nonprotected) and a convent iona l ly  used p r o t e c t i o n  system 

(No-ox-id o r  Visconorust  209OP-4). The test  f i x t u r e  presented  i n  Fig.  1.17 

w i l l  be  used t o  apply loads  t o  the  tendons housed i n  condui ts .  The 

specimens w i l l  be  subjec ted  t o  a 0 .2  M NHhN03 s o l u t i o n ,  which has  been 

shown'' t o  produce r e l a t i v e l y  r a p i d  cor ros ion  f a i l u r e s  i n  p r e s t r e s s i n g  

tendons. A t o t a l  of n ine  specimens w i l l  be  t e s t e d ,  i n  which a nongrouted- 

nonprotected ( con t ro l )  specimen, a nongrouted-protected (No-ox-id o r  

Visconorust  209OP-4) specimen, and grouted-protected specimen w i l l  each 

be t e s t e d  f o r  l oad  l e v e l s  r ep resen t ing  0.6,  0 .7 ,  and 0 .8  t i m e s  f'. 

Relative t i m e s  t o  f a i l u r e  w i l l  be determined. 
S 

1.5.3.2.4 New Materials. P o t e n t i a l  new materials f o r  tendon grout ing  

and s t r u c t u r a l  a p p l i c a t i o n s  w i l l  be  b r i e f l y  inves t iga t ed .  

systems inc lude  polymer s i l i c a  and f a s t - s e t t i n g  r e f r a c t o r y  cements 

developed a t  Southwest Research I n s t i t u t e ,  and s t ee l - f ibe r - r e in fo rced  

concre te ,  which has  been used ex tens ive ly  f o r  pavement a p p l i c a t i o n s  where 

f l e x u r e  stresses are high. 

The material-  

Polymer s i l i c a  materials are materials t h a t  react a t  a predetermined 

a c t i v a t i o n  temperature t o  produce a material system t h a t  can wi ths tand  

s e r v i c e  temperatures  of 538 t o  1093°C (1000-2000"F), o b t a i n  compressive 

s t r e n g t h s  of 69 t o  138 14"a (10,000-20,000 p s i ) ,  and develop e x c e l l e n t  

adhesion t o  m e t a l s .  The f a s t - s e t t i n g  r e f r a c t o r y  cements cure  a t  room 

temperature ,  develop 41 ME'a (6000 p s i )  compressive s t r e n g t h  i n  24  h r ,  

resist h e a t  cyc l ing  and continuous exposure t o  1093°C (2000°F), and 

develop e x c e l l e n t  adhesion t o  metals. The materials w i l l  be eva lua ted  

as grout ing  materials. Tests t o  be conducted inc lude :  volume change 

and b leeding ,  which w i l l  be measured by p lac ing  t h e  materials i n  a cy l in -  

d r i c a l  mold 0.10 m diam by 0.25 m h igh  (4 by 10 i n . )  and measuring b l eed  

w a t e r  and shr inkage (or  expansion) on cur ing;  compressive s t r e n g t h  and 

ra te  of s t r e n g t h  ga in  eva lua ted  by t e s t i n g  51-mm (2-in.) cube specimen!;; 

t e n s i l e  s t r e n g t h  measured by conducting s p l i t t i n g - t e n s i l e  s t r e n g t h  tests 

on 51-mm cubes and modulus of rup tu re  tests on 25-mm (1-in.)  by 25-mm 

by 0.305-m (12-in. ) prisms;  bond s t r e n g t h  eva lua ted  wi th  the  "pull-out" 
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Fig .  1 . 1 7 .  Corrosion Tes t  Setup. Overa l l  Dimensions are  0.10 by 
0.15 by 0.45  m .  

tes t  se tup  presented  i n  Fig. 1.18; pumpabili ty and performance eva lua ted  

by grout ing  and t e s t i n g  of a f l e x u r e  specimen wi th  the  geometry presented  

i n  Fig.  1.16; and t h e  bond development length* determined on a specimen 

of t he  geometry of Fig.  1.16 by grout ing  t h e  tendon, cur ing ,  r e l e a s i n g  

the  anchorage a t  one end, and measuring wi th  a mechanical gage concre te  

s u r f a c e  s t r a i n s  a t  t h e  l e v e l  of t h e  p r e s t r e s s i n g .  

Fiber-reinforced concre te  i s  concre te  cons i s t ing  of hydrau l i c  

cements conta in ing  f i n e  o r  f i n e  and coarse  aggregates  and d iscont inuous ,  

d i s c r e t e  f i b e r s ,  which are blended i n t o  concrete  during the  mixing cyc le .  

The a d d i t i o n  of f i b e r s  t o  concre te  inc reases  i t s  s t r e n g t h ,  d u c t i l i t y ,  

and r e s i s t a n c e  t o  dynamic loading.  An i n d i c a t i o n  of t h e  performance of 

f ib rous  concrete  as a p r e s t r e s s e d  member w i l l  be  assessed  by c a s t i n g  

Bond development l eng th  w i l l  be def ined  as the  l eng th  r equ i r ed  f o r  * 
a tendon t o  develop maximum stress when t h e  anchorage i s  re l eased .  
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Fig .  1.18. Bond St rength  T e s t  Specimen. 

s i x  f i b r o u s  concre te  beams wi th  t h e  geometry presented  i n  Fig.  1.16. 

Three grouted and t h r e e  nongrouted beams w i l l  be  t e s t e d  wi th  active 

p r e s t r e s s i n g  levels of 0.5, 0.6,  and 0.7 t i m e s  f’ f o r  each type  beam. 

Grouting and t e s t i n g  procedures  w i l l  be  i d e n t i c a l  t o  those  used f o r  t h e  

grouted vs nongrouted tendon behavior  tests. 

of t h e  f i b r o u s  concre te  f l e x u r e  members w i l l  be  determined by comparing 

t h e  r e s u l t s  w i th  those  obta ined  i n  the  grouted vs nongrouted tendon 

behavior  tests. 

S 

The re la t ive  performance 
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1.5.3.2.5 Tendon Monitoring Techniques. Associated wi th  the  in-  

s t rumenta t ion  eva lua t ion  and development work d iscussed  i n  Sec t .  1.8, 

a phase of t h i s  i n v e s t i g a t i o n  w i l l  be  conducted t o  provide inpu t  t o  an  

assessment of acous t i c  emission as a technique f o r  monitoring t h e  

s t r u c t u r a l  i n t e g r i t y  of PCRVs. The a b i l i t y  of t h e  technique t o  d e t e c t  

and l o c a t e  f laws i n  concre te  composite members w i l l  be s tud ied .  Basic  

tests w i l l  be  conducted t o  i d e n t i f y  concre te  microcracking and f r a c t u r e ,  

p r e s t r e s s i n g  tendon f r a c t u r e ,  and tendon s l ippage .  

Concrete compression cy l inde r s  0.152 m diam by 0.305 m long 

( 6  by 1 2  i n . )  and modulus of rup tu re  specimens 0.076 by 0.102 by 0.458 m 

( 3  by 4 by 18 i n . )  w i l l  be used. 

before  t e s t i n g ,  and t h e  s t r a i n  output  during t e s t i n g  used t o  i n d i c a t e  

f i r s t  concre te  microcracking ( f i r s t  dev ia t ion  from l i n e a r  l oad - s t r a in  

curve) .  

during t e s t i n g .  The l e v e l  of i n t e n s i t y  and frequency of emissions w i l l  

be r e l a t e d  t o  the  var ious  s t a g e s  of concre te  f r a c t u r e .  

The specimens w i l l  be s t r a i n  gaged 

A t ransducer  w i l l  be  a t tached  t o  each specimen t o  record  emissions 

P r e s t r e s s i n g  s t r a n d  w i l l  be  t e s t e d  i n  d i r e c t  t ens ion  by procedures 

i d e n t i c a l  t o  those used t o  o b t a i n  material  p r o p e r t i e s  f o r  t he  pre- 

s t r e s s i n g  s t r and .  The s t r a n d  w i l l  be instrumented so  t h a t  s t r e s s - s t r a i n  

curves may be obta ined  during t e s t i n g .  Transducers w i l l  be  a t t ached  

both a t  t h e  ends of t h e  s t r a n d  ( s t r and  used as a wave guide) and perpen- 

d i c u l a r  t o  t h e  s t r and .  Level of i n t e n s i t y  and frequency of a c o u s t i c  

emission during t e s t i n g  w i l l  be recorded. The d a t a  obtained w i l l  b e  

r e l a t e d  t o  the  i n e l a s t i c  phenomena occurr ing  i n  the  s t r a n d  during loading 

t o  f a i l u r e .  

The t h i r d  s t a g e  of t he  a c o u s t i c  emission s tudy w i l l  combine the  

concrete  and p r e s t r e s s i n g  steel  i n t o  a composite system. The primary 

mechanism i n v e s t i g a t e d  w i l l  be  p r e s t r e s s i n g  s l i p .  To s impl i fy  t e s t i n g  

and remove many of t he  extraneous noises  t h a t  could mask the  da t a ,  t he  

specimen geometry of Fig. 1.18 w i l l  be  used. 

a s e c t i o n  of t he  tendon embedded i n  the  concre te  w i l l  be  e i t h e r  wrapped 

with b lack  e l e c t r i c i a n ' s  t ape  o r  coated wi th  grease .  Transducers w i l l  

be a t tached  t o  both t h e  concre te  and p r e s t r e s s i n g  s t r a n d  t o  o b t a i n  n o i s e  

To s imula t e  tendon s l ippage  



level and frequency d a t a  during t e s t i n g .  Three a d d i t i o n a l  specimens 

having the geometry of Fig.  1.16 w i l l  be  t e s t e d  i n  f l e x u r e .  Each 

specimen w i l l  con ta in  a d i f f e r e n t  s imulated reg ion  of unbonding. Acoust ic  

emissions w i l l  be  used t o  determine f law l o c a t i o n  and thus  provide  an  

i n d i c a t i o n  of t h e  a b i l i t y  of a c o u s t i c  emission t o  l o c a t e  f laws.  When 

p r a c t i c a l ,  a c o u s t i c  emission d a t a  w i l l  be  obtained during t h e  o t h e r  

t es t  phases.  

1.6 LINER AND PENETRATION STUDIES - R. K. Nanstad and D. A.  Canonico 

Although t h e  PCRV is  cons t ruc ted  p r imar i ly  of p r e s t r e s s e d  concre te ,  

t h e  pene t r a t ions  and c losu res  have several th ick-sec t ion  s tee l  members 

w i t h i n  t h e  v e s s e l .  For these  components, Sec t ion  111, Divis ion  2 ( r e f  20) 

of the  ASME Boiler and Pressure Vessel Code r e f e r s  t o  t h e  r u l e s  of 

Div is ion  1, Sect ion  I11 and, t hus ,  t o  t h e  f r a c t u r e  toughness requirements 

of t h a t  document. 21 

developed f o r  materials used i n  l igh t -water  r e a c t o r  (LWR) systems. The 

steels used f o r  PCRV p e n e t r a t i o n s  and c losu res  are d i f f e r e n t  from LWR 

materials, and t h e  consequences of f a i l u r e  are probably no t  as severe as 

f o r  t h e  LWR v e s s e l .  Thus, t h e  program w a s  motivated by a need t o  develop 

r e a l i s t i c  requirements  f o r  t h e  PCRV f e r r i t i c  materials and a p p l i c a t i o n s .  

The o b j e c t i v e s  of t he  program are as fo l lows:  

1. t o  d e f i n e  a r e fe rence  f r a c t u r e  toughness curve f o r  f e r r i t i c  components 

The toughness requirements i n  Div is ion  1 w e r e  

of t h e  HTGR primary p res su re  boundary s i m i l a r  t o  t he  KIR curve i n  

Appendix G of Ref. 2 1 ,  

2. t o  d e f i n e  a temperature  indexing procedure f o r  t h i s  curve based on 

s tandard  materials q u a l i f i c a t i o n  tests (Charpy V-notch and dropweight) 

s i m i l a r  t o  t he  R T ~ T  procedure of Ref. 21, 

3. t o  o b t a i n  a s u f f i c i e n t l y  l a r g e  quan t i ty  of f r a c t u r e  toughness d a t a  

so t h a t  a s t a t i s t i c a l l y  meaningful eva lua t ion  of t he  d a t a  can be  

conducted as a t o o l  t o  he lp  assess t h e  p r o b a b i l i t y  f o r  component. 

f a i l u r e .  

The t e s t i n g  program w i l l  i nc lude  f i v e  h e a t s  of SA-508 Class 1 s tee l  

fo rg ings ,  f i v e  h e a t s  t o t a l  of SA-537 Classes 1 and 2 s t ee l  p l a t e ,  one 

h e a t  of SA-387 Grade D s tee l  p l a t e ,  one h e a t  each of SA-182 F11 and Fi12 



forg ing  materials as w e l l  as va r ious  combinations of p l a t e - to -p la t e ,  

forging-to-forging, and plate- to-forging weldments. Both weldment 

and hea t -a f fec ted  zone (HAZ) samples w i l l  be  t e s t e d  f o r  weld material 

p rope r t i e s .  Another group of the  high-temperature a l l o y  materials w i l l  

be  thermally aged f o r  per iods  up t o  10,000 h r  t o  s tudy  the  e f f e c t s  of 

temper embrit t lement under s imulated HTGR environmental  condi t ions .  The 

t e s t i n g  program w i l l  inc lude  such tests as Charpy V-notch (C,) and 

drop weight impact, subs ize  and s tandard  L12.8 mm (0.505 i n . ) ]  t e n s i l e ,  

and, var ious  s i z e d  compact t ens ion  specimens as w e l l  as instrumented 

pre-cracked Charpy specimens f o r  s t a t i c  and dynamic f r a c t u r e  toughness. 

Some of t he  forg ing  materials have been rece ived  and t e s t i n g  has  been 

i n i t i a t e d .  More r e c e n t l y ,  some p l a t e  material has  been rece ived  and 

p lans  are  under way f o r  f a b r i c a t i n g  test specimens. 

I n i t i a l  t e s t i n g  w a s  performed on the  forg ing  material, SA-508 

Class 1 (designated F1, F2, e t c . ) .  W e  d iscovered t h a t  t h e  s u p p l i e r  made 

the material according t o  a case of the  ASME Boiler and Pressure Vessel 
Code, Case 2332-6 (1972), which al lows some v a r i a t i o n  i n  composition 

requirements.  In  add i t ion ,  tes t  sec t ions  removed from the  c y l i n d r i c a l  

forg ings  included the  quenched ends of t he  forg ings .  There i s  some 

ques t ion  as t o  the  requirements of Sec t ion  111, ASME Code r e l a t i v e  t o  

these  forg ings .  B r i e f l y ,  one method r e q u i r ,  t h a t  test  specimens be 

removed a t  a l o c a t i o n  (1/4) t (t is  nominal th ickness)  from any s u r f a c e  

and a t  l ea s t  1 t from any second su r face  [ i . e . ,  (1/4) t by t]. The o the r  

method a p p l i e s  t o  "very t h i c k  and complex forgings" and al lows t e L t  

specimens t o  be removed 19 mm (3/4 i n . )  from one su r face  and 38 mm 

(1 1 / 2  i n . )  from a second s u r f a c e  ( i . e . ,  19 by 38 mm). Only one of t h e  

forg ing  s e c t i o n s  received ( F l )  i s  of a s u f f i c i e n t  s i z e  t o  a l low l i m i t e d  

specimen t e s t i n g  by the  (1/4) t by t method. The concern,  then,  i s  t h a t  

t e s t i n g  of specimens obtained from a s e c t i o n  c lose  t o  a quenched edge 

may produce p r o p e r t i e s  supe r io r  t o  those more r e p r e s e n t a t i v e  of t he  bulk 

material i n  the  forg ings .  

toughness and o t h e r  mechanical proper ty  d a t a  t h a t  are r e p r e s e n t a t i v e  t o  

t h e i r  a p p l i c a t i o n ,  our  i n v e s t i g a t i o n s  have thus  f a r  concent ra ted  on 

Because of t h e  importance of r e p o r t i n g  f r a c t u r e  
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c h a r a c t e r i z i n g  f u l l  s e c t i o n  p r o p e r t i e s  of fo rg ings  F1 and F2. F1 

conta ins  g r e a t e r  t han  1 t of material ,  wh i l e  F2 conta ins  about 1 t. 
The chemical composition of F1 is provided i n  Table 1.1. The tes t  

s e c t i o n s ,  F1-1 and F2-2, were removed from c y l i n d r i c a l  forg-ings of 

about 4 .3  m diam by 0.13 t o  0.15 m t h i c k  by 2.1 m long (14 f t  by 5-6 i n .  

by 7 f t ) .  The fo rg ings  were a u s t e n i t i z e d  a t  849 t o  893°C f o r  5 h r  and 

w a t e r  quenched, then  tempered a t  621 t o  639°C f o r  9 h r .  

test s e c t i o n s  w e r e  subjec ted  t o  a s imulated postweld h e a t  t rea tment  (PWHT) 

a t  593 t o  621'C f o r  13 t o  16  h r  and furnace  cooled. 

impact specimens w e r e  machined from t h e  fo rg ings  i n  t h e  CA (circumfer- 

e n t i a l  specimen wi th  an a x i a l  notch)  o r i e n t a t i o n ,  whi le  subs i ze  t e n s i l e  

specimens [4.6-mm-diam by 31.8-mm (0.18 X 1.25-in.)  gage s e c t i o n ]  w e r e  

machined i n  the  c i r cumfe ren t i a l  o r i e n t a t i o n .  

Af t e r  removal, 

Charpy V-notch 

Hardness traverses w e r e  performed on the  s e c t i o n s  be fo re  and a f t e r  

t he  PWHT. Contours of cons tan t  hardness  are shown i n  F ig .  l . 19  f o r  

s e c t i o n  F1-1. The f i g u r e  shows, as  expected, t h a t  hardness  decreases  

from s u r f a c e  t o  cen te r  of t h e  forg ing .  It is  apparent  t h a t  t h e  PWHT 

s o f t e n s  the  material throughout t he  th ickness .  Although the d i f f e r e n c e s  

are not  g r e a t  on an  abso lu te  scale ,  e s p e c i a l l y  i n  v i e w  of u sua l ly  acce.pted 

accuracy of hardness  t e s t i n g ,  both diagrams show t h a t  t he  cool ing  ra te  

w a s  g r e a t e r  from t h e  ou te r  s u r f a c e  of t h e  forg ing  during the  quenching 

t reatment .  T h e  p r e c i s e  quenching procedure i s  n o t  known. F igure  1.19 

i n d i c a t e s  t he  approximate p o s i t i o n s  of specimens t h a t  would be  removed 

by e i t h e r  t h e  (1/4) t by t o r  19 by 38 nun methods. From t h e  abso lu te  

hardness  numbers, w e  would not  expect  s u b s t a n t i a l  d i f f e r e n c e s  i n  p r o p e r t i e s  

ob ta ined  by e i t h e r  method. 

The r e s u l t s  of t e n s i l e  t e s t i n g  a t  room temperature f o r  F 1  are given 

i n  Table 1.2.  The r e s u l t s  ob ta ined  by the  Japanese S tee l  Works (JSW) 

are very  c l o s e  t o  ours .  The only s i g n i f i c a n t  d i f f e r e n c e s  are i n  t h e  

e longat ion  va lues ,  which are d i f f i c u l t  t o  compare p r e c i s e l y  because of 

the  d i f f e r e n t  s i z e  t e n s i l e  specimens used. A t  any ra te ,  a l l  specimens 

s a t i s f i e d  t h e  requirements of SA-508 Class 1 and Case 1332-6. 
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Table  1.1. Chemical Composition of Forging F1 

Content, wt % 

C Si Mn P s Ni Cr Mo v Cu Sn B A s  

Specificationa 0.35 0.15- 0.4& 0.025 0.025 0.40 0.25 0.10 0.05 

JSW 0.16 0.27 1 .27  0.008 0 .009  0.37 co.01 

ORNL 0 .17  0 .30  1 . 2 7  0.010 0 .007  0.40 0.20 0.12 0 .003  0.05 0 . 0 2  0 .0003 0.004 

0.35 0.90b 

%laximum allowed or range for SA-508 Class 1. 

bCode case 1332-6 allows up to 1.35  Mn provided C 0.30 .  

8d 
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1 9 1 3 8 m m  

4 8 2 8 0  78 78 80 82 84 

Fig .  1 .19.  Contours of  Cons tan t  Rockwell B Hardness i n  Forging F1 
Before ( l e f t )  and A f t e r  ( r i g h t )  Postweld Heat Treatment.  P o i n t s  on r i g h t -  
hand diagram show l o c a t i o n s  from which specimens would be t a k e n  by two 
sampling methods. 

Table  1 . 2 .  T e n s i l e  Data f o r  Forging F1 a t  22OC. 

Reduction 
Analysis Sample Location Strength, MPa (ksi) Elongationa of Area 

(X) (X ) 

SA-508 C1-1 2 4 1 ( 3 5 )  4 8 3 6 5 5  20 min 38 min 
min ( 7 0 - 9 5 )  

JSW Unknown 3 4 5 ( 5 0 )  5 1 0 ( 7 4 )  38 77 

ORNL ( 1 / 4 ) t  X t 3 4 5 ( 5 0 )  4 9 6 ( 7 2 )  30 7 8  

ORNL 1 9  X 32 IUD 3 7 2 ( 5 4 )  5 1 7 ( 7 5 )  24 7 8  

%he SA-508 C1 1 specif icat ion is  for 5 0 . 8  ( 2  i n . )  gage length. The 
ORNL data were obtained on subsize specimens, 4 . 6  m ( 0 . 1 8  i n . )  diam by 
31.8  m (1 .25  in . )  gage length. 



The r e s u l t s  of Cv impact tests are shown i n  Fig.  1.20. The minimum 

requirement s t i p u l a t e d  by SA-508 Class 1 i s  t h a t  a t  4.4"C t h e  average va lue  

of a s e t  of t h r e e  specimens must be a t  l ea s t  20.3 J (15 f t - l b )  wi th  no 

specimen lower than  13.5 J (10 f t - l b ) .  

temperature f o r  ORNL (1/4) t by t specimens, JSW specimens ( l o c a t i o n  

unknown), and the  SA-508 minimum requirement.  There i s  much scatter i n  

the  t r a n s i t i o n  range,  b u t  t h a t  i s  n o t  unusual.  Obviously, t h e  material  

exceeded t h e  impact toughness requirement by s topping  the  impact hammer 

[ i n p u t  energy = 325.4 J (240 f t - l b ) ]  at-7°C. The s e n s i t i v i t y  i n  t h e  

t r a n s i t i o n  range w a s  d ramat ica l ly  shown by two ad jacen t  specimens removed 

from a l o c a t i o n  near  t h e  cen te r  of t h e  s e c t i o n .  Both specimens w e r e  t e s t e d  

a t  -73"C, and one specimen absorbed 317.3 J (234 f t - l b )  while  t he  o t h e r  

absorbed only 29.8 J (22 f t - l b ) .  Another specimen at-73"C stopped the  

hammer. It i s  apparent  t h a t  t h e  Cv r e s u l t s  r epor t ed  by JSW a t  -7°C and 

-23°C are s u b s t a n t i a l l y  lower than t h e  ORNL r e s u l t s .  

however, more than adequately s a t i s f y  the  SA-508 c r i t e r i a .  It is  no t  

known a t  t h i s  t i m e  why such s i g n i f i c a n t  d i f f e r e n c e s  i n  impact energy 

were obtained.  

The f i g u r e  shows Cv energy versus  

The JSW d a t a ,  

Because of some of t h e  wide d i f f e r e n c e s  i n  behavior  of va r ious  

specimens, metallography, chemical ana lyses ,  and e l e c t r o n  microprobe 

s t u d i e s  are be ing  conducted t o  determine i f  l o c a l  v a r i a t i o n s  i n  micro-. 

s t r u c t u r e  o r  chemical conten t  might be t h e  cause of such v a r i a t i o n s .  

F igure  1 . 2 1  shows micrographs of a broken specimen near  t h e  cen te r  of t he  

forg ing .  The l a r g e  i r r e g u l a r  pa tches  seen  i n  both v i e w s  are under 

examination a t  t h i s  t i m e .  Tes t ing  of forg ing  F2 has  shown r e s u l t s  t h a t  

are s i m i l a r  t o  those  presented  f o r  F1. 

Thus, i t  i s  apparent  t h a t  t h e  material  examined t o  d a t e  exceeds t h e  

impact and s t r e n g t h  requirements  f o r  SA-508 Class 1 s tee l .  I n  f a c t ,  *a 

primary concern a t  t h i s  p o i n t  i s  t h a t  t h e  material  i s  a t y p i c a l  of t h i s  

c l a s s  of material, so  i t  could not  be used t o  e s t a b l i s h  s tandard  toughness 

cr i ter ia .  I n  t h a t  regard ,  then,  t he  f u r t h e r  r e s u l t s  of f r a c t u r e  toughness 

t e s t i n g  w i l l  have t o  be analyzed wi th  t h a t  pe r spec t ive .  

I n  a d d i t i o n ,  t h e r e  is  no evidence a t  t h i s  p o i n t ,  a t  least  wi th  t ' he  

p a r t i c u l a r  fo rg ings  examined, t h a t  q u a l i f i c a t i o n  t e s t i n g  wi th  specimens 
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Fig .  1.20. V a r i a t i o n  of Cv Energy w i t h  Temperature f o r  Forging F1 
a f te r  Postweld Heat Treatment  - (1/4) t by t Specimens. 

from t h e  1 9  by 38 mm l o c a t i o n  would r e s u l t  i n  s i g n i f i c a n t l y  b e t t e r  r e s u l t s  

than  t h o s e  from t h e  (1/4) t by t l o c a t i o n .  

F u r t h e r  tests of t h e  f o r g i n g  materials w i l l  i n c l u d e  drop weight  tests, 

s t a n d a r d  12.8 mm (0.505-in.) tensile tests, pre-cracked Charpy tests, and 

v a r i o u s  s i z e d  compact t e n s i o n  specimens f o r  f r a c t u r e  toughness  tests. 

materials w i l l  b e  t e s t e d  s i m i l a r l y .  
P l a t e  

1 . 7  CONCRETE PROPERTIES I N  A NUCLEAR ENVIRONMENT - R. K. Nanstad 

The i n i t i a l  o b j e c t i v e  of t h i s  t a s k  w a s  t o  conduct a c r i t i c a l  l i t e r a t u r e  

review of t h e  p r o p e r t i e s  of p l a i n  c o n c r e t e  i n  a n u c l e a r  environment.  

Development of a program p l a n  f o r  e x p e r i m e n t a t i o n  w a s  planned f o r  FY 1976, 

b u t  imposed budget l i m i t a t i o n s  d e f e r r e d  implementat ion of t h e  t a s k .  A 

d e t a i l e d  t o p i c a l  r e p o r t  h a s  been p r e p a r e d  as a r e s u l t  of t h i s  review. 2 2  

The f o l l o w i n g  is  a summary of t h e  r e p o r t .  





The use of a p r e s t r e s s e d  concre te  r e a c t o r  vessel (PCRV) f o r  

nuc lear  power r e a c t o r s  w a s  f i r s t  proposed i n  1954. 

PCRVs  have been cons t ruc ted  f o r  many gas-cooled r e a c t o r s  i n  France,  

England, and the  United States.  Because of t h e i r  redundant design wi th  

regard t o  s a f e t y ,  p r e s t r e s s e d  concre te  v e s s e l s  are being considered f o r  

o t h e r  types of energy systems. This review w a s  conducted t o  determine 

the s ta te -of - the-ar t  technology of p l a i n  concrete  used i n  a PCRV f o r  the  

high-temperature gas-cooled r e a c t o r  (HTGR). The r e p o r t  cons iders  the  

e f f e c t s  of cu r ren t  and p ro jec t ed  PCRV ope ra t ing  condi t ions  on concre te  

p r o p e r t i e s  and the  poss ib l e  e f f e c t s  on t h e  s t r u c t u r a l  behavior  of t he  

v e s s e l .  

Since t h a t  t i m e ,  

A b r i e f  d e s c r i p t i o n  of t y p i c a l  PCRVs and the  design philosophy are 

provided as w e l l  as a genera l  d i scuss ion  of concre te  materials used i n  

PCRV-type s t r u c t u r e s .  The r e p o r t  emphasizes throughout t h a t  concre te  is  

a genera l  t e r m  f o r  a c l a s s  of materials t h a t  can vary  widely i n  t h e i r  

p r o p e r t i e s  and app l i ca t ions .  It i s  a recognized f a c t  t h a t  d i r e c t  com- 

pa r i son  of a v a i l a b l e  r e sea rch  r e s u l t s  on concre te  s t r u c t u r e s  i s  extremely 

d i f f i c u l t  because of t h e  d i f f e r e n c e s  i n  mixture des ign ,  c o n s t i t u e n t s ,  

cur ing  procedures ,  cur ing  t i m e ,  age a t  t e s t i n g ,  tes t  procedures ,  and 

moisture  condi t ions .  For example, the  moisture  cond i t ion  of concre te  

a lone is  a major t op ic .  Mass concre te  i s  known t o  l o s e  i t s  f r e e  mois ture  

very slowly. However, temperature g rad ien t s  w i l l  i n f luence  t h e  rate of 

moisture  migra t ion ,  and the  f r e e  moisture  content  has  a d i r e c t  e f f e c t  on 

the  mechanical and phys ica l  p r o p e r t i e s  of p l a i n  concrete .  

The review centered on r e p r e s e n t a t i v e  publ ished research  r e p o r t s ,  

which have considered the  e f f e c t s  of temperature on such p r o p e r t i e s  as 

compressive s t r e n g t h ,  t e n s i l e  s t r e n g t h ,  modulus of e l a s t i c i t y ,  Poisson ' s  

r a t i o ,  shr inkage and creep,  c o e f f i c i e n t  of thermal expansion, and thermal 

conduct iv i ty .  Addi t iona l ly ,  t he  e f f e c t s  of m u l t i a x i a l  loading  and the  

mechanisms involved i n  temperature e f f e c t s  are discussed.  Other t o p i c s  

inc lude  the  e f f e c t s  of l o c a l  h o t  s p o t s  on t h e  v e s s e l  concre te  and model 

t e s t i n g .  

A normalized comparison of a l l  d a t a  reviewed on compressive s t r e n g t h  

and e l a s t i c  modulus showed t h a t  those p r o p e r t i e s  decreased wi th  inc reases  
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i n  temperature ,  t i m e  of exposure,  f r e e  moisture  con ten t ,  and number of 

thermal cyc le s  (gene ra l ly ,  t e n s i l e  p r o p e r t i e s  p a r a l l e l  compressive 

p r o p e r t i e s ) .  Graphs are provided t o  p re sen t  d a t a  from both  sea l ed  and 

unsealed specimens t e s t e d  a t  room temperature ( a f t e r  exposure t o  a n  

e l eva ted  temperature)  and a t  the  exposure temperature.  Specimens are 

sea l ed  wi th  va r ious  k inds  of impervious materials s o  t h a t  f r e e  moisture  

w i l l  be  r e t a i n e d  w i t h i n  the  concre te  t o  s imula te  the  condi t ions  i n  a 

mass concre te  s t r u c t u r e .  Sealed concre te  gene ra l ly  showed more d e t e r i o -  

r a t i o n  a t  e l eva ted  temperatures  than  unsealed specimens, w i th  t h e  degree 

of d e t e r i o r a t i o n  i n c r e a s i n g  s u b s t a n t i a l l y  above 100°C. A s  could be  

expected f o r  t h e  wide range of v a r i a b l e s  represented ,  t h e  scat ter  i n  

r e s u l t s  i s  s u b s t a n t i a l .  The most conserva t ive  i n t e r p r e t a t i o n  of t h e  

d a t a  would sugges t  l o s s e s  of 70% and 60% i n  compressive s t r e n g t h  and 

e l a s t i c  modulus, r e s p e c t i v e l y ,  a t  150°C. I n  c o n t r a s t ,  t he  most l ibera l t  

i n t e r p r e t a t i o n  could show improvements i n  both p r o p e r t i e s  over  those a t  

room temperature .  Limestone aggregate  concre te  appears  most suscept ibl le  

t o  degradat ion a t  temperatures  over  1OO"C, whi le  s i l i c a  aggrega te  concre te  

appears  t o  have high r e s i s t a n c e  t o  e l eva ted  temperatures.  

Elevated temperatures  enhance t h e  creep of concre te ;  however, a 

maximum i n  t h e  curve of s p e c i f i c  creep ra te  ve r sus  t i m e  has  been r epor t ed  

a t  temperatures  i n  t h e  range 50 t o  150°C. 

specimens, a t  least  below 100°C, i s  less than for unsealed specimens. 

The s p e c i f i c  creep of s e a l e d  

A s  temperature  i n c r e a s e s  and drying proceeds,  t h e  thermal  conduct iv i ty  

of concre te  decreases .  The c o e f f i c i e n t  of thermal expansion a l s o  de- 

c reases  wi th  l o s s  of moisture  b u t  i nc reases  very  s l i g h t l y  wi th  temperature  

up t o  250°C. 

The b i a x i a l  s ta te  of stress is  of most i n t e r e s t  f o r  massive s t r u c t u r e s  

such as t h e  PCRV, and the  most r e l i a b l e  d a t a  i n d i c a t e  a t  ambient tempera- 

t u r e s  a maximum b i a x i a l  compressive s t r e n g t h  of 1.25 t i m e s  u n i a x i a l  

s t r e n g t h .  The development of compression tes t  equipment t h a t  minimizes 

end r e s t r a i n t s  i s  imperat ive t o  t h e  understanding of concre te  behavior  

under m u l t i a x i a l  loadings  as w e l l  as f o r  t he  c o l l e c t i o n  of r e l i a b l e  des ign  

d a t a .  The observance of a c r i t i c a l  stress leve l ,  which could be  as low 

as 50% of u l t i m a t e  s t r e n g t h ,  i n  b i a x i a l  t e s t i n g  deserves  s e r i o u s  consider-  

a t i o n  f o r  i t s  rami f i ca t ions  t o  s t r u c t u r a l  i n t e g r i t y .  
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Conclusive evidence i s  lacking  f o r  r a d i a t i o n  e f f e c t s  on normal 

s t r u c t u r a l  concre tes .  The ASME Boi Zer and Pressure Vesse Z Code al lows 

f o r  an exposure t o  concre te  of 1.0 X l o 2 ’  neutrons/cm2. 

damage may occur a t  a t o t a l  neutron f luence  of 10’’ t o  l o 2 ’  neutrons/cm2. 

Thus, the  ASME Code should be reeva lua ted  i n  l i g h t  of t h i s  da ta .  

Although t h e r e  i s  not  much da ta  on mois ture  migra t ion  i n  m a s s  

However, s eve re  

concre te  a t  sus t a ined  temperatures  over 100°C, moisture  migra t ion  inc reases  

and should r e q u i r e  s e r i o u s  eva lua t ion .  

The l imi t ed  da ta  a v a i l a b l e  i n d i c a t e  t h a t  ho t  s p o t  temperatures of 

200 t o  25OoC f o r  up t o  th ree  months exposure w i l l  n o t  cause s e r i o u s  damage 

t o  the  concre te  a t  l o c a t i o n s  away from s teel  r e in fo rc ing .  However, 

cracking may occur a t  concre te  re inforcement  junc t ions .  

i s  no evidence t o  sugges t  t h a t  sus t a ined  exposure of normal concre tes  t o  

cu r ren t  PCRV normal ope ra t ing  condi t ions  w i l l  r e s u l t  i n  any s i g n i f i c a n t  

loss of p r o p e r t i e s ,  the  l a c k  of knowledge concerning mois ture  migra t ion  

i n  m a s s  concre te  and the  s t r o n g  e f f e c t s  of temperatures above 100°C on 

p l a i n  concrete  with r e t a i n e d  f r e e  moisture  do n o t  g ive  suppor t  f o r  PCRV 

ope ra t ion  above cu r ren t  l i m i t s  o r  f o r  pos tu l a t ed  off-design acc ident  

condi t ions.  

Although t h e r e  

The r e p o r t  provides  many recommendations f o r  f u r t h e r  s tudy .  A major 

recommendation i s  t o  p e r f e c t  the  des ign ,  t e s t i n g ,  and eva lua t ion  of PCRV 

s t r u c t u r a l  models. It i s  no t  f e l t  t h a t  t e s t i n g  of  s m a l l  p l a i n  concre te  

specimens using accepted methods can provide d a t a  f o r  p r e d i c t i n g  the  

behavior  of a l a r g e  p re s t r e s sed  concre te  s t r u c t u r e .  The u l t ima te  goal  of 

t he  model t e s t i n g  program, which would inc lude  simultaneous small specimen 

t e s t i n g ,  should be the  development of an a n a l y t i c a l  procedure t h a t  w i l l  

de sc r ibe  the  model behavior and a l s o  i d e n t i f y  t h e  c o n t r i b u t i o n  of var ious  

p l a i n  concre te  p r o p e r t i e s .  Thus, reasonable  p r e d i c t i o n s  of PCRV behavior  

could hopefu l ly  be der ived  from s m a l l  specimen l abora to ry  t es t  r e s u l t s .  

Other recommendations inc lude :  development of m u l t i a x i a l  equipment 

and t e s t i n g  techniques t o  measure s t r e n g t h  and creep p r o p e r t i e s ,  i n v e s t i -  

ga t ion  of c r i t i c a l  stress levels ,  refinement of techniques f o r  t e s t i n g  

sea l ed  specimens both above and below 100°C, improving the  r e s i s t a n c e  of 

l imestone concre te  t o  e l eva ted  temperatures (pr imar i ly  over  100°C>, and 
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more d e t a i l e d  chemical and microscopic  s t u d i e s  of s e a l e d  concre te  exposed 

t o  h igh  temperatures .  Addi t iona l  s t u d i e s  necessary f o r  ex tens ions  of 

p re sen t  PCRV design inc lude :  moisture  migra t ion  s t u d i e s  a t  temperatures  

over  100°C, t e s t i n g  t o  v e r i f y  the  occurrence and/or v a l i d i t y  of a maxiinum 

i n  t h e  creep o r  creep ra te  ve r sus  temperature  curve f o r  s ea l ed  concre te ,  

concre te  material development t o  maximize r e s i s t a n c e  t o  temperature ,  a-nd 

de termina t ion  of r a d i a t i o n  e f f e c t s  on p l a i n  concre te  and t h e  doses a t  

which s i g n i f i c a n t  d e t e r i o r a t i o n  i n i t i a t e s .  

It i s  f e l t  t h a t  a d e t a i l e d  f e a s i b i l i t y  s tudy  of o t h e r  vessel concepts 

such as the  ho t  l i n e r  and segmented concre te  designs should be  performed. 

A s tudy  i s  a l s o  recommended t o  e s t a b l i s h  more p r e c i s e  s t a n d a r d i z a t i o n  f o r  

concre te  mixtures  used f o r  nuc lea r  a p p l i c a t i o n s .  

The r e p o r t  p rovides  an unusual amount of d e t a i l e d  informat ion  obta ined  

from t h e  publ i shed  l i t e r a t u r e .  The i n t e n t  w a s  t o  show the  g r e a t  v a r i a t i o n s  

i n  materials and t e s t i n g  procedures  used t o  o b t a i n  t h e  a v a i l a b l e  publ i shed  

"concrete" p r o p e r t i e s .  

concre te  p r o p e r t i e s  f o r  a p a r t i c u l a r  s t r u c t u r a l  a p p l i c a t i o n  r e q u i r e s  a 

more s p e c i f i c  d e s c r i p t i o n  than  t h e  term "concrete." 

The conclusion w a s  reached t h a t  any d i scuss ion  of 

1.8 INSTRUMENTATION EVALUATION AND DEVELOPMENT - D .  J.  Naus 

1 .8 .1  Background 

Ins t rumenta t ion  of PCRVs is  requ i r ed  t o  determine s t r a i n  d i s t r i b u t i o n s ,  

d e f l e c t i o n s ,  stresses, temperature  d i s t r i b u t i o n s ,  c rack  magnitudes and. 

l o c a t i o n s ,  f o r c e s  i n  p r e s t r e s s i n g ,  and f r e e  moisture  conten t .  The 

q u a n t i t i e s  measured are used t o  assess t h e  s a f e t y  and r e l i a b i l i t y  of PCRVs  

f o r  sho r t -  and long-term ope ra t ion ,  t o  assess co r rec tness  of ca lcu la t i .ons  

and assumptions of a n a l y t i c a l  techniques,  and t o  assess t h e  complex behavior  

of t he  v e s s e l s ,  e s p e c i a l l y  monitor ing of  s t r u c t u r a l  i n t e g r i t y  f o r  extended 

pe r iods  of opera t ion .  The methods of measurement are d i c t a t e d  by cost:, 

l i f e  expectancy, accuracy,  record ing  o r  d a t a  a c q u i s i t i o n  requirements ,  

and long-term s t a b i l i t y  a t  normal and e l eva ted  temperatures  and under 

i r r a d i a t i o n .  
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The measurement of stress (or  s t r a i n )  i n  concre te  s t r u c t u r e s  i s  

much more complex than i t  might appear a t  f i r s t .  Concrete i s  a hetero-  

geneous material  composed of a hydrated po r t l and  cement p a s t e  matrix, 

which may conta in  unhydrated cement p a r t i c l e s ,  vo ids ,  water, and f i n e  

and coarse aggregate  p a r t i c l e s .  Behavior of t he  concre te  material 

system i s  a func t ion  of the  re la t ive q u a n t i t i e s  of i t s  c o n s t i t u e n t s  and 

t h e i r  response t o  loading  and environmental  i n f luences .  C h a r a c t e r i s t i c s  

of concrete  inc lude  a nonl inear  s t r e s s - s t r a i n  response,  changing va lues  

of e l a s t i c  modulus and s t r e n g t h  p r o p e r t i e s ,  time-dependent deformation, 

and d i f f e rences  i n  t e n s i l e  and compressive behavior .  To f u r t h e r  complicate 

stress and s t r a i n  measurements i n  concrete ,  the  loadings are o f t e n  

b i a x i a l  o r  t r i a x i a l ,  measurement of one quan t i ty  can in f luence  the  r e s u l t s  

of another  quan t i ty ,  and the  ins t rumenta t ion  t o  measure q u a n t i t i e s  of 

i n t e r e s t  ( s t r e s s ,  s t r a i n ,  moisture ,  temperature) gene ra l ly  must be embedded 

i n  the  concrete  and thus  d i s t u r b  the  con t inu i ty  of t he  material i f  t he  

p r o p e r t i e s  of the instrument  are not  proper ly  matched t o  the  concre te  

p rope r t i e s .  

Numerous commercial concre te  embedment ins t rumenta t ion  systems are 

p resen t ly  a v a i l a b l e  and are designed f o r  measurement of s t r a i n ,  stress, 

and moisture.  Since a major s a f e t y  cons idera t ion  of a PCRV i s  t h a t  i t s  

s t r u c t u r a l  i n t e g r i t y  be monitored over i t s  l i f e t i m e ,  t he  ins t rumenta t ion  

systems must provide r e l i a b l e  d a t a  f o r  extended per iods  of t i m e  (20-30- 

year  v e s s e l  design l i f e ) .  However, e f f e c t i v e  i n s t a l l a t i o n  methods, long- 

t e r m  s t a b i l i t y ,  and r e l i a b i l i t y  of the  sensing elements i n  a PCRV environ- 

ment have not  been e s t ab l i shed .  

The i n v e s t i g a t i o n s  being conducted under t h i s  t a s k  are  designed t o  

provide information on t h e  performance of ins t rumenta t ion  f o r  PCRVs. 

Instrumentat ion systems f o r  measurement of temperature,  p r e s t r e s s i n g  

fo rces ,  concre te  cracking,  stress, s t r a i n ,  and mois ture  are being examined. 

Acoustic emission as a poss ib l e  technique f o r  s t r u c t u r a l  i n t e g r i t y  moni- 

t o r ing  of PCRVs is  a l s o  being inves t iga t ed .  The work covered i n  t h i s  

r epor t ing  per iod  is divided i n t o  t h r e e  areas: 

ins t rumenta t ion  s t a t e  of t he  a r t ,  (2)  development of  an  experimental  

program f o r  ins t rumenta t ion  eva lua t ion  and development, and (3)  conduction 

of an  overview of a c o u s t i c  emission. 

(1) es tabl ishment  of cu r ren t  
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1 . 8 . 2  Concrete Embedment Ins t rumenta t ion :  Present  S t a t u s  

W e l l  developed and r e l i a b l e  methods e x i s t  f o r  measurement of 

temperature  and p r e s t r e s s i n g  f o r c e s  and d e t e c t i o n  of concre te  c racks .  

Temperatures are o f t e n  measured wi th  t h e  same ins t rumenta t ion  used f o r  

reading stress o r  s t r a i n ;  a l s o ,  readings  are r e a d i l y  obta ined  w i t h  

thermocouples o r  t he rmis to r s .  Forces i n  nongrouted p r e s t r e s s i n g  tendons 

are r o u t i n e l y  monitored by use of load c e l l s  o r  s t r a i n  gage techniques.  

PCRVs have been designed s o  t h a t  c racks  t h a t  may develop i n  the  concre te  

as a r e s u l t  of unusual loading  condi t ions  are r e a d i l y  d e t e c t a b l e  by 

v i s u a l  techniques,  crack gages,  a c o u s t i c  emission,  o r  poss ib ly  holography. 

S t r a i n ,  stress, and moisture  de te rmina t ion ,  however, are n o t  as w e l l  

e s t a b l i s h e d  as the  above. 

S t r a i n  measurements can assess t h e  d i s t r i b u t i o n  of short- term stress, 

e v a l u a t e  concre te  creep and shr inkage and i t s  e f f e c t s  on p r e s t r e s s i n g ,  

and provide  d a t a  f o r  f u t u r e  designs.  Problems i n  s t r a i n  measurement i n  

PCRVs arise from t h e  concre te  environment w i t h i n  which the  gages must 

ope ra t e  and from r e a c t o r  ope ra t ion  ( i . e . ,  gage i n s t a l l a t i o n  f a c t o r s ,  

h igh ly  a l k a l i n e  humid environment, e l eva ted  temperature ,  and r a d i a t i o n ) .  

S t r a i n  i n  concre te  has  been measured by e l e c t r i c a l  r e s i s t a n c e ,  a c o u s t i c ,  

e lec t r ica l  inductance,  e l e c t r i c a l  capac i tance ,  f l u i d i c ,  and mechanical 

techniques.  Table 1 .3  summarizes t h e  c h a r a c t e r i s t i c s  of several com- 

merc i a l ly  a v a i l a b l e  s t r a i n  measurement devices .  Since PCRVs are a r e l a -  

t i v e l y  new development and t h e  environment w i t h i n  which the  gages must 

ope ra t e  i s  unique, d a t a  are inadequate  t o  eva lua te  the  e f f e c t s  of tempera- 

t u r e ,  i r r a d i a t i o n ,  and s t a b i l i t y  on gage performance over  t he  20 t o  

30-year des ign  l i f e  of t h e  ves se l s .  Consequently, l abo ra to ry  i n v e s t i g a t i o n s  

conducted i n  r e p r e s e n t a t i v e  environments are requ i r ed .  

Evalua t ion  of t h e  r e l a x a t i o n  of stress and the  i d e n t i f i c a t i o n  of 

h igh ly  s t r e s s e d  r eg ions  i n  PCRVs are important  from both  s t r u c t u r a l  in -  

t e g r i t y  ( s a f e t y )  and design cons idera t ions .  S t r a i n  measurements cannot 

d i r e c t l y  i d e n t i f y  time-dependent stresses because t h e  measured s t r a i n  i n  

PCRVs a l s o  conta ins  c reep ,  shr inkage ,  and thermal components; stress may 

be induced wi thout  a corresponding s t r a i n ;  t h e  modulus of e l a s t i c i t y  of 

t he  concre te  depends on environmental  t i m e  f a c t o r s ;  and t h e  s ta te  of 
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stress i s  p r imar i ly  m u l t i a x i a l .  I n  reg ions  of a PCRV where stress 

de termina t ions  a r e  r equ i r ed ,  d i r e c t  measurement i s  most d e s i r a b l e .  Stress  

can be measured i n  plugs o r  on f l a t  p l a t e s  embedded i n  t h e  concre te .  

The stress plug method r e q u i r e s  observa t ion  of o p t i c a l  p a t t e r n s  related 

t o  a stress s ta te ,  so t h e  plugs must be used on the  s u r f a c e  o r  provided 

with an observa t ion  ho le .  The f l a t  p l a t e  o r  stress meter, which re la tes  

the  d e f l e c t i o n  of a p l a t e  t o  stresses, i s  l i m i t e d  t o  compressive stresses, 

r e q u i r e s  temperature  c o r r e c t i o n s ,  i s  l i m i t e d  t o  temperatures below 88°C 

(190°F) ,  and i s  l a r g e  and expensive.  Table  1 . 4  presen t s  a v a i l a b l e  stress 

meters f o r  embedment i n  concrete .  More d e t a i l e d  eva lua t ion  of t hese  

meters needs t o  be conducted i n  r e p r e s e n t a t i v e  PCRV environments,  and 

the re  i s  a d e f i n i t e  need f o r  development of a stress m e t e r  t h a t  w i l l  

measure t e n s i l e  stresses i n  concrete .  

The loss of moisture  o r  i t s  movement from one s e c t i o n  of a conc re t e  

s t r u c t u r e  t o  another  i n f luences  the  concre te  p r o p e r t i e s ,  p a r t i c u l a r l y  

neutron s h i e l d i n g  and thermal conduct iv i ty  b u t  a l s o  shr inkage ,  c reep ,  

l o s s  of p r e s t r e s s i n g  fo rce ,  and cracking.  Moisture can be determined 

i n  concre te  by neut ron  o r  gamma-ray absorp t ion ,  e l e c t r i c a l  r e s i s t i v i t y ,  

d i e l e c t r i c  cons t an t ,  o r  f i l ament  l eng th  change. Neutron source  techniques 

f o r  i n t e r n a l  concre te  mois ture  measurement r e q u i r e  an  access  tube f o r  

i n s e r t i o n  of a probe, are h ighly  temperature s e n s i t i v e ,  have ques t ionab le  

accuracy,  and are  not  economically amenable t o  automatic  d a t a  a c q u i s i t i o n .  

Disadvantages of the  e l e c t r i c a l  r e s i s t i v i t y  techniques inc lude  ques t ionable  

long-term s t a b i l i t y ,  r e s u l t s  in f luenced  by concre te  materials p r o p e r t i e s  

( c a l i b r a t i o n  curve) ,  and l i m i t e d  accuracy. Changes i n  d i e l e c t r i c  cons t an t  

may be r e l a t e d  t o  moisture  con ten t ,  bu t  the  long-term s t a b i l i t y  is  quest ion-  

a b l e  and temperature  e f f e c t s  m u s t  be considered.  Length change of a 

f i lament  i s  l i m i t e d  t o  r e l a t i v e l y  l o w  temperatures  and must be temperature 

compensated. I n  genera l ,  t h e  accuracy of the  above techniques f o r  moisture  

de te rmina t ions  i n  concre te  i s  only w i t h i n  220%, so t h e  informat ion  obta ined  

i s  more q u a l i t a t i v e  than  q u a n t i t a t i v e .  Determination of t h e  long-term 

s t a b i l i t y  and t h e  development of more r e l i a b l e  and accu ra t e  f r e e  moisture  

measurement devices  are r equ i r ed  f o r  use i n  PCRVs. 
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Table 1 .4 .  S t r e s s  Meters f o r  PCRVs 

S e n s i t i v i t y  Approximate S t r e s s  Temperature 
Range Range Cos tlGage Comments 

Thickness 
Type Extent,  m ( i n . )  I__ 

(d (in.) (OF) (kPa) ( p s i )  ($1 MPa ( p s i )  ("C) 

I 0 . 1 8 ( 7 )  diam 15 0.6 2 . 8 - 1 0 . 3  4 0 e 1 5 0 0  <65 <150 2-70 3 1 0  250 I n a b i l i t y  to measure ten- 
s i l e  s t r e s s e s ;  measures 
temperature 

s i l e  s t r e s s e s ;  measures 
temperature 

I11 0.070 Y 0 . 1 4  2 . 4  3/32 C-34 e 5 0 0 0  -20 t o  90 0 t o  190  f 7  *I 270 Requires h y d r a u l i c  lines; 
r e l i a b i l i t y  and accuracy 
quest ionable  

I1 0 . 1 6 ( 6  1/41 diam 1 3  1 f 2  2 . t F 1 1 . 7  40W1700 -25 t o  70 -15 t o  160 2 8 4 1  4-14 200 I n a b i l i t y  KO measure ten- 

(2 3 f 4  x 5 1/21 

1.8 .3  Instrumentat ion Evaluat ion Program 

W e  are eva lua t ing  and developing embedment ins t rumenta t ion  f o r  s t r a i n ,  

stress, and moisture  determinat ions i n  PCRVs. During the  p re sen t  r epor t ing  

per iod s t r a i n  ins t rumenta t ion  w a s  p r imar i ly  considered.  

a v a i l a b l e  concre te  embedment s t r a i n  sensors  and t h e i r  a s soc ia t ed  readout  

ins t rumenta t ion  were procured, c h a r a c t e r i s t i c s  of t h e  ins t rumenta t ion  

t o  be  evaluated were i d e n t i f i e d ,  and an eva lua t ion  program w a s  planned. 

A l imi t ed  number of commercial stress c e l l s  have a l s o  been obtained f o r  

eva lua t ion .  

Commercially 

Polyester-encapsulated e l e c t r i c a l  r e s i s t a n c e ,  wound-wire r e s i s t a n c e ,  

s ing le- f i lament  r e s i s t a n c e ,  and v i b r a t i n g  w i r e  concre te  embedment s t r a i n  

gages are t o  be eva lua ted  re la t ive t o  genera l  performance, performance 

i n  a r e p r e s e n t a t i v e  PCRV environment ( s t a b i l i t y ,  accuracy) ,  and performance 

i n  extreme environments. 

1.8.3.1 General Gage Performance C h a r a c t e r i s t i c s  

The genera l  performance c h a r a c t e r i s t i c s  of commercially a v a i l a b l e  

s t r a i n  gage ins t rumenta t ion  are  t o  be assessed .  C h a r a c t e r i s t i c s  t o  be 

considered inc lude :  range, s e n s i t i v i t y ,  accuracy,  response,  da t a  acqui- 

s i t i o n  requirements,  cos t  f a c t o r s ,  accuracy of c a l i b r a t i o n  information 

suppl ied  by manufacturers,  and r e s i s t a n c e  t o  damage during cons t ruc t ion .  

The range, s e n s i t i v i t y ,  accuracy,  response,  da t a  a c q u i s i t i o n  requirements,  

and c o s t  f a c t o r s  w i l l  be  p r imar i ly  obtained from d a t a  suppl ied  by the  

manufacturers;  however, during the  experimental  po r t ions  of the  gage 
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eva lua t ions  program t h e  manufacturer ' s  performance da ta  w i l l  be  checked. 

C a l i b r a t i o n  d a t a  and gage d u r a b i l i t y  during PCRV cons t ruc t ion  w i l l  be  

eva lua ted  through l abora to ry  i n v e s t i g a t i o n s .  

The accuracy of c a l i b r a t i o n  d a t a  suppl ied  wi th  each gage by the  

manufacturers w i l l  be checked. S t r a i n  gages w i l l  be  cast  i n  0.15-m-diam 

by 0.53-m-long (6 by 21-in.) c y l i n d r i c a l  test specimens wi th  the  gage 

a l igned  wi th  t h e  cy l inde r  a x i s .  Only one type of gage w i l l  be  cast i n  

each test  specimen. One day a f t e r  c a s t i n g ,  t h e  tes t  specimens w i l l  be 

sea l ed  wi th  an epoxy coa t ing  t o  reduce moisture  migra t ion  and thus  minimize 

shr inkage  e f f e c t s .  Mechanical gage p o i n t s  [ 0 . 2 0  m ( 8  i n . )  gage l e n g t h ]  

w i l l  be i n s t a l l e d  two days a f t e r  c a s t i n g  a t  120" i n t e r v a l s  around each 

specimen's circumference,  and during t h e  cur ing  per iod  (>28  days) readings  

w i l l  be  taken using a mechanical gage and compared wi th  those  obta ined  

from the  embedded gages. J u s t  be fo re  t h e  cy l inde r s  are t e s t e d ,  s t r a i n  

gages w i l l  be  i n s t a l l e d  180" apart  a l igned  wi th  the  cy l inde r  a x i s .  The 

c y l i n d e r s  w i l l  be loaded i n  compression i n  s m a l l  increments,  and s t r a i n  

readings  w i l l  be  obtained a t  each increment.  The r e s u l t s  ob ta ined  from 

the  embedded gages w i l l  be  compared w i t h  those  obta ined  from t h e  e l e c t r i c a l  

r e s i s t a n c e  s t r a i n  gages and mechanical gages and used t o  eva lua te  t h e  

accuracy of suppl ied  c a l i b r a t i o n  information.  

Whether o r  n o t  the  gages r e q u i r e  embedment i n  a b r i q u e t t e  f o r  pro- 

t e c t i o n  during cons t ruc t ion  w i l l  be  determined by monitor ing gage per- 

formance a f t e r  the  gages are sub jec t ed  t o  s imulated PCRV cons t ruc t ion  

sequences.  The gages w i l l  be  pos i t i oned  i n  a form and t h e  concre te  p laced  

and v i b r a t e d  wi th  an  i n t e r n a l  v i b r a t o r .  Var iab les  considered w i l l  be  the  

l eng th  of v i b r a t i o n  (5-30 sec )  and l o c a t i o n  of t h e  i n t e r n a l  v i b r a t o r  

re la t ive t o  the  gages [ad jacent  t o  gage t o  0.46 m (18 i n . )  from gage].  

1.8.3.2 Gage Performance i n  Representa t ive  PCRV Environment 

Each type of gage w i l l  be  eva lua ted  f o r  accuracy and s t a b i l i t y  i n  a 

r e p r e s e n t a t i v e  PCRV environment. 

1 . 0 2  m long (16 by 40 i n . )  c a s t  from r e p r e s e n t a t i v e  PCRV conc re t e  w i l : L  

be  used. It w i l l  con ta in  a stress c e l l ,  thermocouples, and a t  least  one 

of each type of s t r a i n  measurement devices .  Af te r  cur ing ,  t h e  concre te  

A s ea l ed  tes t  specimen 0.41 m diam by 



specimen w i l l  b e  p l a c e d  i n t o  a u n i a x i a l  l o a d i n g  frame c o n t a i n i n g  a 

h y d r a u l i c  r a m  by which compressive f o r c e s  may be a p p l i e d .  

l o a d i n g ,  t h e  c y l i n d e r  w i l l  b e  h e a t e d  w i t h  a thermal  b l a n k e t .  

w i l l  b e  s u b j e c t e d  t o  l o a d  and thermal  c y c l e s  t o  s i m u l a t e  t h e  p r e s s u r i z a t i o n -  

d e p r e s s u r i z a t i o n  and heat-up cool-down c y c l e s ,  r e s p e c t i v e l y ,  t o  which a 

PCRV would t y p i c a l l y  b e  s u b j e c t e d .  Stress ,  s t r a i n ,  and tempera ture  w i l l  

b e  r e a d  throughout  t h e  tes t .  Gage s t a b i l i t y  and accuracy  w i l l  b e  a s s e s s e d  

by comparing stress r e a d i n g s  from t h e  stress c e l l ( s )  t o  r e a d i n g s  from a 

c a l i b r a t e d  h y d r a u l i c  l o a d i n g  r a m  ( loads  conver ted  to  stress s i n c e  c y l i n d e r  

h a s  a known a r e a ) ,  s t r a i n  r e a d i n g s  from embedded gages t o  r e a d i n g s  o b t a i n e d  

from mechanical  gages,  and tempera ture  r e a d i n g s  o b t a i n e d  from t h e  stress 

and s t r a i n  measurement d e v i c e s  and t h e  thermocouple o u t p u t s .  

Before 

The specimen 

Pending l o c a t i o n  of  a s u i t a b l e  s o u r c e  and c o s t s  n o t  b e i n g  p r o h i b i t i v e ,  

t h e  performance of t h e  embedment s t r a i n  gages under i r r a d i a t i o n  w i l l  b e  

e v a l u a t e d .  Samples of each of t h e  gages w i l l  b e  s u b j e c t e d  t o  r a d i a t i o n  

exposures  of approximately 1 0  x l o 2 '  neutrons/cm2,  t h e  exposure l i m i t  f o r  

c o n c r e t e  se t  by t h e  ASME Code. 2 o  

1.8.3.3 Gage Performance i n  Extreme Environments 

The embedment s t r a i n  measurement d e v i c e s  w i l l  a l s o  b e  t e s t e d  under 

n o n t y p i c a l  o p e r a t i n g  c o n d i t i o n s ,  such as o v e r p r e s s u r i z a t i o n  o r  o v e r h e a t i n g .  

T e s t  series p lanned  i n c l u d e  environments  cor responding  t o :  (1)  100% 

relat ive humidi ty ,  ( 2 )  e l e v a t e d  tempera ture  and p r e s s u r e ,  and ( 3 )  r a d i a t i o n  

exposures  i n  excess of limits p r e s c r i b e d  i n  t h e  ASME Code. 

E v a l u a t i o n  i n  100% re la t ive  humidi ty  w i l l  b e  conducted i n  two p h a s e s ,  

i n  a n  environment more severe t h a n  normally encountered  i n  service. 

I n i t i a l l y  each  t y p e  of  s t r a i n  measurement d e v i c e  w i l l  b e  p l a c e d  i n t o  a 

b a s i c  w a t e r  s o l u t i o n  (water  p l u s  cement) s i m u l a t i n g  t h e  c o n c r e t e  m o i s t u r e  

environment t h a t  t h e  gage would see. S t r a i n  and r e s i s t a n c e  t o  ground 

will b e  r e a d  as a f u n c t i o n  of t i m e .  I n  t h e  second phase a n o t h e r  gage of 

each t y p e  w i l l  b e  p l a c e d  i n t o  a water b a t h .  Temperatures and p r e s s u r e s  

w i l l  b e  v a r i e d  up t o  65 .5 "C  (150°F) and 3.5 MPa (500 p s i ) ,  r e s p e c t i v e l y .  

S t r a i n  and r e s i s t a n c e  t o  ground w i l l  b e  r e a d .  
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The second test  series w i l l  u se  t h e  0.41-m-diam by 1.02-m-long 

(16- by 40-in.) concre te  specimens f o r  gage eva lua t ions  i n  a r e p r e s e n t a t i v e  

PCRV environment. The specimens w i l l  be  subjec ted  t o  temperatures  

above 65.5"C and u n i a x i a l  stresses above 3.5 MPa. Gage performance w i . 1 1  

be eva lua ted  i n  the s a m e  manner as i t  w a s  f o r  t h e  eva lua t ions  i n  t h e  

r e p r e s e n t a t i v e  PCRV environment. 

Exposure of  the  s t r a i n  gages t o  excess ive  i r r a d i a t i o n  w i l l  be  con- 

s i d e r e d  i n  t h e  t h i r d  t es t  series. Gage performance w i l l  be monitored t o  

exposures exceeding 10 x 10 neutrons/cm2. 

1.8.4 Overview of Acoustic Emission f o r  In-Service S t r u c t u r a l  In t eg r l i t y  
Monitoring of PCRVs 

1.8.4.1 Background 

Techniques used f o r  nondes t ruc t ive  t e s t i n g  of nuc lea r  power f a c i l i t i e s  

t o  eva lua te  t h e i r  s a f e t y  and t o  a s s u r e  t h e i r  maximum a v a i l a b i l i t y  have 

included dye p e n e t r a t i o n ,  computerized remote u l t r a s o n i c  eva lua t ion ,  

holographic  techniques ,  and remote t e l e v i s i o n  coverage. Appl ica t ion  (of 

many of t hese  techniques is  t i m e  consuming and c o s t l y .  R e l a t i v e l y  r ecen t  

advancements i n  nondes t ruc t ive  t e s t i n g  u t i l i z i n g  a c o u s t i c  emission have 

made t h i s  system p o t e n t i a l l y  v i a b l e  f o r  i n - se rv ice  monitor ing of t h e  

s t r u c t u r a l  i n t e g r i t y  of p re s su re  v e s s e l s .  

Acoust ic  emissions are small-amplitude e l a s t i c  stress waves generated 

during material  deformation r e s u l t i n g  from a mechanical o r  thermal  s t imulus .  

The stress waves are de tec t ed  by t ransducers  as s m a l l  d isplacements  on 

the  specimen su r face .  The emissions are c l a s s i f i e d  as be ing  e i t h e r  con- 

t inuous o r  b u r s t .  Continuous a c o u s t i c  emissions are low-level ,  high- 

s igna l -dens i ty  emissions such as might be observed dur ing  t ens ion  t e s t i n g  

of unflawed specimens. Burst  acous t i c  emissions are generated when a 

p l a s t i c  zone o r  microcracks form a t  a c rack  t i p ,  o r  crack ex tens ion  occurs .  

Cha rac t e r i za t ion  of t h e s e  stress wave emissions provides  an  i n s i g h t  i n t o  

t h e  type of i n e l a s t i c  deformation occurr ing:  ampli tude of t he  stress wave 

emission i n d i c a t e s  t he  magnitude of f law extens ion ,  r a t e  of stress wa.ve 

emission i n d i c a t e s  t h e  rate of f law propagat ion,  and t h e  t o t a l  a c o u s t i c  

emission energy generated i s  p ropor t iona l  t o  the  l o s s  of s t r u c t u r a l  i n t e g r i t y .  



57 

Instrumentat ion systems f o r  acous t i c  emission monitoring gene ra l ly  

inc lude  t ransducers ,  p reampl i f i e r s ,  f i l t e r s ,  p rocessors ,  and recorders .  

Transducers ( sensors ) ,  when s t imula ted  by stress waves, t ransform the  

mechanical e x c i t a t i o n s  i n t o  e l e c t r i c a l  s i g n a l s .  P i e z o e l e c t r i c  c r y s t a l s ,  

s p e c i a l l y  designed f o r  t h e  20 kHz frequency range of i n t e r e s t ,  a r e  

genera l ly  used as t ransducers  because of t h e i r  high s e n s i t i v i t y  and 

s t a b i l i t y .  The s i g n a l  from t h e  t ransducer  i s  fed t o  a p reampl i f i e r ,  which 

i s  loca ted  as c l o s e  as p o s s i b l e  t o  the  t ransducer  t o  provide a good 

s ignal- to-noise  r a t i o  and t o  match impedances (long cables  may be used 

without  adverse ly  a f f e c t i n g  s ignal- to-noise  r a t i o ) .  Emerging from t h e  

preampl i f ie r  t he  e l e c t r i c a l  s i g n a l s  a r e  processed by s i g n a l  condi t ioners  

such as: f i l t e r s  (enable  s e l e c t i v e  r e j e c t i o n  of c e r t a i n  unwanted s i g n a l s ) ,  

main ampl i f i e r s  (provide a v a r i a b l e  and c a l i b r a t e d  g a i n ) ,  and d iscr imi-  

na to r s  ( s e l e c t i v e l y  r e j e c t  s i g n a l s  having c e r t a i n  s p a t i a l  or  temporal 

c h a r a c t e r i s t i c s ) .  Af t e r  condi t ion ing ,  t he  e lec t r ica l  s i g n a l s  gene ra l ly  

exceed 1 V and are ready f o r  processing.  Severa l  p rocess ing  techniques 

are a v a i l a b l e ,  inc luding  those t h a t :  count the  number of t i m e s  t he  s i g n a l  

c rosses  a threshold  va lue  of 1 V (number of c ross ings  i s  p ropor t iona l  t o  

magnitude of t h e  acous t i c  emission s i g n a l  and thus  an  approximate measure 

of t he  energy o r  s e v e r i t y  of t h e  even t ) ,  e x t r a c t  e lec t r ica l  energy by an 

energy module (compares count and energy) ,  count number of events  and n o t  

th reshold  c ross ings ,  perform s p e c t r a l  a n a l y s i s ,  and perform amplitude 

d i s t r i b u t i o n .  P resen ta t ion  of the  da t a  may be by punched t ape ,  p r i n t e d  

tape ,  magnetic tape  o r  d i sk ,  cathode ray osc i l l o scope  d i sp lay ,  o r  graphic  

p l o t t e r s .  

F l a w s  may be loca ted  by use of d a t a  from an a r r a y  of t h r e e  o r  more 

coupled t ransducers .  Location of a n  a c o u s t i c  source is usua l ly  e s t a b l i s h e d  

through a n a l y s i s  of d i f f e rences  i n  t i m e  of propagat ion of t h e  stress wave 

emissions t o  the  mul t ip l e  sensor  a r r ay .  A t y p i c a l  sequence of events  f o r  

flaw l o c a t i o n  on a two-dimensional su r f ace  may be descr ibed  as fol lows.  

An acous t i c  event: produces an expanding s p h e r i c a l  wave, which impacts one 

of t h e  t ransducers ,  s t a r t i n g  a clock.  The t i m e  of a r r i v a l  of t h e  stress 

wave t o  the  o the r  t ransducers  of t he  a r r ay  is e s t a b l i s h e d .  When the  rate 

of propagat ion of t he  stress wave i n  the material and t h e  a r r i v a l  t i m e s  



are known, a locus  of p o i n t s  ( c i r c l e  f o r  two-dimensional case) may be  

e s t a b l i s h e d  f o r  each t ransducer  t o  i n d i c a t e  p o s s i b l e  l o c a t i o n s  of t h e  

source.  The i n t e r s e c t i o n  of t h e  c i rc les  i d e n t i f i e s  t h e  f law l o c a t i o n .  

Commercially a v a i l a b l e  f law l o c a t i o n  systems use analog o r  d i g i t a l  

computers t o  perform a l l  ana lyses .  S t a t i s t i ca l  methods may be incorpora ted  

i n t o  the  system f o r  d a t a  processing t o  develop p r o b a b i l i t y  maps f o r  t he  

s t r u c t u r e  being i n v e s t i g a t e d  so t h a t  areas wi th  a h igh  p r o b a b i l i t y  of 

conta in ing  f laws may be i d e n t i f i e d .  Ten ta t ive  advantages of a c o u s t i c  

emission inc lude :  access t o  e n t i r e  vessel i s  no t  r equ i r ed ;  100% of 

t h e  vessel volume may be inspec ted ;  the  v e s s e l  may be monitored i n  

service; the  system possesses  t h e  c a p a b i l i t y  t o  d e t e c t ,  l o c a t e ,  and 

ca t egor i ze  the  approximate s e v e r i t y  of a growing d e f e c t ;  and t h e  technique 

r e q u i r e s  minimal t i m e .  P o t e n t i a l  disadvantages o r  problem areas of t h e  

system, which must be overcome, i nc lude :  background no i se ,  which may 

mask d e f e c t  emissions,  w i l l  have t o  be f i l t e r e d  ou t ;  hydro te s t  s t r e s s e s  

(proof tests) are not  t r u l y  r e p r e s e n t a t i v e  of i n - se rv ice  stresses; time- 

temperature  annea l ing  e f f e c t s  may in f luence  r e s u l t s ;  t h e  v e s s e l  should. 

be cont inuously monitored so a l l  events  may be i d e n t i f i e d ;  and, un less  

t h e  in s t rumen ta t ion  i s  permanently mounted, down t i m e  i s  r equ i r ed  f o r  

ins t rumenta t ion  and c a l i b r a t i o n  be fo re  each tes t .  

;k 

1 .8 .4 .2  Appl ica t ions  t o  PCRVs 

The s t a t e  of t h e  a r t  of a c o u s t i c  emission has  advanced very  r a p i d l y  

i n  t h e  las t  few years  through numerous app l i ca t ions .  I n  f a c t ,  a t  l eas t  

one company has  developed an  a c o u s t i c  emission system t h a t  is  be ing  used 

t o  i n s p e c t  nuc lear  power p l a n t  coolan t  systems and metall ic containment 

vessels. However, only l i m i t e d  a p p l i c a t i o n s  of a c o u s t i c  emission have 

been made t o  concre te  material systems. 

Resu l t s  ob ta ined  from a c o u s t i c  emission a p p l i c a t i o n s  t o  concre te  

material systems tend t o  i n d i c a t e  t h a t  o n s e t  and f a i l u r e  p rogres s ion  (can 

be de t ec t ed ,  stress wave emission c h a r a c t e r i s t i c s  may be  c o r r e l a t e d  t o  

* 
Flaw l o c a t i o n  i n  a p res su re  v e s s e l  may be e s t a b l i s h e d  t o  a n  accuracy 

of approximately one-half t he  v e s s e l  w a l l  th ickness .  
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material modulus of e l a s t i c i t y ,  loading l e v e l s  can be eva lua ted  non- 

d e s t r u c t i v e l y ,  f laws may be loca ted ,  and t h e  s e n s i t i v i t y  of a c o u s t i c  

emissions f o r  d e t e c t i o n  of f a i l u r e  processes  and deformation i n  materials 

is supe r io r  t o  convent ional  techniques.  

encouraging t o  i n d i c a t e  t h a t  a c o u s t i c  emission may be f e a s i b l e  f o r  in -  

s e r v i c e  monitoring of the  s t r u c t u r a l  i n t e g r i t y  of PCRVs. 

The r e s u l t s  are s u f f i c i e n t l y  

1.9 LONG-TERM CREEP AND MOISTURE M I G R A T I O N  STUDIES - J .  P .  Cal lahan 

An extens ive  s tudy  w a s  undertaken under the  earlier PCRV Research 

and Development Program t o  eva lua te  creep behavior  of concre te  under 

var ious  u n i a x i a l ,  b i a x i a l ,  and t r i a x i a l  s ta tes  of stress whi le  i t  w a s  

exposed t o  temperatures of 24 and 65.6"C. The s tudy w a s  d iv ided  i n t o  

two phases.  One phase,  conducted a t  t he  U.S .  Army Engineers Waterways 

Experiment S t a t i o n  [Interagency Agreement AT-(40-1)-36361, cons i s t ed  

of an experimental  s tudy  of creep behavior  of concre tes  made wi th  t h r e e  

d i f f e r e n t  aggrega te  types ( c h e r t ,  l imestone,  and graywacke). The f i n a l  

r e p o r t  i s  being prepared a t  the  Waterways Experiment S t a t i o n .  

The second phase conducted a t  t h e  Univers i ty  of Texas (Subcontract 

2864) cons is ted  of an  in-depth s tudy of creep behavior  of a l imestone 

aggregate  concre te  s e l e c t e d  as most t y p i c a l  f o r  use i n  cons t ruc t ing  PCRVs 

i n  the  United S t a t e s .  The l a s t  phase of t h i s  i n v e s t i g a t i o n  cons is ted  of 

sub jec t ing  0.15-m-diam by 0.41-m (6 by 16 i n . )  c y l i n d r i c a l  concre te  

specimens t o  sus t a ined  u n i a x i a l  compressive stresses of 4 .1  and 16.5 MPa 

(600 and 2400 p s i )  for per iods  up t o  5 years .  The 1 2  cy l inde r s  encompassed 

cur ing  per iods  of 90, 183, and 365 days and both as-cast ( sea led  a f t e r  

i n i t i a l  moist  cur ing)  and a i r -d r i ed  (unsealed a f t e r  cur ing)  condi t ions .  

The s t r a i n s  w e r e  monitored wi th  v i b r a t i n g  w i r e  s t r a i n  gages t h a t  w e r e  

embedded i n  the  specimens, as shown i n  Fig.  1.22. 

The t o t a l  s t r a in - t ime  r e l a t i o n s h i p s  of t h e  specimens are shown in 

Figs .  1 . 2 3  and 1.24. 

o v e r a l l  s tudy;  however, t h e  r e s u l t s  w e r e  i n c o n s i s t e n t ,  and a d d i t i o n a l  

specimens would be requi red  t o  accu ra t e ly  estimate t h e  shr inkage.  Since 

the  s t r a i n s  r e s u l t i n g  from the  16.5 MPa loading were r e l a t i v e l y  l a r g e ,  t h e  

Unstressed shr inkage specimens were included i n  the  
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e r r o r  r e s u l t i n g  from omission of shr inkage appears  t o  be s m a l l .  However, 

t h e  e r r o r  w i l l  probably have a more s i g n i f i c a n t  e f f e c t  on t h e  es t imated  

creep behavior of t he  4 . 1  MPa test specimen. 

A comparison of t h e  creep s t r a in - t ime  r e l a t i o n s h i p s  f o r  specimens 

under 16.5 MPa stress shown i n  Fig.  1 . 2 3  gene ra l ly  i n d i c a t e s  t h a t  concre te  

having longer  cur ing  pe r iods  exh ib i t ed  smaller ax ia l  and r a d i a l  creep 

s t r a i n s ;  however, t h i s  e f f e c t  diminished wi th  t i m e  and i n  one case, 

ORNL- DWG 68-344fR 
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Fig .  1 . 2 3 ( b ) ,  t h e  curves  a c t u a l l y  c rossed .  A s i m i l a r  t r e n d  i s  a l s o  

e v i d e n t  f o r  specimens s t r e s s e d  a t  4.1MPa, a l though i t  i s  n o t  as 

pronounced because of t h e  low stress level  and t h e  omiss ion  of  s h r i n k a g e  

e f f e c t s .  

The a i r - d r i e d  specimens e x h i b i t e d  l a r g e r  axial  c r e e p  strains t h a n  

t h e  as-cast specimens r e g a r d l e s s  of age a t  loading .  

2.5 y e a r s ,  t h e  c reep  s t r a i n s  of as-cast specimens a t  any g i v e n  t i m e  

w e r e  approximately 82% of t h o s e  of  t h e  a i r - d r i e d  specimens f o r  t h e  same 

loading .  During t h e  n e x t  2.5 y e a r s ,  t h e  two specimen types  appeared t o  

approach t h e  same a b s o l u t e  c reep  s t r a i n ,  even though a f t e r  f i v e  y e a r s  

of l o a d i n g  t h e  c o n c r e t e  specimens cont inued t o  c reep .  The f i n d i n g s  of 

During t h e  f i r s t  

t h e  long-term creep  tests w e r e  r e p o r t e d .  2 3  

A r e p o r t  on t h e  U.S. Army Engineers  Waterways Experiment S t a t i o n  

It c o n t a i n s  m o i s t u r e  m i g r a t i o n  experiment  h a s  a l s o  been p u b l i s h e d .  2 4  

r e s u l t s  o f  a n  exper imenta l  s t u d y  of m o i s t u r e  m i g r a t i o n  i n  a pie-shaped 

specimen r e p r e s e n t i n g  t h e  f low p a t h  through t h e  c y l i n d r i c a l  w a l l  o f  a PCRV. 
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2.  STRUCTURAL K4TERIALS 

P. L. Ri t tenhouse and J. R. DiStefano 

2 . 1  INTRODUCTION 

Many of t h e  m e t a l l i c  materials i n  the  primary and steam genera tor  

c i r c u i t s  of t he  HTGR ope ra t e  i n  temperature ranges where t h e i r  mechanical 

p r o p e r t i e s  are t i m e  dependent ( i . e . ,  w i th in  t h e i r  creep range) .  Because 

of t h i s ,  it: is necessary t o  consider  both e l a s t i c - p l a s t i c  and creep 

behavior i n  design,  performance, and s a f e t y  ana lyses .  This  r e q u i r e s  t h a t  

d e t a i l e d  and accu ra t e  information on creep,  f a t i g u e ,  crack growth, e t c .  

be a v a i l a b l e  as input  t o  t h e  formulat ion of high-temperature s t r u c t u r a l  

design methods and t h e  development of f a i l u r e  c r i t e r i a .  Add i t iona l ly ,  

the a n a l y s i s  of t h e  long-term behavior  of HTGR meta l l ic  materials must 

inc lude  cons idera t ion  of the  e f f e c t s  of environment (steam/water and/or  

primary coolan t  helium) and thermal aging on p r o p e r t i e s .  

The o b j e c t i v e  of the  t a s k s  descr ibed i n  the  s e c t i o n s  t h a t  fol low i s  

t o  o b t a i n  s p e c i f i c  da t a  and information needed t o  improve t h e  b a s i s  f o r  

design a n a l y s i s  and performance eva lua t ions  of steam genera tor  and 

primary c i r c u i t  components and materials of the  l a r g e  commercial HTGR. 

The cu r ren t  t a r g e t  d a t e  f o r  t hese  t a sks  i s  1979 and corresponds t o  the  

scheduled completion of the  FSAR f o r  t h e  f i r s t  u n i t  l a r g e  HTGR. 

2.2 MECHANICAL PROPERTIES - C.  R. Brinkman and P .  L .  Ri t tenhouse 

2 . 2 . 1  Tens i le  Tes t ing  - P.  L. Ri t tenhouse 

A l l  HTGR materials t h a t  are being used i n  mechanical proper ty  s t u d i e s  

have been procured under app l i cab le  ASTM-ASME s p e c i f i c a t i o n s ,  and 

" c e r t i f i c a t e s  of test" documenting room-temperature p r o p e r t i e s  and compo- 

s i t i o n  have been obtained and f i l e d .  I n  add i t ion ,  t o  f u r t h e r  cha rac t e r i ze  

these  materials, t e n s i l e  tests have been conducted on each mater ia l  (from 

room temperature through appropr i a t e  e l eva ted  temperatures)  i n  known h e a t  

t reatment  condi t ions .  The r e s u l t s  of t hese  tests are descr ibed  below. 

67 
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Tests a t  room temperature and at 210 t o  593°C (500-1100°F) i n  

55.5"C (100°F) increments w e r e  conducted on t h r e e  h e a t s  (Babcock and 

Wilcox h e a t s  36202, 72768, and X-6216) of 2 1 / 4  C r - 1  Mo s t e e l  tubing.  

These h e a t s ,  c u r r e n t l y  being t e s t e d  i n  our environmental  creep program 

(see Sec t .  2.2.2),  w e r e  i so thermal ly  annealed [ i . e . ,  a u s t e n i t i z e d  a t  

927°C (1700°F) and then  he ld  f o r  2 h r  a t  704°C (1300°F), cool ing  rates 

c o n t r o l l e d  both from 927 t o  704°C (1700 t o  1300°F) and from 704°C (1300°F) 

t o  room temperature]  be fo re  t e n s i l e  t e s t i n g .  The 0.2% o f f s e t  y i e l d  

s t r e n g t h 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 s  determined f o r  t hese  h e a t s  are 

shown i n  Table 2 . 1 .  Yield s t r e n g t h  va lues  tend t o  fo l low t h e  t r end  of 

the  "expected minimum y i e l d  s t r e n g t h  vs  temperature" curve given'  i n  

Code Case 1592, b u t  a number of our  experimental ly  determined va lues  

f a l l  somewhat below t h e  s u b j e c t  curve. These va lues  are ,  however, con- 

s i s t e n t  w i th  minimum y i e l d  s t r e n g t h s  r e c e n t l y  incorpora ted  i n t o  t h e  Nuclear 
Systems MateriaZs Handbook. U l t i m a t e  t e n s i l e  s t r e n g t h s ,  w i t h  an i n t e r -  

mediate-temperature maximum a t  about 371°C (700"F), are a l s o  c o n s i s t e n t  

wi th  Handbook da ta .  

Specimens of 9 C r - 1  Mo s teel ,  an a l l o y  t h a t  has  been considered a 

backup t o  2 1 / 4  C r - 1  Mo i n  steam genera tor  a p p l i c a t i o n s ,  have a l s o  been 

t e s t e d  a t  temperatures  t o  593°C (1100°F). Resul t s  from tests on i so -  

thermally annealed ( see  h e a t  t rea tment  f o r  2 1 / 4  C r - 1  Mo given i n  prev:ious 

paragraph) 13-mm (1/2-in. ) p l a t e  m a t e r i a l  (G.  0. Carlson H e a t  316381-112) 

are given i n  Table 2 .2 .  Both the  0.2% o f f s e t  y i e l d  and u l t i m a t e  s t r e n g t h s  

are, as expected,  q u i t e  s i m i l a r  t o  those f o r  t he  2 1 / 4  C r - 1  Mo materia:L. 

Tens i l e  tests have a l s o  been performed on two nickel-base a l l o y s ,  

Has te l loy  X and Has te l loy  S .  Has te l loy  X i s  the  c u r r e n t  material  of 

design f o r  t h e  h o t  duc t ing  (core o u t l e t  t o  the  steam genera tor )  of the  

HTGR, wh i l e  Has te l loy  S i s  an a l t e r n a t e  candida te  f o r  t h i s  a p p l i c a t i o n .  

Resu l t s  of t h e  tests on 13-mm (1/2-in.)  p l a t e  Has te l loy  X (Cabot Corp. 

Heat 2600-3-4936) and 16-mm-diam (5/8-in.)  Has te l loy  S rod (Cabot Corp #I 

H e a t  8635T) are shown i n  Tables 2 .3  and 2.4, r e s p e c t i v e l y .  All t he  tests 

on Has te l loy  S and some on Has te l loy  X ( see  n o t a t i o n  i n  Table 2.3) were 

run  a t  a ra te  of 0.4%/min through f a i l u r e .  

Has te l loy  X w e r e  run  a t  0.4%/min through y i e l d i n g  and then  a t  1.6%/min 

However, most of t he  tests on 
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Table 2 .1 .  Tensi le  Strength Data f o r  Three Heats of 
Isothermally Annealed 2 1/4 C r - 1  Mo S t e e l  

Tensile Strength 

0.2% Yield Ult i m t e  

(Lei)  (ma) (hi)  (ma) 

Temperature 

( 'C) (OF) 

T e s t  Heat 

14496 
14497 
14159 
14162 
14498 
14105 
14106 
14199 
14492 
14493 
14494 
14495 

141s2 
14153 
14154 
14155 
14151 
14111 

14066 
14068 
14071 
14073 
14158 
14501 

14502 
14070 
14086 
14503 
14067 
11069 

10489 
14091 
14505 
14504 
14094 
14075 
14088 

14092 
14093 
14506 
14095 
14096 
14087 
14097 

14101 
14104 
14109 
14511 
14098 
14100 

14102 
17513 
14512 
14108 
14097 
14099 

72768. 
72768 
72768 
72768 
36202b 
36202 
36202 
36202 
X-6216b 
X-6216 
X-6216 
X-6216 

72768 
72768 
36202 
36202 
X-6216 
X-6216 

72768 
72768 
36202 
36202 
X-6216 
X-6216 

72768 
72768 
36202 
36202 
X-6216 
X-6216 

72768 
72768 
72768 
36202 
36202 
X-6216 
X-6216 

72768 
72768 
72768 
36202 
36202 
X-6216 
X-6216 

72768 
72768 
36202 
36202 
X-6216 
X-6216 

72 768 
72768 
36202 
36202 
X-6216 
X-6216 

24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 

260 
2 60 
260 
260 
260 
260 

315 
315 
315 
315 
315 
315 

3 7 1  
37 1 
3 7 1  
371 
3 7 1  
371 

427 
427 
427 
427 
427 
427 
427 

482 
482 
482 
482 
482 
482 
482 

538 
5 38 
538 
5 38 
5 38 
5 38 

593 
593 
593 
593 
59 3 
593 

75 
75 
75 
75 
7 5  
75 
7 s  
75 
7 5  
75 
75 
75 

500 
500 
5 00 
500 
500 
500 

600 
600 
600 
600 
600 
600 

700 
700 
700 
700 
700 
7 00 

800 
800 
800 
800 
800 
800 
800 

900 
900 
900 
900 
900 
900 
900 

1000 
1000 
1000 
1000 
1000 
1000 

1100 
1100 
1100 
1100 
1100 
1100 

32.4 
3 2 . 1  
33.3 
34.2 
36.2 
3 7 . 3  
36.7 
32.7 
35.4 
34.9 
35.0 
34.8 

25.9 
25.8 
2 7 . 5  
28.3 
28.6 
28.1 

25.0 
22.4 
27.8 
27.6 
27.0 
27 .5  

23 .7  
26.4 
25.9 
26.0 
26.3 
27 .2  

23.9 
20.7 
25.8 
24.7 
29.4 
26.1 
2 7 . 7  

23.5 
26.7 
22.7 
19.1 
18.7 
2 3 . 3  
25.5 

21 .1  
19.2 
2 3 . 1  
24.4 
23.6 
22.0 

16.8 
19.3 
19.7 
21.1 
19.7 
21.9 

223 
2 2 1  
2 30 
2 36 
250 
257  
253 
2 2 5  
244 
241 
241 
240 

179 
178 
190 
195 
197 
194 

1 7 2  
154 
192 
190 
186 
190 

163 
182 
179 
179 
181 
188 

165 
14 3 
178 
170 
203 
180 
191 

162 
184 
1 5 7  
1 3 2  
129 
161 
176 

145 
132 
159 
168 
163 
1 5 2  

116 
1 3 3  
136 
145 
136 
151 

69.0 
69.0 
65.5 
68.3 
7 3 . 5  
7 3 . 1  
72.8 
7 2 . 7  
7 2 . 3  
71.6 
71.6 
7 1 . 7  

56.3 
55.5 
60.3 
60.0 
61.6 
58.5 

5 7 . 1  
56.9 
61.3 
61.7 
59.8 
64.0 

62.1 
66.3 
64.6 
65.5 
63.3 
62.8 

57.9 
57.6 
59.2 
63.4 
62.0 
60.2 
56.7 

52.5 
52.5 
5 2 . 3  
56.6 
56.5 
5 4 . 5  
55.3 

44.1 
44.2 
47.3 
47.9 
48.2 
46.1 

34.7 
33.9 
36.8 
37 .3  
36.2 
36.2 

4 76 
476 
452 
471 
507 
504 
502 
501 
498 
494 
494 
494 

388 
383 
416 
414 
425 
403 

394 
392 
423 
425 
412 
441 

428 
457 
445 
452 
436 
433 

399 
397 
408 
437 
427 
415 
39 1 

362 
36 2 
36 1 
390 
390 
376 
381 

304 
305 
326 
3 30 
332 
318 

2 39 
2 34 
254 
257  
2 50 
250 

'~.rtmn content 0.101. 
bC.rtmn content 0.12%. 
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Table 2.2 .  Tensile Strength Data for 
Isothermally Annealed 9 Cr-1 Mo Steel 

Tensile Strength 
Temperature - 

(ksi) ( m a  1 (ks i )  (MP a ) 

Test 0.2% Yield U 1 t ima te 
- ( " C )  (OF) 

1 4 1 3 0  

1 4 1 3 1  

1 4 1 3 2  

1 4 1 3 3  

1 4 1 3 4  

14135 

14136 

14137 

14138 

14139 

1 4 1 4 0  

1 4 1 4 1  

1 4 1 4 2  

1 4 1 4 3  

1 4 1 4 4  

1 4 1 4 5  

1 4 1 4 6  

14147 

25 

25 

25 

25 

260 

260 

316 

316 

3 7 1  

372 

427 

427 

482 

482 

5 38 

5 3 8  

5 9 3  

5 9 3  

77 

77 

77 

77 

500 

5 00 

600 

6 00 

7 00 

7 00 

8 0 0  

8 00 

900 

900 

1 0 0 0  

1000 

1 1 0 0  

1 1 0 0  

38.6 

39.9 

38.7 

40.3 

29 .6  

29 .0  

2 8 . 0  

28.2 

2 7 . 1  

2 7 . 1  

27.8 

25.6 

24.7 

2 4 . 1  

22.3 

23.3 

19 .7  

19 .5  

266 

275 

267 

278 

204 

200 

1 9 3  

1 9 4  

187 

187 

1 9 2  

177 

17 0 

1 6 6  

1 5 4  

1 6 1  

1 3 6  

1 3 4  

7 6 . 0  

75 .4  

75.5 

7 6 . 1  

6 6 . 4  

66 .0  

63.9 

64.5 

63 .8  

63 .3  

59 .8  

5 9 . 0  

52 .3  

5 2 . 3  

40.3 

41 .2  

30 .0  

29.7 

524 

52 0 

521 

5 215 

45 8 

45 5 

441 

445 

440 

4 36 

412 

40 7 

361 

361 

278 

2 84 

207 

205 
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T a b l e  2.3.  T e n s i l e  P r o p e r t i e s  of 
Has te l loy  X ( H e a t  2600-3-4936) 

Temperature Tensile Strength, ksi(MPa) Elongation Reduction 
of Area 

(%> 
(%> 

Test 
("C) (OF) 0.2% Yield U1 t ima t e 

14892 
14893 
14894 
14895a 
14899 
14896 
14897 
14814 
14813 
14813 
14809 
14810 
14811 
14807 
14808 
14804 
14805 
14806 
14802 
14803a 
14799 
14800 
14801 
147 90a 
14791a 
14796 
14798a 
14792 
14793a 
14794a 
14795 
14797a 
14815a 
14898 

22 
22 
22 
149 
149 
288 
288 
288 
427 
427 
482 
482 
48 2 
538 
538 
593 
593 
593 
649 
649 
7 04 
7 04 
7 04 
760 
760 
760 
760 
816 
8 16 
816 
816 
816 
871 
871 

72 
72 
72 
300 
3 00 
550 
550 
550 
800 
800 
900 
900 
900 
1000 
1000 
1100 
1100 
1100 
1200 
1200 
1300 
1300 
1300 
1400 
1400 
1400 
1400 
1500 
1500 
1500 
1500 
1500 
1600 
1600 

52.0(358) 
50.6 (349) 
50.8 (350) 
42.1(290) 
41.8(288) 
36.0 (248) 
35.4(244) 
35.5 (245) 
32.4(223) 
34.0(234) 
28.0 (193) 
34.0 (234) 
31.8(219) 
34.6(239) 
32.1(221) 
31.9 (220) 
32.4(223) 
33.7 (232) 
31.1(214) 
30.9(213) 
32.4 (223) 
31.2(215) 
30.8 (212) 
31.2(215) 
31.5 (217) 
31.5 (217) 
29.9 (206) 
32.1(221) 
33.7 (232) 
33.5 (231) 
30.9(213) 
32.7 (225) 
23.4(161) 
23.6(163) 

110.5 (762) 
110.8 (764) 
110.8(764) 
98.9(682) 
97.3(671) 
96.0(662) 
94.4 (651) 
95.2 (656) 
91.0(627) 
91.2 (629) 
90.4 (623) 
90.2(622) 
90.1(621) 
85.8 (592) 
86.5 (596) 
84.9(585) 
85.1(587) 
84.3(581) 
73.6(507) 
73.6 (507) 
61.6(425) 
65.5 (452) 
66.7(460) 
46.4 (320) 
62.2 (429) 
55.8 (385) 
55. 2 (381) 
34.9 (241) 
34.8 (240) 
34.5 (238) 
34.9 (241) 
41.7 (288) 
24.0 (165) 
24.3 (168) 

50.5 
51.5 
51.9 
51.1 
51.5 
52.8 
53.7 
54.4 
56.5 
49.8 
59.0 
55.9 
58.4 
49.9 
48.8 
53.3 
53.1 
51.5 
39.7 
39.7 
48.5 
37.3 
37.6 
73.3 
75.6 
66.6 
68.1 
87.2 
72.2 
74.6 
81.2 
86.0 
79.8 
84.4 

59.8 
59.2 
61.4 
60.6 
59.8 
57.9 
55.9 
55.4 
56.9 

43.6 
38.4 
48.2 
40.9 
31.4 
40.9 
41.9 
43.0 
35.9 
39.4 
41.7 
33.6 
35.9 
99.7 
99.7 
55.8 
57.0 
99.4 
99.7 
99.8 
81.4 
69.6 
88.9 
88.2 

a Constant strain rate of 0.4%/min through failure; all other tests at 
this rate through yielding and then 1.6%/min. 
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Table 2 . 4 .  T e n s i l e  P r o p e r t i e s  of Has te l loy  S (Heat 8365T) 

Reduction 
of Area Elongation Temperature Strength, MPa ( k s i )  

("C) (OF) 0.2% Yield Ultimate Tensile - (%I (%I Test 

15324 
15325 

15326 
15355 

15327 
15328 

15329 
15330 

15331 

15332 
15333 
15334 

15335 
15336 
15337 
15338 

15339 
15340 
15341 
15342 

15343 
15344 
15345 
15346 
15354 

15347 

15348 

15349 
15350 
15351 

15352 
15353 

22 

22 
22 

22 

149 
149 
288 

288 

288 

427 
438 
482 
482 
482 
538 

538 
593 
593 

593 
649 
649 
649 
7 04 
7 04 
704 

760 

760 

816 
816 

816 
871 
871 

72 

72 
72 
72 

300 

300 

550 
550 

550 

800 
820 
900 

900 
900 

1000 
1000 
1100 

1100 
1100 

1200 

1200 

1200 
1300 
1300 

1300 
1400 

1400 

15 00 
1500 

1500 
1600 
1600 

457 (66.3) 

466 (67.6) 
455 (66.0) 
465 (67.4) 

425 (61.6) 
417 (60.5) 

376 (54.6) 

363 (52.7) 

368 (53.4) 

350 (50.7) 
366 (53.1) 

348 (50.5) 
361 (52.3) 
359 (52.0) 

359 (52.0) 
333 (48.3) 
330 (47.8) 
363 (52.6) 

367 (53.3) 
358 (51.9) 
363 (52.7) 
365 (52.9) 

345 (50.0) 
349 (50.6) 
355 (51.5) 

314 (45.6) 
345 (50.0) 
276 (40.0) 

259 (37.5) 
276 (40.0) 
173 (25.1) 
175 (25.4) 

934 (135.5) 
931 (135.0) 

924 (134.0) 
929 (134.8) 

879 (127.5) 
880 (127.6) 
852 (123.6) 

850 (123.2) 

858 (124.4) 
836 (121.2) 
852 (123.5) 

829 (120.2) 
835 (121.1) 
837 (121.4) 
818 (118.6) 
805 (116.8) 
789 (114.4) 
793 (115.0) 
786 (114.0) 

654 (94.9) 
655 (95.0) 
652 (94.5) 
496 (71.9) 
494 (71.7) 
501 (72.7) 

365 (52.9) 
362 (52.5) 

278 (40.3) 

262 (38.0) 

282 (40.9) 
175 (25.4) 
178 (25.8) 

50.8 
52.8 

51.6 

52.4 

51.2 

53.7 
52.2 

48.4 

50.4 

52.6 
51.6 
47.1 

50.9 
49.2 
52.8 

45.6 
45.3 
62.6 

94.4 
96.0 
96.2 

83.7 
93.1 

81.9 

79.6 

81.7 

93.9 

71.0 

78.2 
78.7 

69.2 
68.1 
60.1 

61.6 

61.7 

53.3 

60.4 
43.4 

54.8 

54.5 

41.7 
38.9 
50.9 
41.2 
45.4 
35.2 
39.0 

36.3 
43.7 
74.1 
76.5 
75.6 
82.1 
83.0 
80.2 

85.0 

86.0 

86.6 

86.0 

93.7 
90.6 
85.6 



7 3  

t o  f a i l u r e .  The only proper ty  t h a t  seemed t o  be s i g n i f i c a n t l y  a f f e c t e d  

by t h i s  d i f f e r e n c e  i n  test  method w a s  reduct ion  of area [e .g . ,  a t  760°C 

(1400OF) reduct ion  of area w a s  <60% f o r  the two-stage r a t e  and >79% f o r  

the o the r ] .  Comparison of t he  d a t a  f o r  t h e  two materials l eads  t o  the  

conclusion t h a t  - a t  leas t  i n  t e r m s  of t e n s i l e  p r o p e r t i e s  - Haste l loy  S 

i s  a s t ronge r  material than Has te l loy  X a t  temperatures up t o  and in-  

c luding 816OC (1500'F). A t  871°C (1600°F) the  s t r e n g t h s  of t he  two a r e  

almost i d e n t i c a l .  

2 .2 .2  Creep Tes t ing  i n  HTGR Primary Coolant Environment - P.  L .  Ri t tenhouse 

2 . 2 . 2 . 1  Background 

Alloys employed i n  the  cons t ruc t ion  of primary and steam genera tor  

c i r c u i t  components w i l l  be exposed t o  high-temperature helium conta in ing  

low l e v e l s  of impur i t i e s  (H2 ,  CO, C H 4 ,  and H 2 0 )  f o r  t he  design l i f e t i m e  

(30-40 years )  of t h e  p l a n t .  Although t h e  helium primary coolant  i s  - b y  

convent ional  s tandards  - extremely pure and cha rac t e r i zed  by low oxida t ion  

and ca rbur i za t ion  p o t e n t i a l s ,  r e a c t i o n s  between HTGR a l l o y s  and these  

impur i t i e s  w i l l  occur .  A number of s t u d i e s  conducted i n  Europe have 

demonstrated - depending upon a l l o y ,  temperature,  and impuri ty  spec ie s ,  

l e v e l s ,  and r a t i o s  - var ious  degrees and types of gas-metal r e a c t i o n s  

(e.g. ,  s e l e c t i v e  ox ida t ion  of a l l o y i n g  elements and ca rbur i za t ion )  and 

consequent e f f e c t s  on creep behavior.  2--5 

The creep rup tu re  and creep s t r a i n  d a t a  being obta ined  (both i n  

a i r  and i n  s imulated HTGR primary coolant  helium) i n  t h e  t a s k  descr ibed 

i n  t h i s  s e c t i o n  should i d e n t i f y  any e f f e c t s  of t he  helium environment on 

the creep behavior  of s e l e c t e d  HTGR s t r u c t u r a l  a l l o y s .  Such e f f e c t s ,  i f  

found, can then be  incorpora ted  i n t o  design t o  ensure the f u n c t i o n a b i l i t y ,  

i n t e g r i t y ,  and s a f e t y  of t he  system. Curren t ly ,  major emphasis i n  the  

s u b j e c t  t a s k  i s  on 2 1 / 4  C r - 1  Mo f e r r i t i c  steel  and Has te l loy  X ,  b u t  some 

t e s t i n g  of 9 C r - 1  Mo s t e e l  has been undertaken and p l ans  have been de- 

veloped f o r  s tudying Inconel  617. 

progress  a t  the  General Atomic Company (GA) under ERDA/RRD sponsorship.  

S i m i l a r  tests on Alloy 800H are i n  
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2 .2 .2 .2  Environmental T e s t  F a c i l i t i e s  

Conventional high-precis ion creep t e s t i n g  ( i . e . ,  i n  a i r )  involves  - 
i n  b r i e f  - load  t r a i n  systems f o r  applying u n i a x i a l  loads  wi th  a minimum 

of bending stresses, extensometry t o  monitor t he  s t r a i n  t h a t  accrues  wi th  

t i m e ,  and furnaces  and c o n t r o l s  f o r  maintaining the  d e s i r e d  t e s t  temper- 

a t u r e  w i t h i n  narrow l i m i t s  f o r  long per iods  of t i m e .  Tes t ing  i n . a  con- 

t r o l l e d  environment adds s u b s t a n t i a l l y  t o  the  above i n  complexity,  e f f o r t ,  

and cos t .  The ten systems w e  are now using f o r  environmental  tests re- 

qui red  ex tens ive  development r e l a t e d  t o  t h e  design of t h e  specimen, the 

load t r a i n ,  extensometry,  t h e  environmental  chamber, and - p a r t i c u l a r l y  - 
t o  the  methods f o r  supplying and monitoring the  helium environments. Some 

of t h e  d e t a i l s  of t h e  environmental  creep systems are descr ibed  i n  t h e  

paragraphs t h a t  fol low.  

The creep specimens are loaded convent ional ly  through c a l i b r a t e d  

lever arms. The load  t r a i n  i t s e l f  i s  designed t o  minimize bending loads  

by the  use of U-joints and t h e  e l imina t ion  of threaded connect ions.  This 

p r a c t i c e  i s  c a r r i e d  over  t o  t h e  specimens ( see  Fig.  2 .1)  by a t t a c h i n g  

them t o  t h e  load  t r a i n  wi th  tapered f i t t i n g s  clamped over  each end. The 

environmental  chamber i s  cons t ruc ted  of a u s t e n i t i c  s t a i n l e s s  steel p i p e  

(enclosed i n  t h e  furnace  bore)  w i th  water-cooled f l anges  and m e t a l  

bellows a t  each end. The bellows are provided t o  f u r t h e r  f a c i l i t a t e  

alignment of the load train. U-cup seals, l i g h t l y  l u b r i c a t e d  t o  minimize 

f r i c t i o n ,  are used where the  pol i shed  pul l - rods  e n t e r  and e x i t  t h e  

environmental  chamber. This  a l lows a p o s i t i v e  environmental  seal and, 

y e t ,  permi ts  a p p l i c a t i o n  of l oad  and u n r e s t r i c t e d  specimen ex tens ion .  

The bores  of t h e  environmental  chambers w e r e  seasoned (preoxidized)  

before  use. 

Three Chrome1 vs Alumel thermocouples are a t t ached  e q u i d i s t a n t l y  a long 

the  specimen gage l eng th  t o  monitor temperature.  The three-zone furnace  

surrounding t h e  environmental  chamber bore  is shunted t o  achieve  a maxi- 

mum of 2°C (3.6"F) d i f f e r e n c e  over t he  25.4-mm (1-in.)  gage l eng th .  The 

c o n t r o l  thermocouple is  p laced  i n  t h e  annulus between t h e  chamber and t:he 

furnace t o  avoid any p o s s i b i l i t y  of r e a c t i o n  between t h e  thermocouple 

materials and t h e  helium environment and p o s s i b l e  consequent changes i n  
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L 
+0.002 0.375 DlAM -0.000 
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ORNL-DWG 7 5  - I4128 

t -  J 

-GAGE LENGTH 

0, = 0.125 5 0.001 DlAM 

D -FROM 0.0010 TO 0.0015 
2-GREATER THAN 0, 

NOTE: ALL DIMENSIONS IN INCHES 

Fig. 2 .1 .  Details of Creep Specimens f o r  Environmental Tes ts .  To 
convert  dimensions t o  m i l l i m e t e r s ,  mul t ip ly  by 25.4 .  

thermocouple output .  Before any test  specimen i s  brought t o  temperature 

and loaded, t he  environmental  chamber i s  evacuated and then b a c k f i l l e d  

wi th  helium. 

Provis ion  of a system f o r  supplying,  monitoring, and c o n t r o l l i n g  

the  s imulated HTGR primary coolan t  helium environment has  been t h e  most 

d i f f i c u l t  s t e p  i n  f a c i l i t y  prepara t ion .  

w e r e  considered are (1) premixed ( tank)  gas supply,  (2)  once-through 

The t h r e e  types of systems t h a t  

dynamic-mix supply,  and ( 3 )  r e c i r c u l a t i n g  loop dynamic-mix supply.  The 

f i r s t  - premixed - can be provided wi th  the  lowest c o s t ,  is the  most 

versat i le  (e .g . ,  each tes t  chamber can, i f  des i r ed ,  ope ra t e  wi th  a 

d i f f e r e n t  environment),  bu t  does not  o f f e r  continuous on-line c o n t r o l  

of impuri ty  l e v e l s .  Early concerns r e l a t i v e  t o  gas s t a b i l i t y  ( i . e . ,  

poss ib l e  changes i n  impuri ty  levels in t h e  tanks during s t o r a g e  and use)  

and c l e a n l i n e s s  w e r e ,  and cont inue t o  be,  d i s p e l l e d  by our  experience i n  

use of t h i s  method. Before we  adopted t h i s  method of supply,  tanks con- 

t a i n i n g  con t ro l l ed  add i t ions  of H P ,  CO, and CHI, t o  helium w e r e  prepared 
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and b l e d  from 7 MPa (1000 p s i a )  t o  0.34 MPa (50 p s i a )  o v e r  a 600-hr 

p e r i o d .  

i n  i m p u r i t y  levels were d e t e c t e d  d u r i n g  t h i s  p e r i o d .  

premixed sys tem is  shown i n  F ig .  2.2.  

( A  normal p e r i o d  f o r  t a n k  u s e  i n  test  i s  <300 h r . )  N o  changes 

A s c h e m a t i c  of  t h e  

F i g .  2 .2 .  Schematic 
f o r  Environment a1 Supply. 

Diagram of Premixed and Dynamic-Mix Systems 

Once-through dynamic-mix systems c a n  p r o v i d e  s i m u l a t e d  HTGR pr imary  

c o o l a n t  he l ium by cont inuous  a d d i t i o n s  of hydrogen etc.  ( through micro- 

m e t e r i n g  v a l v e s )  t o  h i g h - p u r i t y  hel ium. Such sys tems are i n t e r m e d i a t e  i n  

c o s t  and v e r s a t i l i t y .  

b u t  have had s e r i o u s  problems i n  e s t a b l i s h i n g  c o n t r o l  and c a l i b r a t i o n .  

M o d i f i c a t i o n s  - i n  d e t a i l s  r a t h e r  t h a n  g e n e r a l  concept  - t o  c o r r e c t  t h e s e  

d e f i c i e n c i e s  are i n  p r o g r e s s .  We have a l s o  c o n s i d e r e d  dynamic-mix recir-  

c u l a t i n g  l o o p s ,  which are a t t r a c t i v e  from t h e  s t a n d p o i n t  of he l ium c o s t  

W e  have c o n s t r u c t e d  such  a sys tem ( s e e  F i g .  2 . 2 )  
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and long-term s t a b i l i t y  of t h e  helium environment. These systems are ,  

however, of minimum v e r s a t i l i t y ,  and t h e i r  cons t ruc t ion  c o s t s  f a r  exceed 

those  t h a t  could be considered i n  our program. 

The impuri ty  levels i n  the  helium supply are monitored e n t e r i n g  and 

leaving  t h e  environmental  creep chambers on a scheduled b a s i s .  No 

s i g n i f i c a n t  entrance-to-exi t  d i f f e rences  are observed when flows through 

each chamber exceed 25 cm3/min. (Flows have gene ra l ly  ranged from 30 t o  

50 cm3/min.) 

tograph. It o f f e r s  an a d d i t i o n a l  leak-check f e a t u r e  by i n d i c a t i n g  N2 
and 0 2  l e v e l s .  Water vapor content  of t he  gas i s  followed wi th  a sepa ra t e  

moisture  ana lyzer ,  and a s o l i d - s t a t e  oxygen p o t e n t i a l  meter (cont inuously 

on-l ine)  i s  used as the  oxygen p a r t i a l  p re s su re  re ference .  System p res su re  

is  normally 0.15 t o  0.18 ME'a (1.5-1.8 atm). 

Levels of H 2 ,  C O ,  and CHI, are measured wi th  a gas chroma- 

2.2.2.3 Environmental Creep T e s t s  

The f i r s t  two of our  t e n  creep frames f o r  environmental  t e s t i n g  w e r e  

completed, and pre l iminary  t e s t i n g  began i n  December 1974. Since A p r i l  

1975, a l l  frames have opera ted  e s s e n t i a l l y  continuously.  The environment 

f o r  a l l  t e s t s  has  been suppl ied from premixed tanks conta in ing  con t ro l l ed  

add i t ions  of H 2 ,  CO, and C H 4 .  Typical  impuri ty  levels i n  the  s imulated 

HTGR primary coolant  helium are g iven  i n  Table 2.5. E s t i m a t e s  of impuri ty  

l e v e l s  t o  be expected i n  steam-cycle gas cooled r e a c t o r s  are a l s o  shown 

i n  Table 2.5. Comparison shows t h a t  our  tes t  environments are w i t h i n  the  

range of those expected. 

The mat r ix  of environmental  creep tests i n  progress  o r  completed a t  

the  end of t h e  r epor t ing  pe r iod  i s  given i n  Table 2.6. Avai lab le  s t r a i n -  

t i m e  d a t a  through 3000 h r  of tes t  are shown i n  Table 2.7.  The t h r e e  tests 

on i so thermal ly  annealed (see S e c t .  2.2.1 f o r  h e a t  t rea tment )  2 1 / 4  C r - 1  Mo 

[Heat X-6216, 593°C ( l lOO°F),  69 MPa (10 k s i )  Tests 15023, 15045, and 150471 

were designed t o  check the  r e p r o d u c i b i l i t y  of t es t  r e s u l t s  from machine t o  

machine. A t  the  end of 3000 h r  the  t o t a l  s t r a i n s  f o r  t hese  t h r e e  tests 

w e r e  0.94, 0.87, and 0.94%, r e spec t ive ly .  Comparison of t o t a l  s t r a i n s  

f o r  these  tests a t  var ious  t i m e  increments,  up t o  and inc luding  3000 h r  

(see Table 2 .7) ,  i n d i c a t e s  q u i t e  good r e p r o d u c i b i l i t y  of r e s u l t s .  T e s t  
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15045 w a s  d i scont inued  a t  3160 hr ( t o t a l  s t r a in  of 0.90%, see Fig .  2.3).  

The o t h e r  two 593°C (llOO°F), 69 MPa (10 k s i )  tests on 2 1 / 4  C r - 1  Mo 

are cont inuing .  

Table 2.5. Impuri ty  Levels  i n  Simulated and 
Estimated HTGR Primary Coolant Helium 

Impuri ty  Levels , V a t m a  

Simulated - 

- 
Imp u r i  t y E s t i m a t e s  f o r  Reactor  Coolant 

Coolant Minimum Expected' European d - 
H2O 3 2  2e <1 50 f 

CHI, 30-40 20 50 20-50 

co 12-26 10 450 2-5 0 

co 2 <1 <2 

H2 275-400 200 1500 100-500 

02 <10-1 10-1 10-1 

N2 <1 <1 < 10 

a ua tm = ppm by volume X system p res su re  i n  a t m ;  1 uatm corresponds 
t o  a p a r t i a l  p r e s s u r e  of 0 .1  Pa.  

gene ra to r ,  a t  equ i l ib r ium a f t e r  s t a r t -up .  

l i m i t s .  

bGeneral Atomic Company estimate f o r  t o t a l l y  leak- f ree  steam 

C E s t i m a t e  based on General Atomic Company Technical  S p e c i f i c a t i o n  

dBased on d i scuss ions  w i t h  Dragon P r o j e c t  and UKAEA. 
e Water vapor levels vary day-by-day and have been as h i g h  as 22 uatm 

and as low as 3.0 yatm. Average l e v e l  i s  about 8 yatm. 

fS t rong ly  dependent on t i m e  i n  l i f e ,  r e a c t o r  des ign ,  e tc .  

Tests 15058 and 15377 have a l s o  been completed. The f i r s t  - Has te l loy  

X, Heat 2600-3-4936, 704°C (1300°F), 138 MPa (20 k s i )  - rup tu red  a f t e r  

4044 h r  w i th  a t o t a l  s t r a i n  of 21.4%. 

(cons tan t  minimum s t r a i n  rate of 0.0017%/hr) s t a r t e d  about  500 h r  i n t o  

t h e  t es t  and cont inued approximately 1100 h r .  The c reep  curve i s  shown 

i n  Fig.  2.4. 

The pe r iod  of second-stage creep 



Table 2.6. Current Environmental Creep T e s t s  

Temperature S t r e s s  

("C) (OF) (Wa) h i )  
Ma te r i a l  Heat Comments T e s t  

Frame 
~~~ ~ ~~ 

15023 1-168 2 l / 4  C r - 1  Mo X-6216 593 1100 69 10  

15045 1-160 2 1 / 4  C r - 1  Mo X-6216 593 1100 69 10 Discontinued a t  3160 h r  

15046 1-161 2 1 /4  C r - 1  M o  X-6216 593 1100 103 15 

15047 1-169 2 1 / 4  C r - 1  Mo X-6216 593 1100 69 10 

15058 1-162 Hastel loy X 2600-3-4936 704 1300 138 20 Ruptured a t  4044 h r  

15363 1-163 9 C r - 1  Mo 316381-IA 538 1000 103 15 

15369 1-164 2 1 / 4  C r - 1  Mo 36202 538 1000 103 15 

15373 1-166 2 1 / 4  C r - 1  Mo 36202 482 900 207 30 I n  3rd-stage creep 

15374 1-165 2 1 / 4  C r - 1  Mo 36202 482 900 172 25 I n  3rd-stage creep 

15377 1-167 9 C r - 1  Mo 31 6 381-1A 482 900 172 25 Discontinued a f t e r  1317 h r  

(0.90% s t r a i n )  

(21.4% s t r a i n )  

a t  about  500 h r  

a t  about 800 h r  

because of e r r a t i c  s t r a i n  
r ead ings  

15771 1-160 Hastel loy X 2600-3-4936 704 1300 172 25 

15792 1-162 Hastel loy X 2600-3-4936 704 1300 138 20 

15772 1-167 Has te l loy  X 2600-3-4936 649 1200 172 25 

Table 2.7.  Strain-Time Data From Environmental Creep Tests 

T o t a l  S t r a i n ,  X ,  for Each T e s t a  T i m e  

(hr) 15023 15045 15046 15047 15058 15363 15369 15373 15374 15377 

200 

400 

6 00 

aoo 
1000 

1200 

1400 

1600 

1800 

2000 

2200 

2400 

2600 

2800 

3000 

0.22 

0.29 

0.34 

0.39 

0.44 

0.49 

0.54 

0.59 

0.64 

0.69 

0.74 

0.79 

0.84 

0. 89 

0.94 

0.17 

0.23 

0.27 

0.32 

0.36 

0.41 

0.45 

0.50 

0.54 

0.59 

0.64 

0.69 

0.75 

0. ai 

0. 87 

0.20 0.14 

0.38 0.17 

0.73 0.28 

0.55 0.22 

0.87 0.34 

0.99 0.40 

1.11 0.45 

1.22 0.52 

1.34 0.58 

1.46 0.64 

1.57 0.70 

1.69 0.76 

1.80 0.82 

1.92 0.88 

2.03 0.94 

1.56 0.14 0.35 1.70 0.64 0.35 

2.23 0.18 0.59 2.07 0.72 0.39 

2.67 0.23 0.83 2.43 0.80 0.42 

3.03 0.28 1.04 2.92 0.90 0.46 

3.31 0.33 1.22 3.45 1.01 0.49 

3.65 0.37 1.39 4.17 1.16 

3.97 0.42 1.56 4.96 1.36 

4.34 

4.78 

5.81 

5.23 

6.37 

7.04 

7.86 
a. a2 

~~ ~~~ ~ ~~ ~ 

aSee Table 2.6 for test d e t a i l s .  
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Fig. 2.3. Creep Curve f o r  2 1 / 4  C r - 1  Mo T e s t  15045 a t  69 MPa 
(10 k s i )  and 593°C (1100°F). 
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Fig.  2.4. 
and 704°C (1300'F). 

Creep Curve f o r  Has te l loy  X T e s t  15058 a t  138 MPa (20 k s i )  
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T e s t  15377 [9 C r - 1  Mo steel ,  Heat 316381-18, 482°C (900°F), 172 MPa 

(25 k s i ) ]  w a s  discont inued a t  1319 h r  because of cont inuously e r r a t i c  

s t r a i n  readings.  S t r a i n  a t  t h i s  p o i n t  w a s  about 0.6% bu t  f l u c t u a t i o n s  

up t o  a t o t a l  s t r a i n  of 0.9% had been observed. (No such d i f f i c u l t i e s  

have been encountered i n  any of our  o t h e r  tests.) Details and comments 

on a l l  o t h e r  tests are given i n  Table 2.6. 

begin i n  the  F a l l  of 1975. 

Comparison tes ts  i n  a i r  w i l l  

Prel iminary metal lographic  r e s u l t s  from the  t h r e e  completed tests 

(15045, 15058, and 15377) have been obtained.  Cross s e c t i o n s  of the  

specimens w e r e  mounted, mechanically pol i shed ,  and examined metal lo-  

g raph ica l ly .  The su r face  of the  9 C r - 1  Mo specimen [exposed j u s t  over 

1300 h r  a t  482°C (900°F) appeared t o  be covered by an  oxide f i l m  some 

1 t o  2 pm i n  th ickness  [ see  Fig.  2 .5 (a ) ] .  The 2 1 /4  C r - 1  Mo specimen 

(15045) exposed 3160 h r  a t  593°C (1100'F) showed evidence of what seems 

t o  be a selective oxida t ion  t o  a depth of about 5 pm [see Fig.  2 .5 (b ) ] .  

F i n a l l y ,  t he  Has te l loy  X specimen (15058), which w a s  exposed j u s t  over 

4000 h r  a t  704°C (1300'F) shows l i t t l e  i f  any s u r f a c e  f i l m  bu t  e x h i b i t s  

g r a i n  boundary pene t r a t ions  ranging up t o  50 pm [see Fig.  2 .5 (c ) ] .  The 

form of the  a t t a c k  ( i . e . ,  pene t r a t ions )  and i t s  phys ica l  appearance are 

c o n s i s t e n t  with o t h e r  obse rva t ions ,6  bu t  t he  depth of a t t a c k  i s  somewhat 

g r e a t e r  than f o r  t hese  comparable tests a t  760°C (1400°F). The obser- 

va t ions  descr ibed he re  should be considered pre l iminary  await ing the  

completion of metal lographic  examination and the  r e s u l t s  of o t h e r  ongoing 

t e s t s .  

2.2.3 S u b c r i t i c a l  Crack Growth Studies  - W. R.  Corwin 

2.2.3.1 Material 

The material used i n  t h i s  s tudy t o  d a t e  has been 2 1 / 4  C r - 1  Mo 

f e r r i t i c  steel  from 1-in.  p l a t e s  of Babcock and Wilcox Heat 20017. The 

material rece ived  an i so thermal  anneal  [e .g . ,  927 ? 15°C (1700 f 27°F) 

f o r  1 h r ;  cool  a t  maximum of 83"C/hr (150°F/hr) t o  704°C (1300°F) and hold 

f o r  2 h r ;  cool  t o  room temperature a t  maximum of 5"C/min (9"F/min). I ts  
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chemical  composi t ion,  a c c o r d i n g  t o  a n  ORNL a n a l y s i s ,  i n  w t  % i s  

C Mn S i  C r  Mo N i  S P 

0.135 0.57 0.37 2.2 0.92 0.16 0.016 0.012 

The g r a i n  s i z e  i s  ASTM 4 t o  5,  and i t s  mechanical  p r o p e r t i e s  are r e p o r t e d  
elsetrhere .  7 

2.2.3.2 Equipment and Procedures  

Three closed-loop e l e c t r o - h y d r a u l i c  t e s t i n g  machines have been  pre-  

pared  f o r  high-temperature  s u b c r i t i c a l  f a t i g u e  crack growth (SFCG) t e s t i n g  

i n  a i r  and are c u r r e n t l y  o p e r a t i n g  f u l l  t i m e  on t h i s  s t u d y .  Two of  

t h e s e  systems are equipped w i t h  c l a m s h e l l  f u r n a c e s  and t h e  t h i r d  w i t h  

i n d u c t i o n  h e a t i n g .  A f o u r t h  tes t  machine, a v a i l a b l e  f o r  par t - t ime u s e ,  

i s  equipped w i t h  a c i r c u l a t i n g - a i r  furnace .  It i s  c u r r e n t l y  i n  use about  

h a l f  t i m e  i n  t h i s  s t u d y .  Another c losed-loop machine w i t h  a c i r c u l a t i n g -  

a i r  f u r n a c e  h a s  been modi f ied  t o  p e r m i t  t e s t i n g  i n  s t e a m .  The steam i s  

produced from d i s t i l l e d  w a t e r  i n  a g e n e r a t o r  o u t s i d e  t h e  system and i s  

s u p p l i e d  s l i g h t l y  above a tmospher ic  p r e s s u r e .  T h i s  steam i s  p iped  i n t o  

a s t a i n l e s s  s teel  j a c k e t  t h a t  sur rounds  t h e  specimen and i s  e n t i r e l y  w i t h i n  

t h e  f u r n a c e .  

T e s t i n g  i n  s imula ted  HTGR pr imary c o o l a n t  i s  done on  a n o t h e r  c l o s e d -  

loop  machine, which i s  f i t t e d  w i t h  a cold-wal l  vacuum f u r n a c e  t h a t  h a s  

been s p e c i a l l y  modi f ied  f o r  t h e s e  environmental  tests. The vacuum capa- 

b i l i t y  of t h e  system i s  used o n l y  t o  evacuate  t h e  test chamber b e f o r e  

b a c k f i l l i n g  w i t h  t h e  tes t  gas.  This  gas  is  s u p p l i e d  from c y l i n d e r s  pre-  

mixed t o  t h e  s p e c i f i c a t i o n s  d e s c r i b e d  i n  Sect .  2.2.2.2. 

When completed,  t h e  g a s  moni tor ing  system w i l l  c o n s i s t  o f  t h r e e  

on- l ine  d e t e c t i o n  d e v i c e s .  A gas  chromatograph w i l l  d e t e c t  a l l  major  

i m p u r i t y  g a s  s p e c i e s  e x c e p t  f o r  0 2  a t  v e r y  low levels and H20.  These 

w i l l  b e  handled ,  r e s p e c t i v e l y ,  by a s o l i d - s t a t e  oxygen p o t e n t i a l  meter 

and a m o i s t u r e  a n a l y z e r  s e n s i t i v e  t o  approximate ly  1 ppm. C u r r e n t l y  

o n l y  t h e  m o i s t u r e  a n a l y z e r  i s  i n s t a l l e d  and o p e r a t i n g .  A l l  o t h e r  i m -  

p u r i t i e s  a r e  b e i n g  d e t e c t e d  by mass-spectrometer a n a l y s i s  of g a s  samples 



84 

taken during t e s t i n g .  ( I n s t a l l a t i o n  of t he  remaining d e t e c t i o n  devices  

i s  scheduled f o r  f a l l  of 1975. )  

Specimens i n  use i n  t h i s  s tudy inc lude  those of compact t ens ion  (CT) ,  

wedge opening load  (WOL) , and cen te r  notched (CN) geometr ies .  Compari:son 

tests have shown no apprec iab le  d i f f e r e n c e s  i n  r e s u l t s  from specimens of 

t hese  geometr ies .  Most tes ts  i n  a i r  have used the  WOL type f o r  reasons  

of experimental  convenience. A l l  tests i n  steam use t h e  WOL type and a l l  

i n  helium use the  CT type.  These choices  are d i c t a t e d  by equipment 

c a p a b i l i t i e s .  

Crack growth r a t e  is  a func t ion  of stress i n t e n s i t y  app l i ed  t o  a 

da/dN = C(AK)n, where a = crack  l eng th ,  N = number of cyc le s ,  crack:  

AK = change i n  stress i n t e n s i t y  f a c t o r ,  C,  n = cons tan t s .  Severa l  met-hods 

f o r  c rack  l eng th  de te rmina t ion  have been inves t iga t ed :  v i s u a l  observa t ion ,  

c rack  opening displacements  (COD) e l e c t r i c  p o t e n t i a l  c rack  fo l lowers ,  

and f a t i g u e  su r face  markings. Regardless  of t h e  method o r  methods used 

i n  any given tes t ,  t he  va lues  of daldN and nK are determined by use  of 

a s tandard  two-point d iv ided  d i f f e r e n c e  technique.  8 

T o  a s s u r e  the  v a l i d i t y  of SFCG tests, a ques t ion  t h a t  must be  ad-- 

dressed  i s ,  what i s  the upper l i m i t  of crack length  beyond which the  

ca l cu la t ed  AK express ions  are no longer  v a l i d  because of  t he  l i m i t a t i o n s  

of l i n e a r  e l a s t i c  f r a c t u r e  mechanics (LEFM). Determining exact depa r tu re  

f r o m  LEFM condi t ions  during t e s t i n g  i s  no t  y e t  p o s s i b l e ,  b u t  approxim,ations 

can be made. The b a s i c  problem f o r  load-control led tests i s  t o  determine 

a t  what c rack  l e n g t h  t h e  macroscopic stress s t a t e  i s  such t h a t  near  t h e  

crack t i p  g ross  y i e l d i n g  o r  i n e l a s t i c  deformation occurs .  One method i s  

t o  use a simple s t r e n g t h  of materials approach and c a l c u l a t e  t he  n e t  

s e c t i o n  stress i n  the  v i c i n i t y  of t h e  crack t i p  without  i nc lud ing  the  

stress concent ra t ing  e f f e c t s  of t he  crack. 

For a WOL-type specimen t h i s  inc ludes  both a t ens ion  component and 

a bending component, whereas f o r  a center-notch specimen only a t ens ion  

component i s  requi red .  This  approach gives  a n e t  s e c t i o n  t e n s i l e  s t r e s s  

S f o r  t h e  center-notch specimen of  n 

Sn = P / ( w  - 2a)T , 
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where P is t h e  a p p l i e d  l o a d ,  w i s  t h e  specimen w i d t h ,  2a i s  t h e  t o t a l  

t i p  t o  t i p  c r a c k  l e n g t h ,  and T is t h e  specimen t h i c k n e s s .  

A s i m i l a r  e x p r e s s i o n  f o r  t h e  WOL-type specimen, which assumes a 

bending moment arm e q u a l  t o  t h e  c r a c k  l e n g t h  p l u s  one-half  t h e  remaining 

l igament  w i d t h ,  i s  

n (w - a)T w - a  s =  

This  e x p r e s s i o n  h a s  been a p p l i e d  t o  t h e  d a t a  u s i n g  a y i e l d  c r i t e r i o n  

of 0.90 where 0 i s  e i t h e r  t h e  monotonic o r  c y c l i c  y i e l d  s t r e n g t h .  The 

r e s u l t s  are shown i n  Table  2 .8  and appear  t o  p r o v i d e  a n  o v e r l y  c o n s e r v a t i v e  

lower l i m i t  f o r  AK. Other  approaches w e r e  a l s o  i n v e s t i g a t e d  and are based 

p r i m a r i l y  on o b s e r v a t i o n  of t h e  specimen i t se l f .  A s  g r o s s  p l a s t i c  f low 

b e g i n s  t h e  specimen n a t u r a l l y  t h i n s  l o c a l l y  a t  t h e  c r a c k  t i p  and a s h e a r  

l i p  i s  formed. The c r a c k  l e n g t h  a t  which a s h e a r  l i p  forms h a s  been  

measured on several specimens f o r  t h e  t h r e e  t e s t i n g  tempera tures  i n v e s t i -  

ga ted .  The r e s u l t s  c o n t a i n  enough sca t te r  t h a t  drawing c o n c l u s i o n s  based  

on such measurements i s  d i f f i c u l t .  The major s o u r c e  of i n a c c u r a c y  is  

de termining  e x a c t l y  where t h e  s h e a r  l i p  b e g i n s .  Minute p e r t u r b a t i o n s  on 

t h e  edge of t h e  c r a c k  f a c e  b e g i n  almost  a t  t h e  o n s e t  of t e s t i n g  and v e r y  

g r a d u a l l y  i n c r e a s e  and c o a l e s c e  w i t h  i n c r e a s i n g  c r a c k  l e n g t h .  A t  specimen 

f a i l u r e  t h e  s h e a r  l i p  h a s  become prominent ,  but: choosing t h e  p o i n t  where 

p l a n e  stress c o n d i t i o n s  b e g i n  t o  dominate i s  h i g h l y  s u b j e c t i v e  and,  as a 

r e s u l t ,  is  a poor  i n d i c a t o r  of t h e  o n s e t  of o v e r a l l  l igament  y i e l d i n g .  

Y S ’  Y S  

P o s t - t e s t  measurements of l o c a l  specimen t h i c k n e s s  v e r s u s  c r a c k  

l e n g t h ,  however, appear  t o  r e p r o d u c i b l y  i n d i c a t e  t h e  upper  l i m i t  beyond 

which t h e  AK e x p r e s s i o n s  r e f e r r e d  t o  above should  b e  c o n s i d e r e d  i n v a l i d  

o r  a t  b e s t  q u e s t i o n a b l e  f o r  c o r r e l a t i n g  p l a n e  s t r a i n  c r a c k  growth d a t a .  

The method f o r  de te rmining  t h e s e  p o i n t s  i s  i l l u s t r a t e d  i n  F ig .  2 .6  f o r  

t h r e e  specimens a t  593°C (1100°F). Local  t h i c k n e s s  measurements a long  

t h e  c r a c k  l e n g t h  taken  on each specimen a f t e r  t h e  complet ion of i t s  tes t  

w e r e  normalized by d i v i d i n g  each by t h e  o r i g i n a l  specimen t h i c k n e s s  

( s e e  Table  2.9) .  The normalized t h i c k n e s s  measurements w e r e  t h e n  

p l o t t e d  versus t h e  normalized crack l e n g t h ,  a h ,  as shown i n  F i g .  2 .6 .  



Table  2.8.  Apparent L i m i t s  of LEFM f o r  Several Specimens as Computed by Eq.  ( 2 ) .  

Test Monotonic Yie ld  L i m i t s b  Cycl ic  Yie ld  L i m i t s b  

Ra Temperature 

Kmax LM 
alw k s i  ( i n . )  ' I 2  k s i  ( i n . )  ' I 2  

Kma x AK 
k s i  ( i n . )  '1' k s i  ( i n . )  

~ ~ 

Room 0.05 0.5550 21.53 
~ 

23.51 0.5825 20.46 22.35 

950 5 10 0.033 0.5120 19.98 19.32 0.5593 23.40 22.63 

03 
0 950 510 0.05 0.5120 19.98 18.98 0.5593 23.40 22.23 

950 5 10 0.2 0.5120 19.98 15.98 0.5593 23.40 18.72 

950 5 10 0.5 0.5120 19.98 9.99 0.5593 23.40 11.70 

1100 59 3 0.05 0.4735 18.63 17.70 0.5380 22.07 20.91 

a 

bTo conver t  K 
R i s  t h e  r a t i o  of t h e  minimum t e n s i l e  load  t o  t h e  peak t e n s i l e  load .  

and AK to MPa m ' I 2 ,  m u l t i p l y  by 1.099. 
max 



a7 

ORNL-DWG 75-6997R 

Fig .  2.6. L i m i t s  of P l a n e  S t r a i n  Crack Propagat ion  of  2 1 / 4  C r - 1  MO 
Steel  a t  593°C (1100'F) i n  A i r  w i t h  R = 0.05. 

Table  2.9. Thickness  Along Crack Length of 2 1 / 4  C r - 1  M o  S t e e l  
F a t i g u e  Crack Propagat ion  Specimens Tes ted  a t  593°C (1100'F) 

Maximum Load Frequency Thickness, in. (m) Normalized Normalized 
Specimen R Thickness, Crack Length 

T, local T / T o  a lw (1b) (W (cpm) T o ,  original 

8 ALT 1500 6.67 0.05 40 0.5042 (12 .807)  0.5030 (12 .776)  
0.5030 (12 .776)  
0.5025 (12 .764)  
0.5000 (12 .700)  
0.5000 (12 .700)  
0.4830 (12 .268)  
0.3852 (9 .784 )  

17 ATL 1250 5.56 0 .05  4 0 .5013 (12 .733)  0 .4941 (12 .550)  
0.4925 (12 .510)  
0.4913 (12 .479)  
0.4902 (12 .451)  
0 .4823 (12 .250)  
0.4733 (12 .022)  
0.4240 (10 .770)  
0.3234 ( 8 . 2 1 4 )  

4 ATL 1400 6 .23  0 .05  4 0.5040 (12 .802)  0.;040 (12 .802)  
0.5033 (12 .784)  
0 .5023 (12 .758)  
0.4982 (12 .654)  
0.4927 (12 .515)  
0.4470 (11 .354)  
0.3030 (7 .696 )  

0.3976 
0.9976 
0.9966 
0.9917 
0.9917 
0.9580 
0.7104 

0.9856 
0.9824 
0 .9801 
0.9779 
0 .9621  
0 .9441 
0.8458 
0 .6451 

1.0000 
0.9986 
0.9966 
0.9885 
0.9776 
0.8869 
0.6012 

0.3745 
0.4638 
0 .5531 
0.6405 
0.6424 
0.6870 
0.7209 

0.4682 
0.5113 
0.5555 
0.5988 
0 .6521 
0 .6540 
0.6956 
0.7239 

0 .4881 
0.5497 
0 .5991 
0.6420 
0.6508 
0.6964 
0.7847 
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I n  t h i s  manner i t  is  e a s i l y  seen where s i g n i f i c a n t  t h inn ing  beg ins ,  even 

i n  specimen 1 7  ATL, where a s m a l l  amount of t h inn ing  i s  apparent  be fo re  

necking (poss ib ly  due t o  c reep  o r  r a t c h e t t i n g  e f f e c t s ) .  To c o n s i s t e n t l y  

o b t a i n  an estimate of t h e  upper l i m i t  va lue  of alw, t h e  i n t e r s e c t i o n  of 

t h e  curve and a l i n e  o f f s e t  0.1% below i ts  upper l i n e a r  p o r t i o n  w a s  taken.  

This  va lue  of alw w a s  then  used t o  determine the  l i m i t i n g  K and AK 

va lues  f o r  each test  shown i n  Table 2.10. Three conclusions may be drawn: 

(1) A s  would be  expected,  t h e  maximum stress i n t e n s i t y  f a c t o r  t h a t  can 

be  obta ined  wi thout  specimen y i e l d i n g  decreases  wi th  i n c r e a s i n g  tempera- 

t u r e ,  presumably because of temperature-related material s o f t e n i n g .  

( 2 )  A t  593°C (llOO°F), where t h e r e  i s  a s t r o n g  frequency e f f e c t ,  as shown 

i n  Fig.  2.6, t h e  l i m i t i n g  Qax decreases  wi th  decreas ing  frequency f o r  

s i m i l a r  reasons.  (3) The l i m i t i n g  Kmax f o r  a given set of temperaturle 

and frequency condi t ions  seems t o  decrease  wi th  decreas ing  maximum load .  

This i s  i n d i c a t e d  by comparing t h e  t h r e e  tests a t  51OoC (950'F) o r  t h e  

two a t  593°C (1100°F) a t  4 cpm. This conclusion is a l s o  supported by com- 

par ing  t h e  func t iona l  forms of Sn and Kmax f o r  t h e  WOL specimen. 

t h e  reg ion  of i n t e r e s t  S inc reases  f a s t e r  w i th  i n c r e a s i n g  c rack  l eng th  

than does K . Therefore ,  t o  cover a l a r g e r  reg ion  of stress i n t e n s i t y ,  

tests wi th  l o w  P 
va lues ,  and tests wi th  high Pmax and s h o r t  c rack  l eng th  may be r equ i r ed  

t o  o b t a i n  h igh  daldN va lues  y e t  s t i l l  be w i t h i n  t h e  LEFM regime. 

max 

Within 

n 

max 
may be requi red  phys ica l ly  t o  o b t a i n  low daldN max 

2.2.3.3 Resu l t s  and Discussion 

The a i m  of the experimental  p o r t i o n  of t h i s  program i s  twofold.  F i r s t ,  

s u f f i c i e n t  d a t a  are d e s i r e d  over a p p r o p r i a t e l y  v a r i e d  t e s t i n g  cond i t ions  

t o  a l low parameter iza t ion  of t h e  f a t i g u e  crack growth behavior  of 2 114 C r -  

1 Mo i n  a i r  as a func t ion  of temperature ,  frequency, and mean stress l e v e l  

i n  t h e  r eg ion  of i n t e r e s t .  This  w i l l  provide a sound base  f o r  demonstrat ing 

any e f f e c t  of environment on crack growth behavior .  

e f f o r t  involves  t e s t i n g  i n  steam and s imulated HTGR primary coolan t  helium. 

The remainder of t h e  

To d a t e ,  t h e  preponderence of d a t a  obtained has been i n  a i r .  This 

i s  t o  expected cons ider ing  t h e  added d i f f i c u l t y  of running e leva ted-  

temperature  SFCG tests i n  c o n t r o l l e d  environment and t h e  e x t r a  t i m e  and 



Table  2.10. Apparent Upper L i m i t s  of P lane  S t r a i n  Crack Propagat ion  f o r  2 1 / 4  Cr-1 Mo 
Steel as I n d i c a t e d  by Specimen Thinning a t  t h e  Crack Tip  

Limiting Stress 
Intensity Factors, 
k s i  Jin. (MPa A) 

Temperature Maximum Load Frequency Thinning, a/# 

( "C )  (OF) ( I b )  (IcN) (cem) (0.1% offset) 
Specimen R 

K,X aK 

1 ATL Room 0.05 1250 5.56 420 0.770 55.00 (60.44) 52.25 (57.42) 

4 ALT 510 950 0.033 1512 6.72 40 0.654 35.12 (38.59) 33.96 (37.32) 
1 CLT 510 950 0.05 1750 7.78 200 0.623 35.72 (39.25) 33.93 (37.28) 
6 CTL 510 950 0.5 1450 6.45 50 0.650 33.35 (36.65) 16.67 (18.32) 

Average 510 950 34.73 (38.16) 

25.69 (28.23) 24.40 (26.81) 
27.48 (30.20) 26.11 (28.69) 
26.58 (29.23) 25.26 (27.76) 

1 7  ATL 593 1100 0.05 4 0.625 1250 5.56 
4 ATL 593 1100 0.05 4 0.615 1400 6.23 

Average 593 1100 4 

8 ALT 593 1100 0.05 1500 6.67 40 0.647 33.67 (37.00) 31.99 (35.15) 
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e f f o r t  t h a t  has  been necessary  i n  equipment development. For t h e  most 

p a r t ,  a l l  equipment i s  now ope ra t iona l ,  and t h e  rate of d a t a  col lect ioin 

w i l l  hencefor th  be determined roughly by equipment a v a i l a b i l i t y ,  as 

descr ibed  earlier.  

Some of t h e  f i r s t  v a r i a b l e s  i n v e s t i g a t e d  i n  t h i s  s tudy w e r e  specimen 

geometry and o r i e n t a t i o n  w i t h i n  t h e  r o l l e d  p l a t e .  

from WOL, CT, and CN geometries revea led  no no t i ceab le  e f f e c t  a t  room 

temperature  (see Fig.  2.7).  Add i t iona l ly ,  no d i f f e r e n c e s  i n  behavior  

w e r e  found between specimens i n  which the  crack advanced p a r a l l e l  t o  o r  

transverse t o  t h e  p l a t e  r o l l i n g  d i r e c t i o n  (WOL specimens 1 ATL and 1 ALT, 

r e s p e c t i v e l y ,  i n  F ig .  2.7).  S i m i l a r  comparisons a t  51OoC (950°F) are 

shown i n  Fig. 2.8. A s  a t  room temperature ,  no d i f f e r e n c e s  are apparent .  

A comparison of r e s u l t s  

ORNL-DWG 75-?489613 

1 I I I I I I I I  I I I I I I I I I  - 
I 
f 1 FREQ SPECIMEN GEOM 

- 0  420 1ATL WOL 
- 0  420 1 U T  WOL 

x 40 7ATL WOL 
- A 4800 1CTL WOL 
0 4800  3CTL No 1 WOL 
A 6 0 0 0  7CTL WOL 

5 - (cprn) 

1u5K. 400 2CL CT 
- V  40 E 4  CN 

0 - - 
- 

K 5 -  
\o 
- IN AIR AT ROOM TEMP 

- WITH R.0.05 

2V4 Cr-1 Mo STEEL TESTE 
c - 
W 

!j 2 -  

5 io' 2 

10-8 

16 2 

AK, STRESS INTENSITY FACTOR (ksi  f i )  

3 

Fig.  2.7. E f f e c t s  of Frequency, - 2  8 
Y 
5 Specimen Geometry, and O r i e n t a t i o n  

?'0-5 2 
i 

- 5  P 

on SFCG a t  Room Temperature. 
- 
- 

- 
'0 

- 

- 

y 10-6 - - - 
- 

I 1 I I I l l l l l  I I I I I l l d  
100 2 10' 102 

AK, STRESS INTENSITY FACTOR (MI%&) 
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I I I 1 1 1 1 1 1  I 1 I I l l l l  

100 10' IO2 
A K, STRESS INTENSITY FACTOR ( ksi f i  ) 

I I I 1 1 1 1 1 1 1  I I I I I I I I  

f00 2 5 IO' 2 5 1 0 2  
A K, STRESS INTENSITY FACTOR ( MPa 6) 

Fig .  2.8. E f f e c t s  of  Frequency, Specimen Geometry, and O r i e n t a t i o n  
on SFCG a t  510°C (950°F).  

I n v e s t i g a t i o n s  of f requency e f f e c t s  have begun a t  room tempera ture ,  

510°C (950"F), and 565°C (1100°F). A t  room tempera ture  t h e r e  i s  no 

effect  of f requency i n  t h e  range 0.67 t o  100 H z  (40-6000 cpm) (see F i g .  2 .7) .  

A t  510°C (950°F) no e f f e c t s  are s e e n  i n  t h e  range  3.3 t o  6 .7  H z  (200-400 

cpm) (Fig.  2.8) n o r  would any be expec ted  a t  h i g h e r  f r e q u e n c i e s .  Tests 

a t  f r e q u e n c i e s  below 3.3 H z  (200 cpm) are, however, planned.  A t  593°C 

(1100"F), a tempera ture  w e l l  i n t o  t h e  c reep  range ,  s t r o n g  frequency e f f e c t s  

occur ,  as i s  e v i d e n t  i n  F ig .  2.9. Crack growth rate i n c r e a s e s  by roughly 

a f a c t o r  of  2.5 when t h e  f requency  drops from 0.67 t o  0.067 Hz (40 t o  4 cpm). 

A wider  range of f r e q u e n c i e s  w i l l  b e  examined a t  t h i s  tempera ture .  

The work t o  d a t e  on t h e  tempera ture  dependence of  crack-growth rate 

i s  a l s o  summarized i n  F ig .  2.9,  w i t h  t h e  composite l i n e s  r e p r e s e n t i n g  

room tempera ture  and 510°C (950°F) behavior  and t h e  d a t a  p o i n t s  b e h a v i o r  
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F ig.  2.9.  E f f e c t s  of Frequency and Temperature on SFCG from Rooin 
Temperature t o  593°C (1100°F). 

a t  593°C (1100°F). The crack-growth rate c l e a r l y  i n c r e a s e s  wi th  i n c r e a s i n g  

temperature;  however, t h e  593°C (1100°F) d a t a  are n o t  s t r i c t l y  comparable 

with those f o r  t h e  lower temperatures  because t h e  test  f requencies  are 

d i f f e r e n t  and s i g n i f i c a n t  e f f e c t s  of frequency are a s s o c i a t e d  wi th  t h i s  

h igher  temperature.  T e s t s  are planned a t  2 0 4 ,  3 7 1 ,  4 5 4 ,  and 593°C (400 ,  

7 0 0 ,  850 ,  and 1100°F) - a l l  a t  6.7 Hz ( 4 0 0  cpm) - t o  f u r t h e r  examine 

temperature e f f e c t s .  

Since most of t h e  2 1 / 4  C r - 1  Mo s t r u c t u r a l  components i n  t h e  HTGR w i l l  

o p e r a t e  wi th  some mean load ,  tests have been performed over a range of mean 

stress l e v e l s .  The r e s u l t s  of t e s t s  a t  510°C ( 9 5 0 ° F )  a t  s e v e r a l  va lues  o f  

R r a t i o  (minimum load/maximum load)  show ( see  F ig .  2 . 1 0 )  t h a t  i nc reas ing  

the  mean stress inc reases  t h e  crack-growth r a t e .  This  type of behav-ior has  

been examined by Walker. 

grows only while  i t  i s  open a t  t h e  t i p .  Since t h e  crack t i p  is n o t  open 

H e  has  concluded t h a t  e s s e n t i a l l y  t h e  crack 
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Fig. 2.10. E f f e c t s  of Mean Stress  on SFCG a t  510°C (950°F) .  

dur ing t h e  e n t i r e  load cyc le  ( reversed p l a s t i c  stresses keep the  crack 

t i p  c losed below a given load l e v e l ) .  Walker has  devised an e f f e c t i v e  

stress i n t e n s i t y  f a c t o r ,  which i s  used i n  place of AK t o  normalize 

crack growth rate d a t a  taken wi th  d i f f e r e n t  R r a t i o s .  The e f f e c t i v e  

stress i n t e n s i t y  f a c t o r ,  K e f f ,  i s  given by: 

= K ( 1  - R)rn , ( 3 )  Keff max 

where m i s  a material cons tan t .  The d a t a  i n  Fig.  2.10, wi th  0.003 

- -  R < 0.5 ,  are normalized w e l l  by t h i s  equat ion using a va lue  of rn 
between 0.5 and 0.6. Optimizat ion of m is c u r r e n t l y  under way. However, 

the  d a t a  f o r  test 9CTL (R = 0.75) are not  normalized by t h e  equat ion.  
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This i s  presumably because a t  R = 0.75 t h e  crack is  never  c losed ,  and 

hence t h e  b a s i s  f o r  Keff  is  i n v a l i d .  

t o  creep may a l s o  be important .  

Fu r the r ,  nonl inear  e f f e c t s  due 

Tests i n  steam t o  da t e  have been concentrated a t  510°C (950°F). 

Resul t s  of t h e  two tests shown i n  F ig .  2 . 1 1  i n d i c a t e  l i t t l e  o r  no e f f e c t  

of s t e a m  environment on the  SFCG behavior  of 2 1 /4  C r - 1  Mo steel  a t  

510°C (950'F) with R = 0.05 a t  a frequency of 3 . 3  H z  (200 cpm). The 

composite l i n e  f o r  similar tests i n  a i r  ( taken  from Fig.  2.8) virtua1l.y 

s p l i t s  t h e  d a t a  from t h e  steam tests, and the  agreement i s  c e r t a i n l y  

w i t h i n  experimental  e r r o r .  Comparison tests are c u r r e n t l y  under way i n  

a i r  and steam a t  510°C (950°F) and 67 MHz ( 4  cpm). 

- 
- 

4 cprn 

- E 

W 
c a 
E 

- 2 -  
- 
- 
- 

IN STEAM = 

IN AIR 

- 0 
- 2 %  Cr-t  Mo S T E E L  TESTED 
T AT 510 "C (950 O F )  WITH R= 0.05 

FREQ. SPECIMEN ATMOSPHERE - 
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roo 2 5 10' 2 5 
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Fig. 2.11.  E f f e c t s  of S t e a m  Environment a t  510°C (950°F). 
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System check-out and i n i t i a l  t e s t i n g  i n  hel ium a t  510°C (950°F),  

f r e q u e n c i e s  of 0.67 t o  0.83 Hz (40-50 cpm), and R = 0.005 have been 

completed. A f t e r  a l e n g t h y  shakedown p e r i o d ,  i t  now appears  t h a t  

r e p r o d u c i b l e  r e s u l t s  can be genera ted .  Direct comparison of t h i s  HTGR 

hel ium d a t a  w i t h  a i r  d a t a  is  n o t  p o s s i b l e  a t  t h i s  t i m e  because of t h e  

l a c k  of 0.67-Hz (40-cpm) a i r  d a t a  a t  510°C (950°F).  However, some 

t e n t a t i v e  c o n c l u s i o n s  can b e  made. A s  s e e n  i n  F ig .  2.12, t h e  l i n e a r  

( s t a g e  2) growth rate (above t h e  knee of  curve)  is  lower i n  HTGR hel ium 

t h a n  i n  a i r .  On t h e  b a s i s  of t h e  a i r  d a t a  a t  593°C (llOO°F),  i f  t h e r e  

is  a frequency e f f e c t  i n  a i r  a t  510°C (950"F), changing test f r e q u e n c i e s  

from 3 . 3 6 . 7  Hz (200-400 cpm) down t o  40 cpm would probably  i n c r e a s e  t h e  

growth rate.  T h i s  would i n c r e a s e  even f u r t h e r  t h e  d i f f e r e n c e  i n  crack-  

growth rate between a i r  and HTGR hel ium a t  510°C (950°F).  

i n d i c a t i o n  t h a t  a s i m u l a t e d  HTGR pr imary c o o l a n t  environment  i s  bene- 

f i c i a l  re la t ive t o  a i r  i n  terms of crack growth ra te  is  s t i l l  t e n t a t i v e .  

S i g n i f i c a n t l y  more work w i l l  b e  needed t o  conf i rm t h i s  conclus ion .  

The p r e s e n t  

2.2.4 Low-Cycle F a t i g u e  L i f e  T e s t i n g  - 3 .  P.  S t r i z a k  

2 .2 .4 .1  F a t i g u e  Behavior of  2 1 / 4  C r - 1  Mo Steel 

F a t i g u e  t e s t i n g  of 2 1 / 4  C r - 1  Mo s teel  i s  c u r r e n t l y  under way a t  

several tempera tures  t o  d e f i n e  material  behavior  under c y c l i c  l o a d i n g  

c o n d i t i o n s  and t o  e s t a b l i s h  t h e  d e s i g n  b a s e  f o r  des ign-or ien ted  c o r r e -  

l a t i o n s .  The f o l l o w i n g  t y p e s  of tests are e i t h e r  under  way o r  planned:  

Low-cycle f a t i g u e  

High-cycle f a t i g u e  

F a t i g u e ,  s t r a i n  ra te  s e n s i t i v i t y  

Creep f a t i g u e  tests 

S h o r t  t e r m  

Long term 

Tensile tests 

Constant  s t r a i n  ra te  t o  f a i l u r e  

C y c l i c  s t r e s s - s t r a i n  curve  

I n t e r r u p t e d  f a t i g u e  

Block o r  m u l t i p l e - s t e p  f a t i g u e  
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1 FREQ SPECIMEN ATMOSPHERE 

O R N L  W G  75-14900 

mo 
A K. STRESS INTENSITY FACTOR (ksi  6) 
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100 10’ 1 0 2  
A K, STRESS INTENSITY FACTOR ( M b f i )  

Fig ,  2.12. E f f e c t s  of S i m u l a t e d  HTGR Primary Coolant a t  510°C (950°F). 

Combined mode 

Mixed mode 

Mean s t r a i n  f a t i g u e  

Fa t igue  of weld m e t a l  and weldments 

Notched f a t i g u e  

S t a b l e  c rack  growth 

Combined push-pull  axial  and t o r s i o n  

Aging and test  environment 

S t r a i n  and load-cont ro l led  f a t i g u e  tests i n  a i r  are under way a t  

temperatures  from room t o  538°C (1000°F).  

t h i c k  (1-in.)  Croloy p l a t e  are  being t e s t e d .  

Two commercial h e a t s  of 25-mm- 

Specimens w e r e  prepared 
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from material i n  e i t h e r  t h e  annea led  ( f u r n a c e  cooled)  o r  i s o t h e r m a l l y  

annealed c o n d i t i o n .  

i n  Sect.  2.2.3.1. 

The i s o t h e r m a l  a n n e a l i n g  treatment i s  d e s c r i b e d  

Hourglass-shaped specimens w e r e  p r e p a r e d  f o r  b o t h  t h e  load-  and 

s t r a i n - c o n t r o l l e d  tests from t h e  p l a t e  material, w i t h  t h e  major  axis 

of t h e  specimen p a r a l l e l  t o  t h e  r o l l i n g  d i r e c t i o n  of t h e  p l a t e .  

were performed on closed-loop,  e l e c t r o - h y d r a u l i c  t e s t i n g  machines;  

s t r a i n - c o n t r o l l e d  tests employed a d i a m e t r a l  ex tensometer  and a s imple  

ana log  computer t o  conver t  d i r e c t l y  measured d i a m e t r a l  s t r a i n  t o  a x i a l  

s t r a i n .  

T e s t s  

R e s u l t s  r e p o r t e d  h e r e i n  w e r e  o b t a i n e d  from t h r e e  tes t  l a b o r a t o r i e s :  

Mar-Test, Bat te l le  Memorial I n s t i t u t e  - Columbus, and Oak Ridge N a t i o n a l  

Laboratory.  A d d i t i o n a l  s t r a i n -  and l o a d - c o n t r o l l e d  d a t a  w e r e  o b t a i n e d  

through t h e  c o u r t e s y  of Genera l  Atomic Company (GA). The chemical  

composi t ion of t h e  material t e s t e d  i n  t h e  GA program is  compared w i t h  

t h e  ORNL h e a t s  i n  Table  2.11. 

Table  2.11. Chemical A n a l y s i s  of t h e  2 1 / 4  C r - 1  Mo S t e e l  

ASM 
Grain  S i z e  

Chemical Composition, w t  % 
Heat Product  

Form C M n  si C r  Mo Ni S 

P l a t e  (ORNL) 20017 0.135 0.57 0.37 2.2 0.92 0.16 0.016 0.012 4-5 

P l a t e  (ORNL) 3P5601 0.145 0.53 0.40 2.18 0.94 0.30 0.019 0.014 7 4  

Pipe  (GA) 1 0.11 0.47 0.35 2.89 0.96 0.26 0.009 0.013 4-5 

P ipe  (GA) 2 0.11 0.35 0.23 2.42 0.92 0.04 0.025 0.008 7 - 8  

P ipe  (GA) 3 (27479) 0.119 0.35 0.27 2.30 0.96 0.20 0.022 0.009 5 

T e n s i l e  d a t a  f o r  t h e  GA h e a t s  1, 2, and 3 are compared w i t h  d a t a  

o b t a i n e d  on t h e  ORNL h e a t  20017 i n  Fig.  2 .13(a) .  R e s u l t s  from t e n s i l e  

tests conducted on OFNL h e a t  3P5601 are p l o t t e d  i n  F i g .  2 .13(b) .  Genera l ly ,  

good agreement w a s  found i n  comparing t h e  t e n s i l e  p r o p e r t i e s  f o r  t h e  

several h e a t s  and h e a t  t r e a t m e n t s .  I n d i c a t i o n s  of s t r a i n  a g i n g  i n  t h e  

i n t e r m e d i a t e  tempera ture  range  are a p p a r e n t  from t h e  d u c t i l i t i e s  and 

s t r e n g t h s  shown i n  Fig.  2.13. R e s u l t s  of  t h e  s t r a i n -  and l o a d - c o n t r o l l e d  
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Fig. 2.13. Tens i l e  P r o p e r t i e s  of 2 1 / 4  C r - 1  Mo S t e e l .  (a )  Severa.1 
h e a t s  t e s t e d  a t  va r ious  s t r a i n  rates. Gage l eng ths  given are 31.8 and 
55.9 mm. (b) H e a t  3P5601 t e s t e d  a t  a s t r a i n  rate of 6.7 X 10-4/sec. 

f a t i g u e  tests are p l o t t e d  as e las t ic ,  p l a s t i c ,  and t o t a l  s t r a h  range 

versus  cyc le s  t o  f a i l u r e  i n  t h e  i l l u s t r a t i o n s  descr ibed  below. 

I n  Fig.  2 .14  the  r e s u l t s  are p l o t t e d  f o r  s t r a i n - c o n t r o l l e d  tests 

conducted a t  both room temperature and 316°C (600°F). 

e l a s t i c  and p l a s t i c  components of s t r a i n  show l i n e a r i t y  when p l o t t e d  on 

log-log coord ina tes ;  hence, the  room-temperature d a t a  w e r e  b e s t  f i t t e d  

wi th  simple power-law equat ions  by least  squares  a n a l y s i s .  

of t h e  e l a s t i c  and p l a s t i c  b e s t  f i t  l i n e s ,  followed by summation, permi t ted  

a reasonable  e x t r a p o l a t i o n  of the  t o t a l  s t r a i n  range f o r  t h e  room-temperature 

Data f o r  both t h e  

Ex t rapo la t ion  
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Nt , C Y C L E S  TO F A I L U R E  

and P l a s t i c  S t r a i n  Range Versus Cycles  t o  
F a i l u r e  f o r  I s o t h e r m a l l y  Annealed 2 1 / 4  C r - 1  Mo Steel  a t  Room Temperature 
and 316°C (600°F),  Showing T r a n s i t i o n  F a t i g u e  L i f e ,  Ntr. T o t a l  s t r a i n  
range  d a t a  p o i n t s  marked E> w e r e  o b t a i n e d  from tests s t a r t e d  i n  s t r a i n  
c o n t r o l  a t  t h e  i n d i c a t e d  s t r a i n  rate b u t  changed t o  l o a d  c o n t r o l  and a 
h i g h e r  s t r a i n  rate a f t e r  several hundred thousand c y c l e s  and an  i n d i c a t i o n  
of l o a d  s t a b i l i t y .  

d a t a  o u t  t o  l o 8  c y c l e s  t o  f a i l u r e .  Comparing t h e  316°C (600°F) f a t i g u e  

d a t a ,  o b t a i n e d  from l i m i t e d  tests, w i t h  t h e  room-temperature d a t a  shows 

t h a t  l i t t l e  d i f f e r e n c e  i n  f a t i g u e  l i f e  o c c u r s  i n  t h i s  tempera ture  range  

w i t h i n  t h e  low-cycle reg ion .  However, a t  c y c l i c  l ives  exceeding  approxi-  

mately 60,000 c y c l e s ,  t h e r e  is a s t r o n g  i n d i c a t i o n  t h a t  t h e  f a t i g u e  l i f e  

of  t h i s  material a t  316°C (600°F) exceeds t h a t  a t  room tempera ture .  

I n  Fig.  2.15 t h e  r e s u l t s  are p l o t t e d  f o r  s t r a i n - c o n t r o l l e d  tests 

conducted a t  371°C (700°F). A d i s t i n c t  b reak  o c c u r r e d  i n  t h e  o t h e r w i s e  

l i n e a r  ( log-log)  p l o t  of p l a s t i c  s t r a i n  range  v e r s u s  c y c l e s  t o  f a i l u r e ,  

r e s u l t i n g  i n  a b i l i n e a r  ( log-log)  d a t a  p l o t .  The d a t a  w e r e  f i t t e d  

s i m i l a r i l y  t o  t h e  room-temperature d a t a .  

R e s u l t s  are p l o t t e d  i n  F i g .  2.16 from b o t h  s t r a i n -  and l o a d - c o n t r o l l e d  

tests conducted a t  427°C (800°F).  D i s t i n c t  b r e a k s  o c c u r r e d  i n  t h e  
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Fig.  2.15. T o t a l  E l a s t i c  and P l a s t i c  S t r a i n  Range Versus Cycles .to 
F a i l u r e  f o r  I so thermal ly  Annealed 2 1 / 5  C r - 1  Mo S tee l  a t  371°C (700°F),  
Showing T r a n s i t i o n  Fa t igue  L i f e ,  Ntr.  

5 

Fig.  2.16. To ta l ,  E las t ic ,  and P l a s t i c  S t r a i n  Range Versus Cycles t o  
F a i l u r e  f o r  I so thermal ly  Annealed 2 1 / 4  C r - 1  Mo S tee l  a t  427°C (800"F), 
Showing T r a n s i t i o n  Fa t igue  L i f e ,  N t r .  Ext rapo la t ions  of d a t a  obta ined  
from tests conducted i n  s t r a i n  c o n t r o l  are compared w i t h  d a t a  obta ined  
from tests conducted i n  load c o n t r o l .  I n  tests marked E > ,  s t r a i n  r a t e  
increased  a f t e r  load  s t a b i l i t y  w a s  obtained.  



10 1 

o t h e r w i s e  l i n e a r  ( log-log)  p l o t s  of bo th  e l a s t i c  and p l a s t i c  s t r a i n  range 

v e r s u s  c y c l e s  t o  f a i l u r e ,  r e s u l t i n g  i n  b i l i n e a r  ( log-log)  d a t a  p l o t s .  

The d a t a  w e r e  f i t t e d  and t h e  t o t a l  s t r a i n  range  w a s  e x t r a p o l a t e d  s i m i l a r l y  

t o  t h e  room-temperature d a t a .  The r e s u l t s  o f  t h e  l o a d - c o n t r o l l e d  tests 

shown over  t h e  range of 1 . 8 7  X l o 5  t o  1.45 X l o 7  c y c l e s  t o  f a i l u r e  w e r e  

no t  c o n s i d e r e d  i n  t h e  e x t r a p o l a t i o n  of t h e  s t r a i n - c o n t r o l l e d  d a t a .  An 

estimate of t h e  s t a b i l i z e d  s t r a i n s  achieved  f o r  t h e  l o a d - c o n t r o l l e d  tests,  

which w a s  used t o  compare t h e  l o a d - c o n t r o l l e d  c y c l i c  l i ves  w i t h  t h e  s t r a i n -  

c o n t r o l l e d  l i ves ,  w a s  o b t a i n e d  from t h e  c y c l i c  s t r e s s - s t r a i n  curves  pre-  

s e n t e d  l a t e r .  A l t e r n a t i v e l y ,  e x c e l l e n t  agreement w a s  found when t h e  s t r a i n s  

o b t a i n e d  from t h e  c y c l i c  s t r e s s - s t r a i n  curve  w e r e  compared w i t h  t h e  

a p p r o p r i a t e  v a l u e s  of stress d i v i d e d  by t h e  a p p r o p r i a t e  dynamic Young's 

modulus. The s i n g l e  e x c e p t i o n  w a s  t h e  test conducted a t  a stress leve l  

t h a t  r e s u l t e d  i n  f a i l u r e  a t  about  187,500 c y c l e s .  I n  t h i s  case t h e  s t r a i n  

w a s  t a k e n  from t h e  c y l i c  s t r e s s - s t r a i n  curve  f o r  t h i s  material .  A s  

shown i n  Fig.  2 .16 ,  t h e  results of t h e  l o a d - c o n t r o l l e d  tests are n o t  neces- 

s a r i l y  c o n s i s t e n t  w i t h  r e s u l t s  o r  e x t r a p o l a t e d  r e s u l t s  of t h e  s t r a i n -  

c o n t r o l l e d  tests,  even o u t  i n  t h e  u l t r a h i g h - c y c l e  range  ( i . e . ,  >LO7 c y c l e s )  

where t h e  s t r a i n  i s  n e a r l y  a l l  e l a s t i c .  There are several p o s s i b l e  expla-  

n a t i o n s  f o r  t h i s  behavior .  These are: (1) c y c l i c  hardening  fo l lowed by 

s o f t e n i n g  of t h e  material ,  a l t h o u g h  it  o c c u r s  p r i m a r i l y  d u r i n g  t h e  f i r s t  

p a r t  of a given t es t ,  may compl ica te  t h e  s t r a in  h i s t o r y  of a t es t  conducted 

i n  l o a d  c o n t r o l ;  (2)  some r a t c h e t t i n g  of t h e  l o a d - c o n t r o l l e d  specimen may 

r e s u l t  i n  a nonzero mean l o a d  spectrum; ( 3 )  normal sca t te r  i n  t h e  d a t a  

w i t h i n  t h e  high-cycle  r e g i o n  may r e s u l t  from s u b t l e  d i f f e r e n c e s  i n  s u r f a c e  

f i n i s h ,  r e s i d u a l  stress levels ,  e t c . ;  and ( 4 )  e x p e r i m e n t a l  t e c h n i q u e s  

may d i f f e r  s u b t l y ,  s i n c e  t h e  l o a d - c o n t r o l l e d  tests, w i t h  t h e  s i n g l e  ex- 

c e p t i o n  of t h e  tes t  t h a t  f a i l e d  a t  approximately 187,500 c y c l e s ,  w e r e  

conducted i n  a d i f f e r e n t  l a b o r a t o r y  than t h e  s t r a i n - c o n t r o l l e d  tests. 

R e s u l t s  of bo th  t h e  load-  and s t r a i n - c o n t r o l l e d  tests o b t a i n e d  a t  

538°C (1000°F) are compared i n  F ig .  2.17. The l o a d - c o n t r o l l e d  d a t a  w e r e  

o b t a i n e d  by Brookhaven N a t i o n a l  Laboratory ' '  on a d i f f e r e n t  h e a t  of Croloy 

(0.145% C i n  t h e  annealed c o n d i t i o n ) .  An e x t r a p o l a t i o n  of t h e  d a t a  on 

t o t a l  s t r a i n  range v e r s u s  c y c l e s  t o  f a i l u r e ,  g i v i n g  a n  i n d i c a t i o n  of 
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Fig. 2.17. T o t a l ,  E las t ic ,  and P la s t i c  S t r a i n  Range Versus Cycles 
t o  F a i l u r e  f o r  I so thermal ly  Annealed 2 1 / 4  C r - 1  Mo S tee l  a t  538°C (lOO~O"F), 
Showing T r a n s i t i o n  Fa t igue  L i f e ,  Ntr.  
obtained from s t r a i n - c o n t r o l l e d  tests are compared wi th  d a t a  obta ined  
from high-cycle load-control led tests. 

Ext rapola t ions ,  A E t ,  of d a t a  

expected f a i l u r e  t o  l o 8  cyc le s ,  w a s  s i m i l a r l y  cons t ruc ted  from the  e las t ic  

and p l a s t i c  s t r a i n  range va lues .  Again, t h e  r e s u l t s  of t h e  load-control led 

tests f a l l  below the  ex t r apo la t ed  curve f o r  t he  s t r a i n - c o n t r o l l e d  test: 

da t a .  

F igure  2.18 con ta ins  593°C (1100°F) d a t a  rece ived  from GA and shows 

b e s t  f i t  l i n e s  f o r  p l a s t i c  and e l a s t i c  s t r a i n  ranges and t h e  sum of t hese  

l i n e s  y i e l d i n g  t o t a l  s t r a i n  range vs  cyc les  t o  f a i l u r e .  

A composite p l o t  of t o t a l  s t r a i n  range versus  cyc le s  t o  f a i l u r e  i s  

given i n  Fig. 2.19. This  f i g u r e  compares l i n e s  drawn through t h e  stri3in- 

c o n t r o l l e d  test d a t a  p o i n t s  and a s soc ia t ed  ex t r apo la t ions  given i n  F igs .  

2.14 through 2 . 1 8  i n  t h e  427 t o  538°C (800-1000°F) range and a t  room 

temperature.  F igures  2.15 through 2.18 demonstrate t h a t  t h e  p l a s t i c  

(A& ) and the  e l a s t i c  (A&:,) components of the  t o t a l  s t r a i n  range (A&:,) 
can be expressed as s i m p l e  power l a w  r e l a t i o n s h i p s ,  thus:  

P 

= A& + A&:, , P 
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However, because of t he  b i l i n e a r i t y  of t he  p l a s t i c  s t r a i n  range l i n e  when 

- 0 HEATS I-MPC AND 2 OPEN POINTS: STRAIN CONTROLLED 
- 0  H E A T 3  CLOSED POINTS: LOAD CONTROLLED 
-0  PLASTIC STRAIN RANGE CROSSED POINTS: ISOANNEALED 
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p l o t t e d  on log-log coord ina tes ,  values  of t he  cons tan ts  A and a depend on 

s t r a i n  range, as ind ica t ed  i n  Table 2.12. 

Fig. 2.18. Tota l ,  Elast ic ,  and P l a s t i c  S t r a i n  Range Versus Cycles 
t o  F a i l u r e  f o r  Annealed and Iso thermal ly  Annealed 2 1 / 4  C r - 1  Mo S t e e l  a t  
593°C (1100'F). 
and the  sum of these  l i n e s  f o r  t h e  t o t a l  s t r a i n  range are shown. 

B e s t  f i t  l i n e s  f o r  p l a s t i c  and e l a s t i c  s t r a i n  ranges 

Cycling specimens i n  s t r a i n  c o n t r o l  r e s u l t e d  i n  i n i t i a l  r ap id  (primary) 

hardening followed by e i t h e r  gradual  (secondary) hardening, so f t en ing ,  o r  

near  s t a b i l i t y  as cyc l ing  continued, as evidenced by changes i n  load 

requi red  t o  maintain t h e  p re sc r ibed  t o t a l  a x i a l  s t r a i n  range, Act. 
amount of secondary hardening o r  so f t en ing  depended upon k t  and tempera- 

The 

t u r e ,  w i th  a tendency toward continuous hardening a t  t h e  h igher  s t r a i n  
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Fig .  2.19 .  B e s t  F i t  F a t i g u e  Curves f o r  Annealed and I s o t h e r m a l l y  
Annealed 2 1 / 4  C r - 1  Mo S t e e l .  X 4 X 10-3/sec. 

Table  2.12 .  Values  f o r  t h e  E la s t i c  and P l a s t i c  S t r a i n  Range C o n s t a n t s  
f o r  S t r a i n - C o n t r o l l e d  Tests Conducted a t  a 

S t r a i n  R a t e  of 4 X l ( r3/sec 

Values of  C o n s t a n t s  i n  
A E ~  =  AN^-^ + B N ~  -b Nf Temp era t u r  e 

Range 
(OF) ( c y c l e s )  

A a B b 
( " C )  

Room <6 x lo5 11 2 0.585 0.684 0 .082 

11 2 0.585 0 .684 0.082 315 600 <6 x l o 4  
>6 x l o 4  1 . 0 3  0.164 0.684 0.082 

371 700 < i o 5  102 0.683 0.713 0 .081  

> i o 5  0.214 0 .063 0 .713 0.081 

800 <1.8 x l o 4  166 0 .661 0.407 0 . 0 3 1  

>1.8 x i o 4  8.23  0.349 0.407 0 .031 

427 

539 1000 <i x i o 4  26 3 0.756 0 .440 0 .048 

x i o 4  1 6 . 3  0.439 0 .440 0.048 

593 1100 <7.5 X l o 3  210.6 0.744 0.445 0.064 

>7.5 x io3 3.768 0 .284 0.445 0 .064 
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ranges,  say  2%, and so f t en ing  a t  lower s t r a i n  ranges.  

temperature reduced t h e  amount of secondary hardening a t  the  h igher  

s t r a i n  ranges and increased  the  so f t en ing  a t  the  lower s t r a i n  ranges.  

Examples of t h i s  hardening-softening behavior ,  as evidenced by changes 

i n  the stress range,  AO, wi th  f r a c t i o n  of cyc le  l i f e  over  t he  tempera- 

t u r e  range of room temperature t o  538°C (1000°F) are shown i n  F igs .  2.20 

through 2.24 f o r  both a high- and low-strain-range t e s t  a t  each 

temperature.  

Increas ing  the  

A summary p l o t  of both t h e  h a l f - l i f e  ( N  / 2 )  stress and p l a s t i c  s t r a i n  f 
range as func t ions  of temperature f o r  s e v e r a l  t o t a l  s t r a i n  ranges (A&,) 

is  given i n  Fig.  2.25. The p l o t s  of t hese  independent v a r i a b l e s  i n d i c a t e  

only s l i g h t  temperature s e n s i t i v i t y  [excluding dynamic s t r a i n  ag ing  

e f f e c t s  a t  371°C (700"F)I u n t i l  temperatures above about 427°C (800'F) 

are obtained.  S t r a i n  aging i n  the  range 316 t o  427°C (600-800°F) compli- 

cates the high-cycle f a t i g u e  l i f e  i n  t h a t  material t e s t e d  a t  316°C (600°F) 

shows supe r io r  r e s i s t a n c e  t o  f a t i g u e  l i f e  compared wi th  material t e s t e d  

a t  room temperature,  as shown i n  Fig.  2.19. Cycl ic  s t r e s s - s t r a i n  curves  

were obtained wi th  N / 2  va lues  of the  s t ress - range  and are compared wi th  

monotonic curves  i n  F igs .  2 .26  through 2 .29 .  
f 

Based on e x i s t i n g  da ta  on GA h e a t  3 over t he  temperature range from 

427 t o  538°C (800-1000°F) (da ta  n o t  shown), comparison of t h e  s t r a i n -  

con t ro l l ed  c y c l i c  l ives  of annealed and i so thermal ly  annealed material 

shows t h a t  l i t t l e  d i f f e r e n c e  i n  l i f e t i m e  i s  p resen t ly  apparent  from t h e s e  

h e a t  t reatment  v a r i a t i o n s .  However, d i f f e rences  i n  c y c l i c  s t r e s s - s t r a i n  

behavior  do occur ,  and v a r i a t i o n s  i n  l i f e t i m e s  are apparent  when the  

materials are t e s t e d  i n  load con t ro l .  Figure 2.28 compares t h e  c y c l i c  

s t r e s s - s t r a i n  curves  f o r  hea t  20017 i n  t h e  i so thermal ly  annealed cond i t ion  

and h e a t  3 i n  both t h e  annealed and i so thermal ly  annealed condi t ions .  

Heat 3 material i n  t h e  i so thermal ly  annealed condi t ion  c y c l i c a l l y  hardens 

t o  h igher  va lues  of stress than does t h e  annealed material when loaded 

under s t r a i n  con t ro l .  Thus, i n  s t r a i n  con t ro l  h igher  loads  were requi red  

t o  achieve  t h e  programmed s t r a i n  range f o r  t h e  i so thermal ly  annealed ma- 

t e r i a l  than f o r  the same material i n  the  annealed condi t ion .  Comparing t h e  

c y c l i c  stress-strain response of t h e  two h e a t s  i n  t h e  i so the rma l ly  annealed 

condi t ion  i n  Fig.  2.28 r evea l s  t h a t  some heat-to-heat v a r i a t i o n s  e x i s t .  
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Fig .  2.21. Stress and P l a s t i c  S t r a i n  Ranges 
as Funct ions  of F r a c t i o n  of C y c l i c  L i f e  f o r  Iso- 
thermal ly  Annealed 2 1 / 4  C r - 1  Mo Steel ,  Heat 20017, 
a t  315°C (600'F). 
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Fig .  2.22. S t r e s s  and P l a s t i c  S t r a i n  Ranges as 
Funct ions  of F r a c t i o n  of Cycl ic  L i f e  f o r  Iso- 

F i g .  2.23. Stress and P l a s t i c  S t r a i n  Ranges 
as Funct ions of F r a c t i o n  of Cycl ic  L i f e  f o r  Iso-  

thermal ly  Annealed 2 1 / 4  C r - 1  Mo Steel ,  Heat 3P5601, 
a t  371°C (700'F). a t  427°C (800'F). 

thermal ly  Annealed 2 1 / 4  Cr-1-Mo Steel ,  Heat 20017, 
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Simi la r ly ,  t h e  o v e r a l l  f a t i g u e  lives of t h e  two ORNL h e a t s ,  20017 

and 3P5601, d i f f e r  l i t t l e  a t  371°C (700°F) i n  t h e  i so the rma l ly  annealed 

condi t ion  ( see  Fig.  2 .15) .  

and monotonic flow response are apparent  from t h e  p l o t s  given i n  Fig.  2 .27 .  

However, some d i f f e r e n c e s  i n  both  c y c l i c  

Por t ions  of t h e  c y c l i c  s t r e s s - s t r a i n  curves f o r  t hese  materials 

obeyed a s i m p l e  express ion  of the  form 

A012 = A ( A E ~ / ~ ) ~  , (6 1 

where A0/2 and AE / 2  are t h e  stress ampli tudes and p l a s t i c  s t r a i n  ampli- 

tudes ,  r e s p e c t i v e l y ,  taken a t  h a l f  t h e  c y c l i c  l i f e  ( N  / 2 ) .  The cons t an t s  

A and n depend on material ,  temperature ,  and s t r a i n  ra te .  I so thermal  

p l o t s  of t he  da t a  on log-log coord ina tes  are shown i n  Fig.  2.30. D i f f e r -  

ences i n  c y c l i c  s t r e s s - s t r a i n  response between the  annealed and i so-  

thermally annealed material are aga in  apparent  f o r  h e a t  3 ,  p a r t i c u l a r l y  

a t  593°C (1100°F). 

P 

f 

A s  i n d i c a t e d  ear l ier ,  s t r a i n  aging is apparent  i n  2 1 1 4  C r - 1  Mo over  

the  temperature range from 316 t o  427°C (600-800°F), as seen  i n  t h e  t e n s i l e  

p r o p e r t i e s  of t h i s  material. To determine the  in f luence  of dynamic s t r a i n  

aging on f a t i g u e  l i f e  several compressive hold t i m e  and lower strain- 

rate continuous cyc l ing  f a t i g u e  tests were conducted a t  371°C (700°F). 

The d a t a  shown i n  Fig. 2.31 i n d i c a t e  a degrada t ion  i n  f a t i g u e  l i f e  w i th  

decreas ing  s t r a i n  rate achieved by e i t h e r  hold per iods  o r  a lower c y c l i c  

frequency . 
Continuous cyc l ing  s t r a i n - c o n t r o l l e d  f a t i g u e  tests conducted w i t h  

e i t h e r  t e n s i l e  o r  compressive hold  pe r iods  are a l s o  under way. These 

tests are necessary t o  de f ine  the  des ign  c reep- fa t igue  curves.  F igure  2.32 

conta ins  the r e s u l t s  of ho ld  t i m e  tests conducted t o  d a t e  over  t h e  range 

from 371 t o  539°C (700-1000°F). I n  t h e s e  p l o t s  cyc le  l i f e  r educ t ion  f a c t o r s  

and changes i n  t h e  p l a s t i c  s t r a i n  range are compared f o r  va r ious  s t r a i n  

ranges and temperatures  as func t ions  of hold t i m e .  The cyc le  l i f e  re- 

duc t ion  f a c t o r  is  def ined as the  r a t i o  of t h e  cyc les  t o  f a i l u r e ,  N h ,  f o r  

a given s t r a i n  range, temperature ,  and hold t i m e  d iv ided  by t h e  corre-  

sponding cyc le s  t o  f a i l u r e ,  N f ,  from a test conducted under i d e n t i c a l  
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iVh = c y c l i c  l i f e  w i th  ind ica t ed  hold t i m e .  Nf = 



114 

condi t ions  wi thout  a hold t i m e .  

so t h a t  t h e  reader  might compare the  in f luence  of va r ious  hold  t i m e s ,  

both t e n s i l e  and compressive, on the  f a t i g u e  l i f e  i n  tests conducted a t  

var ious  s t r a i n  ranges and temperatures.  From these  p l o t s  t h e  fo l lowing  

pre l iminary  conclusions concerning the  behavior of 2 1 / 4  C r - 1  Mo s teel  

w e r e  made: 

The i n t e r i m  da ta  w e r e  p l o t t e d  t h i s  w a y  

1. There is  a d e l e t e r i o u s  hold-time e f f e c t  a t  a l l  temperatures  

considered.  However, t h e  hold-time e f f e c t  a t  371OC (700’F) appears  t o  

be due t o  s t r a i n  aging r a t h e r  than creep,  s i n c e  the  va lue  of t h e  IV / 2  

p l a s t i c  s t r a i n  range a c t u a l l y  decreases  i n  comparison w i t h  t h e  similar 

no-hold- t i m e  test . 
f 

2. The hold-time e f f e c t  i s  g r e a t e r  a t  lower s t r a i n  ranges (i.e.,  

A t  low s t r a i n  ranges k t  = 0.4 o r  0.5%) than a t  h igher  s t r a i n  ranges.  

compressive hold t i m e s  s e e m  t o  be more d e l e t e r i o u s  than  the  corresponding 

t e n s i l e  hold t i m e s .  Since compressive e f f e c t s  do occur  i n  e leva ted-  

temperature  des ign  t h i s  f i n d i n g  has  engineer ing  s i g n i f i c a n c e  and, t h e r e f o r e ,  

compressive hold-time tests have been emphasized. 

3 .  Over t h e  temperature range and hold t i m e s  employed t o  da t e ,  very  

s h o r t  hold t i m e s  (e.g., 0.01 h r )  had a marked in f luence  on t h e  low-strain- 

range f a t i g u e  l i f e  of t h i s  material. Low s t r a i n  ranges and f a i r l y  low 

temperatures  have been p a r t i c u l a r l y  emphasized t o  d a t e  i n  o rde r  t o  obt:ain 

d a t a  approaching actual des ign  condi t ions  and t o  provide  the  d a t a  base  f o r  

comparison wi th  p r e d i c t i o n s  based on d a t a  taken a t  h ighe r  temperatures  

and h igher  s t r a i n  ranges.  

F igure  2 . 3 3  compares peak stresses and p l a s t i c  s t r a i n  ranges achi-eved 

as func t ions  of f r a c t i o n  of cyc le  l i f e  f o r  specimens t e s t e d  wi th  and 

without  ho ld  t i m e s  f o r  similar test condi t ions .  A t  low s t r a i n  ranges t h e r e  

is a cons iderable  apparent  drop i n  the  peak stress range in t roduced  as a 

consequence of the  hold times a t  t h i s  temperature.  Also,  t he  p l a s t i c  

s t r a i n  range shows a marked inc rease .  

The p a r t i c u l a r l y  damaging e f f e c t  of compressive hold per iods  i s  

somewhat cont ra ry  t o  earlier f i n d i n g s ”  on o t h e r  materials, and r e q u i r e s  

i n v e s t i g a t i o n .  One sugges t ion”  has  been t h a t  compressive holds  tend t o  

c r e a t e  a mean t e n s i l e  stress and thus  enhance c rack  propagat ion,  l ead ing  
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of Cycl ic  L i f e  f o r  2 1 / 4  C r - 1  Mo S t e e l  ( I so thermal ly  Annealed) a t  538°C 
(1000°F). 

t o  decreased c y c l i c  l i f e .  A n  i n v e s t i g a t i o n  of t h i s  e f f e c t ,  however, has  

shown no no t i ceab le  t r end  i n  t h i s  d i r e c t i o n  f o r  t h e  c u r r e n t  d a t a ,  as 

shown i n  Fig.  2.34 f o r  two d i f f e r e n t  temperatures .  

Severa l  methods f o r  t h e  a n a l y s i s  of  c reep- fa t igue  d a t a  have been 

proposed, inc luding  the  s t r a i n  range p a r t i t i o n i n g  approach, t he  l i n e a r  

summation of damage approach, t h e  frequency mod i f i ca t ion  approach, 1 5  

t h e  d u c t i l i t y  exhaust ion approach, and o the r s .  Most methods r e q u i r e  a 

complete spectrum of d a t a ,  inc luding  a range of hold t i m e s ,  s t r a i n  ranges ,  

e tc .  However, d a t a  obta ined  i n  t h e  c u r r e n t  program are as y e t  incomplete ,  

making a n a l y s i s  by these  l a t t e r  methods d i f f i c u l t .  I n t e r i m  r e s u l t s  have 

been obta ined ,  however, by t h e  methods of  s t r a i n  range p a r t i t i o n i n g  and 

l i n e a r  summation of damage. 

The l i n e a r  summation of damage approach i s  t h a t  c u r r e n t l y  used f o r  
1 4  a c t u a l  des ign .  B r i e f l y ,  t h e  method c o n s i s t s  of s e p a r a t e l y  i s e n t i f y i n g  
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creep and f a t i g u e  "damage f r ac t ions . ' '  I f  t hese  two types of damage 

f r a c t i o n s  combine l i n e a r l y ,  then  t h e  sum of t h e  two damage f r a c t i o n s  

should be equal  t o  un i ty :  

D e + D F = l ,  (7) 

where 

D = ZAt/t = creep  damage f r a c t i o n ,  ( 8 )  e r 

D = N / N  = f a t i g u e  damage f r a c t i o n  . (9 1 
F h f  

Here, N is  the  number of cyc les  t o  f a i l u r e  wi th  hold t i m e s  and N i s  t h e  

number of cyc les  t o  f a i l u r e  t h a t  would have been expected wi th  no hold 

t i m e .  

s t r a i n  range,  whi le  538°C ( l O O O ° F )  d a t a  were used t o  e s t a b l i s h  ."Jf a t  both 

5 3 8  and 482°C (1000 and 900°F). For the  c a l c u l a t i o n  of creep damage, De, 
A t  i s  the  t i m e  increment a t  a given stress and tr i s  the  expected rup tu re  

l i f e  ( taken from t h e  NSM Handbook) a t  t h a t  stress and t e s t  temperature .  

I n  the  p r e s e n t  case, the  c a l c u l a t i o n  of creep damage i s  complicated,  

h f 

A t  427°C ( 8 0 0 ° F )  N f w a s  determined from a c t u a l  d a t a  a t  a given 
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however, by t h e  f a c t  t h a t  t he  hold t i m e s  are s t r a i n  c o n t r o l l e d ,  and thus  

the  stress r e l a x e s  during each hold per iod .  

f o r  each cyc le  must be eva lua ted  by i n t e g r a t i o n  over t h e  r e l a x a t i o n  

curve so  t h a t  t h e  creep damage i n  one cyc le  becomes 

Therefore the  term dtlt, 

where t, is  now the  rup tu re  l i f e  expressed as a func t ion  of t he  continu- 

ously changing stress. 

The i n t e g r a l s  i n  Eq. (10) have been evaluated by f i r s t  f i t t i n g  a 

Git tus- type equation’ t o  t h e  r e l a x a t i o n  curves,  such t h a t  

where 0 0  = maximum stress, o = a stress somewhere on t h e  r e l a x a t i o n  curve 

corresponding t o  t i m e  t, A,a = cons tan ts .  Solving t h i s  equat ion  f o r  

stress as a func t ion  of t i m e  y i e l d s  the r e l a t i o n s h i p  

Equation (12) then  al lows the  i n t e g r a l  i n  Eq. (10) t o  be evaluated 

numerically by Simpson‘s r u l e  by use of a model f o r  t, previous ly  de- 

veloped” a t  ORNL. 

DAMAGE computer program. 

The e n t i r e  a n a l y s i s  is  performed by means of  t h e  
1 9  

This i n t e g r a t i o n  technique involves  knowledge of a c t u a l  r e l a x a t i o n  

curves,  and cannot r e a d i l y  be performed sepa ra t e ly  f o r  each cyc le .  An 

approximation w a s  t he re fo re  used. The procedure w a s  t o  perform the  

i n t e g r a t i o n  on a r e p r e s e n t a t i v e  r e l a x a t i o n  curve obta ined  a t  t he  h a l f - l i f e  

(Uf/2) and t o  mul t ip ly  the  creep damage during t h i s  cyc le  by the  t o t a l  

number of cyc le s  t o  f a i l u r e ,  such t h a t  

D = N h  Jdtlt, 
C 
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It should be noted t h a t  Campbell,14 i n  a s i m i l a r  a n a l y s i s  of type 

304 s t a i n l e s s  s t ee l ,  def ined  f a i l u r e  as t h e  po in t  a t  which t h e  stress 

range had decreased 5% from i t s  s t a b i l i z e d  va lue  r a t h e r  than  a c t u a l  

specimen sepa ra t ion .  For f a t i g u e  damage, t h i s  d e f i n i t i o n  makes no s i g -  

n i f i c a n t  d i f f e r e n c e ,  s i n c e  Nh and N f  would both be def ined  i n  t h i s  way. 

For creep damage c a l c u l a t i o n s  performed t o  d a t e ,  t h e  damage p e r  cyc le  i s  

s o  s m a l l  (10-6-10-4) t h a t  t h e r e  i s  aga in  no meaningful d i f f e r e n c e .  

specimen s e p a r a t i o n  w a s  used here  t o  be c o n s i s t e n t  w i th  prev ious  work'" 

i n  t h e  cu r ren t  program. 

Actual 

Figure 2.35 shows a "damage summation diagram" ca l cu la t ed  f o r  r e s u l t s  

ob ta ined  t o  d a t e  a t  427,  482,  and 538°C (800,  900, and 1000°F) by the  

above technique,  while  Fig.  2.36 shows t h e  r e s u l t  of l i f e  p r e d i c t i o n s  

obtained by r ewr i t i ng  Eq. ( 7 )  as 

'PRED = Nf(l - Dc) . 

T e s t s  involv ing  t e n s i l e  ho lds  are c o r r e l a t e d  w e l l  by t h i s  technique,  whi le  

the  c o r r e l a t i o n  f o r  tests involv ing  compressive ho lds  i s  cons iderably  less 

e f f e c t i v e .  Such a r e s u l t  i s  not s u r p r i s i n g  s i n c e  the  d a t a  used t o  e s t a b l i s h  

i 
, ~4 

+ -  - ~ . S O C I D  POINTS - COMPRESSIVE HOLD5 1 ~ . .OPEN POINTS - T E N S I L E  HOLDS 

1 ~~ 

0 4 2 7 T  (BOO'Fl .. o 482°C 1300°F) 

10- 2 5 I O  2 5 I O  2 

Df N h / N , .  FATIGUE DnMAGE 

Fig. 2.35. Resu l t s  of Linear  Summation of Damage Analysis  of Hold- 
T i m e  Fa t igue  Data f o r  I so thermal ly  Annealed 2 1 / 4  C r - 1  Mo S t e e l .  
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Fig. 2 . 3 6 .  Comparison of Experimental Hold-Time Fat igue  Lives wi th  
P red ic t ed  Lives Calcula ted  by t h e  Linear  Sunhation of Damage Approach. 

t h e  t, values  w e r e  a l l  from t e n s i l e  creep-rupture  tests. 

c o r r e l a t i o n  of tests involv ing  compressive o r  combined tensi le-compressive 

holds  would probably r e q u i r e  d a t a  from c y c l i c  creep-rupture  tests such 

as those  r epor t ed  by Half ord.  

For design a p p l i c a t i o n s ,  t h e  va lues  of t, and N 

Meaningful 

i n  Eqs. (8) and ( 9 )  f 
are rep laced  by tD and NO, where tD and ND are des ign  l i m i t s  on rup tu re  

l i f e  and f a t i g u e  l i f e ,  r e spec t ive ly .  Thus, t he  des ign  damage c r i t e r i o n  

becomes 

At Nn 
tD 

E - - + - - <  1 .  

The s t r a i n  range p a r t i t i o n i n g  approach involves  p a r t i t i o n i n g  the  

p l a s t i c  s t r a i n  range t r ave r sed  by a cyc l ing  specimen i n t o  f o u r  types :  

A& = t e n s i l e  p l a s t i c  s t r a i n  reversed  by 
PP 

compressive p l a s t i c  s t r a i n ,  
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= t e n s i l e  creep s t r a i n  reversed  by 
cc 

compressive creep s t r a i n ,  

A& = t e n s i l e  creep s t r a i n  reversed  by 
CP 

compressive p l a s t i c  s t r a i n ,  

A& = tensi le  p l a s t i c  s t r a i n  reversed  by 
PC 

compressive creep s t r a i n .  

Here, " p l a s t i c "  s t r a i n  i s  def ined  as time-independent i n e l a s t i c  s t r a i n ,  

whi le  ' 'creep" s t r a i n  i s  def ined  as time-dependent i n e l a s t i c  s t r a i n .  

T e s t  r e s u l t s  ob ta ined  t o  d a t e  a t  4 2 7 ,  4 8 2 ,  and 538°C (800, 900, and 

1000°F) inc lude  e i t h e r  t e n s i l e  o r  compressive hold pe r iods  a t  cons t an t  

s t r a i n .  Thus, i n  t h i s  case ,  t he  types of  s t r a i n  involved are  A& 
A s  and Aepc only ,  where A& and A& are def ined  by 

PP ' 
cP' CP PC 

where Ao, i s  t h e  t o t a l  change i n  stress due t o  r e l a x a t i o n  and E i s  Young's 

modulus a t  tes t  temperature .  

Appl ica t ion  of t h e  s t r a i n  range p a r t i t i o n i n g  approach involves  two 

PP ' s t e p s .  F i r s t ,  " l i f e  r e l a t i o n s h i p s "  must be formulated whereby A& 

A s e p ,  and kPc are  r e l a t e d  r e s p e c t i v e l y  t o  N p p ,  N c p ,  and N p c ,  where N ;  

is  t h e  expected cyc le  l i f e  of a specimen cycled i n  pure  A&i s t r a i n .  
Formulation of a l i f e  r e l a t i o n s h i p  f o r  A& pp-NPp w a s  r epor t ed  previous ly .  2 0  

However, t h e  p re sen t  d a t a  do n o t  involve  enough d i f f e r e n t  s t r a in  ranges 

o r  enough creep s t r a i n  t o  enable  formula t ion  of A& cp-Nep and AEpc-Npc 
r e l a t i o n s h i p s .  Such r e l a t i o n s h i p s  f o r  annealed 2 1 / 4  C r - 1  Mo steel ,  which 
w e r e  generated a t  high s t r a i n  ranges,  have been r epor t ed  previous ly .  1 3  

Thus, the  p r e s e n t  approach w a s  t o  use our  AE p p - N p p  r e l a t i o n s h i p 2 '  and 

A&pe-Npc and A& r e l a t i o n s h i p s  r epor t ed  by Manson e t  a l .  1 3  
cp-NcP 

Once the l i f e  r e l a t i o n s h i p s  are e s t a b l i s h e d ,  t h e  next s t e p  i s  t o  

formula te  a damage r u l e  t o  p r e d i c t  c y c l i c  l ives  f o r  tests involv ing  

mixtures  of t h e  va r ious  types  of s t r a i n .  One approach might be  t o  aga in  

formula te  a l i n e a r  r u l e  such t h a t  
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Dpp + Dep + D p e  + Dm = 1 ,  

where, f o r  example, D is  a ''damage f r a c t i o n "  ca l cu la t ed  f o r  AE 

s t r a i n  by 
cp CP 

D = N / N P  

However, r ecen t  experience has  suggested 

CP 

i s  more appropr i a t e .23  

given by 

Employing t h i s  r u l e ,  f o r  example, D would be 
CP 

(18) 

t h a t  an " i t e r a c t i o n  damage 

where kinel is t h e  t o t a l  i n e l a s t i c  s t r a i n  range and N 

corresponding t o  a pure  A& 
CP 

is the  l i f e  cp 
s t r a i n  equal  t o  A E ~ ~ ~ ~ .  

I n  t he  p re sen t  a n a l y s i s ,  t h e  i n t e r a c t i o n  damage r u l e  has  been used, 

although t h e  r e l a t i o n s h i p s  taken from Manson e t  a l .  had been e s t a b l i s h e d  

by the  l i n e a r  damage r u l e .  Such an  approach r e q u i r e s  cau t ion ,  bu t  i t  

tu rns  ou t  t h a t  the va lues  of 

are of t he  same o rde r  of magnitude as the  kinel values  f o r  t he  p re sen t  

da t a ,  whi le  t h e  AEinel, AEcp, and A ~ p c  values  from r e f .  1 3  are genera l ly  

somewhat h igher  than those f o r  t h e  p re sen t  da t a .  Therefore ,  t h e  cu r ren t  

technique of summing damage by t h e  i n t e r a c t i o n  r u l e  using t h e  l i n e a r l y  

determined13 l i f e  r e l a t i o n s h i p s  has  an  advantage i n  t h a t  i t  makes extrapo- 

l a t i o n  of the l i f e  r e l a t i o n s h i p  l i n e  unnecessary. 

and AEpe from the  l i n e a r  rule techniqueI3  cp 

With the  l i f e  r e l a t i o n s h i p s  and t h e  damage summation r u l e  e s t a b l i s h e d ,  

the remaining s t e p  i s  "simply" t o  determine kpp,  Acep, and 

given test .  Here aga in ,  i n  t h e  p re sen t  a n a l y s i s ,  va lues  have been obtained 

from a r e p r e s e n t a t i v e  cyc le  a t  Nf /2 .  For example, i n  a t es t  w i t h  a t e n s i l e  

hold per iod ,  kep i s  def ined by Eq. (16) and AEPp i s  given by 

f o r  a 

i n e l  -%p A € =  
PP 
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However, t h e r e  is  somewhat of a complicat ion i n  t h e  de te rmina t ion  of Acr. 

A t  t h e  beginning of a hold pe r iod ,  t h e  stress undergoes a sudden r a p i d  

decrease (no;) followed by a per iod  of more gradual  decrease .  D i e r c k ~ " ~  

has  a t t r i b u t e d  such a decrease f o r  type  304 s t a i n l e s s  s tee l  t o  a s t r a i n -  

rate e f f e c t  caused by a sudden change from t h e  ramp s t r a i n  rate t o  the  

zero s t r a i n  rate of t h e  hold pe r iod ,  and has  thus  suggested t h a t  t h e  s t r a i n  

tin = Aoin/E , (2:L) 

might be  considered p l a s t i c  r a t h e r  than creep s t r a i n .  Furthermore , t h e r e  

is  some i n d i c a t i o n  t h a t  p l a s t i c  s t r a i n s  accumulated during r e l a x a t i o n  ,and 

creep s t r a i n s  are n o t  equiva len t .  2 5  

by t r e a t i n g  t h e  e n t i r e  p l a s t i c  s t r a i n  due t o  r e l a x a t i o n  as creep,  b u t  t he  

e f f e c t  i s  being examined c lose ly .  

range p a r t i t i o n i n g  approach are shown i n  Fig.  2.37. A l l  p r e d i c t i o n s  are 

w i t h i n  a f a c t o r  of 2 on l i f e ,  and are considerably b e t t e r  than  those  

obta ined  through the  l i n e a r  summation of damage method (Fig.  2 .36) .  I f  

the  s t r a i n  &in were p l a s t i c  r a then  than  c reep ,  t h e  p r e d i c t i o n s  should b e  

overconservat ive.  Indeed, t h e r e  i s  some tendency t o  underpredic t ,  a l though 

s e v e r a l  lives w e r e  overpredicted.  

The cu r ren t  r e s u l t s  have been obta ined  

L i f e  p r e d i c t i o n s  obta ined  by t h e  s t r a i n  

Analysis  by t h e s e  two methods w i l l  cont inue,  i nc lud ing  a t tempts  t o  

i d e n t i f y  creep f a i l u r e  behavior  under c y c l i c  condi t ions  and a f u r t h e r  

i n v e s t i g a t i o n  of the  p l a s t i c  s t r a i n  inc rease  during r e l a x a t i o n .  Also, 

a n a l y s i s  by o t h e r  techniques w i l l  beg in  as more d a t a  become a v a i l a b l e .  

Thus, bo th  d e s c r i p t i o n s  of material behavior  and comparisons of a n a l y t i c a l  

methods w i l l  be  obtained.  

I n  o rde r  t o  understand the  so f t en ing  and hardening behavior  t h a t  

occurs  as a func t ion  of temperature  and s t r a i n  range as w e l l  as t o  chalrac- 

t e r i z e  mic ros t ruc tu ra l  changes t h a t  occur  during dynamic s t r a i n  aging,  

t ransmiss ion  e l e c t r o n  microscopy s t u d i e s  (TEM) have been i n i t i a t e d .  These 

s t u d i e s  are be ing  conducted on material ad jacent  t o  t h e  f r a c t u r e  ( f a t i g u e )  

s u r f a c e  (minimum diameter of t he  hourg lass  specimen), as w e l l  as a t  va r ious  

p o s i t i o n s  remote from t h e  f a t i g u e d  s e c t i o n  f o r  comparison. 
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Fig.  2.37. Comparison of  Experimental  Hold-Time F a t i g u e  Lives w i t h  
P r e d i c t e d  Lives C a l c u l a t e d  by t h e  S t r a i n  Range P a r t i t i o n i n g  Approach. 

To d a t e  w e  have examined two specimens t h a t  w e r e  t e s t e d  a t  427°C 

(800OF). 

of 2 and 0.36%, r e s p e c t i v e l y .  Specimen 18MTL c y c l i c a l l y  hardened i n i t i a l l y  

q u i t e  r a p i d l y  (primary hardening)  and t h e n  cont inued  t o  harden  a t  a 

d e c r e a s i n g  rate throughout  most of  test ,  w h i l e  specimen 31MTL hardened 

r a p i d l y  d u r i n g  t h e  f i r s t  few c y c l e s  and t h e n  s o f t e n e d  a t  a d e c r e a s i n g  

Specimens 18MTL and 3lMTL were t e s t e d  a t  t o t a l  s t r a i n  ranges  

rate throughout  the remainder  of t h e  test .25 

tempera tures  results i n  d e v i a t i o n s  from t h e  Coffin-Manson l a w  f o r  l i n e a r i t y  

of p l a s t i c  s t r a i n  range  v e r s u s  c y c l i c  l i f e  when p l o t t e d  on  log-log 

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

C y c l i c  s o f t e n i n g  a t  a l l  

Transmission e l e c t r o n  micrographs taken  of v a r i o u s  samples from 

specimen 31MTL (0.36%) a t  i n c r e a s i n g  d i s t a n c e s  from t h e  f a t i g u e  f r a c t u r e  

s u r f a c e  are shown i n  F i g s .  2.38 and 2.39. Micrographs of  specimen 18MTL 

(2%) are shown i n  F ig .  2.40. F i g u r e  2.41 shows a r e g i o n  i n  t h e  head of 

t h e  specimen t h a t  s a w  no p l a s t i c  s t r a i n i n g  d u r i n g  t h e  f a t i g u e  tests. 
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Fig. 2.38. Representative Areas from a High-Cycle Fatigue Specimen 
(3lMTL) 0.69 mm (0.027 in.) from Fracture Surface. 25,OOOX. 
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Fig. 2.39. Representative Areas from a High-Cycle Fatigue Specimen 
(3lMTL) 2.06 mn (0.081 in.) from Fracture Surface. 25,OOOX. 



Fig. 2.40. Representative Areas 

i 

g. 

from a Low-Cycle Fatigue Specimen 
(18MTL)-1.37 mm (0.054 in.) from Fracture Surface. 

These electron micrographs show a complex precipitate morphology and 

distribution, with some dislocation-precipitate interaction, which is 

particularly apparent in the high-strain-range test specimen in Fig. 2.41. 

2.2.4.2 Fatigue Behavior of Hastelloy X 
Presently, a test matrix for characterizing the fatigue behavior of 

Hastelloy X (Heat 2600-3-4936) is being prepared. Low-cycle strain-controlled 
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m t .  The purpose of t h i s  work i s  t o  scope t h e  poss ib l e  e f f e c t s  of 
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Some 45 hourglass-shaped specimens are now on hand, and l i m i t e d  

low-cycle f a t i g u e  d a t a  on as-received ( s o l u t i o n  annealed) as w e l l  as 

2500-hr-aged material should be a v a i l a b l e  by December 1975. 

Design of an environmental  chamber f o r  f a t i g u e  t e s t i n g  i n  a helium 

environment i s  c u r r e n t l y  under way. This chamber w i l l  be used i n  con- 

j u n c t i o n  wi th  an  e x i s t i n g  low-cycle, s t r a in -con t ro l l ed  f a t i g u e  t e s t i n g  

machine t o  scope the  p o s s i b l e  e f f e c t s  of HTGR primary coolan t  environment 

on f a t i g u e  behavior of both Has te l loy  X and 2 1 / 4  C r - 1  Mo. 

2 . 3 .  CORROSION OF STEAM GENERATOR MATERIALS - J. C .  Griess, J. H. DeVan, 
W. A.  Maxwell,* and P .  L. Ri t tenhouse 

The purpose of t h i s  program i s  t o  determine the  co r ros ion  behavior  

of s e l e c t e d  materials t h a t  are planned o r  being considered f o r  use i n  

nuc lear  s t e a m  supply systems i n  both pure steam and i n  steam under 

f a u l t e d  condi t ions.  

Southern Nuclear Department of t he  NUS Corporat ion under c o n t r a c t  t o  

Oak Ridge Nat ional  Laboratory.  The tes t  f a c i l i t i e s  are loca ted  a t  t h e  

Bartow P lan t  of t he  F l o r i d a  Power Corporation i n  S t .  Pe te rsburg ,  F lo r ida ,  

and use steam taken d i r e c t l y  from the  fos s i l - fue l ed  e l e c t r i c a l  genera t ing  

p l a n t .  Since t h e  r e s u l t s  from t h i s  program are use fu l  t o  high-temperature 

r e a c t o r s  i n  gene ra l ,  funding i s  provided by both  t h e  HTGR and LMFBR 

p r o j e c t s .  During the p re sen t  r e p o r t  per iod  work has  been p r imar i ly  con- 

cerned wi th  the  e f f e c t  of ch lo r ides  on t h e  s t r e s s -co r ros ion  cracking of 

several a l l o y s  i n  steam and on a determinat ion of t h e  in f luence  of h e a t  

f l u x  on the  cor ros ion  of 2 1 / 4  C r - 1  Mo s teel  by pure superheated s t e a m .  

The a c t u a l  t e s t i n g  of materials i s  performed by t h e  

2.3.1 I n j  e c t i o n  Loops 

During t h i s  r e p o r t  per iod  two i n j e c t i o n  loops w e r e  operated t o  

i n v e s t i g a t e  the  e f f e c t  of ch lo r ide  on t h e  cor ros ion  of p o t e n t i a l  s t e a m  

genera tor  materials i n  steam. The geometry of t hese  loops is  shown i n  

Fig.  2.42. Steam from t h e  Bartow p l a n t  superhea ter  en te red  a t  t he  top 

of the  loop,  passed through a s e c t i o n  wi th  h e a t e r s ,  and then  en tered  

*NUS Corp., Clearwater ,  F lo r ida  33515. 
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Fig. 2.42. Schematic of Loop F a c i l i t y  Used f o r  Studying Corrosion 
Ef fec t s  of Impur i t i e s  i n  Steam. 

an au toc lave  where t es t  specimens w e r e  exposed. 

preceded the  second au toc lave ,  and t h i s  w a s  followed by a condenser and/or  

letdown valve.  A s  i nd ica t ed ,  l i q u i d s  wi th  both d isso lved  salts  and gases  

could be added t o  the  s t e a m  as i t  entered  t h e  loop,  and concent ra t ions  of 

a d d i t i v e s  w e r e  chemically determined i n  the  condensate. One loop w a s  

constructed from 9 C r - 1  Mo s teel  and t h e  second from Inconel  625. 

Another heated s e c t i o n  

2.3.1.1 Tests i n  t h e  9 C r - 1  M o  S t e e l  Loop 

During the  p a s t  r e p o r t  per iod  two tests w e r e  completed i n  t h i s  loop. 

I n  the  f i r s t  t e s t ,  T e s t  11, the  environment cons is ted  of superheated steam 

a t  482°C (900OF) and 1 1 . 2  MPa (1625 p s i )  conta in ing  2 ppm ch lo r ide  as 

sodium chlor ide .  

(50 l b / h r ) .  

S m a l l  r ec t angu la r  s t r i p s  of Incoloy 800 and 2 1 / 4  Cr-1 Mo s t e e l  were placed 

Steam flowed through t h e  loop a t  t h e  rate of 22.7 kg/hr  

Throughout t h i s  t es t  the  oxygen level w a s  below 0.007 ppm. 
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i n  t es t  about 1500 h r  a f t e r  t he  run  s t a r t e d ;  cons t an t - s t r e s s  t u b u l a r  

specimens w e r e  exposed f o r  t h e  e n t i r e  test per iod .  The former specimens 

w e r e  weighed p e r i o d i c a l l y  and the  l a t t e r  were inspec ted  f o r  c r acks  ( l eaks ) .  

The conf igu ra t ion  of t h e  cons t an t - s t r e s s  specimens i s  shown i n  

Fig.2.43. The i n n e r  tube,  which served as t h e  t es t  specimen, w a s  machined 

t o  t h e  d e s i r e d  w a l l  t h i ckness  and w a s  welded i n t o  t h e  o u t s i d e  tube 

centered  by t h e  spacer  r i n g s .  I n  the  e a r l y  specimens a small-diameter 

tube w a s  welded t o  the  3.2-rn (1/8 i n . )  ho le  i n  the  o u t e r  tube ,  t h e  

annulus between t h e  i n n e r  and o u t e r  tubes w a s  evacuated,  and t h e  s m a l l  

tube  w a s  welded shut .  I n  some specimens where the  o u t s i d e  diameter of 

t h e  inne r  tube could be matched c l o s e l y  t o  the  i n s i d e  diameter  of t he  

o u t e r  tube,  t he  r i n g s  w e r e  e l imina ted .  Also,  i n  the  more r e c e n t l y  f a b r i -  

ca t ed  specimens t h e  evacuat ion tube w a s  rep laced  by a p lug ,  which w a s  

electron-beam welded i n  place i n  a vacuum chamber. 

i n  t he  loop produced the  cons tan t  stress on t h e  specimen, t h e  stress being 

a func t ion  of t h e  w a l l  th ickness  of t h e  i n n e r  tube.  I n  t h i s  t e s t  stresses 

ranged between S, and 2Sm. Alloys t e s t e d  included 2 1 / 4  C r - 1  Mo and 

9 C r - 1  Mo steels,  type  304 s t a i n l e s s  steel ,  Incoloy 800, Inconel  600, 

and Inconel  625. Specimens of a l l  w e r e  made from seamless tubing both  

wi th  and without  autogenous welds para l le l  t o  t h e i r  axes .  A t o t a l  of 

62 such specimens s t a r t e d  t h e  test .  

The steam pres su re  

* 

Ear ly  i n  t h i s  run two b r i e f  temperature excurs ions  occurred whi le  

t he  p r e s s u r e  remained cons tan t .  A s  a r e s u l t ,  e i g h t  of t h e  most h igh ly  

s t r e s s e d  specimens ( f i v e  2 1 / 4  C r - 1  Mo steel, two 9 Cr-1 M o  s teel ,  and 

one Inconel  625) f a i l e d  and w e r e  removed from test. 

measurements during the  excursion w e r e  n o t  a v a i l a b l e ,  b u t  temperatures  

as high as 593 t o  649°C (1100-1200°F) w e r e  es t imated .  Under t h e s e  circum- 

s t a n c e s ,  a d u c t i l e  co l l apse  of some of t h e  most h igh ly  s t r e s s e d  specimens 

Accurate temperature  

* 
S, i s  a time-independent primary stress l i m i t  s p e c i f i e d  i n  ASME 

Code Case 1592 as t h e  lowest  o f :  
a t  room temperature ,  (2) 0.367 t i m e s  minimum u l t i m a t e  t e n s i l e  s t r e n g t h  a.t 
temperature  of a p p l i c a t i o n ,  (3) 2 / 3  of t h e  minimum y i e l d  s t r e n g t h  a t  room 
temperature ,  (4) 2 /3  of t h e  minimum y i e l d  s t r e n g t h  a t  temperature  of appl i -  
c a t i o n  ( f e r r i t i c ) ,  ( 5 )  0.90 of t h e  minimum y i e l d  s t r e n g t h  a t  temperature  of 
a p p l i c a t i o n  ( a u s t e n i t i c ) .  

(1) 1 / 3  minimum u l t i m a t e  t e n s i l e  s t r e n g t h  
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Fig. 2.43. Components of Constant-Stress Tubular Specimen. 

w a s  n o t  unexpected. A l l  t h e  f a i l e d  specimens except  one were s t r e s s e d  a t  
2Sm a t  482°C (90O0F) and 11.2 MPa (1625 p s i )  steam pres su re ;  t h e  o t h e r  

specimen w a s  2 1 /4  C r - 1  Mo steel  s t r e s s e d  t o  1.5 Sm. 

remaining specimens immediately a f t e r  t h e  temperature excurs ions  showed 

no apparent  damage, and they were re turned  t o  test. 

Examination of t h e  

T e s t  11 l a s t e d  4626 h r .  A t  t h e  end of t h e  test no f a i l u r e s  w e r e  

The number of cons t an t - s t r e s s  specimens of each a l l o y  t h a t  

16  - 2 1 / 4  C r - 1  Mo s teel;  24 - Incoloy 800 

noted. 

survived t h e  test w e r e :  

(grade 2) ;  4 - 9 C r - 1  Mo steel; 4 - type  304 s t a i n l e s s  steel; 3 - Inconel  

625; and 3 - Inconel  600. About h a l f  of each type contained a n  a x i a l  weld 

i n  t h e  gage sec t ion .  

Average weight ga in  d a t a  noted on the  coupons are shown i n  Table 2.13. 
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Table 2.13. Average Weight Gains Noted on 
Specimensa Exposed i n  T e s t  11 

Weight Gain, mg/cm2 T i m e  

2 1 / 4  C r - 1  Mo S t e e l  Incoloy 800 (hr )  

1008 1 .63  0.10 

2000 1.69 0.11 

2375 1 .73  0.12 

3120 1 . 8 2  0.11 

Specimens i n i t i a l l y  ground on 100-mesh ab ras ive  a 

b e l t  g r inder .  

The weight ga ins  a f t e r  1000 h r  are comparable wi th  those  noted i n  

pure steam under t h e  s a m e  condi t ions ;  however, subsequent weight ga ins  

are s u b s t a n t i a l l y  less than i n  pure steam. Representa t ive  specimens of 

each a l l o y  w e r e  defilmed after 3120 h r ,  and t h e  r e s u l t s  showed t h a t  a t  

l ea s t  95% of the  amount of m e t a l  l o s t  w a s  p re sen t  i n  t h e  f i l m  o r  s c a l e .  

There were numerous wide shal low p i t s ,  1 3  t o  25 pm deep, (0.5-1.0 m i l ) ,  

on t h e  s teel  specimens, bu t  i n  s p i t e  of t h i s  t h e  a t t a c k  w a s  less than 

expected from d a t a  obta ined  i n  pure steam. 

A l l  t h e  cons t an t - s t r e s s  specimens and most of t he  coupons from 

Test 11 w e r e  a l s o  exposed i n  T e s t  1 2 .  

t he  same condi t ions  as the previous tes t  except 8 ppm 0 w a s  added t o  

the steam. T e s t  1 2  w a s  terminated on June 30, 1975, a f t e r  5958 h r .  

This test operated under e x a c t l y  

Only one Inconel  600 tubu la r  specimen developed a l eak  during t h i s  

test, and examination showed t h a t  t h e  l eak  r e s u l t e d  from a crack i n  t h e  

electron-beam c losu re  weld. A l l  o t h e r  t ubu la r  specimens showed n e i t h e r  

l eaks  nor s i g n i f i c a n t  change i n  appearance as a r e s u l t  of oxygen added 

t o  t h e  environment. 

Weight changes on the  coupons were e r r a t i c  because some scale w a s  

apparent ly  l o s t .  Some b u t  no t  a l l  oxide w a s  converted t o  FezO3, and 

p a r t  of t h i s  appeared t o  be only loose ly  a t t ached  t o  t h e  su r face .  A 

determinat ion of actual cor ros ion  rates i n  t h i s  l a t t e r  environment a w a i t s  
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desca l ing  of t he  specimens. 

t h i s  t i m e ,  the  d a t a  i n d i c a t e  t h a t  t h e  presence of c h l o r i d e  i o n  d isso lved  

i n  steam, e i t h e r  i n  t h e  presence o r  absence of oxygen, d id  no t  have a 

s i g n i f i c a n t  de t r imenta l  e f f e c t  on any of t h e  materials t e s t e d .  

i n  the  absence of oxygen t h e  presence of ch lo r ide  i n  t h e  s t e a m  a c t u a l l y  

appeared t o  i n h i b i t  t he  ox ida t ion  of 2 1 / 4  C r - 1  Mo s tee l  and Incoloy 800. 

T e s t  12 w a s  t he  l a s t  test t o  be performed i n  t h e  9 C r - 1  Mo steel  

loop, and t h e  loop i s  being removed from t h e  power p l a n t  t o  make room 

f o r  a new f a c i l i t y  (see Sec t ion  2.3.3). This loop w i l l  be  thoroughly 

inspec ted  when i t  is  dismantled,  and mechanical proper ty  d a t a  w i l l  be 

acquired t o  see i f  prolonged service a t  482°C (90O0F) has  produced any 

changes from the  be fo re - t e s t  condi t ion.  

Although the  r e s u l t s  are n o t  complete a t  

In f a c t ,  

2.3.1.2 The Inconel  625 Loop 

During t h i s  r e p o r t  per iod  two extended tests w e r e  made i n  t h i s  loop,  

and i n  each case the  temperature of the  loop w a s  a l t e r n a t e d  every 24 h r  

between a superheated and a s a t u r a t e d  steam cond i t ion  a t  cons tan t  

pressure .  Thus, t he  specimens w e r e  a l t e r n a t e l y  exposed t o  w e t  and dry  

steam. This  type of ope ra t ion  s imulated a condi t ion  t h a t  could e x i s t  

i n  t h e  en t rance  reg ion  of a superhea ter  i n  a drum-type steam gene ra to r ,  

where a f e w  d r o p l e t s  of w a t e r  may escape sepa ra t ion  i n  t h e  entrainment  

s epa ra to r s .  

I n  t h e  f i r s t  test, des igna ted  2A, only U-bend specimens of a v a r i e t y  

of a l l o y s  w e r e  exposed t o  s t e a m  conta in ing  ch lo r ide  and oxygen. The 

pressure  and oxygen concent ra t ion  were he ld  cons t an t  a t  1 1 . 2  MPa (1625 p s i )  

and 8 ppm, r e spec t ive ly .  

(725 and 605°F). During the  superhea t  p a r t  of the  cyc le  t h e  ch lo r ide  

concent ra t ion  (as  NaC1) w a s  maintained a t  4.2 pprn f o r  t h e  f i r s t  3146 h r  

and 2 .7  ppm (as  CaC12) f o r  t h e  rest of t he  test. The ch lo r ide  concen- 

t r a t i o n  during t h e  s a t u r a t e d  p a r t  of t h e  cycle  w a s  increased  t o  10 ppm 

rega rd le s s  of t he  s a l t  t h a t  w a s  used. 

The temperature w a s  cycled between 385 and 318°C 

The r e s u l t s  of t h i s  t es t  have been r epor t ed .26  General ly ,  they 

showed welded U-bend specimens of Incoloy 800 (not subsequent ly  h e a t  

t r e a t e d )  t o  be h ighly  s u s c e p t i b l e  t o  cracking. However, unwelded and 
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welded-and-annealed specimens of Incoloy 800 r e s i s t e d  cracking.  Has te l loy  

N and E b r i t e  26-1 w e r e  extremely s u s c e p t i b l e  t o  cracking and t h e  f e r r i t i c  

steels - 2 1 / 4  C r - 1  Mo and type 410 s t a i n l e s s  s t e e l -  d i d  not  crack.  

S ing le  s m a l l  c racks  were found i n  Inconel  600, Inconel  625, and Has te l loy  X 

specimens b u t  none were found i n  Inconel  601. 

I n  a d d i t i o n  t o  t h e  s e v e r i t y  of t he  test environment, t h e  materials 

i n  t h e  above test  w e r e  h ighly  s t r a i n e d  (%7% max). Consequently, a second 

test w a s  conducted i n  which only cons t an t - s t r e s s  specimens as shown i n  

Fig.  2.43, w e r e  exposed a t  stresses w i t h i n  t h e  e l a s t i c  range. The 

environmental  condi t ions  and temperatures w e r e  i d e n t i c a l  t o  those  j u s t  

descr ibed.  The specimens exposed w e r e :  35 - 2 1 / 4  C r - 1  Mo s tee l ;  20 - 
Incoloy 800 (grade 2) ;  1 2  - type 304L s t a i n l e s s  s teel ;  and 1 2  - Inconel  625. 

Approximately h a l f  of each type contained a n  a x i a l  autogenous weld i n  t h e  

t es t  s e c t i o n ,  and about equal  numbers of each type w e r e  s t r e s s e d  t o  0.5 S,, 

Sm, and 1.5 Sm a t  385°C (725°F). The test  l a s t e d  6475 h r ,  w i th  t h e  

specimens being removed and examined a t  several in t e rmed ia t e  t i m e s .  

N o  specimens f a i l e d  because of e i t h e r  p i t t i n g  o r  s t r e s s -co r ros ion  

cracking throughout t h e  tes t .  However, 27 of t h e  2 1 / 4  C r - 1  Mo steel 

specimens, about equal  numbers welded and unwelded, f a i l e d  because of 

gene ra l  w a l l  th inning .  

th icknesses  of 0.5 o r  0.8 mm (0.02 o r  0.030 i n . ) ]  f a i l e d ,  whereas none 

of those  s t r e s s e d  a t  0.55, [wal l  t h i ckness  1.5 mm (0.06 i n . ) ]  f a i l e d ,  

a l though s i g n i f i c a n t  gene ra l  a t t a c k  on a l l  su r f aces  w a s  apparent .  One 

a d d i t i o n a l  f a i l u r e  occurred i n  a n  Inconel  82 weld t h a t  j o i n e d  an  i n n e r  

test  s e c t i o n  of type  304 s t a i n l e s s  steel  t o  the  o u t e r  tube.  The f a i l u r e  

d id  n o t  extend i n t o  t h e  s t a i n l e s s  steel .  

A l l  specimens s t r e s s e d  t o  1.5 S, o r  Sm [wa l l  

The high rate of gene ra l  a t t a c k  on t h e  low-alloy s t e e l  specimens w a s  

n o t  unexpected i n  t h e  oxygenated, chlor ide-containing,  wet-dry environment. 

However, t h e  absence of cracking i n  t h e  Incoloy 800, and p a r t i c u l a r l y  i n  

t h e  type  304L s t a i n l e s s  steel  specimens, w a s  unexpected. I n  a l l  cases a t  

l ea s t  a p a r t  of t he  t e s t  specimen w a s  exposed t o  an aqueous c h l o r i d e  

s o l u t i o n  dur ing  the  s a t u r a t e d  p a r t  of t he  test ,  as i n d i c a t e d  by t h e  w a t e r  

l i n e  on t h e  specimens. Although t h e  specimens w e r e  s t r e s s e d  a t  levels 

below the  y i e l d  p o i n t ,  stresses and oxygen and c h l o r i d e  concen t r a t ions  
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should have been h igh  enough t o  produce cracking.  

i n  t h e  Inconel  625 specimens w a s  expected i n  view of only very  l i m i t e d  

cracking i n  t h e  seve r ly  s t r a i n e d  U-bend specimen. 

minimal on the  Incoloy 800, type  304 s t a i n l e s s  s teel ,  and Inconel  625. 

The absence of cracking 

General a t t a c k  w a s  

AS of J u l y  1, 1975, t h e  Inconel  625 loop w a s  placed on standby. 

The condi t ion  of t h i s  loop i s  exce l l en t  (no loop f a i l u r e s  during i t s  

l i f e )  and i t  could be placed i n  s e r v i c e  aga in  on s h o r t  n o t i c e .  

2.3.2 The Inf luence  of H e a t  Flux on the  Corrosion of 2 1 / 4  C r - 1  Mo S t e e l  

The e f f e c t  of h e a t  f l u x  on t h e  cor ros ion  of 2 1 / 4  C r - 1  Mo s t ee l  

w a s  i nves t iga t ed  i n  equipment shown schematical ly  i n  Fig.  2.44. S t e a m  

a t  a mass flow ra te  of 272 kg/hr  (600 l b / h r )  w a s  ad jus t ed  t o  468°C (875OF) 

and then  d iv ided  i n t o  two equal  p a r a l l e l  streams. Each stream w a s  

passed over a s i n g l e  heated specimen and then over  a group of i so thermal  

specimens be fo re  being condensed and removed from t h e  system as condensate.  

ORNL-DWG 74-1240 

ISOTHERMAL 
TEST SECTION -, 

\CONDENSER 

FLOW CONTROLVALVE 

-FLOWMETER 

CONDENSATE 
RETURN 

Fig. 2.44. Schematic of Heat Transfer  Corrosion Test F a c i l i t y .  
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The hea t - f lux  specimens w e r e  tubes  0,80 m (31.5 i n . )  long wi th  an 

i n s i d e  diameter  of 12.40 mm (0.488 i n . )  and an o u t s i d e  diameter  of 

14.40 mm (0.567 i n . ) .  

A Calrod h e a t e r  f i t t e d  snuggly i n s i d e  t h e  tube ,  which w a s  hea ted  only 

over  t h e  c e n t e r  0 .61  m (24 i n . )  of i t s  length .  Water-cooled seals w e r e  

used on each end t o  d e f i n e  t h e  hea ted  l eng th ,  and a l i n e r  wi th  a 1.65-mm 

(0.065-in.) annulus d i r e c t e d  t h e  steam flow p a s t  t h e  specimen. Table 2.14 

shows t h e  condi t ions  of t h e  f i r s t  series of tes ts .  

The specimens w e r e  c a r e f u l l y  weighed b e f o r e  test. 

Table 2.14. Operating Conditions f o r  Heat-Transfer 
Corrosion T e s t s  

~ -~ ~ ~ 

Bulk steam temperature ,  O C  ( O F )  

I n l e t  

Ou t l e t  

Specimen s u r f a c e  temperature ,  O C  ( O F )  

I n l e t  

Ou t l e t  

Electr ical  h e a t  i n p u t ,  kW (Btu/hr)  

Average h e a t  f l u x ,  kW/m2 (Btu hr'l f t - 2 )  

Steam p res su re ,  MPa (ps ig)  

Steam m a s s  flow rate, kg/hr  ( l b / h r )  

S t e a m  v e l o c i t y ,  m/sec ( f t / s e c )  

468 (875) 

499 (930) 

510 (950) 

540 (1005) 

3.5 (11,900) 

126 (40,000) 

10.5 (1525) 

272 (600) 

1 3  (43) 

The i so thermal  specimens w e r e  made from s h o r t  l eng ths  of t h e  same 

tubing  used f o r  t h e  hea ted  tests. They w e r e  exposed t o  s t e a m  a t  499°C 

(930OF) f lowing a t  9.5 m/sec (31 f t / s e c ) .  A l l  specimens w e r e  weighed a t  

i n t e rmed ia t e  t i m e s ,  and some w e r e  removed f o r  desca l ing .  

A t  t h e  conclusiorr of a h e a t  t r a n s f e r  t es t ,  t h e  h e a t e r  w a s  removed 

I n  some cases meta l lographic  s e c t i o n s  and t h e  specimen w a s  reweighed. 

were taken ,  and i n  a l l  cases t h e  ox ida t ion  products  w e r e  chemical ly  

removed wi th  Clark ' s  s o l u t i o n  (1000 m l  37% H C 1  + 20 g Sb203 + 50 g SnC12), 

followed by reweighing. From t h e  t h r e e  weighings both  t h e  amount of m e t a l  

ox id ized  and t h e  weight of oxide w e r e  determined. The p e r t i n e n t  r e s u l t s  

ob ta ined  from t h e  f i r s t  s i x  hea t - f lux  specimens are shown i n  Table 2.15. 
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Table 2.15. Summary of Resul ts  from t h e  F i r s t  
S ix  Heat-Transfer Specimens 

Exposure Metal Average Weight of Average Oxide Retained 
Time Oxidized Penetration Oxide Oxide Thicknessa on Specimenb 
(hr) (mg/ cm2 ) (vm) (mg/cm2) (vm) ( X )  

585' 10.1 12.7 14.2 
585' 12.5 15.7 15.9 
951 11.3 14.2 d 

200 7 13.4 17.0 17.6 
3026 20.4 25.9 23.2 
59 89 31.2 39.6 29.7 

27.3 
30.6 

33.8 
44.6 
57.1 

10 2 
92 

95 
83 
67 

Based on an oxide (Fe301,) density of 5.2 g/cm3. a 

bAssumes all metal oxidized was converted to Fe301,. 

dSpecimen was damaged in removing the heater and a significant amount of 
Two test runs at 585 hr. C 

oxide was lost. 

The v i s u a l  appearance of t h e  oxide formed on t h e  h e a t  t r a n s f e r  

specimens during t h e  short-t ime tests w a s  t h e  same as t h a t  observed on 

i so thermal  specimens exposed t o  steam between 482 and 538°C (900 and 

1000'F). For about t h e  f i r s t  2000 h r  t h e  oxide w a s  uniform and adhered 

w e l l  t o  t h e  m e t a l .  The specimen t h a t  w a s  exposed f o r  2000 h r  showed only 

one s m a l l  area on t h e  ho t  end where oxide had spa l l ed .  A t  3000 h r  some 

oxide had s p a l l e d  over most of t h e  s u r f a c e ,  and a t  5989 h r  t h e  e n t i r e  

su r face  had undergone random s p a l l a t i o n  and regrowth of oxide.  

fact is c l e a r l y  shown by t h e  decreasing amount of oxide r e t a i n e d  on t h e  

specimen as t h e  test  du ra t ion  increased  (Table 2.15).  A s  a r e s u l t  t h e  

su r faces  of both t h e  3000- and 6000-hr specimens w e r e  rough t o  t h e  touch. 

A t y p i c a l  example of t h e  na tu re  of t h e  oxide is shown i n  Fig.  2.45, which 

is a cross-sec t ion  view taken nea r  t h e  i n l e t  end (lower temperature end) 

of t h e  6000-hr specimen. 

t h e  d i f f e rences  i n  oxide th i ckness ,  and t h e  po ros i ty  of t h e  oxide are i n  

sharp  c o n t r a s t  t o  t h e  oxide usua l ly  found on i so thermal  specimens exposed 

i n  t h e  same temperature range. 

This 

The l a c k  of adherence of t h e  oxide t o  t h e  metal, 

Although t h e  d a t a  are incomplete and a d d i t i o n a l  tests are be ing  run, 

t h e  prel iminary r e s u l t s  i n d i c a t e  t h a t  t h e  high h e a t  f l u x  used i n  t h e  tests 



Fig. 2.45. Cross-Section V i e w  of t h e  6000-hr Heat-Transfer 
Specimen from Near t h e  Entrance Region. 

t o  t h i s  t i m e  had a detrimental  e f f e c t  on t h e  corrosion of 2 1 / 4  C r - 1  Mo 
- . -  - - - -  - .~ - L  . - . I - . ,  

GBCS.S;I. ZXLLGL W""W &&A. C l l r  bILL.b..L. V L  b"ILIY-- . -  ..-- -I-.,.- --- ----- 0-----  

than observed* i n  isothermal tests conducted a t  538OC (lOOO°F). 

The isothermal specimens appeared t o  behave normally. Their weight 

changes w e r e  i n  reasonable agreement with t h e  da t a  obtained i n  o ther  

isothermal testsz7 conducted at 482OC (900OF). 

2.3.3 The Inconel 617 T e s t  Loop 
A I--... --..-t-..-t-d - - t : - + s l v t  n C  T n m n n n f  G 1 7  i c  hninu nronar 
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Fig.  2.42, although i n  t h e  i n i t i a l  test i m p u r i t i e s  w i l l  no t  b e  i n j e c t e d  

i n t o  t h e  incoming s t e a m .  

For t h e  i n i t i a l  tests, specimens w i l l  be  exposed t o  pure superheated 

steam a t  482°C (900°F) i n  one au toc lave  and 538°C (1000°F) i n  t h e  o ther .  

Materials w i l l  inc lude  2 1 / 4  C r - 1  Mo and 9 C r - 1  Mo steel, HT-9 (Sandvik), 

type 304 s t a i n l e s s  steel ,  Incoloy 800, and Inconel  617. I n  a d d i t i o n  t o  

annealed coupons, specimens of 2 1 / 4  C r - 1  Mo welded t o  Incoloy 800, 

Incoloy 800 welded t o  Incoloy 800, and Inconel  617 welded t o  Inconel  617 

w i l l  be  exposed both as f l a t  coupons and as h ighly  s t r a i n e d  U-bends. 

A l l  f l a t  specimens w i l l  be weighed a t  in te rmedia te  times, and a t  t h e s e  

t i m e s  some of t h e  specimens w i l l  b e  replaced wi th  new ones. 

t h i s  tes t ,  which is  t e n t a t i v e l y  scheduled t o  l a s t  f o r  15,000 h r ,  t he  

oxida t ion  rates of a l l  materials can be  determined. 

Thus, during 
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3. FISSION PRODUCT TECHNOLOGY STUDIES 

A .  P. Malinauskas 

3.1 INTRODUCTION 

The sub jec t  matter of t h i s  chapter  p r imar i ly  concerns the  release 

of r a d i o l o g i c a l l y  s i g n i f i c a n t  f i s s i o n  products  from coated p a r t i c l e  f u e l ,  

and t h e  subsequent d i s t r i b u t i o n  of t hese  f i s s i o n  products  among core  and 

primary c i r c u i t  components. 

are sought f o r  several reasons;  t hese  range from providing source t e r m  

information f o r  use i n  systems response ana lyses  t o  the  es tab l i shment  

of c r i t e r i a  f o r  f i s s i o n  product r e t e n t i o n  i n  candida te  f u e l  types .  

The da ta  der ived  from these  i n v e s t i g a t i o n s  

Major emphasis during t h i s  r epor t ing  per iod  has  concerned t h e  t i m e -  

temperature-radiat ion i n t e r r e l a t i o n s h i p s  as they determine f u e l  p a r t i c l e  

s t a b i l i t y ,  cesium release from i n t a c t  f u e l  p a r t i c l e s ,  and t r i t i u m  and 

iodine  d i s t r i b u t i o n s  i n  an HTGR, and ex tens ive  p o s t i r r a d i a t i o n  examina- 

t i o n s  of s e l e c t e d  Peach Bottom HTGR d r i v e r  f u e l  elements.  I n  a d d i t i o n ,  

a s tudy of cesium t r a n s p o r t  through g raph i t e  has  been undertaken. 

r epor t  of t h i s  i n v e s t i g a t i o n ,  which is sponsored by t h e  Div is ion  of 

Phys ica l  Research, USERDA, is included h e r e  f o r  sake of completeness. 

A 

3.2 FISSION PRODUCT RELEASE FROM COATED PARTICLE FTJELS - M. T. Morgan, 
R. B. Evans 111, R. L. Towns, and L. L. F a i r c h i l d  

The purpose of t hese  s t u d i e s  is t o  desc r ibe  f i s s i o n  product  t rans-  

po r t  i n  pyrocarbon-coated f u e l  p a r t i c l e s .  Related o b j e c t i v e s  inc lude  a 

comparison of t h e  e f f e c t i v e n e s s  of var ious  coa t ings  i n  r e t a i n i n g  f i s s i o n  

products ,  a determinat ion of f i s s i o n  product release (pr imar i ly  cesium) 

dur ing  p o s t i r r a d i a t i o n  annea ls ,  t h e  measurement of cesium concent ra t ion  

p r o f i l e s  i n  p a r t i c l e  coa t ings  by a gr inding  technique, and ana lyses  of 

i r r a d i a t e d  coated p a r t i c l e s  t o  determine l o s s  of f i s s i o n  products  

during i r r a d i a t i o n .  

Mathematical models were developed t o  desc r ibe  f i s s i o n  product 

release during p o s t i r r a d i a t i o n  anneals  and comparisons w e r e  made wi th  

experimental  da t a ,  These e x e r c i s e s  gave a reasonable  i n t e r p r e t a t i o n  

of most of t h e  experimental  observa t ions .  The experimental  r e s u l t s  
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provided a range of d i f f u s i o n  c o e f f i c i e n t s  f o r  va r ious  f i s s i o n  products  

i n  pyrocarbon coa t ings  and i n d i c a t e d  t h a t  some f r a c t i o n  of f i s s i o n  

products  is e s s e n t i a l l y  t rapped i n  the  ke rne l s .  

p o t e n t i a l  f o r  cesium d i f f u s i o n  i n  t h e  o u t e r  coa t ings  dur ing  annea ls  of 

h igh ly  i r r a d i a t e d  coa ted  p a r t i c l e s  w a s  demonstrated. 

i r r a d i a t i o n  experiments w e r e  reviewed t o  e s t a b l i s h  t h e  degree of con- 

servatism of coa ted  p a r t i c l e  s t a b i l i t y  diagrams , which are be ing  used 

i n  computer codes f o r  c a l c u l a t i o n s  of f i s s i o n  product release. 

A l s o  a cons t an t  d r i v i n g  

I n  a d d i t i o n ,  

3 . 2 . 1  Mathematical Descr ip t ion  of  F i s s ion  Product Transport  i n  Coated 
Fuel  P a r t i c l e s  During P o s t i r r a d i a t i o n  Anneal Experiments 

A r e p o r t  t h a t  reviewed var ious  s o l u t i o n s  of t h e  d i f f u s i o n  equat ion  

as are a p p l i c a b l e  t o  s t u d i e s  of f i s s i o n  product release from coated  

f u e l  p a r t i c l e s  w a s  i s sued .  An a b s t r a c t  of t h i s  r epor t ’  fol lows:  

This  r e p o r t  i s  concerned wi th  s e v e r a l  i n t e g r a t e d  forms 

of t h e  d i f f u s i o n  equat ion  t h a t  might b e  used t o  i n t e r p r e t  

and c o r r e l a t e  cesium (and perhaps s t ront ium)  release d a t a  

obta ined  from p o s t i r r a d i a t i o n  annea ls  of pyrocarbon-coated 

f u e l  p a r t i c l e s .  Emphasis i s  p laced  on t h e  r o l e  of t h e  i n i t i a l  

and boundary condi t ions  as inf luenced  by source  concent ra t ion  

l e v e l s ,  permanent t r app ing  i n  t h e  source ,  and p a r t i t i o n  

c o e f f i c i e n t s  between t h e  source  and coa t ing .  It is assumed 

t h a t  release rates are con t ro l l ed  by t h e  source p o t e n t i a l  

and t h e  d i f f u s i v i t y  of t h e  coa t ing  (with and wi thout  an 

e x t e r n a l  f i l m  o r  evapora t ion  c o e f f i c i e n t ) .  A review 

of t h e  equat ions ,  coupled w i t h  cons ide ra t ions  of c o r r e l a t i o n  

procedures ,  i n d i c a t e s  t h e  need f o r  complementary experiments 

t h a t  w i l l  g ive  independent measurements of t h e  t rapped 

f r a c t i o n  and boundary concent ra t ions .  

3.2.2 Release of F i s s ion  Products  During P o s t i r r a d i a t i o n  Anneals 

A comprehensive review of previous s t u d i e s  of f i s s i o n  product  

release from coated f u e l  p a r t i c l e s  dur ing  p o s t i r r a d i a t i o n  anneal  has  

been completed, and a r e p o r t  i s sued .  An a b s t r a c t  of t h e  r e p o r t 2  fol lows:  
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This r e p o r t  conta ins  t h e  da t a ,  r e s u l t s ,  and eva lua t ions  

of p o s t i r r a d i a t i o n  annea l ing  s t u d i e s  of coated HTGR f u e l  

p a r t i c l e s .  The purpose of t h e  s t u d i e s  w a s  t o  compare t h e  

c a p a b i l i t y  of va r ious  pyrocarbon coa t ings  f o r  r e t a i n i n g  

f i s s i o n  products ,  inc luding  s t ront ium,  barium, and cerium, 

bu t  pr imar i ly  cesium. 

and examining coated p a r t i c l e s  are discussed.  Constant- 

p o t e n t i a l  d i f f u s i o n  equat ions were used t o  c a l c u l a t e  

d i f f u s i o n  c o e f f i c i e n t s  and t h e  concent ra t ions  i n  t h e  

o u t e r  coa t ing  a t  t h e  buffer- to-outer-coat ing i n t e r f a c e .  

The r e s u l t s  revealed k e r n e l  t rapping  e f f e c t s  and have 

ind ica t ed  t h e  p o s s i b i l i t y  of a cesium concent ra t ion  l i m i t  

of about 2 x 1019 atoms/cm3 i n  low-temperature-deposited i s o t r o p i c  

pyrocarbon coa t ings  of high dens i ty .  Di f fus ion  c o e f f i c i e n t s  

f o r  cesium i n  the  low-temperature-deposited i s o t r o p i c  

pyrocarbon coa t ings  were found t o  b e  an o rde r  of magnitude 

h ighe r  than i n  high-temperature-deposited i s o t r o p i c  

pyrocarbon coa t ings .  The d i f f u s i o n  c o e f f i c i e n t s  obtained 

w i l l  be  use fu l  i n  determining t h e  maximum cesium release 

from similar coated p a r t i c l e  f u e l  during i r r a d i a t i o n .  

Data concerning a t rapped f r a c t i o n  and a concent ra t ion  

l i m i t  can d i r e c t  f u r t h e r  research  which might provide 

more accu ra t e  es t imat ions  of cesium release from coated 

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

These annea l ing  s t u d i e s  w e r e  continued t o  v e r i f y  t h e  e x i s t e n c e  of 

Experimental methods f o r  annea l ing  

a cons tan t -poten t ia l  d r iv ing  fo rce  f o r  cesium i n  h ighly  i r r a d i a t e d  

coated p a r t i c l e s ,  t o  provide a d d i t i o n a l  experimental  c o r r e l a t i o n  wi th  

mathematical  models, and t o  d e f i n e  t h e  e f f e c t s  of temperature  and burnup 

on ke rne l  t rapping  e f f e c t s .  A major e f f o r t  w a s  placed on annea l ing  

pyrocarbon-coated U02 p a r t i c l e s  t h a t  had been i r r a d i a t e d  t o  11% and 

22% FIMA a t  temperatures below 800°C. These coated p a r t i c l e s  w e r e  

from ba tch  OR-lOlO-SB, which w a s  a l so  t h e  source  of p a r t i c l e s  s t u d i e d  

ex tens ive ly  i n  the  previous experiments.  

had t h i n  s a c r i f i c i a l  l a y e r s  over  t h e  o u t e r  coa t ings .  These l a y e r s  

The OR-1010-SB coated p a r t i c l e s  
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w e r e  ground o f f  be fo re  anneal ing.  

of t h e  two i r r a d i a t i o n s  w e r e  annealed a t  1400°C. Three coa ted  p a r t i c l e s  

from each group w e r e  removed a t  119 h r  f o r  gr inding ,  and t h e  remainder 

w e r e  annealed f o r  a t o t a l  of 1914 h r .  Average cesium releases are 

p l o t t e d  i n  Fig.  3 . 1 .  These curves are l i n e a r  between 25 and 50 h r  

annea l ing  t i m e .  

beginning a t  about 45 h r .  

cons t an t -po ten t i a l  d i f f u s i o n .  

corresponds t o  d i f f u s i o n  from a d e p l e t i n g  source ,  would be  expected t o  

cont inue  t o  curve downward, f i n a l l y  approaching a h o r i z o n t a l  asymptote, 

which is  determined by t h e  f r a c t i o n  of a v a i l a b l e  cesium. The inc rease  

i n  s lope ,  which is seen  i n  both curves,  is  unexpected and may b e  s i m i l a r  

t o  abrupt  changes i n  release rates t h a t  had been observed i n  previous 

experiments.  

Nine coated p a r t i c l e s  from each 

An expanded p l o t  would show a depar ture  from l i n e a r i t y  

The l i n e a r  p a r t  of t h e  curve corresponds t o  

The p a r t  of t h e  curve beyond 45 h r ,  which 

2 
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Fig. 3 . 1  Cesium Release During Anneals a t  1400°C of Pyrocarbon 
Coated UOn P a r t i c l e s  I r r a d i a t e d  t o  (a )  11% FIMA and (b) 22% FIMA. 

To demonstrate t h a t  t h e  l i n e a r  p a r t  of t h e  release curve r e p r e s e n t s  

d i f f u s i o n  from a source  a t  a cons t an t  p o t e n t i a l ,  o t h e r  p a r t i c l e s  from 

t h e  s a m e  i r r a d i a t i o n s  w e r e  annealed a t  1400°C f o r  24, 3 0 ,  36, and 42 h r .  

These coated p a r t i c l e s  w e r e  then  ground t o  determine concen t r a t ion  pro- 

f i l e s  i n  t h e  coa t ings .  A ske t ch  of t h e  gr inding  appara tus  i s  shown i n  

JO 
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Fig. 3 . 2 .  Three s e p a r a t e  motions are provided, as i n d i c a t e d  i n  t h e  

f i g u r e ,  t o  maintain p a r t i c l e  sphe ro id i c i ty .  Other d e t a i l s  are s e l f  

explanatory.  
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Fig .  3 . 2 .  Coated P a r t i c l e  Grinder.  

A t y p i c a l  concent ra t ion  p r o f i l e  is  shown i n  Fig.  3 . 3 .  The s tepped 

The curved l i n e  p r o f i l e  i n d i c a t e s  t h e  th ickness  of t h e  l a y e r s  removed. 

w a s  c a l c u l a t e d  from t h e  equat ion  f o r  cons t an t -po ten t i a l  d i f f u s i o n  i n  a 

s p h e r i c a l  s h e l l  : 

where 

C(r) = cesium concent ra t ion  a t  r a d i a l  d i s t a n c e  r, 
C(a) = cesium concent ra t ion  a t  r a d i a l  d i s t a n c e  a ,  
C ( b )  = cesium concent ra t ion  a t  r a d i a l  d i s t a n c e  b ,  

a = r ad ius  a t  buffer- to-outer-coat ing i n t e r f a c e ,  

b = radium a t  o u t e r  su r f ace ,  and 

2 = coat ing  th ickness .  

The i n t e r c e p t  of t h e  curve wi th  t h e  v e r t i c a l  l i n e  a t  b gives  a 

concent ra t ion  a t  the  su r face  of 1 . 4  X l o 1 *  atoms/cm3; however, t h e  
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Fig.  3.3.  Cesium Concentrat ion P r o f i l e  i n  Pyrocarbon Coating of 
U02 P a r t i c l e  I r r a d i a t e d  t o  11% FIMA and Annealed 30 h r  a t  1400°C. 

average concen t r a t ion  i n  t h e  i n i t i a l  c u t  is  below t h e  c a l c u l a t e d  l i n e ,  

thus  i n d i c a t i n g  a s t e e p  concent ra t ion  g rad ien t  j u s t  below t h e  coated 

p a r t i c l e  su r face .  

concent ra t ion  C(a) of 1 . 4  X lo1' atoms/cm3. 

values  of C ( a )  obtained from concent ra t ion  p r o f i l e s  of coated p a r t i c l e s  

annealed between 24 and 36 h r  a t  1400°C are compared wi th  C(a) va lues  

obta ined  from the  s l o p e  and i n t e r c e p t  of release curves.  

The i n t e r c e p t  a t  r = a i n d i c a t e s  an approximate 

I n  Table 3.1, t h e  average 

The d i f f e r e n c e  

Table 3.1. Average Cesium Concentrat ion a t  r = a i n  OR-1010-SB 
Coated P a r t i c l e s  I r r a d i a t e d  t o  11% and 22% FIMA 

P a r t i c l e s  
S a c r i f i c i a l  a t  Each Burnup Measured 

11% FIMA 22% FIMA 11% 22% 

av conc, atoms/cm 3 , 

Layers Source of Data 

~~~ ~~ 

Concentrat ion p r o f i l e s  Removed 1.2 x 10'' 1.4 x lo1 '  6 6 

Release curves I n t a c t  1.2 1 .o 11 4 

Release curves Rem0 ve d 2.8 3.4 9 9 
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i n  t h e  va lues  of C(a) t h a t  w e r e  obtained from t h e  release curves wi th  

and without  removal of t h e  s a c r i f i c i a l  l a y e r s  is  unexplained. 

Cesium concent ra t ion  p r o f i l e s  which were obta ined  from coated 

p a r t i c l e s  removed from t h e  annea l ing  series a t  2 4 ,  3 0 ,  3 6 ,  4 2 ,  and 119 h r  

are displayed i n  Fig.  3.4 .  Concentrat ion r a t i o s  C ( r ) / C l  are p l o t t e d ,  

where Co r ep resen t s  t he  i n i t i a l  cesium concent ra t ion  a t  r = a averaged 

from p r o f i l e s  a t  2 4 ,  30, and 36 h r  anneal ing t i m e .  The s t r a i g h t - l i n e  

po r t ions  r ep resen t  least squares  f i t s  of t h e  da t a  b u t  exclude p o i n t s  a t  

pos i t i ons  below 0 . 1  and above 0.86. These d a t a  confirm t h a t  a cons tan t  

d r i v i n g  p o t e n t i a l  f o r  cesium t r a n s p o r t  i n  t he  ou te r  coa t ing  e x i s t s  

between 24 and 36 h r  annea l ing  t i m e .  

boundary, p o s i t i o n  0,  show t h e  s t e e p  concent ra t ion  g rad ien t  mentioned 

ear l ie r  . 

a 

The p o i n t s  c l o s e  t o  t h e  o u t e r  

ORNL-DI/( ;  76-1 198:: 

POSITION (E) 
C = 13'Cs CONCENTRATION 
C," = INITIAL 13'Cs CONCENTRATION AT (I 
r = RADIAL POSITION 
u = RADIUS OF POSITION-OUTER COATING INTERFACE 
b = RADIUS OF OUTER BOUNDARY 

Fig. 3.4 .  Cesium Concentrat ions i n  Pyrocarbon Coatings of Batch 
OR-1010-SB P a r t i c l e s  a f t e r  I r r a d i a t i o n  t o  Two Burnups and Annealing a t  
1 4 O O O C .  
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Release from b a r e  UO;? kerne l s  has  l i kewise  been s t u d i e d  t o  ga in  

an understanding of t h e  e x t e n t  t o  which t h i s  mechanism c o n t r o l s  release 

from t h e  coated p a r t i c l e  as a whole. Although release s t u d i e s  had been 

made wi th  22%-FIMA-irradiated UO;? k e r n e l s  t h a t  had been annealed 300 h r  

a t  125OoC, with  no k e r n e l  f ragmentat ion observedY2 extens ion  of t h e  

s t u d i e s  t o  1400°C annea ls  has  been complicated by p e r s i s t e n t  k e r n e l  

d i s i n t e g r a t i o n .  

Kernels  w e r e  ob ta ined  from ba tch  OR-1010-SB p a r t i c l e s  t h a t  had been 

i r r a d i a t e d  t o  11 and 22% FIMA. In  t h e  f i r s t  a t tempt  t o  annea l  t h e  

ke rne l s ,  by b r ing ing  them d i r e c t l y  t o  t h e  1400°C annea l  temperature ,  a l l  

t h e  k e r n e l s  broke. 

a t  1250°C b e f o r e  proceeding t o  14OOOC. 

test ,  t h r e e  s t i l l  d i s i n t e g r a t e d  a t  1400"C, one completely t o  d u s t  and 

the  o t h e r  two t o  several l a r g e  fragments.  The k e r n e l  t h a t  d i s i n t e g r a t e d  

t o  d u s t  w a s  d i scarded;  t h e  o t h e r  two fragmented k e r n e l s  and t h r e e  

i n t a c t  ke rne l s  were used i n  the  annea ls  a t  1400°C. The k e r n e l s  w e r e  no t  

removed from the  tungsten annea l ing  tubes f o r  a n a l y s i s  i n  t h e s e  experi-  

ments t o  avoid excess ive  handl ing,  which might have caused f u r t h e r  

f ragmentat ion,  contamination of  t h e  upper end of t he  tube  where r e l e a s e d  

cesium is depos i ted ,  o r  p o s s i b l e  l o s s  of sample. Since t h e  cesium 

r e l e a s e d  is  depos i ted  more than  1 3  mm away from t h e  k e r n e l ,  t h e  k e r n e l  

could b e  sh i e lded  whi le  the depos i ted  cesium on t h e  upper end of t h e  

tube w a s  assayed wi th  a gamma-ray spectrometer .  

I n  t h e  next  a t tempt  ke rne l s  w e r e  annealed 24 h r  

Of six k e r n e l s  used i n  t h i s  

Observed cesium release i n  these  experiments is presented  g raph ica l ly  

i n  Fig.  3 .5 .  (The i n i t i a l  datum p o i n t  on each curve r ep resen t s  cesium 

r e l e a s e d  from t h e  k e r n e l s  dur ing  annea l ing  of  t h e  i n t a c t  coated p a r t i c l e s  

be fo re  gr inding . )  A t  about 240 h r  annea l ing  t i m e ,  two of t h e  tungs ten  

tubes  were broken and replaced.  This  apparent ly  caused t h e  cesium 

release rate t o  increase ab rup t ly .  To determine whether t h e  removal 

of t h e  s m a l l  concent ra t ion  of cesium i n  t h e  tubes  ad jacen t  t o  t h e  k e r n e l s  

(less than  1% of cesium remaining i n  t h e  ke rne l s )  had a f f e c t e d  t h e  

release rate,  kernels 1 and 5 w e r e  removed from t h e i r  r e s p e c t i v e  annea l ing  

tubes  and t h e  tubes  w e r e  annealed a t  1600°C t o  lower t h e  cesium concentra- 

t i o n s  i n  t h e  area nea r  t h e  ke rne l .  The maximum cesium a c t i v i t y  i n  t h e  
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Fig. 3.5- Cesium Release from Bare Kernels dur ing  Anneals a t  
1400 O C . 

space surrounding t h e  k e r n e l s  w a s  ca l cu la t ed  t o  be less than 1 X 1 0 l 6  

atoms/cm3 be fo re  t h e  h e a t  t reatment  a t  1600°C. 

dropped from 1118 t o  274 d i s / s e c  i n  the  bottom of tube 1, and from 431 

d i s / s e c  t o  near  zero i n  t h e  bottom of tube 5. 

and annealed as be fo re .  

f i c a n t l y ,  bu t  t h a t  from k e r n e l  1 increased  only s l i g h t l y .  

i nc rease  i n  release rate w a s  noted from k e r n e l  2 ,  even though t h e  con- 

c e n t r a t i o n  of cesium i n  t h e  tube  had n o t  been changed. A previous 

experiment w a s  a l s o  reviewed; t h i s  involved annea ls  of fou r  i n t a c t  

coated p a r t i c l e s  a t  1400°C i n  which the  tubes and thimbles  used i n  t h e  

tubes w e r e  changed. N o  change i n  release rates occurred,  a l though t h e  

a c t i v i t y  changes i n  the  tubes exceeded those i n  the  c u r r e n t  experiments.  

The cesium a c t i v i t y  

The k e r n e l s  were replaced 

The release rate from ke rne l  5 increased  s ign i -  

Also, an  

It w a s  concluded t h a t  t he  cesium concent ra t ions  i n  t h e  tubes ad jacent  

t o  t h e  ke rne l s  are i n s u f f i c i e n t  t o  s i g n i f i c a n t l y  a f f e c t  t h e  cesium 

release rate. 

release of cesium i n  50 h r  t o  approximately 70 and 80% from the  ke rne l s  

i r r a d i a t e d  t o  11 and 22%, r e spec t ive ly ,  and a very slow d i f f u s i o n  rate 

a f t e r  50 h r .  

The r e s u l t s  of t hese  experiments i n d i c a t e  a r ap id  

The h ighe r  release f r a c t i o n  would be  expected a t  t h e  

h ighe r  burnup because of increased  po ros i ty .  
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3.2.3 F i s s i o n  Product Release During I r r a d i a t i o n  

This  s tudy is  c u r r e n t l y  centered  on Biso-coated Tho2 p a r t i c l e s ,  

ba tches  OR-1840 and OR-1849, which had been i r r a d i a t e d  i n  capsules  

HT-12 through -15. A disagreement between t h e  number of coa t ing  f a i l -  

u re s  as determined by v i s u a l  i n spec t ion  and those  determined by coated 

p a r t i c l e  gas p re s su re  measurement prompted a more thorough i n v e s t i g a t i o n .  

Samples of t h e  coated p a r t i c l e s  were analyzed by gamma-ray spectroscopy,  

leached wi th  h o t  c h l o r i n e  a t  1000°C, and inspec ted  v i s u a l l y  under the  

s t e r e o  microscope be fo re  and a f t e r  leaching .  

lyzed by g a m  spectroscopy.  The f a i l u r e  determinat ions obta ined  thus  

far are presented  i n  Table 3.2. 

They are now be ing  reana- 

Table 3.2. F a i l u r e s  i n  Biso-Coated P a r t i c l e s  from Capsules 
HT-12 Through HT-15 as Determined by D i f f e r e n t  Methods 

Hot C h l o r i n e  Leach Gas P r e s s u r e  
V i s u a l  T e s t ,  Numbers 

Capsule 9f P a r t i c l e s a  F a i l u r e s ,  % 
F a s t  Average Bumup W . 1 8  MeV) n-il 

Holder  8, Batch OR-1840, Designb 402-25-50 

HT-12 1090 1 3 x 102’ 0 0 0 0 16  
HT- 13 1190 3 6 0 0 6 5 6 16 
HT-14 1250 7 9 0 3 3 80 94  16  
HT- 15  1260 10 11 0 0 76 100 6 

Holder  21, Batch OR-1840, Designb 402-25-50 

HT-12 1370 1 4 0 0 0 0 16  
HT-13 1460 6 8 0 0 10 0 0 16 
HT-14 1500 1 3  14  0 3 8 14  1 9  16  
HT-15 1500 1 6  16 9 3  0 0 

Holder  13, Batch OR-1849, Designb 508-79-75 

HT-12 1180 1 3 0 0 0 .3  0 16  
HT- 1 3  1270 5 7 0 0 0 0 12  
HT-14 1320 9 11 0 2-3 6 58 75 8 
HT-15 1330 11 13 0 2 3 70 88 8 

Holder  26, Batch OR-1849, Designb 508-79-75 

HT-12 1450 1 4 0 0 3 5 6 16 
HT- 13  1520 6 9 0 0 6 0 0 16 
HT-14 1550 14  1 4  0 0 5 0 
HT-15 1550 16  16 3 0 5 0 0 8 

a F a i l u r e s  de te rmined  by absence  o f  f i s s i o n  gas  d u r i n g  p r e s s u r e  measurements. 

bDesign g i v e s  k e r n e l  d i a m e t e r ,  b u f f e r  t h i c k n e s s ,  and o u t e r  c o a t i n g  t h i c k n e s s ,  a l l  d imens ions  i n  micrometers .  

The r e s u l t s  i n d i c a t e  t h a t  some d e f e c t i v e  coa t ings  may n o t  be  de t ec t ed  

by v i s u a l  inspec t ion .  A s  seen under t h e  scanning e l e c t r o n  microscope 

(SEM), t h e  s u r f a c e s  of some, b u t  not a l l ,  of t h e  d e f e c t i v e  coa t ings  
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appear t o  be porous. 

d e s i r a b l e  and have been planned. Although f a i n t  l i n e s  w e r e  observed i n  

s e v e r a l  coated p a r t i c l e s  a t  high magni f ica t ion  under t h e  o p t i c a l  

microscope, t h e  SEM examination of two of t hese  showed t h e  l i n e s  t o  be  

merely su r face  f ea tu res .  No cracks w e r e  found i n  t h e  e i g h t  coated par- 

t ic les  examined under t h e  SEM. 

with ho le s  w e r e  de tec ted  by v i s u a l  i n spec t ion  a f t e r  leaching .  

ho les  apparent ly  developed during leaching  of d e f e c t i v e  p a r t i c l e s .  

Fur ther  comparisons wi th  sound coa t ings  are 

One d e f i n i t e l y  cracked coa t ing  and t h r e e  

These 

A comparison between t h e  f a i l u r e s  de tec ted  by crude beta-gamma 

a c t i v i t y  measurements on ind iv idua l  p a r t i c l e s  a f t e r  leaching  wi th  those  

determined by t h e  amount of Tho2 c o l l e c t e d  during leaching  i n d i c a t e s  

good agreement. The t o t a l  amount of ThOn w a s  based on t h e  average 

ke rne l  diameter;  cons idera t ion  w a s  made f o r  l o s s  of Tho2 by burnup 

and t ransmutat ion dur ing  i r r a d i a t i o n .  

The r e s u l t s  a l s o  show a s i g n i f i c a n t l y  h ighe r  f a i l u r e  f r a c t i o n  i n  

two samples of coated p a r t i c l e s  i r r a d i a t e d  a t  lower temperatures ,  b u t  

from t h e  same ba tch  (compare HT-14-8 wi th  HT-14-21, and HT-15-13 wi th  

HT-15-26). Note t h a t  t h e  burnup i n  the  high-temperature ho lde r s  exceeds 

t h a t  of t h e  low-temperature ho lde r s  i n  t h e  s a m e  i r r a d i a t i o n  capsule .  

Since t h e  f a i l u r e s  do not  appear t o  be  gross  p re s su re  v e s s e l  f a i l u r e s ,  

t h e  cause of f a i l u r e  remains t o  be  determined. 

The a n a l y t i c a l  d a t a  f o r  t he  c a l c u l a t i o n  of f i s s i o n  product loss 

during i r r a d i a t i o n  are now be ing  assembled and evaluated.  

3.2.4 Review of Coated Fuel  P a r t i c l e  S t a b i l i t y  

The s t a b i l i t y  of HTGR f u e l  p a r t i c l e s  as a func t ion  of burnup, f a s t  

neutron f luence ,  i r r a d i a t i o n  t i m e ,  and temperature,  b u t  wi thout  regard 

f o r  e f f e c t s  of coa t ing  parameters w a s  reviewed. A r e p o r t  of t h i s  review 

has been i s sued ;3  an a b s t r a c t  of t h e  r epor t  fol lows:  

This r epor t  reviews t h e  s t a b i l i t y  of coated f u e l  

p a r t i c l e s  i n  high-temperature,  gas-cooled r e a c t o r s  as 

a func t ion  of burnup, fas t -neutron f luence ,  i r r a d i a t i o n  

t i m e ,  and temperature;  t h e  e f f e c t  of coa t ing  design 

parameters w a s  no t  considered.  

review is t o  e s t a b l i s h  l i m i t s  of coated p a r t i c l e  

The purpose of t h e  
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performance and, i n  p a r t i c u l a r ,  t o  v a l i d a t e  diagrams 

i n  which coa t ing  f a i l u r e  dur ing  abnormal temperature  

excurs ions  is p l o t t e d  vs previous  i r r a d i a t i o n  t i m e .  

3 . 3  TRANSPORT OF STRONGLY ADSORBED SPECIES I N  POROUS MEDIA* - 
R. B. Evans I11 and A .  L.  Sut ton ,  Jr. 

The purpose of t h i s  i n v e s t i g a t i o n  i s  t o  i d e n t i f y  and desc r ibe  

mathematically those  mechanisms t h a t  c o n t r o l  t h e  t r a n s p o r t  of s t r o n g l y  

adsorbed s p e c i e s  i n  porous media. Di f fus ion  of cesium through g raph i t e  

components of HTGR f u e l  elements i s  a good example of such systems, s i n c e  

most of t h e  a c t i v i t y  i n  HTGR cool ing  c i r c u i t s  r e s u l t s  from cesium iso-  

topes t h a t  l e a k  ou t  of coated f u e l  p a r t i c l e s ,  e i t h e r  as noble  gas 

p recu r so r s  o r  i n  t h e  metall ic state, ' ,  

t h e  g raph i t e  t h a t  surrounds t h e  f u e l  reg ions .  The s u b j e c t  i n v e s t i g a t i o n  

comprises a dua l  e f f o r t .  It concerns c o r r e l a t i o n  of d a t a  from l abora to ry  

experiments involv ing  small g raph i t e  specimens subjec ted  t o  shor t - te rm 

d i f f u s i o n  annea ls  (with cesium), and ana lyses  of cesium d i f f u s i o n  pro- 

f i l e s  t h a t  correspond t o  long-term cesium exposures i n  t h e  Peach Bottom 

HTGR. It is  f e l t  t h a t  t h e  only way t o  develop a v i a b l e  phenomenological 

model f o r  cesium d i f f u s i o n  is  t o  test i t s  a p p l i c a b i l i t y  t o  both long- 

and short- term experimental  r e s u l t s .  

then adsorb and migra te  through 

Accordingly, t h i s  r e p o r t  c o n s i s t s  of two major p a r t s ,  a b r i e f  review 

of ou r  bench-scale techniques and r e s u l t s ,  followed by a d e t a i l e d  summary 

of a t tempts  t o  c o r r e l a t e  d i f f u s i o n  p r o f i l e s  i n  r e a c t o r  components t h a t  

w e r e  s tud ied  under t h e  auspices  of va r ious  HTGR s u r v e i l l a n c e  programs. 

I n  t h e  l abora to ry ,  t r a n s p o r t  of cesium through g r a p h i t e  is be ing  s t u d i e d  

a t  temperatures  ranging from 600 t o  1000°C, wherein cesium could e x i s t  

as a metall ic vapor,  b u t  more l i k e l y  ( i n  view of i ts  s t r o n g  adsorp t ion  

tendencies )  as a mobile adsorbed s p e c i e s  on g raph i t e  s u r f a c e s .  Here, 

w e  seek  information about migra t ion  d i f f u s i o n  rates, repor ted  i n  t h e  form 

of d i f f u s i o n  c o e f f i c i e n t s ,  and t h e  p o s s i b l e  e f f e c t s  of o t h e r  s u r f a c e  

phenomena t h a t  might pe r tu rb  t h e  o v e r a l l  migra t ion  p a t t e r n s .  I n  a d d i t i o n ,  

w e  are i n t e r e s t e d  i n  t h e  r e l a t i v e  r o l e s  of vapor-phase and adsorbed- 

phase mechanisms. 

*This work i s  sponsored by t h e  Div is ion  of Phys ica l  Research, USERDA. 
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3 .3 .1  Applicable Transport  Theories  - 

3.3.1.1 Vapor o r  Gas-Phase Transport  

Consider the  t r a n s p o r t  of gas 2 i n  a porous medium t h a t  is s a t u r a t e d  

wi th  helium. 

precursor  ( ' 3 7 X e )  o r  even metallic 1 3 7 C s ;  gas 2 is helium, and t h e  

medium is g raph i t e .  The equat ion f o r  gas 1 d i f f u s i o n  i n  t h i s  system is 

given by 

Gas 1 could be  a s t a b l e  i so tope  ( l  3 4 X e )  , a r a d i o a c t i v e  

-+ 
The Js represent  molar f l u x e s ,  D1  is an o v e r a l l  e f f e c t i v e  d i f f u s i o n  

c o e f f i c i e n t ,  C 1  is  t h e  p a r t i a l  dens i ty  of gas 1 ( concen t r a t ion ) ,  6 1  i s  

a r a t i o  of c o e f f i c i e n t s  and is  un i ty  i f  free-molecule flow is n e g l i g i b l e ,  

y1 is  t h e  mole f r a c t i o n  of gas 2 ,  and J and Jv are t h e  n e t  f l u x  and t h a t  

p a r t  of t he  n e t  f l u x  t h a t  r e s u l t s  from forced flow, r e spec t ive ly .  Note 

t h a t  J is J1 + J 2 ,  and each of t hese  is  the  sum of a d i f f u s i v e  and 

viscous con t r ibu t ion ;  e .g . ,  J1 = J I D  + J IV,  J = J 

two terms of Eq. (2) can be  rearranged t o  y i e l d  

-+ + 

+ -+ -+ 

-+ -+ -+ + +  -f + JD. Thus, t h e  l as t  V 

-+ 
The approximate form a t  r i g h t  arises when J 

t h a t  t h e  n e t  forced  flow w i l l  overwhelm the  d i f f u s i v e  t e r m ,  and t h a t  t h e  

d a t a  w i l l  concern high-permeabili ty g raph i t e s  a t  moderate p re s su res  o r  

moderate-permeability media a t  h igh  pressures .  

> 3 V D  and 61 -t 1. This means 

Another express ion  f o r  a gas undergoing r ad ioac t ive  decay dur ing  

flow is  developed from the  con t inu i ty  equat ion f o r  gas 2 ,  

Y (3)  

where E i s  t h e  po ros i ty  of t h e  medium and X is t h e  decay cons tan t .  

companion r e l a t i o n s h i p  f o r  bo th  gases,  assuming t h a t  gas 2 i s  very 

d i l u t e ,  is  

The 
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Now every th ing  set  f o r t h  above can b e  i n s e r t e d  i n t o  Eq. (3) [ terms l i k e  

(~61Cy:) w i l l  be  small] t o  g ive  t h e  r e s u l t  sought f o r  unsteady-state  

d i f f u s i o n  of d i l u t e  gas 1 s u b j e c t  t o  decay and forced  flow, namely 

+ 3  
where J = U C  o r  J = vC (dropping t h e  vec to r  n o t a t i o n  as w e  restrict t h e  

t rea tment  t o  u n i d i r e c t i o n a l  f low) ,  v i s  the  t o t a l  p a r t i a l  v e l o c i t y ,  

and C i s  t h e  o v e r a l l  dens i ty  o f  t h e  gas.  

Although a l l  t h e  equat ions  above are r e f e r r e d  t o  t h e  bu lk  dimensions 

of t h e  medium, u n i t s  of D1 and ZJ s e e m  t o  b e  mixed; they are (pore cm3/bulk 

cm sec )  and (pore cm3/bulk cm2 s e c ) ,  r e spec t ive ly .  This happens because 

t h e  d r i v i n g  p o t e n t i a l ,  C = p/RT, a p p l i e s  only t o  t h e  pore  volumes, n o t  

t o  the  s o l i d s .  For t h e  same reason,  an E appears  be fo re  t h e  accumulation 

and decay terms. This causes  no problems, s i n c e  t h e  average p res su res  

and volumetr ic  flow rates (determining the  C s  and J s )  i n  t h e  pores  are 

the  same as the  average va lues  measured i n  f r e e  spaces  e x t e r n a l  t o  t h e  

medium boundaries .  Considerat ions of u n i t s  should g ive  some i n s i g h t  as 

t o  why a l l  c o e f f i c i e n t s  c a r r y  a geometr ical  f a c t o r  &'/q ,  which conver t s  

f r e e  space va lues  t o  porous medium va lues .  We no te  t h a t  E. is t h a t  

f r a c t i o n  of & t h a t  carries most of t h e  flow; g i s  a t o r t u o s i t y  f a c t o r  

wi th  u n i t s  of (pore cm2/bulk cm2). I n  p r a c t i c e ,  E'/& x For t h e  

near-normal reg ion ,  D1 % ( & ' / q ) D 1 2 ,  where 0 1 2  is the  free-space d i f f u s i o n  

c o e f f i c i e n t  value.  

3.3.1.2 Adsorbed Phase Transport  

To t rea t  t h i s  aspec t  of t h e  problem s e p a r a t e l y ,  one envis ions  an  

adsorbed spec ie s  1 wi th  a low vapor p re s su re  as i t  moves about on a two- 

dimensional su r f ace .  Since spec ie s  2 (helium) does n o t  adsorb a t  t h e  

temperatures  of i n t e r e s t ,  and i n t e r a c t i o n s  wi th  o t h e r  adsorbed s p e c i e s  

are assumed t o  b e  n e g l i g i b l e ,  t h e  d i f f u s i o n  express ion  i s  simply 
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The s u b s c r i p t  s r e f e r s  t o  t h e  su r face ;  t h e  u n i t s  of C,‘ are (mole/ 

su r f  cm2). 

Unfortunately,  a form l i k e  Eq. (6) cannot be  appl ied  d i r e c t l y  t o  

porous media, because one must invoke a c a p i l l a r y  s u r f a c e  area model 

t h a t  r e f l e c t s  proper averaging of pore dimensions and heterogeneous 

su r face  phenomena. The problem of conversion of Eq. (6)  t o  a form 

s u i t a b l e  f o r  a p p l i c a t i o n  t o  porous media can b e s t  be  circumvented through 

t h e  same dogmatic approach used f o r  gases.  An apparent  c o e f f i c i e n t  i s  

def ined by agree ing  t o  measure t h e  t o t a l  f l u x  ac ross  one of t he  boundary 

a r e a s  normal t o  x, then t o  express  C’ as Cs (mole/bulk c m 3 )  as it ob ta ins  

from equi l ibr ium adsorp t ion  d a t a  f o r  l a r g e  p i eces  of g raph i t e .  Thus 
s 

When rad ioac t ive  decay i s  included,  Eq. ( 7 )  t akes  t h e  form 

a2cs acs 
D S F = a t  + XlCl . 

3.3.1.3 Coupled Vapor-Adsorbed Phase Transport  

Here again cons ide ra t ion  i s  given t o  d i f f u s i o n  of an adsorbed s p e c i e s  

a long s u r f a c e s ,  b u t  with a vapor pressure  h igh  enough t o  m e r i t  i n c l u s i o n  

of vapor phase contributions s u b j e c t  t o  t h e  in f luence  of a forced flow. 

The ques t ion  i s :  How does t h e  forced flow a f f e c t  s u r f a c e  t r a n s p o r t ?  

Of course,  i f  t he  system f a l l s  i n t o  t h i s  category,  adsorp t ion  isotherms 

can be  measured. 

descr ibed by an equat ion  of t h e  form 

These g ive  equi l ibr ium da ta ,  which can usua l ly  be  

where the  u n i t s  of c1 are (pore bulk  cm3/pore cm3). 

c1 as given, and cons ider  cases i n  which n = 1 ( t h e  Langmuir o r  Henry’s 

Law r eg ion ) .  

W e  t a k e  va lues  of 

The combined equat ion  i n  terms of the  gas concent ra t ion  
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is  obta ined  by s u b s t i t u t i n g  Eq. (9) i n t o  (8), then  adding t h i s  r e s u l t  

t o  t h a t  given by Eq. (5) wi th  s u b s c r i p t  g f o r  gas r ep lac ing  2 .  I n  

s i m i l a r  f a sh ion ,  one may de r ive  an i d e n t i c a l  express ion  ( regard ing  

c o e f f i c i e n t s )  i n  terms of t h e  s u r f a c e  concent ra t ion  wherein one may 

conver t  t h e  s u r f a c e  concent ra t ions  from a bulk  t o  pore  b a s i s  by d iv id ing  

both s i d e s  by E. 

g ives  another  i d e n t i c a l  express ion  i n  terms of t h e  o v e r a l l  concen t r a t ions  

C = C + C /E, which is r e f e r r e d  t o  t h e  t o t a l  amount of material i n  

pore volumes and on pore s u r f a c e s ,  namely, 

An a d d i t i o n  of both forms of  t h e  combined equat ions  

0 9 s  

acO - &XC0 + E - acO 

O F -  a t  9 

where the  s u b s c r i p t  o means o v e r a l l .  

g’ 5’ The reason one might express  Eq. (10) i n  terms of e i t h e r  C 
o r  Co stems from t h e  f a c t  t h a t  complete gas-surface coupl ing is  implied 

through Eq. ( 9 ) ;  a l s o ,  t h e  flows are p a r a l l e l .  Of g r e a t e r  importance 

are t h e  forms obta ined  f o r  t h e  o v e r a l l  d i f f u s i o n  c o e f f i c i e n t  and 

e f f e c t i v e  v e l o c i t y ,  

D + Ds/a D = g  3 

1 + s/a& 0 

(12)  
V v =  

0 1 + l/ae 

It t u r n s  ou t  t h a t  a values  f o r  cesium on g raph i t e s  are q u i t e  small i n  

t h e  Langmuir reg ion .  For AGOT g r a p h i t e  a t  8 O O 0 C ,  E % 0.2 and a % 10-l2.  

Thus, according t o  Eq. (ll), t h e  o v e r a l l  c o e f f i c i e n t  w i l l  be  p r imar i ly  

t h e  s u r f a c e  c o e f f i c i e n t ,  t h e  vapor-phase con t r ibu t ion  w i l l  be  n e g l i g i b l e .  

It is a l s o  clear from Eq. (12) t h a t  cesium d i f f u s i o n  a long  pore  s u r f a c e s  

w i l l  b e  p r a c t i c a l l y  immune t o  hel ium flow e f f e c t s ,  un le s s  t h e  flow rates 

are extremely h igh  as compared w i t h  those  r equ i r ed  t o  sweep ou t  a gaseous 

precursor .  (Addi t iona l  t h e o r e t i c a l  d e t a i l s  are given elsewhere.  5-7) 
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3.3.2 Laboratory Experiments 

A l l  t h e  experiments performed t o  d a t e  have been set up t o  u t i l i z e  

t h e  classical  th in- layer  technique, wherein cesium concent ra t ion  p r o f i l e s  

w i th in  a small graph i t e  specimen are determined a f t e r  t h e  specimen has  

been annealed f o r  a predetermined per iod  of t i m e .  Specimens s i z e s  and 

d i f f u s i o n  t i m e s  are ad jus ted  t o  ensure t h a t  (1) t r a n s i e n t  condi t ions  

p r e v a i l  throughout t he  anneal  according t o  Eq. (10) wi th  t h e  v e l o c i t y  

and decay terms set equal  t o  zero,  and (2)  t h e  p r o f i l e s  w i l l  no t  

pene t r a t e  t o  t h e  back boundary; t h a t  is ,  

where s u b s c r i p t  o has  been rep laced  by p t o  r ep resen t  pore  s u r f a c e  and 

volume. I n i t i a l  and boundary condi t ions  are: C(x ,O)  = 0, C ( a , t )  = 0 ,  

and a "f lash" o r  impulse of cesium is appl ied  ins tan taneous ly  a t  x = 0, 

t = 0. 

Experiments are i n i t i a t e d  by p l ac ing  a t h i n  cesium l a y e r ,  wi th  about 

30% of t h e  137 i so tope ,  on t h e  su r faces  of d i f f u s i o n  specimens i n  t h e  

form of cesium oxides  der ived from an aqueous s o l u t i o n .  While the  

sample i s  brought t o  t h e  des i r ed  d i f f u s i o n  anneal  temperature  under 

pure helium, the  oxide converts  ( a t  about 50OoC) t o  t h e  m e t a l ,  which 

produces an impulse wi th  s t r e n g t h  &o mole p e r  specimen area normal t o  x. 
I f  a l l  condi t ions  are s a t i s f i e d ,  t h e  s o l u t i o n  t o  Eq. (13) becomes 

The preexponent ia l  t e r m  is t h e  t ime-variable  s u r f a c e  concen t r a t ion  

C p ( O , t ) .  

C'(Z,~), is  accomplished by mul t ip ly ing  both s i d e s  of Eq. 

Conversion t o  bulk concent ra t ions  as measured i n  t h e  l abora to ry ,  

(14) by &. 

S l i c i n g  up small specimens t o  determine concent ra t ion  p r o f i l e s  

d i r e c t l y  can be  an extremely arduous and time-consuming t a s k ,  p a r t i c u l a r l y  

when one must con ta in  and c o l l e c t  q u a n t i t i e s  of contaminated dry g raph i t e  

dus t .  

po r t ions  of t h e  samples (us ing  kerosene as a c u t t i n g  f l u i d )  and measuring 

W e  t h e r e f o r e  chose t o  s e c t i o n  t h e  specimens by gr inding  away 



160 

FRY t h e  f r a c t i o n  of t o t a l  a c t i v i t y  remaining, as a func t ion  of gr inding  

d i s t ance .  The p e r t i n e n t  equat ion  i s  given by: 

FR = ( l /Qo)  C’(x’,t’)dx’ = er€c(T&) , La 
A p l o t  of Eq. (15) ,  a long  wi th  some cesium d i f f u s i o n  d a t a  obta ined  

wi th  a g raph i t e  (Hawker Siddeley)  t h a t  happens t o  e x h i b i t  t h e  i d e a l i z e d  

behavior  demanded by Eq. (14) ,  is  presented  i n  Fig.  3.6. 

t he  p o i n t s  t oge the r ,  t h e  r e s u l t s  are p l o t t e d  i n  terms of “reduced“ 

pene t r a t ions ,  u. 

of t h e  f a c t o r  by which the  experimental ly  determined z va lues  must be 

mul t ip l i ed  i n  o rde r  t o  make them f a l l  on the  c o r r e c t  u va lues  a t  appro- 

p r i a t e  FR values .  This f a c t o r  is  -. The d i f f u s i o n  c o e f f i c i e n t s  

l i s t e d  i n  Fig.  3.6 are bulk  va lues  ( i . e . ,  D p / & ) .  

To b r i n g  a l l  

The d i f f u s i o n  c o e f f i c i e n t s  are based on t h e  de te rmina t ion  

u. REDUCED PENETRATION, II=:& 

Fig. 3.6. Generalized S e t  of Cesium Pene t r a t ion  Data Obtained i n  
The se t  shown p e r t a i n s  t o  cesium d i f f u s i o n  i n  Thin-Layer Experiments. 

a furfuraldehyde-impregnated f ine-gra in  g raph i t e  r e f e r r e d  t o  as 
Hawker Siddeley.  
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Three r a t h e r  s i g n i f i c a n t  f e a t u r e s  of t hese  r e s u l t s  should be noted: 

1. Consider t he  t abu la t ed  va lue  of t he  gr inding  r e s u l t s  ob ta ined  

a t  700°C (Fig.  3 . 6 ) ;  t h e  va lue  is 7.20 x lo-’ cm2/sec. 

d i f fus ion ,  permeabi l i ty  experiments,  and mercury porosimetry d a t a ,  t h e  

est imated va lue  of D /E f o r  cesium o r  xenon vapor is about 

The la t ter  i s  much h ighe r  than  t h e  measured value.  

Based on gas 

cm2/sec. P 

2. A p l o t  of t he  logar i thm of t h e  t abu la t ed  values of D / E  a g a i n s t  
P 

t h e  r ec ip roca l  of the  abso lu te  temperature r evea l s  an  exponent ia l  

dependence and sugges ts  an  a c t i v a t i o n  energy of about 155 kJ/mole 

(37 kcal/mole).  Vapor phase c o e f f i c i e n t s ,  i f  c o n t r o l l i n g ,  would have a 

temperature dependence of approximately T3I2, where T is  t h e  Kelvin 

temperature.  

4 kJ/mole (1 kcal/mole).  

This would y i e l d  an  a c t i v a t i o n  energy of on ly  about 

3 .  The average g raph i t e  loading i n  these  experiments ranged about 

0.1 pmole/bulk cm3. 

va lue  appl ied  t o  Eq. (11) sugges ts  t h a t  t h e  c o e f f i c i e n t s  measured are 

su r face  va lues ,  as suggested by (1) and (2 )  above. 

Clear ly  the r e s u l t s  i n d i c a t e  t h a t  cesium d i f f u s i o n  behavior  i n  Hawker 

Siddeley g raph i t e  re la te  d i r e c t l y  t o  su r face ,  no t  gas-phase, e f f e c t s .  

Thus, a low c1 value  would be  a n t i c i p a t e d ,  and a l o w  

When t h e  same experiments are performed wi th  H-327 g r a p h i t e ,  no tab le  

dev ia t ions  from i d e a l i z e d  behavior  are observed. F i r s t ,  only p a r t  of 

Q o  placed on t h e  su r face  i n i t i a l l y  d i f fused  i n t o  t h e  specimen. The 

r e s i d u a l  w a s  immobilized and remained very c l o s e  t o  t h e  x = 0 su r face .  

This d i d  not  happen with Hawker-Siddeley g raph i t e .  Secondly, t h e  pro- 

f i l e s  tended t o  b e  l i n e a r  wi th  pene t r a t ion ,  and d id  no t  e x h i b i t  t h e  

downward curva ture  (on semilog paper) t h a t  one would expect  if Eqs. (13) 

and (14) w e r e  being followed. I n  f a c t ,  t h e  curves  are reminiscent  of 

those obtained when one examines p r o f i l e s  f o r  an  immobilized daughter 

of a very mobile noble-gas precursor  a f t e r  d i f f u s i o n  i n t o  g r a p h i t e  

under quasi-s teady-state  condi t ions .  * Comparative p l o t s  of t y p i c a l  

cesium d i f f u s i o n  r e s u l t s  i n  Hawker-Siddeley and H-327 graph i t e s  are 

shown on Fig.  3 .7 .  

Eq. (15), which corresponds t o  i d e a l  behavior .  

e f f e c t s  pe r tu rb  t h e  d i f f u s i o n  p r o f i l e s .  

When T = 0 on t h i s  p l o t ,  t h e  curve is  descr ibed  by 

When T > 0 ,  o t h e r  

Addi t iona l  d e t a i l s  a s soc ia t ed  
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with t h e  da t a  on curves of Fig. 3 . 7  appear i n  Table 3 . 3 .  

t o  descr ibe  t h e  f e a t u r e s  of t h e  model descr ibed by t h e  var ious  T # 0 

curves on Fig. 3 . 7 .  

W e  now at tempt  

REDUCED PENETRATION, U s  +-&, NO UNITS 

Fig. 3 . 7 .  Comparison of Cesium Penet ra t ion  Data Obtained f o r  Two 
Grinding r e s u l t s  are p l o t t e d  as log  FR versus u ;  Dif fe ren t  Graphi tes .  

s o l i d  curves r ep resen t  so lu t ions  of Eq.  (20) f o r  var ious  T values .  
Data on curve I e x h i b i t  i dea l i zed  (T = 0) behavior .  Data on curve I1 
i n d i c a t e  in situ p la t eou t  (or  i n t e r n a l  t rapping)  e f f e c t s .  

Table 3 . 3 .  Cesium Dif fus ion  Resul ts  for Two Graphi tes  
as Shown on Fig.  3.7 

Migration Curve I Great Lakes Graphite 
Parameters Hawker-Siddeley Graphite (H-327) 

(fine-grain impregnated) (large grain) 

Temperature, O C  800 609 
Diffusion time, min 1300 70.0 
Penetration, x, at 0.093 
FR = 0.5, cm 

D I E ,  cm2/sec 
Bulk diffusion coefficient 1.2 x 10-~ 

0.096 

7.9 x 10‘6 

Amount of tracera 
Qo , pmole/cm2 

3.7 x 10‘~ 1.8 x 10-3b 

0.026 0.013 Final surface conc. 
c;(o,~’) pmole/cm3 

- 
37Cs isotope plus nonradioactive species. 

and (2.4 - 1.8) x was held up at the x = 0 surface. 
bAmount engaged in diffusion process; total amount was 2.4 x pmole/cm2, 
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I n  l i n e  wi th  the  precursor  behavior  mentioned above, i t  w a s  surmised, 

regarding H-327 r e s u l t s ,  t h a t  a t r app ing  e f f e c t  must have been occurr ing  

a t  t h e  LI: = 0 su r faces  and a long  i n t e r n a l  pore su r faces  as w e l l .  To 

account f o r  t hese  e f f e c t s ,  deep p r o f i l e  d a t a  w e r e  ex t r apo la t ed  back t o  

LI: = 0 t o  e l imina te  specimen s u r f a c e  t r app ing  e f f e c t s .  

of i n t e r n a l  t rapping  w e r e  then explored. The f i r s t  i n c l i n a t i o n  w a s  t o  

add a f i r s t - o r d e r  r e v e r s i b l e  r e a c t i o n  ra te  t e r m  l i k e  

Poss ib l e  mechanisms 

t o  t h e  right-hand s i d e  of Eq. (13) ,  and then  examine t h e  a p p l i c a b i l i t y  

of t h e  i n t e g r a t e d  r e s u l t s .  Here, r is  t h e  t rapping  (or  p la te -out )  

rate and KC r ep resen t s  a back p res su re  t e r m .  Inc lus ion  of t h e  KCT 

t e r m  seemed d e s i r a b l e  because one inva r i ab ly  is  concerned about f i l l i n g  

the  t r a p s ,  whereby an u l t ima te  equi l ibr ium l i k e  

T 

T 

might be a t t a i n e d .  I n  Eqs. (16) and (17) ,  C r ep resen t s  t h e  mobile o r  

pore s u r f a c e  p l u s  volume concent ra t ion ,  whereas C denotes  t h e  concen- 

t r a t i o n  of f i l l e d  t r a p s  i n  t h e  s o l i d  g ra ins  r e f e r r e d  t o  bulk  volume. 

P 
-r 

However, cons idera t ions  of long-term r e s u l t s  suggest  t h a t  t h e  back 

p res su re  t e r m  might be  n e g l i g i b l e .  Accordingly, t h e  i n t e g r a t i o n  w a s  

c a r r i e d  out  us ing  only t h e  f i r s t  t e r m  i n  Eq. (16).  The r e s u l t  f o r  C 

w a s  merely Eq. (15) mul t ip l i ed  by e-kt for t h e  mobile fraction. 
experiments “see” both immobile and mobile f r a c t i o n s ,  s o  t h e  t o t a l  bulk 

concent ra t ion  w a s  computed v i a  

P 
Grinding 

c&(x,t)  = EC e-kt + EkJt C e-kt’dt’ , 
P O P  

which y i e l d s  
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where 

C’(x, t ’ )  = t o t a l  cesium concent ra t ion  (mobile + immobile) , T 
u = (x/2) my and 

-c = m. 

The corresponding fract ion-remaining express ion  f o r  our  experimental  

s e c t i o n i n g  procedure is  

Figure 3.7 i n d i c a t e s  t h a t  d a t a  f o r  H-327 g raph i t e  g ive  a good 

c o r r e l a t i o n  when one assumes a va lue  of -c = 1.25 (Curve 11) f o r  t h i s  

p a r t i c u l a r  experiment.  This gives  a p o s i t i v e  i n d i c a t i o n  t h a t  t h e  t r a p  

model, as explained above, is  an adequate r e p r e s e n t a t i o n  of cesium 

migra t ion  behavior  i n  the  H-327 material. The same model has  been used 

t o  c o r r e l a t e  long-term in - r eac to r  experiments conducted by General 

Atomic Company us ing  t h e  s a m e  g raph i t e  b u t  d i f f e r e n t  boundary condi t ions .  

However, a r a t h e r  poignant f e a t u r e  of performing long-term experiments 

wi th  H-327 g raph i t e s  should be  noted. A f t e r  a r e l a t i v e l y  s h o r t  t i m e ,  

t he  va lue  of -c overwhelms the  va lue  of u .  Complementary e r r o r  func t ions  

l ike  erfc(-c + u)  f ade  away a t  T > 2.0; d i f f u s i o n  information from 

d i s c r e t e  u va lues  is  then l o s t ,  and t h e  only information t h a t  can be  

gained i n  t h i s  case i s  a va lue  f o r  t h e  grouping, 2u-c/x, which i s  obta ined  

from t h e  s l o p e  of t h e  curves  ( p l o t t e d  vs  x) as on Fig.  3.7 a t  h igh  T 

values .  

9 

The va lue  of t h i s  grouping is  &/D. 
It should be  noted t h a t  t he  c o r r e l a t i o n  on Fig.  3.7 is r e a l l y  no t  

t h e  b e s t  i l l u s t r a t i o n  of t he  asymptot ic  approach t o  t h e  quasi-steady- 

s ta te  cond i t ion ,  because one can cont inue t o  cons t ruc t  curves  on t h i s  

p l o t  f o r  ‘I values  g r e a t e r  than  2.0 even though t h e  p r o f i l e s  are f i x e d .  

Another and b e t t e r  approach is  t o  employ the  group z = 2u-c f o r  t h e  

independent v a r i a b l e ,  as has  been suggested by Rod l i f f e7  f o r  a constant-  

p o t e n t i a l  s i t u a t i o n .  A p l o t  of t h i s  kind i s  shown on Fig .  3.8. A l l  

d a t a  fo l lowing  i d e a l  behavior  as on Curve I i n  Fig.  3.7 w i l l  remain on 

t h e  FR a x i s  of Fig.  3 .8  bu t ,  i f  a f i n i t e  k value  e x i s t s ,  t h e  curves  
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Fig .  3 . 8 .  A l t e r n a t e  Method of P r e s e n t i n g  S o l u t i o n s  t o  E q .  (20) on 
a Semilogari thmic Basis. The independent  v a r i a b l e  h a s  been changed 
from u t o  2 =  UT. Curves do n o t  proceed beyond T = 2.2.  

w i l l  proceed o u t  from z = 0 w i t h  i n c r e a s i n g  k u n t i l  t h e  u l t i m a t e  T v a l u e  

of about  2.2 i s  reached.  With f u r t h e r  i n c r e a s e ,  t h e  c u r v e  remains 

unchanged, r e g a r d l e s s  of T v a l u e s  g r e a t e r  t h a n  2.2. The s a m e  shapes  

occur  when k > 0 i f  t h e  d a t a  are  p l o t t e d  a g a i n s t  x a t  s e l e c t e d  d i f f u s i o n  

a n n e a l  t i m e s .  A t  about  T = 2.2 ,  t h e  p r o f i l e  i s  f r o z e n ;  t h e  cesium is  

no l o n g e r  mobile .  

F i n a l l y ,  we  p o i n t  o u t  t h a t ,  w h i l e  t h e  group JEkID may c o n t a i n  

adequate  i n f o r m a t i o n  for reactor analyses, i t  is  not sufficient for 

mechanis t ic  s t u d i e s .  A complete unders tanding  of cesium d i f f u s i o n  i n  

h i g h l y  permeable la rge-gra ined  g r a p h i t e s  such  as H-327 can a p p a r e n t l y  

only  b e  ga ined  through p r o p e r l y  timed l a b o r a t o r y  exper iments .  Curren t  

l a b o r a t o r y  e f f o r t s  are b e i n g  c o n c e n t r a t e d  on c h a r a c t e r i z a t i o n  and 

s t r u c t u r a l  s t u d i e s  of Hawker-Siddeley and H-327 g r a p h i t e s  i n  an  e f f o r t  

t o  r a t i o n a l i z e  t h e  d r a m a t i c a l l y  d i f f e r e n t  cesium d i f f u s i o n  r e s u l t s  

o b t a i n e d  w i t h  t h e s e  materials. 
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3 . 3 . 3  Review of Peach Bottom HTGR Fuel Element P o s t i r r a d i a t i o n  
Examination Data 

This  review i s  based on a d e t a i l e d  r e a p p r a i s a l  of t h e  r e s u l t s  

ob ta ined  by General Atomic Company through t h e  ana lyses  of t h e  f u e l  

element sp ines  and sleeves removed from t h e  r e a c t o r  dur ing  Core I 

opera t ion .  Two sets of  publ ished d a t a  are a v a i l a b l e :  (1) r e s u l t s  of 

ana lyses  of components from element D06-01, removed a f t e r  300 e f f e c t i v e  

full-power days (EFPD), which w e r e  repor ted  by Vanslager,  B e l l ,  Sisman, 

and Morgan;" (2) r e s u l t s  from element D13-05, removed a f t e r  452 EFPD, 
which w e r e  repor ted  by Haire and Z u m a l t .  11 

Many of t h e s e  d a t a  are p l o t t e d  i n  Fig.  3 . 9 ,  which p resen t s  t h e  

as-reported" r a d i a l  cesium p r o f i l e s  i n  t e r m s  of concen t r a t ion  (not  FR) 
versus  t h e  r a d i a l  d i s t a n c e  i n  t h e  f u e l  element f o r  1 3 4 C s  (open c i r c l e s )  

11 

i n  both t h e  sp ines  and sleeves. and 7 C s  (c losed  c i r c l e s )  i so topes  
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Fig. 3 . 9 .  Cesium Concentrat ion P r o f i l e s  Found i n  Components of 
Two Core I Peach Bottom Fuel  Elements Removed a f t e r  300 and 452 EFF'D. 
Open c i rc les ,  4 C s .  Closed c i rc les  7 C s .  
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(For purposes of o r i e n t a t i o n ,  t h e  reader  i s  r e f e r r e d  t o  t h e  element 

c' s c r i p t i o n  i n  Sect .  3.5.1.) The element comprises t h r e e  main p a r t s  i n  

re ference  t o  t h e  a x i a l  d i r e c t i o n  -namely, an upper r e f l e c t o r ,  a 

c e n t r a l  f u e l  element s e c t i o n ,  and a lower r e f l e c t o r  assembly, which 

conta ins  f i ss ion-product  t r a p s .  Data presented  i n  Fig.  3.9 r e f e r  t o  

the  c e n t r a l  fue l ed  s e c t i o n ,  which i s  2.29 m (90 i n . )  long and con ta ins  

t h i r t y  76-mm (3-in.) f u e l  compacts ( a c t u a l l y  f u e l  bushings) ,  which are 

s l ipped  over t he  sp ine ,  then covered by the  sleeve. Helium coolant  

flow i s  upward wi th  r e spec t  t o  t h e  assembly, b u t  a po r t ion  is  induced 

t o  flow (through r e s t r i c t o r s )  down through gaps between t h e  spine-  

compact i n t e r f a c e ,  and a l s o  between the  compact-sleeve i n t e r f a c e .  A 

f r a c t i o n  of t h e  gap flow occurred i n  a r a d i a l  d i r e c t i o n  through t h e  

s l eeve ,  as a r e s u l t  of t h e  average pressure  drop ac ross  t h i s  component. 

This flow w a s  d i r e c t e d  t o  oppose leakage of f i s s i o n  products  from t h e  

compacts (through t h e  s l eeve )  i n t o  t h e  main coolan t  stream. 

The da ta  a v a i l a b l e  f o r  t h e  300-EFPD element are l i m i t e d  t o  those  

appearing i n  Fig.  3.9. Sleeve temperatures i n  t h i s  case had t o  b e  

es t imated  from a v a i l a b l e  Core I1 temperature p r o f i l e s ,  s i n c e  only 

coolan t  temperatures w e r e  given. I n  c o n t r a s t ,  t h e  amount of d a t a  f o r  

t h e  452-EFPD element f a r  exceeded those  shown i n  Fig.  3.9. The la t te r  

included not  only a d d i t i o n a l  cesium d i f f u s i o n  p r o f i l e s  f o r  sp ines  and 

s l eeves ,  bu t  p r o f i l e s  f o r  t he  krypton-strontium system as w e l l .  

A t t en t ion  is  c a l l e d  t o  t h e  lower two sets of curves  i n  Fig.  3.10, 

w h i c h  p e r t a i n  t o  t h e  sp ines  i n  t h e  452-EFPD element. These curves 

r ep resen t  c o r r e l a t i o n  of t h e  90Sr and *'Sr i so topes  t h a t  p l a t e d  ou t  as 

a r e s u l t  of gaseous "Kr  decay ( h a l f - l i f e  = 33 sec),  and 89Kr decay 

( h a l f - l i f e  = 192 sec), r e spec t ive ly .  It w a s  assumed t h a t  t hese  s t ron t ium 

p r o f i l e s  w e r e  immobilized and t h a t  they d i r e c t l y  r e f l e c t  t h e  quasi-steady- 

s ta te  (aC/at = 0) p r o f i l e s  f o r  t h e i r  krypton p recu r so r s ,  which migrated 

i n t o  t h e  sp ines  according t o  the  r a d i a l  flow form of Eq. There 

might have been a minute va lue  of t r ansve r se  flow i n  t h e  s p i n e s ,  b u t  

one might s a f e l y  assume t h a t  t h e  r a d i a l  component of t h i s  flow i s  

n e g l i g i b l e ;  thus  the  v e l o c i t y  v i n  Eq. (5) may a l s o  be  set  equal  t o  zero.  

(5) .  
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Fig. 3.10. Spine Pene t r a t ion  Data f o r  Cesium and Stront ium I so topes  
t h a t  Re f l ec t  t h e  Dif fus ion  P r o f i l e s  of Noble-Gas Precursors .  D a t a  
p e r t a i n  t o  t h e  452-EFPD f u e l  element.  

The s o l u t i o n ,  assuming a time-constant krypton concent ra t ion  a t  r = a 
(an approximate boundary cond i t ion ) ,  is  

where 6 = m. x 
l i n e  through the  

The curve f i t t i n g  procedure w a s  t o  pass  a s t r a i g h t  

'Sr d a t a ,  as shown on Fig.  3.10, f o r  which t h e  C/C- 
r a t i o  could 

Bx from t h e  

appeared t o  

p e n e t r a t i o n  

U 

be  approximated by t h e  l inear - f low form of E q .  (21) , compute 

s lope ,  then  compute t h e  D / E  va lue  from B The "Sr d a t a  

b e  s l i g h t l y  s c a t t e r e d ,  perhaps as a r e s u l t  of t h e  deep 

(from t h e  long h a l f - l i f e )  coupled wi th  count ing  u n c e r t a i n i t i e s  

K r  A' 
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(measurements of t h i s  kind are q u i t e  d i f f i c u l t ) .  W e  t h e r e f o r e  used t h e  

DKr/€ from the  "Sr da ta  and computed a "predicted curve" f o r  *'Kr. 

Reference t o  t h e  curves  i n d i c a t e s  good agreement between t h e  89 and 90 

r e s u l t s .  

Reference t o  the  cesium p r o f i l e s  i n  t h e  s p i n e  of t h e  452-EFPD 
element a t  p o s i t i o n s  2 and 5 (Fig.  3.9) reveals two i n s t a n c e s  where t h e  

134Cs p r o f i l e s  are s i g n i f i c a n t l y  d i f f e r e n t  from a l l  t h e  o t h e r  134 p r o f i l e s .  

The concent ra t ions  are r e l a t i v e l y  l o w  and the  p r o f i l e s  are r e l a t i v e l y  

f l a t  ( i n  these  coo le r  p o s i t i o n s ) .  I n  add i t ion ,  t h e  137 concent ra t ions  

are somewhat lower than o t h e r  1 3 7  concent ra t ions ,  even though t h e  

p r o f i l e s  i n d i c a t e  s i g n i f i c a n t ,  b u t  shallow, concent ra t ion  g rad ien t s .  

The cesium p r o f i l e s  he re  seem t o  be  r e p r e s e n t a t i v e  of t h e  p r o f i l e  l e f t  

by gaseous precursors ,  only t h i s  t i m e  xenon r a t h e r  than  krypton. Appar- 

e n t l y  the  

slowly (with a long h a l f - l i f e  of 7600 min, p l en ty  of t i m e  t o  d i s t r i b u t e  

uniformly) t o  1 3 3 C s ,  which, i n  t u r n ,  w a s  converted in s i tu  t o  1 3 4 C ~  

v i a  neutron absorp t ion .  

t o  1 3 7 C s ,  with a c o n t r o l l i n g  h a l f - l i f e  of 3.82 min. 

t h i s  case  could be t r e a t e d  i n  t h e  same way as the  "Sr d a t a  were t r e a t e d  

by Eq. ( 2 1 ) .  The cesium r e s u l t s  appear i n  t h e  top two p l o t s  of Fig.  3.10. 

A l l  t h e  sp ine  precursor  r e s u l t s  are summarized i n  Table 3 . 4 ;  t h e  va lues  

l i s t e d  i n  t h e  t a b l e  are i n  good agreement wi th  those  repor ted  previous ly  

by Haire and Zumwalt. 

34Cs presen t  o r i g i n a l l y  migrated i n  as 3 X e ,  which decayed 

The 1 3 7 X e ,  on t h e  o t h e r  hand, decayed d i r e c t l y  

The 137Cs d a t a  i n  

1 1  

Table 3.4.  Summary of Precursor  Di f fus ion  P r o f i l e  Resul t s  
f o r  t h e  452-EFPD Fuel  Element Spine 

Spine ca, ~m1e~cm3 DIE, cm21sec 
Temperature Compact 

( " 0  " ~ r  " ~ r  3 7cs 'Kr 7 ~ e  

550 2 1.1 x 10-5 3.0 x 1 0 - 4  7.8 x 10-5a 5 . 7  x 10-bb 3.7 x 10-4' 

69 8 5 7.5 5 . 5  

a 30 9 2.0 2 . 5  11 

1000 18 0.68 1 . 3  36 

%oes no t  i nc lude  cesium h e l d  up a t  r = a. 
h(gOKr) = 0 .02 l / sec .  

%sed h('37Xe) = 3 .024  x 10-3/sec.  
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The cesium precursor  d a t a  are of cons iderable  importance i n  t h a t  

they suggest  r a t h e r  u se fu l  i n d i c i a  f o r  t h e  ex i s t ence  of a m e t a l l i c  cesium 

d i f f u s i o n  mechanism. Whenever t h e  3 4 C s  and 7 C s  i s o t o p e s  have p a r a l l e l  

p r o f i l e  shapes,  a m e t a l l i c  s ta te  mechanism must have been c o n t r o l l i n g .  

Note t h a t  a l l  cesium p r o f i l e s  i n  Fig.  3.9, o t h e r  than  those  a t  s p i n e  

p o s i t i o n s  2 and 5 a t  452 EFPD d i s p l a y  such behavior .  One might specu- 

la te  f o r  s p i n e  2 and 5 t h a t  t h e  redox-temperature cond i t ions  a t  t h e s e  

p o s i t i o n s  could no t  support  cesium i n  t h e  reduced state. The m e t a l  w a s  

immobilized, perhaps as an oxide.  The only way cesium could have moved 

i n t o  t h e  g raph i t e ,  t he re fo re ,  w a s  i n  t h e  form of a redox- insens i t ive  

noble-gas p recu r so r .  

Based on t h e  above i n d i c i a ,  a l l  o t h e r  cesium p r o f i l e s  w e r e  t r e a t e d  

as i f  t h e  primary migrat ion mode w e r e  a s u r f a c e  phenomenon involv ing  a 

low-mobility spec ie s  r e l a t e d  t o  t h e  metall ic state.  Cont r ibu t ions  from 

t h e  1 3 7 X e  p recu r so r  would smear out  i n  t h i s  case, s i n c e  t h e  xenon decay 

product would b e  f r e e  t o  move about .  W e  d i f f e r  a t  t h i s  po in t  w i th  t h e  

i n t e r p r e t a t i o n s  suggested by Haire and Zumwalt, l 1  because w e  f e e l  t h a t  

both I3’Cs and 1 3 4 C s  p r o f i l e s  should be  t r e a t e d  i n  t h e  same way when t h e  

reduced s ta te  i s  suspected.  

With r e s p e c t  t o  t h e  remaining major i ty  of t h e  d a t a  sets d isp layed  

i n  Fig.  3.9,  t h e  bui ldup  of excess immobilized cesium a t  t h e  r = a = 2.2 cm 

s u r f a c e s  should b e  noted. This is  a good i n d i c a t i o n  tha t  i n t e r n a l  

t r app ing  e f f e c t s  are p resen t  and have t o  b e  taken intcj account.  

Semilogarithmic p l o t s  of t h e  normalized cesium concen t r a t ions  f o r  

both i so topes  as a func t ion  of t h e  r a d i a l  d i s t a n c e  t o  the  f i r s t  power 

are shown on Fig. 3.11 f o r  t he  d a t a  obta ined  i n  t h e  300-EFPD element.  

The agreement between t h e  two i so topes  is  almost t oo  good t o  be t rue .  

Cor re l a t ion  of these  d a t a  proceeded as fol lows:  t h e  s o l u t i o n  t o  t h e  

cyl inder-f low form of Eq.  ( l o ) ,  wi th  vug = 0 and A ( t h e  decay cons t an t )  

rep laced  by a t r a p  f a c t o r  k ,  w a s  r e w r i t t e n  i n  terms of Laplace transformed 

v a r i a b l e s  t o  ob ta in  a form s imi la r  t o  Eq.  (21) ,  b u t  w i th  t h e  t i m e  

transformed v a r i a b l e  s appearing a t  va r ious  p l aces .  

k >> X.)  The r e s u l t  is  

( I n  a l l  cases h e r e ,  
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Fig. 3.11. Spine Concentrat ion P r o f i l e s  t h a t  Re f l ec t  t h e  Nature 
of Metallic Cesium Dif fus ion  i n  t h e  Adsorbed State. Data p e r t a i n  t o  
t h e  300-EFPD f u e l  element. 

This  express ion  assumes a zero  i n i t i a l  concent ra t ion  over r and a 

cons tan t  p o t e n t i a l  C appl ied  a t  r = a. Since t h e  d a t a  curves  i n  

Fig. 3.11 are fairly s t e e p ,  w e  could approximate Eq. (22) us ing  a scheme 

descr ibed by C a r s l a w  and Jaeger  , 

a 

namely 

where hr = r - a ,  and a i s  t h e  s o l i d  sp ine  o u t e r  r ad ius .  

The inverse  of t h e  bracketed t e r m  has  been descr ibed  by Crank13 and 

R o d l i f f e Y 7  and t h i s  tu rns  ou t  t o  be  t h e  answer f o r  t h e  pore  concent ra t ion  
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(mobile - on pore s u r f a c e s  and i n  pore volumes) i n  terms of s l a b  geometry 

when x = Ar. Next, con t r ibu t ions  of t h e  immobilized f r a c t i o n  w e r e  

i n s e r t e d  by t h e  procedure descr ibed  previously.  The complete r e s u l t  is  

where T is  my and u i s  (Ar/2) a. Equation (24) i n d i c a t e s  t h a t  

a small r a d i a l  c o r r e c t i o n  t o  t h e  concent ra t ion  r a t i o  a l lows  one t o  use  

t h e  s l a b  form f o r  c y l i n d r i c a l  cases. To o b t a i n  the  form used f o r  sleeve 

c a l c u l a t i o n s ,  one need only remove t h e  r a t i o  of r a d i i  and s u b s t i t u t e  x: 

f o r  Ar. 
Notice t h a t  w e  have changed t h e  normal iza t ion  from C t o  C G ( a , t ) ,  a 

s i n c e  a l l  t h e  concent ra t ions  i n  our  f i g u r e s  and t a b l e s  are r e a l l y  C’ T 
va lues  f o r  t o t a l  cesium r e f e r r e d  t o  bulk  volumes as measured a f t e r  t i m e  

t. Actua l ly  CG increased  dur ing  a d i f f u s i o n  exposure from C’(a,O) - 
t o  

T 

P l o t s  of t h e  r i g h t  s i d e  of E q .  (24) versus  u o r  z =  UT a t  f i x e d  T 

va lues  look very much l i k e  t h e  curves  on Figs .  3 . 7  and 3 . 8 .  However, 

t he  rate of approach t o  quasi-s teady s ta te  (with r e s p e c t  t o  T) i s  

somewhat slower;  t h e  u l t ima te  u s e f u l  curve,  l i k e  t h e  T = 2 . 2  curve i n  

Fig. 3 . 8 ,  occurred a t  T = 5.0. Unfortunately,  t h e  s p i n e  cesium d a t a  

seemed t o  c o r r e l a t e  a t  T va lues  ranging near  t he  l i m i t i n g  va lue ,  which 

made t h e  f i t t i n g  procedures somewhat d i f f i c u l t  and t ed ious .  

Resul t s  of c o r r e l a t i n g  t h e  452-EFPD s p i n e  cesium d a t a  w i t h  Eq.  (24) 

are presented  i n  Table 3 . 5 .  

t h a t  w e r e  ob ta ined  by f o r c e  f i t t i n g  t h e  s a m e  equat ion  w i t h  T = 0. 

i c a n t  d i f f e r e n c e s  i n  c o e f f i c i e n t s  occur  f o r  t h e  t r a p  and nont rap  cases. 

Since t h e  T va lues  w e  encountered w e r e  s o  h igh ,  i t  w a s  doub t fu l  t h a t  

w e  could g e t  a meaningful s e p a r a t i o n  of k and D I E .  

perform a good t r a n s i e n t  a n a l y s i s .  W e  t h e r e f o r e  r e c o r r e l a t e d  t h e  d a t a  

i n  terms of t h e  s t eady- s t a t e  Eq. (211, wherein B became and 

Included are previous ly  r epor t ed  va lues’  

S igni f -  

W e  simply could no t  
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Table 3.5. Resul ts  of Cor re l a t ing  Metallic Dif fus ion  P r o f i l e s  
i n  t h e  452-EFPD Fuel Element Spine Assuming Trans ien t  Flow 

Compact 
P o s i t  i on  

~~ 

JEklo k ,  Trap C o e f f i c i e n t  DIE, cm2 / s e c  

(Cm- ) (sec-l) from Eq. (24) and Zunwalt” 

Temperature Ra t io  Factor  (“C) Parameter Calculated Reported by Haire 

9 8 30 5.65 6.4 x io-’ 2 .0  x io-8 2.4 x 10-~ 
29 9 12 3.35 4.6 4 . 1  4.0 

1 3  9 32 4.31 5.2 2.8 3.5 

22 9 70 2.95 4.1 4.7 3.4 

18 1000 3.31 4.6 4.2 3.5 

D I E  now rep resen t s  a su r face  c o e f f i c i e n t  no t  s u b j e c t  t o  eva lua t ion .  

This i s  t h e  type of c o r r e l a t i o n  ind ica t ed  i n  Fig.  3.11, and t h e  r e s u l t s  

of c o r r e l a t i n g  a l l  a v a i l a b l e  sp ine  da t a  are summarized i n  Table 3.6. 

Notice t h e  nea r ly  constant  values  of 6 with r e spec t  t o  temperature.  

It would appear t h a t  t h e  a c t i v a t i o n  energ ies  of t h e  k and D I E  i n  B 
tend t o  cancel .  

Table 3.6. Summary of A l l  Resul t s  f o r  Metallic Cesium Dif fus ion  
i n  Fuel Element Spines Assuming Steady Flow 

~ - ~ ~ ~ _ _ _ _ ~ ~ ~  -~ 
a B=rn Concent rat ion ,  urnole/ cm3 

Compact Temper a t  u re  
P o s i t  ion  Rat io  Parameter (“0 cG(a, t ’> CG (a ,  t ) (cm-l) 

137cs 4cs 

5 
30 
25 
15 

9 
29 
13  
22 
18 

682 
840 
86 8 
913  

8 30 
9 1 2  
9 32 
9 70 
1000 

300-EFPD Element 

0.32 x 0.11 x 
0.86 0.18 
3.3 1 .3  

1 2  6.2 

452-EFPD Element 

10 6.8 
3.9 1.6 

1 3  11 
40 30 
58 44 

3 .O 
4.0 
4.5 
4.5 

5.6 
3.5 
4.4 
3.1 
3.4 

a 

bEstimated by f i t t i n g  da t a  t o  Eq. (21). 

Does not  inc lude  cesium he ld  up a t  r = a .  
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Sleeve d a t a  a n a l y s i s  w a s  clouded by p o s s i b l e  e f f e c t s  of t h e  inward 

helium flow, which opposed t h e  outward flow of cesium v i a  d i f f u s i o n .  

To eva lua te  t h i s  s i t u a t i o n ,  a more genera l  form of Eq. (24) f o r  s l a b  

geometry w a s  der ived  t o  inc lude  both  i n t e r n a l  t r app ing  and back flow 

o r  a nega t ive  v e l o c i t y ,  (+o). 
group c a l l e d  y, where y2 = t v i  / 4 D & .  

about i n  t h e  arguments of t h e  exponent ia l  and complementary e r r o r  

func t ions ,  a long  wi th  th; f a m i l i a r  u and T. 

zero  k o r  T, revea led  t h a t  i n c r e a s e s  i n  y gave t h e  s a m e  behavior  and 

curve shapes as when T w a s  increased  i n  t h e  right-hand s i d e  of Eq. (24) ,  

wherein y = 0. A t  

l a r g e  t i m e s ,  t h e  genera l  s emi - in f in i t e  equat ion  approaches t h e  l i m i t i n g  

form 

The la t te r  gave rise t o  an a d d i t i o n a l  

This  new parameter w a s  s c a t t e r e d  

P l o t s  of t h e  l i m i t i n g  case, 

I d e n t i c a l  p l o t s  have been presented  by Rod l i f f e .7  

I f  v e l o c i t y  e f f e c t s  w e r e  p re sen t ,  t h e  va lue  of t h e  terms w i t h i n  t h e  

b races  would be  equiva len t  t o  t h e  s lope  of t h e  curves  f o r  t y p i c a l  s l e e v e  

da ta .  Such curves f o r  normalized 452-EFPD cesium r e s u l t s  appear i n  

Fig. 3.12. 

About a l l  t h a t  can be  e x t r a c t e d  from these  d a t a  i s  i n  t h e  sum of r a t i o s  

as i n  Eq. (26) ( t h e  s lope ) .  A t  l eas t  two more independent p i eces  of 

information would be  r equ i r ed  t o  s e p a r a t e  o r  eva lua te  t h e  t h r e e  parameters 

D I E ,  k, and v. 
I n  an  e f f o r t  t o  r a t i o n a l i z e  away a t  least  t h e  v e l o c i t y  t e r m ,  t h e  

l i m i t e d  s t ron t ium precursor  d a t a  a v a i l a b l e  f o r  t h e  sleeves w e r e  examined, 

because t h e  krypton p r o f i l e s  are much more s u s c e p t i b l e  than  adsorbed 

cesium t o  backflow. 

g raph i t e s ,  t h e  uniform p res su re  c o e f f i c i e n t s  f o r  krypton i n  t h e  sleeve 

should b e  lower than  i n  t h e  sp ine ;  even lower va lues  should r e s u l t  when 

an e f f e c t i v e  backflow exists i n  t h e  sleeve. 

c o e f f i c i e n t s  had about t h e  same va lues  a t  comparable temperatures .  It 

seemed reasonable  t h e r e f o r e  t o  drop t h e  v terms, and proceed wi th  only 

t h e  t r app ing  mechanism. 

Based on t h e  desc r ip t ion ' '  of s p i n e  and s l e e v e  

But s p i n e  and s l e e v e  gas 

0 
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Fig. 3.12. Sleeve Concentration P r o f i l e s  f o r  Cesium Dif fus ion .  
Data p e r t a i n  t o  t h e  452-EFPD f u e l  element. 

The next  f a c e t  explored r e l a t e d  t o  whether o r  no t  t h e  curves  repre-  

sen ted  a t r a n s i e n t  s i t u a t i o n  o r  one a t  quasi-steady state.  To examine t h i s  

a spec t ,  t he  s l a b  equiva len t  of Eq. (24) w a s  modified once aga in ,  t h i s  

t i m e  f o r  CG(z,t) = 0 r a t h e r  than  CG(-,t> = 0. For t h e  f i r s t  s t e p ,  t h e  

p r o f i l e  equat ion f o r  pore concent ra t ions  w a s  der ived  by use of Laplace 

transforms along wi th  t h e  inve r s ion  i n t e g r a l .  

seemed t o  produce a less compact so lu t ion .  The r e s u l t  is  

U s e  of Dankwert’s method’ 

where 

Sn = k + n2r2D/EZ2. 
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The s o l u t i o n  comprises two series; t h e  second series g ives  t r a n s i e n t  

c o r r e c t i o n s  t o  t h e  f i r s t  series, which converges t o  t h e  s t eady- s t a t e  

s o l u t i o n  

where 

A s  be fo re ,  t h e  complete s o l u t i o n  f o r  CG(cc , t ) ,  i nc lud ing  bo th  mobile 

and immobile cesium, r equ i r ed  a d d i t i o n a l  ope ra t ions ,  as descr ibed  earlier.  

Since t h e  r e s u l t s  are too  complex t o  p re sen t  h e r e  convenient ly ,  w e  merely 

no te  t h a t  t h e  curves  are t h e  s a m e  as those  f o r  Eq. ( 2 4 )  up t o  reg ions  

nea r  x = 2, where they ab rup t ly  drop down t o  s a t i s f y  t h e  zero  concentra- 

t i o n  cond i t ion  imposed. 

T va lues  are t h e  s a m e  as those  given by Eq. ( 2 4 ) .  

The i n i t i a l  s lopes  [ l o g  CG(z,t) vs u ]  a t  h igh  

An approximation t o  CG(s,t) can b e  obta ined  i f  i t  is assumed t h a t  

Eq. ( 2 8 )  p r e v a i l s  dur ing  most of t h e  d i f f u s i o n  per iod .  When t h e  t i m e  

cons tan t  p r o f i l e  is converted according t o  Eq. (19), one ob ta ins  

which is t h e  same s o r t  of approach used u l t i m a t e l y  f o r  a l l  s p i n e  d a t a .  

The l a s t  approximation comes from having r a t h e r  l a r g e  B values .  Thus, 

t h e  right-hand s i d e  of Eq. ( 2 4 )  o r  Eq. ( 2 6 )  (with k = O ) ,  a long  wi th  t h e  

forms of CG(x,t), i n d i c a t e s  t he  s a m e  t h ing ;  t h a t  is, t h e  i n i t i a l  s lope  

of a semilog p l o t  of C/C 

data .  Table 3 . 7  summarizes t h e s e  da t a .  

versus  x i s  t h e  main f e a t u r e  of t h e  s l e e v e  
0 

To pursue th ings  a b i t  f u r t h e r ,  w e  performed two cesium experiments 

i n  t h e  l abora to ry  us ing  uncontaminated Peach Bottom f u e l  element s l e e v e  

g r a p h i t e  (HML-85). This  gave us  a f a i r  estimate of t h e  c o e f f i c i e n t  

D / &  a t  600 and 800°C b u t  a ques t ionable  va lue  f o r  k (it w a s  d i f f i c u l t  

t o  o b t a i n  a n  acceptab le  specimen s i z e  from t h i s  p i p e l i k e  s t o c k ) .  On 
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Table 3.7. Summary of A l l  Resul t s  of Metallic Cesium Dif fus ion  i n  
Fuel Element Sleeves Assuming Steady Flow 

m, Ci(O,t’), a mole/cm3 

(“C) 7cs 4cs (cm-’) 

Compact Temperature 
Pos i t i on  Rat io  Parameter 

300-EFPD Element 

5 500 0.32 x 1.1 x 10’~ 
15 650 4.2 26 
25 710 2.9 13 
30 720 0.41 0.87 

452-EFPD Element 

5 5 80 1.6 9.5 
9 6 80 1 2  90 

29 815 2.8 1 2  

ll.lC 
5.7 
6.7 
6.5 

11.2c 
6 .3  
5.6 

%oes no t  inc lude  cesium he ld  up a t  x = 0.  

bEstimated by f i t t i n g  da t a  t o  Eq. (29).  
C High value might be due t o  oxide i n t e r f e r e n c e .  

t he  b a s i s  of t h e  va lue  of t h e  c o e f f i c i e n t s  r epor t ed  by H a i r e  and Zumwalt, 

as shown i n  the  t h i r d  column of Table 3.8, w e  weighted our  r e s u l t s  t o  

give a reasonable  temperature v a r i a t i o n  as shown i n  the  fou r th  column 

of Table 3.8. W e  then used t h e  &&/D values  obta ined  from t h e  s lopes  

of t h e  curves i n  Fig.  3.11 along wi th  the  es t imated  D I E  values  t o  

ob ta in  k values  app l i cab le  t o  t h e  r e a c t o r  da t a .  U t i l i z a t i o n  of Eq. (24) 

wi th  the  es t imated  DIE and k values  allowed computation of t h e  t r a n s i e n t  

curves shown on Fig.  3.13. A few po in t s  from t h e  complete series 

s o l u t i o n  are shown t o  demonstrate t h a t  t h e  semi - in f in i t e  form, Eq. (24) ,  

i s  good enough t o  p l o t .  

of Table 3.8 are taken as those requi red  t o  reach s teady  s ta te  ( a t  

about T = = 4.0) .  

The t r a n s i e n t  t i m e s  i n  t h e  right-hand column 

A l l  t he se  estimates i n d i c a t e  t h a t  t h e  system a t t a i n e d  s t eady- s t a t e  

condi t ions  very e a r l y ;  thus  w e  can estimate MIA, t h e  cumulative amount 

of cesium emi t ted  a t  the  back boundary pe r  u n i t  area, us ing  Eq. (28) i n  

t h e  usua l  way: 
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Table 3.8. Cesium Diffusion Parameters Used to Estimate Transient 
Curves on Fig. 3.13 for the 452-EFPD Element 

R a t i o  Trap TimeC 
Compact Temperature Parameter  Fac to r  Up t o  

(cm-’1 ( s e c - ’ )  ( h r )  

DIE, c o e f f i c i e n t ,  cm2/sec 

Report e da Es t imated  b rn ;c T = 4.0 P o s i t  i o n  (“C) 

5 580 0.600 x lo-’ 2.18 x lo-’ 11.2 2.75 x 162 

9 680 1.40 5.07 6 . 3 3  2.03 2 1 9  

240 5.64 1.85 29 815 1.69 5.80  

a 

bBased on tempera ture  v a r i a t i o n  of t h e  r e p o r t e d  c o e f f i c i e n t s  and ORNL 

‘Approximate t i m e  t o  reach s t e a d y - s t a t e  d i f f u s i o n .  

Hai re  and Zumwalt.” 

d i f f u s i o n  exper iments .  

I I 1  l l l l  1 1 -  

+ CESIUM 134 

0 2  0 4  06 0 8  OR 

- 

0 0 2  0.4 06 0.8 QR. 

[ r - I R.] (em) 

Fig. 3.13. Computed Curves Illustrating the Approach to Steady 
State f o r  Cesium in the 452-EFPD Sleeve. 
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But (C ) C;(O,t)/(&kt); t hus ,  
O P  

where C’(0,t) and 6 are t h e  su r face  concent ra t ions  and r a t i o  parameters ,  

which are given i n  Table 3.7. For example, a t  p o s i t i o n  29, t h e  cumula- 

t i v e  137Cs evolu t ion  ra te  a t  x = 2 = 0.931 cm t o  t h e  coolan t  w a s  (2) 

(2.8 x 10-3)/(5.6)  (183.8) = 5.44 x l ov6  umole/cm2. 

t u r n s  out  t o  be  (1/2) [exp(BZ)] t i m e s  t h i s  amount (i.e.,  5 X l ow4  
umole/cm2). 

h e l d  up i n  the  sleeve. This means t h a t  t h e  s l eeves  se rve  as an  e f f e c t i v e  

cesium f i l t e r  u n t i l  e i t h e r  t h e  microscopic t r a p s  f i l l  up, o r  t h e  break- 

over po in t  f o r  t h e  Langmuir-Freundlich t r a n s i t i o n  is  a t t a i n e d  a t  much 

h igher  loadings .  

T 

The inpu t  a t  x = 0 

Therefore ,  about 1% of the  input  37Cs escaped; 99% w a s  

The s a m e  s o r t  of ope ra t ion  as ind ica t ed  previous ly  can be  app l i ed  

t o  Eq.  (21) f o r  t h e  sp ine  cesium da ta .  The amount of metall ic cesium 

taken up by t h e  sp ines  i s :  

Based on r e s u l t s  i n  Table 3 . 6 ,  t h e  amounts of 1 3 7 C s  taken up a t  p o s i t i o n s  

9 and 29 are 1.68 X and 1.05 X pmole/cm2, r e spec t ive ly .  Com- 

par i sons  of t hese  f i g u r e s  wi th  t h e  o r i g i n a l  r e s u l t s  i n  Fig.  3.9 r e v e a l  

t h a t  very nea r ly  t h e  s a m e  amount i s  h e l d  up a t  t h e  r = a su r faces .  Only 

60% of t h e  cesium i n  o r  on t h e  s p i n e  engages i n  t h e  d i f f u s i o n  process .  

This  percentage va lue  is  much lower f o r  t he  sleeves. 

I n  an  e f f o r t  t o  check ou t  t h e  v a l i d i t y  of t h e  r e l a t i o n s h i p  (C ) = 
a P  

C;(a,t)/&kt and, i n d i r e c t l y ,  t h e  cons tan t  s u r f a c e  p o t e n t i a l  assumption 

used f o r  t h e  p r o f i l e  equat ions ,  p l o t s  of t h e  d i f f u s i v e  Ca - t h a t  i s ,  

[CG(a, t ) ]  - values  f o r  cesium w e r e  prepared f o r  both t h e  452- and 300- 

EFPD sp ine  da ta ;  t hese  are d isp layed  i n  Fig. 3.14. W e  a n t i c i p a t e d  t h a t  

t he  r a t i o  of t h e  concent ra t ion  f o r  t h e  two sets of d a t a  would b e  about 

452/300. The r e s u l t s  i n  Fig.  3.14 suggest  a r a t i o  of u n i t y ,  which seems 
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t o  i n d i c a t e  t h a t  i t  w i l l  be  d i f f i c u l t  t o  i n v e s t i g a t e  t h e  t i m e  dependence 

of d i f f u s i o n  parameters u s ing  r e s u l t s  from two d i f f e r e n t  f u e l  elements 

a t  two d i f f e r e n t  core  p o s i t i o n s .  While these  r e s u l t s  w e r e  somewhat 

d i sappoin t ing ,  w e  concluded t h a t  t h e  cons t an t -po ten t i a l  assumption is  

as good as any, p a r t i c u l a r l y  i n  t h e  absence of d e t a i l e d  f u e l  release 

rate d a t a  as i t  a p p l i e s  t o  p a r t i c u l a r  elements and p o s i t i o n s .  Perhaps 

e f f e c t i v e  full-power days i s  no t  i n d i c a t i v e  of e f f e c t i v e  d i f f u s i o n  days. 

F i n a l l y ,  a very important  f e a t u r e  of t h e  long-term f u e l  element 

r e s u l t s  as they p e r t a i n  t o  t h e  short- term l abora to ry  r e s u l t s  should be 

mentioned. None of t h e  high-temperature long-term d a t a  g ive  evidence 

of a back p res su re  f o r  a slow r e l a x a t i o n  of t h e  t rapped f r a c t i o n  via  a 

s o l i d - s t a t e  d i f f u s i o n  mechanism. A l l  t h a t  i s  requi red  t o  c o r r e l a t e  

t h e  p r o f i l e s  f o r  metall ic d i f f u s i o n  i n  t h e  Core I r e s u l t s  i s  a s i n g l e  
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parameter 13. 
estimates regarding t h e  length  of t r a n s i e n t  t i m e s .  It appears  t h a t  

t h e  ''need" f o r  l abora to ry  D I E  values  f o r  cesium t r a n s p o r t  c a l c u l a t i o n s  

reduces t o  t h e  same level as t h e  "need" f o r  e l a b o r a t e  computer codes 

t o  perform such c a l c u l a t i o n s .  

Values of DIE w e r e  no t  requi red ,  except  t o  make some 

3 . 4  RADIONUCLIDE DISTRIBUTIONS I N  AN HTGR- E. L.  Compere, M. F. Osborne, 
and H.  J. de  Nordwall 

Because t h e  d i s t r i b u t i o n  and release of r a d i o l o g i c a l l y  s i g n i f i c a n t  

f i s s i o n  products are inf luenced by several d ive r se  mechanisms, i t  i s  

d e s i r a b l e  t o  develop a scheme by which t h e  s i g n i f i c a n c e  of t hese  

ind iv idua l  mechanisms t o  determining rad ionucl ide  release may be  ordered.  

Thus, t he  purpose of t h i s  i n v e s t i g a t i o n  has  been t o  i d e n t i f y  release 

pathways f o r  two s e l e c t e d  rad ionucl ides ,  tritium and iodine ,  t o  de f ine  

those  parameters t h a t  govern release by a given pathway, and t o  assess 

t h e  ex ten t  t o  which these  parameters have been determined. 

3 .4 .1  Analysis of Tr i t ium D i s t r i b u t i o n  and Release 

A r e p o r t  of s t u d i e s  of t h e  d i s t r i b u t i o n  and release of t r i t i u m  i n  

an HTGR w a s  i s sued .  l 4  An a b s t r a c t  of t h i s  r e p o r t  fol lows:  

Tr i t ium w i l l  be  produced i n  high-temperature gas- 

cooled r e a c t o r s  no t  only by f i s s i o n ,  b u t  a l s o  t o  a 

s i g n i f i c a n t  ex ten t  by r e a c t i o n s  of neutrons wi th  boron 

i n  burnable  poison and c o n t r o l  rods,  wi th  trace l i t h i u m  

impuri ty ,  and with 3 H e  occur r ing  n a t u r a l l y  i n  t h e  helium 

coolant  f lowing through t h e  core.  A po r t ion  of t h e  t r i t i u m  

t h a t  is  formed i n  s o l i d s  o r  f u e l  may be r e l eased  t o  t h e  

coolan t .  This t r i t i u m  mingles wi th  t h e  hydrogen i n  the  

coolan t  and w i l l ,  i n  p a r t ,  chemisorb on g raph i t e .  I n  

add i t ion ,  i t  may l e a k  wi th  t h e  coolant  from t h e  r e a c t o r  

v e s s e l ,  b e  removed i n  t h e  hel ium p u r i f i c a t i o n  system, 

o r  permeate system w a l l s  i n t o  t h e  steam genera tor ,  where 

as a r e s u l t  of removal (blowdown) o r  l o s s e s  i t  i s  s u b j e c t  

t o  release t o  t h e  environment. 
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The d i f f e r e n t i a l  equat ions  desc r ib ing  t h e  above 

behavior  are developed. 

inc luding  hydrogen concent ra t ion ,  f o r  a per iod  makes i t  

p o s s i b l e  t o  express  t h e  d i s t r i b u t i o n  as w e l l  as t h e  

product ion i n  t h e  form of coupled sets of l i n e a r  f i r s t -  

o r d e r  ord inary  d i f f e r e n t i a l  equat ions .  

a n a l y t i c a l  s o l u t i o n  of t h e s e  is  presented .  

Assumption of s t eady  condi t ions ,  

A genera l ized  

The above t r i t i u m  genera t ion  and d i s t r i b u t i o n  model 

h a s  been incorpora ted  i n  a computer code, TRITGO. An 

i l l u s t r a t i v e  c a l c u l a t i o n  us ing  parameters taken from 

t h e  PSAR d e s c r i p t i o n  of t h e  For t  S t .  Vrain Reactor has  

been made. This i n d i c a t e s  t h a t  most of t h e  t r i t i u m  

emerging from the  primary coolan t  w i l l  have been 

generated by the  3He(n,p)T r eac t ion .  

f r a c t i o n  e n t e r s  t h e  s t e a m  genera tor .  The t r i t i u m  

i n  t h e  s t e a m  genera tor  blowdown, a f t e r  proper  

d i l u t i o n ,  may b e  considered f o r  release t o  t h e  

environment. The e f f e c t s  of vary ing  a number of 

system parameters are considered.  

A s i g n i f i c a n t  

3 . 4 . 2  Iodine  Behavior i n  an HTGR 

Studies  of t h e  behavior  of i od ine  i n  an HTGR have r e s u l t e d  i n  t h e  

p repa ra t ion  of two r e p o r t s .  

wi th  i d e n t i f y i n g  iod ine  release pathways and t h e  mechanisms t h a t  

govern release a long  these  pathways; an a b s t r a c t  of t h i s  r e p o r t  fol lows:  

One of these15  is  concerned p r imar i ly  

The emission of iod ine  from nuc lea r  power r e a c t o r s  

as a r e s u l t  of normal ope ra t ions  o r  pos tu l a t ed  acc iden t s  

i s  r egu la t ed  by r e q u i r i n g  exc lus ion  area boundaries  such 

t h a t  t h e  dose t o  any i n d i v i d u a l  o u t s i d e  t h e  area w i l l  be  

less than  s t i p u l a t e d  va lues .  Appl ica t ion  of t h e  "as low 

as p rac t i cab le"  l i m i t ,  proposed f o r  l ight-water-cooled 

nuc lea r  power r e a c t o r  e f f l u e n t s ,  t o  t h e  a c t i v i t y  r e l eased  

from a t y p i c a l  r e a c t o r  i n s t a l l a t i o n  (here  an HTGR), 

i n d i c a t e s  t h a t  t h e  release of I3'I should be  as much below 
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1 3  mCi/year as is  p r a c t i c a b l e  us ing  today ' s  technology. 

Estimated va lues  of primary coolant  l e a k  rate, and of 

t he  decontamination f a c t o r  dur ing  passage through PCRV 

cracks  and secondary containment, l ead  t o  a der ived  

l i m i t  on the  amount of i od ine  i n  t h e  primary coolan t  

gas. A cons idera t ion  of t h e  rates of removal from 

t h e  primary coolan t  by p u r i f i c a t i o n  and by depos i t i on  

(p l a t eou t )  on system su r faces ,  and of en t ry  rates 

from f a i l e d  coated p a r t i c l e  f u e l ,  i n d i c a t e s  t h a t  some 

su r face  depos i t ion  is  d e s i r a b l e .  The metal s u r f a c e s  

of t h e  system are expected t o  be  oxidized.  Permanent 

adsorp t ion  on Fe304 may be  i n s u f f i c i e n t  t o  s u s t a i n  

t h e  needed depos i t ion  f o r  t he  l i f e t i m e  of t h e  r e a c t o r ,  

according t o  t h e  experimental  d a t a  presented.  However, 

i f  iod ine  atoms exchange r ap id ly  between gas and sur -  

f ace  phases,  t h e  s u r f a c e  requirement is  smaller and 

appears t o  be m e t .  Formation and decomposition of 

volatile metal iod ides  around the  c i r c u i t  are 

poss ib l e ,  bu t  concent ra t ions  may be  too  l o w  f o r  d i r e c t i o n  

depos i t ion  t o  occur.  I n  t h e  case of pos tu l a t ed  acc iden t s ,  

t h e  iod ine  t h a t  is  r e t a i n e d  as depos i t s  on primary 

system su r faces  r ep resen t s  a major source of r e l e a s e d  

iod ine .  It does n o t  appear l i k e l y  t h a t  r egu la to ry  

limits would b e  exceeded by any acc iden t s ,  provided 

prompt i s o l a t i o n  of t h e  secondary containment occurs .  

Even i n  t h e  l a c k  of such i s o l a t i o n ,  complete depres- 

s u r i z a t i o n  i n  t h e  absence of an apprec iab le  temperature  

rise i n  t h e  steam genera tors  should not  cause doses 

a t  t h e  exc lus ion  area boundary due t o  release of 

s u r f a c e  sorbed iod ine  t o  exceed l i m i t s  s t a t e d  i n  t h e  

Code of Federa l  Regulat ions,  T i t l e  10,  P a r t  100. 

The second r epor t  is more d i r e c t l y  concerned wi th  iod ine  so rp t ion  

and desorp t ion  c h a r a c t e r i s t i c s .  An a b s t r a c t  of t h i s  r e p o r t '  fol lows : 
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Safe ty  s t u d i e s  of t h e  HTGR system i n d i c a t e  t h a t  

r a d i o a c t i v e  iod ine ,  r e l eased  from t h e  f u e l  t o  t h e  hel ium 

coo lan t ,  may r ep resen t  a s i g n i f i c a n t  b i o l o g i c a l  hazard.  

Since information on iod ine  behavior  i n  t h i s  system w a s  

incomplete,  experimental  s t u d i e s  of i od ine  adsorp t ion  on 

HTGR materials w e r e  conducted i n  vacuum as func t ions  

of i od ine  p re s su re  and adsorber  temperature.  Iod ine  

coverages on FesOt, and C r 2 O 3  approached maxima of 

about 2 X 1 0 l 4  and 1 X 1 0 l 4  atoms/cm2, r e s p e c t i v e l y ,  

whereas the  iod ine  coverage on g r a p h i t e  under s i m i l a r  

condi t ions  w a s  found t o  b e  less by a f a c t o r  of about 

100. Limited i n v e s t i g a t i o n s  of i od ine  desorp t ion  

from t h e  same materials i n t o  vacuum o r  flowing hel ium 

w e r e  conducted as func t ions  of i od ine  coverage, 

adsorber  temperature,  and pure  vs w e t  helium. The 

rate of vacuum desorp t ion  from FesOk w a s  r e l a t e d  t o  

t h e  spectrum of ene rg ie s  of t h e  adsorp t ion  sites. 

A small amount of water vapor i n  the  helium enhanced 

desorp t ion  from i r o n  powder, b u t  appeared t o  have 

less e f f e c t  on desorp t ion  from t h e  m e t a l  oxides .  

3.5 FISSION PRODUCT SURVEILLANCE IN THE PEACH BOTTOM HTGR - 
R. P. Wichner, F. F. Dyer, W .  J. Martin,  L. L. F a i r c h i l d ,  and 
R. J .  Ked1 

The primary o b j e c t i v e  of t h e  Peach Bottom HTGR f i s s i o n  product  

s u r v e i l l a n c e  program is t o  provide d a t a  t o  v a l i d a t e  e x i s t i n g  computa- 

t i o n a l  programs t h a t  model f i s s i o n  product  behavior  i n  t h e  HTGR, o r  

f o r  use as a guide i n  modifying t h e s e  codes. 

The major p a r t  of t h e  s u r v e i l l a n c e  program involves  t h e  p o s t i r r a d i a -  

t i o n  examination (PIE) of  s i x  dr iver  f u e l  elements of Core 2.  Four 

of t h e s e  elements are end-of- l i fe  elements,  which had been sub jec t ed  t o  

900 equ iva len t  full-power days (EFPD) of service; t h e  remaining two 

were withdrawn fol lowing 384 and 701 EFPD. 

A second a spec t  of t h e  s u r v e i l l a n c e  program more d i r e c t l y  concerns 

f i s s i o n  product  behavior  w i t h i n  t h e  primary coolan t  c i r c u i t  i t s e l f ;  
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gamma r a d i a t i o n  spectroscopy has  been performed on s e l e c t e d  p a r t s  of 

t he  Loop 1 c u r c u i t  a t  approximately yea r ly  i n t e r v a l s  s i n c e  May 1971. 

I n  add i t ion ,  samples of helium coolant  have been taken upstream and 

downstream of the  steam genera tor  i n  Loop 1, and dus t  samples have 

been acquired from the  c o l l e c t o r  beneath t h e  cyclone s e p a r a t o r  i n  t h e  

primary c i r c u i t .  I n  each case, sampling has  been done more o r  less 

p e r i o d i c a l l y ,  so t h a t  changes i n  f i s s i o n  product  concent ra t ion  wi th  

t i m e  could be  monitored. 

3.5.1 Fuel Element Examinations 

A Peach Bottom d r i v e r  f u e l  element o u t l i n e  and assembly are 

depic ted  i n  Fig.  3.15. Helium coolant  flows upward (from r i g h t  t o  

l e f t )  ou t s ide  t h e  sleeve; however, a small flow from t h e  e x i t  plenum 

is d ive r t ed  downward through t h e  element. This so-cal led purge flow 

e n t e r s  through an a x i a l  ho le  i n  t h e  upper r e f l e c t o r ,  passes  through 

the  porous g raph i t e  plug,  and then  down t h e  element p r imar i ly  between 

the  annular  f u e l  compacts and t h e  sp ine .  Some of t h e  purge flow 

passes through t h e  o u t e r  gap between the  f u e l  compact and t h e  i n n e r  

s u r f a c e  of t h e  sleeve. Below t h e  bottom compact and t h e  lower r e f l e c t o r  

is  pos i t i oned  an i n t e r n a l  t r a p  assembly c o n s i s t i n g  of a g raph i t e  

cy l inde r  conta in ing  a number of a x i a l  grooves packed wi th  about 300 c m 3  

of charcoal .  The purge flow passes through t h e  charcoa l  t r a p  and ou t  

t he  bottom of t h e  element t o  t h e  p u r i f i c a t i o n  system. 

Unlike t h e  example i n  Fig.  3.15, element E06-01 is  one of several 

instrumented f u e l  elements.  Two 2.16- by 2.36-IMII (0.085 by 0.093-in.) 

grooves are c u t  a x i a l l y  i n  t h e  sp ine  a t  t h e  o u t e r  diameter  and conta in  

a Chrome1 vs Alumel and a tungsten-rhenium thermocouple. The junc t ions  

are loca ted  1.52 m (60 i n . )  from t h e  bottom of t h e  f u e l  compact s t a c k .  

A Peach Bottom f u e l  compact i s  shown i n  Fig.  3.16. Th i r ty  such 

compacts are s tacked  i n  a f u e l  element,  y i e l d i n g  an  a c t i v e  core  he igh t  

of 2.29 m (90 i n . ) .  (For i d e n t i f i c a t i o n ,  t h e  compacts are numbered 

from bottom t o  top  of t h e  f u e l  element.) The f u e l  p a r t i c l e s  are Biso- 

coated thorium-uranium carb ide ,  predominantly wi th  a Th/U r a t i o  of 5.5. 

There are a l s o  102 thorium elements conta in ing  somewhat l a r g e r  Biso 

par t ic les  wi th  a h igher  T h / U  r a t i o ,  18.5. 
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3.5.1.1 Postirradiation Examination Procedures 

Five groups of activities constitute the postirradiation examination 
of a given fuel element. These are enumerated below. 

Disassembly and Metrology- Girth cuts are made to remove the 1. 
top and bottom reflector regions. 

and the element is disassembled. 

spine pieces, and outside sleeve. The following critical dimensions 

are measured: inside and outside diameters of about seven selected 

fuel compacts, the length of each compact, the length and diameter of 

the spine pieces, and the inside and outside diameters of the sleeve 

at selected locations. 

The sleeve is cut into three pieces, 

Photographs are taken of the compacts, 

2. Axial gama-scanning- About four gamma spectra are acquired 

for each of the 30 fuel compacts to yield gamma-emitting radionuclide 
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i n v e n t o r i e s .  The sleeve and sp ine  p i eces  are a x i a l l y  scanned t o  o b t a i n  

a x i a l  d i s t r i b u t i o n  of gamma emitters i n  these  components. Axial  scans  

are a l s o  acqui red  i n  t h e  i n t e r n a l  t r a p  reg ion  and a long  t h e  purge flow 

i n l e t  duct .  

3. Radial  p r o f i l e s  - Radial  s e c t i o n s  of s l e e v e  and s p i n e  are 

obta ined ,  by use of a l a t h e  i n  a h o t - c e l l ,  oppos i t e  compact l o c a t i o n s  

9 ,  18, and 29. The samples are gamma counted to o b t a i n  f i s s i o n  product  

concent ra t ions  as a func t ion  of r a d i a l  l oca t ion .  When warranted,  r a d i a l  

p r o f i l e s  of gamma-emitting f i s s i o n  products  are also obta ined  f o r  t h e  

sleeve and sp ine  oppos i te  compact 2, and i n  t h e  bottom and top  r e f l e c t o r  

reg ions .  

4. Chemical ana lyses  - Samples from four  compacts are deconsol ida ted  

and analyzed f o r  heavy m e t a l  by i so tope -d i lu t ion  mass spectrometry and 

co lo romet r i ca l ly  f o r  a f i s s i o n  product  monitor,  zirconium, t o  determine 

f u e l  burnup. Addi t iona l ly ,  3H, I 4 C ,  and "Sr are determined by chemical 

s e p a r a t i o n  and b e t a  counting. 

by neutron a c t i v a t i o n .  Graphi te  samples acqui red  f o r  t h e  r a d i a l  p r o f i l e s  

are a l s o  analyzed f o r  3 H ,  1 4 C ,  " S r ,  B a y  and Te. 

S t a b l e  B a  and Te and 12 '1  are determined 

5. Metallography and F a i l e d  P a r t i c l e  F rac t ions  - Metal lographic  

examination is  made on fou r  f u e l  compacts. The f a i l e d  p a r t i c l e  f r a c t i o n  

is  es t imated  roughly by observing t h e  coa t ing  i n t e g r i t y  of from 100 t o  

200 p a r t i c l e s .  

3.5.1.2 Resu l t s  f o r  Driver Fuel  Element E06-01 

3.5.1.2.1 Operating Conditions and Element Type. Element E06-01., 

which w a s  l oca t ed  i n  t h e  s i x t h  r i n g  from t h e  c e n t e r  of t h e  co re  and t h e  

f i r s t  row of Sec t ion  E, w a s  removed a f t e r  385 EFPD of ope ra t ion .  

i s  one of t h e  546 " l i g h t  rhodium" elements (of t h e  t o t a l  number of 804) 

i n  which each of t h e  c e n t r a l  compacts con ta ins  0.34 g Rh burnable  

poison. End-of-life f luence  and temperature  condi t ions  are shown i n  

Fig.  3.17. 

It 
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Fig.  3 .17.  Computed Axial  Temperature and Fluence P r o f i l e s  f o r  
Element E06-01 a t  End of L i f e .  

3.5.1.2.2 Radionuclide Inven to r i e s  i n  t h e  Fuel  Compacts. 

Inven to r i e s  of rad ionucl ides  observed i n  t h e  E06-01 f u e l  compacts are 

shown i n  Table 3.9  i n  terms of c u r i e s  pe r  compact, co r rec t ed  f o r  decay 

t o  t he  d a t e  of removal from t h e  core.  

f o r  t h e  f u e l  element are l i s t e d  i n  t h e  bottom row. 

observed rad ionucl ide  l e v e l s  and l e v e l s  ca l cu la t ed '  w i th  t h e  ORIGEN 

code are l i s t e d  i n  Table 3.10. (An average dev ia t ion  of 13% between 

ca l cu la t ed  and observed inven to r i e s  is  considered reasonable  a t  t h i s  

The t o t a l  nuc l ide  inven to r i e s  

Comparisons between 

t ime.)  
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Table 3.9. Inventories of Gamma Emitters in E06-01 Fuel 
Compacts as of January 6, 1972 a 

Activity, CiICompacr 
Compact 

95zr 1 0 3 ~ ~  1 0 6 ~ ~  125sb 1 3 4 ~ ~  137cs '44Ce 15*Eu 

1 130.49 5.89 0.22 1.61 4.49 72.47 0 .03  

3 126.38 5.14 0.32 2.04 4.15 73.12 0.04 
4 152.75 6.07 0.27 2.75 5.11 85.66 0.05 
5 173.30 80.90 6.71 0.27 3.47 5.77 95.45 0.07 

7 197.28 7.66 0.27 4.48 6.38 97.10 0.09 

2 128.44 59.30 5.43 0.20 1.75 4.27 74.53 0.04 

6 198.31 88.70 7.96 0.27 4.36 6.50 107.51 0.08 

8 201.73 8.16 0.33 4.76 6.61 115.01 0.10 
9 248.31 10.25 0.42 6.06 8.00 139.81 0.17 
10 224.00 9.82 0.41 5.62 7.35 126.31 0.11 
11 228.10 9.31 0.38 5.88 7.43 126.55 0.14 
12 122.27 4.87 0.38 3.26 4.01 65.25 0.07 
13 252.76 9.48 0.38 6.54 8.10 143.03 0.13 
14 243.52 9.84 0.41 6.33 7.84 136.76 0.14 
15 218.51 8.96 0.37 5.70 7.11 119.70 0.15 
16 227.76 95.10 8.80 0.39 5.85 7.22 128.71 0.15 
17 214.75 8.34 0.34 5.61 6.95 119.36 0.14 
18 223.31 88.30 9.15 0.34 5.78 7.18 126.76 0.14 
19 214.06 106.00 9.00 0.38 5.58 7.04 114.29 0.11 
20 230.50 110.00 9.19 0.34 5.82 7.42 127.34 0.12 
21 207.55 86.20 8.52 0.35 5.36 6.92 118.06 0.12 
22 203.10 8.52 0.30 5.09 6.77 114.91 0.09 
23 206.87 101.00 8.58 0.31 5.10 7.07 117.79 0.12 
24 184.95 7.54 0.31 4.36 6.34 105.08 0.10 
25 174.67 6.75 0.27 3.92 5.86 101.41 0.09 
26 167.14 7.04 0.25 3.39 5.55 90.76 0.07 
27 158.58 6.65 0.24 3.03 5.39 92.89 0.09 
28 140.08 71.80 6.11 0.24 2.39 4.77 82.61 0.09 
29 112.68 4.51 0.22 1.70 3.83 62.03 0.04 

5.60 0.21 1.63 4.53 79.19 0.04 
SUM 5644.30 2661.00b 229.85 9.39 129.22 185.96 3159.40 2.92 

~ _ _ _ _ _ _ _ _ _  132.20 30 __ 

aResults obtained by gamma scanning. 
bNormalized to 30 compacts. 

Table 3.10. Comparison of Computed and Measured 
Fission Product Inventories in E06-01 Fuel 

Difference' 
( X )  

Activity, Ci 

Calculateda Measuredb 
Radionuclide 

85KT 264 N 
"SK 429 N 
" ~ r  166 N 
9 5 ~ r  5180 5640 -8.2 

l o  3 R ~  2660 2661 -0.04 
Io6Ru 196 230 -1 5 

0.224 N 

6.4 9.4 -32 

11om 
24.7 1 1  LAg N 

I2 

'27mTe 29.9 N 
Iz9Te 1110 N 

5.0 x 10-~ 1 2 g 1  N 

137cs 168 186 -9.7 

3340 1911 N 
134cs 161 129 25 

lU0Ba 6950 N 
'"Ce 3180 3160 0.6 
I5'Eu 0.019 N 
""Eu 3.3 2.9 14 
155Eu 3.94 N 

aCalculated by Tobias. '' 
bTaken from Table 3.9. 

made to measure the nuclide or its gamma rays were not 
detected. 

C1OO(calculated activitylmeasured activity - 1). 

N denotes that no attempt was 



3.5.1.2.3 Axial  D i s t r i b u t i o n s  of Radionuclides.  Axial d i s t r i b u t i o n s  

of observed gamma emitters i n  the  s l eeve  of element E06-01, expressed as 

c u r i e s  i n  t h e  76-mm (3-in.) s e c t i o n  oppos i te  t h e  s t a t e d  compact number, 

are l i s t e d  i n  Table 3.11. Also l i s t e d  are t h e  3H and "Sr inven to r i e s  

f o r  t h e  ind ica t ed  seven compact l oca t ions .  The t o t a l  inventory i n  t h e  

s l eeve  and t h e  sp ine  of each observed gamma emitter is  shown i n  t h e  

l a s t  row of t he  t a b l e .  

Table 3.11. Axial  D i s t r i b u t i o n  of Gamma E m i t t e r s  i n  
E06-01 Sleevea - January 6,  1972 

Activ i ty ,  pCi/Sleeve Section b Compact 
4 6 s c  6 O c O  9SZr 106Ru l l O A g  1 3 L t C s  1 3 7 c s  144Ce 1 5 4 ~ "  3~ 9 0 s r  

1 1.16 
2 0.99 
3 1.36 
4 1.53 
5 1.74 
6 1.77 
7 1.77 
8 2.00 
9 2.07 

10 2 . 1 1  
11 2.24 
12  2.18 
13  2.04 
1 4  2.14 
15 2.24 
16 2.00 
1 7  2.00 
18  1.97 
19 1.84 
20 2.62 
21  2.76 
22 7.52 
23 1 .71  
24 1.63 
25 1.22 
26 3.50 
27 1.33 
28 1.43 
29 1.36 

1.36 
SUM 61.65 

30 - 

0.16 
0.19 
0.21 
0.24 
0.26 
0.28 
0.32 
0.36 
0.37 
0 .41  
0.39 
0.41 
0.37 
0.40 
0.37 
0.37 
0.42 
0.42 
0.41 
0.53 
0.52 
0.48 
0 .40  
0.31 
0.29 
0.33 
0.29 
0.27 
0.28 
0.18 

10.19 

6.40 
6.40 
6.10 
8.50 

10.70 
7.00 
9.30 
7.90 
7.50 
9.80 
8.60 
9 .OO 
8.90 

10.60 
8.60 
9.20 

12.40 
10.20 

8.70 
7.30 
4.80 
9.40 

10.00 
11.00 

7.00 
8.00 
8.00 
7.00 

45.00 
0.00 

283.30 

0.37 
0.40 
0.40 
0.50 
0.67 
0.55 
0.58 

0.70 

0.86 
0 .73  
0.00 
1.28 
1.24 
0.68 

1.46 

10.42 
- 

0.00 
0.00 
0.00 
0.00 
0.21 
0.00 
2.24 
0.65 
4.15 
5.24 
3.06 
2.45 
4.05 
3.47 
2.65 
3.33 
2.86 
2.96 
2 .11  
2.42 
2.14 
2.31 
1.84 
1.97 
1.60 
1.22 
0.99 
0.71 
0.00 
0.00 

54.63 
- 

0.12 
0.15 
0.16 
0.24 
0.44 
0.44 
0.60 
0 . 8 1  
0.94 
1.08 
1.37 
1.26 
1.15 
1.09 
1.07 
1.10 
1 . 6 1  
1.10 
0.90 
1.33 
1.00 
1.05 
0.95 
0.87 
0 .67  
0.54 
0.49 
0.41 
0.96 
0.18 

24.06 

0.32 
0.34 
0.36 
0.48 
0.82 
0.76 
0.90 
1.11 
1.20 
1.37 
1 .67  
1 .54  
1.50 
1.42 
1 . 3 1  
1.37 
2.03 
1.33 
1.19 
1.84 
1.42 
1.49 
1.48 
1.43 
1.22 
1.00 
1.01 
0.93 
1.59 
0.36 

34.78 

6.84 
5.88 
4.73 
8.88 
9.36 
6.80 
9.56 
9.90 
9.87 

10.41 
10.75 
12.76 

8.33 
11.50 
10.20 

8.30 
11.10 
10.20 

9.70 
10.20 
10.20 
11.90 
11.70 
10.20 

8.50 
6.80 
4.60 
3.40 

104.00 
0.00 

356.57 

0.10 
0.10 
0.10 
0 .13  
0.15 
0.14 
0.16 
0.14 
0 . 1 3  
0.15 
0.17 
0.16 
0.16 
0.15 
0.14 
0.17 
0.19 
0.19 
0.15 
0.18 
0 .21  
0.20 
0.19 
0.11 
0.10 
0.14 
0.07 
0.07 
0.07 
0.07 
4.20 

2.020 
2.360 
3.380 
5.410 
8.400 
3.840 
2.030 
1.920 

0.065 
0.047 
0.067 
0.325 
0.222 
1.040 
2.040 
0.326 

5esults determined by gamma scanning as pCi/g were normalized t o  curies per 76 m ( 3  in.) of 

bCompact number adjacent t o  measured s leeve  sect ion.  

s leeve  with a measured value of 4.465 kg/m (113.4 g / in . )  of s l eeve .  

3.5.1.2.4 Radial  D i s t r i b u t i o n s  i n  t h e  Sleeve and Spine. Radial  

d i s t r i b u t i o n s  of four  observed gamma-emitting rad ionucl ides  i n  t h e  sleeve 

g raph i t e  are given i n  Table 3.12 f o r  compact l o c a t i o n s  7, 16,  and 26. 

Addi t iona l ly ,  3H and "Sr concent ra t ions ,  as obtained by chemical 
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Table 3.12. Radial  D i s t r i b u t i o n  of Radionuclides i n  E06-01 
Sleeve a t  Three Locat ions on January 6,  1972 

3H "Sr 

43.91 
43.28 
42.45 
41.44 
40.42 
39.40 
38.39 
37.37 
36.36 
35.39 

43.94 
43.30 
42.48 
41.46 
40.45 
39.43 
38.42 
37.40 
35.91 

43.92 
43.29 
42.46 
41.45 
40.43 
39.42 
38.40 
37.38 
36.37 
35.40 

0.64 
0 .64  
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1 .02  
0.92 

0.64 
0.64 
1.02 
1.02 
1.02 
1 .02  
1.02 
1.02 
1.96 

0.64 
0.64 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
1.02 
0 .92  

At Compact 7 

1.990 0.064 0.057 
0.759 0.014 0.020 
0.762 0.016 0.019 
0.859 0.020 0.030 
0.902 0.049 0.055 
0.886 0.112 0.131 
0.816 0.280 0.309 
0.739 0.652 0.745 
0.767 1.730 2.690 
2.710 13.590 16.720 

At Compact 16 

2.240 0.068 0.109 
0.977 0.069 0.068 
0.903 0.121 0.108 
1.050 0.193 0.189 
1.140 0.360 0.341 
1.190 0.726 0.713 
1.080 1.570 1.650 
1.010 3.390 3.700 
2.420 15.900 19.960 

At Compact 26 

1.570 0.025 0.034 
0.786 0.039 0.055 
0.777 0.076 0.096 
0.882 0.118 0.160 
0.958 0.184 0.255 
1.020 0.317 0.429 
0.939 0.526 0.739 
0.824 0.800 1.160 
0.875 0 .831  1.190 
1.510 11.210 18.550 

0.613 
0.614 
0.569 
0.582 
0.523 
0 .531  
0 . 5 3 1  
0.496 
0.443 
0.372 

10.800 
8.320 
6.440 
6.720 
6.840 
6.680 
5.040 

10.500 
28.700 
45.600 

0.182 
0.067 
0.071 
0.127 
0.066 
0.112 
0.058 
0.087 
0.216 
3.030 

0.713 28.500 0 .153  
0.691 25.000 0 .131  
0.652 19.500 0.130 
0.619 17.200 0.072 
0.603 15.500 0.093 
0.604 16.900 0.136 
0.584 15.700 0.068 
0.544 10.300 0.077 
0.619 11.300 12.200 

0.596 
0.577 
0.541 
0.531 
0.531 
0.508 
0.499 
0.495 
0.490 
0.421 

9.480 0.028 
7.720 0.035 
5.710 0.057 
5.650 0.052 
4.160 0 .053  
3.520 0.038 
3.890 0.060 
4.310 0.059 
4.410 0.145 
6.020 13.000 

s e p a r a t i o n  and b e t a  count ing,  are l ikewise  l i s t e d  as a func t ion  of 

r a d i a l  d i s t ance .  Note t h a t  t h e  cesium nuc l ide  da t a ,  as w e l l  as t h e  

d a t a  f o r  ''SI-, c l e a r l y  i n d i c a t e  a source  a t  t h e  i n n e r  r a d i u s  and 

d i f f u s i o n  outward. 

behavior .  For compact l o c a t i o n  7, which is  t h e  c o o l e s t  of t h e  t h r e e  

a x i a l  l o c a t i o n s ,  t h e  predominant source  of t r i t i u m  i n  t h e  sleeve appears  

t o  b e  s i t u a t e d  a t  t h e  i n n e r  su r face .  However, t h e r e  appears  t o  b e  

some e x t e r n a l  source ,  as evidenced by t h e  concent ra t ion  e l e v a t i o n  a t  

The 6oCo and 3H d a t a ,  however, show a more complex 
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I 

t h e  ou te r  sur face .  The s i t u a t i o n  is  q u i t e  d i f f e r e n t  f o r  compact l o c a t i o n  

16, where t h e  t r i t i u m  g rad ien t  is decreasing inward i n s t e a d ,  ev iden t ly  

s i g n i f y i n g  a t r i t i u m  source e x t e r n a l  t o  the  f u e l  element and subsequent 

d i f f u s i o n  inward. 

Figure 3.18 i l l u s t r a t e s  t h e  r a d i a l  d i s t r i b u t i o n  of ' 34Cs and 3 7 C s  

Most s t r i k i n g  is t h e  c l o s e  s i m i l a r i t y  i n  t h e  s l eeve  of element E06-01. 

i n  the  shape of t he  r a d i a l  d i s t r i b u t i o n  f o r  each of t h e  cesium radio- 

nuc l ides  a t  the  corresponding a x i a l  l oca t ions .  This  c l o s e  s i m i l a r i t y  

i n d i c a t e s  t h a t  each rad ionucl ide  w a s  d i s t r i b u t e d  by t h e  i d e n t i c a l  t rans-  

p o r t  mechanism, d e s p i t e  t h e  f a c t  t h a t  134Cs passes  through a 5-day h a l f -  

l i f e  1 3 3 X e ,  whereas the  h a l f - l i f e  of t h e  xenon precursor  t o  1 3 4 C s  is  

only 4 min. 

not  appear t o  play a s i g n i f i c a n t  r o l e  i n  cesium t r a n s p o r t .  

In  o t h e r  words, t r a n s p o r t  of t h e  noble  gas precursor  does 

SLEEVE 
I O  

I I I I 

ORNL OWG 75-875t 

Fig. 3.18. Radial  Cesium D i s t r i b u t i o n s  i n  Element E06-01 Sleeve. 
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This aspec t  w a s  pursued f u r t h e r  i n  t h e  following manner: From t h e  

reported noble gas re lease- to-bir th  r a t e  r a t i o  (RIB)  values  f o r  t h e  

Peach Bottom HTGR, t he  cur ren t  of xenon leaving  t h e  s l eeve  o u t e r  su r f ace  

can be computed. I f  es t imated values  of the  mass t r a n s f e r  c o e f f i c i e n t  

and f r e e  stream concentrat ion of xenon are then used, one can thereby 

compute the  o u t e r  su r f ace  concentrat ion of xenon i n  the  s leeve .  The 

d i f fus ion  equat ion with these  two boundary condi t ions (concentrat ion 

and cur ren t  on t h e  ou te r  s leeve  sur face)  may then be solved f o r  t he  

s leeve ,  y i e l d i n g  xenon concentrat ion p r o f i l e s  f o r  assumed values  of 

t he  e f f e c t i v e  xenon d i f fus ion  c o e f f i c i e n t .  The t o t a l  xenon inventory 

and thus t h e  t o t a l  cesium inventory,  which r e s u l t s  from subsequent 

decay, may then be  r ead i ly  ca l cu la t ed  by assuming t h a t  cesium does not  

d i f f u s e  out  of t h e  sleeve once i t  i s  born. 

a d d i t i o n a l  ca l cu la t ion  is necessary s ince  i t  comes from neutron capture  

by 133Cs.)  

( In  the  case of 1 3 4 C s ,  an 

Since t h e  ava i l ab le  R I B  values  r e f e r  t o  the  whole core ,  and no t  

p a r t i c u l a r l y  t o  element E06-01, and s ince  xenon d i f fus ion  c o e f f i c i e n t s  

f o r  s l eeve  graphi te  are not  w e l l  known, estimates of t h i s  type must b e  

regarded as approximate. That is, i n  the  f i n a l  comparison, f a c t o r s  of 

2 o r  3 must b e  considered neg l ig ib l e ,  s o  t h a t  only orders  of magnitude 

are considered t o  be s i g n i f i c a n t .  The r e s u l t s  of the  ca l cu la t ions  are 

shown i n  Table 3.13. 

Table 3.13. Calculat ion of Cesium Inventor ies  i n  E06-01 Sleeve 
Assuming Only Xenon Diffusion 

34cs 7cs 
~~ ~ 

Act iv i ty  i n  76 mm ( 3  in . )  of s l eeve ,  C i  

Measured 8.0 x io-" 1 . 2  x 10-~ 

Calculated f o r  t he  following 
values  of t he  X e  d i f f u s i o n  
c o e f f i c i e n t  

1.0 x cm2/sec 

2.0 x cm2/sec 

1.0 x cm2/sec 

3 x 10-9 5 x 10-~ 

3 x 10-~ 

2 x lo-* 3 x 
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The 134Cs r e s u l t s  are t h e  most d e f i n i t i v e ,  s i n c e  t h e  ca l cu la t ed  

Note inventory does not  markedly depend upon t h e  xenon d i f f u s i v i t y .  

t h a t  t h e  computed inventory of 1 3 4 C s  i n  t h e  sleeve, assumed t o  o r i g i n a t e  

from 1 3 3 X e ,  is  f i v e  t o  s i x  o rde r s  of magnitude less than  t h e  measured 

inventory.  

13'Cs entered  the  s l eeve  as 134Cs and 1 3 3 C s .  

This  i n d i c a t e s  r a t h e r  s t r o n g l y  t h a t  most of t h e  observed 

The r e s u l t s  f o r  137Cs are somewhat ambiguous because of t h e  s h o r t  

h a l f - l i f e  of t he  1 3 7 X e  p recursor  ( 3 . 9  min) . 
inventory are shown, which correspond t o  d i f f e r e n t  assumed va lues  of t h e  

xenon d i f f u s i o n  c o e f f i c i e n t  over t h e  range t o  cm2/sec. A s  is  

obvious i n  the  t abu la t ion ,  as t h e  d i f f u s i o n  c o e f f i c i e n t  changes by one 

o rde r  of magnitude, t h e  computed inventory of 137Cs changes by f i v e  

o rde r s  of magnitude, s o  t h a t  t h e  ca l cu la t ed  r e s u l t s  encompass t h e  measured 

value.  This  ambiguity,  however, i s  mi t iga ted  by t h e  observa t ion  t h a t  

t h e  holdup t i m e  of xenon i n  the  sleeve must be  r e l a t i v e l y  s h o r t ,  s i n c e  

repor ted1* RIB va lues  obta ined  by sampling t h e  purge flow and t h e  

coolant  f low maintained t h e  same r a t i o  f o r  h a l f - l i v e s  ranging from 

5.2 days t o  3 . 2  min. For t h i s  t o  be  t h e  case, c a l c u l a t i o n s  show t h a t  

xenon d i f f u s i o n  c o e f f i c i e n t s  i n  t h e  Peach Bottom sleeve must be  approxi- 

mately 1 .0  X cm2/sec o r  s l i g h t l y  h igher .  Therefore ,  r e f e r r i n g  t o  

Table 3 .13 ,  ca lcu la t ed  a c t i v i t y  levels i n  t h e  s l eeve  f o r  137Cs assumed 

t o  be t r anspor t ed  by xenon d i f f u s i o n  are aga in  s u b s t a n t i a l l y  less than  

observed l e v e l s .  Hence, we conclude t h a t  xenon t r a n s p o r t  is  not  s i g n i f -  

i c a n t  f o r  e i t h e r  134Cs o r  137Cs. 

Three va lues  of 37Cs 

W e  can now estimate e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t s  f o r  cesium 

from t h e  r a d i a l  concent ra t ion  p r o f i l e s  wi th  confidence t h a t  migrat ion 

of t h e  xenon precursor  and subsequent decay w i l l  n o t  cloud t h e  r e s u l t s .  

From t h e  r a d i a l  p r o f i l e s  of 1 3 4 C s  and 137Cs i n  t he  element E06-01 s l eeve ,  

which are shown i n  Fig.  3 . 1 8 ,  e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t s  w e r e  

es t imated  wi th  t h e  a s s i s t a n c e  of FIPER-Q by pa rame t r i ca l ly  vary ing  t h e  

d i f f u s i o n  c o e f f i c i e n t  u n t i l  a b e s t  f i t  w a s  obtained between t h e  computed 

and observed concent ra t ion  p r o f i l e s .  Resul t s  of t h e s e  c a l c u l a t i o n s  

are shown i n  Fig.  3 .19  f o r  compact l o c a t i o n s  7, 16,  and 26. The 

h o r i z o n t a l  scale i n d i c a t e s  t h e  range of temperatures t h a t  e x i s t e d  i n  

t h e  s l eeve  a t  end-of-l ife (EOL) condi t ions .  
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ORNL ow n - i s o m  
I I , I 

--_- ESTIMATED BY GAC FOR CORE I FUEL ELEMENT D13-05. 

- ESTIMATED BY ORNL FOR CORE 2 FUEL ELEMENT E06-01. 

I I 1 I I I 
8 9 IO II 12 13 

IO‘/TEMP. ( O K )  

Fig. 3.19. E f f e c t i v e  Cesium Dif fus ion  Coef f i c i en t s  Estimated from 
Radial  P r o f i l e s  Observed i n  Peach Bottom Fuel Elements. 

Included i n  t h e  p l o t  are e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t s  computed 

by Haire and Zumwalt” from p r o f i l e s  taken from element D13-05 of Core I. 

Both elements had s l eeves  composed of t h e  s a m e  g raph i t e ,  HLM 85. The 

agreement between the  two sets of estimates appears  t o  be  f a i r l y  good. 

However, a t  t hese  s m a l l  e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t s ,  p r o f i l e s  

e s t a b l i s h  q u i t e  slowly, and hence i t  may be  more appropr i a t e  t o  employ 

time-average r a t h e r  than EOL temperatures ,  which would move each ind i -  

ca t ed  range t o  t h e  r i g h t  somewhat. 

3.5.1.2.5 Summary of Radionuclide Inven to r i e s  i n  t h e  Graphi te  

Por t ions  of E06-01. Inven to r i e s  of s e l e c t e d  nuc l ides  found i n  t h e  top 

r e f l e c t o r ,  s l eeve ,  sp ine ,  and bottom r e f l e c t o r  po r t ions  of t h e  element 

are summarized i n  Table 3 . 1 4 .  T o t a l s  are compared i n  t h e  las t  column 

wi th  t h e  sum observed i n  t h e  30 f u e l  compacts. W e  no te  t h a t  t h e  
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Table 3 . 1 4 .  Inven to r i e s  of Radionuclides i n  Graphi te  
Components of E06-01 

Activity,a UCi 

Total Radionuclide 
Bottom ( X  of total 
Ref lector' in 30 fuel Total Top b Spine Sleeve Reflector 

compacts) 

4 

0 . 8  

N 

1 . 2  x io-' 
0.09 

0 .06  

0 .02  

3 x lo-* 

3.5 x io-' 
0.25 

0.012 

N 

I 
I 

11.1 
3.7 

32 

8.6 

1 7  

10 

1 2  

56 

3.8 

N 

N 

N 

7 . 2  

4 .3  

62 

10 

283 

10 

55 

24 

35 

356 

4.2 

N 

N 

N 

109 

16  

N 

1 . 9  

N 

0 . 6  

N 

1.1 

0.69 

9.6 

N 

N 3 

N 

9.2  

N 

N 

77 

16  

315 0.0056 

19 0.0083 

72 

35 0.027 

48 0.026 

422 0 .013 

a 0.27 

5 x 1 0 - ~  

0.012 

9.2  

116 

20 

entry of N instead of a numerical value in the table denotes either that 
no attempt was made to measure the radionuclides or that it was not detected by 
gamma spectroscopy. An I denotes insufficient data to determine inventory. 

bIncludes only purge tube and porous plug. 

'Includes only f i s s i o n  product trap. 

rad ionucl ide  1 5 4 E ~  i s  present  i n  the  g raph i t e  po r t ions  of t he  f u e l  

element t o  t h e  g r e a t e s t  degree r e l a t i v e  t o  the  amount i n  t h e  f u e l .  The 

main source f o r  t h i s  rad ionucl ide  is  ev iden t ly  neutron a c t i v a t i o n  of 

1 5 3 E ~ ,  which is present  as an impuri ty  i n  t h e  s l eeve  g raph i t e .  

h ighes t  f i s s i o n  product m o b i l i t i e s  are observed f o r  1 3 4 C s  and 137Cs, 

where 0.027% and 0.026%, r e s p e c t i v e l y ,  of t h e  f u e l  inventory are found 

i n  the  g raph i t e .  

product t r a p  are q u i t e  low compared wi th  t h e  nuc l ide  concent ra t ions  i n  

the  s l eeve  and sp ine .  

The 

It is  a l s o  worth not ing  t h a t  i n v e n t o r i e s  i n  t h e  f i s s i o n  

3.5.2 Primary C i r c u i t  G a m  Ac t iv i ty  Scans 

The primary coolant  p ip ing  w a s  gamma scanned on four  occasions 

during t h e  l i f e  of Peach Bottom Core 2 a t  t h e  l o c a t i o n s  s p e c i f i e d  i n  
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Table 3.15. 

a v i s u a l i z a t i o n  of t h e  main loop wi th  most of t h e  scanning p o i n t s  i d e n t i -  

f i e d . )  P l a t eou t  a c t i v i t i e s  determined i n  these  four  tests are summarized 

i n  Tables 3.16 and 3.17. Each test w a s  conducted dur ing  a shutdown 

per iod ,  and t h e  d a t a  w e r e  co r rec t ed  back t o  t h e  t i m e  of shutdown. 

r e l e v a n t  da t e s  are l i s t e d  f o r  each tes t .  Table 3.16 l ists  r e v i s i o n s  of 

va lues  prev ious ly  repor ted .  ’ Table 3.17 conta ins  an augmented ve r s ion  

of d a t a  presented  previously2’  a long  wi th  t h e  r e s u l t s  of t h e  most r ecen t  

gamma scan ,  taken about two weeks fol lowing t h e  f i n a l  shutdown of t h e  

r e a c t o r  p l u s  a s i n g l e  sampling a t  l o c a t i o n  5 i n  May 1974. 

(One may r e f e r  t o  Figs .  10.8 and 10.9 of Kolb e t  ai.’’ f o r  

The 

Table 3.15. Primary Loop Sampling Locat ions - Loop 1 

Locat i on  
Dis tance  from Loop 1 

Steam Generator 
(m) 

1. Near steam gene ra to r  

2. D i r e c t l y  upstream from va lve  HC 203 

3. Downstream from valve HC 203 

4. Compressor i n l e t ,  nea r  e n t r y  c r a w l  space 

5. Compressor o u t l e t ,  near  e n t r y  c r a w l  space 

6.  Compressor o u t l e t ,  nea r  steam genera tor  

7. Vertical  duct  

2 

34 

37 

41 

58 

67 

99 

8. D i r e c t l y  upstream from concen t r i c  duc t  10 8 

It i s  worth no t ing  t h a t  i od ine  photopeaks w e r e  observed only i n  

t h e  September 1973 scan  d a t a ,  and upper d e t e c t i o n  l i m i t  a c t iv i t i e s  only 

are recorded f o r  t h e  1971 and 1974 scans.  The 1972 scan  w a s  acqui red  

f a r  t oo  long a f t e r  r e a c t o r  shutdown t o  o f f e r  any p o s s i b i l i t y  of d e t e c t i n g  

t h e  8-day I 3 ’ I  photopeak. 

Figure 3.20 summarizes some i n t e r e s t i n g  f e a t u r e s  of t h e  l a r g e  duct  

gamma-scan da ta .  Note t h a t  t h e  i n i t i a l  per iod  of Core 2 ope ra t ion  s a w  

a diminuat ion of 1 3 7 C s  a c t i v i t y  on t h e  cold l e g  of t h e  coolan t  duct  as 

a r e s u l t ,  ev iden t ly ,  of removing l a r g e  depos i t s  l e f t  from Core 1 opera t ion .  
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Table 3.16. Loop 1 Coolant Duct Activities During 1971 and 1972 

Activity, pCi/m2 
Locationa __ 

5 4 h  5 9 ~ ~  6 0 c 0  6 5 z n  9 5 z r  1 0 3 ~ ~  1 0 6 ~ ~  llOmAg 1 2 4 ~ b  l P I I  13LIcs 1 3 7 c s  " L C e  1 b O g a  154Eu 

On April 26, 1971 - Measured May 11-13, 1971 

1 31 79 94 110 <13 <20 <90 140 34 <85 3,100 9,400 2,400 43 <4.6 
4 39 26 8.2 130 <24 <46 '180 150 3.0 <190 3,400 11,100 300 38 <7.1 
5 32 11 5.3 150 <16 <30 <150 110 11 <130 3,200 9,900 100 40 <4.6 

7 14 78 96 18 23 3.9 49 250 3.5 <15 750 2,100 400 19 4.6 

2 1  36 41 59 49 1,300 4,100 250 <1.1 
15 14 10 30 <11 <49 <64 2 7  1.5 1,000 3,500 87 <1.1 

14 41 24 28 ~ 1 9  <64 <46 14 '3.4 520 1,800 160 <3.3 

6 12 45 30 22 < l o  <20 <150 19 3.3 <85 850 2,500 300 12 <4.2 

On January 6 ,  1972 -Measured April 25-28, 1972 

1 
3 
4 17 13 8.2 49 C6.4 <28 <30 38 8.9 
5 
6 23 100 130 42 <38 120 1 2 0  43 7.6 
8 

1,000 3,500 60 <O. 79 
790 2,800 54 <2.5 
990 3,700 430 '7.1 

58 10 5.3 23 <22 <85 (10 29 <1.7 

- 
aOescribed i n  Table 3.15. 

Table 3.17. Activities Found on Loop 1 Coolant Duct 
During 1973 and 1974 

Activity, uCi/m2 of Each Nuclide a Location 
134cs  36cs 7cs Oco 1 3 1 1  

5 

On Sept. 4, 1973 -Measured Sept. 19-21, 1973 
68 5.27 x io3 265 7.26 X l o 3  
69 4.04 188 6.44 
69 4.59 205 6.99 
0.34 1.32 77 1.82 
57 2.89 172 4.16 
42 4.22 244 5.38 
42 2.46 148 3.38 

On May 28, 1974 - Measured June 4, 1974 
11.6 10.7 

On Oct. 31, 1974 - Measured Nov. 4-8, 1974 
a00 
<loo 

4.8 <20 
<loo 

3.7 
120 <30 
420 <300 
90 <200 

36.9 230 30.4 
22.2 55 17.4 
22.3 73 18.2 
23.9 76 19.1 
20.0 22 15.8 
21.4 120 19.1 
26.7 220 22.7 
21.4 180 17.8 

aIdentified in Table 3.15. 
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Fig. 3.20. 
Peach Bottom Primary Loop. (1) Tota l  a c t i v i t y ,  ( 2 )  r a t i o  t o  t o t a l  
core  1 3 7 ~ s  inventory ,  (3) r a t i o  1 3 7 ~ s / 1 3 4 ~ s  a c t i v i t y .  

A c t i v i t y  of 1 3 7 C s  on Both Cold-Leg Ducts of t h e  

Fur ther  evidence f o r  t h e  observa t ion  t h a t  t h e  e a r l y  cesium a c t i v i t y  w a s  

l a r g e l y  l e f t  from Core 1 is o f f e r e d  by t h e  observed drop i n  t h e  1 3 7 C s / 1 3 4 C s  

r a t i o .  "Old" cesium would be cha rac t e r i zed  by a h ighe r  than  normal 

q u a n t i t y  of 1 3 7 C s  by v i r t u e  of i t s  longer  h a l f - l i f e .  

drop i n  t h e  r a t i o  dur ing  Core 2 opera t ion  i n d i c a t e s  t h a t  "oldll cesium 

w a s  being  rep laced  by cesium generated i n  Core 2.  

f r a c t i o n  of 1 3 7 C s  depos i ted  on t h e  cold duc t s  re la t ive t o  t o t a l  core  

inventory  

1972 d a t a ,  followed by an e l e v a t i o n  t o  2.5 x a t  end of l i f e .  

Thus, t h e  observed 

The approximate 

shows a s i m i l a r  i n i t i a l  drop from 4.5  x loe5 f o r  t h e  January 

3 . 5 . 3  Coolant Sampler Resul t s  

The Peach Bottom coolant  flow w a s  i s o k i n e t i c a l l y  sampled dur ing  

Core 2 opera t ion  both upstream and downstream from t h e  Loop 1 s t e a m  

genera tor ,  according t o  the  schedule  shown i n  Table 3.18. The design 



Table 3.18. Summary of Activities - Peach Botton Core 2 
Coolant Sampling Program 

S e r v i c e  Condi t ions  
Loca t ion  

Sampler R e l a t i v e  t o  Temperature, O C  Sampler I n t e g r a t e d  Components 
Designer  Steam Opera t ing  Dates Flowrate  Sample Flow 

(app rox)  mglsec ( l b m l h r l  kg  (lb,) 

and 

Deposi t ion 
Generator  I n l e t  

CG , GAC upstream unknown - 3 s t a i n l e s s  s t e e l  

C 1 ,  ORNL downstream 300 

CA-1,ORNL upstream 680 

CA-2, 

CB, ORNL downstream 300 

1 3 0  7 / 2 9 / 7 1 - 1 2 / 1 4 / 7 1  

350 9 /13 /72-11124172 
(1727 h r )  

111 1 7 1  7 3 5  f 19 I 7 4  
( 2 6 8 1  h r )  

1 3 0  1/17 I7 3-51 191 7 3  
( 2 6 8 8  h r )  

CC,ORNL upstream 6 80 350 3113174-5128174 
(1834 h r )  

(1834 h r )  
CD,ORNL downstream 300 130 3 / 1 3 / 7 4 - 5 / 2 8 / 7 4  

d i f f u s i o n  t u b e s ,  
c e l l u l o s e  f i l t e r ,  
c h a r c o a l  i o d i n e  
a b s o r b e r  

=5 9 =0.47 590 1 3 0 0  3 s i l v e r  d i f f u s i o n  
t u b e s ,  s i l v e r  membrane 
f i l t e r ,  a b s o l u t e  f i l t e r ,  
no i o d i n e  absorber  

33 0 . 2 6  

33 0 .26  

6 s t a i n l e s s  s t ee l  
d i f f u s i o n  tubes ,  s i l v e r  
membrane f i l t e r  

same 6 d i f f u s i o n  tubes  
as CA-1, b u t  new s i l v e r  
membrane f i l t e r ,  p l u s  
f i b e r g l a s s  f i l t e r ,  
and c h a r c o a l  i o d i n e  
a b s o r b e r  

60 0 . 4 8  585 1 2 9 0  4 s i l v e r  d i f f u s i o n  
t u b e s ,  a 5-s tage 
p a r t i c l e  impactor ,  
s i l v e r  membrane f i l t e r ,  
f i b e r g l a s s  f i l t e r  zeo- 
l i t e  a b s o r b e r ,  c h a r c o a l  
absorb e r 

33 0 . 2 6  216 477 same as CA-2 

4 8 . 4  0 .384 319 704 same as CB 
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of t h e  coolan t  samplers w a s  descr ibed previous ly ,  * and pre l iminary  d a t a  

are presented  by Malinauskas e t  a l . ,  2 1  de Nordwall e t  a l . ,  2 2  and i n  

previous progress  r epor t s .  19,20 

r epor t  on t h e  coolan t  sampler r e s u l t s  i s  i n  progress .  

regarding cesium depos i t ions  i n  t h e  upstream and downstream 1974 samplers 

are given i n  Table 3.19. 

l i s t e d  i n  column f i v e  i s  t h a t  t h e s e  va lues  g ive  an i n d i c a t i o n  of t h e  age 

of t h e  depos i ted  material. 

1 3 7 C s  l e v e l s  by v i r t u e  of i t s  longer  h a l f - l i f e .  The va lues  shown f o r  

t h e  1974 coolant  samplers are i n  agreement wi th  t h e  l a r g e  duct  scans ,  

i n  s i g n i f y i n g  t h a t  t h e  cesium observed i n  t h e  1974 tests w a s  of r ecen t  

o r i g i n .  

r a t i o s  ranging from 1 . 2  t o  3.9. 

A t  t h e  p re sen t  t i m e ,  a f i n a l  summary 

Recent r e s u l t s  

The s i g n i f i c a n c e  of t h e  1 3 7 C s / 1 3 4 C s  r a t i o s  

'Old" depos i t s  would e x h i b i t  r e l a t i v e l y  h ighe r  

This is  opposed t o  t h e  1971 t o  1973 d a t a ,  which showed 1 3 7 C s / 1 3 4 C s  

Table 3.19. Peach Bottom Coolant Sampler Resul t s  - Samplers 
CC and CD Corrected t o  May 1974 

Rat io  Observed Ac t iv i ty ,  V C i  

1 3 7cs/ 34cs Sampler 
1 3 4 ~ ~  136cs 1 3 7 ~ ~  

Di f fus ion  tubes 
and manifolds 

F i l t e r s  

TOTAL 

Dif fus ion  tubes 
and manifolds 

Impactor dus t  

F i l t e r s  

T o t a l  dus t  

TOTAL 

Upstream Sampler (CC) 

13.3 0.49 8.3 

1.13 0 .41  0.93 

14.4 0.53 9.23 

Downstream Sampler (CD) 

3.56 0.102 2.38 

1.93 0.048 1.32 

0.0896 0.0035 0.0587 

2.02 0.052 1.38 

5.58 0.154 3.76 

0.62 

0.82 

0.64 

0.67 

0.68 

0.66 

0.68 

0.67 
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4.  HTGR KERNEL MIGRATION AND IRRADIATED FUEL CHEMISTRY 

A .  P.  Malinauskas 

4 . 1  INTRODUCTION 

The main o b j e c t i v e  of t h i s  1,5-man-year program is  t h e  understanding 

of the  k i n e t i c  processes  and thermodynamics of t h e  f u e l ,  f i s s i o n  product ,  

coa t ing  system t o  a degree t h a t  permits  i d e n t i f i c a t i o n  and q u a n t i t a t i v e  

desc r ip t ion  of f a i l u r e  mechanisms and improved f u e l  performance by 

means of k e r n e l  chemistry modif icat ion.  

4 .2  KERNEL M I G R A T I O N  STUDIES - R. L .  Pearson and T .  B. Lindemer 

I n  t h i s  a c t i v i t y  q u a n t i t a t i v e  da t a  on f u e l  k e r n e l  migra t ion  rates 

are obtained out-of-reactor  on un i r r ad ia t ed  HTGR f u e l s .  S i m i l a r  in-  

r e a c t o r  d a t a  are obtained on i r r a d i a t e d  f u e l s  dur ing  p o s t i r r a d i a t i o n  

examination of i r r a d i a t i o n  capsules .  

4 . 2 . 1  Theory and I n i t i a l  Analyses of Oxide Kernel Migrat ion i n  HTGR 
P a r t i c l e s  

The theory and a n a l y s i s  of oxide k e r n e l  migra t ion  i n  HTGR p a r t i c l e s  

l eads  one t o  conclude t h a t  a s o l i d - s t a t e  d i f f u s i o n  mechanism ope ra t ing  

ac ross  the  k e r n e l  is  c o n t r o l l i n g  t h e  migrat ion rate.  The experimental  

oxide ke rne l  migrat ion d a t a  are c o r r e l a t e d  by p l o t t i n g  t h e  s o l i d - s t a t e  

KMC, which has  the  u n i t s  der ived by (cm/sec) K2 (K/cm)-’, versus  

r e c i p r o c a l  abso lu t e  temperature.  These ana lyses  and conclusions w e r e  

developed during a previous r epor t ing  per iod and publ ished.  Two 

subsequent pub l i ca t ions2  9 

present  r epor t ing  per iod  ampl i f ied  these  earlier ana lyses ;  t h e  a b s t r a c t s  

are given below: 

of theory and experimental  d a t a  dur ing  the  

This r epor t  p re sen t s  t he  c u r r e n t l y  a v a i l a b l e  quan t i t a -  

t i v e  da t a  f o r  t he  k e r n e l  migrat ion c o e f f i c i e n t  (KMC) i n  

pyrolytic-carbon-coated HTGR f u e l  p a r t i c l e s .  The d a t a  

inc lude  r e s u l t s  obtained a t  Oak Ridge Nat ional  Labora- 

t o r y  as w e l l  as information repor ted  i n  the  l i t e r a t u r e ,  

In- reac tor  KMC va lues  are repor ted  f o r  ke rne l s  composed 

of Th02 ,  Thl-ZUZ02, U O 2 ,  and ThC2, whi le  out-of-reactor  

205 
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KMC va lues  are r epor t ed  f o r  ThC2, Th1-zUzC2, and UC2 

ke rne l s .  The migra t ion  rates of a l l  t hese  k e r n e l  

types appear t o  be  c o n t r o l l e d  by s o l i d - s t a t e  d i f f u s i o n  

processes  t h a t  ope ra t e  when t h e  k e r n e l  is  i n  a 

temperature  g rad ien t .  To d a t e ,  t h e  migra t ion  of 

oxide k e r n e l s  has  been r epor t ed  only f o r  i n - r eac to r  

experiments.  There i s  no apparent  dependence of t h e  

KMC upon t h e  e x t e n t  of f i s s i o n  f o r  e i t h e r  ca rb ide  o r  

oxide ke rne l s .  The relative rate of in - reac tor  

migra t ion  of t h e  f u e l  compounds w a s  e s t a b l i s h e d  i n  

one set of comparative experiments and appears  t o  

have t h e  o rde r  Tho2 < Th1-,Uz02 < ThC2 i n  the  

temperature range of 1100 t o  1900OC; 1 ~ 0 2  appears  t o  

e x h i b i t  t h e  fastest migra t ion  ra te  a t  T G 1200Oc. 

Fuel  k e r n e l  migra t ion  is  widely observed i n  

the  coated oxide and carb ide  f u e l  p a r t i c l e s  used i n  
high-temperature gas-cooled r e a c t o r s  (HTGRs). The 

rate of t h i s  phenomenon is  gene ra l ly  observed t o  be  

s u f f i c i e n t  t o  e s t a b l i s h  ope ra t iona l  l i m i t s  on t h e  

time-temperature-power d e n s i t y  r e l a t i o n s h i p s  

needed f o r  t h e  des ign  of t h e  XTGR core.  On t h e  

o t h e r  hand, i t  has  been d i f f i c u l t  t o  e s t a b l i s h  t h e  

r a t e -con t ro l l i ng  migra t ion  mechanism i n  oxide f u e l s  

and thus  permit  t h e  rate of t h i s  mechanism t o  be 

determined unequivocally.  This  paper  desc r ibes  

several new and genera l  t h e o r e t i c a l  methods t h a t  can 

be  used t o  e s t a b l i s h  exper imenta l ly  t h e  r a t e - c o n t r o l l i n g  

mechanism, and a p p l i e s  t h e s e  developments t o  t h e  

a n a l y s i s  of r ecen t  i n - r eac to r  ke rne l  migra t ion  observed 

i n  coated U02, Thl-,UZ02, and Tho2 p a r t i c l e s .  

a n a l y s i s  e s t a b l i s h e s  t h a t  t h e  k e r n e l  migra t ion  rate is  

apparent ly  n o t  c o n t r o l l e d  by t h e  rate of CO/CO2 

d i f f u s i o n  i n  U 0 2 ,  Thl-zUz02, o r  Tho2 p a r t i c l e s .  

more, t h e  d a t a  i n d i c a t e  t h a t  a s o l i d - s t a t e  d i f f u s i o n  

This 

Fur ther -  
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mechanism is  c o n t r o l l i n g  the  ke rne l  migrat ion rate. A 

s o l i d - s t a t e  k e r n e l  migrat ion c o e f f i c i e n t  (KMC) has  been 

ca l cu la t ed  f o r  each p a r t i c l e  observed i n  meta l lographic  

c ros s  s e c t i o n s  of specimens from s e v e r a l  i r r a d i a t i o n  

experiments. The KMC is  def ined  as ( y / t )  (T') (dT/dz)-l, 

i n  which y i s  t h e  observed migrat ion dur ing  t i m e  t. 
These c o e f f i c i e n t s  were obtained over t h e  temperature  

range 900 t o  2000°C. 

t h a t  f o r  Th1--zUz02 a t  a given temperature;  UOZ had t h e  

h ighes t  KMC a t  T G 12OOOC. 

t h e  U 0 2  KMC w a s  % 19 kcal/mol,  whi le  t h a t  f o r  Tho2 and 

Th1-zUz02 w a s  % 44 t o  45 kcal/mol.  

ence of t h e  KMC could be  d iscerned  i n  e i t h e r  Tho2 o r  

u02. 

An a d d i t i o n a l  a n a l y s i s  compared the  use of t h e  KMC t o  c o r r e l a t e  

The KMC f o r  Tho2 w a s  less than 

The a c t i v a t i o n  energy f o r  

No burnup depend- 

ex tens ive  in- reac tor  U 0 2  migrat ion d a t a  wi th  t h e  use  of a c o r r e l a t i o n  

c o e f f i c i e n t  based on rate c o n t r o l  by CO-CO2 d i f f u s i o n .  The la t te r  

c o e f f i c i e n t  is designated as t h e  COKMC and is  given as Eq. (12b) of 

r e f .  1. The only major assumption i n  t h e  d e r i v a t i o n  is  t h a t  t h e  

krypton-plus-xenon release pe r  f i s s i o n  and t h e  oxygen release pe r  

f i s s i o n ,  which l eads  t o  t h e  genera t ion  of p re s su res  of CO and traces 

of C02  i n  t h e  p a r t i c l e ,  are cons tan t  a t  a l l  burnups. The COKMC can 

then be  def ined as: 

!& 
(1) a dt 

= dT % FIMA ' * z 100 

i n  which 

a = r a t i o  of t h e  void volume i n  t h e  b u f f e r  and k e r n e l  t o  t h e  
i n i t i a l  volume of a f u l l y  dense UOZ o r  Th1-zUz02 k e r n e l ,  

FIMA = f i s s i o n s  p e r  i n i t i a l  heavy-metal atom, 

, cm/sec, & = observed migrat ion 
dt i r r a d i a t i o n  t i m e  

T = temperature,  K, 

dT - = temperature g rad ien t ,  K / c m .  dx 
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The only s i g n i f i c a n t  d i f f e r e n c e  between t h e  KMC and t h e  COKMC i s  t h e  

i n c l u s i o n  of a and % FIMA i n  the  l a t t e r  q u a n t i t y ;  t h e  d i f f e r e n t  use  of 

temperature  l eads  p r imar i ly  t o  a scale f a c t o r  on t h e  o rd ina te .  The 

in - r eac to r  U 0 2  k e r n e l  migra t ion  d a t a  from GA4 and OWL2 were analyzed 

along wi th  d a t a  provided by R. Rotterdam (HRB, Mannheim), J .  Thompson 

(Belgonucleaire) ,  K.S.B.  Rose (AERE, Harwell) ,  and M. Wagner-L6ffler 

(Dragon P r o j e c t ,  Winf i r th ) .  Comparison of t h e  KMC and COKMC d a t a  

c o r r e l a t i o n s  d id  n o t  demonstrate t h a t  e i t h e r  w a s ,  by i t s e l f ,  s u f f i c i e n t l y  

d e f i n i t i v e  t o  e s t a b l i s h  e i t h e r  t he  s o l i d - s t a t e  mechanism o r  t h e  CO-CO2 

mechanism as r a t e -con t ro l l i ng .  However, t h e  s o l i d - s t a t e  KMC d id  c o r r e l a t e  

t h e  ma jo r i ty  of t h e  U 0 2  migra t ion  d a t a  as w e l l  as t h e  COKMC d id  and 

c e r t a i n l y  adequately f o r  core  design.  

4 . 2 . 2  Current KMC Data f o r  Oxides and Carbides 
5 A r e p o r t  p r e s e n t s  a l l  KMC d a t a  obta ined  a t  ORNL up t o  January 1976.  

Laboratory KMC d a t a  f o r  as-coated p a r t i c l e s  w e r e  ob ta ined  f o r  U C 2 ,  

Tho.altUo.16C2, Thc2, Th02, and U 0 1 . 6 5 N 0 . 2 5 .  The ca rb ide  d a t a  agreed 

exac t ly  wi th  t h a t  repor ted  by S t a n s f i e l d  e t  a1.6 and t h e  Tho2 d a t a  

agreed wi th  o t h e r  Tho2 KMC d a t a  obta ined  ear l ie r .273 ,7  

KMC va lues  f o r  U O n . 6 5 N 0 . 2 5 ,  which is a U O Z - U ~ N ~  s o l i d  s o l u t i o n ,  f e l l  

on t h e  high-temperature e x t r a p o l a t i o n  of t he  in - r eac to r  U 0 2  d a t a ,  t hus  

i n d i c a t i n g  t h a t  t h e  n i t r o g e n  a d d i t i o n  would n o t  improve the migra t ion  

c h a r a c t e r i s t i c s .  In- reac tor  tests of U 0 1 . 5 0 N 0 . 3 8  t o  85% FIMA, Fig.  4 . 1 ,  

confirmed t h a t  t h e  migra t ion  behavior  w a s  q u a l i t a t i v e l y  comparable wi th  

t h a t  f o r  U 0 2  a t  30 t o  85% FIMA. Thus, n i t rogen  a d d i t i o n s  t o  U02-based 

f u e l s  do no t  appear t o  be warranted.  

The l abora to ry  

Extensive a d d i t i o n a l  i n - r eac to r  d a t a  w e r e  obtained.  In- reac tor  

KMC d a t a  w e r e  ob ta ined  f o r  U O 2 ,  Th02, and Thl-zUz02 ( z  = 0.5,  0.33, o r  

0.11). These KMC d a t a  a l l  agree  wi th  o t h e r  KMC d a t a  obta ined  earlier.  9 

In  a d d i t i o n ,  no apparent  KMC d i f f e r e n c e s  could be  d e t e c t e d  i n  comparisons 

of Biso vs  Tr i so  p a r t i c l e s  o r  2 3 3 U  vs 2 3 5 U  conten ts .  

d a t a  f o r  ThC2 from t h e  H-1-9 i r r a d i a t i o n 2  and from Peach Bottom i r r a d i a -  

t i o n  E l l - 0 7 ,  compacts 1 6  and 18, i n d i c a t e  t h a t  t h e  in - r eac to r  KMC va lues  

are as much as 10 t i m e s  h ighe r  than  t h e  l abora to ry  va lues .  This  

In- reac tor  KMC 
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Y- 130283 

I- ~ 

Fig. 4.1. Kernel Migration in Biso-Coated (a) U02 and (b)  UO1 1 50No.38. 
Both particles were irradiated to a fast fluence of 5.0 X loz1 n/cm 
(80% FIMA) at a centerline temperature of 1280°C in HRB-7. 
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observation i s  contrary t o  the  work of S tans f i e ld  e t  a1.,6 where t h e  

in-reactor and labora tory  KMC values f o r  ThCz and UC2 agreed. An 

in-re r i s o  WAR UCo.4N0 .6  t o  nlm 

tempe C revealed extensive i uel- 

f i s s i o n  product system with the  inne r  L T I  and Sic: l aye r s ,  r i g .  4.2. 

This behavior is i d e n t i c a l  i n  appearance with t h a t  observed i n  i r r a d i a t e d  

Tr i so  UC2 p a r t i c l e s .  Thus, t he  n i t rogen  addit t l y  does not 

improve t h e  o v e r a l l  performance of t he  carbide 

t h e  f a c t  t h a t  t he  UC1-zNz KMC is less than thar; 9 Ior U L ~  a t  a given 

temperature. 

i n  s p i t e  of 

3 

I uu 

c 

' V r n  

85% FIMA a t  a maxim 
.n te rac t ion  of t h e  f 

- - -_ 

:ion apparen 

Fig. 4.2. Tr i so  WAR UC0.4N0.6 Fuel P a r t i c l e  I r r a d i a t e d  to a Fas t  
Fluence of 4.8 X 10" n/cm2 (80% FIMA) a t  a Nominal Centerline 
Temperature of 1500°C i n  HRB-10. (a) Bright f i e l d .  (b) Polarized l i g h t .  

4.2.3 m o r i z a t i o n  

During t h e  ke rne l  migration s tud ie s ,  a v a r i e t y  of f u e l  p a r t i c l e s  

w a s  hea t - t rea ted  a t  a maximum temperature of 194OOC I"C/cm 

gradient.  

p a r t i c l e s  with WAR-derived kerne ls  f u l l y  converted t o  UC2.  The d i sks  

w e r e  radiographed as made and a f t e r  143, 365, and 5 5 1 h r  i n  t h e  furnace. 

One of t h e  d i sks  included i n  t h a t  study conr;amed Biso 

Ins tead  of ke rne l  migration, as w a s  observed with t h e  bed-melted UC2 
p a r t i c l e s ,  another phenomenon w a s  observed. During hea t  treatment,  t h e  
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k e r n e l  diameters  appeared t o  s h r i n k ,  t h e  rate depending on t h e  tempera- 

t u r e .  From one of t he  par t ic les  t h a t  w a s  he ld  a t  1900OC t h e  k e r n e l  

completely disappeared a f t e r  551 h r ,  as seen i n  Fig.  4 . 3 .  Shrinkage 

of t he  ke rne l s  could be de tec ted  i n  p a r t i c l e s  hea ted  as low as 1 7 O O O C .  

There is  a l i n e a r  r e l a t i o n s h i p  between ke rne l  diameter and t i m e  a t  a l l  

temperatures.  

P a r t i c l e s  22 and 23, which w e r e  h e a t  t r e a t e d  a t  18OO0C, w e r e  

photographed a f t e r  metal lographic  sec t ion ing  of one of t h e  d i s k s .  The 

s t r u c t u r e  of t he  r e s i n  k e r n e l  w a s  i n t a c t ;  no d e n s i f i c a t i o n  had occurred.  

In s t ead ,  a d i s t i n c t  boundary l i n e  could be observed wi th in  t h e  r e s i n  

ke rne l .  The diameter of t he  s e c t i o n  enclosed by t h e  boundary w a s  t h e  

same as t h e  diameter of t h e  k e r n e l  observed i n  t h e  radiograph. These 

s a m e  par t ic les  w e r e  submitted f o r  microprobe a n a l y s i s  a long  wi th  

pol i shed  a rch ive  specimens of t he  same batch of microspheres,  which 

w e r e  used as a s tandard .  Electron-beam-scanning images of both par t ic les  

and t h e  average U x-ray i n t e n s i t y  from t e n  s tandard  microspheres 

(chosen a t  random) are p l o t t e d  i n  Fig. 4 . 4 .  Each hea t - t r ea t ed  micro- 

sphere exhib i ted  a dep le t ion  of uranium nea r  t h e  s u r f a c e  of t he  ke rne l .  

Step scans w e r e  taken every 5 prn f o r  about 100 pm i n t o  t h e  ke rne l .  I n  

p a r t i c l e  2 2 ,  t he re  w a s  no uranium i n  the  o u t e r  25  pm. Over the  next  

15 t o  20 pm t h e r e  w a s  a s t e e p ,  l i n e a r  rise i n  t h e  concent ra t ion  

gradien t .  From t h e r e  on i n t o  t h e  cen te r  of t h e  k e r n e l ,  t h e  concentra- 

t i o n  of t h e  uranium w a s  s t i l l  t h e  same as i n  t h e  a rch ive  samples. 

Two scans  were made on p a r t i c l e  2 3 ,  one p a r a l l e l  and one normal 

t o  the  temperature grad ien t .  Almost 50% of t h e  uranium of k e r n e l  2 2 ,  

which w a s  365 pm i n  diameter ,  had escaped from the kerne l .  About 80% 

of t h e  uranium had escaped from p a r t i c l e  2 3 .  N o  uranium w a s  de t ec t ed  

i n  e i t h e r  t h e  b u f f e r  o r  t h e  L T I  l a y e r .  

A second d i s k  i n  t h e  s a m e  furnace run contained a ba tch  of Biso 

WAR (weak-acid-resin-derived) UO2-UC2 i n  which only 15% of t h e  UO2 w a s  

converted t o  UC2;  a t h i r d  d i s k  contained only bed-melted UC2.  None of 

t h e  ke rne l s  i n  e i t h e r  of t h e s e  d i s k s  exh ib i t ed  any shr inkage.  The 

reason f o r  no shr inkage i n  t h e  bed-melted UC2 ke rne l s  is  pos tu l a t ed  t o  

be  r e l a t e d  t o  t h e  s u r f a c e  area. The su r face  area of UC2 exposed i n  a 
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m e 1  remains intact. (a) Unheated. 
) 551 hr. 

L Yorc:1on OL a U L ~ "  l.ILZ. --.L 

ructure of the resin-derived 
.b) 143 hr. (c) 365 hr. 
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ORNL DWG 7 5 - 8 7 8 2  

c 

I 
3 

z 
n 
3 

- 

a 

URANIUM CONCENTRATION PROFILES 
0 PARTICLE No 22  
0 PARTICLE NO 2 3 - N o r m o l  to I e m p  

prodl.nt 

DISTANCE FROM KERNEL EDGE - p M  

Fig .  4 . 4 .  Uranium Concent ra t ion  i n  Biso-Coated WAR UC2 K e r n e l s  
vs Dis tance  from Kerne l  Edge. 

bed-melted k e r n e l  i s  about  0.001 of t h a t  i n  a WAR UC2 k e r n e l .  I f  t h e  

ra te  o f  d i sappearance  of  UC2 p e r  u n i t  s u r f a c e  area were t h e  same f o r  

bed-melted U C 2  as i t  is  f o r  WAR U C 2 ,  a t  1900°C i t  would take about  

30 y e a r s  f o r  t h e  UC2 k e r n e l  t o  s h r i n k  2 u m ,  t h e  l i m i t  of d e t e c t i o n  of 

t h e  microscope. F u r t h e r  exper iments  are i n  p r o g r e s s .  

The a p p a r e n t  a c t i v a t i o n  energy f o r  t h e  l o s s  of  uranium from WAR 

UCZ i s  approximately 400 kJ/mole (100,000 c a l / m o l e ) .  T h i s  and t h e  

containment p r o p e r t i e s  of t h e  S i c  l a y e r  on t h e  f i s s i l e  p a r t i c l e s  

should  p r e c l u d e  any problem w i t h  uranium l o s s  a t  nominal HTGR 

tempera tures .  
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4 .3  GAS PRESSURE MEASUREMENTS - T. B. Lindemer 

Several  types of measurement are made i n  t h i s  a c t i v i t y .  Ind iv idua l  

i r r a d i a t e d  p a r t i c l e s  are f i r s t  analyzed by gamma-ray spectrometry t o  

determine t h e  9 5 Z r ,  lo6Ru, 137Cs, and 144Ce contents ;  F. F. Dyer and 

L.L. F a i r c h i l d  perform t h i s  s e r v i c e .  This information is  used t o  de te r -  

mine t h e  a c t i n i d e  burnup and cesium r e t e n t i o n  i n  t h e  par t ic le .  Each 

p a r t i c l e  i s  then hea ted  t o  1000 t o  2000°C, e q u i l i b r a t e d ,  and broken, 

and t h e  amounts of CO and K r  f Xe are determined. From t h e s e  d a t a  t h e  

f r a c t i o n  of K r  + X e  r e l eased  i n t o  t h e  void space of t h e  p a r t i c l e  by t h e  

k e r n e l  dur ing  i r r a d i a t i o n  i s  obta ined ,  and t h e  chemical p o t e n t i a l  of 

oxygen f o r  t h e  f u e l - f i s s i o n  product system is  determined as a func t ion  

of temperature ,  burnup, and i n i t i a l  a c t i n i d e  composition. The informa- 

t i o n  on oxygen p o t e n t i a l  is  then used t o  i n f e r  t h e  ox ida t ion  s t a t e  of 

t he  a c t i n i d e s  and t h e  f i s s i o n  products .  
9 The appara tus  used f o r  t h e  p re s su re  measurements has  been descr ibed .  

A p a r t i c l e  is  hea ted  t o  1000 t o  2000°C and broken t o  release t h e  gases  

i n t o  a known volume. The p res su re  i s  measured wi th  a capac i tance  

manometer, and then a t i t an ium w i r e  i s  hea ted  t o  g e t t e r  t h e  CO, l e av ing  

t h e  p re s su re  of K r  + X e  t o  b e  measured. 

A primary concern of t h i s  program has  been t h e  v a l i d i t y  of t h e  CO 

measurements. For some t i m e  i t  w a s  no t  conclus ive ly  demonstrated 

whether the CO measurements r e s u l t e d  from t h e  real  CO conten t  i n  t h e  

p a r t i c l e  be fo re  i t  w a s  broken o r  from CO produced by r ap id  oxide-carbon 

chemical r e a c t i o n s  a f t e r  i t  w a s  broken. These problems w e r e  considered 

i n  p a r t  i n  r e f .  9 .  This  ques t ion  has  apparent ly  been favorably  reso lved  

by measurements completed on Harwell 919/8 p a r t i c l e s  obtained from 

G. W. Horsley" (AERE-Harwel l )  and M. Wagner-Loffler (Dragon P r o j e c t ) .  

These low-enriched Tr i so  p a r t i c l e s  experienced 5.7% FIMA, wi th  50% being  

plutonium f i s s i o n s .  Par t ic les  from t h i s  ba tch  w e r e  used t o  compare 

r e s u l t s  of t h e  m a s s  spec t rographic  technique used a t  AERE-Harwell' 

a t  I)SGAE* (Aus t r ia )12  wi th  t h e  OWL technique. 

and 
9 

.. 
"Osterreiche S tud iengese l l s cha f t  f 6 r  Atomenergie, Se ibe r sdor f .  
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The experimental  r e s u l t s  are given i n  Table 4 , l .  The ORNL r e s u l t s  

f o r  K r  + X e  through 1700°C average 2.73 nun3 (STP) and ag ree  wi th  t h e  

6SGAE r e s u l t s .  

from a d i f f e r e n c e  i n  t h e  p a r t i c l e  breaking method; a t  AERE t h e  coa t ings  

are cracked wi th  a micrometer t o  release t h e  gas ,  whi le  a t  ORNL and 

probably a t  OSGAE both the  coa t ing  and t h e  k e r n e l  are f r a c t u r e d ,  thus  

poss ib ly  r e l e a s i n g  more gas from c losed  voids .  The ONRL K r  + X e  

release a t  2000°C is h ighe r  than  t h e  lower temperature r e s u l t s  probably 

because of K r  + X e  d i f f u s i o n  from the  ke rne l  dur ing  t h e  2000°C 

e q u i l i b r a t i o n .  

The somewhat lower AERE r e s u l t s  f o r  K r  + X e  may r e s u l t  

Table 4.1. G a s  Contents i n  919/8 P a r t i c l e s  

European Mass-Spec t rometr ic  Measurements,  
s t d  m3 ORNL Measurements 

AERE OSGAE H e a t i n g  D e l a X  G a s  Found, s t d  m3 Temperature 

Time Time ( “C)  

Kr + c0 i. K r  + Xe C 0  + C o n  K r  + Xe CO + C o n  ( h r )  (set) 

1000 24 
1 

1200 

1400 24 
24 
1 

1700 1 
1 
1 
1 

200Od 1 
1 

0 
120 

0 
10 

155 

0 
120  
120 
120  

0 
120 

2.89 
2.44 

3.05 
2.84 
2.70 

2.79 
2.87 
2.33 
2.70 

4.07 
3 .34  

0 .94  1 . 8 9  0.76 2.ab 1.1 

2.88 2.16 1 . 2 1  2.ab 2 .1  

0 .96  

2 .43  0.92 2.gb 1 .6  

2 .13  
2.26 

3.80 
2.50 
0.24‘ 

9 .56  
3.46 

aDelay a f t e r  h e a t e r  w a s  t u r n e d  o f f  b e f o r e  p a r t i c l e  w a s  broken .  

b&GAE measurements are u n a v a i l a b l e  b u t  are s a i d ”  t o  b e  30% h i g h e r  t h a n  AERE v a l u e s .  
w e r e  estimated by  m u l t i p l y i n g  t h e  a v e r a g e  o f  t h e  AERE v a l u e s  by 1 .3  

‘This c o r r e s p o n d s  t o  i n - p a r t i c l e  Pco o v e r  t h e  Sic-Si0z-CO e q u i l i b r i u m .  

dHeated a t  1400°C f o r  50 min and t h e n  a t  2000°C f o r  10 min. 

The s t a n d a r d  AERE t r e a t m e n t ’ ’  i s  a 
120-sec d e l a y  a f t e r  1 h r  a t  t e m p e r a t u r e .  

Hence t h e y  

The CO + CO2 d a t a  a t  1000°C l i e  between t h e  AERE and OSGAE resuLts ;  

t h e r e  does no t  appear t o  be  any e f f e c t  of de lay  t i m e  be fo re  breaking  t h e  

p a r t i c l e .  A t  1400°C t h e  O W L  r e s u l t s  agree  wi th  t h e  OSGAE d a t a  when t h e  

p a r t i c l e s  are broken a f t e r  a delay t i m e  of e i t h e r  10 o r  120 sec. 

( A t  OSGAE a 10-sec de lay  time is  used,” whi le  a 120  sec de lay  is used 

a t  Hamell.’’) On t he  o t h e r  hand, breaking t h e  p a r t i c l e s  immediately 

r e s u l t s  i n  a h ighe r  CO + CO2 ( e s s e n t i a l l y  CO) amount. The d i f f e r e n c e  
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between t h e  de lay  and no-delay amounts i nc reases  even more a t  1700 

and 2000°C. 

temperatures  does release some a d d i t i o n a l  CO as a r e s u l t  of postbreaking 

r e a c t i o n s ;  i t  may be b e t t e r  t o  break the  p a r t i c l e  a f t e r  i t  has  cooled.  

This  conclusion w i l l  b e  discussed f u r t h e r  below. Genera l ly ,  however, 

t h e s e  d a t a  intercompare very w e l l  and appear  t o  v a l i d a t e  t h e  measurements 

by t h e  European mass-spectrometric method and the  ORNL capac i tance  

manometer technique,  which inc ludes  t h e  hot  t i t an ium w i r e  f o r  s e p a r a t i o n  

of CO from t h e  i n e r t  f i s s i o n  gases .  

It would appear  t h a t  breaking t h e  p a r t i c l e  a t  t h e  h ighe r  

9 

S u f f i c i e n t  d a t a  w e r e  c o l l e c t e d  from Biso Tho2 p a r t i c l e s  be fo re  t h e  

919/8 measurements t o  permit an a n a l y t i c a l  t reatment  of oxygen release 

as CO from t h e  oxide k e r n e l ,  t h e  K r  + X e  release from t h e  k e r n e l ,  and 

t h e  cesium r e t e n t i o n  by t h e  e n t i r e  p a r t i c l e .  The d a t a  were obtained 

from B i s o  Tho2 i r r a d i a t e d  t o  1 .3  G % FIMA 19.0% i n  ORNL experiments 

HT-12 through -15 ( s l eeves  8, 13, 21 ,  and 26) and t o  about 3% FIMA i n  GA 

experiment P13L-C4T6-10 and -11." Also included w e r e  d a t a  from 

Tk10.81U0.1902 i r r a d i a t e d  i n  HRB-6-1C t o  2 1  t o  22% FIMA. A l l  t h e  d a t a  

f o r  oxygen release shown i n  Fig.  4 .5  w e r e  f i t t e d  t o  t h e  equat ion  

O/f = (a + bf)exp(+/RT), i n  which O/f is  t h e  measured moles of oxygen 

r e l eased  ( a s  CO and C 0 2 )  pe r  mole of a c t i n i d e  t h a t  f i s s i o n e d ,  f i s  t h e  

f r a c t i o n  FIMA (not  % FIMA), 62 is  t h e  apparent  a c t i v a t i o n  energy, R i s  

the  gas cons tan t ,  and T is  t h e  temperature  i n  K.  Appl ica t ion  of t h e  

least  squares  theorem simultaneously t o  a l l  t h e  d a t a  gave a = 0.234,  

b = 26.5, and Q = 45.6 kJ/mole (10,900 cal /mol) .  These c o e f f i c i e n t s  

are a p p l i c a b l e  over t h e  range 0.03 G f G  0.22 and 1050 G T S 2000°C. 

It should be noted,  however, t h a t  t h e  oxygen release measurements w e r e  

made by breaking  t h e  p a r t i c l e  a t  temperature ,  as w a s  d i scussed  above; 

the  measurements a t  20OO0C may be  a f a c t o r  of 2 o r  3 too  h igh .  This  

would a l s o  exp la in  why t h e  2000°C oxygen-release r e s u l t s  shown i n  

Fig.  4.5 are o f t e n  much h ighe r  than  t h e  i n d i c a t e d 1 , 1 3 , 1 4  maximum 

t h e o r e t i c a l  oxygen release f o r  f i s s i o n  of 2 3 3 U  and 2 3 5 U  . 
i s  be ing  performed on p a r t i c l e s  e q u i l i b r a t e d  a t  1700 and 2000°C and 

Fur ther  work 

*Particles provided by C. L. Smith of GA. 
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Fig.  4 . 5 .  Experimental Oxygen Release p e r  F i s s i o n  i n  Tho2 and 
Th0.8iUo.1902 P a r t i c l e s  as a Function of 2 3 3 U  P lus  235U Burnup and 
E q u i l i b r a t i o n  Temperature. 

then  cooled f o r  120 sec; w e  a n t i c i p a t e  t h a t  t h e  r e s u l t i n g  lower oxygen- 

release va lues  w i l l  have t h e  primary e f f e c t  of lowering t h e  va lue  of 

Q i n  t h e  above equat ion .  The experimental  i n - p a r t i c l e  P f o r  most of 

t h e s e  p a r t i c l e s  is  shown i n  Fig.  4.6.  
co 

The observed cesium r e t e n t i o n  i n  t h e  p a r t i c l e s  a f t e r  i r r a d i a t i o n  

is  shown i n  Fig.  4 . 7 .  The i r r a d i a t i o n  temperatures  i n d i c a t e d  on t h e  

f i g u r e  are nominal; thermal  ana lyses  of t hese  p a r t i c l e s  w i l l  b e  r epor t ed  

elsewhere15 

i n t e r p r e t a t i o n  of t h e  cesium l o s s  rate. 

and t h a t  temperature  information should b e  used f o r  any 

The K r  f X e  release from t h e  k e r n e l  i n t o  t h e  b u f f e r  l a y e r  void 

space  i s  shown i n  Fig.  4 .8 .  It can b e  descr ibed  up t o  6% FIMA by t h e  

approximate equat ion  (% r e l e a s e )  = l o ( %  FIMA), and by t h e  equat ion  

(% r e l e a s e )  = 45 + 2 . 5 ( %  FIMA) over  t h e  range 6 % FIMA G 22. These 

r e s u l t s  agree  reasonably w e l l  wi th  those repor ted  by J a n v i e r  e t  a l .  l 6  

f o r  HTGR oxide p a r t i c l e s  i r r a d i a t e d  between 1.5 and 8% FIMA. 
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Fig. 4 .6 .  Experimentally Derived Chemical P o t e n t i a l  of Oxygen 
(RT I n  Po2) vs Temperature and 2 3 3 U  Plus  235U Burnup i n  Tho2 and 
Th0.8lU0.1902 P a r t i c l e s .  A l so  ind ica t ed  is  t h e  i n - p a r t i c l e  va lue  of 

+ P i n  atmospheres. %o c02 
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Fig. 4.7 .  The 37Cs Retent ion by Biso Tho:! P a r t i c l e s  vs 3U Plus  
5U Burnup. Ind ica t ed  temperatures  are nominal. 
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Fig.  4 .8 .  The release of K r  + X e  i n t o  t h e  Void Space of  t h e  p a r t i c l e  
v s  2 3 3 U  p lus  2 3 5 U  Burnup i n  Tho2 P a r t i c l e s .  

4.4 THE CHEMICAL BEHAVIOR OF HTGR FUELS - T.  B. Lindemer 

This t a s k  i s  e s s e n t i a l l y  a cont inuing  l i t e r a t u r e  review and i n t e r -  

p r e t a t i o n  of a v a i l a b l e  phase e q u i l i b r i a  and o t h e r  thermodynamic da ta .  

This provides  t h e  fundamental chemical information necessary  f o r  i n t e r -  

p r e t a t i o n  of  chemical phenomena observed dur ing  p o s t i r r a d i a t i o n  examina- 

t i o n  (PIE). 

The WAR UO2-UC2 k e r n e l  is  be ing  i r r a d i a t e d  t o  e v a l u a t e  t h e  performance 

as a func t ion  of i n i t i a l  UC2 con ten t ,  as i s  descr ibed  i n  Sec t .  6.6. I n  

a d d i t i o n ,  p a s t  work wi th  fu l l -bumup,  100% UC2 p a r t i c l e s  has  revea led  

ex tens ive  l an than ide  i n t e r a c t i o n  wi th  t h e  S i c  l a y e r .  

summarizes t h e  c u r r e n t  r e s u l t s  of thermochemical c a l c u l a t i o n s  f o r  t h e  

f i s s i o n e d  UO2-UC2 system. 

The fo l lowing  

The chemical p o t e n t i a l  of oxygen (RT I n  P ) has  been c a l c u l a t e d  
0 2  

as a func t ion  of temperature  f o r  t h e  probable  oxide-carbide e q u i l i b r i a  

f o r  uranium and each f i s s i o n  product .  Typical  e q u i l i b r i a  are: 

1.33La01.5 + 2.66C f 1.33LaC2 + 0 2  . 
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A c t i v i t y  e f f e c t s  r e s u l t i n g  from s o l i d  s o l u t i o n  of f i ss ion-product  oxides  

(p r imar i ly  i n  U02) w e r e  no t  considered because q u a n t i t a t i v e  a c t i v i t y  

d a t a  are n o t  a v a i l a b l e .  Examination of t h e  oxygen p o t e n t i a l s  f o r  t h e  

e q u i l i b r i a  a t  a l l  HTGR temperatures  permi ts  t h e  fol lowing ranking i n  

terms of i n c r e a s i n g  s t a b i l i t y  of t he  oxide r e l a t i v e  t o  t h e  ca rb ide :  

B a y  Z r ,  Eu, S r ,  U, Sm, (La, P r y  Nd), C e ,  and Y.  I n  o t h e r  words, as 

t h e  oxygen p o t e n t i a l  of t h e  f i s s i o n e d  system a f t e r  f u l l  burnup i s  made 

more nega t ive  by inc reas ing  t h e  i n i t i a l  percentage of UC2 i n  t h e  k e r n e l ,  

barium w i l l  b e  t h e  f i r s t  t o  form BaC2 i n s t e a d  of BaO, followed by Z r C  

i n s t e a d  of Z r O 2 ,  and s o  on. 

Another e f f e c t  t o  b e  considered a t  low i n i t i a l  percentages of UC2 

is  g e t t e r i n g  of f i s s ion - re l eased  oxygen. A t  t he  oxygen p o t e n t i a l  of 

t h e  UO2-UC2 k e r n e l ,  a l l  l an than ides ,  i f  p resent  as oxides  i n s t e a d  of 

d i ca rb ides ,  w i l l  be  p re sen t  as sesquioxides .  One can then  perform t h e  

usua l  oxygen mass-balance c a l c u l a t i o n s  t o  demonstrate t h a t  t h e  oxygen 

release i s  0.38 oxygen atoms pe r  2 3 5 U  f i s s i o n .  A s  i s  w e l l  known, UC2 

i n  t h e  k e r n e l  w i l l  react  wi th  t h i s  oxygen t o  form U 0 2  and prevent  a 

s i g n i f i c a n t  p re s su re  of CO. 

I t  should a l s o  be noted t h a t  cesium and rubidium w i l l  be  p re sen t  

as m e t a l s  i n  t he  f i s s i o n e d  UO2-UC2 system. The oxygen p o t e n t i a l s  i n  

t h i s  system are much lower than those  necessary f o r  t h e  s t a b i l i t y  of 

t h e  u rana te s  and molybdates of t h e s e  m e t a l s .  

Now cons ider  a p a r t i c l e  a t  75% FIMA i n  view of t h e  above informat ion  

and of t h e  usua l  f i s s i o n  product  y i e l d s  f o r  2 3 5 U .  

q u a n t i t a t i v e  d a t a  i n  Table 4.2 can b e  e s t a b l i s h e d  below 1500°C t o  

demonstrate t he  e f f e c t  of t h e  i n i t i a l  percentage of U C 2 .  I f  14% UC2 

w e r e  p re sen t  i n  t h e  i n i t i a l  k e r n e l ,  then  a t  75% FIMA a l l  t h e  oxygen 

would be  p re sen t  as UO2 and f i ss ion-product  oxides ,  a long  wi th  an 

i n s i g n i f i c a n t  CO overpressure ;  no UC2 o r  any o t h e r  ca rb ide  would be  

p re sen t .  With an i n i t i a l  16.6% UC2 con ten t ,  t h e  oxygen would b e  p re sen t  

as oxides  and barium would b e  p re sen t  as B a C 2 .  Between 16.6 and 39.6% 

U C 2 ,  both Z r O 2  and Z r C  would be  p re sen t  i n  a d d i t i o n  t o  t h e  previous 

two e f f e c t s ;  a t  an i n i t i a l  39.6% UC2 a d d i t i o n  a l l  t h e  zirconium would 

be  p re sen t  as Z r C .  A l l  t h e  elements below zirconium would be  p re sen t  as 

oxides .  S imi l a r  i n t e r p r e t a t i o n s  may be  made f o r  t h e  remainder of Table 4.2 

The ranking  and 
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Table 4.2. I n i t i a l  UC2 Required t o  Give Ind ica t ed  E f f e c t  
a t  75% FIMA i n  Oxide-Carbide Kernels 

I n i t i a l  % UC2 Cumulative % UC Function of UC2 Addition 
Required f o r  Each Required 

Oxygen g e t t e r i n g  

BaO t o  BaC2  

Z r O 2  t o  Z r C  

E ~ 0 1 . 5  t o  E u C ~  

SrO t o  SrC2  

u02 t o  uc2 
S m O l . 5  t o  SmC2 

(La,Nd,Pr)Ol. 5 t o  

Ce01.5 t o  C e C 2  

Y O 1 . 5  t o  YC2 

14 

2.6a 

23 

0.4 

3 . 3  

25 

1 . 7  

(La,Nd, Pr )  C 2  18  

9.2 

2.3 

14.0 

16.6 

39.6 

40.0 

43.3 

68.3 

70.0 

88.0 

97.2 

99.5 (%loo%) 

a For example, cons ider  t h e  r e a c t i o n  (not an equi l ibr ium)  2C + 
2Ba0 + UC2 -f UO;! + 2BaC2. The i n i t i a l  amount of UC2 r equ i r ed  f o r  
conversion of  a l l  BaO t o  B a C 2  a t  75% FIMA is (7.0% B a / f i s s i o n )  
(0.75 f i s s i o n )  (1 UC2/2BaO) = 2.6% U C 2 .  

A more genera l ized  r e p r e s e n t a t i o n  of t h e  phases p r e s e n t  i n  an 

oxide-carbide k e r n e l  i s  given i n  Fig.  4.9 as a func t ion  of i n i t i a l  U C 2  

conten t  and % FIMA. The s e v e r a l  phase changes t h a t  t a k e  p l a c e  a t  t h e  

lower i n i t i a l  UC2 con ten t s  are q u i t e  ev ident .  Cognizance of t h i s  f a c t  

may be  h e l p f u l  i n  i n t e r p r e t i n g  i r r a d i a t i o n  behavior  observed i n  U 0 2 -  

UC2 f i s s i l e  f u e l s ,  which are usua l ly  examined only  a t  f u l l  burnup. 

More impor tan t ly ,  t hese  c a l c u l a t i o n s  demonstrate t h a t  Y ,  L a ,  and t h e  

l an than ide  f i s s i o n  products  are p resen t  as oxides  as long as t h e  i n i t i a l  

UC2 conten t  i s  below 68%. This  r e s u l t  is c o n s i s t e n t  wi th  t h e  post-  

i r r a d i a t i o n  observa t ions  t h a t  a t  less  than about 70% i n i t i a l  UC2 t h e  

L a ,  C e ,  Nd, and P r  are r e t a i n e d  i n  t h e  f i s s i o n e d  k e r n e l  and are n o t  

p re sen t  i n  s i g n i f i c a n t  amounts i n  t h e  pa r t i c l e  coa t ings ,  wh i l e  a t  

least  75% i n i t i a l  UC2 t hese  elements are concent ra ted  i n  r e a c t i o n  

zones i n  t h e  pyrocarbon and S i c  coa t ings .  
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ucz _. ! 

Fig.  4.9. Phases Present  i n  a Ful ly  Enriched UO2-UC2 Kernel as a 
Function of 
system is not  shown because i t  has  a small (<1%) y i e l d .  However, i t s  
chemical behavior  i s  d i f f e r e n t  from t h a t  of t h e  o t h e r  l an than ides  (RE) 
and i t  conver t s  from t h e  ca rb ide  t o  t h e  oxide a t  about t h e  same burnup 
as does t h e  s t ron t ium system. 

3sU Burnup and I n i t i a l  UC2 Content. The EuOl. 5-EuC2 
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5. COOLANT CHEMISTRY; THE STEAM-GRAPHITE REACTION 

A. P. Malinauskas 

5 . 1  INTRODUCTION 

The g r a p h i t e  c o r e  and c o r e  s u p p o r t  members r e a d i l y  react w i t h  steam 

a t  normal o p e r a t i n g  tempera tures  t o  produce hydrogen and carbon o x i d e s .  

Moreover, rad ia t ion- induced  r e a c t i o n s  are l i k e w i s e  p o s s i b l e ,  and t h e s e  

r e a c t i o n s  can a l s o  l e a d  t o  t h e  product ion  of  methane. The pr imary 

purpose of t h e  c o o l a n t  chemis t ry  s t u d i e s  i s  t o  i d e n t i f y  t h o s e  f a c t o r s  

t h a t  l i m i t  a c c e p t a b l e  steam i n l e a k a g e s  i n  t e r m s  of b o t h  t h e  magnitude 

of t h e  i n g r e s s  and i t s  d u r a t i o n .  A s  a r e s u l t ,  emphasis h a s  been p l a c e d  

upon t h e  e l u c i d a t i o n  of t h e  thermal  and rad ia t ion- induced  r e a c t i o n  

k i n e t i c s  t h a t  are p e r t i n e n t  t o  t h e  s team-graphi te  system. 

5.2 ANALYSIS OF COOLANT IMPURITY COMPOSITION DATA OBTAINED DURING 
FORT ST. VRAIN HTGR STARTUP - G .  L. Tingey and W. C .  Morgan 
( B a t t e l l e ,  P a c i f i c  Northwest L a b o r a t o r i e s )  

The o b j e c t i v e  of t h i s  i n v e s t i g a t i o n  i s  t o  g a i n  a more complete  under- 

s t a n d i n g  of  b o t h  t h e  thermal  and rad ia t ion- induced  r e a c t i o n s  between 

g r a p h i t e  and s t e a m  as they  occur  i n  an  o p e r a t i n g  HTGR, and i n  t h i s  

manner t o  a c c u r a t e l y  p r e d i c t  t h e  chemistry of t h e  c o o l a n t  system. The 

p r e s e n t  s t u d y  i n v o l v e s  a comparison of computer-program-derived i m p u r i t y  

composi t ions of t h e  he l ium c o o l a n t  in t h e  F o r t  S t .  Vra in  HTGR w i t h  

cor responding  measurements t h a t  are b e i n g  made d u r i n g  r e a c t o r  s t a r t u p .  

I n  performing t h i s  t a s k ,  w e  have s i g n i f i c a n t l y  modi f ied  t h e  com- 

p u t e r  code GOP to improve t h e  accuracy of t h e  r e s u l t s .  Moreover, numerous 

c a l c u l a t i o n s  of gas  composi t ion have been made f o r  v a r i o u s  power levels ,  

s t e a m  l e a k  rates, and r e a c t i o n  ra te  parameters  i n  o r d e r  t o  a s c e r t a i n  t h e  

requi rements  f o r  c o o l a n t  a n a l y s i s  d u r i n g  F o r t  S t .  Vrain s t a r t u p .  

S t a r t u p  tests i n  F o r t  S t .  Vrain have been l i m i t e d  t o  less t h a n  2% 

power d u r i n g  t h i s  r e p o r t i n g  p e r i o d .  We have e v a l u a t e d  gas  composi t ion 

d a t a  t h a t  were o b t a i n e d  d u r i n g  t h e  test p e r i o d  from A p r i l  10 t o  May 8, 

1975.  Although t h e s e  d a t a  are r e s t r i c t e d  t o  less t h a n  2% of d e s i g n  

power, they  n o n e t h e l e s s  y i e l d  i n f o r m a t i o n  t h a t  a i d s  o u r  u n d e r s t a n d i n g  
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of t h e  coolan t  chemistry.  I n  p a r t i c u l a r ,  s i n c e  t h e  maximum temperature  

a t t a i n e d  dur ing  these  s t a r t u p  tests has  been only about 240°C, t h e  

thermal r e a c t i o n s  are immeasurably s m a l l ;  w e  can thus  eva lua te  t h e  

s i g n i f i c a n c e  of r a d i o l y t i c  processes  wi.thout t he  added complicat ions 

introduced by t h e  thermal  r e a c t i o n s .  

Table 5 .1  compares t h e  measured gas composition wi th  va lues  

p red ic t ed  by t h e  GOP-3 computer code by vary ing  t h e  l e a k  ra te  and dose 

parameters ;  t h e  low l e v e l  of CO i n  comparison wi th  C 0 2  is  of p a r t i c u l a r  

i n t e r e s t .  The p o t e n t i a l  sources  of CO2 inc lude  outgass ing  from t h e  

g raph i t e  i n  t h e  system, a i r  i n g r e s s ,  thermal and r a d i o l y t i c  r e a c t i o n s  

of 0 2  o r  H 2 0  wi th  t h e  core  g r a p h i t e ,  and r e a c t i o n s  of CO w i th  0 2 .  Since 

t h e  temperature  of t h e  coolan t  and g r a p h i t e  are so low, w e  do n o t  

expect  any s i g n i f i c a n t  c o n t r i b u t i o n  from thermal r e a c t i o n s .  Furthermore, 

t h e  thermal  r e a c t i o n s  of steam and 0 2  wi th  carbon both y i e l d  major 

q u a n t i t i e s  of C O Y  which are n o t  observed. A l s o ,  ou tgass ing  of oxides  

from g r a p h i t e  y i e l d s  a mixture of both CO and CO2. The removal of CO 

by t h e  thermal  r e a c t i o n  wi th  oxygen has  been shown t o  b e  i n s i g n i f i c a n t  

up t o  temperatures  s u b s t a n t i a l l y  h ighe r  than t h e  coolan t  temperature  

experienced dur ing  t h e  test .  Thus, w e  have concluded t h a t  t h e  most 

l i k e l y  source of C 0 2  i s  t h e  r a d i o l y t i c  r e a c t i o n  of s t e a m w i t h  t h e  

g raph i t e ,  which has  been shown by Woodley' t o  y i e l d  CO2 and H 2  b u t  no t  CO. 

Table 5.1. P red ic t ed  G a s  Compositions a t  1.9% of Design Power 

Steam-State G a s  Composition, ppm 

H 2 0  H 2  co C 0 2  CH4 
Ca lcu la t ion  Parameters 

Measured va lue  150 1 .0  <0.5 30 0.2 

Reference 

10 x l e a k  rate 130 16.5 0.06 8.4 0.2 

12.8 1.8 0.008 0.94% 0.02 a 

10 x l e a k  rate 
5 X dose rate 100 38 2 . 1  23 4.6 

a Reference condi t ion :  H 2 0  l e a k  rate = 50 mg/sec (0 .04  l b / h r )  
Coolant p re s su re  2.89 MPa (419 p s i )  Maximum r a d i a t i o n  dose = 
6.7 X l o 6  R/hr 
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The h igh  H 2 0  conten t  i n  the  coolant  is  undoubtedly due t o  a r e l a t i v e l y  

r ap id  desorp t ion  of moisture  from the  g raph i t e  i n  t h e  system and is  i n  

reasonable  agreement wi th  a l e a k  ra te  of 50 mg/sec (0 .4  l b / h r )  o r  t e n  

t i m e s  t he  re ference  l e a k  ra te .  I n  o rde r  t o  p r e d i c t  t h e  h igh  C 0 2  com- 

p o s i t i o n  i t  w a s  necessary t o  inc rease  t h e  r a d i a t i o n  f l u x  t o  5 t i m e s  

t he  re ference  level. This assumption may be j u s t i f i e d  because a t  t h e  

low r e a c t o r  power l e v e l s  t he  a c t u a l  power i s  not  very accu ra t e ly  known. 

It may a l s o  be t r u e  t h a t  t h e  G va lue  of t he  r e a c t i o n  of H 2 0  w i t h  g raph i t e  

is  somewhat h ighe r  than repor ted .  Therefore ,  some combination of 

increased  r a d i a t i o n  dose rate and G(C02) is  requi red  t o  p r e d i c t  t h e  high 

CO2 levels. With these  assumptions,  reasonable  agreement wi th  measured 

concent ra t ions  of H 2 0 ,  C O Y  and CO2 are achieved, bu t  t h e  p red ic t ed  H 2  

y i e l d  is  f a r  too h igh .  A c l o s e  eva lua t ion  of t h e  r e a c t o r  gas compositions 

shows t h a t  t h e  H2 concent ra t ion  varies inve r se ly  wi th  t h e  0 2 .  W e  there-  

f o r e  conclude t h a t  H 2  i s  be ing  l i m i t e d  by t h e  r a d i o l y t i c  r e a c t i o n  of H 2  

wi th  0 2 ,  a r e a c t i o n  process  not  included i n  t h e  mathematical model. This 

reduct ion  i n  H2 would a l s o  tend t o  l i m i t  t h e  CHI, genera t ion  ra te  and 

thus  exp la in  t h e  high p red ic t ed  CHL, l e v e l .  Future  tests should demon- 

strate t h e  v a l i d i t y  of t hese  conclusions when t h e  02 and N 2  impur i t i e s  

are e l imina ted .  

Severa l  adjustments  have a l r eady  been made i n  t h e  inpu t  t o  t h e  GOP 

code t o  enable  i t  t o  p r e d i c t  t h e  measured da ta .  A s  more d a t a  are obta ined ,  

i t  is  a n t i c i p a t e d  t h a t  f u r t h e r  ref inements  w i l l  be  necessary.  

5.3 COMPUTER SIMULATION OF LABORATORY-SCALE STEAM-GRAPHITE REACTION 
EXPERIMENTS - A. P. Malinauskas, D. S. Joy, and S. C .  Stem 

Although most computational programs t h a t  have been developed t o  

account f o r  t h e  e f f e c t s  of s t e a m  ing res s  i n t o  the  primary coolan t  of an 

HTGR take  i n t o  account t he  d i f f u s i o n a l  processes  t h a t  are involved, these  

processes  are genera l ly  ignored i n  ana lyses  of labora tory-sca le  r e a c t i o n  

rate da ta .  This  i s  i r o n i c ,  s i n c e  t h e  purpose of t h e  l abora to ry  s t u d i e s  

is  usua l ly  t o  provide ra te  d a t a  t o  be used as input  t o  t h e  computational 

programs. Furthermore, un less  a s p e c i a l  e f f o r t  is  made t o  e l imina te  

d i f f u s i o n  e f f e c t s  i n  the  labora tory-sca le  experiments - f o r  example, by 

l i m i t i n g  the  s t u d i e s  t o  l o w  temperatures o r  by s e l e c t i n g  g raph i t e s  t h a t  
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are impermeable t o  steam - t h e  mathematical  a spec t s  r a p i d l y  become 

unwieldy, and r e s o r t  must be  made t o  t h e  use  of computational techniques  

t o  assist i n  t h e  a n a l y s i s  of t h e  experimental  da ta .  One s o l u t i o n  i s  

t o  adapt  t h e  e x t a n t  computer codes t h a t  are employed t o  i n v e s t i g a t e  

s t e a m  i n g r e s s  e f f e c t s  i n  t h e  HTGR. This  approach i s  imprac t i ca l ,  

however, s i n c e  steam-graphite r e a c t i o n  k i n e t i c s  i s  a r e l a t i v e l y  minor 

cons ide ra t ion  i n  t h e s e  somewhat s o p h i s t i c a t e d  codes,  and moreover major 

modi f ica t ions  would nonethe less  s t i l l  be  requi red  t o  reduce t h e  complex 

r e a c t o r  co re  geometries modeled by these  codes t o  the  very  s imple  con- 

f i g u r a t i o n s  t h a t  are employed i n  t h e  l abora to ry .  A s  a consequence, 

we  have e l e c t e d  t o  develop a much s impler  code t o  model t h e  labora tory  

experiments d i r e c t l y .  A r epor t  t h a t  desc r ibes  t h i s  computational program 

has been i ssued .  An a b s t r a c t  of t h i s  r e p o r t 2  fol lows:  

A mathematical  model has been formulated t o  desc r ibe  
t h e  i so thermal ,  s t eady- s t a t e  d i f f u s i o n  and r e a c t i o n  of 
steam i n  a g r a p h i t e  mat r ix .  A genera l ized  Langmuir- 
Hinshelwood equat ion  is  used t o  r ep resen t  t h e  s t e a m -  
g raph i t e  r e a c t i o n  ra te .  
i n  t h e  gas phase ad jacent  t o  t h e  g raph i t e  matr ix .  A 
computer program, w r i t t e n  t o  numerical ly  i n t e g r a t e  t h e  
r e s u l t i n g  d i f f e r e n t i a l  equat ions ,  i s  descr ibed .  

g raph i t e  phase are solved us ing  t h e  IBM Continuous 
System Modeling Program. 
techniques are used f o r  t h e  gas-phase c a l c u l a t i o n s .  
An i t e r a t i v e  procedure is requi red  t o  couple t h e  two 
sets of c a l c u l a t i o n s .  Severa l  sample problems are 
presented t o  demonstrate t h e  u t i l i t y  of t h e  model. 

The model a l s o  inc ludes  d i f f u s i o n  

The coupled nonl inear  d i f f e r e n t i a l  equat ions i n  t h e  

C l a s s i c a l  f i n i t e  d i f f e r e n c e  
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6 .  HTGR FUEL QUALIFICATION 

F. J. Homan 

6.1 INTRODUCTION 

The work described in this chapter is supported by the Fueled 

Graphite Development Program and the Thorium Utilization Program. 

The work supported by the Thorium Utilization Program is also reported 

in the progress report for that program (ORNL-5128). 

The HTGR Fuel Development Program is organized around four goals. 

They are: (1) qualification of reference initial and makeup (IM) fuel 

and processes, (2) qualification of reference recycle fuel and processes, 

( 3 )  qualification of backup fuels and processes to the developmental 

references, and (4) characterization, testing, and development in 
support of irradiation performance evaluations. Most of the effort 

associated with the ORNL program is directed toward goals (2) and (4), 
complementing the General Atomic Company program, which is directed 

mainly at goals (1) and ( 3 ) .  Both the ORNL and GA programs are coor- 

dinated with a third program for advanced HTGR fuel development at 

Los Alamos Scientific Laboratory (LASL). Irradiation space in the 

High Flux Isotope Reactor (HFIR) and Oak Ridge Research Reactor (ORR) 

is shared with LASL and GA. Some postirradiation examination (PIE) 

and data analysis work are done at ORNL in support of LASL and GA 

programs. 
Most of the irradiation testing in support of HTGR fuel devel- 

opment has been done under accelerated conditions. Full fast-neutron 

exposure can be reached in about four months in the HT capsules, 

about ten months in the HRB capsules the way they are being operated 

now, and about 15 months in the ORR capsules. The Peach Bottom 

Elements were irradiated under real-time conditions, but the reactor 

was shut down in October 1974 so that the Recycle Test Elements (RTE) 

then under irradiation received only about half design exposure. 

During this reporting period an experiment was planned for the Fort 

St. Vrain Reactor (FSVR) in which test fuel would be loaded into 

standard FSVR fuel elements. In the ORNL portion of this experiment 
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f u e l  would be  i r r a d i a t e d  f o r  2 ,  4 ,  and 6 years .  Lead capsules  i n  t h e  

ORR and HFIR would con ta in  t h e  same f u e l  so t h a t  performance under 

real-time condi t ions  can be compared wi th  performance under acce le ra t ed  

condi t ions .  This  very important experiment i s  expected t o  v a l i d a t e  t h e  

conclusions t h a t  have been formed about t h e  i r r a d i a t i o n  performance of 

coated p a r t i c l e  f u e l s  from acce le ra t ed  experiments.  

6.2 FUEL PARTICLE PROCESS DEVELOPMENT AND QUALIFICATION 

The work descr ibed  i n  t h i s  s e c t i o n  i s  of i n t e r e s t  t o  and i s  

supported by both t h e  HTGR Base Program and t h e  Thorium U t i l i z a t i o n  

Program. I n  t h e  s e c t i o n  on r e s i n  k e r n e l  s t u d i e s ,  both ca rbon iza t ion  

and conversion s t u d i e s  a re  repor ted .  The important phenomenon of f u e l  

d i s p e r s i o n  i n  the  b u f f e r  coa t ing  i s  discussed and explained.  Retained 

n i t rogen  i n  t h e  ke rne l s  i s  repor ted .  

r e s i n s  are d iscussed .  

Both t h e  Amberli te and Duo l i t e  

I n  t h e  s e c t i o n  on coa t ing  process  development, both pyrocarbon 

(PyC) and S i c  coa t ings  are considered.  Deposi t ion of PyC coa t ings  wi th  

a l t e r n a t e  coa t ing  gases  i s  d iscussed ,  and experiments t o  determine t h e  

in f luence  of va r ious  coa t ing  parameters  are descr ibed.  The important 

a t t r i b u t e  of PyC permeabi l i ty  i s  a l s o  explored. The S i c  coa t ing  

s t u d i e s  have determined t h e  r e l a t i o n s h i p s  between coa t ing  rate, coa t ing  

gas  concent ra t ion  and flow rate, coa t ing  temperature ,  and mic ros t ruc tu re .  

Experience wi th  several coa t ing  gases  f o r  depos i t i on  of S i c  i s  a l s o  

descr ibed .  

6.2.1 Resin Kernel S tudies  - G. W. Weber 

The c u r r e n t  r e fe rence  f i s s i l e  k e r n e l  f o r  both f r e s h  and r e c y c l e  

f u e l  is  der ived  from an  a c r y l i c  ac id-d iv inyl  benzene copolymer loaded 

wi th  uranium from uranyl  n i t r a t e .  Processing of t h i s  material r e q u i r e s  

f i r s t  a d e s t r u c t i v e  d i s t i l l a t i o n  o r  carbonization procedure,  which y i e l d s  

UOz d i spersed  i n  a porous carbon mat r ix ,  followed by a carbothermic 

r educ t ion  o r  conversion s t e p ,  i n  which a con t ro l l ed  amount of t h e  UOz i s  

converted t o  UC2 t o  opt imize i r r a d i a t i o n  performance. The o b j e c t i v e  of 

t h e  s t u d i e s  is  t o  opt imize t h e  processes  f o r  carboniza t ion  and conversion 

of t h e  loaded and d r i e d  r e s i n  microspheres.  
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The c a r b o n i z a t i o n  p r o c e s s  can  b e  opt imized by d e f i n i n g  c r i t i c a l  

r e a c t i o n  r e g i o n s  and a p p r o p r i a t e  c o n t r o l  parameters .  

thermal  a n a l y s i s  (DTA) and thermogravimet r ic  (TGA) behavior  shown i n  

F igs .  6 . 1  and 6.2, r e s p e c t i v e l y ,  f o r  two c a n d i d a t e  resins,  D u o l i t e  C-464 

and Amberl i te  IRC-72, i n d i c a t e  t h e  importance of  t h e  r e g i o n  from 200 t o  

500OC.  

s e l e c t e d  tempera tures  d u r i n g  t h i s  c a r b o n i z a t i o n  p r o c e s s  produced p r o p e r t y  

v a r i a t i o n s  c l o s e l y  r e f l e c t i n g  t h e  TGA and DTA b e h a v i o r ,  as shown i n  

Fig.  6.3. A s imi la r  v a r i a t i o n  w a s  found i n  p a r t i c l e  s i z e ,  as shown i n  

F ig .  6 . 4 ,  and i n  mercury d e n s i t y .  

The d i f f e r e n t i a l  

I n v e s t i g a t i o n  of t h e  weight  l o s s ,  volume loss, and d e n s i t y  a t  

The h e a t i n g  ra te  through t h i s  c r i t i c a l  c a r b o n i z a t i o n  r e g i o n  had a 

v e r y  s t r o n g  e f f e c t  on weight  l o s s ,  volume l o s s ,  and carbon-to-uranium 

r a t i o .  The f i n a l  weight  l o s s  and volume l o s s  f o r  b o t h  r e s i n s  are 

approximately l i n e a r  w i t h  l o g  h e a t i n g  rate f o r  h e a t i n g  ra tes  from 1 t o  

8O0C/min through t h e  c r i t i c a l  p r o c e s s  range ,  which w a s  subsequent ly  

i d e n t i f i e d  as 360 t o  440°C f o r  t h e  D u o l i t e  r e s i n .  The v a r i a t i o n  of 

carbon-to-uranium r a t i o  w i t h  c a r b o n i z a t i o n  r a t e  behaved s i m i l a r l y  f o r  

t h e  two r e s i n s  as shown i n  Fig.  6.5. 

r '  
\ 

--_____-- \. 

ORN L- DWG 75 - 4 ! 5 96 

I l l  
- - -  -AMBERLITE 
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140 480 220 260 300 340 380 420 460 500 540 580 620 660 700 
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Fig. 6.1. D i f f e r e n t i a l  Thermal A n a l y s i s  Behavior of  Uranium-Loaded 
D u o l i t e  C-464 and Amberl i te  IRC-72 Weak-Acid Res ins .  
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Fig. 6.2. Thermogravimetric Behavior of Uranium-Loaded Duolite 
C-464 and Amberlite IRC-72 Weak-Acid Resins from 90 to 540°C as a 
Function of Heating Rate. 
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The carbon-to-uranium r a t i o  i s  s i g n i f i c a n t  i n  de f in ing  t h e  f l u i d i -  

z a t i o n  behavior of t h e  mater ia l  during t h e  subsequent conversion s t e p .  

An excess of carbon i s  requi red  t o  s u c c e s s f u l l y  complete t h i s  s t e p  with- 

out  agglomeration. Experiments have demonstrated t h a t  a carbon-to- 

uranium r a t i o  g r e a t e r  than  about 5.8 i s  necessary t o  prevent  agglomerat ion 

during t y p i c a l  conversion ope ra t ions .  

exh tb i t ed  less tendency t o  agglomerate dur ing  conversion because of i t s  

s l i g h t l y  h igher  carbon-to-uranium r a t i o .  

The Duol i te  C-464 material  

Pa r t i a l  conversion of t h e  UO2 t o  UC2 a t  1600 t o  1700°C i n  accordance 

wi th  t h e  a p p l i c a b l e  r e a c t i o n s  i s  con t ro l l ed  by the  p a r t i a l  p re s su re  of 

CO over  t h e  mater ia l .  

and ex tens ive  in te rconnec ted  po ros i ty  (0.015 u m  diam f o r  IRC 72 and 

0.05 pm diam f o r  C-464) of  t h e  carbonized ke rne l s  p e r m i t  p r e d i c t i o n  of 

t h e  r a t e  of t h e  UO2 conversion t o  UC2 under given cond i t ions  of s p e c i f i c  

gas  flow r a t e  and temperature .  Debye-Scherrer examination of ke rne l s  

processed t o  v a r i o u s  conversion l e v e l s  has  shown t h a t  t h e  p a r t i a l l y  

converted material i s  a mixture  of U O z ,  UC2, and UCxOl-x. The amount 

and propor t ion  of t h e  va r ious  phases can be c o n t r o l l e d  by temperature  

v a r i a t i o n  and by a d d i t i o n  of hydrogen o r  carbon monoxide t o  t h e  

f l u i d i z i n g  gas stream. 

The high a v a i l a b l e  s u r f a c e  area (BET X 150 m2/g) 

The presence of t h e s e  phases sugges ts  t h e  p o t e n t i a l  f o r  uranium 

v o l a t i l i z a t i o n  during conversion.  However, measurements wi th  a w a t e r -  

cooled c o l l e c t o r  have ind ica t ed  t h a t  on ly  about 0.035% U l o s s  occurs  

dur ing  conversion under worst  c a s e  circumstances.  Although uranium 

l o s s  dur ing  ca rbon iza t ion  involves  an  a e r o s o l  t h a t  is  d i f f i c u l t  t o  

c o l l e c t ,  a n a l y s i s  has  y ie lded  a uranium loss of 0.02% during a very  f a s t  

ca rbon iza t ion  c y c l e  under a worst  case s i t u a t i o n .  

Microradiographic  examination of coated WAR p a r t i c l e s  has  demon- 

s t r a t e d  t h a t  under c e r t a i n  condi t ions  a cons iderable  q u a n t i t y  of uranium 

can be t r a n s f e r r e d  from t h e  ke rne l  t o  t h e  b u f f e r  coa t ing  dur ing  f a b r i -  

ca t ion .  This  occurred dur ing  annea l ing  of i nne r  L T I  coated p a r t i c l e s  

a t  1800°C and a l s o  dur ing  Sic coa t ing .  

ex ten t  of uranium d i s p e r s i o n  f o r  t h e  p a r t i c l e s  prepared f o r  i r r a d i a t i o n  

t e s t i n g  appear i n  Fig.  6 . 6 .  About h a l f  t h e  p a r t i c l e s  from t h e  two 

X radiographs showing t h e  



g. 6.6. X Radiographs o f  Sic-Coated 
LWU nulunal ly  75%-Converted Batches. (a) F r i  
12.6 * 2.5% converted. (0) Cone d i s t r i b u t o r ,  

Layer of t h e  
' k i t  d i s t r i b u t o r ,  
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batches having nominally 75% conversion show some d i spe r s ion .  

only an  occas iona l  p a r t i c l e  from t h e  ba tch  having 12.6% conversion showed 

d i spe r s ion ,  and i n  t h e s e  cases only a few s m a l l  specks of uranium-bearing 

material w e r e  p resent  i n  t h e  b u f f e r  l aye r .  Several f a c t o r s  t h a t  can 

cause uranium d i spe r s ion  were i d e n t i f i e d .  These f a c t o r s  were d i f f u s i o n  

of H C 1  o r  C 1 2  p resent  dur ing  t h e  S i c  coa t ing  through permeable L T I  coa t ings  

and subsequent r e a c t i o n  wi th  t h e  ke rne l ,  r e a c t i o n  during t h e  carbon 

coa t ing  opera t ion  of t h e  ke rne l  wi th  C z C 1 4  t h a t  had backstreamed from 

t h e  scrubber  i n t o  t h e  coa t ing  furnace ,  and exposure of converted ke rne l s  

t o  t h e  atmosphere before  coa t ing .  

work i n  more d e t a i l  is ava i l ab le .  

However, 

A r e p o r t  desc r ib ing  t h e  f u e l  d i s p e r s i o n  
1 

A f u r t h e r  concern r e l a t i n g  t o  processed f u e l  ke rne l s  i s  r e t a i n e d  

n i t rogen ,  because of t h e  t ransmutat ion t o  

i n  f u e l  reprocessing.  Thus t h e  e f f e c t  of  t h e  uranium loading method on 

r e t a ined  n i t rogen  is  a f a c t o r  i n  s e l e c t i n g  t h e  process  f lowsheet .  Com- 

p a r a t i v e  data  on ke rne l s  loaded by va r ious  schemes and carbonized i n  a 

s imi la r  manner have been obtained by t h e  Kje ldahl  method. Amberlire 

(H' form) wi th  a c i d  n e u t r a l i z a t i o n  by m40H has  shown 800 ppm re t a ined  

n i t rogen ,  whi le  Duo l i t e  ( N H t  form) exhib i ted  1200 ppm N .  These va lues  

are considered s i g n i f i c a n t  because of t h e i r  high l e v e l s ,  a l though t h e  

Kje ldahl  method i s  not s e n s i t i v e  t o  low n i t rogen  levels.  

4 C ,  which must be  accommodated 

6.2.2 Par t ic le  Coating Process  Development 

6.2.2.1 Pyro ly t i c  Carbon Deposi t ion - R. L. Beat ty  

Pyro ly t i c  carbon (PyC) coa t ing  s t u d i e s  may be d iv ided  i n t o  t h r e e  

areas: (1) op t imiza t ion  of t h e  coa t ing  process  from ope ra t iona l  con- 

s i d e r a t i o n s ,  (2) v a r i a t i o n  of coa t ing  process  parameters t o  determine 

e f f e c t s  on measurable p r o p e r t i e s ,  and ( 3 )  f a b r i c a t i o n  of i r r a d i a t i o n  

tes t  specimens. Since r e l evan t  coa t ing  parameters f o r  t h e  t h i r d  area 

w i l l  be addressed under s p e c i f i c  i r r a d i a t i o n  experiments i n  Sec ts .  6.5 

and 6.6,  d i scuss ion  i n  t h i s  s e c t i o n  w i l l  relate t o  t h e  f i r s t  two areas. 
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6.2.2.1.1 Process Development. The major work conducted on PyC 

coating process development involved use of the source hydrocarbon MAPP 

gas to replace the widely used propylene for deposition of LTI coatings. 
MAPP gas is marketed by Airco, Inc., primarily to replace acetylene as 

a metal fabrication fuel gas. Preliminary studies showing the suita- 

bility of MAPP for LTI deposition have been reported previously. 
Calculations involving reaction enthalpies and heat capacities showed 

that MAPP should effect approximately 50% as much heat absorption as 

does propylene during the coating process. 

To confirm the heat balance calculations the relative bed cooling 

3 

effects of MAPP and propylene were demonstrated experimentally by using 

each gas undiluted to coat a 500-g batch of thoria in a 64-mm-diam 

(2 1/2-in.) coater. 

couple immersed in the center of the bed 61 mm (2 3/8 in.) above the 

gas inlet and by an optical pyrometer viewing the coating chamber wall 

opposite the thermocouple junction. With this arrangement, the thermo- 

couple and pyrometer recorded virtually identical temperatures while 

the bed was fluidized with argon. Thus, when coating gas was substituted 

for argon, the difference between thermocouple and pyrometer readings 

provided a relative measure of coating gas thermal effects. This 

difference between bed-center and chamber-wall readings was nearly 

twice as great for propylene as for MAPP gas. Thus in this particular 

experiment, deposition efficiency was slightly higher and density 

slightly lower for MAPP deposits since these parameters are highly 
temperature sensitive and the coating runs were controlled at the same 

wall temperature. Subsequent experiments in which wall temperatures 

were adjusted to provide the same average bed temperature showed the 

deposition efficiency and coating density to be essentially identical 

for MAPP and propylene. 

Each run was monitored simultaneously by the thermo- 

During this period, MAPP gas has been used routinely for deposition 

of LTI coatings in laboratory coaters for preparation of irradiation 
test specimens. The reason for changing the process from propylene to 

MAPP is the improved temperature control possible with MAPP. The decision 

to employ MAPP rather than the alternative, blending acetylene and 
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propylene, to improve the coater heat balance was made for two reasons. 

Since most previous successful irradiation test experience had been with 

propylene-derived coatings, the propylene process should be viewed as a 

reference. On this basis the methylacetylene (propyne) and propadiene, 
which provide the favorable reaction enthalpy in MAPP, represent a more 

modest departure from established practice than does the addition of 

acetylene. The second reason for employing MAPP, though less important 
than the first, is that MAPP (like propylene) is handled as a liquid 

under its own vapor pressure. It is thus more convenient and safer to 
supply MAPP than large quantities of acetylene. The excellent irradiation 

performance demonstrated by MAPP-derived coatings during the past year 

verifies the acceptability of this process. 

6.2.2.1.2 Effect of Varying Process Parameters on Coating Properties. 

An experiment was conducted to systematically determine effects of varying 

process parameters on the measurable properties of LTI coatings and on 

the process itself. The experiment was planned to provide a range of 

LTI microstructures for development of characterization techniques 

(see Sect. 6.4) and to provide test specimens for irradiation capsules 

HT-28, -29, and -30 (see Sect. 6.5.6). 

Coating parameters varied included deposition temperature, MAPP 

gas concentration, total fluidizing gas flow rate, and bed volume 

(surface area). An objective of particular interest in this study was 

to independently vary hydrocarbon concentration and deposition rate. 

Since deposition rate is primarily a function of hydrocarbon flux, this 

necessitated varying the total gas flux or fluidizing flow relative 

to charge surface area. 

To achieve the desired range of total gas fluxes, we varied both 

charge volume and density relative to standard run conditions for the 

64-mm (2.5-in.) laboratory coater, as shown in Table 6.1. The more 

or less standard runs, footnoted g in Table 6.1, employed a 350-g, 
125-cm3 charge of buf fer-coated thoria. 

flux at a given concentraion, we decreased the charge by approximately 
half (footnote f, Table 6.1); to obtain lower hydrocarbon flux at the 

To obtain higher hydrocarbon 
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Table 6.1. Deposition Parameters, Densities, and OPTAF Values of LTI 
Coatingsa Prepared for Irradiation Experiments HT-28, -29, and -30 

MAPP Gasb Deposition Density,c g/cm3 

Concen- Flux Temper- Rate Effi- After 15 min 
tration (cm3/min- ature (urn/ ciencye at Increase AS 

1800°C ( " C )  min) (%) Deposited ( X )  an2)  

OPTAF~ Ratch 

100 
100 
100 
100 

100 
100 
100 
100 

50 
50 
50 
50 

50 
50 
50 
50 

25 

25 

25 
25 

15 

2 5; 

5.57f 

1.35h 

5.57f 

1.35h 

2.868 

0.77h 

2.868 

0. 77h 

2. 93f 
1.438 
0.6Xh 
0. 38h 

2.93f 
1.438 
0.6Eh 
0. 38h 

1.46f 
0.738 
0.34h 

1. 46f 
0.738 

0.84f 

1275 
1275 
1275 
1275 

1325 
1325 
1325 
1325 

1275 
1275 
1275 
1275 

1325 
1325 
1325 
1325 

1275 
1275 
1275 

1325 
1325 

1275 

23.0 
14.1 
7.3 
4.9 

28.0 
15.7 
8.6 
5.6 

0.7 
6.5 
3.6 
2.3 

2.5 
7.4 
3.9 
2.5 

5.2 
3.2 
1.8 

6.2 
3.6 

3.1 

46.4 
56.6 
60.4 
62.2 

49.8 
60.8 
64.5 
66.2 

42.1 
54.9 
55.9 
53.0 

45.7 
56.0 
58.5 
57.1 

43.2 
52.5 
54.9 

43.1 
54.4 

41.1 

1.989 
1.973 
1.948 
1.924 

1.948 
1.918 
1.868 
1.854 

1.974 
1. 966 
1.934 
1.888 

1.884 
1.853 
1.813 
1.806 

1.968 
1.950 
1.897 

1.840 
1.816 

1.945 

2.053 
2.019 
1.982 
1.975 

1.957 
1.949 
1.882 
1.898 

2.015 
2.009 
1.961 
1.910 

1.908 
1.886 
1.832 
1.823 

2.009 
1.986 
1.912 

1.860 
1.837 

1.977 

0.064 
0.046 
0.034 
0.051 

0.009 
0.031 
0.014 
0.044 

0.041 
0.043 
0.027 
0.022 

0.024 
0.033 
0.019 
0.017 

0.041 
0.034 
0.015 

0.020 
0.021 

0.032 

1.02 
1.02 
1.02 
1.01 

1.01 
1.01 
1.01 
1.01 

i 
1.01 
1.02 
1.02 

1.01 
1.01 
i 
1.01 

1.01 
1.02 
1.02 

1.01 
1.01 

1.02 

OR-22 75-iWT 
OR-2266-HT 
OR-2291-UT 
OR-2297-AHT 

OR-2274-HT 
OR-2265-HT 
OR-2290-HT 
OR-2296-AHT 

OR-2271-HT 
OR-2262-HT 
OR-2294-UT 
OR-2299-HT 

OR-2269-HT 
OR-2261-HT 
OR-2293-HT 
OR-2298-HT 

OR-2273-HT 
OR-2264-HT 
OR-2295-HT 

OR-2272-HT 
OR-2263-HT 

OR-2276-HT 
- _____ 

aDeposited on fertile particles of nominal design 500-um Tho: kernel, 85-pm buffer, 85-pm LTI. 

b W P  gas is marketed by Airco, Lnc.. and consists primarily of methylacetylene and propadiene with 

CMeasured by gradient column technique. 

dMeasured in twofold symmetry (without analyzer), after heat treatment. 

eDeposition efficiency is weight of carbon deposited on particles relative to weight of  carbon supplied 

fHigh flux obtained by using approximately half the usual charge volume. 

gTypical flux on 350-g, 12S-cm3, charge of buffer-coated fertile particles in 64-mm (2.5-in.) coating 

hLow flux obtained for given concentration by diluting bed with low-density carbon particles to reduce 

i 

alkanes as stabilizers. 

to bed. 

tube. 

fluidizing flow requirement. 

Not determined. 
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same concen t r a t ion ,  w e  blended low-density carbon p a r t i c l e s  wi th  t h e  

t h o r i a  t o  reduce t h e  flow r a t e  r equ i r ed  f o r  f l u i d i z a t i o n  ( foo tno te  h ,  

Table 6 . 1 ) .  Af t e r  coa t ing ,  t h e  carbon p a r t i c l e s  w e r e  separa ted  from 

t h e  t h o r i a  by f l o t a t i o n .  

d i l u t i o n  of t h e  bed are of p a r t i c u l a r  i n t e r e s t  because they  s imula t e  

coa t ing  condi t ions  f o r  f i s s i l e  p a r t i c l e s .  

The coa t ing  condi t ions  achieved by carbon 

The depos i t i on  parameters and observed d e n s i t i e s  and o p t i c a l  

a n i s o t r o p i e s  (OPTAF) f o r  t he  s e r i e s  of coa t ings  prepared i n  t h i s  exper i -  

ment are shown i n  Table 6.1. From t h e s e  d a t a  t h e  fol lowing observa t ions  

w e r e  made. 

1. Deposition r a t e  varies p r imar i ly  wi th  hydrocarbon f l u x  and 

secondar i ly  with depos i t i on  temperature  and hydrocarbon concent ra t ion .  

2.  Deposition ef f ic iency i nc reases  r a p i d l y  wi th  inc reas ing  charge 

volume, w i th in  t h e  range of cond i t ions  employed. It gene ra l ly  inc reases  

s l i g h t l y  wi th  decreas ing  f l u x ,  i s  h igher  f o r  undi lu ted  hydrocarbon than  

f o r  concen t r a t ions  of 50% o r  less ,  and inc reases  wi th  inc reas ing  

temperature.  

3 .  Density decreases  wi th  inc reas ing  depos i t i on  temperatures ,  

gene ra l ly  decreases  wi th  decreas ing  gas f l u x ,  gene ra l ly  decreases  wi th  

decreas ing  hydrocarbon concent ra t ion  down t o  about 25%, then  inc reases  

a t  lower concent ra t ion .  

4 .  Heat treatment a t  18OOOC s i g n i f i c a n t l y  d e n s i f i e s  a l l  L T I  coa t ings ,  

w i th  t h e  d e n s i t y  i n c r e a s e  being g r e a t e r  f o r  lower depos i t i on  temperature .  

5 .  OPTAF va lues  are very  low and nea r ly  i n v a r i a n t  f o r  coa t ings  

depos i ted  from MAPP gas r e g a r d l e s s  of depos i t i on  condi t ions  wi th in  t h e  

range employed. 

I n  a d i f f e r e n t  experiment an add i tona l  area i n v e s t i g a t e d  w a s  t h e  

e f f e c t  of process  v a r i a b l e s  on L T I  coa t ing  permeabi l i ty .  Previous work 

has  shown t h a t  LTI-type coa t ings  may have surface-connected p o r o s i t y  up 

t o  15  I-im deep i n  high-densi ty  PyC and may be permeable i n  any th i ckness  

of lower d e n s i t y  PyC. I n  t h e  f a b r i c a t i o n  of Triso-coated p a r t i c l e s ,  

t h i s  p o s s i b l e  permeabi l i ty  i s  of p a r t i c u l a r  concern i n  t h e  inne r  L T I  

due t o  p o s s i b l e  H C 1  leaching  of f u e l  dur ing  S i c  depos i t ion .  
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With t h e  o b j e c t i v e  of  d e f i n i n g  t h e  i n n e r  L T I  t h i c k n e s s  and d e n s i t y  

requi rements  t o  a s s u r e  t h a t  no f u e l  l e a c h i n g  can o c c u r ,  t h e  se t  of s p e c i -  

mens shown i n  Table  6.2 w a s  p repared  u s i n g  res in-based  k e r n e l s .  The 

seal c o a t  i n d i c a t e d  i s  a s u r f a c e  impregnat ion done a t  t h e  end of L T I  

d e p o s i t i o n  t o  d e c r e a s e  s u r f a c e  roughness  f o r  S i c  d e p o s i t i o n .  The seal  

c o a t  i s  a p p l i e d  by lowering t h e  c o a t e r  tempera ture  from 1275 t o  1125°C 

and c o a t i n g  f o r  about  1 min w i t h  a 50% MAPP g a s  c o n c e n t r a t i o n .  

c o a t  i s  r o u t i n e l y  a p p l i e d  i n  p r e p a r a t i o n  of i r r a d i a t i o n  tes t  specimens.  

It r e s u l t s  i n  a p p r e c i a b l e  bed weight  g a i n  b u t  o n l y  v e r y  s l i g h t  volume 

i n c r e a s e .  

The seal  

Table  6 .2 .  Biso-Coated WAR P a r t i c l e s  Tes ted  f o r  
Gaseous Leaching of Uranium 

Kernel  Thickness ,  u m  L T I  S e a l  
Coat Batch Conver s i o n  Densi tya 

(g/cm3) ( X I  Buffer  L T I  

OR-2 34 3 0 46.0 39.2 N o  1 .955 
OR- 2 34 4 0 46.7 43.1 Y e s  1 .955 
OR- 2 34 6 50 46.8 39.5 No 1.958 
OR-2347 50 48.5 40.8 Yes 1.964 

%easured by g r a d i e n t  column. 

High-temperature l e a c h i n g  w a s  c a r r i e d  o u t  on e i t h e r  10- o r  15-g 

samples.  R e s u l t s  a re  shown i n  Table  6 .3 .  I n  t h e  f i r s t  experiment ,  a l l  

f o u r  b a t c h e s  w e r e  l eached  a t  1500°C i n  C 1 ,  f o r  4 h r  i n  2-hr increments .  

The amount of uranium removed v a r i e d  among t h e  f o u r  b a t c h e s ,  b u t  i n  a l l  

cases t h e  amount w a s  v e r y  s i g n i f i c a n t  and w a s  about  t h e  s a m e  f o r  t h e  

second 2-hr p e r i o d  as f o r  t h e  f i r s t .  This  s u g g e s t s  a cont inuous  s teady-  

s t a t e  l e a c h  ra te  c h a r a c t e r i s t i c  of each b a t c h .  A f t e r  t h e  4-hr l e a c h ,  

r a d i o g r a p h s  of a l l  b a t c h e s  showed uranium d i s p e r s e d  i n  t h e  b u f f e r  and 

c o n c e n t r a t e d  a t  t h e  buffer-LTI i n t e r f a c e ,  f u r t h e r  s u g g e s t i n g  t h a t  t h e  

k e r n e l s  had indeed been a t t a c k e d  by CL2.  

i n  t h e  b u f f e r s  b e f o r e  l e a c h i n g .  

b u t  t h e y  do s u g g e s t  t h a t  t h e  seal  c o a t  a p p l i e d  t o  t h e  o u t s i d e  of t h e  L T I  

reduced i t s  p e r m e a b i l i t y  and t h a t  t h e  50%-converted k e r n e l s  are  more 

s u s c e p t i b l e  t o  C 1 2  a t t a c k  t h a n  are t h e  unconverted k e r n e l s .  

N o  f u e l  d i s p e r s i o n  w a s  observed 

These d a t a  are t o o  few t o  be c o n c l u s i v e ,  
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Table 6.3. Uranium Removed from Biso-Coated WAR 
Particles by Gaseous Leaching 

Fraction of Uranium Removed from Particles 
~~ ~~ ~ 

Batch 15OOOC in C12 1250°C in C12 1500°C in Ar 

2 hr 4 hr 2 hr 4 hr 4 hr 

x x x 

OR-2343 1.18 2.62 0.54 0.68 0.42 
OR- 2 34 4 0.53 1.03 
OR- 2 34 6 1.97 3.87 
OR-2347 1.62 2.99 

Since leaching for several hours in C12 at 15OOOC may be a more 

severe test than is necessary to qualify fuel and since effects on the 

LTI microstructure by Cl2 are unknown, two further experiments were 

done. As shown in Table 6.3, one of the batches was leached in C12 at 

1250°C and in argon at 1500°C. The 125OOC Cl2 leach removed about half 

as much uranium during the first 2 hr as did the 15OOOC leach and much 

less during the second 2-hr period. The 4-hr treatment in argon at 

15OOOC removed about one-sixth as much uranium as the similar treatment 

in Cl2. No evidence of damaged coatings was found in any of the 

experiments. 

In summary, these results indicate that the standard LTI coatings 

are permeable to some extent, that fuel can be removed continuously 

through intact coatings by Cl2 at 15OO0C, and that leaching in Cl2 at 

15OOOC may be too severe a test treatment (i.e., a lower temperature 
may be more realistic). Further experiments are needed at different 

temperatures for shorter and longer times, and on LTI coatings of 

different thickness and density to clearly establish required LTI 

characteristics. 

6.2.2.2 Sic Deposition Process Development - J. I. Federer 
Most of the laboratory-scale Sic process development activities 

consisted of evaluating the effects of coating conditions on coating 

characteristics when methyltrichlorosilane (MTS) is used as the source 
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f o r  S i c .  The p r i n c i p a l  v a r i a b l e s  of MTS f l u x ,  H2/mS r a t i o ,  and temper- 

a t u r e  w e r e  va r i ed  over  wide ranges i n  search  of t rends :  MTS f l u x  w a s  

va r i ed  from 0.03 t o  1 .3  cm2/min; H2/MTS r a t i o  w a s  va r i ed  from 5 t o  4 4 ;  

temperature w a s  va r i ed  from 1225 t o  1775°C. The r e s u l t s  of t h i s  work 

may be  summarized as fol lows:  

1. Coating rate i s  a f f e c t e d  by each of t h e  p r i n c i p a l  v a r i a b l e s ;  

however, H2/MTS r a t i o  and temperature a l s o  a f f e c t  d e n s i t y ,  whereas 

coa t ing  rate does no t .  A h ighly  dense S i c  coa t ing  can be obta ined  a t  

optimum values  of Hz/MTS r a t i o  and temperature;  t h e  coa t ing  rate can 

then be convenient ly  v a r i e d  by vary ing  t h e  MTS f l u x .  

2. A t  optimum values  of H2/MTS r a t i o  and temperature t h e  coa t ing  

ra te  i s  a l i n e a r  func t ion  of MTS f l u x .  

have been obtained.  

Coating rates as high as 4 pm/min 

3 .  Coating d e n s i t y  i s  s t rong ly  a f f e c t e d  by H2/MTS r a t i o .  Except 

f o r  a few d a t a  p o i n t s ,  t h e  d e n s i t y  appears  t o  inc rease  r a p i d l y  wi th  

inc reas ing  Hz/MTS r a t i o  i n  t h e  range 5 t o  20, and i s  r e l a t i v e l y  insen- 

s i t i v e  t o  a f u r t h e r  i nc rease  i n  H2/MTS r a t i o s .  Coatings f o r  i r r a d i a t i o n  

t e s t i n g  w e r e  depos i ted  a t  an H2/MT3 r a t i o  of 30. 

4 .  Since an H2/MTS r a t i o  of a t  least  20, and p re fe rab ly  h ighe r ,  is  

needed f o r  high d e n s i t y ,  t h e  maximum coat ing  rate is  determined by t h e  

ba tch  s u r f a c e  area and t h e  coa t ing  tube s i z e .  The maximum coat ing  ra te  

occurs  a t  t h e  g r e a t e s t  MTS f l u x  (and corresponding Hz/MTS r a t i o )  t h a t  

does not  eject microspheres out  of t h e  coa t ing  tube.  A coa t ing  ra te  of 

1 pm/min appears t o  be  p r a c t i c a l  i n  t h e  s m a l l  coa t ing  tubes used i n  t h i s  

work. 

f low rates, batch s u r f a c e  area (batch s i z e ) ,  and coa t ing  tube  s i z e .  

S i g n i f i c a n t l y  higher  rates would l i k e l y  r e q u i r e  t rade-of fs  among 

5. The mic ros t ruc tu re  is  a l s o  s t rong ly  a f f e c t e d  by Hz/MTS r a t i o  

and temperature ,  bu t  no t  by coa t ing  rate. F igure  6.7 shows t h a t  as 

t h e  H2/MTS r a t i o  is  va r i ed  from 5 t o  25 t h e  mic ros t ruc tu re  changes from 

a disorganized m a s s  t o  a s t r i a t e d  s t r u c t u r e  and f i n a l l y  t o  a g r a i n  

s t r u c t u r e .  Although not  evident  i n  t h e  mic ros t ruc tu res ,  t h e  amount of 

po ros i ty  decreases  with inc reas ing  H2/MTS r a t i o .  S imi l a r ly ,  Fig. 6.8 

shows t h a t  as temperature  i s  incfeased  from 1375 t o  1775°C t h e  micro- 

s t r u c t u r e  changes from a s t r i a t e d  s t r u c t u r e  (conta in ing  excess s i l i c o n )  

t o  a dense g r a i n  s t r u c t u r e ,  and f i n a l l y  t o  a coa r se ly  c r y s t a l l i n e  S t r u c t u r e  

conta in ing  gross  po ros i ty .  

1 
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Fig. 6.8. Microstructures of Silicon Carbide Coatings Deposited 
at Various Temperatures and Hydrogen-to-Methyltrichlorosilane Ratio of 
30. (a) 1375°C. (b) 1475OC. (c) 1575°C. (d) 1675°C. (e) 1775°C. 
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6. Coating density is strongly affected by temperature. Figure 6.9 

shows the results of the present study along with those of three other 

investigators. 4-6 

mum values in the temperature range 1500 to 1650°C. Coatings deposited 

below about 1400°C have low density due to the presence of excess silicon, 

while coatings deposited above 1700°C may have gross porosity, as shown 

in Fig. 6.8. Coatings for irradiation testing were deposited at 1575°C. 

7. Heat treatment at 1800°C for 30 min, the standard treatment for 

Except for one case5 the densities exhibited maxi- 

consolidating coated microspheres into fuel sticks, does not significantly 

affect the microstructure of Sic coatings, regardless of the coating 

conditions or coating rate. 

In summary, coatings have been deposited at rates up to 4 um/min. 

A rate of about 1 um/min appears to be practical for reasonable batch 
sizes. 

structure have been determined. 

can be prepared at H2/MTS ratios of 20 or more and at temperatures in 

the range 1475 to 1675°C. 

will be published. 

The effects of HJMTS ratio and temperature on density and micro- 

Highly dense polycrystalline coatings 

A more detailed discussion of these results 
7 
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6 . 2 . 2 . 3  Evaluat ion of Compounds Other than MTS - J. I. Federer 

W e  are i n v e s t i g a t i n g  t h e  f e a s i b i l i t y  of depos i t i ng  S i c  from sources  

o the r  than MTS (CH3SiC13) because of t h e  co r ros ive  n a t u r e  of t h e  by- 

product H C 1  from t h i s  compound. A source compound conta in ing  less 

ch lo r ine  than MTS would be d e s i r a b l e ;  one wi th  no c h l o r i n e  would be 

prefer red .  Some p o s s i b l e  compounds are s i l a n e  (SiHb), t e t r ame thy l s i l ane  

[Si(CH3)4], methylchlorosi lane (CH3SiH2Cl), and methyld ich loros i lane  

(CH3SiHC12). 

Our b r i e f  experience wi th  SiH4 can be summarized as fol lows.  SiH4 

is  very uns tab le ,  and i t  decomposes t o  S i  and H2 a t  low temperatures.  

I n  one experiment a S i c  coa t ing  w a s  deposi ted a t  800°C from SiH4 and 

ace ty lene  (C2H2) i n  a bed f l u i d i z e d  wi th  hydrogen. Large amounts of 

hydrogen are requi red  t o  c o n t r o l  t h i s  decomposition i n  a f l u i d i z e d  bed, 

and t h i s  has  not  always been completely success fu l .  

e x i s t s ,  however, of prepar ing  S i c  where t h e  only by-product is  hydrogen 

r a t h e r  than HC1.  S i l a n e  i s  a l s o  q u i t e  flammable and very expensive 

compared wi th  MTS. 

The p o s s i b i l i t y  

Our experience wi th  Si(CH3)k may be summarized as fol lows.  Coatings 

of S i c  have been deposi ted a t  temperatures i n  t h e  range 1000 t o  1500°C. 

However, t h e  coa t ings  w e r e  porous and contained excess  carbon. S i m i l a r  

r e s u l t s  were obtained wi th  e i t h e r  hydrogen o r  argon as t h e  f l u i d i z i n g  

gas. 

s t r u c t u r a l  i n t e g r i t y  of coa t ings  prepared from MTS, and much a d d i t i o n a l  

work would probably be requi red  t o  achieve such a r e s u l t .  

No coa t ings  w e r e  prepared wi th  t h e  acceptab le  dens i ty  and micro- 

6 .3  FUEL ROD FABRICATION DEVELOPMENT AND QUALIFICATION - R. L. Hamner 
and 0. J. Horne 

In-block carboniza t ion  of f u e l  rods  i s  now p a r t  of t h e  r e fe rence  

f a b r i c a t i o n  process  f o r  l a r g e  HTGR f u e l  elements. A l i m i t e d  program w a s  

i n i t i a t e d  as a backup f o r  in-block carboniza t ion  wherein i t  w a s  proposed 

t h a t  a quick ly  thermoset t ing r e s i n  be  used as a b inder  t h a t  would be 

amenable t o  t h e  s lug - in j ec t ion  process  and would permit carboniza t ion  

of f u e l  rods i n  g raph i t e  t r a y s  without  a d d i t i o n a l  mechanical support  

t o  prevent deformation. Such a process  might o f f e r  c e r t a i n  advantages 
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i n  t h a t  s t i c k i n g  t o  t h e  block should be minimal and t h e  carbonized 

and hea t - t r ea t ed  f u e l  rods  could be inspec ted  be fo re  i n s e r t i o n  i n t o  

t h e  f u e l  block. 

Three powder-type thermose t t ing  r e s i n s ,  a l l  of s i m i l a r  cha rac t e r -  

ist ics,  w e r e  rece ived  from Hercules ,  Incorpora ted ,  f o r  i n v e s t i g a t i o n .  

These w e r e  polyphenylene r e s i n s  des igna ted  as t h e  "H-type" t h a t  have 

low melt-flow temperatures  (60-1OO0C), low v i s c o s i t i e s  a t  1 2 O o C ,  and 

high coke y i e l d s  (85-90%). Their  p r o p e r t i e s  o v e r a l l  suggested t h a t  

they  w e r e  s u i t a b l e  f o r  t h e  s l u g  i n j e c t i o n  process .  The p r i n c i p a l  

v a r i a b l e s  s tud ied  were ma t r ix  composition, blending,  i n j e c t i o n  t i m e  

and temperature ,  cu re  t i m e  i n  t h e  mold, and carboniza t ion  cyc le s .  

The f i l l e r s  used were n a t u r a l  g r a p h i t e  powder (Asbury Graphi te  

M i l l s  grade NF-6353) and a h igh- f i red  i s o t r o p i c  a r t i f i c i a l  g r a p h i t e  

powder (der ived from a Union Carbide Robinson g raph i t e )  added as 

30 w t  % i n  r e s i n  o r  r e s in -p i t ch  mixtures  (Ashland O i l  Co. grade 240). 

The matrix components w e r e  blended both  d ry  and wi th  so lven t s  such as 

to luene ,  t r i c h l o r o e t h y l e n e ,  and toluene-acetone mixtures .  I n j e c t i o n  

t i m e s  f o r  a 13-mm-diam by 25-mm-long (0.5- by 2-in.) rod v a r i e d  from 

1 t o  1 .5  min, depending on t h e  i n j e c t i o n  temperature.  Forming tempera- 

t u r e s  w e r e  va r i ed  from 125 t o  2 2 O o C ,  and cure  t i m e  i n  t h e  mold va r i ed  

from 1 t o  2.5 min. Carbonizat ion hea t ing  rates w e r e  va r i ed  from 30 t o  

180°C/min. The r e s u l t s  are summarized below. 

1. S l u r r y  blending of mat r ix  components w a s  much more s a t i s f a c t o r y  

than  d r y  blending;  t h e  l a t t e r  r e s u l t e d  i n  very inhomogeneous mixtures .  

However, s l u r r y  blending posed t h e  problem of having t o  remove a l l  t h e  

so lven t  without  hea t ing ;  o therwise  cracked rods r e s u l t e d  because of 

entrapped vapors .  This  w a s  reso lved  by holding f o r  30 h r  under vacuum. 

2. The r e s i n s  and r e s in -p i t ch  mixtures  as b inde r s  w e r e  very  

amenable t o  t h e  s l u g  i n j e c t i o n  f a b r i c a t i o n  process .  However t h e  use  

of r e s i n  a lone  r e s u l t e d  i n  severe cracking ,  apparent ly  due t o  h igh  

shr inkage.  This  w a s  a l l e v i a t e d  somewhat by t h e  a d d i t i o n  of A-240 p i t c h .  

A nominal r e s in -p i t ch  r a t i o  of 1 .0  w a s  t h e  most s a t i s f a c t o r y  from t h e  

s tandpoin t  of c racking  and dimensional con t ro l .  Higher r a t i o s  r e s u l t e d  

i n  increased  cracking.  Rat ios  less  than 0.75 r e s u l t e d  i n  rods  t h a t  w e r e  

no t  f r e e  s tanding  dur ing  carboniza t ion  because of t h e  excess  of p i t c h .  
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3. 
satisfactory. 

times for partial cure. At temperatures above 17OOC the matrix tended 
to polymerize during injection and could not be forced easily through 
the particle bed. 

Injection temperatures between 160 and 17OOC were the most 

Temperatures below 16OOC resulted in prohibitive hold 

4 .  Nearly all specimens tended to have surface cracks, which 

increased with injection temperatures above 170°C and with hold times 
in the mold between 160 and 170°C for partial cures of 2 min or less. 

Under the most favorable conditions for forming, a very slow 5. 

heating rate (30°C/hr) was required to reduce cracking, and even then, 
the results were erratic. 

6 .  Dimensional control of rods under the most favorable conditions 
of fabrication was reasonably good. 

7. Matrix densities achieved were as high as 0.95 g/cm3 and coke 
yields as high as 92%. Despite these features, however, the carbonized 

specimens were very weak and easily chipped. 

showed that the matrix was badly cracked internally and matrix-coating 
interaction was severe. 

Metallographic examination 

We concluded that the "H-type" thermosetting resins were not 

satisfactory except for forming, although with the studies of these 

resins we have demonstrated that fuel rods formed within about the 
same time span for pitch-bonded rods could be free standing during 
carbonization. Other thermosetting resins, mostly phenolics, are now 

being investigated. 

6.4 CHARACTERIZATION OF PYROCARBON COATINGS - V. J. Tennery, E. S. Bomar, 
J. P. Mathers,* C. S .  Yust,i P. Krautwasser,* and R. L. Beatty 
Characterization of pyrocarbon coatings in a manner enabling 

prediction of irradiation performance is a critical requirement for 
optimizing coating deposition processes, developing adequate coating 

*Present address, Argonne National Laboratory, Argonne, Illinois. 
?Work supported by Division of Physical Research, ERDB. 
*Work supported by KFA, Institut f k  Reaktorwerkstoffe, Jzlich, FRG. 
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specifications, and assuring good irradiation performance. Our objective 

is therefore to develop a set of measurable parameters that can be 

uniquely correlated with irradiation performance as well as with fabri- 

cation conditions. Characterization effort has been concentrated on 

coating specimens prepared as sets for irradiation test experiments. 

These specimens were fabricated with coating deposition conditions 

systematically varied to provide ranges of microstructures for correlation 

with irradiation performance. Any characterization technique that can 

reveal structural differences that relate to irradiation survival is 

therefore of interest. Techniques under development include optical 

anisotropy (OPTAF), x-ray determination of the Bacon anisotropy factor 

(BAF), oxygen plasma etching, small-angle x-ray scattering (SAXS), 
transmission electron microscopy (TEM), and chemical characterization. 

6.4.1 OPTAF Technique 

We have continued the development reported previously' of an optical 

technique (OPTAF) for determining the anisotropy of pyrocarbon coatings 

on fuel particles. Problems with our system continued to make utilization 

of this method difficult, and the results obtained with it open to 

question. The major problems involved with measurement of particle 

coatings have been (1) the tendency for the measured curve of reflected 
intensity versus polarizer angle of near-isotropic pyrocarbon (PyC) to 

not have the symmetry predicted by the optical theory that is the basis 

for the measurement, and (2) the apparent critical requirements of 

specimen surface flatness. The causes for (1) and (2 )  can be eccen- 

tricity of the rotating specimen stage such that different specimen 

volumes are illuminated at different stage angles (or equivalent polarizer 

angles); the specimen surface normal varying from exactly parallel to 

the optic axis of the microscope as the sample is rotated; light depolar- 

ization due to scattering processes in the PyC surface; and possibly 

optical reflection effects unique to PyC that have r.ot been reported 

by other workers. 

A series of measurements was made on PyC coatings to assess the 

origin of the asymmetry effects often observed in the reflected light 
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intensity curves of near-isotropic pyrocarbons. 
made on selected particles used in the loadings of the HT-17 through -19 
series of irradiation experiments since those coatings were deposited 

with the express purpose of preparing PyC having a range of anisotropy. 

The basic criterion used in evaluating the OPTAF results was the symmetry 

of the curve of reflected light intensity as a function of specimen 

rotation angle. 

this curve must have twofold symmetry if polarized light is used without 

an analyzer in the system. 

anisotropy ratio below about 1.06 it was difficult for the system to 
produce the required symmetrical curve. As the anisotropy decreased 

toward unity (isotropic condition), the amplitude of the measured curve 

decreased toward zero, and thus the precision of measurement became poor. 

Additionally, another characteristic of nearly isotropic PyC appeared to 

make the measurement difficult. 

rotation of about 4 pm and a vertical runout at least this large. Thus, 

during stage rotation, the same region of PyC was not illuminated by 

the 15-pm sampling beam at all times that the reflectivity was being 

measured. For highly anisotropic PyC, this is not too serious. However, 

for PyC with OPTAF less than about 1.10 this degree of stage eccentricity 
is apparently not acceptable. Local variations in the optical reflec- 

tivity of near-isotropic PyCs are significant on a scale of at least 

4 to 5 pm. As a result, as the sample is rotated during the measurement, 

PyC having significantly different optical properties passes into and 
out of the sampling beam, distorting the measured reflectivity curve. 

The measurements were 

In  order for the OPTAF technique to really be applied, 

Results indicated that for PyC with an optical 

The stage had a radial runout during 

Comparative measurements were made on coatings of selected particles 

by manually rotating the microscope stage in 30" increments and reposi- 

tioning the specimen field before each measurement, and by using the 

motor-driven stage rotation system. In all cases, reflectivity results 

obtained by manually rotating the stage exhibited the required twofold 

symmetry, whereas those obtained using the motor drive on the stage were 

either asymmetric or the maxima or minima had unequal intensities. 

Sample surface preparation also appeared to be quite critical for near- 

isotropic PyC coatings. 
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Conclusions drawn regard ing  t h e  OPTAF system as w e l l  as t h i s  type  

of measurement i n  genera l  w e r e  t h e  following. The r o t a t i n g  s t a g e  of 

t h e  e x i s t i n g  system has mechanical imperfec t ions  t h a t  make i t  very  

d i f f i c u l t  t o  u se  f o r  measurements on nea r - i so t rop ic  PyC. The t r ans -  

l a t i o n a l  s t a g e  loca ted  on top  of t h e  r o t a t i n g  s t a g e  is  too  crude f o r  

p r e c i s e  p o s i t i o n i n g  of a s e l e c t e d  coa t ing  area t o  w i t h i n  a few micro- 

meters. Fac to r s  t h a t  tend t o  d i s t u r b  t h e  measurement of nea r - i so t rop ic  

PyC make i t  c r i t i c a l l y  important t h a t  t h e  symmetry of t h e  r e f l e c t e d  

i n t e n s i t y  curves  be v e r i f i e d  dur ing  a measurement. I f  t h e  r equ i r ed  

two- and fou r fo ld  symmetry ( f o r  t h e  case of crossed polar ized-analyzer  

system) is  not  observed, i n t e r p r e t a t i o n  of t h e  r e f l e c t e d  i n t e n s i t y  i s  

no t  poss ib l e .  

With care exerc ised  t o  circumvent t h e  above equipment d e f i c i e n c i e s ,  

OPTAF measurements w e r e  made on PyC coa t ings  t h a t  had a l s o  been charac- 

t e r i z e d  by selective e t ch ing  and e l e c t r o n  microscopy techniques.  

Evaluat ion of r e s u l t s  of t h e s e  techniques could thus  be  c o r r e l a t e d  wi th  

i r r a d i a t i o n  s u r v i v a l  da ta .  Numerous coa t ings  produced i n  a 25-mm (1-in.) 

c o a t e r  and 17 PyC samples produced i n  t h e  0.13-m (5-in.) c o a t e r  were 

measured. Both twofold and fou r fo ld  OPTAF measurements were made on 

a l l  t h e  samples t o  o b t a i n  s u f f i c i e n t  d a t a  t o  determine t h e  r e l a t i v e  

m e r i t  of t h e s e  two OPTAF parameters.  Resul t s  f o r  coa t ings  made i n  t h e  

0.13-m c o a t e r  are given i n  Table 6.4. Eight of t h e  coa t ings  have been 

t e s t e d  i n  i r r a d i a t i o n  experiments i n  t h e  HFIR and ORR f a c i l i t i e s .  The 

coa t ings  a l l  have very low o p t i c a l  an iso t ropy .  P o s t i r r a d i a t i o n  exami- 

n a t i o n  r e s u l t s  on t h e  ind ica t ed  i r r a d i a t i o n  capsules  w i l l  provide our  

f irst  eva lua t ion  of t h e  OPTAF technique f o r  p r e d i c t i n g  t h e  i r r a d i a t i o n  

behavior  of PyC coa t ings  produced i n  t h e  l a r g e  coa te r .  The o t h e r  n i n e  

coa t ings  ind ica t ed  i n  Table 6.4 w e r e  produced i n  t h e  0.13-in. c o a t e r  

and w e r e  p a r t  of a s t a t i s t i ca l  s tudy  of coated p a r t i c l e  shape produced 

i n  t h e  c o a t e r  under sys t ema t i ca l ly  va r i ed  coa t ing  condi t ions .  Specimens 

produced a t  t h e  c e n t e r  and a x i a l  ends of t h e  s t a t i s t i ca l  des ign  w i t h  

no propylene d i l u e n t  w e r e  s e l e c t e d  f o r  t h e s e  measurements. 

t h e  propylene flow rate from 0.680 t o  2.72 s t d  l i ters/sec (1.44-5.76 scfm) 

a t  1375OC wi th  a ba tch  charge of 1500 g r e s u l t e d  i n  a modest i n c r e a s e  

i n  OPTAF of t h e  PyC from 1.02 (A-339) t o  1.04 (A-369) (twofold measurement). 

Inc reas ing  
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Table 6.4. OPTAF Values for PyC Fuel Particle Coatings Deposited 
from Propylene in a 0.13-m (5-in.) Coater 

Sample OPTAF~ Application 

5-238 
5-262 
5-461 
5-465 
5-488 
5-489 
5-490 
5-491 

1.02 
1.02 
1.02 
1.03 
1.02 
1.01 
1.01 
1.01 

HRB-7, -8 ,  and OF-1 
HRB-7, -8 ,  and OF-1 
HT-26, -27 
HT-26, -27 
HT-30 and OF-2 
HT-30 and OF-2 
HT-30 and OF-2 
HT-30 and OF-2 

A-338 
A-355 

5-339 
5-342 

A-339 
A-345 
A-369 
A-341 
A-364 

1.04 
1.04 

1.05 
1.07 

1.02 
1.08 
1.04 
1.02 
1.01 

Statistical coater study 
Statistical coater study 

Annealed version of A-338 
Annealed version of A-355 

Statistical coater study 
Statistical coater study 
Statistical coater study 
Statistical coater study 
Statistical coater study 

a Twofold measurement with 30 pm measuring aperture at 5470 A .  

Increasing the deposition temperature from 1225 to 1525OC at a propylene 
flow rate of 1.7 std liters/sec (3.6 scfm) and a charge of 1500 g resulted 
in a systematic decrease in OPTAF from 1.08 (A-345) to 1.01 (A-364). 

Twenty-two PyC coating specimens produced in a 64-mm (2.5-in.) 
coater for irradiation evaluation in capsules HT-28, -29, and -30 were 
also measured. These specimens represent PyC deposited from W P  gas 

over a wide range of conditions, and we hoped that they would provide 
a basis f o r  determining the sensitivity of the OPTAF measurement to 
various coating structural variations. The OPTAF values calculated 
from reflectivity traces having twofold symmetry (polarized only) are 

given in Table 6.1 ( p .  239). 
An improvement in the metallographic preparation of OPTAF samples 

was developed for those specimens polished with 3-pm diamond before the 

final polish with 0.025-um diamond. This procedure yielded specimens 
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wi th  supe r io r  f l a t n e s s  and l i t t l e  rounding a t  t h e  o u t e r  edge of t h e  

PyC coa t ings .  However, some rounding s t i l l  occurred a t  t h e  coat ing-  

to-buffer  i n t e r f a c e .  

The OPTAF va lues  of several ORNL PyC p a r t i c l e  coa t ings  were 

measured a t  KFA, JGl ich ,  and t h e  r e s u l t s  from KFA and ORNL agreed 

reasonably w e l l .  

two l a b o r a t o r i e s  us ing  a i r  o b j e c t i v e s  are given i n  Table 6.5. 

agreement between t h e  OPTAF va lues  obtained f o r  a s p e c i f i c  ORNL coa t ing  

by t h e  two l a b o r a t o r i e s  i s  w e l l  w i t h i n  our es t imated variance of 

k0.015 OPTAF u n i t s  f o r  OPTAF va lues  i n  t h e  range 1.03 t o  1.00. These 

r e s u l t s  as w e l l  as those  repor ted  previous ly  of OPTAF measurements on 

coa t ings  produced a t  KFA-IRW i n d i c a t e  t h a t  va lues  obta ined  f o r  a 

s p e c i f i c  PyC specimen a t  ORNL and KFA-IRW are e s s e n t i a l l y  i d e n t i c a l .  

The twofold-symmetry OPTAF va lues  obta ined  by t h e  

The 

Table 6.5. OPTAFa Measurements on ORNL PyC Coatings 
Made a t  ORNL and KFA-Jzlich 

OPTAF P a r t i c l e  
Designat ion ORNL KFA- Jc 1 i c hb 

OR- 2 0 13-T 1.02 1.014 
OR- 19 6 7- T 1.02 1.014 
OR-19 75-T 1.02 1.029 
OR- 1 9  8 5-T 1.03 1.026 
OR-1849-HT 1.02 1.033 
OR-1749-HT 1.03 1.027 

a Based on maximum and minimum r e f l e c t i v i t y  
us ing  p o l a r i z e r  only,  wavelength = 5470 A. 
r a d i u s  va lue  of PyC coa t ing .  

bMeasured on L e i t z  MPV-I1 system. 

Mid- 

I n  a d d i t i o n  t o  t h e  experimental  work t h e  r e l a t i o n s h i p  of t h e  

measured OPTAF va lue  and t h e  o r i e n t a t i o n  of t h e  carbon c r y s t a l l i t e s  

i n  t h e  PyC coa t ing  w a s  c a l c u l a t e d  t h e o r e t i c a l l y .  The c a l c u l a t i o n  w a s  

based on an  assumed d i e l e c t r i c  s u s c e p t i b i l i t y  t enso r  f o r  t h e  carbon 

c r y s t a l l i t e s  i n  t h e  PyC. The t e n s o r  components w e r e  der ived  from 

publ ished o p t i c a l  p r o p e r t i e s  of  s i n g l e - c r y s t a l  g r a p h i t e ,  and l o c a l  
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field perturbations were neglected. 

reduced to a relation between OPTAF and a crystallite orientation param- 
eter directly relatable to the Bacon Anisotropy Factor (BAF) obtained 

by x-ray diffraction orientation techniques. This relation has essen- 

tially the same shape but slightly different values from the OPTAF-BAF 
relation derived for PyC by Koizlik’’ using a much simpler model. 

susceptibility tensor calculation neglects local field and optical inter- 

ference effects, and the significance of these assumptions is presently 

unknown. Our more refined calculation does indicate that the relation 

between OPTAF and the BAF for PyC that has been used by various workers 

and is based on a relatively simple PyC model is reasonably valid. 

Results of the calculation were 

This 

6.4.2 X-Ray Diffraction Techniques 

Development of techniques for using x-ray diffraction to charac- 

terize the LTI PyC coating on Biso particles was pursued. 
experiments were conducted to demonstrate technical feasibility. The 

x-ray diffracting power of the LTI must be sufficiently intense to permit 

extraction of orientation and crystallite size information from a 

diffracted beam. This capability for the LTI was demonstrated by 

diffracting a 50-um-diam Cu Ka x-ray beam from a small portion of the 
LTI of a single particle. A 16-hr exposure on film revealed an intense 

(002) reflection and a moderate (10) band. This work demonstrated that 

with sufficient effort the LTI on a single particle could be charac- 

terized by x-ray diffraction. 

diffraction from a planar array of about 100 particles. Since much 

more LTI volume was illuminated by the x-ray beam than in the previous 
case of a single particle, the diffracted intensity was much higher. 

The data showed that the diffraction maxima customarily used to charac- 

terize bulk graphitic materials are observable for these coatings and 

thus should permit straightforward analysis once the measurement technique 

is established. The major problem with microspheres is to sufficiently 

collimate the incident and diffracted beams so that meaningful crystallo- 
graphic information can be obtained from a relatively small volume of 

LTI coating. 

Two preliminary 

The other experiment measured the x-ray 
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Considerable information on the turbostratic stacking, crystallite 

size, and degree of graphitization in the PyC coating can be obtained 

from powder patterns of crushed coating samples removed from the particles. 

Preliminary work included analysis of samples of buffer and LTI coatings 
that had been removed from a number of kernels. Each of these samples 

had a diffraction pattern characteristic of poorly crystallized turbo- 
stratic PyC except for trace amounts of Thoz removed with the buffer. 

The (10) diffraction band of these structures has a long high-angle 

tail. The (11) band has similar characteristics. These data are shown 

in Fig. 6.10. The interplanar spacings of the ( 0 0 2 ) ,  approximately 

3 . 5 1  and 3.49 A, respectively, for the buffer and LTI coating compared 
with 3.35 A for a well-developed graphite structure. 
sizes, L e ,  were 25 A for the buffer and 32 

calculated with the Scherrer equation. The ( 0 0 2 )  spacings reported 

here have not been corrected for the expected line shift due to these 

small Le values. 

The mean crystallite 

for the LTI coating, as 

We also initiated work on a method for direct determination of 

preferred orientation in PyC coatings on particles. This technique, 

developed by Pluchery, employs a special sample holder that permits 

exposure of an equatorial band of the coating of each particle in a 

group of approximately 100 particles. The geometric parameters of a 

given particle type and the required absorption corrections are employed 
with a computer program to determine coating anisotropy factors. Deter- 

mination of coating preferred orientation by x-ray diffraction is of 
interest because it should, in principle, be done fairly rapidly and 

quantitatively. A specimen holder for this purpose was designed and 
is being constructed for future work. 

An additional technique planned for PyC characterization is use 

of small-angle x-ray scattering (SAXS). Work done at KFA, Jilich, has 

shown promise for correlation of SAXS measurements with irradiation 

stability.13 

evaluation of the resolution of a one-dimensional system was completed 

using five PyC types. Future work will include data collection on a 

broad range of PyC types. 

Facilities for this work were set up and an initial 
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Fig. 6.10. X-Ray (Cu Ka) Diffraction Profiles of (a) Buffer Coating 
Removed from Tho2 and (b) Outer Pyrocarbon Removed from OR-1978. 

6 . 4 . 3  Etching Techniques 

Oxygen plasma oxidation, electrolytic etching, and cathodic etching 

techniques have been reported’ 

etching patterns in PyC structures, which can be correlated with irra- 

diation performance of Biso PyC coatings. Selected specimens were 

treated by each technique to evaluate the merits of this approach. For 

the initial evaluation several archive specimens from the irradiation 
test series HT-17 through -19 were examined with oxygen plasma oxidation 

and cathodic etching techniques. Five different specimen types were 

prepared in metal mounts and metallographically polished. These mounts 

were selectively etched for various times in an oxygen plasma in 12 kJ 

(200 W-min) increments. Others were given a cursory examination with 

a cathodic etcher using ionized argon. 

was to determine if we could use these techniques to discern microstruc- 

tural differences within the PyC coatings that may relate to irradiation 

performance. After etching, the specimen surfaces were examined optically 

and with a scanning electron microscope (SEM). 

by German workers to provide banded 

The objective of these studies 

Oxidation in the oxygen 
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p la sma  a t  200 W-min of a mount of f i v e  s e l e c t e d  Biso-coated p a r t i c l e  

types  revea led  s i g n i f i c a n t  d i f f e r e n c e s  i n  PyC from d i f f e r e n t  coa t ing  

runs.  The m i c r o s t r u c t u r a l  f e a t u r e s  revealed w e r e  e s s e n t i a l l y  below 

t h e  r e s o l u t i o n  l i m i t  of t h e  o p t i c a l  microscope a t  t h i s  ox ida t ion  s t a g e ,  

except f o r  p i t s  of t h e  o r d e r  of 1 ym, which begin t o  appear i n  circum- 

f e r e n t i a l  a r r a y s  w i t h i n  t h e  coa t ing .  

t h a t  what w a s  a very  smooth pol i shed  midplane s u r f a c e  be fo re  ox ida t ion  

had a very  apparent  mic ros t ruc tu re  fo l lowing  t h e  oxida t ion .  

ox ida t ion  of t h e s e  mounts w a s  then  c a r r i e d  t o  54 k J  (900 W-min). The 

banding w i t h i n  PyC coa t ings  on f u e l  p a r t i c l e s  r epor t ed  by German workers 

u s ing  t h e s e  techniques and o p t i c a l  microscopy c o n s i s t s  of a r r a y s  of  

p i t s ,  and t h e s e  a r r a y s  have very d e f i n i t e  geometries.  The mic ros t ruc tu re  

of t h e  coa t ings  as revea led  by t h e  plasma ox ida t ion  technique cons i s t ed  

of s m a l l  sphe ro ida l  o r  e l l i p s o i d a l  g r a i n l i k e  reg ions  t h a t  v a r i e d  i n  

s i z e  from below 0.5 pm i n  t h e i r  s m a l l e s t  dimensions t o  1 t o  2 um i n  

t h e i r  l onges t  dimension. I n  some coa t ings  (near  t h e  b u f f e r ) ,  t h e s e  

g r a i n l i k e  r eg ions  w e r e  very  s m a l l  and n e a r l y  equiaxed, and they  tended 

t o  be much l a r g e r  and no t  equiaxed near  t h e  ou te r  s u r f a c e  of t h e  coa t ing .  

The carbon s t r u c t u r e  w i t h i n  t h e  s m a l l  g r a i n l i k e  r eg ions  appeared t o  

c o n s i s t  of ox ida t ion - re s i s t an t  carbon lamellae t h a t  a l t e r n a t e d  wi th  

o t h e r  r eg ions  t h a t  oxidized f a i r l y  e a s i l y .  Severa l  of t h e s e  lamellae 

had th i cknesses  of about 0 .1  pm. I n  coa t ing  r eg ions  where t h e  g r a i n s  

w e r e  e longated,  t h e  long a x i s  tended t o  be o r i en ted  wi th  t h e  coa t ing  

r a d i u s ,  b u t  a t  a s m a l l  ang le  t o  it. The mic ros t ruc tu res  revea led  by 

ca thodic  e t ch ing  w e r e  less w e l l  def ined  and w e  decided no t  t o  pursue 

t h i s  technique f u r t h e r .  

Examination i n  t h e  SEM revea led  

Plasma 

E l e c t r o l y t i c  e t ch ing  of t h e  above coa t ings  w a s  b r i e f l y  i n v e s t i g a t e d ,  

and t h e  r e s u l t s  are encouraging. The samples were etched wi th  a s o l u t i o n  

of K 2 C r 2 0 7  d i sso lved  i n  phosphoric ac id .  Appl ica t ion  of 5 V f o r  30 sec 

c l e a r l y  revea led  an  e t c h  s t r u c t u r e  i n  t h e  coa t ings .  Etching f o r  an 

a d d i t i o n a l  30 sec accentuated t h e s e  f e a t u r e s .  Coating OR-1975, which 

had a p r e i r r a d i a t i o n  OPTAF of approximately 1.02 and had only 9% s u r v i v a l  

i n  HT-19 a t  125OoC, exh ib i t ed  an e t c h  band s t r u c t u r e  wi th  cont inuous 

3-vm-thick c i r cumfe ren t i a l  bands i n  t h e  coa t ing .  These bands appeared 
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to contain material that alternately etched at different rates to develop 

the observed structure. Coating OR-2013, which had 100% survival in the 

125OOC positions in both HT-18 and -19, was deposited at the same nominal 
rate and with the same nominal density as OR-1975. 

OPTAF value of this coating was also approximately 1.02, essentially 

identical to that of OR-1975. The electrolytic etch structure of this 

coating revealed essentially no continuous band structure. There were 

regions in the coating in which some banding was detectable, but the 

bands were very limited in circumferential extent. No qualitative 

estimate of the relative area amounts of material etched from these 

coatings was made. While the electrolytic etching did reveal micro- 

structural differences, they were less well defined than those observed 

by plasma oxidation, and we decided at this point to concentrate effort 

primarily on the plasma technique. 

The preirradiation 

We therefore continued development of the oxygen plasma etching 

technique so that features developed during etching could be resolved 

optically at magnifications in excess of 500X. An epoxy mount material 

was found to be necessary for use with this technique. Standard epoxy 

metallographic mounts containing the fuel particles of interest were 

polished so as to expose the midplane of the particle coatings. The 

polished coatings were first used for OPTAF measurements, then examined 

at high magnification visually in polarized light by use of an analyzer, 
and then were etched in the oxygen plasma. The etcher contains two 

chambers and the rf power (at 13.5 MHz) in each chamber was maintained 

at 20 W with the oxygen pressure at 100 Pa (0.75 torr). Early in this 

work, difficulties were encountered with the oxygen plasma charring the 

upper corner of the epoxy mount located nearest the incoming plasma 

column. Charring overheats and deforms the mount as well as contaminates 
the mount surface with stains due to decomposition of the epoxy. This 

problem was circumvented by machining a recess in the wall of the mount 

on the end containing the polished specimens and placing a fused silica 

ring on the shoulder produced by the machined recess such that the upper 

edge of this ring is approximately 1 mm above the mount surface. 

Observations of polished surfaces of various PyC coatings in 

polarized light at about 60X indicate that they consist of two optically 



d i s c e r n i b l e  var ie t ies  of carbon. One is  o p t i c a l l y  a n i s o t r o p i c  and is  

v i s i b l e  a t  500x o r  above as very s m a l l  r eg ions  of o p t i c a l  a c t i v i t y .  

These have been r e f e r r e d  t o  by some au thor s  as " o p t i c a l  domains.'' 

These s m a l l  r eg ions  e x h i b i t  four  maxima and minima of r e f l e c t e d  i n t e n s i t y  

dur ing  a 360' r o t a t i o n  of t h e  p o l a r i z a t i o n  v e c t o r  i n  t h e  l i g h t  beam 

relat ive t o  some re fe rence  d i r e c t i o n  on t h e  PyC midplane su r face .  

d i s p o s i t i o n  and apparent  concent ra t ion  of t h e s e  o p t i c a l l y  a c t i v e  reg ions  

vary g r e a t l y  i n  PyC coa t ings  produced i n  d i f f e r e n t  s i z e d  c o a t e r s  and 

under va r ious  coa t ing  condi t ions .  The o t h e r  v a r i e t y  of carbon t h a t  

i s  p resen t  i n  t h e  coa t ings  i s  o p t i c a l l y  i n a c t i v e  by microscopic obser- 

va t ion  under crossed p o l a r i z i n g  elements.  I n  some cases  t h e  r eg ions  

conta in ing  t h i s  carbon e x i s t  over d i s t a n c e s  of several micrometers. 

The 

W e  demonstrated t h a t  ox ida t ion  occurs  most r a p i d l y  i n  coa t ing  

reg ions  where t h e  o p t i c a l l y  i n a c t i v e  carbon w a s  concentrated i n  t h e  

L T I  PyC. 

oxidized r e l a t i v e l y  slowly. It i s  t h i s  d i f f e r e n t i a l  i n  ox ida t ion  rates 

t h a t  produced t h e  s u r f a c e  r e l i e f  i n  an  o r i g i n a l l y  pol i shed  PyC s u r f a c e ,  

and t h i s  r e l i e f  could be observed wi th  dark- f ie ld  i l l umina t ion .  This  

demonstration w a s  c l e a r l y  ev ident  i n  coa t ing  OR-2012, which w a s  i r r a d i a t e d  

i n  HT-17, -18, and -19. The r e l i e f  s t r u c t u r e  produced by plasma ox ida t ion  

thus  provided an i n d i c a t i o n  of t h e  l o c a t i o n s  of reg ions  having high con- 

c e n t r a t i o n s  of t h e  o p t i c a l l y  a c t i v e  carbon i n  t h e  coa t ing .  Workers a t  

KFA J i l i c h  have repor ted  t h a t  i t  i s  i n  f a c t  t h e  geometric d i s p o s i t i o n  

and concent ra t ion  of t h e  poorly ox id izab le  carbon t h a t  has  an important  

bear ing  on t h e  fas t -neut ron  damage r e s i s t a n c e  of a PyC L T I  coa t ing .  

Coating s t r u c t u r e s  i n  which t h i s  o p t i c a l l y  active carbon i s  p resen t  i n  

continuous s p h e r i c a l  s h e l l s  i n  t h e  coa t ing  have been r epor t ed  by KFA 

J c l i c h  t o  be much more s e n s i t i v e  t o  f a i l u r e  due t o  fas t -neut ron  damage 

than  s t r u c t u r e s  i n  which t h e  two var ie t ies  of carbon, deduced from 

e tch ing  r e s u l t s ,  are d i s t r i b u t e d  i n  such a way t h a t  t h e  poorly ox id iz ing  

carbon does no t  form continuous s h e l l s .  

ox id i zab le  carbon as POC and t h e  more r e a d i l y  ox id i zab le  carbon as ROC 

u n t i l  w e  know more about t h e  c r y s t a l l i n e  s t r u c t u r e s  of t h e s e  carbons.  

The reg ions  where t h e  o p t i c a l  domains were concent ra ted  

W e  w i l l  de s igna te  t h e  poorly 
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Plasma oxida t ion  and i r r a d i a t i o n  d a t a  f o r  coa t ing  types i r r a d i a t e d  

i n  HT-17 through -19 e s s e n t i a l l y  confirm t h i s  concept. Coatings OR-1967, 

-1975, -1985, and -2012, which a l l  had twofold OPTAFs of 1.02 o r  less a t  

t h e  coa t ing  midradius and had h igh  i r r a d i a t i o n  f a i l u r e  ra tes ,  a l l  c o n s i s t  

of very  banded s t r u c t u r e s  conta in ing  very  l i t t l e  of t h e  ROC component. 

Coatings OR-2013 and -2010, which had high s u r v i v a l  rates i n  t h i s  

i r r a d i a t i o n  series, exh ib i t ed  s t r u c t u r e s  i n  which t h e  POC d i d  n o t  form 

continuous banded s t r u c t u r e s  t y p i c a l  of t h e  four  t h a t  had very  poor 

s u r v i v a l  rates. I n  t h e s e  t w o  coa t ings  t h e  POC w a s  not  i n  continuous 

s p h e r i c a l  l a y e r s  i n  t h e  coa t ing  (which appear as bands i n  t h e  midplane 

c ros s  s e c t i o n ) ,  bu t  w a s  i n t e r r u p t e d  f r equen t ly  by concent ra t ions  of t h e  

ROC component. 

Coatings OR-1749, -1838, and -1849, which had high s u r v i v a l  rates 

a t  high f luence  and temperature  i n  capsules  HT-12 through -15, were a l s o  

examined by p lasma oxida t ion .  Coating OR-1849 contained a l a r g e  quan t i ty  

of ROC and had an e t c h  s t r u c t u r e  whose f e a t u r e s  agreed f a i r l y  w e l l  w i th  

t h e  s u r v i v a l  cri teria d iscussed  previously.  

cons is ted  of two o r  t h r e e  zones of very f i n e l y  spaced bands of POC, which 

a l t e r n a t e d  wi th  bands of ROC. 

two of t h e  c l u s t e r e d  bands, whi le  o t h e r s  exh ib i t ed  t h r e e  dur ing  t h e  

e tch ing  procedure.  This coa t ing  s t r u c t u r e  w a s  unique among those  s tudied .  

Coating OR-1749 had a nominal LTI  design th i ckness  of about 36 pm as 

a Biso p a r t i c l e  and survived very  w e l l  i n  t h e  HT-12 through -15 i r r a d i a t i o n  

series. This coa t ing  exhib i ted  a s t r u c t u r e  having approximately t h r e e  

bands of POC a l t e r n a t i n g  wi th  two bands of ROC a long t h e  coa t ing  r ad ius .  

Coating OR-1838 a c t u a l l y  

Some p a r t i c l e  coa t ings  of OR-1838 contained 

Numerous coa t ings  produced i n  t h e  0.13-m (5-in.) coa te r  and being 

evaluated i n  va r ious  i r r a d i a t i o n  experiments w e r e  a l s o  s tud ied  by t h i s  

procedure. Coating 5-232 along wi th  5-262, which is  t h e  annealed ve r s ion  

of 3-232, had very s i m i l a r  s t r u c t u r e s  c o n s i s t i n g  of r a t h e r  widely spaced 

continuous bands of POC a l t e r n a t i n g  wi th  bands of ROC, which w e r e  approxi- 

mately 10  pm i n  th ickness .  

produce 3-262 reduced t h e  amount of ROC i n  t h e  coa t ing  and gene ra l ly  

modified t h e  geometry of t h e  observed banding. 

Annealing of 3-232 a t  1800°C f o r  30 min t o  



Coating 5-461 and i t s  annealed ve r s ion ,  5-465, had s t r u c t u r e s  

reasonably s i m i l a r  t o  5-232 and 5-262. Coatings 5-488, -489, -490, and 

-491, which w e r e  prepared f o r  i r r a d i a t i o n  capsule  OF-2, contained 

p a r t i c u l a r l y  i n t e r e s t i n g  s t r u c t u r e s  i n  l i g h t  of t h e i r  depos i t i on  param- 

eters and t h e  use  of t h e  nine-hole f r i t  d i s t r i b u t o r  i n  t h e  coa t ing  

furnace .  They a l l  cons i s t ed  of ba tch  s i z e s  of 2175 g of Th02, and w e r e  

a l l  depos i ted  a t  135OOC. 

a t  about 6 vm/min and contained very  l i t t l e  ROC component. 

no s t r u c t u r e  could be de t ec t ed ,  however, i n  t h e  POC component, i n  

c o n t r a s t  t o  coa t ings  l i k e  OR-1967 discussed  previous ly .  The depos i t i on  

cond i t ions  f o r  5-489 d i f f e r e d  from those  f o r  5-490 only i n  t h a t  t h e  

propylene w a s  d i l u t e d  50% with  helium. This coa t ing  contained very 

s i g n i f i c a n t  q u a n t i t i e s  of ROC and t h e  s t r u c t u r e  could be q u a l i t a t i v e l y  

c l a s s i f i e d  as t h e  d i s rup ted  type.  

Coating 5-490 w a s  depos i ted  from 100% propylene 

E s s e n t i a l l y  

Coating 5-491 w a s  depos i ted  from pure propylene a t  about 9 um/min. 

It contained s i g n i f i c a n t  q u a n t i t i e s  of ROC, and t h e  POC component w a s  

q u i t e  i n t e r r u p t e d  by t h e  ROC component. 

under i d e n t i c a l  condi t ions  as 5-491 except  f o r  50% d i l u t i o n  of t h e  

propylene by helium. This  coa t ing ,  depos i ted  a t  7 vm/min, a l s o  coritained 

s i g n i f i c a n t  q u a n t i t i e s  of t h e  ROC component, bu t  i n  t h i s  case t h e  POC 

component w a s  organized i n t o  a more banded s t r u c t u r e  wi th  t h e  POC 

bands having a separa t ion  of about 5 urn. 

Coating 5-488 w a s  depos i ted  

Table 6.4 shows t h a t  t h e s e  coa t ings  a l l  had e s s e n t i a l l y  t h e  s a m e  

OPTAF va lues ,  bu t  t h e  e t ch ing  d a t a  show t h a t  t h e  coa t ings  have s i g n i f i c a n t  

s t r u c t u r a l  d i f f e rences .  P o s t i r r a d i a t i o n  examination d a t a  f o r  capsules  

conta in ing  t h e s e  coa t ings  w i l l  be  very  important f o r  t h i s  work because 

i t  w i l l  a l low us  t o  c o r r e l a t e  t h e  e t c h  s t r u c t u r e  wi th  fas t -neut ron  damage 

r e s i s t a n c e  and t o  determine t h e  PyC s t r u c t u r e  types t h a t  are most d e s i r a b l e  

f o r  HTGR a p p l i c a t i o n s .  

Next, 12 of t h e  22 PyC coa t ings  prepared f o r  i r r a d i a t i o n  capsules  

HT-28, -29, and -30 w e r e  cha rac t e r i zed  by oxygen plasma e tch ing .  Even 

though t h e  OPTAF va lues  f o r  a l l  22 of t h e s e  coa t ings  w e r e  e s s e n t i a l l y  

i d e n t i c a l ,  oxygen plasma e t ch ing  showed s i g n i f i c a n t  d i f f e r e n c e s  among 

t h e  coa t ings .  Only pre l iminary  r e s u l t s  are a v a i l a b l e ,  bu t  they  i n d i c a t e  
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that at a deposition temperature of 1275OC and deposition rates of 

4 to 7 um/min a reduction of MAPP gas concentration from 100 to 50% 
results in the deposition of significantly less of the ROC component 

in the coatings. 

in this series. 
Similar analyses are under way for other PyC coatings 

14 

Several of the HT-28, -29, and -30 series PyC coatings were then 
selected for use in a study to optimize the plasma etching technique 

by minimizing the time required to etch samples. Metallographic mounts 

of selected samples were etched at various positions in the unit at 

various radiofrequency powers, oxygen flow rates, and etching times. 

An experimental design was devised to establish the maximum rf power 

that could be applied in each chamber of the unit and still provide 

satisfactory etching to PyC specimens 3ut not degrade the polymeric 

mounting material. The objective was to determine the minimum time 

that could be used to plasma etch PyC fuel particle coatings. Resistance 

to oxidation of two candidate epoxy resin mounting materials (Shell 

Epon 815 and CIBA Araldite) was evaluated at selected rf power levels 

at 90 Pa (0.7 torr) of oxygen. The Epon 815 material showed little 

degradation in the plasma at power levels up to 40 W and was thus 
selected as the mounting medium to be used for the plasma oxidation 

study. Archives of six coated fertile particles were selected from the 

set of 22 PyC types tested in irradiation capsule HT-30 on the basis 

of their deposition conditions and previous plasma oxidation data 

obtained at 20 W of rf power. An archive specimen of OR-2013-HT 
previously tested in HT-18 and -19 was also selected for incorporation 

into the experiment. We anticipate that results of this study will 

allow us to establish a standard plasma oxidation procedure for use 

in characterizing LTI coatings. 

6.4.4 Transmission Electron Microscopy (TEM) 
Recent work by Yust" and Kaae16 has shown that depending upon 

deposition conditions LTI PyC coatings can consist of both "tangled" 
and "ordered" structures of carbon o€ a few hundred to a few thousand 

angstroms in cross section. 
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Thus, work was initiated to further delineate the microstructures 

of PyC fuel particle coatings and correlate the features in these structures 

with deposition conditions and resistance to fast-neutron damage. In 

the specimen preparation technique, coating fragments were hot-pressed 

in aluminum, and a slice of this mount was thinned by argon ion milling 

until sufficiently thin for electron transmission. Initially, samples 

of irradiation test archives and a commercial vitreous carbon were 

mounted. Under dark-field conditions with the diffraction aperture 

located on the (002) reflection of the carbon structure, coherently 

diffracting regions within the growth features of the coatings were 

imaged. Early data indicated that coating OR-1975 possessed coherently 

diffracting regions of the order of one-fifth to one-quarter of the 

volume of a growth feature, while coating OR-1849 appeared to consist 

of much smaller coherently diffracting regions within growth features. 

Coating OR-1975 experienced very poor irradiation survival in the €IT-17, 

-18, and -19 experiments. Coating OR-1849 exhibited excellent survival 

in experiments HT-12, -13, -14, and -15 in both the low- and high- 
temperature positions. 

Further examination of coatings OR-1849 and OR-2010, a batch that 

survived irradiation in HT-17, -18, and -19, revealed that these coatings 
contained structural features of essentially two sizes. The first order 

of spheroidal growth features contained zones about their periphery in 
which the carbon crystallites were coherently arranged on a dimensional 

scale of about 1000 8. The carbon crystallites were arranged with their 

e axes oriented more or less with the radius of the growth feature. The 

cores of at least some of these growth features contained a nucleus 

comprising a cluster of spherical seeds with diameters of about 100 8. 
The other type of feature in these structures resembled the small 

spherical objects observed in the cores of some growth features. These 

seemed to occur in bands or striations in the coating. 

While a few specimens had been successfuly prepared, we encountered 

increased difficulty in argon ion milling foils of the PyC coatings at 

this point. For optimum results, the ion milling rate of the PyC should 

be somewhat greater than that of the supporting aluminum matrix. The 
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argon ion milling rate of the aluminum, however, was considerably 

greater than that of the PyC coatings of interest. 
of the PyC coatings appeared to be a strong function of the structure 

of the coating. 

carbon ribbons or tangled component within their growth features, such 

as those deposited from propylene at high temperatures, milled more 

rapidly in argon than did the more compact organized structures typified 

by propylene coatings deposited at temperatures near 13OO0C. 

the situation using available models for ion milling and determined 

that helium should provide more equal milling rates between the PyC 

samples and the aluminum matrix. This was demonstrated, and all subse- 

quent samples were thinned with helium ions. 

The milling rate 

PyC structures having a large concentration of tangled 

We analyzed 

Helium-ion-thinned specimens of coatings from particles OR-1985-T 

and -2013-T were examined next. 

had initial midradius OPTAF values of 1.03 and 1.02 (twofold symmetry) 
and immersion densities of 2.065 and 2.002 g/cm3, respectively. Irra- 

diation survival of loose particles of OR-1985-T and -2013-T in the 

high-temperaturz positions of irradiation capsule HT-19 was 0 and loo%, 

respectively. Electron microscope observation of the structure of these 

coatings indicated that both were of a mosaic type consisting of 

spheroidal growth features having preferential orientation of the 

carbon crystallites within these features. We observed two differences 

between the structures of these coatings. First, coating OR-1985-T 

contained a relatively small amount of material that had a much finer 
orientation texture than that observed within the growth features. 

This material was often located in bands and between the growth features 

in the outer half of coating OR-2013-T and essentially throughout 

coating OR-2010-T described above. Both these coatings performed well 

to high fast-neutron fluences. A l s o ,  the growth features in OR-1985-T 

contained a significant amount of concentric cracking oriented about 

the nuclei of the features. In OR-2013-T less cracking of this type 

was observed near the buffer-LTI interface, and the amount decreased 
progressively as one moved outward along the radius of the coating. 

This observation for OR-2013-T correlates reasonably well with plasma 

oxidation results f o r  this coating. 

The PyC coatings of these Biso particles 



266 

To examine t h e  advantages of us ing  t h i c k e r  specimens, ion-thinned 

coa t ings  J-262, -461, -465, -489, -490, OR-2275-AHTY and OR-2274-HT 

w e r e  examined i n  a 1-MV e l e c t r o n  microscope. All t h e s e  coa t ings  had 

mosaic s t r u c t u r e s ,  and t h e  p r i n c i p a l  d i f f e r e n c e  between them w a s  t h e  

concent ra t ion  of t h e  carbon having coherent ly  d i f f r a c t i n g  zone s i z e s  

below 0.1 vm. I n  genera l ,  t h e  sphe ro ida l  growth f e a t u r e s  w e r e  about 

t h e  same s i z e  (approximately 1 pm) i n  a l l  t h e s e  coa t ings  except  5-490, 

which contained some f e a t u r e s  l a r g e r  than  1 . 5  pm. Coatings 5-262, 

-461, and -465 cons i s t ed  of extremely f i n e l y  t ex tu red  PyC. The two 

OR coa t ings  had a t y p i c a l  mosaic s t r u c t u r e .  Since a l l  t h e  coa t ings  

having a J p r e f i x  w e r e  depos i ted  i n  a 0.13-m (5-in.) c o a t e r ,  and those  

having an OR p r e f i x  were depos i ted  i n  a 64-m (2 1/2- in . )  c o a t e r ,  i t  

appeared t h a t  s u b t l e  changes i n  coa t ing  cond i t ions  i n  e i t h e r  u n i t  

could have a dramatic  e f f e c t  upon t h e  s t r u c t u r e  of t h e  PyC produced. 

Future  work w i l l  employ p r imar i ly  t h e  lower energy microscope 

because of i t s  g r e a t e r  a v a i l a b i l i t y .  Work w i l l  cont inue  t o  seek 

c o r r e l a t i o n s  between t h e  s i z e ,  shape, and d i s t r i b u t i o n  of micro- 

s t r u c t u r a l  f e a t u r e s  wi th  i r r a d i a t i o n  s t a b i l i t y .  

6.4.5 Chemical Charac t e r i za t ion  of PyC 

Recent measurements on PyC coa t ings  r epor t ed  by IRW-KFA JGlich 

i n d i c a t e  t h a t  c e r t a i n  a s p e c t s  of t h e  s t r u c t u r e  of PyC coa t ings  from 

HTGR f u e l  p a r t i c l e s  may be r e l a t i v e l y  r a p i d l y  cha rac t e r i zed  by a 

chemical technique. This involves  t h e  measurement of pH change i n  

a s a l i n e  suspension of coa t ing  fragments i n  t h e  presence of oxygen. 

Workers a t  KFA-JGlichl have c o r r e l a t e d  t h e  observed pH change wi th  

t h e  volume concent ra t ion  of t h e  r e a d i l y  ox id i zab le  carbon (ROC) i n  

t h e  coa t ing .  

Three specimens of coa t ing  OR-2266-HT w e r e  examined i n  a s m a l l  

pH c e l l  conta in ing  about 15  cm3 of 0.1 iV N a C l  s o l u t i o n  and an  oxygen 

bubbler tube.  The pH w a s  measured t o  t O . O O 1  pH u n i t  w i th  a r e sea rch  

pH m e t e r .  The f i r s t  two specimens w e r e  hand ground with a mortar  and 

p e s t l e  u n t i l  o p t i c a l  examination a t  50X revea led  t h a t  t h e  PyC specimen 

(approximately 50 mg) w a s  a f i n e  powder. The pH of t h e  s a l i n e  s o l u t i o n  
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with and without oxygen bubbling in the cell was approximately 7. 

the hand-ground specimens, addition of the PyC specimen to the cell 

resulted in an immediate drop in pH to between 6 and 6.5. 
with oxygen being bubbled through the suspension, the pH began to 

increase and continued to rise for approximately 1.5 hr to pH 8.85. 

The third specimen of about 50 mg was ground in a vibratory impact 

grinder for 1 min. 
in a sharp drop of pH to 6.1. The pH then rose to 8.82 in 1.5 hr. 

In all cases, the pH rose rapidly after addition of the PyC sample to 

the cell and was essentially constant after approximately 1.5 hr. 

With 

Subsequently, 

Addition of the ground PyC to the cell resulted 

These results indicated that significant reaction occurred between 

oxygen and the PyC at 25OC under the described conditions. 

oxygen plasma etching data for coating OR-2266-HT indicated a large 

concentration of ROC component in this PyC. From previously reported 

German data obtained with this technique, the pH change should be 

proportional to the volume concentration of the ROC component. The 

large observed change in pH with coating OR-2266-HT is therefore con- 
sistent with the plasma oxidation results. However, the procedure 

must be tested with a coating type known to contain a relatively small 

concentration of ROC to determine its usefulness. If measurements 

with this coating specimen indicated a small pH change and thus small 

ROC concentration, coatings prepared for irradiation experiments HT-28, 

-29, and -30 will be used to systematically evaluate this potential 
characterization procedure. 

Previous 

6.5 IRRADIATION TESTS IN HFIR TARGET FACILITY 

6.5.1 Capsules HT-12 Through -15 - M. J. Kania 
This experiment'' was made up of four target capsules designated 

HT-12, -13, -14, and -15. It was designed to test a series of 16 
batches of Biso-coated Tho2 particles at peak temperatures of 900 and 

125OOC to burnups and fast-neutron exposures up to twice the HTGR 

design requirements. Nine of the 16 batches were coated by ORNL and 
the remaining seven were coated by General Atomic Company (GA). The 
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ORNL-designed coatings were selected with the use of the STRETCH’ 9’20 

computer code in order that some particles would fail while others 

survived. The capsules were irradiated for two, four, six, and seven 

HFIR cycles, respectively. 

The primary objectives of this experiment were to: 

1. test selected Biso-coated Tho2 particles at conditions that would 

induce predictable particle failure and thereby establish minimal 

coating design criteria and 

2. determine numerical values for the coating densification constant 

and the creep coefficient required in the stress analysis code, 

STRETCH. 
In addition, several selected particle batches were investigated 

to determine: 

1. burnup, cesium retention by particle coatings, and internal 

gas pressures; 

2. failure and fission product release from particles; and 

3 .  pyrocarbon coating characterization. 

Detailed descriptions of the capsule design, operation history, 

and the postirradiation examination and analysis for each capsule have 

been previously reported. 2 1  

to the STRETCH program to determine numerical values for the coating 

densification constant and creep coefficient has also been reported. 

This mechanical analysis is also described in Sect. 6.11.2 of this report. 
Section 3.2 of this report describes the fission product release studies 
during postirradiation heating of particle batches OR-1840 and -1849. 
Section 4.4 describes the cesium retention studies and internal gas 
pressure measurements for selected HT-12 through -15 test particles. 

Burnup calculations are described in detail in ref. 18. Pyrocarbon 

coating characterization studies for batches OR-1840 and -1849 are 
discussed in Sect. 6.4 of this report. 

The mechanical analysis using Modification V 

22 

6.5.1.1 Thermal Analysis 

Detailed thermal analysis has been performed on each of the Tho2 

test particles in capsules HT-12 through -15 using the HTCAP23 computer 
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code. Maximum particle surface temperatures were determined on a day- 

to-day basis for each HFIR irradiation cycle. Design temperatures were 

1250°C for the high-flux, high-temperature regions and 900°C for the 

low-flux, low-temperature regions. 

Tables 6.6 and 6.7 describe in general the maximum particle surface 

temperature of specific particle batches for each irradiation cycle. 

Coated particles in holders 2 through 13 and 42 through 51 were irradiated 
in the low-flux, low-temperature regions of each capsule. Holders 15 

through 38 were irradiated in the high-flux, high-temperature regions 

of each capsule. Data on specimen holder temperature and power generated 

per Tho2 particle are reported elsewhere. 1 8  

Results from the thermal analysis indicate: 

1. Specimen holders operated between 50 and 200°C higher than 
original design temperatures, depending on holder location in a particular 

sleeve. 

2. Specimen holder temperatures by themselves are not adequate in 
describing particle operating temperatures. 

surface temperatures exceeded specimen holder temperatures by as much 

as 100°C after one cycle and peaked at approximately 300°C higher during 

the fourth cycle in the high-temperature regions and the sixth cycle 

in the low-temperature regions. 

The maximum particle 

3 .  In general the particle operating temperatures were 1200 to 
1300°C in the low-temperature regions and 1500 to 1600°C in the high- 

temperature regions. 

6.5.2 Irradiation Test Capsules HT-17, -18, and -19 - R. L. Beatty 

Irradiation capsules HT-17, -18, and -19 were part of a continuing 
series of HFIR target experiments designed to test pyrocarbon coatings 

on thoria kernels. The three capsules were shared by ORNL and General 

Atomic Company. The basic capsule design, loadings, irradiation con- 

ditions, and postirradiation examination results of HT-17 and -18 have 
been reported previously. 24 

The major objective of the ORNL experiment in HT-17, -18, and -19 
was to define the behavior of dense pyrocarbon as a function of preferred 



Table 6.6. Maximum P a r t i c l e  S u r f a c e  Tempera tures  f o r  HT-12 and -13 

Temperature Range, OC, for HFIR Cycles 
ORNL Particle 

Holder Particle Diameter Capsule HT-12 Capsule HT-13 
Batch (vm> 

82 83 83 84 85 86 87a 

4 

5 

8 

11 

13 

17 

18 

21 

24 

26 

29 

32 

35 

38 

42 

45 

48 

51 

OR-1850 

OR-1846 

OR-1840 

OR-1749 

OR-184 9 

OR- 1850 

OR- 184 6 

OR-1840 

OR-1749 

OR-1849 

OR-. 1 8 3 8 

OR-1826 

OR-1830 

OR-18 37 

OR-18 38 

OR-18 2 6 

OR-I830 

OR-18 3 7 

6 94 

482 

552 

540 

816 

694 

482 

552 

540 

816 

5 94 

506 

480 

452 

594 

506 

480 

452 

9 8 &I 08 8 

1005-1 11 4 
101 3 1  10 0 

10 2 5-1 14 7 
11 5 2-1 1 7 9 

13051408 

13 15-14 15 

13 14-1 3 7 9 

13 19-1 4 11 

14 7 7-14 3 7 

131 9-1 3 8 5 

13 14-14 17 

13 15-14 2 3 

14 9 7-1 4 54 

10 2 5-1 11 9 
101311 37 

106 5-1139 

1104-1 12 1 

11 7 5-11 98 

1209-1 2 2 5 

1 19 5-1 2 06 

1257-1260 

1 2 93-1 2 74 
15 2 6-1 509 

154 3-1 52 0 

14 9 514 66 

153 2-1 5 12 

15 6 6-1 5 15 

1501-1473 

1 5 4 w  51 7 
154 6-1 5 2 8 

15 7 8-1 5 34 

1 2 24-1 2 2 2 

1 2 3 8-1 2 4 9 
1 2  3 7-1 2 4 7 

1209-1 211 

98G1022 

100 F10 4 6 
IO 1 3 1  03 5 
I O  2 S I  0 7 3 
11 52-1 11 9 

1 30 5-1 3 2 8 

131 5-133 9 

13 14-1 3 11 
1 3 1 F 1 3  3 4 

1477-1386 

131 9-1 316 

13 14-1 3 3 8 

1 3 1 5 1  34 7 

149 7-1 399 

104 2-1 05 5 

101 3 1  0 58 
1 06 S l  0 7 4 
11 04-10 7 6 

104 8-1 2 0 8 

10 7 G123 9 

1061-1 2 1 4  

110 8-1 2 7 4 
1 1 5 2-1 2 8 5 
13 7 0-1 5 2 8 

13 7 8-153 9 

134 2-14 80 

13 7 6-1 53 1 

14 2 3-1534 

135 GI 4 9 4 
138G1539 

138 3-1 54 7 

14 38-1 54 8 

108 2-1 2 3 3 

109 3-1 26 5 

1 10 3-1 2 6 0 
109S-1222 

1228-1 2 7 3 

12 58-1 302 

12 36-1 2 7 4 

12 9 9-1 3 3 5 

131 6 1  34 0 

155 4-1 5 7 6 

1 5 6 3-1 5 8 8 

1509-1 5 2 9 

1558-1 5 7 6 

1 5 64-1 5 7 2 

152 2-1 54 0 

156 5-1 5 8 8 

15 7 1-1 59 7 

15 7 7-1 5 94 

12 58-1 2 9 2 

12 8 7-1 3 26 

12 7 9-132 3 
12 4 4-1 2 7 9 

129 F 1 3  13 

13 2 6-1 34 2 

129 4-1 306 

13 58-1 3 7 0 

1369-1 3 7 2 

160 2-1 6 0 6 
16 1 F 1 6  16 

15 5 5-1 5 5 1 

16 0 3-1 6 04 

160 3-1 594 

15 6 7-1 5 60 

16 1516 13 

1 6 2 3-1 6 2 4 

162 2-16 17 

1317-1321 

13 5 1-1 3 6 3 
13 4 2-1 3 6 2 
1 304-1 3 20 

1333 

1363 

1328 

1390 

1395 

1628 

1642 

1577 

1625 

1619 

1586 

1635 

1650 

1642 

1344 

1383 

1377 

1337 
___- _ _ _  _ _ _  ~ I _ . ~ . -  __-__ 

aHT-13 was irradiated f o r  o n l y  one day in cycle 87, so the temperature w a s  calculated only once. 



Table 6.7.  Maximum P a r t i c l e  Surface  Temperature f o r  HT-14 (Cycles 85 Through 90) 
and -15 (Cycles 85 Through 91) 

ORNL Particle Temperature Range, "C, for HFIR Cycles  
-__-I_ ~_______ Holder Particle Diameter 

Batch 85 86 87 88 

4 
5 

8 

11 

13 

17 

18 

21 

24 

26 
29 

32 

35 
38 

42 

45 
48 

51 

OR- 18 5 0 

OR-1846 
OR- 18 4 0 

OR- 1749 

OR-1849 

OR-1850 

OR-1846 

OR-1840 

OR-1 74 9 

OR-1849 
OR-1838 

OR- 1826 

OR-1830 

OR- 18 3 7 

OR-18 38 

OR-1826 

OR- 18 30 

OR- 18 3 7 

694 

482 

552 
540 

816 

694 

482 

552 

540 
816 

594 

506 

480 

452 

594 

506 
480 

452 

98h-1388 

10 0 5-1 11 4 
10 13-1 100 

10 2 5 1  14 7 

11 5 2-11 7 9 

13 0 5-1 4 0 8 
131 H 4  15 

1314-13 7 9 

1319-14 11 

14 7 7-14 3 7 
1319-1385 

1 3 14-14 1 7 

13 1514 2 3 
14 9 7-1 4 54 

102 5-11 19 

10 1 511 3 7 

10 6 5-1 13 9 
11 0 4-1 12 1 

111 5-1227 
1144-1257 

11 2 7-1 2 32 

118G-12 9 5 

12 12-1 30 6 

14 4 2-1 54 2 

14 5 515 5 3 

1410-1 4 9 9 

144+1543 

14 8 1-1 54 2 
14 18-1 50 7 

14 54-1 550 

14 6 3-1 5 6 1 
14 9 1-1 561 

11 4 7-1 24 9 

11 6 7-1 281 

1166-1 2 7 8 

114 5-1 2 3 9 

12 88-1 2 94 

13 17-1 3 2 3 

12 9 3-1 290 

13 5% 34 6 

1377-1351 

161 6-158 7 

16 2 +1597 

156 7-1 5 3 7 

16 2&15 8 4 

16 2 5 1  5 78 

158 3-1 548 

1629-1 597 

16 3 7-1 608 

164 +15 9 9 

13 161 30 5 
134 5 1  34 2 

13 3 7-1 336 
12 96-1 2 9 7 

13 11-1 3 2 1 
1340-134 7 

130 7-1 309 
13 7 1-1 3 70 

137 7-1 37 2 

1611-1606 

16 20-1 6 16 
15 58-1 5 5 1 

16 11-1 6 04 

161 1-1 5 9 1 
15 7 0-15 5 9 

162 3-1 6 13 

16 3 1-1 6 2 4 

162 +16 14 

13 2 5-1 3 24 
13 64-1 363 

1361-1 36 2 

131 4-1 3 20 

89 

1338-1 3 2 9 

1 3 64-1 36 2 

13 28-1 3 19 
1390-1 378 

139 5-1 3 7 7 

16 2 7-1606 

163 9-16 2 1 

15 7 1-1 5 53 

162 2-1603 

16 1Cr-159 3 
158f5-1559 

16 3 2-16 13 

164 7-1 6 2 4 

16 3 9-1 6 16 
134 1-1 3 3 2 
13831 3 7 6 
1384-1 3 7 5 

134 2-1 3 3 5 

90 

134 6-1 3 34 
137 7-1 367 

13 3 6-1 3 2 4 
139 8-1 3 80 

14 00-13 7 6 

16 3c-16 00 

1641-16 15 

15 7 3 1  54 7 

16 2 4-1 594 

16 17-1 58 3 
158 3-1 55 3 

16 36-160 7 
164 7-1 6 18 

16 4 2-1 6 09 

13 54-1 3 3 7 

1396-1 3 7 6 
139 7-1 3 80 

13 5 2-1 34 2 

91 

138 2-1 3 34 
1 4 1 0-1 3 5 9 

1371-1313 

1431-1 37 2 

1431-1 36 2 

l__l_ 

16 5 9-1 588 ro 
a 
P 16 7 3-1 5 9 7 

1605-1 53 2 
16 54-1 580 

164 8-1 56 6 

161 3 1 5  3 9 

16 68-1 5 9 2 
16 7 !+16 06 

16 7 7-1 5 9 5 
138 5-13 2 3 
14 2S13 7 3 
14 28-1 3 7 7 

1387-1 3 3 9 
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orientation under different temperatures and fast-neutron fluences. The 

test particles were Biso-coated thoria. The nominal particle geometry 

was 500-pm kernel diameter, 75-pm buffer, and 80-pm dense outer coating 

for all batches except one; a peripheral experiment involved one batch 
with 680-pm thoria kernels and a proportionally scaled Biso coating. 

All the 500-pm kernels were buffer coated as a single batch to avoid 

buffer variations. This was done in a 0.13-m (5-in.) coater by 

W. J. Lackey of the Fuel Cycle Technology Group. All other coatings 

were deposited in a 25-mm (1-in.) laboratory coater. The dense outer 

coatings were deposited from propylene, with the primary process 

variable being propylene concentration and hence deposition rate. 

is an effective means of varying the coating anisotropy. 

coating run was made with several graphite plates included in the batch 

to obtain suitable specimens for x-ray BAF measurements. The outer 

coating deposition conditions, densities, and BAF values are listed in 

Table 6.8. 

This 

Each outer 

In addition to the primary specimen set with varied outer coating 

deposition rate (varied propylene concentration with argon diluent), 

three specimens were included as peripheral experiments. These were 

the large particles mentioned above (OR-2010), a coating deposited at 

a gradually increasing temperature (OR-2012), and a coating deposited 

with CO2 rather than argon diluent used as fluidizing gas (OR-2013). 

The large particles were included to determine whether the standard 

500-pm thoria was near an upper size limit from the coating performance 
standpoint or whether the larger particle would perform satisfactorily. 

The large particle was omitted from the high-temperature section of the 

six-cycle HT-19 test because at that accumulated irradiation level 

( 2  3U buildup) the power generation and internal particle temperature 

would have been very unrealistically high. The coating deposited at 

variable temperature was fabricated with a programmed temperature rise 

designed to simulate a possible production furnace run. Since coating 

density is a strong function of deposition temperature, this procedure 

should result in a significant radial density gradient. Unfortunately, 

no technique currently exists for measuring the gradient, so the density 
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Table 6.8. Deposi t ion Conditions,  Densi ty ,  and BAF of Outer Coatings 
on Biso-Coated Thoria P a r t i c l e s  I r r a d i a t e d  i n  

Experiments HT-17, -18, and -19 

Outer Coating Deposition Conditions 

B A F ~  Dens i t ya C3H6 

(g/cm3) 
Deposit ion 

(pm/min) 

Ternperatur e Batch 
Flux  Rate Concentration 

(%I (cm3 /min- 
c m 2 )  

("0 

OR- 2010-TC 1335 9.0 33.3 22.5 1.980 
OR-2013-T 1325 4.0 33.3d 11.5 2.002 
OR-1 9 7 5-T 1315 4.0 33.3 11.8 1.982 1.00 
OR-19 6 7-T 1300 2.0 16.7 5.2 2.000 1.05 
OR- 201 2- ST 1200-1 350e 1.5 12.5 3.7 1.919 1.08 
OR-1 98 5-T 1275 1.25 10.4 2.9 2.065 1.12 
OR-1 986-T 1250 1.10 9.2 2.1 2.102 1.10 
OR-1972-T 1250 1.00 8.4 2.0 2.063 1.22 
OR-1987-T 1250 0.90 7.5 1.7 2.094 1.17 
OR-19 78-T 1240 0.50 4.2 0.8 2.072 1.73 

aAfter 30 min at 18OO0C, measured by gradient column on particle coatings. 

bAverage of two plate measurements, one with each side of plate toward x-ray source. 

'Kernels nominally 680-um-diam ThOz; all others 500-pm-diam ThO2. 

dDiluent Con; argon diluent used with others. 

eTemperature increased 6'CImin during run to produce radial property gradients. 

repor ted  i s  an average value.  

gas w a s  included t o  tes t  a process  developed earlier, 24 which showed 

t h a t  ox id i z ing  f l u i d i z i n g  gases  could be employed up t o  c e r t a i n  l i m i t s  

i n  pyrocarbon coat ing.  

i n  t h e  coa t ing  chamber wi th  no obvious de t r imen ta l  e f f e c t s  on coa t ing  

p rope r t i e s .  

The coa t ing  depos i ted  wi th  CO2 d i l u e n t  

The CO2 d i l u e n t  g r e a t l y  reduced soo t  depos i t i on  

The coa t ing  set l i s t e d  i n  Table 6.8 w a s  intended t o  bracke t  t h e  

s u r v i v a l - f a i l u r e  l i n e  a t  va r ious  f luences  i n  c o r r e l a t i o n  wi th  depos i t i on  

rate and BAF. 

f luence  w a s  no t  well-defined, bu t  i t  w a s  thought t h a t  depos i t i on  rates 

The upper l i m i t  on BAF requi red  t o  su rv ive  a given 
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exceeding 5 pm/min would produce coa t ings  a b l e  t o  su rv ive  des ign  HTGR 

f luence  (% HT cyc le s  a t  t h e  HFIR midplane).  However, t h e  s u r v i v a l  

rates l i s t e d  i n  Table 6.9 show t h a t  a high depos i t i on  ra te  i n  i t s e l f  

does no t  a s s u r e  a s t a b l e  coa t ing .  

25-mm (1-in.) c o a t e r  cannot be considered r e p r e s e n t a t i v e  of coa t ings  

depos i ted  a t  s i m i l a r  rates i n  l a r g e  c o a t e r s ,  i t  i s  very  important  t o  

acknowledge t h a t  depos i t i on  ra te  a lone  is  no t  an  adequate  c r i t e r i o n  

f o r  s t a b i l i t y .  

on t h e  b a s i s  of measurable p r o p e r t i e s  and i d e n t i f y i n g  those  p r o p e r t i e s  

t h a t  determine i r r a d i a t i o n  performance. Therefore ,  work w a s  continued 

on c h a r a c t e r i z a t i o n  of a rch ive  specimens t o  ga in  a b e t t e r  understanding 

of why some of t h e  coa t ings  i n  Table 6.9 f a i l e d  i n  s p i t e  of h igh  depo- 

s i t i o n  rates and r e l a t i v e l y  low BAF va lues .  I n  a d d i t i o n ,  f u t u r e  

experiments w e r e  planned t o  cons ider  process  s p e c i f i c a t i o n s  inc lud ing  

hydrocarbon type  and concen t r a t ion  as w e l l  as coa t ing  rate. 

While t h e s e  coa t ings  produced i n  a 

This  shows t h e  importance of c h a r a c t e r i z i n g  coa t ings  

Table 6.9. Surv iva l  Rates Determined by Visua l  Observation of 
P a r t i c l e s  I r r a d i a t e d  i n  Capsules HT-17, -18, and -19 

Surv iva l  R a t e ,  X 

Batch HT-17 (Two Cycles) HT-18 (Four Cycles) HT-19 (S ix  Cycles) 

9oooc 1 2 5 O O C  900°C 1 2 5 0 ° C  900°C 1250°C 

OR- 2 O 10-T 

OR-1 9 6 7 -T 

OR-2012-ST 

OR-1 9 8 5-T 

OR- 19 8 6 -T 

OR-1 9 7 2- T 

OR- 19 8 7-T 

OR-19 78-T 

OR- 2 01 3-T 

OR- 1 9  7 5-T 

100 

100 

100 

93 

24 

100 

100 

100 

a 

a 

100 

0 

84 

0 

100 

0 

0 

0 

a 

a 

100 

0 

0 

0 

0 

0 

0 

0 

a 

a 

86 

0 

0 

0 

0 

0 

0 

0 

100 

a 

94 

2 

0 

0 

0 

2 

0 

0 

a 

a 

a 

0 

0 

0 

0 

0 

0 

a 

100 

9 
a This  p a r t i c l e  no t  i n  t h i s  t es t .  
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Further characterization studies conducted on the HT-17, -18, and 

-19 coatings included optical anisotropy (OPTAF) measurements, examination 

by oxygen plasma etching and transmission electron microscopy (TEM), and 

evaluation by small-angle x-ray scattering ( S A X S ) .  These are discussed 

in Sect. 6 . 4  of this report. Differences in microstructure were 

evidenced by all these techniques, but none has been developed suffi- 

ciently to quantitatively specify the requirements for a coating that 

will survive HTGR design fluence. For example, the critical difference 

between coatings OR-2013, which performed well, and OR-1975, which 

performed poorly, is not clear. These two coatings were deposited 

under identical conditions except for the use of C 0 2  diluent gas for 

OR-2013 and argon for OR-1975. The average of OPTAF values measured 

by ORNL, by GA, and by KFA-Julich, showed no clear distinction. 

Differences observed by transmission electron microscopy did not 

appear significant. Microstructures observed by oxygen plasma etching 

were quite different, but more work with this technique will be 

necessary to determine the significance of these differences. The 

SAXS measurements showed considerably more porosity smaller than 

100 A in OR-2013, the good performer, than in OR-1975. This may be 

significant, but more SAXS data on other irradiation test specimens 
are needed to establish a relationship. 

The major points shown by these experiments may be summarized 

as follows: 

1. Use of CO2 rather than argon diluent in the coating gas 

resulted in a more stable coating in the one case tested. The reason 

for this is not yet clear. 

2. Low anisotropy values alone do not assure stability of dense 

pyrocarbons under fast-neutron irradiation. 

3. The coatings tested in this experiment may have been too dense 

for optimum irradiation stability. 

4 .  Large density gradients must be considered along with absolute 

density values and other factors in judging detrimental effects on 

performance. 

5. Biso coatings on dense thoria kernels as large as 680 pm can 

perform well under irradiation conditions that are not too accelerated. 
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6. High deposition rate alone is not an adequate process speci- 

fication for assuring stability of dense pyrocarbon coatings. 

7. Irradiation stability may be related to the amount of fine 

porosity as determined by SAXS. 

8. Further development of product characterization techniques 

is needed to qualify pyrocarbon coatings for irradiation stability. 

9. Future experiments should include consideration of process 

specifications such as hydrocarbon type and concentration as well as 

deposition rate. 

6.5.3 Irradiation Tests HT-20 Through -23 - T. G. Godfrey, J. P. Moore, 
and J M Robbins 

Irradiation test series HT-20 through -23 comprised four HFIR target 

capsules designed to measure the change in thermal conductivity ( A ) ,  
electrical resistivity, ( p ) ,  coefficient of thermal expansion (CTE), 

absolute Seebeck coefficient (S), and dimensions of simulated bonded 
fuel rods as functions of particle volume loading, temperature, and 

fast-neutron f l ~ e n c e . ~ ~  The capsules were to be irradiated for 1, 2, 

4 ,  and 6 cycles, respectively, at a design temperature of 950°C. The 

centerline fluence was expected to be from about 2.4 x 1021 to 

1.4 X neutrons/cm2 (>0.18 MeV). 

Specimens of five types were fabricated. One type was intrusion 
bonded with a matrix of 28.5 wt % Asbury Graphite Mills grade NF 6353 

graphite filler in Ashland Oil, Inc., grade 240 pitch. The four remaining 

types were formed by extrusion with a matrix of 75.7 wt % Great Lakes 

Carbon Corporation grade GLCC-1008 graphite, 24.3 wt % Thermax from 

R. T. Vanderbilt Co., and 25 pph* Varcum (prepolymerized furfuryl 
alcohol) from Reichhold Chemical Corporation. All specimens were nom- 

inally 10 mm OD, 3.3 mm ID, and 51 mm long (0.40 by 0.13 by 2.0 in.). 

The X measurements required attachment of a heater and a heat sink 
to opposite ends of each specimen. These attachments prevented irra- 

diation in HFIR after X measurements. For this reason, the five most 

*"Parts per hundred," parts of liquid added per hundred parts of 
solids being slurried, 
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uniform and homogeneous specimens of each loading w e r e  s e l e c t e d  f o r  

t h e  measurement series on t h e  premise t h a t  neutron f luence  would have 

t h e  s a m e  e f f e c t  i n  a l l  specimens wi th  t h e  s a m e  p a r t i c l e  loading.  The 

specimen s e l e c t i o n s  w e r e  based on knife-edge r e s i s t i v i t y  measurements 

a t  300 K, and t h e  r e s u l t s  are given i n  Table 6.10. This t a b l e  shows 

t h e  nominal volume p a r t i c l e  loadings ,  t h e  mat r ix  d e n s i t i e s ,  and t h e  

f a b r i c a t i o n  series numbers. 

Figure 6.11 shows t h e  p and S of a l l  un i r r ad ia t ed  m a t e r i a l s  as 

func t ions  of temperature.  The p of each specimen decreases  smoothly 

wi th  inc reas ing  temperature i n  a fash ion  similar t o  i s o t r o p i c  g raph i t e s .  

A t  a cons tan t  temperature ,  t h e  p i nc reases  smoothly with inc reas ing  

p a r t i c l e  loading f o r  t h e  extruded material ,  bu t  t h e  p of t h e  s lug-  

i n j e c t e d  specimen wi th  58% loading i s  much higher  than t h a t  of t h e  

extruded specimens. This i s  p a r t i a l l y  due t o  t h e  lower mat r ix  d e n s i t y  

of t h e  s lug- in jec ted  specimen. 

Figure 6.12 shows t h a t  t h e  CTE of each un i r r ad ia t ed  bonded-bed 

f u e l  rod inc reases  smoothly wi th  inc reas ing  temperature.  Each curve 

has  been f i t t e d  wi th  a low-degree polynomial wi th  t h e  c o e f f i c i e n t s  

given i n  Table 6.11. Figure 6.13 shows t h a t  t h e  CTE inc reases  l i n e a r l y  

wi th  p a r t i c l e  loading  f o r  t h e  un i r r ad ia t ed  materials. This i n d i c a t e s  

t h a t  a simple mixing l a w  desc r ibes  t h e  e f f e c t  of coated p a r t i c l e s  on 

t h e  CTE of a f u e l  rod. The f a c t  t h a t  t h e  s lug- in jec ted  58 v o l  % sample 

shows a CTE i n  accord wi th  those  of t h e  extruded samples might be con- 

s idered  s u r p r i s i n g  i n  v i e w  of i t s  low mat r ix  d e n s i t y  and d i f f e r e n t  mat r ix  

composition. Af t e r  carboniza t ion ,  however, t h e  r a t i o  of g r a p h i t i c  carbon 

t o  nongraphi t ic  carbon f o r  t h e  ex t rus ion  matrix i s  about 2 and f o r  t h e  

i n j e c t i o n  mat r ix ,  about 1.5.  They are, t h e r e f o r e ,  a c t u a l l y  q u i t e  

s i m i l a r .  

is  t h a t  t h e  apparent  CTE of t h e s e  coated p a r t i c l e s  i s  less than  

4 X 10-6/K a t  room temperature.  

wi th  58 v o l  % loading are i n  a close-packed a r r a y ,  t h e  observed thermal 

expansion is  e s s e n t i a l l y  t h a t  of t h e  p a r t i c l e s  and is  only  s l i g h t l y  

a f f e c t e d  by t h e  matr ix .  

A s i g n i f i c a n t  conclusion drawn from t h e  58 v o l  % sample d a t a  

Since t h e  p a r t i c l e s  i n  t h e  specimen 



Table 6.10. Average Electrical  R e s i s t i v i t i e s  ( A f t e r  F i n a l  Machining) 
of Bonded Rod Specimens t o  b e  I r r a d i a t e d  

Average Average R e s i s t i v i t y ,  VR-m, f o r  Specimens t o  b e  I r r a d i a t e d  

D e n s i t y  S e r i e s  
Specimen Each Number of C y c l e s  ( i n  Each Capsu le )a  Average M a t r i x  

Loading 

(g/cm3> 0 1 (HT-20) 2 (HT-23) 4 (HT-22) 6 (HT-21) (%> 

0 1.75 JI-184 17.13 (19) 17.16 (24) 17.12 (21) 17.30 (12) 17.29 (14) 
21.89 (18) 22.03 (28) 21.72 (37) 21.71 (28) 

26.64 (38) 

30.16 (41) 30.43 (32) 

13 1.70 JI-182 22.18 (30) 

23 1.65 JI-185 26.55 (72) 26.44 (23) 26.90 (31) 26.40 (56) 

35 1.60 JI-179 30.18 (81) 30.01 (26) 29.56 (42) 

58 0.6 JI-143 78.81 (85) 80.80 (180) 76.12 (360) 81.21 (451) 82.25 (350) 

a Number i n  p a r e n t h e s e s  is l o 2  X maximum d e v i a t i o n  from a v e r a g e  a l o n g  t h e  specimen.  
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T E M P E R A T U R E  ( K )  

Fig. 6.11. Seebeck Coefficient and Electrical Resistivity of 
Unirradiated Bonded Fuel Rods as Functions of Temperature. 
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Fig. 6.12. Smoothed Values for the Coefficient of Thermal Expansion 
of Bonded Rod Specimens as a Function of Temperature and Coated Particle 
Loading . 
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Table 6.11. Polynomial Equations Representing the Thermal Conductivity 
and Coefficient of Thermal Expansion of Unirradiated Simulated Fuel 

a Loading Coefficient of Thermal Expansion, Thermal Conductivitya 
(vol X) (K-l) (W m-’ K-’) Specimen 

~ ~~~~~ 

x 10- 

JI-184-8 0 0.2716 + 6.280 X 10-3T - 2.586 X 10-6T2 67.81 - 0.02616T 
JI-182-12 13 0.7459 + 6.267 X 10-3T - 2.595 x 10-6T2 46.54 - 0.014498 

JI-185-14 23 0.7607 + 7.359 X 10-3T - 3.415 x 10-6T2 39.33 - 0.00851T 
JI-179-5 35 1.1881 + 7.082 x 10-3T - 3.113 x 10-6T2 30.97 - 0.00423T 
JI-143-11 58 2.038 + 6.573 X 10b3T - 2.941 X 10-6T2 16.6 - 0.00246T 

a T is temperature in kelvins. 

1 
0 2 0  40 60 

P A R T I C L E  L O A D I N G  ( v o l  % )  

Fig. 6.13. Comparison of Coefficient of Thermal Expansion at 298 
and 973 K for Unirradiated and Irradiated Samples as a Function of 
Particle Loading. 
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I 

The X r e s u l t s  on un i r r ad ia t ed  specimens are shown i n  Fig.  6.14. 

This f i g u r e  i n d i c a t e s  t h a t  X decreases  smoothly wi th  inc reas ing  tempera- 

t u r e  and loading.  

r e s u l t j n g  parameters given i n  Table 6.11. 

w i th in  1 . 7 %  of t h e  equat ions wi th  t h e  except ion of t h e  58 v o l  % specimen, 

where t h e  maximum dev ia t ion  of any datum from t h e  polynomial w a s  5%. 
Previous r e s u l t s  obtained on u n i r r a d i a t e d  materials wi th  0 and 28.5 v o l  % 

loadings are a l s o  shown i n  Fig.  6.14 from 80 t o  400 K. The mat r ix  

dens i ty  of t h e s e  two materials w a s  about 1 . 7 4  g/cm3 f o r  t h e  28.5% 

loaded specimen and 1.81 g/cm3 f o r  t h e  o t h e r . 2 5  

are not  exac t ly  t h e  same as those  of t h e  13, 23, 35, and 58% loaded 

specimens, they se rve  as a comparison. 

The X w a s  f i t  wi th  a l i n e a r  r e l a t i o n  i n  9, with  t h e  

A l l  experimental  d a t a  were 

Although t h e s e  d e n s i t i e s  

Af t e r  i r r a d i a t i o n ,  t h e  p of a l l  specimens w a s  measured a t  room 

temperature (-300 K) as a p r e r e q u i s i t e  f o r  X measurements. The r e s u l t s  

are given i n  Table 6.12 and show t h a t  p i nc reases  wi th  inc reas ing  neutron 

f luence  f o r  each volume p a r t i c l e  loading.  A s  i r r a d i a t i o n  w a s  increased ,  

t h e  p of t h e  0 and 13% samples became much c l o s e r  t o  each o the r  as d i d  

those  of t h e  23 and 35% samples. 

behavior d i f f e r e n c e ,  which occurs  between loadings  of 1 3  and 23%. 

This  e f f e c t  may denote  a b a s i c  
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Fig. 6.14. Thermal Conduct ivi ty  of Simulated Bonded Bed Fuel  Rods 
as a Function of Temperature. 
redetermined t o  be 58 v o l  %. 

Loading i d e n t i f i e d  as "60 v o l  %I' has been 
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Table 6.12. Electrical Resistivity, p, of Bonded Rod Specimens 
Before and After Irradiation in HFIR 

Particle p, Resistivity, PR-m, for Each Number of Cycles 
Lo ad ing 
(vol % >  0 1 2 4 6 

~~ 

0 17.20 26.82 28.81 39.25 67.21 

13 21.90 32.31 34.58 43.74 67.04 

23 26.59 37.14 39.61 51.08 90. 76a 

35 30.07 38.75 40.15 51.24 b 

58 79.11 95.50 C a C 

a Broken bur one small fragment may provide some infor- 

If this can be removed, 
mation on p and h near room temperature. 

bCenter spine still in place. 
electrical resistivity and thermal conductivity near room 
temperature can be measured on one of the pieces. 

Broken too badly for any measurements. C 

The CTE of the two irradiated samples measured to date are compared 

with the unirradiated results at 298 and 973 K in Fig. 6.13. The 

decreased CTE at 298 K for the pure matrix material may be caused by 
residual stress and microcracks due to shrinkage under irradiation. At 

973 K these effects have largely been neutralized. 
in CTE observed on the 35 vol % irradiated sample clearly indicates 

that the coated particles have lost their additive effects. This could 

be caused by shrinkage of the outer pyrocarbon coating, by extensive 

microcracking of the adjacent matrix material, or by a combination of 

the two effects. 

The large decrease 

Figure 6.14 shows some low-temperature h data obtained on the 

58 vol % specimen after one cycle in HFIR. 

during capsule disassembly and could not be assembled €or the high- 

temperature measurements. The results indicate a X decrease of 

approximately 20% at 400 K. 

This specimen was broken 
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6.5.4 I r r a d i a t i o n  Experiments HT-24 and -25 - R. L. Hamner and 3 M Robbins 

Shim p a r t i c l e s  are i n e r t  d i l u e n t  p a r t i c l e s  designed f o r  u se  i n  

HTGRs t o  provide f o r  a range of f u e l  concen t r a t ions  i n  d i f f e r e n t  f u e l  

rods  having t h e  same nominal l eng ths .  A t  p r e sen t  they are obta ined  

from bulk g r a p h i t e ,  which i s  ground t o  a s p e c i f i c  par t ic le  s i z e  range 

t o  a i d  i n  good p a r t i c l e  blending and f a b r i c a b i l i t y  of f u e l  rods.  HFIR 

i r r a d i a t i o n  capsules  HT-24 and -25 were designed t o  sc reen  several types  

of shim p a r t i c l e s  w i th  r e spec t  t o  changes i n  f u e l  rods  under i r r a d i a t i o n .  

Another o b j e c t i v e  of t h e  experiment w a s  t o  determine t h e  e f f e c t  of 

depos i t i on  ra te ,  and thus  OPTAF, on dimensional changes of un res t r a ined  

L T I  p y r o l y t i c  carbon samples prepared by GA and t o  o b t a i n  a d d i t i o n a l  

d a t a  on t h e  r e l a t i o n  between creep  s t r a i n  and t h e  change i n  p r e f e r r e d  

o r i e n t a t i o n  i n  r e s t r a i n e d  L T I  p y r o l y t i c  carbon samples. The capsules  

w e r e  i d e n t i c a l .  

Each experiment contained 10 types  of specimens nominally 9.65 mm 

diam by 18.80 mm long (0.380 by 0.740 i n . )  formed a t  ORNL by s l u g  

i n j e c t i o n .  The types  of specimens were d i s t ingu i shed  by f i v e  types  of 

shim p a r t i c l e s  combined wi th  two d i f f e r e n t  volume loadings  of Biso-coated 

carbon p a r t i c l e s  (25 and 35%) der ived  from desu l fu r i zed  s t rong-acid r e s i n  

t o  s imula te  f u e l  p a r t i c l e s .  The shim p a r t i c l e s  w e r e  added i n  s u f f i c i e n t  

amount to make a t o t a l  p a r t i c l e  volume loading  of 60%. 

Four of t h e  shim p a r t i c l e  types  were suppl ied  by GA and one by ORNL. 

The types  of GA shim p a r t i c l e s  are l i s t e d  below. 

1. Impregnated GLCC-1099 (ground H-451 nea r - i so t rop ic  g r a p h i t e  

from Great Lakes Carbon Company. 

2. Impregnated Ringsdorff - V 564 (ground g r a p h i t e  manufactured 

i n  West Germany by Ringsdorff Werke GmbH). 

3. UCC TS-1240X (ground TS-1240X nea r - i so t rop ic  g r a p h i t e  from 

Union Carbide Corporation. 

4 .  Poco X-4029 (suppl ied  by Poco Graphi te ,  Inc. -manufac tur ing  

process  p r o p r i e t a r y ) .  

The f i f t h  shim w a s  prepared a t  ORNL by s l u r r y  b lending  50 w t  % each of 

green Robinson coke and Thermax wi th  25 pph* Ashland grade 240 p i t c h  t o  

*"Pa r t s  per  hundred," p a r t s  of l i q u i d  added per  hundred p a r t s  of 
s o l i d s  being s l u r r i e d .  
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dryness to obtain spheroids, heating to 280OoC for densification, then 

surface impregnating with Varcum (prepolymerized furfuryl alcohol), 

which was then completely polymerized. 

particles are shown in Table 6 . 1 3 .  

GAY for all rods consisted of 30 wt % Asbury grade NF 6353 graphite 
filler in Ashland grade 240 pitch containing an additive to aid in 

injection. The impregnated shim particles were incorporated in the 

rods as-cured to seal porosity and to add strength for fabrication, 

then carbonized in s i t u  in the rods. 
contained in graphite crucibles having the same nominal dimensions as 

the slug-injected rods. 

by dimensional measurements, radiography (to detect any contamination 

with fuel particles), photography, metallography, electrical resistivity, 

and calculations for matrix density, volume loading, and coke yield. 

The characteristics of the shim 

The matrix material, supplied by 

The pyrolytic carbon strips were 

The unirradiated specimens were characterized 

Table 6 . 1 3 .  Data Summary for Shim Particlesa for 
Irradiation Experiments HT-24 and -25 

d 
Density , g/cm3 Open Code Number 

Porosity Capsule 
Position 

( X )  
C 

Source Manu- 
facturer GAb Tap Helium Mercury 

1 , 6 , 2 0 , 1 5  Ringsdorffe U564 F0150 1.10 2 . 0 1  1 . 9 8  1 . 4 9  

2 , 7 , 1 9 , 1 4  UCC TS-1240 F0176 0 .98  2.15 1 . 9 3  1 0 . 2 3  

3,8,18,13 O M L e  S-18-1 1 . 1 2  1 .97  1 . 9 2  2.54 

4 , 9 , 1 7 , 1 2  Poco X-4029 F0188 1.06 1 . 9 9  1 . 8 5  7 .04  

5 , 1 6 , 1 1  G L C C ~  1099 F0166 1.05 2.00 1 . 9 6  2.00 

a 

bGeneral Atomic Company. 

dCalculated from helium and mercury densities. 
e 

Shim particles are from 590 to 840 urn in diameter. 

C As determined at 0 .52  MF'a ( 7 5  psi). 

Impregnated. 

Matrix densities were lowest for rods containing the Poco shim 

particles (0.47 g/cm3) regardless of shim particle volume loading, and 

highest f o r  those containing the ORNL shim (0.55 g/cm3). 
ranged from 12.4 to 20.1%, being lowest for rods containing the Poco shim 

Coke yields 
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and h ighes t  f o r  those  conta in ing  Ringsdorff ,  CLCC, and ORNL shims. 

Electr ical  resist ivit ies,  i n  genera l ,  increased  wi th  i n e r t  p a r t i c l e  

loadings ,  being lowest f o r  rods  conta in ing  Ringsdorff shim wi th  25 v o l  % 

i n e r t  p a r t i c l e s  (28  PR-m) and h ighes t  f o r  rods  conta in ing  t h e  ORNL 

shim wi th  37 v o l  % i n e r t  p a r t i c l e s  (52 WR-m). 

Representa t ive  sets of t h e s e  specimens w e r e  s e l e c t e d  and loaded 

i n t o  capsule  HT-24 and -25. The capsules  were i r r a d i a t e d  i n  p a r a l l e l  

i n  t h e  HFIR f o r  2 and 4 cyc le s ,  r e spec t ive ly ,  being i n s e r t e d  i n  e a r l y  

June 1974. P o s t i r r a d i a t i o n  eva lua t ion  w a s  performed by GAY and t h e  

r e s u l t s  are contained i n  a t o p i c a l  r e p o r t . 2 6  

a b s t r a c t  of t h i s  r e p o r t  fol lows.  

A quo ta t ion  from t h e  

The f u e l  compacts f a b r i c a t e d  wi th  t h e  f i v e  d i f f e r e n t  
shim p a r t i c l e  types survived i r r a d i a t i o n  a t  850 t o  1O2O0C, bu t  
w e r e  weakened by t h e  i r r a d i a t i o n  e f f e c t s  and w e r e  subsequent ly  
damged during r o u t i n e  handling. 

Great Lakes Carbon Company (GLCC), Union Carbide Corporation 
(UCC), and Poco Graphi te ,  Inc . ,  shim p a r t i c l e s  w e r e  nega t ive  
f o r  both a x i a l  and r a d i a l  d i r e c t i o n s  up t o  f luences  of 
7 X lo2’ t o  9 X 1021 n/cm2 a t  850 t o  102OOC. Expansion w a s  
j u s t  beginning a t  6 X 1021 t o  7 X l o2 ’  n/cm2. In  c o n t r a s t ,  
t h e  dimensional changes of t h e  f u e l  compacts f a b r i c a t e d  wi th  
Ringsdorff ,  West Germany, shim p a r t i c l e s  showed i n i t i a l  
con t r ac t ion  similar t o  t h a t  descr ibed above, followed by 
r ap id  expansion a t  about 4 X l o 2 ’  t o  5 X l o2 ’  n/cm2, which 
l e d  t o  n e t  expansion a t  8 x 1021 t o  9 x 1O2I n/cm2. The 
behavior  of f u e l  compacts f a b r i c a t e d  wi th  ORNL shim p a r t i c l e s  
w a s  in te rmedia te  t o  t h a t  of t h e  Ringsdorff and GLCC-UCC-Poco 
compacts. 

Based on t h e  dimensional change behavior  of t h e  f u e l  
compacts i r r a d i a t e d  i n  t h i s  experiment, shim p a r t i c l e s  f a b r i -  
ca ted  from nuclear  g r a p h i t e  blocks (such as GLCC’S 1099 and 
UCC’s TS-1240s) and t h e  Poco shim p a r t i c l e s  are p re fe r r ed  over 
t h e  h ighly  a n i s o t r o p i c  Ringsdorff p a r t i c l e s  o r  t h e  agglomerated 
ORNL p a r t i c l e s .  

Diametral changes of t h e  f u e l  compacts f a b r i c a t e d  wi th  

6.5.5 T e s t  Capsules HT-26 and -27 - T. N. Tiegs 

The primary o b j e c t i v e  of t h e s e  experiments w a s  t o  s tudy t h e  

ma t r ix -pa r t i c l e  i n t e r a c t i o n  phenomenon a s soc ia t ed  wi th  t h e  in-block 

carboniza t ion  technique proposed f o r  t h e  f a b r i c a t i o n  of HTGR f u e l  rods.  

The two capsules ,  HT-26 and -27, had s i m i l a r  loading  p l ans  and w e r e  

exposed t o  about h a l f  and about f u l l  HTGR design f luence  a t  t h e  capsule  
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midplane, r e s p e c t i v e l y .  The t h r e e  v a r i a b l e s  i n v e s t i g a t e d  were: 

(1) p i t c h  coke y i e l d ,  (2) s t r e n g t h  of t h e  p a r t i c l e  coa t ings ,  and ( 3 )  

s u r f a c e  t e x t u r e  of t h e  coa t ings .  Examination of t h e  two experiments 

w a s  completed and t h e  r e s u l t s  are being prepared f o r  s e p a r a t e  publ i -  

c a t i o n . 2 7  The a b s t r a c t  of t h i s  r e p o r t  fo l lows:  

Capsules HT-26 and -27 were i r r a d i a t e d  i n  t h e  t a r g e t  
reg ion  of t h e  High Flux I so tope  Reactor.  The purpose w a s  
t o  s tudy  ma t r ix -pa r t i c l e  i n t e r a c t i o n  i n  High-Temperature 
Gas-Cooled Reactor f u e l  rods  be fo re  and a f t e r  i r r a d i a t i o n .  
The f i r s t  o b j e c t i v e  w a s  t o  f a b r i c a t e  f u e l  w i t h  a f a i l e d  
f u e l  f r a c t i o n  <0.1%. This  w a s  accomplished f o r  packed 
A 1 2 0 3  and in-block ca rbon iza t ion  techniques ,  us ing  annealed 
Biso-coated f e r t i l e  p a r t i c l e s  and e i t h e r  annealed o r  
unannealed Triso-coated f i s s i l e  p a r t i c l e s .  
o b j e c t i v e ,  t o  i r r a d i a t e  f u e l  rods and determine t h e  f a i l e d  
f u e l  f r a c t i o n  (<1% f o r  accep tab le  r e s u l t s ) ,  w a s  not  com- 
p l e t e l y  accomplished. I n  HT-26 t h e  capsule  ev iden t ly  
leaked ,  and t h e  f u e l  rods  s u f f e r e d  a t t a c k  by steam. I n  
HT-27 t h e  f u e l  rods  only i n  t h e  high-temperature reg ion  
s u f f e r e d  a t t a c k  by zirconium (used as an oxygen g e t t e r  i n  
t h e  capsule) .  
and consequently made i t  impossible  t o  determine f a i l u r e  
f r a c t i o n s  due t o  ma t r ix -pa r t i c l e  i n t e r a c t i o n .  Resu l t s  
from t h e  o t h e r  f u e l  rods  i n  HT-27 showed t h a t  p a r t i c l e  
f a i l u r e  f r a c t i o n s  of <1% can b e  obtained from f u e l  rods 
carbonized in-tube and i r r a d i a t e d  a t  temperatures  up t o  
-9OOOC ( f u e l  s u r f a c e  temperature) .  

The second 

These problems r e s u l t e d  i n  f a i l e d  p a r t i c l e s  

6.5.6 I r r a d i a t i o n  T e s t  Capsules HT-28, -29, and -30 - R. L. Bea t ty  

The experiments HT-28, -29, and -30 w e r e  p a r t  of a cont inuing  series 

of HFIR t a r g e t  i r r a d i a t i o n  capsules .  They w e r e  planned p r imar i ly  t o  

test re la t ive  fas t -neut ron  damage r e s i s t a n c e  of p y r o l y t i c  carbon coa t ings  

on t h o r i a  and i n e r t  carbon ke rne l s .  Capsules HT-28 and -29 contained 

unbonded specimens of f e r t i l e  p a r t i c l e s  produced by ORNL and GA i n  t h e  

f u e l  p o s i t i o n s .  

coa t ings  and wafers  of hot-pressed Z r C  and extruded g r a p h i t e  produced 

by t h e  Los Alamos S c i e n t i f i c  Laboratory were included as unfueled 

space r s  and i n  f u e l  magazine end plugs.  

rods  wi th  ORNL f e r t i l e  p a r t i c l e s  i n  a l l  f u e l  p o s i t i o n s  and unbonded 

ORNL i n e r t  p a r t i c l e s  i n  magazine end plugs.  

Addi t iona l  specimens of i n e r t  p a r t i c l e s  w i th  Z r C  

Capsule HT-30 contained bonded 
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6.5.6.1 Capsule Design 

The t h r e e  capsules  w e r e  of d i f f e r e n t  des ign  wi th  regard  t o  f u e l  

loading ,  temperature ,  and cover gas  atmosphere. All t e s t  f e r t i l e  

p a r t i c l e s  f o r  HT-28 and -29 were loaded i n t o  annular  Poco g r a p h i t e  

ho lders  s imi la r  t o  those  used i n  earlier experiments,  i nc lud ing  HT-17, 

-18, and -19. These capsules  each contained 32 experimental  t h o r i a  

specimens, 22 wi th  GA p a r t i c l e s  and 10 wi th  O W L  p a r t i c l e s .  Both 

capsules  a l s o  contained uranium, 6.5% enriched i n  235U, f o r  hea t  

genera t ion  dur ing  t h e  e a r l y  p a r t  of t h e  i r r a d i a t i o n .  Capsule HT-28 

w a s  designed f o r  a four-cycle  i r r a d i a t i o n ,  and as  i n  t h e  ear l ie r  

capsules  HT-12 through -15 and -17 through -19, the uranium w a s  

d i s t r i b u t e d  i n  20 annular  l oose -pa r t i c l e  ho lde r s  and fou r  magazine 

end p lugs ,  and t h e  sea l ed  capsule  atmosphere w a s  argon. The p a r t i c l e  

ho lder  des ign  s u r f a c e  temperatures  i n  HT-28 w e r e  1250°C f o r  t h e  two 

cen te r  magazines and 900°C f o r  t h e  end magazines. Capsule HT-29 w a s  

an i so thermal  des ign  wi th  900°C holder  s u r f a c e  des ign  temperature  and 

w a s  i r r a d i a t e d  f o r  f i v e  HFIR cyc le s .  The lower maximum temperature  

i n  HT-29 made it p o s s i b l e  t o  use  a helium atmosphere, which, i n  t u r n ,  

n e c e s s i t a t e d  a much h igher  t o t a l  heavy metal loading.  This  r equ i r ed  

p lac ing  t h e  uranium-containing d r i v e r  p a r t i c l e s  and p a r t  of t h e  thorium 

i n  20 molded rods  since the annular  machined ho lde r s  d i d  n o t  have 

s u f f i c i e n t  f u e l  volume. The i n e r t  par t ic les  w e r e  placed i n  t h e  end 

plugs of t h e  Poco g r a p h i t e  magazines t o  avoid d i s tu rbance  of t h e  power 

genera t ion  p r o f i l e s  ca l cu la t ed  f o r  t h e s e  capsules .  

Capsule HT-30 w a s  designed f o r  a four-HFIR-cycle i r r a d i a t i o n  and 

contained only ORNL coated t h o r i a  and iner t  p a r t i c l e s .  

f e r t i l e  p a r t i c l e s  w e r e  f a b r i c a t e d  i n t o  rods by t h e  s lug - in j ec t ion  

process .  The bonded rod test specimens w e r e  s e l e c t e d  over  loose-  

p a r t i c l e  ho lde r s  t o  provide more rea l i s t ic  test cond i t ions  f o r  t h i s  

capsule .  

and then  annealed a t  1800°C. 

diam by 6.98 mm long (0.377 by 0.275 i n . ) .  These dimensions allowed 

space f o r  52 f u e l  rods ,  a l l  of which contained only t h o r i a  and i n e r t  

carbon par t ic les .  The uranium used i n  HT-28 and -29 f o r  power genera t ion  

All t h e  test  

The rods  w e r e  carbonized i n  n a t u r a l  f l a k e  g r a p h i t e  t o  1000°C 

The test  specimens w e r e  nominally 9.58 mm 
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was deleted from HT-30 to allow an approximately 60% increase in capsule 

thorium loading. Advantages of the increased fertile particle test 

capacity were considered to outweigh the resulting lower-than-design 

operating temperatures during the first two irradiation cycles for 

this capsule. The rod surface design temperatures were 125OOC for 

the two center magazines and 900°C for the end magazines. 

atmosphere was neon. 

The HT-30 

6.5.6.2 Experimental Objectives 

The primary objective of the ORNL tests in this series of experi- 

ments was to determine relative stabilities under fast-neutron irradiation 

of low-temperature isotropic (LTI) pyrolytic carbon coatings having 

subtle differences in microstructure. The microstructural differences 

of interest include all properties that can be measured and were obtained 

experimentally by varying deposition conditions. 

process variables studied were temperature, hydrocarbon (MAPP gas) con- 
centration, and total fluidizing gas flux. Deposition rate, which is 

often quoted to characterize coatings, is a strong function of both 

hydrocarbon concentration and total gas flux. Thus, a major concern 

of this work was to distinguish between deposition rate effects per se 

and hydrocarbon concentration effects on both irradiation stability and 

measurable differences in microstructure. 

The primary deposition 

It is well known that differences in carbon coating microstructure 
arising from variation of coating process parameters strongly influence 

resistance to fast-neutron irradiation damage. Results of many irradi- 

ation tests indicate that anisotropy or preferred orientation within the 

coating structure is a dominant factor in determining this resistance, 

though other microstructural features, most of which are poorly under- 

stood, are important as well. Accordingly, a recent series of experiments, 

HT-17, -18, and -19, was designed specifically to determine limits on 

anisotropy that would allow adequate performance as a function of fast- 
neutron fluence. However, results of those experiments were ambiguous 

and did not produce the clear-cut definition of the anisotropy limits desired. 

Thus, a major conclusion drawn from the experiments was that characterization 
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methods used were inadequate and that we do not yet have a combination 

of measurements capable of uniquely characterizing a carbon coating to 

predict its irradiation performance. 

Many pyrocarbon coatings have performed very well on exposure to 

full-HTGR design fluence, but  at present the preparation of reliable 

coatings necessarily includes specification of certain fabrication 

process psrameters. 

terization tools and to correlate meaningfully the resulting sets of 

measured properties with irradiation performance, a large set of coatings 

with different microstructures was fabricated and tested. This set of 

test coatings included a wide range of process variables relating to 

the so-called LTI process. Further development of characterization 

techniques - including OPTAF, BAF, and other x-ray characteristics, 
definition of microstructure by various etching techniques, and 

scanning and transmission electron microscopy -was pursued as a major 

portion of the preparation and interpretation of these experiments. 

In order t o  develop the necessary set of charac- 

Since the ultimate goal of these tests was to correlate the 

irradiation stability of coatings with a set of measurable properties, 

characterization of the coatings in terms of microstructural features 

was a major part of the work. However, since characterization, including 

development of new techniques, was necessarily continued during and 

after the irradiation, coatings for testing were selected on the basis 

of deposition conditions. 

The set of LTI coatings selected for testing in these experiments 
was deposited in a 64-mm (2.5-in.) coater as Biso fertile particles of 

nominal reference design. 

are listed in Table 6.14. The grouping in Table 6.14 shows the multiple 

combinations of hydrocarbon concentration and deposition rate employed 
in preparing the coating set. 

independently of hydrocarbon concentration by using different total gas 

fluxes. In addition to the variations introduced by gas flow rates and 

compositions, density differences were superimposed by changing coating 

temperature. The coating set thus produced was intended to bracket 

the ability to survive HTGR design fast fluences and to provide a range 

Coating process parameters and properties 

Deposition rate was varied, within limits, 



Table 6.14. Deposition Parameters and Properties of LTI MAPP Gasa Coatingsb 
Irradiated in Experiments HT-28-, -29, and -30 

Density, g/cm3 
~ _ _ _ _  Surface 

Connected 
Kate Porosityc 

MAPP Gas Deposition 
__________ ______._~ 

After OPTAF~ Batch 
15 min Corrected' As Concen- Flux Tempera- 

tration (cm3/min- ture 
at 1800"Cd (%) Drpositedd ( o c )  ( d m i n )  ( X )  cm2) 

100 5.57f 1275 23.0 9.62 1.989 2.053 1.855 1.02 OR-2275-AHT 
100 2.86s 1275 14.1 8.13 1.973 2.019 1.855 1.02 OR-2266-HT 
100 1.35h 1275 7.3 8.33 1.948 1.982 1.817 1.02 OR-2291-HT 
100 0.77h 1275 4 . 9  7.98 1.924 1.975 1.817 1.01 OR-229 7-AHT 

100 5.57f 1325 28.0 15.16 1.948 1.957 1.660 1.01 OR-2274-HT 
100 2.868 1325 15.7 9.75 1.918 1.949 1.759 1.01 OR-2265-HT 
100 1. 3jh 1325 8.6 10.06 1.868 1.882 1.693 1.01 OR-2290-HT 
100 0.77h 1325 5.6 10.86 1.854 1.898 1.692 1.01 OR-2296-4HT 

50 2.93f 1275 10.7 5.34 1.974 2.015 1. 907 i OR-2271-HT 
50 1.439 1275 6.5 5.19 1.966 2.009 1.905 L.O1 OR-2262-HT 
50 0.68h 1275 3.6 4.13 1.934 1.961 1.880 1.02 OR-2294-HT 
50 0.38h 1275 2.3 4.18 I. 888 1.910 1.830 1.02 OR-2299-HT 

50 2.93f 1325 12.5 7.91 1.884 1.908 1.757 1.01 OR-2269-HT 
50 1.438 1325 7.4 5.38 1.853 1.886 1.785 1.01 OR-2261-HT 
50 0.68'l 1325 3.9 5.47 1.81'3 1.832 1.731 i OR-2293-HT 
50 0. 38'l 1325 2.5 4.99 1.806 1.821 1.732 1.01 OK-2298-HT 

25 1.46f 1275 5.2 3.81 1.968 2.009 1.933 1 . 0 1  OR-2273-HT 
25 0. 73g 1275 3.2 3.04 1.950 1.986 1.926 1.02 OR-2264-HT 
25 0. 3qh 1275 1.8 3.10 1.897 1.912 1.852 1.02 OR-2295-HT 

25 1.4hf 1325 6.2 4.33 1.840 1.860 1.780 1.01 OR-2272-HT 
25 0.738 1325 3.6 3.56 1.816 1.837 1.771 1.01 OR-2263-HT 

15 0.84f 1275 3.1 3.24 1.945 1.977 1.913 1.02 OR-2276-HT 
__ __.~___.__ .~ 

aMAPP gas is marketed by Airco, Inc., and consists primarily of methylacetylene and propadiene with alkanes as 

bBiso particles of nominal design 500-Lrm Tho2 kernel, 85-um buffer, 85-vm LTI. 

'Determined by mercury porosimetry (15,000 psi) as percent of LTl volume assuming 4-lrm infiltration of buffer. 

dNeasured by gradient column technique. 

eMeasured in twofold symmetry (without analyzer), after heat treatment. 

fHigh flux obtained by using approximately half usual charge volume. 

gTypical flux on 350-g, 125-cm3, charge of buffer-coated fcrtile particles in 2.5 in. coating tube. 

hLow flux obtained for given concentration by diluting bed with low-density carbon particles to reduce fluidizing 

i 

stabilizers. 

flow requirement. 

Not determined. 

N 
Lo 
0 
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of mic ros t ruc tu res  s u i t a b l e  f o r  c o r r e l a t i n g  s t r u c t u r e  and performance. 

To t h e  ex ten t  poss ib l e ,  t h e s e  coa t ings  were i r r a d i a t e d  under a v a r i e t y  

of condi t ions  inc luding  d i f f e r e n t  temperatures  and f luences  and as 

loose  p a r t i c l e s  and i n  bonded rods .  

l i s t e d  i n  Table 6.14, one capsule ,  HT-30, contained f o r  comparison 

fou r  candida te  coa t ings  depos i ted  i n  a 0.13-m (5-in.)  p ro to type  c o a t e r  

and one coa t ing  produced i n  a 25-mm (1-in.) c o a t e r  and previous ly  

i r r a d i a t e d  without  f a i l u r e  i n  capsules  HT-12 through -15. These 

p a r t i c l e s ,  a l l  of t h e  nominal Biso-coated f e r t i l e  des ign ,  are shown 

i n  Table 6.15. 

I n  a d d i t i o n  t o  t h e  coa t ing  se t  

Table 6.15. Deposi t ion Parameters and P r o p e r t i e s  of L T I  
Propylene Coatingsa I r r a d i a t e d  i n  Capsule HT-30 

Densityb 
Af te r  30 min 

a t  1800°C 

Deposit  i on  

OPTAF' 
c 3H6 

Batch Concentrat ion Tempera- Rate 
(pm/min> (g/cm3 1 (a t u r e  

("C) 

OR- 184 9-HTd 7 5e 1300 21.5 1.940 1.02 

J-488f 50e 1350 7.2 1.976 1.02 

J-489f 50e 1350 5.8 1.904 1 .01  

J-490f 100 1350 6.2 1.992 1 .01  

J-491f 100 1350 9 .1  2.004 1.01 

a Biso p a r t i c l e s  of nominal des ign  500-pm Tho2 k e r n e l ,  80-pm b u f f e r ,  
75-pm LTI .  

bMeasured by g rad ien t  column. 
C Measured i n  twofold symmetry (without ana lyze r )  af ter  hea t  

treatment. 

dDeposited i n  2.5-mm (1-in.)  c o a t e r .  
e 

fDeposited i n  0.13-m (5-in.)  coa te r .  

Helium d i l u e n t .  

A performance comparison between p a r t i c l e s  i r r a d i a t e d  i n  bonded 

rods  and i n  l o o s e  p a r t i c l e  ho lde r s  w a s  a secondary o b j e c t i v e  of t h e s e  

experiments.  A few anomalous r e s u l t s  from earlier HT experiments have 
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r a i s e d  t h e  ques t ion  of whether coa t ings  may be  broken by p a r t i c l e - p a r t i c l e  

r a t c h e t t i n g  due t o  coa t ing  dimensional changes dur ing  i r r a d i a t i o n .  The 

bonded (s lug- in jec ted)  rods f o r  t h e s e  tests w e r e  carbonized i n  n a t u r a l  

f l a k e  g r a p h i t e  t o  minimize coating-matrix i n t e r a c t i o n  e f f e c t s  wh i l e  

providing a coa t ing  test environment as rea l i s t ic  as poss ib l e .  

A t e r t i a r y  o b j e c t i v e  of t h e s e  experiments w a s  t h e  i r r a d i a t i o n  of 

coa t ings  t h a t  could be  examined i n  d e t a i l  f o r  m i c r o s t r u c t u r a l  changes 

induced by t h e  i r r a d i a t i o n .  For t h i s  purpose, p a r t i c l e s  w i th  i n e r t  

carbon ke rne l s  were included i n  t h e  end plugs of capsule  HT-30 a t  no 

expense t o  t h e  capsule  f u e l  capac i ty .  We a n t i c i p a t e d  t h a t  t h e s e  

p a r t i c l e s  could be  removed from t h e  hot  ce l l  a f t e r  i r r a d i a t i o n .  The 

i n e r t  test p a r t i c l e s  included a l l  t hose  coated along wi th  t h e  f e r t i l e  

p a r t i c l e s  denoted by foo tno te  f i n  Table 6.15 as w e l l  as one Triso-  

coated l o t .  

6.5.6.3 Capsule Loading, Operat ion,  Fluence,  and Burnup 

A l l  capsule  loading  c a l c u l a t i o n s ,  t e s t i n g  superv is ion ,  and f luence  

and burnup c a l c u l a t i o n s  w e r e  performed by B. H. Montgomery of t h e  ORNL 

Reactor Divis ion.  Capsules HT-28 and -30 w e r e  i r r a d i a t e d  f o r  four  

HFIR c y c l e s  from February 4 t o  May 9 ,  1975. Capsule HT-29 rece ived  

f i v e  cyc le s  of i r r a d i a t i o n  from February 4 t o  June 3,  1975. The 

i n d i v i d u a l  specimen i r r a d i a t i o n  cond i t ions  for HT-28, -29, and -30 

are shown, r e s p e c t i v e l y ,  i n  Tables 6.16 through 6.18. 

All t h r e e  capsules  w e r e  s u c c e s s f u l l y  i r r a d i a t e d  and t r a n s f e r r e d  

t o  t h e  ho t  c e l l  f o r  examination. When t h e  p o s t i r r a d i a t i o n  examination 

i s  completed, r e s u l t s  w i l l  be  evaluated i n  t e r m s  of m i c r o s t r u c t u r a l  

c h a r a c t e r i s t i c s  as w e l l  as f a b r i c a t i o n  condi t ions .  
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Table 6.16. Capsule HT-28 Loading Schedule,  Design Operat ing 
Temperature, Neutron Fluences,  and Heavy Metal Burnup 

Estimated 
232Th 
Burnup 

Capsule Specimen Design Estimated Fluence, n/cm2 
Temperatureb 

>0.10 MeV (% FIMA) (“C) <0.414 eV Posit iona LO t 

E-S-1 

1-A 

2, 4, 5, 7 
8 
10 

11, 13 

M-S-1 

15, 17, 18, 20 

21 
23 
24, 26 

27 
29 
30 
32 
33, 35, 36, 38 

M-S-2 

40 
42 

43 
45 
46, 48, 49, 51 

E-S-2 

LASLC 

LASL~ 

~ ~ - 2 2 9 4 - n ~ 
GAe 

OR-2266-HT 
GAe 

LASLC 

G A ~  
OR-2294-HT 

OR-2266-HT 
G A ~  

G A ~  
OR- 2 2 7 3-HT 
OR-2297-HT 
OR-2262-HT 
G A ~  

LASLC 

GAe 

OR-2273-HT 
OR-2297-AHT 
OR-2262-HT 
G A ~  

LASLC 

900 

900 

900 14.3 x 10‘’ 6.07 x 10’’ 6.30 
900 14.9 6.54 6.70 
900 

1250 

1250 
1250 
1250 

1250 
1250 
1250 
1250 
1250 
1250 

1250 
900 
900 
900 
900 
900 

900 

20.4 

20.9 

21.1 
20.9 
20.4 

15.4 
14.9 
14.3 

8.77 

8.88 

8.92 
8.88 
8.77 

6.77 
6.54 
6.07 

8.69 
8.80 

8.85 
8.80 
8.69 

6.90 

6.70 
6.30 

aPositions (1 through 52) and four end plugs not listed contained uranium (6.5% enriched 

bGraphite holder surface temperature. 

‘LASL loose inert particles in graphite end plug. 

dLASL hot-pressed ZrC wafer placed in end (replacing graphite screw) of uranium-loaded 

eGA Biso-coated fertile particles. 

in 235U) for heat generation only. 

particle holder. 



Table 6.17. Capsule HT-29 Loading Schedule and 
Neutron Fluences and Heavy Metal Burnupa 

Caprule Specimen 
Lot b Position 

Estimated Fluence. n/cm2 Estimated 
232Th 

<0.414 eV Burnup 
( X  FII\IA) 

>0.18 MeV 

E-S-1 

1-A 

2 

4 
5, 7, 8, 10, 11, 13 

E-L-1 

M-s-1 
14-A 

15 

17, 18, 20, 21 

23 
24, 26 

M-L-1 

M-L-2 

27 

29 

30 

32, 33, 35, 36 

38 
39-A 

M-s-2 
E-L-2 

40, 42, 43, 45, 46 

48 

49 

51 

52-A 

E-S-2 

L A S L ~  

LASL~ 

OR-2264-HT 

OR- 2294-HT 

GAe 

LASL~ 

LASLC 

L A S L ~  

G A ~  

OR-2291-HT 

OR-2262-HT 

GAe 

LASLc 

L A S L ~  

G A ~  

OR-2299-HT 

OR-2261-HT 

G A ~  

LASLd 

LASL~ 

LASLC 

G A ~  

OR-2290-HT 

OR-2298-HT 

OR-2293-HT 

OR-2263-HT 

LASLd 

LASL~ 

14.4 x 10” 5.73 x loz1 7.15 

15.6 6.40 7.85 

23.2 

26.2 

26.5 

26.2 

23.2 

10.21 

11.12 

11.17 

11.12 

10.21 

16.2 6.69 

15.6 6.40 

14.4 5.73 

11.40 

12.20 

12.30 

12.20 

11.40 

8.20 

7.85 

7.15 

aGraphite holder design surface temperature was 900°C. 

bPositions (1 through 52) not listed contained uranium (6.5% enriched in 235U) 

‘LASL loose inert particles in graphite end plug. 

dLASL extruded graphite wafer accommodated for shortening adjacent uranium-loaded 

eGA Biso fertile particles. 

in warm-molded rods for heat generation on ly .  

rod. 
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Table 6.18. Capsule HT-30 Loading Schedule ,  Design Opera t ing  
Temperature,  and Neutron Fluences  and Heavy Metal Burnup 

Estimated 
232Th 
Burnup 

( X  FIMA) 

Specimen Lot Estimated Fluence, n/cm2 Capsule 
Posit iona First Second <0.414 eV >0.18 MeV 

Position Position 

E-S-1, 2 
1, 52 
2, 51 
3, 50 
4, 49 
5, 48 
6 ,  47 
7, 46 
8, 45 
9, 44 
10, 43 
11, 42 
12, 41 
13, 40 

E-L-1, 2 

M-S-1, 2 
14, 39 
15, 38 
16, 37 
17, 36 
18, 35 
19, 34 
20, 33 
21, 32 
22, 31 
23, 30 
24, 29 
25, 28 
26, 27 

M-L-1, 2 

Inertsb 
OR-2276-HT 
OR-2298-HT 
J-488C 
0~-2299-n~ 
O R - ~ ~ ~ O - H T  
OR-2291-HT 
OR-2293-HT 
OR-2294-HT 
OR-2265-HT 
OR-2266-HT 
OR-2274-UT 
OR-2275-AHT 
J-489C 
Inertsb 

Inertsb 
J-489' 
OR-2276-HT 
OR-2298-HT 
OR-2299-HT 
OR-2290-HT 
OR-2291-HT 
OR-229 3-HT 
OR-2294-HT 
OR-2265-HT 
OR-2266-HT 
OR-2274-HT 
OR-2275-AHT 
J-488' 
Inert s b  

Inertsb 
OR-2295-HT 
OR-2263-HT 
J-490c 
OR-2264-HT 
OR-2269-HT 
OR-2271-HT 
OR- 226 2-HT 
OR-2262-HT 
OR-2296-AHT 
OR- 2 29 7-AHT 
OR-2273-HT 
O R - ~ ~ ~ Z - H T 
5-491 
Inert s 

Inertsb 
J-491' 
OR-184 9 -HTd 
OR-2263-HT 
OR-2264-HT 
OR-2269-HT 
OR-2271-HT 
OR-2261-HT 
OR-2262-HT 
OR-2296-AHT 
OR-2297-AHT 
OR-2273-UT 
OR-2272-HT 
J-490' 
Inertsb 

11.1 x 1O2l 
11.5 
12.0 
12.5 
12.9 
13.4 
13.8 
14.3 
14.6 
14.9 
15.4 
15.8 
16.1 

18.1 
18.5 
18.9 
19.2 
19.6 
19.8 
20.1 
20.4 
20.6 
20.9 
21.1 
21.3 
21.5 

3.8 x loz1 
4.31 
4.58 
4.92 
5.11 
5.34 
5.61 
5.84 
6.07 
6.31 
6.54 
6.77 
6.99 
7.15 
7.4 

7.7 
8.00 
8.15 
8.27 
8.42 
8.52 
8.61 
8.69 
8.77 
8.84 
8.88 
8.92 
8.96 
9.00 
9.0 

4.61 
4.90 
5.12 
5.40 
5.62 
5.85 
6.10 
6.30 
6.50 
6.70 
6.90 
7.10 
7.21 

8.09 
8.21 
8.30 
8.40 
8.49 
8.59 
8.62 
8.69 
8.75 
8.80 
8.85 
8.88 
8.91 

aSpecimens 1-13 and 4C-52 had 900°C design surface temperature; specimens 14-39 had 

bMagazine end plug containing inert coated particles. 
'Bise-coated particles prepared in 0.13-m (5-in.) coater. 
dReference batch irradiated in HT-12 through -15. 

1250°C design surface temperature. 
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6.6 IRRADIATION TESTS IN HFIR REMOVABLE BERYLLIUM FACILITIES - 
F. J. Homan 
To date ten capsules have been irradiated in the HFIR Removable 

Beryllium (HRB) facilities. Reporting is completed on eight of these 

capsules, and postirradiation examination was nearly completed on the 

remaining two capsules by the end of this reporting period. The HFIR 

was shut down from June 1975 until September, and the next HRB capsules 

are scheduled to begin irradiation in November or December 1975. 

The most significant accomplishments during the reporting period, 

with respect to HREi testing, is the performance of WAR fissile fuel 
in the HRB-7 through -10 series. We now feel we have a reference 

fissile particle that will give adequate performance for steam-cycle 

HTGRs and offers considerable potential for improvement for application 
in the higher temperature environments characteristic of VHTRs. 

6.6.1 Capsules HRB-4 and -5 - F. J. Homan 
The design, operation, and examination of HRB-4 and -5 were 

During this reporting period the thermal reported previously. 2 8  

analyses of these capsules was completed, and a topical report issued. 

The thermal analyses for each fuel rod adjacent to a Chrome1 vs Alumel 

thermocouple in the graphite sleeve are presented in Figs. 6.15 through 

6.20 for HRB-4. The plots for HRB-5 are similar. 2 9  

graphite midwall temperatures, fuel surface and center temperatures, 
as functions of time during the irradiation. 

fission heat rates for each specimen, and the sweep gas compositions as 

functions of time. All other information on these capsules was published 
last year. 

2 9  

Shown are the 

The report2' also shows the 

2 8  

6.6.2 Capsule HRB-6 - F. J. Homan 
The design, operation, and examination of HRB-6 was reported in 

last year's annual. 3 0  

of the capsule was completed, and a topical report was issued. 3 1  

thermal analyses for each fuel rod adjacent to a Chromel-Alumel thermo- 

couple in the graphite sleeve are presented in Figs. 6.21 through 6.27. 

During this reporting period the thermal analysis 

The 
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Fig .  6.15. F u e l  Center ,  Fue l  S u r f a c e ,  and G r a p h i t e  Midwall 
Temperatures f o r  HRB-4 Specimen 1 B .  

Fig.  6.16. F u e l  Center ,  Fue l  S u r f a c e ,  and G r a p h i t e  Midwall 
Temperatures f o r  HRB-4 Specimen 1C. 
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ORNL-DWG 75-18033 

Fig. 6.17. Fuel Center, Fuel Surface, and Graphite Midwall 
Temperatures for HRB-4 Specimen 2B. 

ORNL-DWG 75-18034 

240 ic 260 7 I , . . .  . . .  I . . . . ,  

TIME FROM BEGINNING CIF I R R F I D I R T I O N  [DRYS1 
IO 

Fig. 6.18. Fuel Center, Fuel Surface, and Graphite Midwall 
Temperatures for HRB-4 Specimen 3A. 
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Fig.  6.19. Fuel  Center ,  Fuel  Surface,  and Graphi te  Midwall 
Temperatures f o r  HRB-4 Specimen 3B. 

Fig.  6.20. Fuel  Center ,  Fuel Surface,  and Graphi te  Midwall 
Temperatures f o r  HRB-4 Specimen 4B. 
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500 

Fig. 6.21. Fuel Center, Fuel Surface, and Graphite Midwall 
Temperatures for HRB-6 Specimen 1B. 

Fig. 6.22. Fuel Center, Fuel Surface, and Graphite Midwall 
Temperatures for HRB-6 Specimen 1C. 
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ORNL-DWG 75-13348 
11100 I I I I 

Fig .  6 .23.  Fue l  Center ,  Fue l  Sur face ,  and G r a p h i t e  Midwall 
Temperatures f o r  HRB-6 Specimen 2B. 

9 

Fig.  6 .24.  Fue l  Center ,  F u e l  Sur face ,  and G r a p h i t e  Midwall 
Temperatures f o r  HRB-6 Specimen 3A.  
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ORNL-DWG 75-43350 

Fig. 6.25. Fuel Center, Fuel Surface, and Graphite Midwall 
Temperatures for HRB-6 Specimen 3B. 

ORNL-DWG 75-43354 
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ORNL-DWG 75-13352 

'""t 0 20 UO 60 d . . . . I L * . I I . .  I . . , . , .  
I 100 120 140 +BO 

I , , , , I , 
2 TIME FROM BEGINNING 5F IRRAOIQTION (DRYS) 

I 

Fig. 6.27. Fuel Center, Fuel Surface, and Graphite Midwall Tempera- 
tures for HRB-6, Specimen 3 D .  

Shown are the graphite midwall temperatures and the fuel surface and 

center temperatures as functions of time during the irradiation. 
reported3I are the fission heat rates f o r  each specimen and the sweep 

gas compositions as functions of time. All other information on these 

Also 

capsules was published last year. 30 

6.6.3 Capsules HRB-7 and -8 - K. H. Valentine, B. H. Montgomery, 
R. L. Hamner, E. L. Long, Jr., and T. N. Tiegs 

The analysis of results obtained from the seventh and eighth 
capsules in the HFIR Removable Beryllium (HRB) series of irradiation 

experiments is now complete. This includes the thermal analysis, 

postirradiation examinations, and fuel kernel migration studies. 

Although the experimental objectives, capsule design, and fabrication 
data have already been reported in detail, 
included here to provide context f o r  the results. 

a brief summary will be 
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The major o b j e c t i v e  of t h e  HRB-7 and -8 i r r a d i a t i o n  experiments 

w a s  t o  s c reen  a r e l a t i v e l y  l a r g e  number of f i s s i l e  p a r t i c l e  types  f o r  

performance a t  h igh  temperatures  (1250-1500"C) and h igh  burnups (about 

84% FIMA f o r  2 3 5 U  and 6 1 2 %  f o r  232Th).  

l i s t e d  below. 

More s p e c i f i c  o b j e c t i v e s  are 

1. To test a t h e o r e t i c a l  model f o r  amoeba migrat ion.  The k e r n e l s  

of primary i n t e r e s t  w e r e  (1) mixed oxide-carbide der ived  from so l -ge l  

microspheres,  because t h e  two-phase mixture  w a s  thought t o  be  more 

s t a b l e  than  oxide f u e l  k e r n e l s ,  and ( 2 )  uranium o x y n i t r i d e  der ived  from 

so l -ge l  microspheres ,  because thermochemical c a l c u l a t i o n s  suggested 

improved performance under HTGR cond i t ions  of f luence  and temperature .  

A so l -ge l  U02 p a r t i c l e  w a s  used as a r e fe rence  f o r  comparison wi th  t h e  

o t h e r  two p a r t i c l e s .  

2. To test  p o t e n t i a l  r e c y c l e  f u e l  candida tes .  These included s o l -  

g e l  U 0 2 ,  weak-acid-resin U C 2 ,  and so l -ge l  (4Th,U)02. Comparisons w e r e  

made between 233U- and 235U-bearing p a r t i c l e s  and between Biso- and 

Triso-coated p a r t i c l e s .  

3 .  To e s t a b l i s h  t h e  re la t ive s t a b i l i t y  of mixed-oxide so l -ge l  

p a r t i c l e s  having Th/U r a t i o s  of 0,  1, 2 ,  4 ,  and 8 .  The la t te r  w a s  a l s o  

of i n t e r e s t  t o  GA f o r  f i r s t - c o r e  loadings .  

4 .  To test advanced coa t ing  des igns  from GA i n  which Z r C  w a s  

s u b s t i t u t e d  f o r  S i c  i n  t h e  r e fe rence  makeup p a r t i c l e .  

5. To compare t h e  performance of a weak-acid-resin U O Z - U C ~  p a r t i c l e  

wi th  t h a t  of GA's r e fe rence  makeup p a r t i c l e  a t  very  high temperatures .  

6 .  To test  mixed-oxide f i s s i l e  p a r t i c l e s  prepared i n  a production- 

s i z e  0.13-m-diam (5-in.) coa te r .  

7. To tes t  a mul t i j unc t ion  tungsten-rhenium a l l o y  thermocouple f o r  

measuring c e n t e r l i n e  temperatures  a t  d i f f e r e n t  l o c a t i o n s  i n  t h e  capsule .  

Resu l t s  p e r t a i n i n g  t o  o b j e c t i v e s  (2)  through ( 6 )  are presented  i n  

t h i s  s e c t i o n ,  wh i l e  r e s u l t s  p e r t a i n i n g  t o  o b j e c t i v e s  (1) and (7) are 

d iscussed  i n  Sec ts .  4 . 2  and 6.10.3, r e spec t ive ly .  
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6.6.3.1 Capsule Design 

The HRB-7 and -8 capsules were similar to the earlier HRB-4, -5, 

and -6 capsules (see Figs. 6.28 and 6.2P). They consisted of primary 

and secondary stainless steel containment vessels, a graphite annulus, 

and the fuel rods. During irradiation, capsule temperatures were con- 

trolled by altering the composition of the capsule sweep gas mixture. 
Major variations from previous capsules include a different method of 

controlling the axial temperature profile, the use of a different type 

of central thermocouple, and the geometry and composition of the fuel 

specimens. In previous HRB capsules, the graphite sleeve was tapered 
at the ends to provide a higher thermal resistance and thus maintain 

fuel temperatures in spite of the centrally peaked power density. The 

same objective was achieved in HRB-7 and -8 with an untapered sleeve by 
adjusting the heavy metal loadings so as to flatten the axial power 

density. Each of the capsules contained 19 equally long slug-injected 

fuel rods having an axial hole to accommodate a special five-junction 

tungsten-rhenium thermocouple. 

6.6.3.2 Preparation of Test Specimens 

A total of 17 types of fissile particles were tested in the HRB-7 
and -8 capsules. These types and their purposes in the experiment are 

listed in Table 6.19. 

particle and various amounts of fertile Tho;! particles, inert SAR 
particles, and WAR 238u02 + Uc2 driver particles to make up the required 
loadings. The characterization of all types of coated particles included 

in the experiment is included in Tables 6.20 and 6.21. 

Each fuel specimen contained one type of fissile 

The coated particles already described were fabricated into fuel 

rods, nominally 12.4 mm diam by 20 mm long (0.49 by 0.8 in.) with a 

3.35-mm (0.132-in.) central hole for placement of a multijunction 

tungsten-rhenium thermocouple to measure fuel centerline temperatures. 

An orientation-identification mark was formed on one end of each speci- 

men so diameter measurements could be made at the same location both 

before and after irradiation. 
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0490-10 0 

0 5 0 0 - 1 n  I D  

0 9 3 8 - i n  OD 
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-FUELED TEST 
SPECIMEN 

- POCO GRAPHITE 
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- S S  SECONDARY CONT. 

Fig. 6.28. Configuration for HRB-7, -8, -9, and -10. To convert 
diameters to millimeters, multiply by 2 5 . 4 .  
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Fig. 6.29. Instrumented Capsules HRB-7 and -8. To convert dimensions to meters, multiply by 0.0254.  
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Table 6.19. Coated Particles and Positions in HRB-7 and -8 Capsules 

Coat ing  
Type 

Kerne l  Typea P o s i t i o n  
i n  Capsule 

Purpose i n  Experiments 

1 

2 

3 

4 

5 

6 

7 

8 

9 

l o c  

11 

1 2  

13 

14 

15  

16  

1 7  

18 

19 

235UC2-l% Th b 

(4Th,235U)02 SG 

235u02 + U2N3 SG 

235u02 + uc2 SG 

233u02 SG 

235u02 SG 

2 3 5 ~ ~ 2  SG 

(2Tin, 5u)02 SG 

(4Th,235U)02 SG 

(8Th, 5U)02b SG 

(4Th,235U)02 SG 

(Th,235U)02 SG 

WAR 235u02 + uc2 
WAR 3 5 u ~ 2  
WAR 235u02 + uc2 
WAR 2 3 5 u ~ 2  
2 3 5 U C 2  w i t h  Z r C  

i n  coa t ingb  

235UC2-l% Th 

(4Th,235U)02 SG 

T r i s o  

Biso 

Biso 

Biso  

T r i s o  

Biso 

T r i s o  

Biso 

T r i s o  

T r i s o  

Biso 

Biso 

T r i s o  

T r i s o  

Biso  

Biso  

T r i s o  

T r i s o  

Biso 

GA r e f e r e n c e  

Tes t  p a r t i c l e  prepared  i n  l a r g e  c o a t e r  

To s t u d y  amoeba e f f e c t  

To s tudy  amoeba e f f e c t  

P o t e n t i a l  c a n d i d a t e  f o r  r e c y c l e ;  compare w i t h  2 3  5 U 0 2  

Reference  f o r  amoeba e f f e c t ;  compare Biso wi th  T r i s o  

Reference  f o r  amoeba e f f e c t ;  compare T r i s o  wi th  Biso 

R e l a t i v e  s t a b i l i t y ;  Th/U r a t i o  

Recycle c a n d i d a t e  

R e l a t i v e  s t a b i l i t y ;  Th/U r a t i o ;  i n t e r e s t  f o r  f i r s t -  
c o r e  load ings  

R e l a t i v e  s t a b i l i t y ;  Th/U r a t i o  

R e l a t i v e  s t a b i l i t y ;  Th/U r a t i o  

Compare wi th  GA r e f e r e n c e  makeup p a r t i c l e  

Recycle c a n d i d a t e ;  compare T r i s o  wi th  Biso  

Compare Biso  wi th  T r i s o  

Recycle cand ida te ;  compare Biso wi th  T r i s o  

T e s t  GA advanced c o a t i n g  des ign  

GA r e f e r e n c e  

T e s t  p a r t i c l e  prepared  i n  l a r g e  c o a t e r  

aSG = der ived  by s o l - g e l  p rocess ;  WAR = der ived  from weak-acid r e s i n .  

bSuppl ied  by GA. 

‘At r e a c t o r  h o r i z o n t a l  midplane.  
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Table 6.20. Compositional Characterization of Coated 
Particles for HRB-7 and -8 

Batch  
C o n t e n t ,  ppm 2 3 5 u  C o n t e n t ,  w t  % 

Enr ichment  K e r n e l  
Mater i a l a  U Th ( a t .  X )  B Fe 

GAC6151-00-035b 

5-263 

OR- 2 0 9 8-H 

OR-2097-H 

Pu-3 03-HC 

OR-208 9-H 

OR-2114-H 

OR- 209 4-H 

OR-21 16-H 

GAC6155-01020 

OR-2111-H 

OR- 2090-H 

OR- 211  5-H 

OR- 2 12  1-H 

OR-2106-H 

OR- 2 1  20-H 

GAC6171-63E 

5-262 

OR- 2104-H 

OR- 20 7 9-H 

b 

b 

VSM UC2-1% ThC2 

SG (4Th,U)Oz 

SG U O Z - U ~ N ~  

SG UO2-UCz 

SG UO2 

SG UO2 

SG U 0 2  

SG (2Th,U)Oz 

SG (4Th,U)Oz 

SG (8Th,U)02 

SG (4Th,U)Oz 

SG (Th,U)Oz 

WAR UOz-UC2 

WAR UC2 

WAR UO2-UC2 

WAR U C z  

VSM uc2 

SG ThOz 

WAR UOz-UCz 

SAR c a r b o n  

18 .86  

7 . 2 5  

23.65 

24.91 

25 .5  

22.41 

1 6 . 9 9  

1 0 . 4 4  

6 . 5 0  

5 .23  

7.24 

1 3 . 5  

1 9 . 1 3  

20.03 

21.75 

23.66 

20.70 

29.11 

93.15 

29.74 93.17 

93.17 

93.17 

98.05' 

93.17 

93.17 

20.79 93.17 

26.42 93 .13  

43.59 93.15 

29.98 93.17 

13 .36  93.17 

93.18 

93.32 

93.18 

93.32 

93 .15  

54.05 

0 .70  

1 2  40 

5 10 

20 3 

1 30 

5 7 

20 20 

20 20 

3 20 

5 3 

20 80  

5 20 

5 20 

20 3 

2 10 

20 3 
3 10 

a VSM = G A ' s  p r o p r i e t a r y  p r o c e s s ,  SG = s o l - g e l  p r o c e s s ,  WAR = weak-acid r e s i n  
d e r i v e d ,  SAR = s t r o n g - a c i d  r e s i n  d e r i v e d .  

b S u p p l i e d  by G e n e r a l  Atomic Company. 

'In b a t c h  Pu-303-H t h e  f i s s i l e  i s o t o p e  i s  2 3 3 U .  



a Table  6.21. Mean Dimensions and Densities of Coated Particles for HRB-7 and -8 

Kernel Thickness, um Density, g/cm3 
_ _ _ ~  Batch Diameter 

Cum) Buffer I n n e r  C 

GAC6151-00-035b 

5-263 
OR-2098-H 

OR-2097-H 

Pu-303-H 
OR-2089-H 

OR-2114-H 
OR-2094-H 

OR-2 11 6-H 

GAC6155-01-020b 
OR- 21 11-H 

OR-2090-H 

OR- 2 11 5-H 
OR-2121-H 

OR-2106-H 

OR-2120-H 
GAC6171-63Eb 

5-262 
OR-2104-H 

OR-2079-H 

196 (16) 

353.8 (5.9) 
192.8 (4.7) 

193.8 (5.8) 

226.8 (11.0) 

195.6 (5.9) 
195.9 (5.2) 

282.0 (13.2) 
360.0 (4.7) 

502 (23.1) 

360.0 (4.7) 
245.5 (19.0) 

385.8 (29.0) 
315.3 (29.1) 

385.8 (29) 

315.3 (29.1) 

197.0 (24) 
497.0 (3.2) 

426.2 (31.4) 

471.5 (24.6) 

99 (10.6) 
101.2 (13.8) 
70.7 (9.6) 

67.6 (8.2) 

84.7 (10.9) 

74.8 (8.6) 
85.0 (9.8) 

84.5 (7.9) 

97.7 (8.7) 
106 (17.6) 
95.1 (7.2) 
78.5 (9.0) 

40.9 (6.8) 

74.6 (11.3) 
40.9 (6.8) 

74.6 (11.3) 

102 (9.5) 
84.0 (13.4) 

42.3 (7.7) 

77.3 

33 (3.5) 

35.1 (5.7) 

37.0 (3.6) 

38.8 (2.9) 

32.0 (4.3) 

42.9 (3.6) 
36.1 (3.8) 

8.4 (1.2) 

Sic Outer C Kernel Buffer Inner  C Sic Outer C 

32 (5.3) 

27.1 (1.5) 

27.3 (1.8) 

33.6 (1.9) 

34.0 (6.7) 

32.1 (1.9) 
28.4 (2.7) 

21.0 (0.0)C 

38 (5.0) 
91.8 (9.6) 

75.6 (7.2) 

78.4 (4.9) 
40.7 (2.9) 

77.1 (4.7) 

46.4 (2.3) 
89.0 (6.2) 

42.9 (3.0) 

42.0 (6.1) 

84.4 (7.0) 

94.6 (5.5) 

48.8 (4.0) 

49.2 (3.3) 

99.0 (7.1) 

88.6 (6.6) 
65.0 (3.8) 

86.1 (10.9) 
81.1 (9.0) 

95.3 (6.6) 

10.99 
9.80 

9.9 
111.5 

10.08 

9.97 
9.83 

10.17 

9.8 

9.77 

9.8 

8.58 
3.18 

5.28 
3.18 

5.28 

10.0 

3.34 
1.37 

1.07 

1.39 

1.2 
1.19 

0.90 

1.25 
1.28 

1.26 

1.36 
1.24 

1.36 

1.28 
1.37 

1.10 
1.37 

1.10 

1.00 
1.19 

1.11 

1.92 

2.0 

2.0 

2.0 
1.93 

2.0 

2.0 

1.80 

3.20 

3.19 (0.001) 

3.17 (0.009) 

3.21 (0.003) 
3.22 

3.19 (0.003) 
3.19 (0.006) 

6.5‘ 

1.85 
2.01 (0.007) 

2.006 (0.004) 

1.998 (0.004) 

2.02 (0.005) 

2.01 (0.003) 
1.98 (0.001) 

2.01 (0.003) 
2.04 ( 0 . 0 0 2 )  

2.04 (0.002) 

2.01 (0.004) 

1.98 (0.004) 
2.00 (0.005) 

1.99 (0.003) 

1.81 

1.99 (0.005) 

1.73 

2.01 (0.006) 

2.02 (0.006) 
1.96 (0.013) 

w 
CL 
0 

_- 
aNumbers in parentheses are standard deviations. 
bSupplied by GA. 

‘ZrC substituted f o r  Sic. 
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A l l  coated particles, except those supplied by GA, were heat-treated 

A l l  coatings prepared at 18OOOC before incorporation into the fuel rods. 
by ORNL generally shrink during heat treatment of the fuel rods unless 
so annealed. 

posed of 28.5 wt % Ashbury Mills Graphite Flour, grade NF6353, in 

Ashland Oil Company grade 240 petroleum pitch. 

through the particle bed at 175OC and 6.2 MPa (900 psi) pressure. A 

metal mold was used, and a metal rod was used to form the thermocouple 
hole. The mold, mandrel, and punches used to form the fuel rods are 

shown in Fig. 6.30. Note that the bottom punch has a small ridge at 
the surface contacting the specimen to make an indentation, which is 
the orientation-identification mark mentioned earlier. If a flat-surface 

punch is used, the specimen can be easily separated from the mandrel 

and punches by twisting, but with the ridged punch, a device was needed 

to push the green rod and mandrel away from the bottom punch so that 

the specimen could be twisted off without damage. 

The matrix used for bonding the coated particles was com- 

The matrix was injected 

After forming, the specimens were carbonized by heating in argon 

to 1000°C at a rate of 40°C/hr. 
to dimensionally stabilize the matrix. 

prepared for the experiment, archives, and characterization. 

They were then heat-treated to 18OOOC 
A total of 152 specimens were 

The specimens were characterized by dimensional measurements, 
weights, radiography, metallography, and photography. Figure 6.31 shows 

pole and side views of typical specimens. A characterization summary 

for each specimen is given in Table 6.22. The heavy metal loadings for 
all specimens are given in Table 6.23. 

6.6.3.3 Capsule Operation 
The operating schedules for HRB-7 and -8 are shown in Table 6.24. 

Both capsules were irradiated for two cycles in the PB-13 (VXF13) facility 

before going into the RB facility. 
235U to avoid overpowering the particles in the RB facility, as discussed 
in Sect. 6.6.4. 
in Table 6.25. Neutron fluxes and fluences are given in Table 6.26. 

This was done to burn out sufficient 

The calculated burnups for the two capsules are listed 
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Fig. 6.30 .  Prepa ra t ion  of  Specimens by Slug I n j e c t i o n  f o r  I r r a d i a t i o n  
T e s t s .  Sca le  is 51 mm 11 



Fig. 6.31. Typical Specimens f o r  HRB 
Left to r i g h t :  rods 12-2, -3, -5, and -7. 

Photo 2623-73 

Photo 2648-73 
d 

n: side view. 

w 
P 
w 
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Tab le .  6.22. Characterization of Specimens for HRB-7 and -8 

P o s i t i o n  Average Dimensions,  mm ( i n . ) a  D e n s i t y ,  g/cm3 
Volume Weight Volume 

(’) M a t r i x  T o t a l  Loading 
i n  - 

Capsule  O u t s i d e  Diameter Length (cm3) 
( X )  

1 

2 
3 

4 

5 
6 

7 
8 
9 

10 

11 

12 

13 

14 

15 

16 
17 
18 

19 

1 

2 

3 

4 
5 

6 

7 
8 

9 
10 

11 

12 

13 

14 

15 
16 

17 

18 

19 

12.418 (0.4889) 

12,433 (0.4895) 
12.436 (0.4896) 

12.433 (0.4895) 
12.499 (0.4921) 

12.438 (0.4897) 

12.423 (0.4891) 
12.428 (0.4893) 
12.423 (0.4891) 
12.446 (0.4900) 
12.421 (0.4890) 

12.443 (0.4899) 
12.433 (0.4895) 

12.428 (0.4893) 

12.423 (0.4891) 

12.423 (0.4891) 
12.436 (0.4896) 
12.416 ( 0 . 4 8 8 8 )  

12.438 (0.4897) 

12.428 (0.4893) 

12.438 (0.4897) 
12.423 (0.4891) 

12.421 (0.4890) 
12.482 (0.4914) 

12.426 (0.4892) 
12.421 (0.4890) 
12.428 (0.4893) 
12.438 (0.4897) 

12.403 (0.4883) 
12.441 (0.4898) 
12.426 (0.4892) 

12.438 (0.4897) 

12.428 (0.4893) 
12.433 (0.4895) 

12.416 (0.4888) 

12.428 (0.4893) 

12.436 (0.4896) 
12.426 (0.4892) 

Capsule  HRB-7 
19.817 (0.7802) 2.2272 

19.705 (0.7758) 2.2205 

19.545 (0.7695) 2.2034 
19.393 (0.7635) 2.1859 

19.693 (0.7753) 2.2445 
19.680 (0.7748) 2.2193 

19.830 (0.7807) 2.2303 

19.616 (0.7723) 2.2083 
19.662 (0.7741) 2.2115 
19.924 (0.7844) 2.2498 
19.461 (0.7662) 2.2165 

19.479 (0.7669) 2.1986 
20.010 (0.7878) 2.2546 

19.944 (0.7852) 2.2452 
20.036 (0.7888) 2.2535 

19.766 (0.7782) 2.2232 

19.881 (0.7827) 2.2410 
19.995 (0.7872) 2.2459 
19.860 (0.7819) 2.2397 

Capsule  HRB-8 

19.680 (0.7748) 2.2157 
19.616 (0.7723) 2.2124 

19.632 (0.7729) 2.2083 
19.456 (0.7660) 2.1876 
19.736 (0.7770) 2.2426 
19.672 (0.7745) 2.2136 

19.878 (0.7826) 2.2348 
19.644 (0.7734) 2.2114 
19.774 (0.7785) 2.2300 

19.751 (0.7776) 2.2136 
19.812 (0.7800) 2.2352 

19.540 (0.7693) 2.1987 

20.010 (0.7878) 2.2566 

19.985 (0.7868) 2.2497 
19.975 (0.7864) 2.2534 

19.713 (0.7761) 2.2143 
19.863 (0.7820) 2.2360 

20.137 (0.7928) 2.2699 

19.715 (0.7762) 2.2184 
- 

a I n s i d e  d i a m e t e r  = 3.35 mm (0.132 i n . ) .  

3.4449 
3.4511 

3.3046 
3.2804 
3.1480 
3.2226 

3.2605 
3.1989 

3.2365 

3.2177 
3.1864 

3.1838 
3.2705 
3.2772 

3.2562 

3.3105 
3.3466 
3.4843 
3.4687 

3..4450 

3.4535 
3.2955 

3.2772 
3.1420 
3.2292 

3.2678 
3.1950 
3.2433 

3.2185 
3.1874 
3.1812 

3.2783 

3.2764 
3.2518 

3.3139 
3.3469 

3.4846 
3.4650 

0.61 

0.63 
0.61 
0.61 

0.50 

0.61 
0.60 
0.61 

0.62 
0.61 

0.58 
0.62 

0.61 

0.62 
0.61 

0.61 

0.61 
0.62 
0.63 

0.63 
0.64 

0.60 

0.61 
0.50 
0.62 
0.60 
0.61 
0.62 

0.63 
0.57 
0.62 

0.62 

0.61 
0.61 

0.62 
0.62 

0.60 

0.64 

1.55 

1.55 
1.50 
1.50 

1.40 

1.45 
1.46 
1.45 

1.46 
1.43 

1.44 
1.45 

1.45 

1.46 
1.44 

1.49 
1.49 
1.55 
1.55 

1.55 

1.56 
1.49 

1.50 
1.40 

1.46 
1.46 
1.44 
1.45 

1.45 
1.43 
1.45 

1.45 

1.46 
1.44 
1.50 

1.55 

1.54 
1.56 

60.2 

60.5 
60.8 

60.8 
59.3 
60.0 
60.5 
60.3 

59.7 

59.3 
58.0 
60.3 

60.0 

60.3 
60.0 

60.4 
60.0 
60.8 
60.0 

60.5 

60.6 
60.6 

60.7 
59.3 

60.2 
60.3 
60.2 
59.2 

60.2 
57.5 
60.3 

59.7 

60.2 
60.0 
60.7 

60.0 

60.2 

60.5 
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Table  6.23. Heavy Metal Loadings f o r  HRB-7 and -8 

P o s i t i o n  Loading, g/cm3, HRB-7 Loading g/cm3, HRB-8 

2 3 8 u  32Th 2 3 5 ~  2 3 B u  32Th 
i n  

Capsule 2 3 S U  

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

1 3  

1 4  

15  

16 

1 7  

1 8  

19 

0.0185 

0.0186 

0.0166 

0.0167 

0. 014ga 

0.0150 

0.0150 

0.0143 

0.0143 

0.0140 

0.0143 

0.0144 

0.0148 

0.0149 

0.0148 

0.0165 

0.0163 

0.0183 

0.0184 

0.1593 

0.1599 

0.1161 

0.1170 

0.0833 

0.0851 

0.0847 

0.0735 

0.0734 

0.0722 

0.0732 

0.0739 

0.0837 

0.0840 

0.0837 

0.1151 

0.1142 

0.1580 

0.1585 

0.1782 

0.1787 

0.1731 

0.1744 

0.1639 

0.1657 

0.1649 

0.1634 

0.1632 

0.1604 

0.1628 

0.1641 

0.1631 

0.1638 

0.1632 

0.1715 

0.1701 

0.1767 

0.1772 

0.0186 

0.0186 

0.0166 

0.0167 

0.  014ga 

0.0151 

0.0149 

0.0143 

0.0142 

0.0143 

0.0141 

0.0144 

0.0148 

0.0148 

0.0148 

0.0165 

0.0164 

0.0182 

0.0186 

0.1602 

0.1605 

0.1159 

0.1169 

0.0834 

0.0853 

0.0845 

0.0734 

0.0728 

0.0734 

0.0727 

0.0739 

0.0836 

0.0839 

0.0837 

0.1155 

0.1144 

0.1564 

0.1601 

0.1791 

0.1793 

0.1727 

0.1743 

0.1640 

0.1661 

0.1646 

0.1632 

0.1618 

0.1630 

0.1615 

0.1641 

0.1630 

0.1635 

0.1632 
0.1722 

0.1705 

0.1748 

0.1789 

96.11% 2 3 3 U .  a 
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Table 6.24 .  Capsules HRB-7 and -8 Reactor Operating History 

Begin End I r r a d i a t i o n  Time,  h r  

Time D a t e  T i m c  Date D u r i n g  C y c l e  Accumulated 
F a c i l i t y  C y c l e  

C a p s u l e  HRB-7 

PB-13 101 1540 12/18/73 2400 1110174 559.44  559 .44  
PB-13 102 1 2 3 7  1 / 1 1 / 7 4  2400 2 / 3 / 7 4  562 .56  1 1 2 2 . 0 0  
RB- 7 103 1 4 4 0  2128174~ 1915 3 / 2 3 / 7 4  556. ao 1678.  a0 

4 / 1 7 / 7 4  1 1 3 5  5 / 9 / 7 4  521 .28  2752.  a0 

RB- 7 1 0 7  2326 6 / 4 / 7 4  0100 6 / 2 8 / 7 4  552 .72  3853.44  

RB- 7 104 0907 3 / 2 4 / 7 4  1006 4 / 1 6 / 7 4  552 .72  2231.52  

RB- 7 105 1750 

RB- 7 1 0 6  0120 5110174 2200 6 / 1 / 7 4  547.92  3300.72 

mi- 7 1 0 8  1 4 0 6  6 / 2 8 / 7 4  1340 7 /21/74  551 .52  4404.96 

C a p s u l e  HRB-8 

PB-13 1 0 3  1440 2 / 2 8 / 7 4  1915 3/23/74  556 .  ao 556.  ao 
PB-13 104 0907 3 / 2 4 / 7 4  1006 4 / 1 6  f 74  552.72  1 1 0 9 . 5 2  
RB- 5 1 0 5  1750 4 / 1 7 / 7 4  1135 5 / 9 / 7 4  521 .28  1 6 3 0 . 8 0  
RB-5 106 0120 5 / 1 0 / 7 4  2200 6 / 1 / 7 4  547.92 2 1 7 8 . 7 2  

RB- 5 1 0 7  2326 6 / 4 / 7 4  0100 6 / 2 8 / 7 4  552 .72  2731.44 
RB- 5 10 8 1406 6 / 2 8 / 7 4  1340 7 / 2 1 / 7 4  551 .52  
RB-5 109 1 8 4 2  7 / 2 2 / 7 4  0400 8/15/74 546 .  a8 3829.84 

3282.96 

RB-5 110 1 7 0 7  8/15/74 2012 9 / 9 / 7 4  549 .60  4379.44  

RB- 5 111 1 0 3 0  9 / 1 2 / 7 4  0736 1015174 548.  aa 4928.32 

RB-5 1 1 2  0525 1016174 0218 10131174 547.20  5475.52  
a 

Reactor down 2 4 . 6 1  d a y s  b e t w e e n  c y c l e s .  



Table.  6 .25.  Calcu la ted  Specimen Burnup i n  HRB-7 and -8 

Calculated Burnup, % FIMA 
Locationa 

232Th 23SU 238u Rod 
(m) (in.) 

PB-13 RB-7, 5 Total PB-13 RB-7, 5 Total PB-13 RB-7, 5 Total 

1, 19 
2, 18 
3, 17 
4, 16 
5, 15 
6, 14 
7, 13 
8, 12 
9, 11 

10 

183 7.2 
163 6.4 
142 5.6 
122 4.8 
102 4.0 
81 3.2 
61 2.4 
41 1.6 
20 0.8 
0 0 

1, 19 183 7.2 
2, 18 16 3 6.4 
3, 17 142 5.6 
4, 16 122 4.8 
5, 15 102 4.0 
6, 14 81 3.2 
7, 13 61 2.4 
8, 12 41 1.6 
9, 11 20 0.8 

10 0 0 

46.19 
48.97 
51.56 
54.02 
55.68 
57.14 
58.28 
59.14 
59.60 
59.84 

46.19 
48.97 
51.56 
54.02 
55.68 
57.14 
58.28 
59.14 
59.60 
59.84 

37.34 
34.95 
32.64 
30.66 
28.90 
27.40 
26.28 
25.57 
25.09 
24.84 

38.03 
35.37 
32.87 
30.79 
28.95 
27.42 
26.29 
25.57 
25.09 
24.84 

Capsule HRB-7 
83.53 0.42 
83.92 0.50 
84.20 0.58 
84.68 0.65 
84.58 0.69 
84.54 0.77 
84.57 0.82 
84.71 0.86 
84.69 0.89 
84.68 0.90 
CaDsule HRB-8 

84.22 0.42 
84.34 0.50 
84.43 0.58 
84.81 0.65 
84.63 0.69 
84.56 0.77 
84.57 0.82 
84.71 0.86 
84.69 0.89 
84.68 0.90 

10.21 
11.69 
13.25 
14.45 
15.62 
16.57 
17.41 
18.04 
18.38 
18.58 

13.96 
15.84 
17.83 
19.31 
20.75 
21.92 
22.96 
23.75 
24.17 
24.41 

10.63 
12.19 
13.83 
15.10 
16.31 
17.34 
18.23 
18.90 
19.27 
19.48 

14.38 
16.34 
18.41 
19.96 
21.44 
22.69 
23.78 
24.61 
25.06 
25.31 

0.11 
0.12 
0.15 
0.16 
0.18 
0.20 
0.21 
0.22 
0.23 
0.23 

0.11 
0.12 
0.15 
0.16 
0.18 
0.20 
0.21 
0.22 
0.23 
0.23 

3.94 
4.57 
5.27 
5.93 
6.47 
6.99 
7.37 
7.71 
7.85 
8.05 

5.89 
6.79 
7.77 
8.70 
9.45 
10.18 
10.70 
11.17 
11.36 
11.64 

4.05 
4.69 
5.42 
6.09 
6.65 
7.15 
7.58 
7.93 
8.08 
8.28 

w 
P 

6.00 
6.91 
7.92 
8.86 
9.63 
10.38 
10.91 
11.39 
11.59 
11.87 

a Distance from reactor horizontal midplane. 



Table 6.26. Thermal and F a s t  Fluences Calculated for HRB-7 and -8 Specimens 

Total Fluence, n / m 2  . 
_ _  Flux in PB-13, n cm-‘ sec- ’  F l u x  i n  RB-7, - 5 ,  n cm-’ sec-’ 

Locationa 
~~ 

Rod Thermal, C0.414 eV F a s t ,  >0.18 MeV 
(m) (in.) av Thermal F a s t  av Thermal Fast 

- 
<0.414 eV >0.18 MeV 1 0 . 4 1 4  e V  >0.18 MeV HRB-7 HRB-8 HUB-7 

1, 1 9  1 8 3  7 . 2  4 .44  X 1014 

2,  1 8  1 6 3  6 . 4  4 . 8 6  

3 ,  1 7  1 4 2  5 . 6  5 . 2 2  

4 ,  1 6  122  4 . 8  5 . 5 6  

5 ,  1 5  102  4 . 0  5 . 8 9  

6 ,  1 4  81 3 . 2  6 . 2 3  

7 ,  1 3  6 1  2 .4  6 .57  

8 ,  1 2  4 1  1 . 6  6 . 8 5  

9 ,  11 20 0.8 6 . 9 8  

1 0  0 0  7 . 0 3  

3 .42  x l 0 l 3  6 . 1 8  X l O l 4  2 .95  x 1014 0 . 9 1  x 10” 

3 . 8 0  7 .07  3 . 3 1  1 . 0 3  

4 . 3 1  7 . 9 5  3 . 6 6  1 . 1 5  

4 . 6 5  8.80 3 .97  1 . 2 6  

4 .90  9 .57  4 . 2 8  1 . 3 7  

5 .17  1 0 . 2 7  4 . 5 5  1 . 4 7  

5 .40  1 0 . 9 0  4 . 7 8  1 . 5 5  

5 . 5 8  1 1 . 4 0  4 . 9 2  1 .62  

5 . 6 7  1 1 . 7 1  5 . 0 0  1 . 6 7  

5 .70  1 1 . 8 0  5 . 0 0  1 . 6 8  

1 . 1 5  x 10” 

1 . 3 0  

1 . 4 6  

1 . 6 0  

1 . 7 3  

1 . 8 6  

1 . 9 7  

2 .07  

2 . 1 2  

2 . 1 4  

3 .62  x l o z 1  
4 .07  

4 . 5 0  

4 . 8 8  

5.26 

5 .59  

5 . 8 7  

6 .04  

6 .14  

6 . 1 4  

HRB-8 

4 .78  x 10” 

5 . 3 5  

5 . 9 2  

6 . 4 2  

6 . 9 2  

7 . 3 6  

7 . 7 3  

7 . 9 5  

8 . 0 9  

8 . 0 9  

aDistance f rom reactor horizontal midplane. 
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6.6.3.4 Thermal Analysis 
A good deal of progress has been made recently in improving methods 

for the thermal analysis of HRB irradiation experiments. 
process is now computerized, so phenomena such as fuel rod shrinkage, 

dependence of thermal conductivity on fluence and temperature, and time 

dependence of HFIR gamma heating can be easily handled. 
analysis has been completed for all fuel rods that were adjacent to a 

Chrome1 vs Alumel thermocouple in the graphite midwall. However, results 
are presented here only for rods 1 and 10 in each capsule (see Figs. 6.32 
and 6.33). These two rods represent the extremes in distance from the 
horizontal midplane of the reactor and therefore the extremes in thermal 

and fast-neutron fluence. They also typify the probably temperature 
ranges in the capsules. 

The entire 

The thermal 

Figures 6.34 through 6.37 show results from intermediate steps in 

Starting with the last half of the HRB-4 the calculational procedure. 

experiment, the standard practice has become to periodically change the 

composition of the sweep gas (normally a helium-neon mixture) to 100% He. 
With the experimental variable of gas composition eliminated, the fission 

power densities shown in Figs. 6.34 and 6.35 can be accurately calculated. 

From these power densities, the gas composition during the entire experi- 

ment can be calculated (see Figs. 6.36 and 6.37). Note that although a 

spearate composition history is calculated for each fuel rod, the sweep 
gas is common to all rods during the experiment. Therefore, all calcu- 

lated composition histories for a capsule should be similar. As can be 
seen, the agreement obtained between rods 1 and 10 was good for both 
HRB-7 and -8. 

6.6.3.5 Postirradiation Examination 
The physical and metallographic examination of the fuel rods from 

HRB-7 and -8 was completed during this reporting period. 
appearance of the fuel rods was good except for rods 5 and 10, containing 

respectively 233U-bearing and (8 Th,U)02 fissile particles. An arbitrary 

failure grouping of rod vs number of failed particles observed on the 
surfaces of the rods, shown in Table 6.27, indicates relative performance. 

The general 
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Fig. 6.32. Capsule Temperatures at Midpoint Positions of Rods in 
HRB-7 Experiment. 
inside surface temperature, calculated fuel outside surface temperature, 
and measured graphite midwall temperature. 

From top to bottom, the traces are calculated fuel 

(a) Rod 1. (b) Rod 10. 
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ORIIL-DUG 75-14611 

Fig. 6.33. Capsule Temperatures at Midpoint Positions of Rods in 
HRB-8 Experiment. 
inside surface temperature, calculated fuel outside surface temperature, 
and measured graphite midwall temperature. 

From top to bottom, the traces are calculated fuel 

(a) Rod 1. (b) Rod 10. 
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Fig. 6.34 .  Calculated Fuel  Rod F i s s ion  Power Density f o r  Experiment 
HRB-7. (Does no t  inc lude  gamma hea t ing  power.) ( a )  Rod 1. (b)  Rod 10. 
To conver t  1 kW/ft = 3.28 kW/m. 
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Fig. 6 . 3 5 .  Calculated Fuel Rod F i s s i o n  Power Densi ty  f o r  Experiment 
HRB-8. (Does no t  i nc lude  gamma hea t ing  power.) (a )  Rod 1. (b) Rod 10. 
To convert  1 kW/ft = 3.28 kW/m. 
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Fig. 6 . 3 6 .  Calculated Sweep Gas Composition (He-Ne) for HRB-7 
Experiment. (a) Rod 1. (b) Rod 10. 
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Fig.  6 . 3 7 .  Calculated Sweep Gas Composition (He-Ne) f o r  HRB-8 
Experiment. (a )  Rod 1. (b)  Rod 10. 
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Table 6.27. Results of Visual Examination of 
Fuel Rod Surfaces for Failed Particles 

Failure Rod Number 
Number 
Range HRB- 8 HRB-7 

none 

1-5 
6-10 6 

2, 8, 15, 16, 17,a 19 
3, 4 ,  6, 11, 12, 13a 14a 

3 ,  8, g Y a  11, 13,a 14,a 15, 16 
2, 7,a 12, 17,a 19 

11-15 l,a 7,a loa 4 ,  5a 

>15 5,a 18a l,a 18a 

a Triso-Biso system. 

Although examination of the rod surfaces revealed about 2000 particles, 

only about 5 to 10% of them were fissile particles. If we assume that 
the only particles that failed were the fissile particles (over half 

the fuel rods showed only 0 to 1 failure), then the poorer performers 

were rods 1, 4, 5, 7, 10, and 18. Only rod 4 of the poor performers 
contained Biso-coated fissile particles. However, metallographic 

examination of the fuel rods showed that several failure mechanisms 

were involved. 

The results of the dimensional inspection of the fuel rods are 

shown in Fig. 6.38. As can be seen, the rods shrank isotropically with 

(nO/D)/(AL/L) values ranging from 0.8 to 1.1; and there was essentially 
no difference in the change in diameter of the rods that contained Triso- 

coated particles compared with an all-Biso system. However, this was 

not surprising since, as mentioned above, the Triso-Biso fuel rods 

contained only a small fraction of Triso particles. A difference in 
shrinkage rates was noted between the HRB-7 and -8 rods. The rods in 

HRB-7, the higher temperature experiment, and HRB-8 reached minimum 

dimensions at fast (>0.18 MeV) fluences of about 5 X loz1 and 6.5 X 1021 

n/cm2 , respectively. 
All 38 fuel rods from the two irradiation capsules were submitted 

for microstructural evaluation. Transverse sections were made at about 

the mid-length of each rod for metallographic preparation. A summary 
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Fig. 6.38. Correlation of Dimension Change with Fast Fluence Damage 
in Fuel Rods from Irradiation Capsules HRB-7 and -8. 

of the metallographic results for the various fissile particles is 

given in Table 6.28 and the appearances of the fuel particles in HRB-7 
and -8 were essentially identical, with only subtle differences that 

could be attributed to the different operating temperatures. 
following general observations were noted during the metallographic 

examinations: 
1. 

The 

No evidence of migration of the Tho2 kernels was seen in any 

of the fuel rods, whereas a measurable amount of migration was observed 

with all the fissile-oxide kernels. 

have been calculated by Lindemer and Pearson and are reported in 

Sect. 4.2. 

The kernel migration coefficients 

2. No evidence was seen to indicate that the palladium formed 

*U-bearing kernels had affected adjacent coated particles. in the 



Table 6.28. Brief Description and Purpose of the Fissile Particles in 
HRB-7 and -8 and a Summary of the Metallographic Evaluations 

HRB-7 HRB-8 

M e t a l l o g r a p h i c  Results mximum Number Maximum F i s s i l e  Coa t ing  yo: Purpose i n  Number 
Kernel Type Numbe~ Experiment  ~~~~~~~~, Amoeba M i g r a t i o n  Enamincd, Fissiles Amoeba Migra t ion  

(urn) F a i l e d  F a i l e d  _______ 
G r a p h i t i z a t i o n  o f  co ld  s l d e  of  i n n e r  U C > - I %  Th (VSM) Trlso" 1 GA r e f e r e n c e  f l 9 s i l e  9. 3 "0 ? 4 ,  23 n o  L T I  c o a t i n g .  F a i l u r e s  were mechan- 

i c a l ,  associated w i t h  co ld  s i d e  of  
p a r t i c l e s .  No f i p s i o n  p roduc t  a t t a c k  
on sic  c o a t i n g .  Large f i s s i o n - g a s  
bubbles i n  kernels. 

makeup p a r t i c l e  

13,  13 no G r a p h i t i z a t i o n  of c o l d  s i d e  of lnner 
LTI c o a t i n g  more pronounced than  ~n 
above f u e l  rod .  F a i l u r e s  were 
mechan ica l ,  p r i m a r i l y  a s s o c i a t e d  
m t h  c o l d  s i d e  o f  p a r t i c l e ,  a l t h o u g h  
a f e w  s t r a i g h t - l i n e  r r a r k s  were i n  
S i c  o n  hu t  s i d e .  Kernels  no l o n g e r  
r e semble  U C I ;  no f i s s i o n - g a s  huhb les  
p r e ~ e n t ,  o n l v  s l i g h t  fission produc t  
a t t a c k  on  s i c  ( r i  , m ) .  

CC*-l% Th (VSM) Tri50a 18 GA re ference  f i s s i l e  8.  4 no 

makeup p a r t i c l e  

7 .  0 no Kernrli no l o n g e r  resemble Ur,: abnur 
h a l f  the kernels hrokr  th rough  t h e  
d c r i r i f i e d  h u i f e r  t o  t h e  Z r C  (<lO drn 

~ n n r r  L I I  sh rank  w i t h  b u f f e r  B W ~ Y  

from Zrr) .  No g m s ?  a l t a c k  O F  7.N 
a l t h o u g h  i t  appears " p e p w r ~ : "  a c r n s 4  
e n t i r e  t h i c k n e s s ;  11p t u  209 p c n c  
trnfion from i n s i d e .  Four  7.K 
c i m t i n g s  con ta ined  t i n e  s t r a l q h t -  
l i n e  i r a c t u r e q .  

2 3 5 U C ~ , 3 9 0 ~ , 7 2 b  Biso 15 Compare performance o f  10. 0 " 0  

W A R  kernel wich l r i s o  
c o a t i n g  ( s e e  rod  13, 
above). 

(WAR) 

N O  amoeba. S e g r e g a t i o n  o f  an o x l d e  
p h a s e  t n a t  resemaies riu2 1 s  appa ren t  
in f i s s i l e  p a r t i c l e s .  kernel 
consumed t h e  h u f f e r  COBtinK. 
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There had been specu la t ion  as t o  whether o r  no t  t h e  palladium would 

migra te  through t h e  Biso coa t ings  and r e s u l t  i n  f a i l u r e  of ad jacen t  

p a r t i c l e s .  

3 .  The rhenium f o i l  used t o  p r o t e c t  t h e  c e n t r a l  thermocouple 

had no t  a f f e c t e d  any of t h e  coated p a r t i c l e s  on t h e  inne r  s u r f a c e  of 

t h e  annular  f u e l  rods .  The rhenium f o i l  w a s  included i n  t h e  metal lo-  

graphic  s e c t i o n  through f u e l  rod 1 4 ,  i n  case a r e a c t i o n  had taken p l a c e  

between t h e  f o i l  and t h e  coated p a r t i c l e s .  

The r e l a t i v e  performance of t h e  va r ious  oxide f i s s i l e  k e r n e l s  and 

WAR kerne l s  i r r a d i a t e d  i n  HRB-7 i s  compared i n  F igs .  6.39 and' 6 . 4 0 ,  
r e spec t ive ly .  

E lec t ron  micorprobe ana lyses  w e r e  performed on t h r e e  types  of 

Triso-coated f i s s i l e  p a r t i c l e s  i r r a d i a t e d  i n  JBB-8 - 100% reduced W A R ,  

15% reduced WAR, and so l -ge l  U 0 2 .  One of t h e  major f a c t o r s  t h a t  can 

l i m i t  t h e  performance of t h e  r e c y c l e  f i s s i l e  p a r t i c l e  is  t h e  c o l l e c t i o n  

of t h e  r a re -ea r th  f i s s i o n  products  (La, Pry C e ,  and Nd) a t  t h e  inne r  

s u r f a c e  reg ion  of t h e  S i c  coa t ing .  I f  t h e  f i s s i l e  ke rne l  does not  

con ta in  s u f f i c i e n t  oxygen t o  form s t a b l e  oxides  wi th  t h e  rare e a r t h s ,  

t h e  rare e a r t h s  w i l l  d i s t i l l  ou t  of t h e  ke rne l  and condense on t h e  co ld  

s i d e  of t h e  par t ic le .  The rare e a r t h s  can chemically a t t a c k  and mechan- 

i c a l l y  interact  wi th  t h e  coa t ings ,  l ead ing  t o  p a r t i c l e  f a i l u r e .  

Various thermodynamic cons ide ra t ions  f o r  t h e  r e t e n t i o n  of t h e  rare- 

e a r t h  f i s s i o n  products  w i t h i n  t h e  ke rne l  are d iscussed  i n  Sec t .  4.4 .  

The r e s u l t s  of t h e s e  microprobe ana lyses  confirmed t h a t :  

1. The 100%-reduced W A R  k e r n e l  (UC2.6100.16) rejects e s s e n t i a l l y  

a l l  t h e  r a re -ea r th  f i s s i o n  products  (Fig.  6 . 4 1 ) .  

2. The 15%-reduced WAR ke rne l  (UC4,3901,72) r e t a i n s  t h e  bulk of 

t h e  rare e a r t h s  (Fig.  6 . 4 2 ) .  

3 .  The so l -ge l  UOz kerne l  r e t a i n s  a l l  of t h e  rare  e a r t h s  (Fig.  6 . 4 3 )  
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6 .6 .4  Capsules HRB-9 and -10 - F. J. Homan, B. H. Montgomery, 
E. L. Long, Jr., R. L. Hamner, and T. N. Tiegs 

The ninth and tenth capsules in the HRB series were similar in 

design to HRB-7 and -8 (see Sect. 6 . 6 . 3 ) .  HRB-9 and -10 had four main 

ob j ectives : 

1. 

2. 

3 .  

4 .  

to establish the effect of oxygen content on the performance of 

Weak-Acid-Resin (WAR) fissile fuel - in particular, the effect on 

amoeba and Sic attack by fission products; 

t o  compare the behavior of ORNL Triso-coated sol-gel-derived (SG) 

Tho.8Uo.202 and GA Triso-coated VSM UC2 particles with WAR fissile 

particles (This portion of the experiment was intended to provide 

base-line comparisons.); 

to compare amoeba rates of WAR UC,Ny kernels and high-density WAR 

carbide kernels with rates for low-density carbide (or oxide-carbide) 

WAR kernels (This experiment was designed to provide information 

on amoeba mechanisms.); 

to study the effect of a high-density, high-thermal-conductivity 

matrix on fuel performance. 

testing a warm-molded specimen having a high matrix density. 

This objective was accomplished by 

6.6 .4 .1  Capsule Design 

Each capsule contained 19 fuel rods in a graphite sleeve. The 

sleeve and fuel rods were encapsulated in a dual-wall stainless steel 

containment vessel. The capsules were instrumented with eight Chrome1 

vs Alumel thermocouples and one Johnson noise thermometer. The dimen- 
sions of the various components of the capsules and the locations of all 

thermocouples are shown in Fig. 6.28 (p. 3 0 6 ) .  A s  with all previous 

HRB capsules, temperature control in HRB-9 and -10 was maintained by 
adjusting the composition of the sweep gas (helium and neon) flowing 

through the gaps between the fuel and the graphite and between the 

graphite and the stainless steel vessel. All 19 fuel rods in HRB-9 and 

-10 had central holes. The holes in the rods in the top half of the 

capsule were to accommodate the Johnson noise thermometer at the center- 

line of specimen 9. The remaining holes were present for symmetry 

around the horizontal midplane. 
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6.6.4.2 Preparation of Test Specimens 

Nine types of fully enriched fissile particles were tested in both 
capsules. The particle types, their purposes in the experiment, and 

their positions within the capsules are briefly described in Table 6 . 2 9 .  

The Biso-coated WAR 3 8 U C 4 .  5 501.7 1 driver particle was included to main- 
tain the desired temperature after most of the 2 3 5 U  had burned out and 

until sufficient 2 3 3 U  had been bred in the fertile particles. 

particles, along with the Biso-coated fertile particles and the inert 

carbon particles, were common to all specimens and were used as required 

for heavy metal and particle volume loadings. 

experiment (except those provided by GA) were heat-treated at 1800OC 

to stabilize the coatings. 

coating conditions for each type of particle are given in Tables 6 . 3 0  

through 6 . 3 2 .  

All the specimens in both capsules were fabricated by the slug- 

The driver 

All particles in the 

The coated particle characteristics and 

injection method except specimens 10, which were warm molded. The 

matrix materials for all slug-injected specimens were the same: 28.5 wt % 

Ashbury Natural Flake 6 3 5 3  graphite filler in Ashland grade 240 pitch. 

The matrix materials for the warm-molded specimens were 55 wt % GLCC 

1074 graphite filler, 15 wt % Thermax, and 30 wt % Ashland grade 240 

pitch. The particles were blended in an air blender. The matrix was 

injected through the particle bed at 180°C and 6.9 MPa (1000 psi) in a 

metal mold and around a metal rod to form the central hole. In fabri- 

cating the warm-molded rods the coated particles were slurry blended 

with the matrix materials after which the mix was granulated, poured 

into a steel mold, and pressed at 160°C and 6.9  MPa (1000 psi). All 
specimens were carbonized at 900°C in a packed bed of alumina at a 
heating rate of 180"C/hr. 

30 min for dimensional stability. Approximately 115 specimens were 
prepared for the experiments, archives, and characterization. 

They were then heat-treated at 1800°C for 

The specimens were characterized by dimensional measurements, 

weight, radiography, metallography, and photography. Figures 6.44  and 

6.45  show pole and side views, respectively, of typical specimens. 
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Table  6.29. Coated P a r t i c l e s  and P o s i t i o n s  
i n  HRB-9 and -10 Capsulesa 

d Kernel 
D i a m e t e r  Conversion 

(%) 

P o s i t  i on  

CaDsule (urn) 
i n  Kernel TypeC Purpose i n  Experiment 

1 

2 

3 

4 

5 

6 

7 

8 

9 

loe 
11 

1 2  

1 3  

14 

15 

16 

1 7  
18 

19  

A l l  

A l l  

A l l  

(WAR) UC3.6800.01 
Density - 3.01 g/cm3 

(SG) 4:1(Th,U)Oz 
(VSM) U C z  

(WAR) Ucz. 6 1 0 0 . 1 6  
Density - 5.28 g/cm3 

Density 3.66 g/cm3 

Density - 3.01 g/cm3 

(WAR) ~c4.5802.04 

(WAR) U C 3 . 6 8 0 0 .  o 1 

UC N 
X Y  

( S G )  4 : l  
(VSM) UCz 

(WAR) U C 4  

(WAR) ucI, 
(WAR) uc4.1400.53 

(NAP,) u c 3 . 6 8 0 0 . 0  1 
Density - 3.01 g/cm3 

(WAR) UC4.5802.04 

(WAR) UC4.6  300.9 7 

(WAR) UCz .6 1 0 0 :  1 6 
Density - 5.38 g/cm3 

(WAR) UC4.1400.5 3 

(WAR) U C 4 . 3  301.72 

(WAR) U C 4 . 6  300.97 

(WAR) UC N 
'CY 

(WAR) UC4.1400.5 3 

(WAR) 238UC4.5501.71 
Biso 

(SG) ThOZ Biso 

(SAR) Carbon Biso  

100 360 

360 
200 

100 315 

0 360 

E f f e c t  of O/U r a t i o  and k e r n e l  d e n s i t y  
on amoeba 

Provide base- l ine  d a t a  f o r  comparison 
wi th  WAR k e r n e l s  

F f f e c t  of O/U r a t i o  and k e r n e l  d e n s i t y  
on amoeba 

E f f e c t  of O/U r a t i o  on amoeba 

100 360 

360 

360 
200 

15 360 

75 360 

75 360 

100 360 

0 360 

50 360 

100 315 

75 360 

15  360 

50 360 

360 

75 360 

15  425 

500 

500 

E f f e c t  of O / U  r a t i o  and k e r n e l  d e n s i t y  
on amoeba 

Compare e f f e c t  on amoeba wi th  t h a t  of 

Provide base - l ine  d a t a  f o r  comparison 

WAR wi th  h igh-denis ty  k e r n e l  

wi th  WAR k e r n e l s  

E f f e c t  of O / U  r a t i o  on amoeba 

E f f e c t  of O/U r a t i o  on amoeba 

E f f e c t  of O/U r a t i o  on amoeba 

E f f e c t  of O / U  r a t i o  and ke rne l  d e n s i t y  

E f f e c t  of O/U r a t i o  on amoeba 

E f f e c t  of O / U  r a t i o  on amoeba 

E f f e c t  of O/U r a t i o  and k e r n e l  d e n s i t y  

E f f e c t  of O / U  r a t i o  on amoeba 

E f f e c t  of O/U r a t i o  on amoeba 

E f f e c t  of O / U  r a t i o  on amoeba 

Compare e f f e c t  on amoeba wi th  t h a t  of 

on amoeba 

on amoeba 

WAR wi th  h igh  d e n s i t y  k e r n e l s  

E f f e c t  of O / U  r a t i o  on amoeba 

For f i s s i o n  h e a t  gene ra t ion  a s  t h e  2 3 5 U  
is  burned o u t  

F e r t i l e  p a r t i c l e  

Di luent  p a r t i c l e  
- 

a A l l  p a r t i c l e s  are T r i s o  coated un le s s  noted o therwise .  

bRefer t o  F ig .  6.28 

' A l l  f i s s i l e  p a r t i c l e s  a r e  2 3 5 U  un les s  noted o therwise .  WAR - Derived from weak a c i d  r e s i n .  
SG - Derived by t h e  so l -ge l  p rocess .  
d e s u l f u r i z e d  s t rong  a c i d  r e s i n .  

dNomina1 percent  of oxygen removed. 

eWarm molded specimen a t  r e a c t o r  h o r i z o n t a l  midplane. 

VSM - Derived by GA's  p rocess .  SAR - Derived from 
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Table 6.30. Conditions for Coating Particles in Capsules HRB-9 and -10 

OR-2219-H 

OR-2208-H 

OR-2211-H 

OR-2116-H 

OR-2115-H 

OR-2121-H 

OR-2218-H 

OR-2233-H 

OR-210 3-H 

Buffer 
Inner LTI 
S iC 
Outer LTI 

Buffer 
Inner LTI 
Sic 
Outer LTI 
Buffer 
Inner LTI 
S iC 
Outer LTI 
Buffer 
Inner LTI 
Sic 
Outer LTI 

Buffer 
Inner LTI 
S iC 
Outer LTI 

Buffer 
Inner LTI 
S iC 
Outer LTI 

Buffer 
Inner LTI 
Sic 
Outer LTI 
Buffer 
Outer LTI 
Buffer 
Outer LTI 

a Batch Layer Coating Temperature Deposition Rate 
Gas ("C) (Ilm/min> 

'ZH2b 
MAPP 
CH 3 Sic1 
MAPP 

C2H2 
MAPP 
CH3SiC13 
MAPP 

C2H2 
MAPP 
CH3SiC13 
MAPP 

C2H2 

CH 3 Sic1 

C2H2 

CH3SiC1 

c 3H6 

C3H6 

c 3H6 
C3H6 

C2H2 
c 3H6 
CH 3 Sic1 

C2H2 
C3H6 

MAPP 
CH 3 S iC13 
MAPP 

C2H2 
MAPP 

C2H2 
W P  

1125 
1275 
1550 
1275 
1125 
1275 
1550 
1275 
1125 
1275 
1550 
1275 

1100 
1250 
1550 
1250 

1300 
1275 
1550 
1275 

1100 
1275 
1550 
1275 

1125 
1275 
1550 
1275 
1125 
1275 
1300 
1275 

9.47 
6.29 
0.17 
6.21 

7.40 
4.83 
0.15 
5.71 
8.47 
4.96 
0.16 
6.00 
13.96 
11.94 
0.37 
10.73 
6.82 
7.80 
0.34 
6.97 
6.78 
6.02 
0.32 
4.92 

9.96 
6.00 
0.17 
6.37 
17.64 
11.16 
11.6 
9.5 

d All coating temperatures are as read with an optical pyrometer 

b W P  gas: mixture of methylacetylene and propadiene, with other 

on outside wall of coating tube. 

hydrocarbons as stabilizers. 



Table 6.31. Compositional Characterization of Coated Particles for HRB-9 and -10 

Batch Kernel 
Materiala 

Content, wt % Content, ppm 

U Th B Fe 

Enrichment 
(at. % 2 3 5 ~ )  

GAC6151-00-035b 

OR- 2 2 19 -H 

OR-2208-H 

OR- 2 2 11-H 

OR-2216-H 

OR- 2 1 1 5-H 
OR- 2 12 1-H 

OR-2218-H 

OR- 2 2 2 3-H 

OR- 2 10 3 -H 
OR- 2081-H 

VSM UC2-1% ThC2 

WAR U(C,N)*Cx 

WAR UC3.6800. o I 

WAR UC4.6300.01 
SG (4Th,U)02 

WAR U4.3901.72 
WAR Uc2.6100,16 

WAR uc4.5802.04 
Tho2 

WAR uc4.5501.71 
SAR carbon 

18.86 

15.11 

17.72 

16.55 
6.50 

19.13 

20.03 

15.55 

30.59 

93.15 

93.06 

93.06 

93.06 

26.42 93.13 

93.18 

93.32 

93.06 

52.46 

0.7 

<10 

<lo 
<10 

3 

5 

5 

<lo 

<10 

20 

<10 

30 

10 

10 
20 

20 

20 

30 

30 

20 

10 

w 
.L- 
O 

a VSM = GA's proprietary process, SG = sol-gel process, WAR = weak-acid resin derived, 

Supplied by General Atomic Company. 

S A R  = strong-acid resin derived. 
b 



a Table 6.32. Mean Dimensions and Densities of Coated Particles HRB-9 and -10 
~- 

Kernel Thickness, pm Density, g/cm3 
Batch Diameter 

Outer C Cum) Buffer Inner C Sic Outer C Kernel Buffer Inner C Sic 

GAC6151-00-035b 

OR-2219-H 

OR-2208-H 
OR- 2 211-H 

OR-2116-H 

OR-2115-H 

OR- 2 12 1 -H 
OR-2218-H 

OR-2223-H 

OR-2103-H 
OR-2081-H 

196 (16) 

356.3 (18.8) 
366.5 (24.2) 

363.0 (20.0) 

360.0 (4.7) 

385.8 (29.0) 
315.3 (29.1) 

371.3 (15.4) 

498.3 (2.5) 

430.4 (29.6) 

471.5 (24.6) 

99 (10.6) 
66.3 (9.5) 

59.2 (8.5) 

59.3 (8.6) 

97.7 (8.7) 

40.9 (6.8) 

74.6 (11.3) 
69.3 (9.8) 

79.4 (12.2) 

46.6 (9.7) 

13 

33 (3.5) 
44.0 (3.8) 

36.2 (4.1) 

34.7 (3.8) 

38.8 (2.9) 
42.9 (3.6) 

36.1 (3.8) 
42.0 (3.9) 

32.0 (5.3) 38 (5.0) 

31.9 (1.9) 43.5 (4.6) 

27.9 (1.6) 40.0 (3.6) 

30.2 (1.6) 42.0 (4.1) 
33.6 (1.9) 42.9 (3.0) 

32.1 (1.9) 48.8 (4.0) 

28.4 (2.7) 49.2 (3.3) 

30.7 (1.7) 44.6 (4.1) 
89.3 (6.5) 

76.0 (6.0) 

93.6 (5.4) 

10.99 

3.02 

3.01 

3.11 

9.8 

3.18 

5.28 
3.66 

10.00 

3.35 

1.37 

1.07 

1.09 

1.11 

1.09 

1.36 

1.37 
1.10 

1.12 

1.31 

1.11 

0.95 

1.92 

1.947 (0.007) 

1.947 (0.004) 

1.948 (0.009) 

2.0 

2.0 

2.0 
1.945 (0.006) 

3.20 

3.192 (0.005) 

3.20 (0.006) 

3.20 (0.003) 
3.205 (0.003) 

3.187 (0.003) 

3.188 (0.006) 
3.193 (0.005) 

1.85 

1.977 

1.997 

1.997 
2.037 

1.986 
1.982 

1.994 

2.038 

2.014 

1.986 

(0.007) 

(0.005) 
(0.010) 

(0.002) 

(0.005) 

(0.004) 

(0.007) 

(0.004) 

(0.005) 

(0.006) 
~ ~ 

"Numbers in parentheses are standard deviations. 

bSupplied by GA. 
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Fig. 6 . 4 5 .  Side V i e w  of Typical  Specimens f o r  HRB-9 and -10. Sca le  l e n g t h  i s  51 mm. 
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The specimens were all nominally 12.4 mm OD and 20 mm long (0.49 by 
0.8 in.), with a 3.35-mm (0.132-in.) central hole for placement of a 

Johnson noise thermometer to measure fuel centerline temperature. An 

identification mark was formed on one end of each specimen for orien- 

tation, so that the specimen dimensions could be measured at the same 

location both before and after irradiation. The heavy metal loadings 

for each specimen are given in Table 6.33. Other characterizations are 

given in Table 6.34. 

Table 6.33. Heavy Metal Loadings for HRB-9 and -10 

Loading, g/cm3 
Posit ion 

Capsule 
in HRB-9 HRB-10 

2Th 235u 238u 232Th 235u 238u 

1 
2 
3 
4 
5 
6 

7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

17 
18 

19 

0.0183 
0.0182 
0.0163 
0.0168 
0.0146 
0.0148 

0.0150 
0.0140 
0.0139 
0.0143 
0.0142 

0.0141 
0.0149 
0.0149 
0.0143 
0.0162 
0.0162 
0.0182 

0.0181 

0.1573 
0.1570 

0.1138 
0.1175 
0.0828 
0.0835 

0.0852 
0.0719 
0.0715 
0.0732 
0.0723 
0.0725 
0.0841 
0.0838 
0.0808 
0.1132 
0.1133 
0.1566 
0.1564 

0.1759 

0.1753 
0.1696 
0.1753 
0.0613 
0.1627 

0.1659 
0.1600 
0.1591 
0.1626 

0.1607 
0.1610 
0.1639 
0.1635 
0.1575 
0.1687 
0.1689 
0.1751 
0.1763 

0.0181 
0.0183 
0.0163 
0.0167 
0.0147 
0.0148 
0.0150 
0.0141 
0.0140 
0.0140 

0.0143 
0.0143 
0.0150 
0.0148 
0.0143 
0.0162 
0.0164 
0.0181 

0.0183 

0.1563 
0.1579 
0.1137 
0.1165 
0.0834 
0.0835 
0.0853 
0.0723 
0.0718 
0.0723 
0.0731 
0.0732 
0.0847 
0.0832 
0.0811 
0.1123 
0.1142 
0.1564 

0.1577 

0.1748 
0.1763 
0.1697 
0.1740 
0.1623 
0.1626 
0.1659 
0.1607 
0.1597 
0.1608 
0.1627 
0.1627 
0.1651 
0.1624 
0.1580 
0.1683 

0.1704 
0.1749 
0.1764 
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Table 6 . 3 4 .  Characterization of Specimens for HRB-9 and -10 

P a r t i c l e  
Volume Weight D e n s i t y ,  g/cm3 Volume 

(cm3) (8 )  Loading 

P o s i t i o n  Average Dimensions,  mm ( i n . ) a  

Capsule  O u t s i d e  D i a m  Length 
i n  

M a t r i x  T o t a l  (%) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

l o b  

11 

1 2  

1 3  

14 

15  

16 

17 

18 

19 

1 

2 

3 

4 

5 

6 

7 

8 

9 

lob 

11 

1 2  

1 3  

1 4  

1 5  

16 

17 

1 8  

19 

1 2 . 4 2 1  ( 0 . 4 8 9 0 )  

1 2 . 4 3 3  ( 0 . 4 8 9 5 )  

1 2 . 4 3 1  ( 0 . 4 8 9 4 )  

12 .377  ( 0 . 4 8 7 3 )  

12 .436  ( 0 . 4 8 9 6 )  

1 2 . 4 3 3  ( 0 . 4 8 9 5 )  

12 .423  ( 0 . 4 8 9 1 )  

12 .436  ( 0 . 4 8 9 6 )  

12 .426  ( 0 . 4 8 9 2 )  

12 .408  ( 0 . 4 8 8 5 )  

1 2 . 3 9 0  ( 0 . 4 8 7 8 )  

12 .428  ( 0 . 4 8 9 3 )  

1 2 . 4 2 3  ( 0 . 4 8 9 1 )  

12 .410  ( 0 . 4 8 8 6 )  

12 .428  ( 0 . 4 8 9 3 )  

1 2 . 4 2 3  ( 0 . 4 8 9 1 )  

1 2 . 4 2 1  ( 0 . 4 8 9 0 )  

1 2 . 4 2 3  ( 0 . 4 8 9 1 )  

1 2 . 4 2 1  ( 0 . 4 8 9 0 )  

12 .426  ( 0 . 4 8 9 2 )  

1 2 . 4 2 1  ( 0 . 4 8 9 0 )  

12 .418  ( 0 . 4 8 8 9 )  

12 .428  ( 0 . 4 8 9 3 )  

1 2 . 4 3 1  ( 0 . 4 8 9 4 )  

1 2 . 4 2 3  ( 0 . 4 8 9 1 )  

1 2 . 4 2 3  ( 0 . 4 8 9 1 )  

1 2 . 4 3 1  ( 0 . 4 8 9 4 )  

12 .428  ( 0 . 4 8 9 3 )  

12 .418  ( 0 . 4 8 8 9 )  

1 2 . 4 2 3  ( 0 . 4 8 9 1 )  

12 .418  ( 0 . 4 8 8 9 )  

12 .426  ( 0 . 4 8 9 2 )  

12 .426  ( 0 . 4 8 9 2 )  

1 2 . 4 2 3  ( 0 . 4 8 9 5 )  

12 .410  ( 0 . 4 8 8 6 )  

1 2 . 4 2 1  ( 0 . 4 8 9 0 )  

12 .428  ( 0 . 4 8 9 3 )  

12 .426  ( 0 . 4 8 9 2 )  

19 .647  ( 0 . 7 7 3 5 )  

19 .647  ( 0 . 7 7 3 5 )  

19 .537  ( 0 . 7 6 9 2 )  

1 9 . 0 8 0  ( 0 . 7 5 1 2 )  

1 9 . 7 8 2  ( 0 . 7 7 8 8 )  

19 .634  ( 0 . 7 7 3 0 )  

1 9 . 2 8 4  ( 0 . 7 5 9 2 )  

1 9 . 5 8 3  ( 0 . 7 7 1 0 )  

1 9 . 7 4 1  ( 0 . 7 7 7 2 )  

1 9 . 3 6 2  ( 0 . 7 6 2 3 )  

1 9 . 6 5 5  ( 0 . 7 7 3 8 )  

1 9 . 4 8 2  ( 0 . 7 6 7 0 )  

1 9 . 5 1 5  ( 0 . 7 6 8 3 )  

19 .614  ( 0 . 7 7 2 2 )  

2 0 . 3 1 2  ( 0 . 7 9 9 7 )  

1 9 . 6 6 7  ( 0 . 7 7 4 3 )  

1 9 . 6 5 2  ( 0 . 7 7 3 7 )  

19 .726  ( 0 . 7 7 6 6 )  

19 .586  ( 0 . 7 7 1 1 )  

Capsu le  HRB-9 

2 .2042 

2 . 2 0 9 1  

2.1959 

2 .1246 

2 .2252 

2.0277 

2 .1644 

2 .2029 

2.2167 

2 .1675 

2 .1934 

2 .1886 

2 .1904 

2 .1966 

2 .2819 

2 .2075 

2 .2048 

2 .2140 

2 .1974 

Capsule  HRB-10 

1 9 . 7 4 8  ( 0 . 7 7 7 5 )  2 .2176 

1 9 . 5 7 8  ( 0 . 7 7 0 8 )  2 .1965 

19 .576  ( 0 . 7 7 0 7 )  2 .1953 

1 9 . 0 5 5  ( 0 . 7 5 0 2 )  2.1407 

1 9 . 6 8 2  ( 0 . 7 7 4 9 )  2 .2121 

19 .670  ( 0 . 7 7 4 4 )  2 .2078 

19 .253  ( 0 . 7 5 8 0 )  2 .1610 

1 9 . 5 1 5  ( 0 . 7 6 8 3 )  2 .1933 

19 .652  ( 0 . 7 7 3 7 )  2.2077 

1 9 . 5 5 0  ( 0 . 7 6 9 7 )  2 .1924 

19.307 ( 0 . 7 6 0 1 )  2 .1670 

19 .319  ( 0 . 7 6 0 6 )  2 .1665 

1 9 . 3 7 0  ( 0 . 7 6 2 6 )  2 . 1 7 5 1  

1 9 . 7 0 0  ( 0 . 7 7 5 6 )  2 .2122 

20 .226  ( 0 . 7 9 6 3 )  2 .2742 

1 9 . 7 5 1  ( 0 . 7 7 7 6 )  2.2121) 

19 .494  ( 0 . 7 6 7 5 )  2 .1871 

1 9 . 7 2 8  ( 0 . 7 7 6 7 )  2 .2163 

19 .576  ( 0 . 7 7 0 7 )  2 .1982 

3 .2755 

3 .3752 

3.1396 

3.1062 

3 . 0 9 4 3  

3 . 0 9 1 5  

3 . 0 7 5 1  

3 .0435 

3 .0695 

3 . 8 0 6 5  

3 . 0 3 1 8  

3 .0410 

3.0547 

3 . 1 0 5 5  

3 .1704 

3 . 1 7 8 5  

3 .1704 

3 .3205 

3 . 3 0 5 1  

3 .2770 

3 .3092 

3 . 1 4 0 1  

3 . 1 1 9 8  

3 . 0 8 7 1  

3 .1145 

3 . 0 5 9 1  

3 . 0 3 8 3  

3 . 0 6 2 5  

3.7882 

3 .0050 

3 . 0 2 4 2  

3 . 0 4 2 1  

3 .0754 

3.1762 

3 . 1 9 4 1  

3 . 1 5 8 1  

3 . 3 1 9 2  

3 .2928 

0 .47  

0 . 5 0  

0 .47  

0 .45  

0 .48  

0 .47  

0.49 

0.47 

0 . 4 8  

1 . 4 5  

0 .47  

0 . 4 8  

0 . 4 8  

0 . 5 0  

0 . 4 6  

0 . 4 8  

0 .50  

0 . 4 9  

0 .50  

0.47 

0 . 4 6  

0 .47  

0 . 5 0  

0 . 4 6  

0 . 4 9  

0.48 

0 .47  

0 .47  

1 .42  

0 .47  

0 .47  

0 .47  

0 . 4 6  

0 .47  

0 . 5 0  

0 . 4 9  

0 . 4 9  

0 . 4 8  

1 .49  

1 . 5 3  

1 . 4 3  

1.46 

1 .39  

1 . 4 0  

1 . 4 2  

1 . 3 8  

1 . 3 8  

1 . 7 6  

1 . 3 8  

1 . 3 9  

1 . 3 9  

1 . 4 1  

1 . 3 9  

1 . 4 4  

1 .44  

1 . 5 0  

1 . 5 0  

1 .48  

1 . 5 1  

1 . 4 3  

1 .46  

1 . 4 0  

1 . 4 1  

1 .42  

1 . 3 9  

1 . 3 9  

1 . 7 3  

1 . 3 9  

1 . 4 0  

1 . 4 0  

1 . 3 9  

1 . 4 0  

1 . 4 4  

1 .44  

1 .50  

1 . 5 0  

5 9 . 1  

6 0 . 0  

5 8 . 2  

5 9 . 5  

58 .6  

58.7 

58.9 

5 8 . 3  

5 8 . 5  

32.4 

58 .6  

5 8 . 4  

5 7 . 9  

58 .7  

5 8 . 9  

5 8 . 9  

5 8 . 1  

59 .4  

59 .6  

5 8 . 8  

6 0 . 4  

58 .2  

58.8 

5 8 . 9  

58.7 

5 9 . 0  

5 8 . 6  

5 8 . 8  

3 2 . 0  

5 8 . 5  

59 .0  

5 8 . 3  

58 .4  

59 .1  

58 .8  

58 .6  

5 9 . 3  

5 9 . 5  

a h s i d e  d i a m e t e r  = 3 . 3 5  mm ( 0 . 1 3 2  i n . ) .  

b W a r m  molded. 
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6.6.4.3 Capsule Operation 

The ope ra t ing  schedules  f o r  HRB-9 and -10 are shown i n  Table 6.35. 

Both capsules  w e r e  i r r a d i a t e d  f o r  two cyc le s  i n  t h e  PB-13 (VXF13) f a c i l i t y  

be fo re  going i n t o  t h e  RB f a c i l i t y .  

235U t o  avoid overpowering t h e  p a r t i c l e s  i n  t h e  RB f a c i l i t y .  

f a c i l i t y  i s  loca ted  f u r t h e r  from t h e  HFIR c o r e  (39 cm from t h e  c e n t e r  

of t h e  co re  compared t o  27  cm f o r  t h e  RB-5 f a c i l i t y ) .  

c h a r a c t e r i s t i c s  of t h e  two p o s i t i o n s  are shown elsewhere.  3 3  

f l u x  i n  t h e  PB f a c i l i t y  i s  about 60% of t h e  RB f l u x ,  and t h e  f a s t  f l u x  

i s  about 11%. Using t h e  PB f a c i l i t y  f o r  p r e i r r a d i a t i o n s  p e r m i t s  i r r a d -  

i a t i o n  of f u l l y  enr iched f i s s i l e  p a r t i c l e s ,  which could no t  be done 

o therwise  because of very  high power product ion rates a t  t h e  beginning 

of t h e  test .  The Fuel  Development Program c u r r e n t l y  reserves one PB 

f a c i l i t y  and two RB f a c i l i t i e s .  Capsule HRB-9 w a s  i r r a d i a t e d  f o r  two 

cyc le s  i n  PB-13, and then  moved t o  RB-7 f o r  an  a d d i t i o n a l  n i n e  c y c l e s  

a t  a des ign  i r r a d i a t i o n  temperature  of 125OOC ( f o r  t h e  f u e l  c e n t e r  l i n e ) .  

Capsule HRB-10 w a s  i n s e r t e d  i n t o  PB-13 a t  t h e  beginning of c y c l e  114 

(when HRB-9 w a s  moved o u t )  f o r  two cyc le s ,  and then  moved t o  RB-5 f o r  

s i x  a d d i t i o n a l  cyc le s  a t  a des ign  i r r a d i a t i o n  temperature  of 1500°C 

( f u e l  c e n t e r  l i n e ) .  

This  w a s  done t o  burn out  s u f f i c i e n t  

The PB 

The neutron f l u x  

The thermal  

The c a l c u l a t e d  burnups f o r  t h e  two capsules  are given i n  Table 6.36; 

neutron f l u x e s  and f luences  are t abu la t ed  i n  Table 6.37. Some pre l iminary  

thermal ana lyses  are given i n  t h e  next  two f i g u r e s .  F igure  6.46 shows 

t h e  c a l c u l a t e d  f i s s i o n  h e a t  rates a t  d i f f e r e n t  a x i a l  l o c a t i o n s  i n  t h e  

two capsules .  No a t tempt  has  been made t o  c a l c u l a t e  f i s s i o n  hea t  rates 

f o r  t h e  two cyc le s  each capsule  w a s  i r r a d i a t e d  i n  PB-13, because no 

d a t a  are y e t  a v a i l a b l e  on gamma hea t ing  c h a r a c t e r i s t i c s  f o r  t h i s  reg ion  

of t h e  HFIR. F igure  6.47 shows pre l iminary  c a l c u l a t i o n s  of t h e  f u e l  

s u r f a c e  and c e n t e r  temperatures  f o r  HRB-9 specimens f o r  l o c a t i o n s  a t  

t h e  h o r i z o n t a l  midplane and va r ious  d i s t a n c e s  from it .  
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Table  6.35. Capsules  HRB-9 and -10 Reactor Power and I r r a d i a t i o n  Hi s to ry  

I r r a d i a t i o n  T i m e ,  h r  

T i m e  Date T i m e  Date During Accumulated 

Begin End 
F a c i l i t y  Cycle 

Cycle 

PB-13 

PB-13 

RB-7 

RB- 7 

RB-7 

RB-7 

RB- 7 

RB- 7 

RB- 7 

RB-7 

RB- 7 

PB-13 

PB-13 

RB- 5 

RB-5 

RB- 5 

RB-5 

RB-5 

RB-5 

1 1 2  

113 

1 1 4  

115 

1 1 6  

11 7 

1 1 8 A  

119  

1 1 8 B  

1 2 0  

1 2 1  

1 1 4  

115 

116  

1 1 7  

1 1 8 A  

1 1 9  

1 1 8 B  

1 2 0  

0525 

0318 

1332  

1 4 3 5  

1700  

1700  

1732  

1524  

1 8 2 1  

0153 

2125 

1332 

1435  

1700  

1 7 0 0  

1732  

1524  

1 8 2 1  

0153 

Capsule HRB-9 

1016174 0218 

1 1 / 1 / 7 4  1028  

11 /25 /74  0400 

1 2 / 2 0 / 7 4  1716  

1 / 1 2 / 7 5  2000 

2 / 4 / 7 5  1800  

2 /28 /75  1726  

3 / 7 / 7 5  0233 

3130175 0639 

4 /17 /75  04 00 

5 / 1 1 / 7 5  0918 

Capsule HRB-10 

11 /25 /74  0400 

1 2 / 2 0 / 7 4  1716  

1 / 1 2 / 7 5  2000 

2 / 4 / 7 5  1800  

2 /28 /75  1726  

3 / 7 / 7 5  0233 

3130175 0639 

4 /17 /75  0400 

10 /31 /74  

1 1 / 2 4 / 7 4  

1 2  / 18 / 7 4 

1 / 1 1 / 7 5  

2 / 3 / 7 5  

2 /26 /75  

3 / 6 / 7 5  

3130175 

4 /16 /75  

5 / 9 / 7 5  

6 / 3 / 7 5  

1 2  1181 74 

1 / 1 1 / 7 5  

2 / 3 / 7 5  

2 /26 /75  

3 / 6 / 7 5  

3130175 

4 / 1 6 / 7 5  

5 / 9 / 7 5  

547 .20  

558 .72  

541.68 

529 .68  

530 .16  

527 .76  

143 .28  

539.04 

396 .00  

529.92 

539 .28  

541.68 

529.68 

530 .16  

527.76 

143 .28  

539.04 

396.00 

529 .92  

547 .20  

1105.92  

1647 .60  

2177.28 

2707.44 

3235.20  

3378.48 

3917.52 

4313.52 

4843.44 

5382.72 

541 .68  

1071 .36  

1601.52  

2129.28 

2272.56 

2811.60 

3207.60  

3737.52 



Table 6.36. Calculated Specimen Burnup i n  HRB-9 and -10 

Specimen 

1, 19 

2 ,  18 

3, 1 7  

4 ,  16 

5, 1 5  

6,  14 

7 ,  1 3  

8, 1 2  

9,  11 

1 0  

1, 1 9  

2 ,  18 

3, 17 

4, 1 6  

5,  1 5  

6, 1 4  

7 ,  1 3  

8, 12 

9, 11 

1 0  

_ ~ _  

Calcu la t ed  Burnup, % FIMA 

2 3 5 u  2 3 1 3 ~  232Th  
Locat iona 

(mm> ( i n . )  
PB-13 RB-7, -5 T o t a l  PB-13 RB-7, -5 T o t a l  PB-13 RB-7, -5 T o t a l  

Capsule HRB-9 
183 7.2 46.19 37.99 84.18 0.42 13.56 13.98 0.11 5.68 5.79 

163 6.4 48.97 35.35 84.32 0.50 15.40 15.90 0.12 6.54 6.66 

142 5 . 6  51.56 32.86 84.42 0.58 17.35 17.93 0.15 7.49 7.64 
122 4 . 8  54.02 30.79 84-81  0.65 18.80 19 .45  0.16 8.39 8.55 

102 4.0 55.68 28.95 84.63 0.69 20.21 20.90 0.18 9.12 9.30 

81 3.2 57.14 27.42 84.56 0.77 21.35 22.12 0.20 9.83 10.03 

61 2 . 4  58.28 26.29 84.57 0.82 22.38 23.20 0 . 2 1  10.34 10 .55  

10.80 11.02 4 1  1 . 6  59.14 25.57 84.71 0.86 23.15 24.01 0.22 

0.89 23.57 24.46 0.23 10.98 11.11 

24.70 0.23 11.25 11 .48  

20 0.8 59.60 25.08 84.68 

0 0  59.84 24.84 84.68 0.90 23.80 

Capsule HRB-10 

183 7.2 46.19 36.39 82.58 0.42 8.02 8 . 4 4  0 . 1 1  2.89 3.00 

163 6.4 48.97 34.31 83.28 0.50 9.24 9.74 0.12 3.38 3.50 

142 5 .6  51.56 32.19 83.75 0.58 10.56 11.14 0.15 3.91 4.06 
122 4 . 8  54.02 30.36 84.38 0.65 11.57 1 2 . 2 2  0.16 4.42 4.58 

102 4 .0  55.68 28.68 84.36 0.69 12.55 13.24 0.18 4.84 5.02 

8 1  3 .2  57.14 27.24 84.38 0.77 13.36 14 .13  0.20 5.25 5.45 

61 2.4 58.28 26.16 84.44 0.82 14.07 14.89 0.21 5.54 5.75 

41 1 . 6  59.14 25.46 84.60 0.86 14 .61  15.47, 0.22 5.80 6.02 

20 0.8 59.60 24.99 84.59 0.89 14.91 15 .80  0.23 5 .91  6.14 

0 0  59.84 24.75 84.59 0.90 15.08 15 .98  0.23 6.06 6.29 

a D i s t a n c e  from r e a c t o r  h o r i z o n t a l  midplane.  



Table 6 . 3 7 .  Thermal and F a s t  Fluences C a l c u l a t e d  f o r  HRB-9 and -10 Specimens 

T o t a l  Fluence,  n/cm2 

Rod av Thermal F a s t  av Thermal Thermal F a s t  

Flux i n  PB-13 n cm-’ sec-’ Flux i n  RB-7 and -5, n cur2 sec-’ 
Loca t  i o n a  

F a s t  
<0.414 e V  >0.18 MeV 

(mm) ( i n )  <0.414 e V  >0.18 MeV <0.414 e V  >0.18 MeV 

IIRB-9 HRB-10 HRB-9 HRB-10 

x 1 0 ‘ ~  x 1013 x 1014 x 1014 x 1022 x l o2 ’  
4.44 3.42 6 .18  2.95 1 .13  0.76 4.68 2.96 

3.80 7.07 3.31 1 .28  0.87 5.25 3.32 

5.22 4.31 7.95 3.66 1 .43  0.96 5 .81  3.68 

1, 19 183 7.2 

2 ,  18  163 6 .4  4.86 

3,  1 7  142 5.6 

4,  16  122 4 . 8  

5,  15  102 4 .0  

6 ,  1 4  81 3 .2  

7 ,  1 3  6 1  2.4 

8 ,  12  4 1  1 . 6  

9,  11 20 0 .8  

5.56 4.65 8.80 3.97 1 .58  1.06 6.29 3.99 

6.23 5.17 10.27 4.55 1.83 1 .23  7.21 4.57 

6.85 5.58 11.40 4.92 2.03 1 . 3 6  7.79 4.94 

5.89 4.90 9.57 4.28 1 . 7 1  1.15 6.78 4.30 

6.57 5.40 10 .90  4.78 1 .94  1 .30  7.57 4.80 

6.98 5.67 11.71 5.00 2.08 1 .39  7.92 5.02 

7.03 5.70 11.80 5.00 2.09 1 .40  7.93 5.02 10 0 0  
- 

a D i s t a n c e  from r e a c t o r  h o r i z o n t a l  midplane.  
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Fig. 6 .46 .  Calculated F i s s i o n  Heat Rate His tory  f o r  Capsules 
(a )  HRB-9 and (b) HRB-10. 
fol lowing thermocouples a t  four  a x i a l  l o c a t i o n s :  thermocouples 5 ,  6 ,  
and 9 a t  t h e  h o r i z o n t a l  midplane; 3 and 4 a t  276 mm ( 3  i n . )  from t h e  
midplane; 2 and 7 a t  kO.13 m (5 i n . ) ;  and 1 a t  M.165 m (6.5 i n . ) .  

P o i n t s  p l o t t e d  are f o r  t h e  averages of t h e  
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\c l  ACCUMULATED IRRADIATION TIME (days1 

F i g ,  6.47 .  Calcula ted  HRB-9 Specimen Temperature H i s t o r y .  ( a )  A t  h o r i z o n t a l  midplane.  
(b) -+76 mm ( 3  i n . )  from midplane. ( c )  20.13 m (5 i n , ) .  (d) +0.165 m ( 6 . 5  i n . ) .  
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6.6.4.4 P o s t i r r a d i a t i o n  Examination 

Disassembly and phys ica l  examination of i r r a d i a t i o n  capsules  HRB-9 

and -10 w e r e  completed dur ing  t h i s  r e p o r t i n g  per iod.  

HRB-9 w e r e  removed i n  good condi t ion .  

t h a t  minor debonding had occurred a t  t h e  edges of t h e  rods  bu t  t h a t  a l l  

rods  w e r e  i n t a c t .  

of rods  5, 6 ,  and 1 4 .  However, t h e  p a r t i c l e  type  could not  be 

i d e n t i f i e d .  

The f u e l  rods  from 

Stereoscopic  examination showed 

One broken p a r t i c l e  w a s  observed on t h e  s u r f a c e s  

I n  removing t h e  f u e l  rods  from HRB-10, w e  found t h a t  rods  1 through 

9 w e r e  bonded t o  t h e  c e n t r a l  thermocouple assembly. An a t tempt  w a s  made 

t o  s e p a r a t e  t h e  rods  by c u t t i n g  through t h e  thermocouple assembly, b u t  

t h e  rods  w e r e  so f r a g i l e  t h a t  they  broke when c u t t i n g  w a s  s t a r t e d .  Only 

rod 7 remained i n t a c t .  Fuel  rods  1 0  through 19  w e r e  removed i n  good 

condi t ion .  

Visua l  examination of t h e  fragments of rods  1 through 9 showed 

t h a t  t h e  p a r t i c l e s  on t h e  i n n e r  s u r f a c e s  of t h e  rods  had r eac t ed  wi th  

t h e  rhenium f o i l  and t h e  molybdenum-rhenium tube.  Some p a r t i c l e s  

appeared t o  be  embedded i n  t h e  f o i l ,  as shown i n  Fig.  6 .48(a) .  Also,  

t h e  r e a c t i o n  d i d  n o t  extend around t h e  e n t i r e  circumference of t h e  

rhenium f o i l ,  bu t  occurred only  where t h e  molybdenum-rhenium tube  

contac ted  t h e  f o i l .  

The s u r f a c e s  of a l l  rods  appeared s p o t t y  from what appeared t o  

be  b l ack  sooty  reg ions .  The rods  had vary ing  amounts of s u r f a c e  covered, 

and no c o r r e l a t i o n  wi th  p a r t i c l e  type  w a s  ev ident .  A p o s s i b l e  explana- 

t i o n  of t h e  s p o t t y  appearance i s  as soc ia t ed  wi th  t h e  f a c t  t h a t  t h e  HRB-10 

capsule  w a s  s ea l ed  o f f  dur ing  i r r a d i a t i o n  because of a high degree of 

release of f i s s i o n  gases  i n  t h e  purge system. This  r e s u l t e d  i n  a h igh  

bui ldup of f i s s i o n  products  i n  t h e  capsule .  The s p o t t y  appearance may be  

due t o  condensat ion of v o l a t i l e  f i s s i o n  products  on t h e  f u e l  rod su r face .  

One broken p a r t i c l e  each w a s  observed on t h e  s u r f a c e s  of rods  1 3 ,  

14 ,  and 15;  t h e  p a r t i c l e  types  could not  be i d e n t i f i e d .  

A dimensional i n spec t ion  of t h e  i n t a c t  rods  from HRB-9 and -10 

w a s  made and i s  summarized i n  Table 6.38. 
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wm R-69258 

Fig. 6 . 4 8 .  Results of Reaction of Coated Particles with Central 
Thermocouple Assembly of Irradiation Capsule HRB-10. 
attached to rhenium foil. lox. (b) Metallographic section through a 
Biso-coated inert particle attached to and partially consumed by rhenium- 
foil-wrapped M0-48% Re sheath. 

(a) Coated particles 

Note massive carbide in sheath. 
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Table 6.38 .  Summary of Dimensional Changes in Fuel Rods 
from HRB-9 and -10 

Postirradiation 
Diameter Diameter Decrease 

Rod 
(m> (in.) (mm) (in. ) (%> 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
1 3  
14  
15  
16 
17 
18 
19 

7 
9 

10 
11 
12  
13 
1 5  
16 
17 
18  
19 

12.088 
12.029 
11.999 
11.913 
11.974 
12.012 
11.986 
11.994 
11.994 
12.167 
11.953 
12.107 
11.996 
11.951 
12 .042  
12.007 
12.022 
12.037 
12.075 

11.943 
11.918 
12.078 
11.946 
11.900 

11.913 
11.872 

11.928 
12.022 

11. a80 

11.918 

Capsule HRB-9 

0.4759 0.333 0 .0131 
0.4736 0.404 0.0159 
0.4724 0 .432  0.0170 
0.4690 0.465 0 .0183 
0.4714 0 .462  0.0182 
0.4729 0 .422  0.0166 
0.4719 0.437 0.0172 
0.4722 0 .442  0.0174 
0.4722 0.432 0.0170 
0.4790 0 . 2 4 1  0.0095 
0.4706 0 -437 0.0172 
0.4731 0 .411  0.0162 
0.4723 0.429 0.0169 
0.4705 0.460 0.0181 
0 .4741  0.386 0.0152 
0.4727 0.417 0.0164 
0 .4733 0.399 0.0157 
0.4739 0.386 0.0152 
0.4754 0 .361  0.0142 

Capsule H R B - ~ O ~  
0.4702 0 .488  0.0192 
0 .4692 0 .511  0 .0201  
0.4755 0.340 0.0134 
0 .4703 0.478 0.0188 
0.4685 0.518 0.0204 
0.4677 0.546 0 .0215 
0.4690 0 .521  0.0205 
0.4674 0.538 0.0212 
0.4692 0.503 0.0198 
0.4696 0.500 0.0197 
0 .4733 0.404 0.0159 

2.68 
3.25 
3.47 
3.76 
3.72 
3 .39  
3.52 
3.55 
3.48 
1.94 
3.53 
3 .31  
3.43 
3.70 
3.11 
3.35 
3 .21  
3 .11  
2.78 

3.93 
4 .11  
2.74 
3.84 
4.17 
4.39 
4.19 
4.34 
4.05 
4 .03  
3.25 

a 
Rods 1 through 6,  8, and 14  broken too badly during 

disassembly to permit dimensional inspection. 



Twenty-two fuel rod specimens were selected from the two capsules 

for metallographic examination; the results for the various fissile 

particles are summarized in Table 6 . 3 9 .  

remain to be examined and electron microprobe analyses will be performed 

later, the following general conclusions concerning the variety of 

fissile particles contained in these two irradiation tests can be 

stated. 

Although a few specimens 

1. The performance of the 15, 50,  and 75%-converted WAR kernels 
appears to be superior to that of (4Th,U)02 or dense UC2 (VSM). 

2. The 100%-converted WAR does not retain the rare-earth fission 
products. 

particle failure. 

unlike that of dense UC2 (VSM). 

This degrades the inner LTI and Sic layers and can lead to 
The performance of the 100%-converted WAR is not 

3 .  The WAR U02 (0% converted) kernels exhibit lack of thermal 
stability (amoeba) and result in corrosive attack of the Sic, apparently 

from oxidation by the high carbon monoxide pressures expected after 

irradiation. 

4. 
WAR kernels, the inner LTI and Sic layers were severely damaged, and 

coating failures were observed. 

Examples of WAR particles from the higher temperature capsule, HRB-10, 

are shown in Fig. 6.49. 

Although we saw no evidence of amoeba of the nitrogen-bearing 

In addition, we saw no evidence of amoeba in any of the Biso-coated 

Tho2 kernels; nor were any failures or evidence of potential failures 

observed out of about 300 particles examined in these two experiments. 

Metallographic examination of a section through a fuel rod (No. 7) that 
contained a section of the rhenium foil and molybdenum-rhenium sheath 

revealed that particles were virtually consumed by the diffusion of 

carbon through the rhenium to the molybdenum-rhenium, which acted as a 

carbon sink. Hemispheres of coated particles were found attached to 

the rhenium foil where the foil and sheath were in intimate contact, 

and massive carbide was present in the molybdenum-rhenium sheath 

[Fig. 6 . 4 8 ( b ) ] .  
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F i s s i l e  
Kernel 

Composition 

Table 6.39.  Summary o f  Various F i s s i l e  P a r t i c l e s  
I r r a d i a t e d  i n  C a p s u l e s  HRB-9 and -10 

I T T d -  
conversions Dens i tyb  Purpose of Experiment d i a t i o n  

capsu1eC __-_ (%) (g/cm3) 

0 3.66 E f f e c t  o f  o/U r a t i o  
on f i s s i l e  p a r t i c l e  
performance 

15  3.18 E f f e c t  of O / U  r a t i o  
on f 1 S q i l e  p a r t x l e  
performance 

50 3 . 1 1  E f f e c t  of O l u  r a t i o  
on f i s s i l e  p a r t i c l e  
performance 

IIRB-9 

HRB-10 

HRB-9 

H R B - 1 0  

HRB-9 

HRB-10 

Number Maximum F u e l  
Fissiles Amoeha Rod 
Examined (um) Examinedd 

M e t a l l o g r a p h i c  R e s u l t s  

1 3  - 7 5  12 

1 9  -90 12 

17 0 8 

11 0 8 

11 13 0 

n 0 13 

No f a i l u r e  of f i s s i l r s  observed .  
X i g r a t i o n  of o x i d e  k e r n e l  th rough 
b u f f e r  e v i d e n t  i n  p e r i p h e r a l  
r e g i o n  of f u e l  r o d ;  no m i g r a t i o n  
a t  midwall  t o  i n n e r  surface o f  
r o d ;  no evidence  of r a r e - e a r t h  
f i s s i o n  p r o d u c t s  on c o l d  s i d e  of 
p a r t i c l e .  S e p a r a t i o n  of i n n e r  
L T I  from S i c  a p p a r e n t  - as much 
a s  10-um gap i n  some p a r t i c l e s .  
S l i g h t  ev idence  of a t t a c k  on 
inner s u r f a c e  o f  S i c  on  h o t  s i d e  
o f  p a r t i c l e  t o  a maximum d e p t h  o f  
2 um.  

one  f a i l e d  f i s s i l e  p a r t i c l e  observed  
on inner s u r f a c e  of f u e l  rod ;  t h e  
f i s s i l e  p a r t i c l e 4  showed chemica l  
a t t a c k  from s l i g h t  t o  comple te  
p e n e t r a t i o n  of S i c  layer. Amoeba 
a p p a r e n t  i n  p a r t i c l e s  i n  per iph-  
eral r e g i o n  of r o d .  No ev idence  
of rare e a r t h  f i s s i o n  p r o d u c t s  on 
c o l d  s i d e  o f  p a r t i c l e s .  Separa- 
t i o n  o f  inner L T I  from S i c  
a p p a r e n t  - ai much a s  15  Pm i n  
some p a r t i c l e s .  

observed .  B u f f e r  c o a t i n g  con- 
sumed by k e r n e l s .  Kerne ls  
segrega ted  i n t o  two d i s t i n c t  
phases ;  one phase  h a s  t h e  appear -  
ance of an o x i d e  and c o n t a i n s  
f i s s i o n  gas  b u b b l e s ,  t h e  o t h e r  is 
a c t i v e  under p o l a r i z e d  l i g h t  and 
a p p e a r s  having  been molten d u r i n g  
i r r a d i a t i o n .  Phase c o n t a i n i n g  
bubbles  sur rounded by o t h e r  phase.  
No ev idence  o f  g r a p h i t i z a t i o n  of 
inner L T I  or collection of r a re  
e a r t h  f i s s i o n  p r o d u c t s  on c o l d  
s i d e  of coarings. 

Same as o b s e r v a t i o n  made f o r  HRB-9 ,  

No f a i l e d  f i s s i l e  p a r t i c l e s  

rod  8.  above. 

s e r v e d .  B u f f e r  c o a t i n g ,  a l t h o u g h  
s t i l l  i n t a c t ,  s e p a r a t e d  from i n n e r  
L T I  and d e n s i f i e d  around kernel. 
Kernel s e g r e g a t e d  i n t o  two 
d i s t i n c t  phases .  The minor phase 
i s  o p t i c a l l y  a c t i v e  under polar- 
i zed  l i g h t ,  and a p p e a r s  t o  have 
been molten  d u r i n g  i r r a d i a t i o n .  
No evidence  of g r a p h i t i z a t i o n  of 
i n n e r  LTI and s l i g h t  e v i d e n c e  of 
what may b e  rare e a r t h  f i s s i o n  
products on c o l d  s i d e  @f i n n e r  
s u r f a c e  o f  S i c .  

NO f a i l e d  f i s s i l e  p a r t i c l e s  ob- 
s e r v e d .  E s s e n t i a l l y  i d e n t i c a l  t o  
o b s e r v a t i o n s  made for  HRB-9, 
rod 13, above, except  more e v i -  
dence of what may b e  rare e a r t h  
f i s s i o n  p r o d u c t s  i n  i n n e r  LTI and 
a d j a c e n t  t o  i n n e r  su r f ace  of S i c  
on  c o l d  s i d e  of p a r t i c l e .  

NO f a i l e d  f i s s i l e  p a r t i c l e s  ob- 
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Table 6.39. (Continued) 

HRB-9 18 0 

HRB-10  1 2  0 

HRB-10 15 0 

HRB-10  

(WAR) 100 3 . 0 1  Effect of O f 0  ratio HRB-9 8 a 
on fissile particle 
performance 

uc3.6000.0, 

~ ~~ 

Fissile Irra- Number Maximum Fuel 
Kernel Conversions Densityb Purpose of Experiment diation Fissiles Amoeba Rod 

(g/cm3) Capsule' Examined (urn) Examinedd 

3.03 Effect of O / U  ratio HRB-9 16 

Hetallographic Results Composition (I) 

0 9 No failed fissile particles ob- (WAR) 7 5  
UC*.lrOo.53 on fissile particle served. Buffer coating still 

performance intact although it separated from 
the inner LTI and densified 
around kernel. Kernel segregated 
into two distinct phases; major 
phase has appearance of carbide; 
minor phase is optically active 
and appears to have been molten 
during irradiation. No evidence 
of graphitization of inner LTI 
and slight evidence of what may be 
rare earth fission products on 
cold side of inner surface of 
Sic. 

10 Same as observations for HRB-9, 
rod 9, above. 

capsule, fuel rod broke into 
many pieces while handling in the 
hot cell. Metallographic sample 
comprises several pieces of rod 
and orientation of particles 
relative to thermal gradient 
unknown. One failed Triso Coating 
was observed (straight-line mech- 
anical failure), and one particle 
was noted where the inner LTI was 
graphitized on what is assumed to 
be the cold side. An accumula- 
tion of what is assumed to be 
rare earth fission products was 
present on t h e  inner  surface of 
the Sic in the graphitized region 
described above. No kernels 
exposed in this plane of polish 
could be considered representa- 
tive; an additional sample is 
scheduled for metallography. 

1 0  No failed fissile particles ob- 
served. The buffer separated 
from the inner LTI, remained 
intact, and densified around 
kernel in about half the particles 
examined. The buffer did not 
separate from the inner LTI in 
the remainder of the particles, 
and a void developed between the 
densified kernel and bufCer. 
Although no graphitization of the 
iiiner L T I  Mdb observe", s d l l  
amounts of rare earth fission 
products accumulated on the inner 
surface of the Sic on the cold 
side of the particle. 

9 Although intact when removed from 

1 5  Secheduled for metallography. 

11 Six cf the eight fissile particles 
exposed in che plane of polish 
failed as a result of accumula- 
tion of rare earth fission 
products on the cold side of the 
particle. Graphitization of the 
cold side of the inner LTI also 
evident; failures more prevalent 
in particles located in steep- 
thermal-gradient regions of rod. 
Two distinct phases in kernels: 
major phase has appearance of a 
carbide; minor phase is optically 
active under polarized light and 
appears to have been molten during 
irradiation. 
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Table  6 .39 .  (Continued) 

Irra- Number Maximum Fuel 
Densi tyb  Purpose  of Experiment d i a t i o n  F i s s i l e s  Amoeba Rod 

F i s s i l e  Kerne l  
Kerne l  

Composition 
M e t a l l o g r a p h i c  R e s u l t s  

(%) (K/Cm3) CapsuleC Examined (urn) Examinedd 

( W A R )  
l l C 3 . 6 8 0 0 . 0 1  

(WAR) 
UC,N,,c 

( v s n )  u c ,  

IIRR-Y 1 5  n 1 4  Sevcm o f  t h e  1 5  f i s s i l e  p a r t i c l e i  
ex.rmined f a i l e d  h y  same m e c l i n n i s m  
d i , s r r i h e d  l o r  t h e  lower  d e n + i t y  
k c r n r i  p n r t i c . l r  i n  t h e  H R R - 9 ,  
rod I, d e i r r i h e d  . i hove .  C h r m i r . n l  
~ t t t n c k  o f  i n n e r  i u r f ; i < e  r e g i n n  O F  

i i i i ~ - i n  17 0 I1 Three o i  t h r  1 7  i i q s i i * ,  i m r t i c l e s  
i a i i e d  h y  s.me m e c h . i n i s m  d c i c r i h e d  
i o r  H K l t - 9 ,  r o d  11, ahove :  o t h e r  
f ; ene rn l  o h s e r v a t i o n S  t h e  ~ . . i m f .  
al.;0. 

I i R H - i f l  I!! n 
i l R R - Y ,  rod 14 ,  .?hove: Oth?r 

ivr.11 o h i r r v a t i n n i  Lhc s a m e ,  
, , ISC? .  

liRl3-9 1 3  n h Three o f  t h e  13  f i s s i l e .  ~ ~ l r t l c l r s  
f a i l e d ;  two f a i l e d  f r o m  s t r d i g h -  
l i n e  f r a c t u r e 5  th roug l r  coating.;  
on co ld  s i d e  u f  p a r t i c l e s :  o n e  
f a i l e d  hy p p n e t r n t i o n  o f  S i c  hy 

two-pll85e itT"C t t i re .  

HRK-10 2 7  o 6,  I R  Six p a r t i c l e s  o f  2 7  examinvd io  r o d s  
6 .and 1 R  f a i l e d  from +.me m e c h i n i m  
d e s c r i b e d  ior  H R R - Y ,  r o d  6, ahovc:  
o t h e r  gener.11 o h s e r v a t i o n i  tiir 
same. a i i o .  

HRR-'I 7 S i  h c d u l e d  f o r  m c t a l I n p , r n p h v .  

I i R R - 1 0  I 1  n 7 S i n  of the I 1  f l i q l l e  I l . > r L I (  i e s  
dat. ,  cor r"rnp.irii"n 

W i t h  WAK k i r r r e l s  c,xanined f a i l e d .  F . i i l u r r s  were 
mrclianicrrl and r e s u l t e d  f r o m  
c o l l e c t i o n  u i  r ~ i r e  r a r t l i  f i s s i o n  
p r o d u c t s  on t h e  co ld  s i d e  o f  t h e  
p d r t i c l e  i n  t h e  i n n e r  L T I  a d j n c c n t  
t o  t h e  Sic .  Graphitized o n  c o l d  
s i d e  n f  p . i r t i c l e .  

(Su l -ge l !  f 9.80 Provide  b a r e - l i n e  d a t i  HRR-Y 7 Scheduled ior metn l lographv 

I I R B - I O  8 35 7 N o  f a i l e d  f i s s i l e  p a r t i c l e -  observed:  4:1(Th,U)02 f o r  c o m p i l r ~ s o n  wi th  

Ihowevcr. . i l l  c x h i h i t e d  t h t  

nmorba e f f e c t .  

WAR kernhis 

~ ~ -. ~ ~ .- ~- ~ 

"Nominal p e r c e n t  oxygen removed. 

bpour-volume densiLy assuming 62% volume f i l l i n g .  

' ~ ~ u - 9  d c s i g n  f o r  a maximum f u e l  t empera ture  or  1250'c. 

d F ~ ~ e l  rod 1 0  w a s  a warm-molded s p e c i m e n :  a l l  o t h e r  f u e l  rods  were f a b r i c a t e d  by t h e  s l u g - i n j e c t i o n  process. 

C I . C o . i ~ N o . i i  + 3.21 C ~ (from c h r m i t a l  analysi-. 

fNot a p p l i c . i b l e .  

HKB-IO d c s i g n  fo r  a maximum f u e l  t empera ture  01 1500-c.  Both c a p s u l e 5  wcre i n  
t h e  PB f a c i l i t y  of HFIR for  two cycles; i n  a d d i t i o n ,  HRD-Y w a s  i n  dn K i i  f a c i l i t y  f o r  f i g h t  c y c l p s  and H R R - I O  f o r  f i v c  c y c l e s .  

l l C o . 3 7 N 0 . 6 3  (from l a t t i c e  parnmcter measurements).  



Relative Performance of Weak-Acid-Resin (WAR) Kf 
L L U U  uu2 \ u l o /  UC2 (100%). I r r a d i a t e d  i n  HRB-10. Maximum design rue1 remperaLure - IJUU L: 

burnup - 80% FIMA; f a s t  f luence - 4 . 3 5 . 0  X l o z 1  n/cm2 (>0.18 MeV). 
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6.7 IRRADIATION TESTS I N  THE ORR - M. J. Kania, K. R. Thorns, and 
T. N. Tiegs 

The OF-1 i r r a d i a t i o n  capsule ,  t h e  f i r s t  i n  t h e  series of HTGR f u e l  

i r r a d i a t i o n s  i n  t h e  ORR, w a s  removed from t h e  r e a c t o r  on February 23, 1975. 

This experiment had been i r r a d i a t e d  f o r  more than 9300 h r  a t  r e a c t o r  

f u l l  power. Peak f luences  of 1.08 X n/cm2 (>0.18 MeV) w e r e  

achieved. Planning f o r  t h e  second i r r a d i a t i o n  experiment,  OF-2, began 

i n  J u l y  1974, and it  w a s  i n s e r t e d  i n t o  t h e  ORR on June 2 1 ,  1975. This  

experiment is  scheduled t o  be removed i n  J u l y  1976 a f t e r  achieving a 

peak design f luence  of 9 X 1021 n/cm2. 

approximately 225 h r  a t  r e a c t o r  f u l l  power as of J u l y  30, 1975. 

Capsule OF-2 has  operated f o r  

6.7.1 OF-1 Capsule 

The OF-1 I r r a d i a t i o n  Experiment w a s  t h e  f i r s t  i n  t h e  series of HTGR 

f u e l  i r r a d i a t i o n s  i n  t h e  ORR. It w a s  a j o i n t  experiment between GA and 

ORNL. General Atomic Company f u e l  rods ,  i n  magazine P13Q, occupied t h e  

upper two-thirds of t h e  test space,  and t h e  ORNL f u e l  rods ,  i n  magazine 

OF-1, t h e  lower one-third.  Each f u e l  c e l l  had independent temperature  

con t ro l .  Deta i led  d e s c r i p t i o n s  of t h e  design,  f a b r i c a t i o n ,  and e a r l y  

ope ra t ion  have been previous ly  reported.  34-3 

The major o b j e c t i v e  of t h e  ORNL c e l l  w a s  t o  tes t  candida te  r ecyc le  

f i s s i l e  p a r t i c l e s  and f u e l  bonding matrices a t  acce le ra t ed  f l u x  levels 

under r e fe rence  HTGR temperatures  and temperature g rad ien t  condi t ions .  

A complete l i s t i n g  of t h e  o b j e c t i v e s  of t h e  OF-1 experiment is  given 

below: 

1. 

2. 

3. 

4. 

determine t h e  i r r a d i a t i o n  performance of r e c y c l e  f u e l  rods  prepared 

by in-block and packed-bed carboniza t ion ;  

compare t h e  performance of coated p a r t i c l e s  prepared t o  t h e  s a m e  

s p e c i f i c a t i o n s  i n  s m a l l  ( l abora tory-sca le )  and 0.13-m-diam (5-in.) 

p ro to type  coa te r s ;  

compare t h e  performance of 4.2:1 (Th,U)02 Biso-coated p a r t i c l e s  

conta in ing  5U with  similar p a r t i c l e s  conta in ing  3U; 

eva lua te  t h e  performance of f u e l  rods made wi th  d i f f e r e n t  f i l l e r  

materials; 
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5. measure t h e  in- reac tor  thermal conductance of a s lug- in jec ted  f u e l  

rod. 

The f i r s t  four  ob jec t ives  descr ibed above have been achieved and 

are repor ted  here .  Object ive 5 i s  p resen t ly  being achieved i n  t h e  OF-1 

thermal a n a l y s i s  c a l c u l a t i o n s .  

6.7.1.1 Capsule Operation 

OF-1 w a s  i n s t a l l e d  i n  t h e  E-3 p o s i t i o n  of t h e  ORR on August 22, 1973, 

and i r r a d i a t i o n  w a s  terminated on February 23, 1975, dur ing  which t i m e  

t h e  capsule  operated wi th  t h e  r e a c t o r  a t  f u l l  power f o r  9340 h r .  This 

t i m e  per iod covers  ORR ope ra t ing  cyc le s  114 through 123. 

w a s  ou t  of t h e  r e a c t o r  f o r  one e n t i r e  cyc le  (No. 119) t o  r e p a i r  a l e a k  

t h a t  developed i n  t h e  sweep-gas system of t h e  ORNL ce l l .  

The capsule  

The two-cell  design of t h e  capsule  allowed independent sampling of 

t h e  GA c e l l  and t h e  ORNL c e l l  sweep-gas systems. These samples w e r e  

then  analyzed t o  determine r e l ease - to -b i r th  rate r a t i o s  (RIB) f o r  s e l e c t e d  

f i s s i o n  gas i so topes .  Or ig ina l  p lans  c a l l e d  f o r  sampling each c e l l  once 

per  week; however, a f t e r  about 4000 h r  of i r r a d i a i o n  t h e  n i c k e l  bulkhead 

t h a t  separa ted  t h e  two c e l l s  had f a i l e d ,  making i t  impossible  t o  o b t a i n  

accu ra t e  RIB d a t a  f o r  each ce l l .  The dec i s ion  w a s  made t o  c u t  o f f  a l l  

sweep gas i n t o  t h e  ORNL c e l l  and ope ra t e  t h e  GA c e l l  a t  design condi t ions .  

This mode of ope ra t ion  allowed continued accu ra t e  sampling of t h e  GA c e l l  

but  made i t  impossible  t o  o b t a i n  RIB d a t a  i n  t h e  ORNL ce l l .  

of RIB d a t a  f o r  t h e  f i r s t  3900 h r  of ope ra t ion  of t h e  ORNL c e l l  i s  

presented i n  Table 6.40. Although sampling continued on t h i s  ce l l  f o r  

a s h o r t  per iod of t i m e  a f t e r  t h e  bulkhead f a i l u r e ,  w e  f e e l  t h a t  only t h e  

d a t a  presented i n  Table 6.40 are accura t e  and r e p r e s e n t a t i v e  of t h e  

behavior of t h e  ORNL f u e l  rods.  

A h i s t o r y  

The ca l cu la t ed  average heavy m e t a l  burnup and f luence  f o r  each f u e l  

rod i s  presented i n  Table 6.41. 

and thermocouple can be found i n  Fig.  6.50. The burnup c a l c u l a t i o n s  and 

f luences  are based on f luxes  provided by E. J. Allen  and H. T. K e r r  of 

t h e  Reactor Div is ion  Nuclear Analysis  Group ( see  Sect. 6.9) and t h e  

burnups w e r e  ca l cu la t ed  wi th  t h e  CACA computer code. 

The re la t ive l o c a t i o n  of each f u e l  rod 
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Table 6.40 .  Fission Product Release Rate Data for ORNL Cell in Capsule OF-1 

Temperature, O C  Fission Product Release-to-Birth Rate Ratio, R I B  (X  
Flow Rate,a 
cm3/min 

He Ne 

Operating 
Sample Date Time 

TE-21 TE-35 TE-36 s5mKr 87Kr '*Kr (hr) 

1-2b-1 

1-2b-3 

1-2b-7 
1-2b-11 

1-2b-14 
1-2b-16 

1-2b-18 

1-2b-20 

1-2b-24 

1-2b-26 
1-2b-29 

1-2b-31 

1-2b-34 

1-2b-36 

1-213-39 

1-2b-42 
1-2b-44 

1-2b-47 

1-2b-50 

1-2b-52 

1-2b-55 

1-2b-58 

1-2b-60 

8130173 

8/31/73 

9/4/73 

9/11/73 

9/14/73 

9/18/73 

101 5/73 

10/18/73 

11/1/73 

11/21/73 

12/13/73 

12/20/73 
12/27/73 

1/10/74 

1/17/74 
1/25/74 

2/11/74 

9/26/73 

10/26/73 

11/15/73 

11/30/73 

2/21/74 

3/1/74 

19.1 25.0 

44.5 11.0 

144 11.0 

291 7.5 
364 5.0 

458 5.0 

647 6.8 

862 5.0 

1081 7.5 

1264 6.0 
1409 5.0 

1662 5.0 

1794 6.0 

1997 1.5 

2199 5.0 

2367 2.0 

2529 4.0 
2858 4.2 

3026 1.5 

3210 1.5 

3497 2.0 

3720 1.5 
3904 0 

0 

9.1 

8.7 

8.2 
8.2 

11.8 

8.0 

8.0 

10.6 

8.3 

11.8 
14.6 

14.5 

7.7 

9.7 

8.7 

8.7 

7.8 

10.5 

13.1 

11.2 

8.5 
6.7 

863 
1000 

969 

989 
986 

1006 

1003 

988 
1042 

1030 

1018 
1037 

1034 

1043 
1047 

1040 

1038 
1024 

1042 

1047 

1021 

1043 

985 

925 

1045 

1000 

1020 
1019 

1033 

1031 
1006 

1067 

1050 
1043 

1054 

1048 

1049 
1044 

1029 

1027 
1000 

1013 
1010 

985 

998 

946 

1110 

1235 

1180 

1195 
1187 

1207 

1200 

1178 

1246 

1238 

1237 
1239 

1224 

1230 
1219 

1210 

1194 
1168 

1188 
1188 

1164 

out 

1113 

1.01 
C 

1.97 

1.98 
1.44 

1.82 

1.94 

1.78 

2.11 

2.33 

1.55 

2.07 

1.75 

1.58 
2.04 

2.05 

1.74 
1.31 

2.17 

1.85 
2.29 

4.40 

2.50 

0.365 

1.12 

0.775 

0.949 
0.862 

1.18 

1.64 

1.21 

1.36 

1.87 

1.03 

1.10 

1.09 

1.16 

1.43 

1.27 
1.14 

1.06 

1.23 
0.840 

1.44 

1.88 

1.17 

0.442 

1.35 

0.900 
1.31 

0.907 

1.25 

1.43 

0.895 

0.395 

2.16 

1.09 

1.36 

C 

1.41 

1.$4 

1.39 
1.21 

1.22 

1.30 

1.25 

1.58 

2.07 
1.28 

0.192 

0.845 

1.45 
1.15 

1.60 

3.20 
1.76 

2.30 

2.97 

3.53 
2.11 

1.98 

1.53 

3.37 

3.27 

3.05 

2.30 

2.95 

8.69 

5.97 

8.26 

22.8 

9.68 

C 

0.056 

0.318 

0.729 

0.140 

0.183 

0.273 

0.128 

0.248 

0.207 

0.164 
0.164 

0.164 

0.177 

0.114 

C 

0.164 
0.227 

0.224 

0.346 

0.355 

1.53 

1.28 
~ 

aDuring the time period covering samples 1-2b-1 to 1-2b-20 there was a leak in the helium emergency cooling selenoid valve, 
which was estimated to be 5 cm3/min. 
measured. 

Therefore the helium flow rates reported for these samples are estimated and not actually 

bThe temperatures presented here are those indicated by the thermocouples shown. TE-35 and -36 were tungsten-rhenium 
thermocouples, and they decalibrated severely during the test. 
under way. 

An attempt to determine the amount of decalibration is currently 

'The data for these samples were lost through malfunction of analysis equipment. 
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Table  6.41. C a l c u l a t e d  Burnup and Fluence f o r  t h e  
OWL F u e l  Rods I r r a d i a t e d  i n  Capsule OF-1 

Calculated Avera e P Calculated Average 
Burnup, % FIMA Fluence, n/cm 

2 3 S U  2 3 E U  23ZTh Thermal, Fast, 
Rod Fuel Roda 

Location 
c1.86 eV >0.18 MeV 

1-1 
1-2 
1-3 
1-4 
2-1 
2-2 
2-3 
2-4 
3-1 
3-2 
3-3 
3-4 
3-5 
4-1 
4-2 
4-3 
4-4 
5-1 
5-2 
5-3 
5-4 

M105A077 
M105AO 7 5 
Ml05A072 
Ml05A068 
M 1 0  58094 
Ml05A093 
M l O  5A0 9 2 
M105A091 
Ml05A114 
M10 5A113 
M105A12 1 
M10 5A117 
Ml05A12 2 
M115A07 9 
Ml15A078 
Ml15A077 
Ml15A07 6 
Ml05A135 
M105A12 5 
Ml05A137 
Ml05A12 7 

80.2 
78.7 
76.1 
73.5 
79.0 
77.5 
74.9 
72.3 
79.0 
77.5 
75.6 
73.7 
71.6 
80.2 
78.7 
76.1 
73.5 
88. 7b 
78.1 
83.5b 
73.0 

14.4 
12.5 
10.2 
8.56 
12.8 
11.2 
9.38 
8.00 
12.8 
11.2 
9.81 
8.67 
7.66 
14.4 
12.5 
10.2 
8.56 
13.5 
11.8 
9.70 
8.31 

4.93 
4.16 
3.27 
2.67 
4.28 
3.67 
2.97 
2.47 
4.28 
3.67 
3.13 
2.71 
2.35 
4.93 
4.16 
3.27 
2.67 
4.55 
3.89 
3.09 
2.58 

8.57 x 1021 
7.57 
6.49 
5.48 
7.73 
6.83 
5.99 
5.21 
7.73 
6.83 
6.12 
5.58 
5.04 
8.57 
7.57 
6.49 
5.48 
3.10 
7.20 
6.22 
5.31 

10.8 x 1021 
9.58 
8.00 
5.72 
9.85 
8.61 
6.99 
4.88 
9.85 
8.61 
7.40 
5.92 
4.37 
10.8 
9.58 
8.00 
5.72 
10.4 
9.18 
7.48 
5.25 

a Fuel rod location is defined as follows: the first number designates the 

bThese two fuel rods were fueled with 233U instead of 235U, and the burnup 

hole and the second designates the elevation as shown in Fig. 6.50. 

numbers presented are for 233U. 
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ORNL- DWG 75-1 3892 

Fig. 6.50. Specimen and Thermocouple Diagram for Experiment OF-1. 
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The r e l i a b i l i t y  of thermocouples i n  t h i s  capsule  w a s  no t  good. The 

ORNL ce l l  contained a t o t a l  of 16  thermocouples of which t h e r e  w e r e  14 

Chrome1 vs Alumel (C/A) and two tungsten-rhenium. The C/A w e r e  a l l  

sheathed wi th  s t a i n l e s s  steel  and i n s u l a t e d  wi th  alumina. Four of t h e  

C/A thermocouples w e r e  1 .6  mm (1/16 i n . )  OD and 10 w e r e  1.0 mm (0.040 i n . )  

OD. 

seven of t h e  smaller thermocouples had f a i l e d  by t h e  end of i r r a d i a t i o n .  

The two tungsten-rhenium thermocouples (Nos. 35 and 36) ,  which measured 

t h e  f u e l  cen te r - l i ne  temperatures  i n  ho le  5, w e r e  s eve re ly  deca l ib ra t ed .  

The degree of d e c a l i b r a t i o n  cannot be  determined u n t i l  t h e  thermal 

a n a l y s i s  i s  completed, bu t  i t  appears  t h a t  t h e  e r r o r  i s  from 200 t o  300OC. 

A complete h i s t o r y  of thermocouple opera t ion  appears  i n  Table 6.42. 

All t h e  1.6-mm C/A thermocouples operated throughout t h e  test ,  but  

6.7.1.2 P o s t i r r a d i a t i o n  Examination 

Af te r  t h e  i r r a d i a t i o n  w a s  terminated t h e  two por t ions  of t h e  capsule  

were separa ted ,  and t h e  GA s e c t i o n  w a s  shipped t o  San Diego f o r  d e t a i l e d  

examination. 

The genera l  appearance of t h e  ORNL OF-1 magazine, made of H-451 

g raph i t e ,  w a s  e x c e l l e n t .  The f u e l  rods  carbonized i n  packed A 1 2 0 3  were 

removed e a s i l y ,  whi le  those  carbonized in-block requi red  c u t t i n g  t h e  

g raph i t e  magazine open f o r  removal. Table 6.43 desc r ibes  t h e  r e s u l t s  

of t h e  v i s u a l  examination of t h e  ORNL f u e l  rods.  

The r e s u l t s  of t h e  dimensional a n a l y s i s  of t h e  f u e l  rods  are 

given i n  Table 6.44. Because of t h e  i n a b i l i t y  t o  in spec t  t h e  rods  

a f t e r  in-block carboniza t ion ,  only those  carbonized i n  packed A1203  

could be analyzed f o r  dimensional changes. A s  expected from previous 

i r r a d i a t i o n  tests, 3 3  t h e  s lug- in jec ted  rods a t  t h e  h igher  f a s t  

(>0.18 MeV) f l u x  and temperature  p o s i t i o n s  experienced t h e  g r e a t e s t  

shr inkages.  

A l l  f u e l  rods  contained Biso-coated (4.2Th,U)02 f i s s i l e  p a r t i c l e s ,  

Biso-coated Tho2 f e r t i l e  p a r t i c l e s ,  and coated i n e r t  p a r t i c l e s .  The 

f i s s i l e  p a r t i c l e s  were from t h r e e  d i f f e r e n t  batches:  (1) coated i n  a 

0.13-m-diam (5-in.) p ro to type  c o a t e r ;  (2) coated i n  a 25-m-diam (1-in.) 



T a b l e  6.42 .  O p e r a t i n g  H i s t o r y  of Thermocouples  i n  the  ORNL c e l l  of C a p s u l e  OF-1 

Fluence a t  End of Test 
Sheath Operat ing Operat ing o r  T i m e  of F a i l u r e ,  n/cm2 Temp era t u r  e 

Range 
( " 0  <1.86 e V  Xl.183 MeV 

Diameter Thermocouple Typea T i m e  
(h r )  Thermal Fas t  

(m) ( in . )  

2 1  

22 

23 

24 

25 

26 

27 

28 

29 

30 

31  

32 

33 

34 

35 

36 

K 1 .6  

K 1 .6  

K 1.6 

K 1 .6  

K 1.02 

K 1.02 

K 1.02 

K 1.02 

K 1.02 

K 1.02 

K 1.02 

K 1.02 

K 1.02 

K 1.02 

W- Re 

W- Re  

1/16 

1/16 

1 /16  

1/16 

0.040 

0.040 

0.040 

0.040 

0.040 

0.040 

0.040 

0.040 

0.040 

0.040 

700-1050 

650-850 

700-950 

650-850 

600-800 

750-950 

600-800 

750-850 

800-975 

550-750 

600-700 

550-800 

725-825 

775-975 

Bare Wire 110O-125Oc 

Bare Wire 950-11OOc 

8950 

9000 

3270 

4990 

5850 

8440 

4040 

5 . 7 2  x 1O2l 

5.72 

5.72 

5.72 

5.48 

7.52 

6.05 

2 . 4 7  

4.60 

6.05 

4.42 

5.17 

2.73 

7.80 

6.25 x 1021 

6.25 

6.25 

6.25 

5.99 

9.56 

7.23 

3.10 

5.78 

7.23 

5.54 

5.65 

3.40 

9.92 

5.58 6.05 

8.14 10.4 

a 

bOperat ing t i m e  i s  given only  €or  those  thermocouples t h a t  gave i n d i c a t i o n s  of f a i l u r e .  

Type K thermocouples are Chromel-P v s  Alumel and W-Re are W3% R e  vs W26% R e .  

A l l  o t h e r  
thermocouples were s t i l l  ope ra t ing  a t  t h e  end of t h e  9340-hr t e s t .  

These are t h e  es t imated  ranges based on e a r l y  ope ra t ion .  
were i n d i c a t i n g  t h a t  they were ope ra t ing  i n  t h e  600 t o  800°C range. 

C A t  t h e  end of t h e  test  both  thermocouples 

W m 
m 
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Table 6 . 4 3 .  Summary of Results of Visual Examination from OF-1 

____ 
Thermo- 
couple  

.___ 

F i s s i l e  
Rod Rod Carboniza t ion  

Numbera Type Technique 

F i l l e r  Typeb 

GLC-108Yc 6353d 

S t e r e o s c o p i c  General Condi t ion  
O F  Rod Examination coater 

- 
1-1 

1-2 

1-3 

1-4 

2-1 

2-2 

2-3 

2-4 

3-1 

3-2 

3-3 

3-4 

3-5 

4-1 

4-2 

4-3 

4-4 

5-1 

1 

1 

1 

1 

2 

2 

2 

2 

4 

4 

6 

5 

6 

3 

3 

3 

3 

8 

Packed bed 

Parked bed 

Packed bed 

Packed bed 

5 i n .  

5 i n .  

5 i n .  

5 i n .  

Rod i n  2 p i e c e s ,  hu t  no 
e x t e n s i v e  debonding. 

Rod i n  2 p i e c e s ,  bu t  no 
e n t e n 5 i v r  debonding. 

Rod i n  2 p i e c e s ,  b u t  no 
r x t e n s i v e  debonding. 

Rad i n  2 p i e c e s ,  hu t  no 
e x t e n s i v e  debonding. 

No broken p a r t i c l e s  observed .  

N o  h r o k m  p a r t i c l e s  observed .  

No broken p a r t i c l e s  observed .  

A number of broken i n e r t  
p a r t i c l e s  observed on  iurface, 
but no broken f i s s i l e  
p a r t i c l e s .  

N o  broken p a r t i c l e s  observed .  

Nu broken p a r t i c l e s  observed 

In -  block 

In-b lock  

5 i n .  

5 i n .  

Rod i n t a c t  wi th  \ l i g h t  

Rod i n 4  p i e c e s ,  bu t  no 
e x t e n s i v e  debonding. 
One-half o f  rod i s  
bonded t o  2 - 3 .  

debonding a t  top.  

Rod i n  2 p i e c e s ,  bu t  no 
extensive debonding. 
One Ii;rlf o f  rod 1s 
bonded t o  2-3. 

Rod i n t a c t  wi th  na 
debonding. Bonded 
t o  h a l i  o f  2-3. 

Rod i n  2 p i e c e s ,  but no 
e x t e n s i v e  debonding. 

Rod e s s s e n t i a l l v  i n t a c t ,  
w i t h  some debonding a t  
top.  

debonding a t  top.  

debonding a t  top .  

Rod i n t a c t ,  w i t h  s l i g h t  

Rod i n t a c t  wi th  s l i g h t  

Rod i n t a c t  wi th  s l i g h t  
debonding a t  top .  

wi th  qome debonding a t  
both ends.  

Rod e s s e n t i a l l y  i n t a c t ,  

CompletPly debonded. 

x 

x 

Io-block 5 i n .  N o  broken p a r t i c l e s  observed .  x 

In-block 5 i n  No broken p a r t i c l e s  observed .  

Packed bed 

Packed bed 

Laboratory 

Labora tory  

No broken p a r t i c l e s  observed .  

N o  broken p a r t i c l e s  observed .  

Packed bed 

Packed bed 

Packed bed 

In-block 

5 i n .  

5 i n .  

5 i n .  

5 i n .  

N o  broken o a r t i c l e s  observed .  

No broken p a r t i c l e s  observed .  

No broken p a r t i c l e s  observed .  

N o  broken p a r t i c l e s  observed .  

In-hlock A few broken p a r t i c l e s  ( 3 )  w e r e  
observed;  b u t  w a s  unable  t o  
i d e n t i f y  what type  

No broken p a r t i c l e s  observed .  

5 i n  

In-block 5 i n .  Rod i n t a c t  wi th  some 
debonding a t  t h e  top  
Bonded to  4 - 4 .  

Rod i n t a c t  and bonded 
t o  4-3 .  

Completely debonded. 

In-hlock 

Packed bede 

5 i n .  

Labora tory  

No broken p a r t i c l e s  observed .  

A large number o f  broken 
p a r t i c l e s  (>20) observed w i t h  
cracked and miss ing  c o a t i n g s .  
Unable t o  i d e n t i f y  t h e  type  

No broken o a r t i c l e s  observed .  

of p a r t i c l e s .  

5-2 7 Packed bed Labora tory  

5-3 a Packed bede Labora tory  

Rod i n t a c t  w i t h  some 
debonding on bottom. 

Rod e s s e n t i a l l y  i n t a c t  
with debonding a t  top .  

A l a r g e  number of broken 
p a r t i c l e s  (10) observed w i t h  
cracked and miss ing  c o a t i n g s .  
Unable t o  i d e n t i f y  t h e  type  

No broken p a r t i c l e s  observed .  

of p a r t i c l e s .  

5-4 7 Packed bed Labora tory  x Rod i n t a c t  w i t h  s l i g h t  
debonding a t  top .  

- 
aThe f i r s t  number is t h e  h o l e  number and t h e  second i s  t h e  r e l a t i v e  rod p o s i t i o n  from top  t o  bottom. 

bA-240 p i t c h  b inder .  

'About 34 w t  % f i l l e r .  

dAbout 29 w t  X f i l l e r .  

Q 3 3 U  f u e l .  
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Table  6.44. Summary of Dimensional Changes f o r  
Fuel  Rods i n  Capsule OF-1 

Dimensional Change 

D i a m e  t er Length Rod 

(mm) ( in . )  (a (mm) ( i n . )  (23 
~~ ~ ~ 

1-1 0.343 0.0135 -2.74 

1-2 0.348 0.0137 -2.78 

1-3 0.297 0.01i7 -2.38 

1 - 4  0.246 0.0097 -1.97 

31 0.373 0.0147 -2.98 

3 2  0.338 0.0133 -2.70 

3 3  0.325 0.0128 -2.61 0.650 0.0256 -2.78 

3-4 0.272 0.0107 -2.17 

3-5 0.234 0.0092 -1.87 0.465 0.0183 -1.99 

5-2 0.391 0.0154 -3.14 1.430 0.0563 -3.07 

5-3 0.203 0.0080 -1.62 

5-4 0.262 0.0103 -2.09 1.323 0.0521 -2.89 

l a b o r a t o r y  c o a t e r ;  and (3) coated i n  a l a b o r a t o r y  c o a t e r  bu t  con ta in ing  

2 3 3 U  as t h e  f i s s i l e  material. The s a m e  ba t ch  of Tho2 f e r t i l e  p a r t i c l e s  

w a s  used i n  a l l  f u e l  rods .  

Summaries of t h e  meta l lographic  examination a f t e r  i r r a d i a t i o n  and 

a comparison w i t h  t h e  p r e i r r a d i a t i o n  examination3 

types  fol low: 

f o r  the v a r i o u s  f u e l  

Fue l  Type 1: No f a i l e d  p a r t i c l e s  observed on p o s t i r r a d i a t i o n  exami- 

n a t i o n  ( P I E ) .  Amoeba (<5 um) observed i n  some of t h e  (4.2Th,U)02 p a r t i c l e s  

(ba tch  5-263) i n  t h e  p e r i p h e r a l  r eg ion  of t h e  f u e l  rod.  The matrix 

d e n s i f i e d  and pu l l ed  away from t h e  coated and shim p a r t i c l e s  w i th  no 

m a t r i x - p a r t i c l e  i n t e r a c t i o n .  

Fue l  Type 2:  No  f a i l e d  p a r t i c l e s  on P I E .  Amoeba (<5 Um) observed 

i n  some of t h e  (4.2Th,U)02 p a r t i c l e s  (ba tch  5-263). The ma t r ix  d e n s i f i e d  
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and pul led  away from t h e  coated and shim p a r t i c l e s .  

minor cases of ma t r ix -pa r t i c l e  i n t e r a c t i o n  w e r e  found. 

Two r e l a t i v e l y  

Fuel  Type 3: No f a i l e d  p a r t i c l e s  on PIE. Amoeba (G20 urn) observed 

i n  some of t h e  (4.2Th,U)02 p a r t i c l e s  (batch 5-263). Dens i f i ca t ion  of 

t h e  mat r ix  w a s  ev ident  bu t  caused no ma t r ix -pa r t i c l e  i n t e r a c t i o n  where 

t h e  two had separated.  

Fuel  Type 4: No f a i l e d  p a r t i c l e s  on PIE. Amoeba (<20 urn) observed 

i n  t h e  (4.2Th,U)02 p a r t i c l e s  (batch OR-1977). The mat r ix  d e n s i f i e d  and 

pul led  away from t h e  coated and shim p a r t i c l e s  wi th  no ma t r ix -pa r t i c l e  

i n t e r a c t  ion.  

Fuel  Type 5: N o  f a i l e d  p a r t i c l e  o r  amoeba observed i n  t h e  

(4.2Th,U)02 p a r t i c l e s  (batch 5-263) on P I E .  Dens i f i ca t ion  of t h e  mat r ix  

w a s  ev ident  and caused no ma t r ix -pa r t i c l e  i n t e r a c t i o n  where t h e  two had 

separated.  

Fuel Type 7 :  No f a i l e d  p a r t i c l e  o r  amoeba observed i n  t h e  

(4,2Th,U)02 p a r t i c l e s  (ba tch  OR-1977) on PIE. Dens i f i ca t ion  of t h e  

mat r ix  w a s  evident  bu t  caused no ma t r ix -pa r t i c l e  i n t e r a c t i o n  where t h e  

two had separa ted .  

Fuel  Type 8: A number of f a i l e d  (4.2Th,233U)02 p a r t i c l e s  

(batch Pu-291) w e r e  observed, and amoeba (G15 um) w a s  apparent .  F a i l u r e  

f r a c t i o n s  of 15  and 80% were recorded i n  two samples. These p a r t i c l e s  

had very  dense b u f f e r s ,  and proper ty  g rad ien t s  were found i n  t h e  o u t e r  

pyrocarbon coa t ings .  Also, several p a r t i c l e s  had been broken dur ing  

f a b r i c a t i o n .  

All Fuel  Types: N o  f a i l u r e s  o r  amoeba e f f e c t s  w e r e  a s soc ia t ed  wi th  

t h e  f e r t i l e  Tho2 p a r t i c l e s  (batch 5-262). 

p a r t i c l e s  remained r e l a t i v e l y  unchanged. 

The appearance of t h e  shim 

The most common problem as soc ia t ed  wi th  t h e  f i s s i l e  p a r t i c l e s  w a s  

migrat ion of t h e  ke rne l  up t h e  temperature g rad ien t .  

6.53 show t y p i c a l  po l i shed  s e c t i o n s  of t h e  t h r e e  f i s s i l e  p a r t i c l e  types 

be fo re  and a f t e r  i r r a d i a t i o n .  A s  shown, t h e  performance of t h e  f i s s i l e  

p a r t i c l e s  from t h e  two c o a t e r s  (batches 5-263 vs OR-1977) w a s  e s s e n t i a l l y  

i d e n t i c a l .  

F igures  6.51 through 

Both experienced small amoeba migra t ion  bu t  no f a i l u r e s .  
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Fig. 6.51. Biso-Coated (4.2Th,U)02 P a r t i c l e s  Coated i n  a 0.13-m-diam (5-in.) Coat 
(Batch 5-263) and I r r ad ia t ed  i n  OF-1 Capsule. (a) and (b) P r e i r r a d i a t i o n  pol ished sect 
under b r i g h t  f i e l d  and polar ized  l i g h t ,  r e spec t ive ly .  (c) and (d) Typical p o s t i r r a d i a t  
po l i shed  s e c t i o n  under b r igh t  f i e l d  and polar ized  l i g h t ,  r e spec t ive ly .  Note s l i g h t  am0 
migra t ion  of kerne l  t o  the  r i g h t  (up t h e  temperature g rad ien t ) .  

9 
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Fig. 6.52. Biso-Coated (4.2Th,U)02 Particles Coated i n  a 25-mm-diam (1-in.) Coater (Batch 
OR-1977) and I r r a d i a t e d  i n  OF-1 Capsule. 
b r i g h t  f i e l d  and polar ized  l i g h t ,  r e spec t ive ly .  
s e c t i o n s  under b r i g h t  f i e l d  and polar ized  l i g h t ,  r e spec t ive ly .  
of t h e  ke rne l  t o  t h e  r i g h t  (up t h e  temperature g rad ien t ) .  

(a)  and (b) P r e i r r a d i a t i o n  pol ished s e c t i o n s  under 

Note s l i g h t  amoeba migrat ion 
(c)  and (d) Typical  p o s t i r r a d i a t i o n  pol ished 



Fig. 6.53 .  
a ted  i n  OF-1 Capsule. 
po lar ized  l i g h t ,  respec t ive ly .  
as ind ica t ed  by change i n  o p t i c a l  a c t i v i t y .  
s e c t i o n s  under b r i g h t  f i e l d  and polar ized  l i g h t ,  r e spec t ive ly .  
are exaggerated as compared t o  p r e i r r a d i a t i o n .  

Biso-Coated ( 4 . 2 ! I ' h , U ) 0 2  P a r t i c l e s  Contained i n  Batch Pu-291 ( 2 3 3 U )  and I r r a d i -  
(a) and (b) P r e i r r a d i a t i o n  pol ished s e c t i o n s  under b r i g h t  f i e l d  and 

Note presence of property g rad ien t s  i n  ou te r  coa t ings  i n  (b) 

Note t h a t  property g rad ien t s  
(c )  and (d) Typical  p o s t i r r a d i a t i o n  pol ished 
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The f i s s i l e  p a r t i c l e s  conta in ing  3U (batch Pu-291) experienced 

gross  coa t ing  f a i l u r e s .  They w e r e  f i r s t  observed i n  t h e  v i s u a l  exami- 

na t ion  and confirmed wi th  t h e  metal lographic  examination. Under po la r i zed  

l i g h t ,  p roper ty  g rad ien t s  i n  t h e  coa t ings  (shown by o p t i c a l  an iso t ropy  

o r  a c t i v i t y )  are v i s i b l e  before  and a f t e r  i r r a d i a t i o n .  Cracking of 

t h e  coa t ings  r e s u l t e d  from d i f f e r e n t i a l  shr inkage dur ing  i r r a d i a t i o n .  

These same observa t ions  w e r e  made i n  t h e  HRB-6 i r r a d i a t i o n  t e s t , 31  where 

t h e  same ba tch  of p a r t i c l e s  w a s  used. A s  with  t h e  HRB-6 f u e l ,  t h e  

performance of t h e  

t h e  'U-containing ke rne l s .  

3U-containing ke rne l s  w a s  comparable t o  t h a t  of 

As expected, t h e  Tho2 f e r t i l e  p a r t i c l e s  (batch 5-262) exh ib i t ed  

exce l l en t  i r r a d i a t i o n  behavior.  No f a i l u r e s  o r  amoeba w a s  observed 

wi th  any of t h e  pol i shed  s e c t i o n s  examined. 

Ind iv idua l  f i l l e r  p a r t i c l e s  w e r e  ba re ly  d i s c e r n i b l e  i n  t h e  mat r ices  

of rods t h a t  had been carbonized i n  packed Al2O3, whereas before  i r r a d i -  

a t i o n  they w e r e  c l e a r l y  v i s i b l e .  The matrices had d e f i n i t e l y  dens i f i ed .  

The mat r ices  of t h e  rods carbonized i n  t h e  f u e l  body had t h e  same dense 

"blocky" appearance (where t h e  f i l l e r  p a r t i c l e s  are no t  d i s c e r n i b l e )  as 

they d id  before  i r r a d i a t i o n .  No real d i f f e r e n c e  w a s  observed between 

matrices conta in ing  d i f f e r e n t  f i l l e r  p a r t i c l e  types.  

Mat r ix-par t ic le  i n t e r a c t i o n ,  which w a s  observed dur ing  p r e i r r a d i a t i o n  

e ~ a m i n a t i o n ~ ~  of f u e l  type  3 ,  w a s  found only i n  f u e l  type  2 upon post-  

i r r a d i a t i o n  examination. Both t h e s e  f u e l  types had been carbonized by 

t h e  in-block process ,  where t h e  matrices have very  d i f f e r e n t  micros t ruc tures .  

N o  ma t r ix -pa r t i c l e  i n t e r a c t i o n  w a s  found i n  any of t h e  rods  carbonized 

i n  packed A1203 i n  e i t h e r  t h e  pre- o r  p o s t i r r a d i a t i o n  examination. 

Good i r r a d i a t i o n  performance w a s  observed f o r  f u e l  rods  carbonized 

by t h e  in-block and packed-Al203 processes .  

w e r e  more s u s c e p t i b l e  t o  matrix-par-tricle i n t e r a c t i o n ,  tended t o  bond 

t o  t h e  g raph i t e  magazine, and had matrices wi th  very  dense micros t ruc tures .  

The d i f f e r e n t  carboniza t ion  techniques had no e f f e c t  on t h e  performance 

of t h e  f u e l  p a r t i c l e s .  

Rods carbonized in-block 
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6.7.1.3 Thermal Analysis 

The OF-1 capsule was designed so that real-time temperature data 

could be obtained during irradiation in the ORR. Sixteen thermocouples 

were placed inside the capsule to monitor fuel centerline temperatures 

and H-451 graphite magazine temperatures. Beginning-of-life (BOL) 

temperature calculations have been made at two axial positions along 

the magazine at two irradiation times, 260 hr corresponding to a pure 

helium sweep-gas and 290 hr corresponding to a mixed helium and neon 

sweep-gas. 

Two two-dimensional (R-8) models were used in conjunction with the 
HEATING3 Heat Conduction Code. 3 8  Figure 6.54 describes these grid models 

applicable to one-eighth of a circular cross section of the OF-1 magazine 

The origin of model 1-A is located at the center of the central fuel 

rod. This model accurately describes the temperature distribution 

within the central fuel, central gas gap, outer portion and surface of 

the graphite block, and double-walled stainless steel containment 

vessel. Model 2-A has its origin located at the center of the peripheral 

fuel rod and accurately describes the temperature distribution within 

the peripheral fuel rod, peripheral gas gap, and central graphite region. 

Model 2-A uses the outer surface temperature of the graphite magazine 
as calculated in model 1-A as an input boundary condition. 

Figure 6.55 describes the calculated temperatures as functions of 
radial distance at axial distances of 127 and 235 nun (5.00 and 9.25 in.) 

from the bottom of the capsule for a pure helium sweep-gas and for a 
He-32% Ne mixed sweep-gas. Data are shown along a radius vector from 

the midpoint of the central fuel through the center of the peripheral 

fuel to the outer surface of the graphite magazine. A l s o  compared are 

calculated temperatures, both models 1-A and 2-A, and the real-time 
temperatures observed. In each case excellent agreement is shown at 

the 127-mm level and less than 7% difference at the 235-mm level. The 

temperature observed with the tungsten-rhenium thermocouple (No. 36) 

was disregarded because of decalibration. 
the temperature gradient at the peripheral fuel rod surface was calcu- 

lated to be 600°C at the 235-mm level and 44OOC at the 127-mm level. 

Both are within the normal range expected for HTGR fuel. 

For the mixed-sweep-gas case 
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ORNL-DWG 74-57f4 

FOUR PERIPHERAL FUEL ROD 
I [HOLES EQUALLY SPACED 

,-CENTER FUEL ROD HOLE 

A V8TH SECTION OF 
CIRCULAR CROSS SECTION 

FUEL ROD HOLES 

H-451 GRAPHITE 

SERIES 304 

U G A S  GAPS 

STAl N LESS STEEL 

H-454 GRAPHITE BODY 
I 

ORNL-DWG 74-5712 ORNL-DWG 74-5743 

Mode I 1 -A 
LORIGIN 

Model 2-A 

Fig. 6.54 .  Cross Section of OF-1 Capsule. On the bottom are 
one-eighth-section R-8 grid models used in thermal analysis. 
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Fig .  6.55. Radia l  Temperature P r o f i l e s  i n  Capsule OF-1. 
L e f t :  1 2 7  mm (5.00 i n . )  from bottom of c a p s u l e ;  r i g h t :  235 mm (9.25 i n . ) .  

Sweep g a s  100% H e  f o r  top  drawings 
and He-32% N e  f o r  bottom. 
To c o n v e r t  r a d i a l  d i s t a n c e  scale t o  millimeters, m u l t i p l y  by 2 5 . 4 .  
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Both models predict that the maximum peripheral fuel temperature 

occurs away from the center of the peripheral fuel rod. For the mixed 

sweep gas, the maximum temperature calculated with Model 2-A is 1165OC, 

compared with 1152OC at the center of the rod. For the 100% He sweep 

gas, the maximum is 1045OC, compared with 1033OC at the center of the 

rod. 

The results reported here are for beginning-of-life conditions for 

the OF-1 capsule. 

irradiation period is presently being conducted. 

thermal conductance calculations as a function of temperature and fast 

neutron fluence for slug-injected fuel rods. 

The detailed thermal analysis for the remaining 

This analysis includes 

6.7.2 Capsule OF-2 

The OF-2 Irradiation Experiment is the second in a series of HTGR 

fuel irradiations in the Oak Ridge Research Reactor (ORR). Prototype 

fuels and fuel-rod matrix designs irradiated in the OF series are 

typically selected from best performing experimental fuels and fuel-rod 

designs irradiated in the HT and HRB of HFIR Irradiation Experiments. 
However, because of the temporary shutdown of HFIR and the need for 

verification of performance for fuels to be used in the Fort St. Vrain 

Reactor, OF-2 departed from this selection concept. In addition to 

containing prototype fuels in the usual manner, OF-2 represents the 

first test of Triso-coated fissile fuel fabricated in the large-diameter 

(0.13-m) coater at ORNL. 

1. 

2. 

3 .  

A complete list of the objectives of this experiment are: 

to test the performance of reference Triso-coated weak-acid-resin 
fissile particles and reference Biso-coated fertile particles, both 

coated in the 0.13-m-diam furnace; 

to investigate the matrix-particle interaction phenomena, involving 

a study of the effects of particle strength, matrix type, and particle 

surface conditions on irradiation performance; 

to investigate the irradiation behavior of various coating micro- 

structures arising from a variation of the coating process parameters: 

gas concentration, deposition rate, deposition temperature, and batch 

size; 
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4. 

5. 

6. 

7. 

to investigate the influence of stoichiometry and kernel density 

on the irradiation performance of weak-acid-resin-derived fuels; 

to verify the adequate performance of fissile and fertile fuel that 

will be irradiated later in early proof-test elements in the Fort 

St. Vrain Reactor; 

to compare the performance of coatings deposited in the 0.13-m 

coater using a fritted and cone gas distribution systems. (The 

fritted system is the present reference for the HTGR Recycle 

Demonstration Facility.); 

to test the ability to remove fuel rods from the graphite holder 

after full-life irradiation, particularly as this applies to in-block 

carbonization. 

6.7.2.1 Description of the OF-2 Capsule and Fuel Specimen Holders 

The OF-2 irradiation capsule is similar in design to the OF-1 

capsule. 3 5  It is a double-walled water-cooled stainless steel vessel. 

The total active test space is a cylinder 0.635 m long by 60.5 mm diam 

(25.0 by 2.38 in.). 

by a copper bulkhead brazed in the primary containment tube 85.73 mm 

(3.375 in.) below the reactor horizontal midplane. The upper compartment 

(designated cell 2) contains three-fifths of the test space and is 

oriented toward objectives 2, 3 ,  and 4 .  The lower compartment (designated 
cell 1) contains the remaining two-fifths of the test space and is 

oriented toward objectives 1, 5, 6, and 7. Each compartment has its 

own sweep-gas system and can be independently swept with a helium and 

neon gas mixture to control temperatures and monitor fission gas release. 

The entire in-core section of the capsule is shown in Fig. 6.56. 

This test space is divided into two compartments 

The upper experimental compartment (cell 2) contains two H-451 

graphite* specimen holders with a 9.53-mm-diam (0.375-in.) central spline 

hole and four 15.95-mm-diam (0.628-in.) peripheral fuel holes. The 

upper holder, specimen holder A ,  is 168.3 mm (6.625 in.) long by 61.34 mm 

(2.415 in.) diam and designed to operate at a maximum temperature of 

*H-451 graphite manufactured by Great Lakes Carbon Company (GLCC), 
New York. 
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by 25 .4 .  
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115OOC. The lower holder, specimen holder B y  is 168.3 mm (6.625 in.) 
long by 61.16 mm (2.408 in.) diam and is designed to operate at a maximum 
temperature of 135OOC. 
Fig. 6.57 and 6.58 are representative of  specimen holders A and B y  

respectively. 
diam (1.00 by 0.620 in.) fuel specimens; holes 3 and 4 each contain 
twelve 12.7-mm-long by 15.75-mm-diam (0.50 by 0.620 in.) fuel specimens. 
In addition, specimen holder B contains approximately 2 cm3 of LASL 
loose coated inert particles. 

Each specimen holder contains 36 fuel rods; 

Holes 1 and 2 each contain six 25.4-mm-long by 15.75-mm- 

Specimen holder A contains 12 thermocouples - 11 Chromel-P vs 

Alumel (C/A) and one platinum-molybdenum (Pt/Mo). Specimen holder B 
contains seven thermocouples - 6 C/A and 1 Pt/Mo. These are used to 

monitor axial, peripheral, and centerline graphite temperatures. Flux 

monitors are also incorporated into each specimen holder and central 
graphite spline. 

ORNL-LWG 75-4462A 

FOUR FUEL ROD HOLES, 
0628in diam ON A 12CQ in diam BC 

CENTRAL GRAPHITE SPLINE 
HOLE, 0375in diam 

2 44 5 in diam SECTION B-B 

MAGAZINE MATERIAL 
H-454 GRAPHITE 

LOADING 4A LOADING 2A LOADING 3A 

THERMOCOUPLES 

0 CHROMEL-P-ALUMEL (11) 
@ PCATINUM-MOLYBENUM ( 4  

SECTION A-A 

Fig. 6.57. Specimen Holder A of Irradiation Capsule OF-2. To 
convert dimensions to millimeters, multiply by 25.4. 
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ORNL-DWC 75-4464R 

FOUR FUEL ROD HOLES, 
0.628in.diam ON A t.200in.diam BC 

CENTRAL GRAPHITE SPLINE 
HOLE. 0.375in diam 

SECTION D-D -7 I- .=2.408 in.diam 

02501 

01251 

MAGAZINE MATERIAL 
H-454 GRAPHITE 

THERMWWRES 

0 CHROMEL-P-ALUMEL (6) 
0 FLATINUM-MOLYBDENUM ( 1 )  

SECTION C-C 

Fig. 6.58. Specimen Holder B of Irradiation Capsule OF-2. To 
convert dimensions to millimeters, multiply by 2 5 . 4 .  

The lower experiment compartment (cell 1) contains one H-451 
graphite specimen holder with a 9.53-mm-diam (0.375 in.) central spline 

hole and four 15.95-mm-diam (0.628 in.) peripheral fuel holes. 

holder, specimen holder C, is designed to operate at a maximum temperature 

of 135OOC and is 222.25 mm (8.750 in.) long by 61.054 mm (2.4037 in.) 
diam. 
four 50.8-mm-long by 15.75-mm-diam (2.00 by 0.620 in.) fuel rods. 

C/A thermocouples are incorporated to monitor axial, peripheral, and 
centerline graphite temperatures. 
central graphite spline only. 

This 

Figure 6.59 describes specimen holder C. Each fuel hole contains 
Nine 

Flux monitors are placed in the 

6.7.2.2 Design Thermal Analysis 
The design thermal analysis for OF-2 was aimed at determining the 

outside diameter for each of the specimen holders A, B, and C; and 
predicting fuel loadings necessary to maintain the desired fuel centerline 
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ORNL-DW 75-44- 

FOUR FUEL ROD HOLES 
0628 in diam ON A 1 200m diarn BC 
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0 CHROMEL-P-ALUMEL (9) 
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Fig. 6.59. Specimen Holder C of Irradiation Capsule OF-2. To 
convert dimensions to millimeters, multiply by 2 5 . 4 .  

temperatures throughout the life of the capsule. The design specified 

linear heat generation rates of all fuel rods should be approximately 

20 kW/m (5 kW/ft), and the fuel loadings should be varied along the 

length of the capsule in an effort to flatten the temperature and power 

gradients that a single fuel loading would produce. 
The initial phase was to perform a three-dimensional thermal 

analysis on each fuel specimen holder at beginning-of-life (BOL) 
conditions. 

analysis. Axial dependent gamma heating and thermal neutron flux 

(fission heating) profiles as well as temperature-dependent material 

thermal conductivities were incorporated into the HEATING3 code. An 

iterative process was used to determine the outside diameter of the 

graphite specimen holders and peak linear heat generation rates for 

each of the eight fuel loadings also shown in Figs. 6.57 through 6.59. 

The HEATING3 computer codez8 was used to perform this 
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At the axial location of peak fuel temperatures for each fuel 
loading, two-dimensional models of the capsule cross section were made. 

These were necessary in order to analyze end-of-life (EOL) conditions 

since irradiation-induced dimensional changes vary along each specimen 

holder. The EOL capsule geometries were based on an operating life of 

9600 hr, at which the peak damage fluence would be 9.0 X 1O2l n/cm2 

(>0.18 MeV). 

appropriate fluences were determined for each of the two-dimensional 

models. 

and dimensional changes4 l4 

graphite holders at EOL. An iterative process was again used to 

determine heat generation rates necessary to maintain maximum fuel 

centerline temperatures. A summary of BOL and EOL heat generation 

rates, heat transfer gaps, and maximum temperatures for each fuel 

loading is presented in Table 6.45 .  

Using an axially dependent damage flux profile the 

Based upon these fluences, material thermal conducti~ities~~ Y 

were calculated for the fuel rods and 

Based upon total reaction rates provided for the E-7 position of 

the ORR core 235U and 232Th loadings were calculated. 

were calculated from the required BOL heat generation rates determined 
in the three-dimensional thermal analysis. The 2Th loadings were 

calculated with the FABGEN44 computer code. 

used to predict the required 232Th loading based upon EOL heat generation 

rates necessary to maintain design fuel centerline temperatures. 

resulting fuel loadings are presented in Table 6.46. 

The 235U loadings 

An iterative process was 

The 



Table 6 . 4 5 .  Summary of Beginning-of-Life and End-of-Life Fission Powers, Heat Transfer Gaps, 
and Maximum Temperatures for Capsule OF-2 

Radial Gaps, urn (mils) Peak Temperature,a OC 

Holder 
Peripheral 

Peak Heat 
Generation 

Rate 
Graphite Fuel Fuel to Holder Holder to Primary Tube Fuel Holder 

Center TC Holder Loading 
Room Design Room Design TC 

(kW/m) (kW/ft) Temp. Temp. Temp, Temp. 

Beginning-of-Life Conditions 
A 1A 19.7 6.0 lOZ(4.0) 91(3.6) 302(11.9) 292(11.5) 1170 935 745 

2A 16.4 5.0 102(4.0) 91(3.6) 302(11.9) 292(11.5) 1160 970 770 
3A 16.4 5.0 lOZ(4.0) 91(3.6) 302(11.9) 292(11.5) 1135 965 770 

B I B  16.4 5.0 102(4.0) 91(3.6) 394(15.5) 348(13.7) 1320 1140 905 
2B 16.4 5.0 lOZ(4.0) 91(3.6) 394(15.5) 348(13.7) 1350 1180 950 

C 1c 16.4 5.0 89(3.5) 71(2.8) 467(18.4) 414(16.3) 1330 1250 990 
2c 18.0 5.5 89(3.5) 71(2.8) 467(18.4) 414(16.3) 1345 1250 990 

19.7 6.0 89(3.5) 71(2.8) 467(18.4) 414(16.3) 1270 1150 925 3c 
End-of-Life Conditions 

3.7 254 (10.0) 318(12.5) 1120 940 675 
3.0 338 (13.3) 391 (15.4) 1150 9 80 720 
3.0 378U4.9) 427 (16.8) 1145 980 730 

B 1B 9.5 2.9 404 (15.9) 643(25.3) 1350 1210 930 
8.9 2.7 404 (15.9) 643(25.3) 1350 1210 940 

A 1A 12.1 
2A 9.8 
3A 9.8 

2B 
C 1c 

2c 
3c 

10.2 3.1 206(8.1) 757(29.8) 1330 1255 1020 
11.5 '3.5 234 (9.2) 724(28.5) 1340 1255 1000 
13.1 4.0 277(10.9) 691(27.2) 1265 1195 915 

?Peak temperature data for BOL were obtained from three-dimensional mockups, white EOL data were obtained from 
two-dimensional mockups. 
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Table 6.46. Design Fuel Loadings f o r  Capsule OF-2 

Loading, g/m (g / in . )  

235u 2Th 

Specimen 
Holder Loading 

A 

B 

C 

1 A  9.37 (0.238) 
2A 5.32 (0.135) 
3A 4.17 (0.106) 

1 B  3.21 (0.0815) 
2B 2.72 (0 e 0691) 

1c 2.63 (0.0669) 
2c 3.13 (0.0795) 
3c 7.16 (0.182) 

156.7 (3.98) 
102.8 (2.61) 

86.2 (2.19) 

60.2 (1.53) 
49.6 (1.26) 

54.7 (1.39) 
68.1 (1.73) 

155.5 (3.95) 

6.7.2.3 Descr ip t ion  of OF-2 Fuel  Specimens - Coated P a r t i c l e s  

Capsule OF-2 requi red  88 f u e l  specimens. O f  t h e s e  86 were f a b r i -  

ca ted  a t  ORNL and two specimens a t  LASL. The Triso-coated f i s s i l e  

p a r t i c l e  test set cons is ted  o f :  1 2  batches of weak-acid-resin-derived 

(WAR) p a r t i c l e s  of a wide range of s to i ch iomet r i e s ,  from uranium 

oxide t o  uranium carb ide ;  one ba tch  of W A R  U(C,N) p a r t i c l e s ;  one ba tch  

of so l -ge l  (4Th,U)02 p a r t i c l e s ;  and one ba tch  of General Atomic Company's 

VSM UC2 p a r t i c l e s .  Each f i s s i l e  p a r t i c l e  ba tch  i s  descr ibed completely 

i n  Table 6.47. 

included i n  t h e  f u e l  specimens i n  t h e  upper experimental  compartment, 

cel l  2. P a r t i c l e  types 13, 14 ,  and 1 5  were f a b r i c a t e d  f o r  t h e  lower 

experimental  compartment, c e l l  1, by use of t h e  large-diameter coa t ing  

furnace.  

d i s t r i b u t i o n  system and type  15 wi th  t h e  cone d i s t r i b u t i o n  system. 

P a r t i c l e  types  1 through 11 w e r e  annealed a t  1800°C for 10 min i n  a 

f l u i d i z e d  bed a f t e r  t h e  o u t e r  LTI  coa t ing  had been deposi ted.  P a r t i c l e  

types 1 3  through 15 w e r e  s i m i l a r l y  annealed a f t e r  t h e  inne r  L T I  coa t ing  

w a s  deposi ted.  

All t h e  p a r t i c l e  ba tch  types except  type  15 w e r e  

Types 13 and 14 w e r e  coated wi th  t h e  r e fe rence  f r i t t e d  gas  

S ix teen  ba tches  of Biso-coated f e r t i l e  p a r t i c l e s  were s e l e c t e d  f o r  

OF-2. 

coa t ing  furnace.  

f r i t t e d  gas d i s t r i b u t o r  and ba tch  type  K t h e  cone d i s t r i b u t i o n  system. 

Nine of t h e  f e r t i l e  batch types w e r e  coated i n  t h e  large-diameter 

Batch types G through J and M through P used t h e  



Tab le  6 . 4 7 .  F i s s i l e  P a r t i c l e  Test S e t  f o r  OF-2 

~~ ~ 

Nominal Carboni- Kernel Coater Mean Dimensions,b pm 
Batch Kernel Reduction 'ation Densitya Diam Anneal 

Kernel Buff ILTI Sic OLTI (g/cm ) (m) Type Rate 
("C/min) ( X )  Composition Type 

- 

1 
2 

3 
4 

5 
6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

OR-2332-H 

OR-2329-HC 

OR-2218-Hd 

OR-2322-He 

OR- 2 3 20-H 

OR-2211-Hd 

OR-2207-Hd' 

OR-2208-Hd 

OR-2121-Hd' 9 g 

OR-221 9-Hd 

OR-2321-He 

6151-00-035 

A-601 

A-611 

A-615 

0 
0 

0 

15 

25 

50 

75 
100 

100 

75 
15 

75 

2 
2 

40 
2 
2 

2 

2 

2 

6 
2 

2 

2 

2 

3.23 64 

3.22 64 

3.66 64 

3.12 64 

3.17 64 

3.11 64 

3.03 64 

3.01 64 

5.28 64 

3.02 

9.9 
10.99 

3.03 127 

3.10 127 

3.08 127 

Cone 

Cone 

Cone 

Cone 

Cone 

Cone 

Cone 

Cone 

Cone 

Frit 

Frit 

Cone 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

N O  

NO 

373.1 

371.9 

371.3 

379.7 

374.0 

363.0 

366.4 

366.5 

315.3 

365.3 

361.1 
196.0 

354.2 

366.4 

354.1 

39.2 

23.0 

69.3 
49.8 

43.8 

59.3 

62.7 

59.2 

74.6 

66.3 

83.3 

99 

58.8 

$7.6 

51.0 

32.3 

40.6 

42.0 

35.7 

36.8 

37.5 

38.9 
38.4 

36.1 

44.0 

37.2 

33 

35.4h 

36.8 

30. 7h 

32.9 

31.8 

30.7 

32.3 

34.3 

30.2 

31.1 

27.9 

28.4 

31.9 

34.4 

32 

30.0 

30.5 

29.5 

aMercury gradient column measurement, uncorrected. 

bKernel diameter; buffer, inner LTI, Sic, and outer LTI thicknesses. 

'Thin buffer. 

dIrradiated in HRB-9 and -10. 

eSimilar batch irradiated in HRB-7, -8, -9, -10, and MET VII. 
fIrradiated in Dragon MET VII. 

gIrradiated in HRB-7 and - 8 .  

hBuf f e r  thickness corrected for uranium entering it during subsequent coating. 

32.2 

30.8 

44.6 

39.4 

38.6 

42.0 

42.7 

40.0 

49.2 

43.5 

41.1 

38 

35.8 

35.5 

32.4 
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Spec i f i c  coa t ing  parameters,  depos i t i on  rates, geometr ies ,  and d e n s i t i e s  

are described. i n  Table 6.48. 

annealed a t  1800°C f o r  10 min i n  a f l u i d i z e d  bed, and t h e  remaining 

types were unannealed. 

F e r t i l e  p a r t i c l e  types  A through L w e r e  

6.7.2.4 Fuel  Rods 

For each f u e l  rod specimen f a b r i c a t e d ,  one ba tch  each of f i s s i l e  

and f e r t i l e  p a r t i c l e s  w a s  s e l e c t e d  from t h e i r  r e s p e c t i v e  t e s t  sets and 

combined wi th  a p a r t i c u l a r  mat r ix  type.  The mat r ix  test set f o r  OF-2 

is  descr ibed  i n  Table 6.49. 

For t h e  upper experimental  compartment 72 f u e l  rod specimens 

w e r e  f ab r i ca t ed .  Each specimen contained a mixture  of Triso-coated 

f i s s i l e  p a r t i c l e s ,  Biso-coated f e r t i l e  p a r t i c l e s  and Biso-coated carbon 

p a r t i c l e s .  

W e  f ab r i ca t ed  46 t o  nominal dimensions of 15.75 mm OD by 3.30 mm I D  by 

12.70 mm long (0.620 by 0.130 by 0.500 i n . )  us ing  mat r ix  type d wi th  

28.5 w t  % Asbury 6353 g raph i t e  i n  Ashland O i l  Company A-240 petroleum 

p i t c h .  Specimens w e r e  i n j e c t e d  a t  180°C and 4 - 1  MPa (600 p s i )  and 

carbonized i n  a bed of h igh- f i red  (30OO0C) g r a p h i t e  f l o u r  a t  a hea t ing  

ra te  of l"C/min. 

nominal dimensions of 15.75 mm diam by 25.4 mm long (0.620 by 1.00 i n . )  

wi th  mat r ix  types a ,  b,  and c. 

i n  t h e  12.70-mm (0.500-in.) long specimens and mat r ix  type  c i s  G A ' s  

p rop r i e t a ry  matr ix .  Specimens w e r e  i n j e c t e d  a t  1 8 O o C  and 5.5 MPa (800 p s i )  

except f o r  t hose  conta in ing  unannealed f e r t i l e  ba tches  M and N,  which 

used 4 .1  MPa (600 p s i ) .  Eight  f u e l  rods  of mat r ix  type  a w e r e  carbonized 

i n  a bed of A 1 2 0 3  a t  a hea t ing  rate of G"C/min, producing a coke y i e l d  of 

18.3%; e i g h t  rods us ing  mat r ix  type  b w e r e  carbonized in- tube a t  a 

hea t ing  ra te  of 2"C/min, producing a coke y i e l d  of 37.1%; and e i g h t  

f u e l  rods  us ing  ma t r ix  type  c w e r e  carbonized in- tube a t  a hea t ing  r a t e  

of 11.5"C/rnin, producing a coke y i e l d  of 29.8%. 

subjec ted  t o  a f i n a l  hea t  treatment: a t  1800°C i n  argon f o r  30 min. For 

each of t h e  f u e l  rods  i n  specimen ho lde r s  A and B (Figs .  6.57 and 6.58) 

A l l  specimens w e r e  f a b r i c a t e d  by t h e  s lug - in j ec t ion  technique. 

The remaining 26 f u e l  specimens w e r e  f a b r i c a t e d  t o  

Matr ix  types  a and b are t h e  same as used 

A l l  specimens w e r e  



Tab le  6 . 4 8 .  F e r t i l e  P a r t i c l e  T e s t  S e t  f o r  OF-2 

__ 
A 

B 

C 

D 

E 

F 

G 

H 

I 

5 

K 

L 

M 
N 

0 

P 

C o a t e r  
Batch  

Diam 
Type (m) 

OR-2266-HTC 

OR- 2 265-HTC 

OR-2262-HTC 

OR-2261-HTc 

OR-2264-HTC 

OR- 226 3-HT 

J-488C'e  

J-489= 

J-490c 

J-491' 
f 5-262 

OR-1849-HT 

J-481h 

5-483 

5-482 

5-487 

Cone 

Cone 

Cone 

Cone 

Cone 

Cone 

F r i t  

F r i t  

F r i t  

F r i t  

Cone 

Cone 

F r i t  

F r i t  

F r i t  

F r i t  

64 

6 4  

6 4  

64 

64 

64 

127 

1 2 7  

127 

127 

127 

25 

127 

127 

127 

127 

C o a t i n g  P a r a m e t e r s  

D i l u c n t  Concen- 
Gas t r a t i o n  

( Z )  ( X )  

100 

100 

50 

50 

25 

25 

50 

50 

in0 

100 

100 

75 

50 

100 

50 

in0 

50 A r  

50 A r  

75 A r  

75 A r  

50 He 

50 He 

25 He 

50 He 

50 He 

LTI D e p o s i t i o n  

Temper - 
a t u r e  

Dimens ions ,a  urn D e n s i t y , b  g/cm3 
_ _ ~  

R a t e  
( o c )  (pmimin) Kerne l  B u f f e r  LTI U n c o r r e c t e d  C o r r e c t e d  

1275 

1325 

1275 

1325 

1275 

1325 

1375 

1375 

1375 

1375 

1350 

1 4 0 0 ~  

1375 

1375 

1375 

1375 

1 4 . 1  506 

15.7 508 

6 . 5  507 

7 . 4  506 

3 . 2  507 

3 . 6  506 

7 .4  497 .9  

5 . 8  4 9 9 . 0  

6 . 2  495.9  

9 .3  4 9 7 . 1  

8 . 4  497 

2 1 . 5  508 

7 . 4  497.9 

6 . 2  495.9 

5 . 8  499.0 

9 . 3  497 .1  _____ 

94.8  

9 6 . 1  

98 .0  

95 .8  

9 6 . 5  

92.8 

8 2 . 7  

8 1 . 4  

80 .2  

79.5 

84.0 

79.4 

8 2 . 1  

8 0 . 2  

8 1 . 4  

7 9 . 5  
I_ 

9 1 . 3  

94 .2  

8 5 . 1  

8 8 . 9  

91 .6  

90 .5  

8 0 . 7  

7 7 . 7  

74.7 

7 7 . 5  

8 6 . 1  

74 .7  

8 0 . 7  

74 .7  

77 .1  

7 7 . 5  

2 .02  

1 . 9 5  

2 . 0 1  

1 . 8 9  

1 . 9 9  

1.84 

1 . 9 8  1 . 8 7  

1 . 9 0  1 .79  

1 . 9 9  1 . 8 6  

2 .00  1 . 8 6  

2 .01  

1 . 9 4  

1 . 9 4  1.84 

1 . 9 6  1.82 

1.88 1 . 7 8  

1 . 9 5  1 . 8 1  

aMean d i m e n s i o n s  f o r  k e r n e l  d i a m e t e r ,  b u f f e r  and LTI t h i c k n e s s  

b X r r c u r y - g r a d i e n t  column measurement.  

' I r r a d i a t e d  i n  HT-30. 

d?lAPP g a s  i s  marke ted  by A I R C O ,  Inc., and c o n s i s t s  p r i m a r i l y  of m e t h y l a c e t y l e n e  and p r o p a d i e n e  w i t h  a l k a n e s  as  s t a b i l i z e r s .  

eBatch  5-488 r u p t u r e  l o a d  = 26.33 N ( 5 . 9 2  l b ) ,  s t r o n g  p a r t i c l e  i n  m a t r i x  i n t e r a c t i o n  e x p e r i m e n t .  

f I r r a d i a t e d  i n  HRB-7 and -8, OF-1. 

gTempera ture  measured  a t  d i f f e r e n t  p o i n t  i n  f u r n a c e ;  a c t u a l  bed t e m p e r a t u r e  a p p r o x i m a t e l y  1325°C. 

hBatch  5-481 r u p t u r e  l o a d  = 22.42 N (5.04 l b ) ,  weak p a r t i c l e  i n  m a t r i x  i n t e r a c t i o n  e x p e r i m e n t .  

Anneal 

Yes 

Yes 

Y e s  

Yes 

Yes 

Yes 

Yes 

Yes 

Y e s  

Yes 

Yes 

Yes 

No 

No 

No 

No 
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Table 6.49. Matrix T e s t  Se t  f o r  OF-2 

Expected 
Coke Carbonizat ion 

Yield Technique Type P i t c h  Addit ive F i l l e r  

a A-240 None Asbury 6353 15-25 A 1 2 0 3  

b A-240 None Asbury 6353 35-40 I n  tube  

C GA P r o p r i e t a r y  20-25 I n  block 

d A-240 None Asbury 6353 15-20 Graphi te  f l o u r  

Tables 6.50 and 6.51 desc r ibe  t h e  f i s s i l e  and f e r t i l e  p a r t i c l e  types  

and mat r ix  type  used along wi th  t h e  t o t a l  weights  of 2 3 5 U  and 232Th 

contained i n  each rod. 

For t h e  lower experimental  compartment 16 f u e l  rod specimens w e r e  

Each specimen contained a mixture  of Triso-coated f i s s i l e  f ab r i ca t ed .  

p a r t i c l e s ,  Biso-coated f e r t i l e  p a r t i c l e s ,  and Triso-  and Biso-coated 

carbon p a r t i c l e s ,  and H-451 shim p a r t i c l e s .  To keep f u e l  rod dimen- 

s i o n a l  changes uniform i n  t h i s  compartment t h e  r a t i o  of Biso- t o  Triso-  

coated p a r t i c l e s  w a s  kept  cons tan t  f o r  each loading.  Each specimen 

contained 20 v o l  % shim p a r t i c l e s .  

dimensions of 15.75 mm diam by 50.8 mm long (0.620 by 2.00 i n . )  by t h e  

s lug - in j ec t ion  technique wi th  mat r ix  type  c. 

a t  180'C and 5.5 MPa (800 p s i )  except f o r  rods  conta in ing  unannealed 

f e r t i l e  p a r t i c l e  types  M and N ,  which used 4 . 1  MPa (600 p s i ) .  Placement 

of f u e l  rod specimens i n  c e l l  1 (Fig. 6.59) w a s  based upon a s t a t i s t i ca l  

experimental  design t o  minimize i n t e r a c t i o n  e f f e c t s .  Rods w e r e  carbon- 

ized  by t h e  r e fe rence  in-block technique wi th  a hea t ing  rate of 11.5°C/min, 

producing a coke y i e l d  of 25.7%. A l l  f u e l  rods  w e r e  subjec ted  t o  a 

f i n a l  hea t  t reatment  a t  18OO0C i n  argon f o r  30 min. 

t h e  f i s s i l e  and fe r t i l e  p a r t i c l e  types along wi th  t h e  t o t a l  weights  of 

2 3 5 U  and 232Th used i n  each f u e l  rod of specimen holder  C. 

Specimens w e r e  f a b r i c a t e d  t o  nominal 

Specimens w e r e  i n j e c t e d  

Table 6.52 desc r ibes  
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Table  6.50. F u e l  Rods f o r  OF-2 I r r a d i a t i o n  Capsule ,  Holder  A 

P a r t i c l e  Types Loading, g Spec imen M a t r i x  
Locat  i o n  a 

Type 2 3 5 ~  32Th F i s s i l e  F e r t i l e  

1- 1 
-2 
-3 
-4 
-5 
-6 

2-1 
-2 
-3 
-4 
-5 
-6 

3- 1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 
-10 
-11 
-12 

4- 1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 
-10 
-11 
-12 

25.4-mm-long (1.00-in.)  Specimens 

1 4  M b 0.2380 
13 M a 0.2380 
14 G a 0.1350 
14 G C 0.1350 
13 G b b .  1060 
13 M C 0.1060 

14 M a 0.2380 
14 G b 0.2380 
13 M b 0.1350 
13 G C 0.1350 
14 M C 0.1060 
13 G a 0.1060 

1 2 .  'I-mm-long (0.50-in.)  Specimens 

1 2  M d 0.1190 
2 I d 0.1190 
11 H d 0.1190 

2 G d 0.1190 
4 K d 0.0675 
6 J d 0.0675 
8 G d 0.0675 
10 H d 0.0675 

4 I d 0.0530 
2 C d 0.0530 
8 A d 0.0530 

1 2  B d 0.0530 
9 G d 0.1190 
1 H d 0.1190 
9 I d 0.1190 
1 J d 0.1190 
3 A d 0.0675 
5 B d 0.0675 
7 C a 0.0675 
11 D d 0.0675 
3 E d 0.0530 
1 F d 0.0530 
7 A d 0.0530 

LAS L LASL LASL 0.0530 

3.980 
3.980 
2.610 
2.610 
2.190 
2.190 

3.980 
3.980 
2.610 
2.610 
2.190 
2.190 

1.990 
1.990 
1.990 
1.990 
1.805 
1.805 
1.805 
1.805 
1.095 
1.095 
1.095 
1.095 
1.990 
1.990 
1.990 
1.990 
1.805 
1.805 
1.805 
1.805 
1.095 
1.095 
1.095 
1.095 

a Hole number followed by p o s i t i o n  from top .  
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Table 6.51. Fuel  Rods f o r  OF-2 I r r a d i a t i o n  Capsule, Holder B 

Pa r t i c l e  Types Loading , g Specimen Matrix 
Locat i on  a 

Type 2 3 S U  232Th F i s s i l e  Fe r t i l e  

1- 1 
-2 
-3 
-4 
-5 
-6 

2- 1 
-2 
-3 
-4 
-5 
-6 

3- 1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 
-10 
-11 
-12 

4- 1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 
- 10 
-11 
-12 

25.4-mm-long (1.00-in.) Specimens 

1 3  M b 0.0814 
1 3  G a 0.0814 
1 3  G C 0.0690 
14 M a 0.0690 
1 4  G b 0.0690 
1 4  M C 0.0690 

1 3  G b 0.0814 
14  M b 0.0814 
14 G a 0.0690 
1 3  M a 0.0690 
1 3  M C 0.0690 
1 4  G C 0.0690 

12.7-mm-long (0.50-in.)  Specimens 

1 2  A d 0.0407 
2 B d 0.0407 
4 C d 0.0407 
6 D d 0.0407 
8 E d 0.0345 

10  F d 0.0345 
2 L d 0.0345 
4 G d 0.0345 
3 H d 0.0345 
8 I d 0.0345 
2 J d 0.0345 
4 K d 0.0345 

11 
1 
3 
5 
7 
9 
1 
3 
5 
7 
1 

LASL 

G 
H 
I 
J 
A 
B 
C 
D 
E 
F 
A 

LASL 

d 
d 
d 
d 
d 
d 
d 
d 
d 
d 
d 

LASL 

0.0407 
0.0407 
0.0407 
0.0407 
0.0345 
0.0345 
0.0345 
0.0345 
0.0345 
0.0345 
0.0345 
0.0345 

1.530 
1.530 
1.260 
1.260 
1.260 
1.260 

1.530 
1.530 
1.260 
1.260 
1.260 
1.260 

0.765 
0.765 
0.765 
0.765 
0.630 
0.630 
0.630 
0.630 
0.630 
0.630 
0.630 
0.630 

0.765 
0.765 
0.765 
0.765 
0.630 
0.630 
0.630 
0.630 
0.630 
0.630 
0.630 
0.630 

a Hole number followed by p o s i t i o n  from top.  
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Table  6.52. Fuel  Rods f o r  OF-2 I r r a d i a t i o n  Capsule, Holder Ca 

Specimen P a r t i c l e  Types Loading, g 
Locat i o n  b 

232Th 2 3 5 u  F i s s i l e  F e r t i l e  

1-1 13  N 0.1338 2.780 

-2 13  I 0.1338 2.780 

-3 1 4  G 0.1590 3.460 

-4 1 3  0 0.3640 7.900 

2-1 15 0 0.1338 2.780 

-2 13  G 0.1338 2.780 

-3 15 H 0.1590 3.460 

-4 15 P 0.3640 7.900 

3-1 1 4  M 0.1338 2.780 

-2 14 P 0.1338 2.780 

-3 13  J 0.1590 3.460 

-4 14 M 0.3640 7.900 

4-1 15 H 0.1338 2.780 

-2 14 J 0.1338 2.780 

-3 13 I 0.1590 3.460 

-4 1 3  N 0.3640 7.900 
a All specimens 50.8 mm (2.00 i n . )  long,  f a b r i c a t e d  wi th  

type  c matrix.  

bHole number followed by p o s i t i o n  from top.  

6.7.2.5 Capsule I r r a d i a t i o n  

The OF-2 capsu le  w a s  i n s e r t e d  i n t o  t h e  E-7 p o s i t i o n  of t h e  ORR co re ,  

and r e a c t o r  s t a r t - u p  began on June 2 1 ,  1975. The sweep gas  w a s  kept  

a t  100% H e  u n t i l  June 23. 

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

This  corresponds t o  approximately 60 h r  of 

With t h e  pure helium sweep gas ,  f u e l  c e n t e r l i n e  temperatures  

w e r e  es t imated  t o  be  between 100 and 200°C below d e s i r e d  o p e r a t i n g  

cond i t ions .  I n i t i a l  thermocouple readings  ind ica t ed  t h a t  t h e  ends of 

t h e  capsule ,  s p e c i f i c a l l y  loadings  1 A  and 3C, w e r e  ope ra t ing  a t  a some- 

what h ighe r  h e a t  gene ra t ion  ra te  than  a n t i c i p a t e d .  On June 23 the capsu le  
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w a s  brought up t o  opera t ing  temperatures wi th  t h e  a d d i t i o n  of neon t o  

t h e  sweep gas i n  both c e l l s .  The amount of neon added t o  c e l l  1 w a s  

less than  design because of t h e  h igh  pe r iphe ra l  g raph i t e  temperatures  

i n  loading 3C. I n  c e l l  2 t h e  sweep gas mixture  w a s  se t  a t  des ign  

c r i te r ia ,  and thermocouple readings  agreed w e l l  wi th  design thermal  

ana lys i s .  

An i n v e s t i g a t i o n  i n t o  t h e  increased  temperatures a t  t h e  ends of 

t h e  capsule  revealed t h a t  t o t a l  r e a c t i o n  rates were h igher  i n  t h e s e  

two reg ions  because of a change i n  t h e  neutron spectrum a t  t h e  end of 

t h e  capsule.  The r e s u l t  w a s  an inc rease  of approximately 20% i n  h e a t  

genera t ion  rate f o r  loadings  1 A  and 3C a t  t h e  ends of t h e  capsule .  

A new thermal a n a l y s i s  w a s  i n i t i a t e d  t o  determine t h e  e f f e c t  of 

t h i s  increased  hea t  genera t ion  rate.  The a n a l y s i s  w a s  performed a f t e r  

approximately 1 7 0  h r  of i r r a d i a t i o n  and included co r rec t ed  h e a t  genera t ion  

rates f o r  both c e l l s  1 and 2. The r e s u l t s  of t h e s e  c a l c u l a t i o n s  us ing  

t h e  HEATING3 computer code and three-dimensional models are shown i n  

Table 6.53.  Resul t s  presented he re  r ep resen t  c a l c u l a t i o n s  us ing  a 

thermal conduct iv i ty  85% of t h a t  used i n  t h e  design ana lyses43  f o r  H-451 

graphi te .  Good agreement i s  shown wi th  ca l cu la t ed  thermocouple tempera- 

t u r e s  and real-time thermocouple readings.  The major changes shown are 

t h a t  loading 1 A  of specimen holder  A w i l l  ope ra t e  a t  approximately 

100°C above design temperature ,  and t h a t  t h e  maximum temperature,  1350°C, 

i n  c e l l  1 w i l l  occur i n  loading  3 C  r a t h e r  than  loading 2C. 

A s  of June 30, 1975,  OF-2 had operated f o r  approximately 225 h r  a t  

ORR f u l l  power. A h i s t o r y  of r e l ease - to -b i r th  ra te  r a t i o  ( R / B )  f o r  

s e v e r a l  f i s s i o n  gases  during i n i t i a l  i r r a d i a t i o n  are shown in .Tab le  6.54. 

It should be  noted t h a t  f o r  samples 1-A-1 and 2-A-2 OF-2 w a s  ope ra t ing  

below design temperatures  (pure helium sweep g a s ) ,  and f o r  samples  1-A-2 

and 2-A-4 OF-2 w a s  a t  design temperatures  (mixed helium and neon sweep 

gas) * 



Table 6.53. Temperature History of OF-2 Af te r  170 h r  of I r r a d i a t i o n  i n  ORR 

Temperatures Predicted with HEATING3 Code, 'C Observed Temperatures, OC 
Fuel 

Graphite Graphite 
Center to Periphery Center Periphery Center Periphery 

Loadinga 
or Location AT Graphite AT Graphite Fuel 

Center Center to Periphery 

Specimen Holder A 
1A 1290 1052 785 
2A 1187 1022 776 
3A 1155 998 765 

1B 1336 1177 893 
2B 1380 1226 922 

1c 1250 C 917 
2c 1295 C 950 
3c 1357 C 962 

267 1060 771 
246 1O2lb 767 
233 1000 752 

Specimen Holder B 

284 C 906 
304 1233 930 

Specimen Holder C 

C 
C 
C 

C 907 
C 910 
C 961 

289 
254 
248 

C 
303 

C 
C 
C 

1040 1010 
d 240. ad 

256.7 533e 521e 
a 

bThe temperatures at this location is measured by both a Chrome1 vs Alumel and a Platinum-Molybdenum alloy 

As designed in Table 6.46. 

thermocouple. The reported 1000°C was indicated by the CIA thermocouple, while the Pt/Mo indicated 1O6O0C. 
C There are no thermocouples located at the graphite centerline for these fuel loadings. 

dDistance in millimeters from copper bulkhead dividing OF-2 into two compartments. 
e This thermocouple is located on the surface of the stainless steel primary containment bulkhead. 
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Table 6.54. Release-to-Birth Rate Ratios (RIB)  for Capsule OF-2 

Operating RIB Ratios X l o 5  
Sample Time 

(hr) 5mKr * 7Kr 8Kr 3 ~ e  5 ~ e  

1-A-1 53.7 1.48 0.895 0.711 1.67 0.504 
1-A-2 79.1 2.09 1.44 1.31 4.09 0.574 
2-A-2 53.9 0.075 0.327 0.224 0.916 0.294 

23.5 0.948 2-A-4 79.3 11.2 1.43 2.26 

6.8 IRRADIATION TESTS IN PROTOTYPE REACTORS -E. L. Long, Jr. 

Irradiation testing in prototype reactors has included experiments 
in the Peach Bottom Reactor and the Dragon Reactor. In addition, some 

preliminary planning has been done for a test element series in the 
Fort St. Vrain Reactor. During this reporting period the Peach Bottom 
Reactor was shut down, terminating irradiation of four Recycle Test 

Elements (RTE) at about half of peak large HTGR exposure. Three RTEs 

had been previously removed, and some results from examination of these 
elements were reported previously. 4 5  9 4 6  

elements was completed during the reporting period, and the examination 

of RTE-8, the first of four elements irradiated to half of HTGR design 
exposure, was begun. Results from these examinations have so far been 
consistent with results from irradiation tests in accelerated capsule 

experiments. Detailed results and discussion of the examinations are 
reported elsewhere. 

Examination of these three 

47 

The Dragon MET VI1 Experiment began irradiation in January 1975, 
and is scheduled to operate until Spring 1979. 

examination is scheduled for Spring 1976, at approximately one-fourth 
exposure. The MET VI1 capsule contains several fuel types for comparison: 

UC2 (VSM) , weak-acid-resin-derived (WAR) uranium carbide, (4Th, 'U)O2 , 
and (4Th,233U)02. This test is designed to compare the performance of 

candidate fissile particles, as well as the performance of fuels con- 

taining 3U and 'U, under real-time irradiation conditions. Further, 
the test is expected to confirm that the conclusions about fuel performance, 

An interim nondestructive 
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which have been made from accelerated testing results, can be applied 

to real-time situations. This last result is especially important in 

view of tEe substantial body of accelerated testing data that have 

been collected by ORNL and GA and the extended periods of time required 

to collect real-time irradiation data. 

The FSVR test element program will not begin until Spring 1977, 
when the first elements are scheduled to begin irradiation. Preliminary 

planning was accomplished during the reporting period, and more substan- 

tive accomplishments will be reported later. Briefly, the ORNL portion 

of the test element program will include about 90 test fuel rods to be 
irradiated in each of three FSVR fuel elements. The remaining fuel in 

the elements will be either production FSVR fuel or test fuel from other 

sites. General Atomic Company will coordinate the test with the reactor 

owner (Public Service Company of Colorado), and will be testing fuel 

and graphite in the same test element series. The fissile fuel for the 

FSVR test elements was manufactured during the reporting period and is 

undergoing preliminary capsule testing in the OF-2 capsule. Similar fuel, 

manufactured in laboratory-scale equipment, performed very well in the 

HRB-9 and -10 capsules. All the fuel for the FSVR test elements will 
be manufactured in engineering-scale equipment being developed for the 

HTGR Recycle Demonstration Facility. 

the fertile fuel, shim material, and matrix material for the t e s t .  

General Atomic Company will provide 

6.9 NUCLEAR ANALYSIS IN SUPPORT OF IRRADIATZONS - H. T. Kerr, E. J. Allen, 
and D. L. Reed 
The nuclear analysis effort during this reporting period has 

included a variety of activities. Computational analyses and experi- 

mental flux mappings have been made for irradiation facilities in the 

HFIR and the ORR to determine spatial variations of neutronic parameters 

required f o r  the design and operation of test capsules. Time variations 

of the neutronic parameters have been investigated but have not been 

fully resolved. 

accurately calculates spatial variations of the neutron fluxes and 

energy spectra in the ORR. 

We have developed and tested a computational model that 

Considerable effort has also been given to 
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improvement of dosimetry materials and to identification of the appro- 

priate parameters for characterizing irradiation test data. Also a 

computer code, CACA, has been written to estimate neutronic-related 

engineering parameters required during the design and operation of 

irradiation test capsules. A development program has been initiated 
to produce a calorimetric device for directly measuring gamma and/or 

fission heat rates in selected materials. Brief descriptions of these 

efforts and limited results are presented below; more detailed infor- 

mation can be obtained from the referenced topical reports for each 

subject. 

6.9.1 Characteristics of the HFIR Facilities 
HTGR test capsules are irradiated in various facilities of the HFIR. 

The uninstrumented HT capsules are irradiated at peripheral target-rod 
positions in the central target cavity. The instrumented HRB capsules 

are irradiated primarily in the large RB facilities of the removable 

beryllium reflector; the heavily fueled HRB capsules are initially 

irradiated in the PB-13 (VXF13) facility of the permanent beryllium 

reflector to achieve partial fuel burnup without excessive capsule power. 

Neutron fluxes and isotopic reaction rates within the HFIR facilities 

have steep spatial gradients and vary with time during the 23-day fuel 

cycle. 

during each HFIR fuel cycle so that test capsule performance indices 

determined during any cycle are generally valid for similar capsules in 
other fuel cycles. Performance indices for HTGR capsules in HFIR are 

based on the following computational analyses and dosimetry experiments: 

These spatial and time dependences are generally reproduced 

1. A fuel burnup analysis of HFIR was made by use of a nine-group 
two-dimensional diffusion theory model in the CITATION code. 48 The 

experimental facilities could not be explicitly represented in this 

analysis, so the calculated spatial and time variations of the neutron 

fluxes are not directly applicable for test capsule evaluations. However 

the calculated fluxes are useful for relative comparisons, and they can 

be modified to account for perturbations caused by the test capsules. 



2. Detailed neutron energy spectra were calculated for HFIR 

start-of-cycle conditions with a 123-group one-dimensional transport 

theory model in the ASISN code. 4 9  

with the fluxes calculated in the CITATION model to produce a reference 

library of "unperturbed" spatial and time-dependent neutron fluxes 

for HFIR. 

These detailed spectra were coupled 

3. A dosimetry mapping experiment was done in one of the peripheral 

facilities in the HFIR target cavity. Dosimeter packages were placed at 

seven axial positions and two radial positions in an aluminum capsule. 

The axial and radial activation profiles produced during the one-cycle 

irradiation were interpreted as cycle-averaged neutron fluxes. The 

experimentally derived fluxes were about 8% lower than the unperturbed 

fluxes obtained from the computational models. 

4 .  Neutron dosimeters were irradiated in the graphite annuli of 

several HRB capsules, but the resulting activation data were of limited 

value. 

changed the spatial positions of the dosimeters, and the high fluence 

irradiations required large dosimeter depletion corrections. Also some 

of the dosimeter materials used were not suitable for the high-temperature 

environment and were not recovered in a usable form. 

Physical repositioning of the HRB capsules after each fuel cycle 

5. Neutron dosimeters were recovered from an aluminum research 

experiment irradiated for two cycles in the RB-7 facility of HFIR. 
Dosimeter packages were positioned at 51-mm (2-in.) intervals along the 

capsule axial centerline, and the resulting activation profiles were 

interpreted as cycle-averaged neutron fluxes. The results were inter- 

nally consistent and in expected good agreement with the calculated 

"unperturbed" fluxes. Complete details are reported. 

6 .  None of the computational analyses or the preceding dosimetry 

data were directly applicable to the HRB capsules in the beryllium 

reflector facilities. Therefore, special one-cycle dosimetry mappings 

of the RB-3 and the PB-13 facilities were made with dosimetry capsules 

resembling the HRB capsules. 

mined at several radial positions in both facilities and are shown in 

Fig. 6.60. The analysis of these data is continuing and will provide 

Axial activation profiles were deter- 
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complete spatial flux and reaction rate profiles for the HRB capsules. 

A second mapping experiment will be done after replacement of the HFIR 
reflector to determine if neutronic conditions have changed. 

The preceding computational and experimental efforts are reported5' 

in detail and provide the basis for current evaluations of HFIR facil- 

ities. 
recommended for HTGR test capsules in the HFIR facilities are summarized 
in Fig. 6.61 and in Tables 6.55 and 6.56. 

The cycle-averaged neutron fluxes and isotopic reaction rates 

I O  8 6 4 2 0 2 4 6 8 IO 
CORE CORE 
TOP BOTTOM 

A X I A L  DISTANCE F R O M  CORE HMP 18" I 

K!E 
VERTICAL BARS INDICATE RADIAL FLUX 

Fig. 6.61. Axial Flux Profiles for HTGR Capsules Irradiated in HFIR. 
(a) HT capsules in A-2 facility. 
HRB capsules in PB-13 facility. 

(b) HRB capsules in RB-3 facility. (c) 
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Table 6.55. C h a r a c t e r i s t i c s  of HFIR and ORR F a c i l i t i e s  
Used f o r  HTGR Capsule I r r a d i a t i o n s  

F a c i l i t y  Capsule 
S e r i e s  

$tot, max To ta l  Flux 
(n cm-2 sec- l )  

HF I R  

A- 2 HT 

Fa- 3 HRB 

PB-13 HRB 

ORR 

E-3 OF 

5.3 x 1015 

2.6 

0.84 

0.96 

Table 6.56. Effec t ive  To ta l  Cross Sec t ions  f o r  HTGR Capsules 
I r r a d i a t e d  i n  t h e  HFIR and ORR 

~~ 

otot, Ef fec t ive  Tota l  Cross Sec t ionYa  b 
React ion  

A-2 RB-3 PB-13 ORR E-3 

4.32 

22.0 

215.0 

48.1 

39.3 

215.0 

5.42 

153.0 

351.0 

356.0 

142.0 

442.0 

3.96 

16 .1  

151.0 

40 .1  

27.9 

144.0 

8.44 

141.0 

281.0 

287.0 

109.0 

329.0 

5 .21  

24.3 

243.0 

52.6 

44.0 

241.0 

6 . 7 2  

206.0 

432.0 

342.0 

175.0 

532.0 

2.94 

11.4 

101.0 

28.0 

18.5 

91.2 

6.89 

102.0 

194.0 

270.0 

73.0 

217.0 

= r e a c t i o n  rate. t o t  + t o t  
o 
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6.9.2 Characteristics of the ORR Facilities 

HTGR test capsules are irradiated at several in-core lattice 

positions of the ORR as shown in Fig. 6.62. During each irradiation 

the ORR core is arranged so that fuel elements surround the test 

capsules in all avialable positions. However the ORR fuel elements 
are replaced on a nominal two-week cycle, and significant core con- 

figuration changes are frequently made to accomodate other experiments. 

Consequently neutron fluxes and isotopic reaction rates in the ORR 

facilities exhibit configuration-dependent variations in addition to 

the cycle-dependent variations. Therefore, nuclear parameters for 

ORR capsules must be routinely evaluated during the irradiation interval. 

Extensive computational analyses and experimental flux mappings 

have been done in conjunction with HTGR capsule irradiations in the O M .  

Brief descriptions of each major effort and important results are given. 

1. The OF-l/P13Q capsule irradiated in the E-3 facility was a 

joint effort by ORNL and GA, and neutron dosimeters were placed inside 

both compartments of the capsule for full-term high-fluence dosimetry 

data. These internal dosimeters gave relative indications of the 

exposure in each column of fuel specimens and substantiated the spatial 

flux gradients obtained from computational models. Data from the GA 

dosimeters in the P13Q compartment and the ORNL dosimeters in the OF-1 

compartment were compared and found to be consistent and in good agree- 

ment with calculated flux profiles. Nominal fluxes f o r  the fuel specimen 

in the OF-l/P13Q capsule are shown in Fig. 6.63(a), and isotopic reaction 

rates are given by Tables 6.55 and 6.56. 
were irradiated for short times in special slots machined in the corners 

of the aluminum core piece. 

E-3 facility fluxes resulting from changes in the ORR core configuration. 

For example the fluxes in E-3 increased by about 10% when the OG-1 

capsule was removed from the C-3 facility. 

Many additional dosimeters 

These dosimeters showed the changes in the 

2. The OG-1 capsule was designed by GA and irradiated in the C-3 

lattice position of the ORR. Dosimeters were loaded inside the capsule 
and analyzed by GA. 

slots in the aluminum core piece and analyzed by ORNL. 

Other dosimeters were irradiated in the dosimeter 

Both dosimeter 
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Fig.  6 . 6 2 .  Typical  ORR Core Configurat ion Showing Locat ions of 
Experimental F a c i l i t i e s  f o r  HTGR Experiments. S R -  Shim Safe ty  Rod. 

TOP 10 8 6 4 2 HMP -2 -4 -6 -8 -10 BOTTOM 

AXIAL POSITION IN CORE lmm X 2541 

(b) 
AXIAL POSITION I N  CORE Imm X 2541  (a )  

F ig .  6 . 6 3 .  Typical  Axial Flux P r o f i l e s  i n  HTGR Capsules I r r a d i a t e d  
i n  t h e  ORR. (a)  P13Q/OF-1. (b) OG-1. 
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sets showed t h e  same f l u x  s p a t i a l  p r o f i l e s  and were c o n s i s t e n t  w i t h  

r e s u l t s  from computational models. 

are shown i n  Fig.  6 . 6 3 ( b ) .  
Typical  f l u x e s  f o r  t h e  OG-1 capsu le  

3 .  Addi t iona l  ORR in-core f a c i l i t i e s  w e r e  needed f o r  HTGR capsu le s ,  

and a co re  conf igu ra t ion  w a s  proposed wi th  experimental  f a c i l i t i e s  i n  

t h e  C-3,  E-3, E-5, and E-7 l a t t i c e  p o s i t i o n s .  Typical  va lues  of neut ron  

f l u x e s  i n  t h e s e  f a c i l i t i e s  were determined by d i r e c t  experiment dosimetry 

and are presented  i n  Fig.  6 .64.  Fluxes i n  t h e  C-3 and E-3 f a c i l i t i e s  

w e r e  on ly  s l i g h t l y  a f f e c t e d  by t h e  new conf igu ra t ion  and are g e n e r a l l y  

h igher  than t h e  f l u x e s  i n  t h e  E-5 and E-7 f a c i l i t i e s .  Di f fe rences  i n  

t h e  axial  f l u x  p r o f i l e s  r e s u l t  from t h e  absence of f u e l  assemblies  i n  

some p o s i t i o n s  ad jacen t  t o  t h e  E-5 and E-7 f a c i l i t i e s .  

A X I A L  POSITION IN CORE (in.) 

Fig.  6 .64.  Typical  Axial Flux P r o f i l e s  i n  t h e  C-3, E-3, E-5, 
and E-7 I r r a d i a t i o n  F a c i l i t i e s  of t h e  ORR. 
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4 .  Nuclear parameters for the ORR core facilities are very 
configuration-dependent and have previously been obtained by irradiating 

flux monitors in mockup capsules and inferring values from the induced 

monitor activities. Unfortunately, this procedure is time consuming, 

is costly, and gives no indication of perturbations associated with 

changes in the core configuration. Computational analyses have been 

attempted, but the three-dimensional structure of the ORR could not 

be adequately represented within the spatial mesh limits of available 

computer codes. In particular, axial flux profiles calculated with 
the CITATION code differed significantly from activation profiles 

obtained experimentally, especially in facilities near the control 

rods. 

The computer code system BOLD-VENTURE has been developed, 52 and 

the only practical limitation on the spatial mesh in this code is com- 

puting cost. Consequently, a computational model using the VENTURE 

code was developed for ORR analyses. Multigroup neutron fluxes can 

now be calculated accurately and economically for any configuration of 

fuel elements, reflector elements, experiments, and control rods. 

For routine use of this computational model, an auxiliary data 

processing code was developed. Approximations for axial gradients of 

fuel and fission-product concentrations were incorporated, greatly 

simplifying input data handling for VENTURE. A l s o ,  unique broad-group 

cross sections were produced for each of several characteristic com- 

positions of the ORR. A representative cross section set is selected 

for each region of the calculational model. 

The adequacy of this computational model was verified by direct 

comparison of calculated and experimentally measured dosimeter activation 

profiles. Approximately 2700 flux monitors were positioned in a typical 
ORR core configuration, and a detailed activation mapping was produced. 

Activation profiles for this same configuration were then calculated 

with the VENTURE model and compared with the experimentally derived 

profiles. The agreement was generally within 10%. Calculated activation 

profiles for other core configurations have shown similar agreement with 

available experimental data. Complete descriptions of the computational 
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53 model, the input instructions, and typical results have been reported. 

This model should greatly simplify future evaluations of changes in the 

ORR core configuration, 

Details of the preceding experimental and computational efforts 

for the ORR facilities are summarized in a report that is being prepared. 

6.9.3 Development of the CACA Code 

Depletion-burnup analyses of fueled irradiation tests were previously 
However, difficulties performed by programs such as ORIGEN5' or FABGEN. 

with computer turnaround time, cross section inaccessibility, large 

output in an undesired form, time-step limitations, power treatment, 

and fission-product limitations restricted the use of these programs. 

A computer code, CACA, was written to alleviate these difficulties but 
yet be simple and applicable to a wide variety of depletion-burnup 

problems. It can be used to calculate nuclide concentration histories, 
fission rates, and burnups for fueled experimental capsules subjected 

to neutron irradiations. A fourth-order Runge-Kutta calculational 

method is used; 16 heavy nuclides and 1 3  user-specified fission products 

are considered. Either constant power density or time varying fluxes 

for each time interval may be specified. Burnup is calculated in terms 

of fissions/cm3, FIMA, and MWd/metric ton. FIMA is the fissions per 

initial heavy-metal atom and MWd/metric ton is the megawatt days per 

metric ton of heavy metal based on 180 MeV/fission. 

of the concentrations of t h e  29 nuclides, the birth rates of the fission- 

product nuclides, flux, power, fission rate, and the three burnup measures. 

The output consists 

A complete description of the program and input instructions was published, 55 

The input and output for a sample problem are included. 

decks are available on request. 

Program source 

6.9.4 Summary of Graphite Damage Terminology 

Investigations of radiation-induced property changes in graphite 

and other materials require extensive testing in a variety of experimental 

facilities. 

specific material in a particular facility is a function of both the 
The magnitude and the rate of irradiation damage for a 
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nuclear properties of the material and the nuclear characteristics of 

the facility. The interpretation and comparison of graphite irradiation 

data has been complicated by the variety of conventions and parameters 

used for reporting data. 

the parameters required to quantify irradiation damage in graphite and 

define indices for comparing graphite irradiation data from different 

reactor facilities. Multigroup elastic scattering cross sections for 

carbon and corresponding Thompson-Wright displacement weighting functions 

are tabulated in the memo, and atomic displacement rates in several 

reactor facilities are compared. Several effective damage fluence 

conventions were defined to facilitate direct comparisons of data from 

different facilities. These conventions simply express graphite 

displacement data in terms of a neutron fluence for a reference 

neutron spectrum. 

Therefore a report was prepared56 to describe 

6.9 .5  Development of a Gamma and Fission Calorimeter (GAFI) 
The design and operation of irradiation test capsules require a 

knowledge of the heat generation rates in the capsules. Present methods 
for estimating these heat rates are cumbersome and provide indirect 

values, which are not easily extrapolated t o  different materials or 

conditions. 

of selected materials in specific irradiation facilities. 

A simple method was needed for determining the heat rates 

A calorimetric instrument has been designed for direct measurements 

of gamma heat rates in selected structural materials and fission heat 
rates in standard fission foils. The general design is illustrated in 

Fig. 6.65. Basically the instrument consists of a central rod of the 

selected structural material with three thermocouples embedded at known 

positions. The containment shell is evacuated so the central rod is 

cooled essentially on one end, and the heat generation rates are deter- 

mined by response differences in the three thermocouples. Standard 

fission foils can be mounted on the hot end of the rod, and fission 

rates in the foils can be determined. 

Prototypes of these instruments are presently being fabricated with 

aluminum used as the structural material. Operational tests will be 
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Fig. 6.65. Sketch of GAFI - The Gamma and Fission Rate In-Core 
Calorimeter. 

conducted in the ORR, and if successful, instruments will be fabricated 

from other structural materials. 

6.9.6 Development of Dosimetry Materials 

Dosimetry programs for HTGR test capsules have been severely 

limited because relatively few existing dosimetry materials are stable 

and compatible in the high-temperature high-fluence environments of 

most HTGR capsules. In many cases dosimetry material failures have 

prevented recovery of any dosimetry data or introduced large anomalies 

relative to other existing data. For example, the activation profile 

of 54Mn in metallic iron wires in the HRB capsules indicated axial 

peaking of the fast flux profile at the bottom of the HFIR fuel region. 

The indicated flux profile was not realistic and was attributed to 

diffusion of the manganese from the hot regions of the iron wires. 

same situation existed with the iron dosimeters in the OF-1 capsule. 

Therefore the development of suitable dosimetry materials was essential 

for successful HTGR dosimetry programs. 

The 
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An alloy containing 0.215 wt % Co in vanadium was developed as a 

thermal flux monitor. Another alloy containing 0.54 wt % of isotopically 

enriched iron in vanadium was developed as a high-energy flux monitor 

[the iron was 88% enriched in 54Fe to enhance the 54Fe(n,p)s4Mn reaction]. 

The isotopic analyses of these alloys were determined by activation 

analysis relative to known standards and by mass spectrometer analysis, 

The isotopic analysis of all samples tested was within 2% of the nominal 

isotopic analysis. Photomicrographs of the alloys showed complete 

homogeneity, with no precipitate forming at the grain boundaries. 

Vanadium-alloy specimens in beryllium oxide insulators were heated in 

an induction furnace to 1000°C with minor oxidation, and vanadium-alloy 

monitors have been irradiated in HTGR test capsules at temperatures up 

to 900°C. 

being mades7 to obtain more high-purity vanadium metal free of undesirable 

impurities such as tantalum. 

Other vanadium alloys are being considered, and attempts are 

Some dosimeter materials cannot be used in the bare elemental form, 

and must be encapsulated. A method has been developed at ORNL for 

encapsulating well-defined quantities of dosimeter materials in high- 

purity vanadium capsules. Dosimeters of 6Li, 'OB, 45Sc, 232Th, 235U, 
238u 237 , Np, 238Pu, 239Pu, and 241Pu have been prepared by this method. 

Normally the elemental form is used for the stable dosimeter materials 

and the oxide form is used for the radioactive materials. The vanadium 

capsules used to encapsulate the dosimeter materials have a 1.27 mm 

diameter but vary in length from 3.05 to 8.64 mm. 

is 0.76 nun in diameter and varies in depth from 2.28 to 7.87 mm. Amounts 

of dosimeter material loaded into each capsule can vary from about 1 to 
10 mg, depending upon the particular isotope. The contained isotope is 

identified by the length of the capsule, and each individual capsule is 

identified by a dot coding system. These dosimeters have been used in 

some HTGR capsules, but they are not presently suited for general use. 

The internal cavity 

Some development effort was expended to prepare ceramic wires from 
Ceramic wires can be produced from a powdered powdered oxide material. 

oxide material by use of a high-viscosity organic binder. 

are used. 

No solvents 

The wax-like binder is warmed to melting, and the oxide powder 
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is slowly mixed in until a paste is obtained. 

extruded through a small-diameter die (-0.75 mm) at moderate pressure 

[-3.4 MPa (500 psi)]. The subsequent green wire can be handled easily 

without deformation and is finally fired in air at a temperature that 

yields maximum density with the least friability (especially in the 

bending mode). 

This paste can be readily 

The first ceramic wires were fabricated from the 235U 3 0 8  and 238U 3 0 8  
materials normally used for the vanadium-encapsulated monitors. Subse- 

quently, stronger uranium oxide wires were prepared from UO2.  The 

resulting wires were completely uniform and had the same isotope-to- 
oxide ratio as the original oxide material. Other dosimeter materials, 

such as cobalt and scandium, have been fabricated in the oxide wire form. 

The use of scandium in this form eliminates the tantalum contamination 

inherent in commercially available metallic scandium. 

Although the oxide wires can withstand temperatures above 1500°C, 

they are more fragile than metallic wires and should be encapsulated. 

One technique being considered for encapsulating dosimetry materials 

for high-temperature application is to apply coatings of carbon and/or 

silicon carbide by use of the fluidized-bed technology developed for 

fabrication of gas-cooled reactor fuels. Coatings can be applied to 

any suitably refractory material that can be levitated in the bed and is 
chemically compatible with the coating fluid. The coating thickness, 

density, porosity, etc. can be controlled by varying process parameters 

such as fluid type, flow rate, and coating temperature. Some of the 

coated dosimeters could conceivably be used at operating temperatures 

as high as 1800OC in environments compatible with carbon. 
Spherical oxide kernels of thorium and highly enriched uranium 

have been coated and tested for use as neutron dosimeters. 

were coated with three layers of pyrolytic carbon and one layer of silicon 

carbide; the four layers provide complete containment of fission products. 

The thorium-containing particles have 47 .36  wt % Th. The kernels 

are sol-gel thoria of essentially theoretical density, 10.0 g/cm3, and 

have a nominal diameter of 500 um with a standard deviation of 2.55 um. 

In a sample of 90 particles, the largest and smallest kernel diameters 

The particles 
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measured 508 and 496 urn, respectively. Accuracy of the microradiographic 

technique is about +1 pm. The mean thorium content per particle is 

5.77 x io-'+ g. 
The kernels for the uranium-containing particles were obtained from 

an ion exchange resin and are very good spheres. The kernel diameters 

are nominally 350 vm but vary over a wide range. 

determined for each individual dosimeter particle with a microradiograph. 

The kernels have 73.2 wt % U and a density of 3 . 6 6  g/cm3. 

tive assay technique has been developed to determine the 235U content 
of individual coated particles to a relative accuracy less than 1%. 

This technique is based on delayed neutron counting and has shown a 

precision of 0.2% in tests conducted at OWL. 58 

uranium particles are compatible with graphite at temperatures above 

1800°C. 

The diameter can be 

A nondestruc- 

Both the thorium and 

Additional effort is needed to develop a complete set of high- 

quality dosimeters for high-temperature applications. The availability 

of existing dosimetry materials and the fabrication requirements of 

dosimeters need to be established. High-temperature performance data 

need to be compiled, including such information as (1) homogeneity, 
(2) isotopic content, (3)  mass determination, ( 4 )  physical properties 

and chemical compatibility, and (5) analytical considerations such as 

self-shielding. 

6.10 CAPSULE THERMOMETRY - R. L. Shepard, J. K. East, J. L. Horton, 
R. J. Fox, T. G. Kollie, B. H. Montgomery, K. R. Thoms, 
M. W. Waddell, and R. K. Williams 

A series of thermometry experiments is being conducted in the HRB 

instrumented irradiation capsules.* These experiments are aimed at 

providing more accurate and reliable measurements of the fuel centerline 

temperatures in HTGR fuel tests. The approach used is (1) to improve 

the quality of thermocouples, (2) to develop new methods for verifying 

*This program is supported jointly by the W B R  program for the 
development of fuel thermometers and by the GCR Base Program, which 
provides the capsule space and irradiation facility for testing fuel 
thermometers. 
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the integrity and calibration of centerline thermometers, and (3) to 

develop new sensors that avoid the limitations of conventional thermometers. 

Centerline thermometers in the HRB fuel irradiation capsules must 

measure temperatures from about 900°C to as high as about 1500°C for 

periods of 2000 to 6000 hr. During this time, they will accumulate a 

neutron fluence of up to about 3 X 

8 X 1021 n/cm2 (fast). 

carbon and various fission products. Considerations of HRB capsule and 

HFIR core design limit the thermometer outside diameter to a maximum of 

about 3.2 mm (0.125 in.) and require a 3-m (10-ft) lead length and about 

9-m (30-ft) extension cable lengths. 

n/cm2 (thermal) and about 

They must survive in an atmosphere containing 

A temperature measurement accuracy of better than 10°C at 1200°C 

is required for significant determinations of fuel thermal conductivities 

and particle coating diffusion kinetics. The typical level of confidence 

is not better than 100°C in most cases. Chrome1 vs Alumel thermocouples 

could provide the desired accuracy and radiation stability5’ up to about 

900°C; too low for fuel centerline temperatures in most HRB experiments. 

Tungsten-rhenium thermocouples have sufficient temperature range and 

out-of-reactor stability but have large calibration drifts” due to 

thermal neutron transmutation of the high-cross-section wires. Thermo- 

couples using materials with low neutron cross sections, made from Pt, 

Mo, Ru, and Nb alloys, could be use fu l  to 1500°C but are still in an 

early state of development. Platinum-sheathed, alumina-insulated, 

Pt-5% Mo vs Pt-O.l% Mo thermocouples are being tested for measuring 
temperatures up to 15OOOC in the HFIR and ORR irradiation capsules. 

Ultrasonic thermometers, developed first in England by Jacques and Bell 

for the Dragon Project, provide sufficient temperature range and 

accuracy and a wide choice of sensor materials but exhibit a large 

calibration shift in-reactor. 

developed for absolute measurements of fuel centerline temperatures with 

no limitations due to radiation or chemical effects. 

Johnson noise thermometers are being 

Tungsten-rhenium thermocouples were used to measure centerline 

temperatures in HRB-3 -4, -7, and -8 capsules. The thermocouple output 

dropped from 75°C at 1000°C in 2000 hr in HRB-4 to as much as 530°C at 
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1500°C in 5500 hr in HRB-8. 
of wires was connected to the thermocouple to provide means for accurate 

measurement of the thermocouple loop resistance. Irradiation caused a 

decrease in thermocouple output and a corresponding increase in loop 

resistance. Analysis of this pair of property changes was used to update 

calibration. A study was begun to use measured Seebeck coefficient 

values of alloys simulating the irradiated tungsten-rhenium thermocouple 

wires for predicting the calibration drifts of tungsten-rhenium thermo- 

couples undergoing transmutation in an irradiation experiment. 

in-pool, whole-capsule, calibration furnace facility was used to show 

the pronounced effect of axial temperature gradient on the temperature 

indications from irradiated, thermoelectrically inhomogeneous tungsten- 

rhenium thermocouples. 

In these experiments, an additional pair 

An 

Ultrasonic thermometers (UST) with rhenium sensing elements were 

installed in fuel centerline positions in HRB-5 and -6 experiments. 
rhenium UST operated successfully for over 2500 hr at 900 to 1100°C in 

HD-5 but changed calibration by a very large amount because of the 
transmutation of half the rhenium to osmium; a 7% change in the room- 

temperature transit time was observed and corresponds to about a 6OOOC 

error at 900°C. The UST output was measured each time the reactor was 

shut down at the end of an irradiation cycle and isothermal conditions 

were obtained, and a careful in-place calibration was performed in the 

in-pool furnace at the end of the irradiation. Combining these data 

with the preirradiation calibration, we could obtain the corrected 
cemperatures, which agreed within 50°C of the corrected thermocouple 

readings in the companion HRB-4 experiment. The UST has incompletely 

developed potential advantages for use at very high temperatures (over 

20OO0C), but it is sensitive to radiation damage and to mechanical 
interference, as encountered in the HRB-6 experiment (see previous 
report for more details). 

The 

A Johnson noise thermometer (JNT) has been successfully used to 
measure fuel centerline temperatures in HRB-9 for 4500 hr at 1250 to 
1500°C with no apparent decalibration. The JNT is an absolute ther- 

mometer, and its devel-opment represents the main present problem for 

this program. 
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6.10.1 Johnson Noise Thermometer Development - R. L. Shepard, 
C .  J. Borkowski, T. V. Blalock,* J. K. East, R. J. Fox, and 
J. L. Horton 

A Johnson noise thermometer (JNT) was developed by C .  J. Borkowski 

It utilizes the noise power produced by a passive and T. V. Blalock.61 
resistance element to provide an absolute measurement of temperature, 

independent of composition, irradiation, or past history of the sensor. 

It behavior follows the Nyquist equation: 

I-- 
4P; = K*4kT Af , 

by which the temperature T can be calculated from measurement of the 
noise voltage and noise current - their product being the noise power 
P 
a measured gain K and a known value of Boltzmann's constant k. 
currents of about 6 nA and noise voltages of about 0.5 ~ J V  were detected 

in the frequency bandwidth of 60 to 100 kHz from an 85-R rhenium 

resistor at 1000°C, by use of voltage and current preamplifiers having 

equivalent noise resistance of 16 and 11 R, respectively. An integration 

time of 10 sec provides a theoretical accuracy of 0.2% at this bandwidth. 

- over a frequency bandwidth Af, by use of low-noise amplifiers with n 
Noise 

Fuel centerline JNTs were built and used in the HRB-9 and -10 
irradiation capsules and provided credible temperature measurements of 

1350 to 1500°C during the 4500-hr HRB-9 irradiation. An 1 8 4  rhenium 
resistor, insulated with beryllia, was contained in a M d 8 %  Re sheath, 

2.5 mm OD (0.098 in.), as shown in Fig. 6.66. The sensor extended 23 cm 
(10 in.) into the 3.4-mm-ID (0.135-in.) hollow fuel elements, and was 

joined to a 3.7-m (144-in.) stainless-steel-sheathed extension cable. 

The entire sensor was contained within primary fission gas containment. 

An electronic system for measuring noise voltage and noise current 
was built and connected to a digital data processor, using a PDP-8/S 

computer, which logged data and provided a digital record of the noise 

voltage, noise current, sensor temperature, and sensor resistance. 

*Professor of Electrical Engineering, University of Tennessee, Knoxville. 
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Fig. 6.66. Johnson Noise Thermometer Used i n  Capsule HRB-9. 
Dimensions are i n  inches ;  mu l t ip ly  by 25.4 t o  convert  t o  m i l l m e t e r s .  

An analog s i g n a l  from t h e  n o i s e  vo l t age  w a s  provided f o r  record ing  on 

a s t r i p  c h a r t  recorder .  

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

The system operated unattended f o r  t h e  e n t i r e  

The HRB-9 JNT operated success fu l ly  f o r  4500 h r  i n  t h e  HFIR 

i n d i c a t i n g  changes i n  c e n t e r l i n e  temperature wi th  changes i n  t h e  helium- 

neon capsule  sweep gas composition and v a r i a t i o n s  i n  f u e l  power during 

each r e a c t o r  f u e l  cycle .  

rhenium sensor  of about 15% were observed by measuring t h e  r a t i o  of 

n o i s e  vo l t age  t o  no i se  c u r r e n t ,  as t h e  rhenium sensor  transmuted t o  

about 80% osmium. Occasional per iods  of i n t e r f e r e n c e  due t o  e x t e r n a l  

e lectr ical  n o i s e  and t o  i r r a d i a t i o n  of t h e  e lec t r ica l  i n s u l a t i o n  were 

observed, bu t  t h e  thermometer w a s  s t i l l  ope ra t ing  w e l l  and i n d i c a t i n g  

a c e n t e r l i n e  temperature  of about 135OOC a t  t h e  end of n ine  i r r a d i a t i o n  

cyc le s  dur ing  which i t  had accumulated a thermal neut ron  f luence  of 

2.7 X 

Changes i n  t h e  e lec t r ica l  r e s i s t a n c e  of t h e  

n/cm2. The sensor  f a i l e d  open c i r c u i t  dur ing  t h e  s t a r t -up  
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of the tenth irradiation cycle after the capsule had been removed from 

and then reinserted into the irradiation facility between reactor fuel 

cycles. 

The HRB-10 JNT, identical to that used in HRB-9, provided similar 

temperature data during two irradiation cycles in the HFIR PB-13 irradi- 

ation facility and for part of the next cycle after the capsule was moved 

to the HFIR RB-7 irradiation facility. It then failed open circuit 
after a total of 1300 hr. 

c 

These experiments were described in a paper 
presented in December 1 9 7 4  at the Petten Fuel Thermometry Colloquium. 62 

In postirradiation examination of the HRB-10 capsule, severe inter- 
action due to carbon migration was observed between the sensor molybdenum- 

rhenium sheath, a wrap of 38-vm-thick rhenium foil that surrounded the 

sheath, and the inner surface of the coated fuel particles where they 

were in intimate physical contact. No interaction was seen in other 

places where the fuel and sheath did not touch, nor in the HRB-9 capsule. 

Some JNT temperature readings in HRB-10 in the PB-13 facility were as 

high as 1650"C, which may have been in part due to gamma heating of the 

sensor; no readings in HRB-9 exceeded 1500"C, and the sensor was more 

loosely spaced in the fuel centerline hole. 
We concluded that these experiments demonstrated the feasibility 

of using JNT in fuel irradiation capsules, that they provide credible 

temperature in spite of very large radiation-produced changes in sensor 

composition, and that a more effective carbon barrier is required for 

protection between the fuel coating and the sensor sheath. 

6.10.2 Low-Cross-Section Thermocouple Development - R. L. Shepard, 
R. L. Beatty, J. K, East, R. 3 .  Fox, G. W. Weber, and 
R. K. Williams 

Tungsten-rhenium thermocouples have been widely used to measure 

centerline temperature in fuel irradiation experiments, and while they 

have good out-of-reactor stability and more than adequate range for 

GCR tests, they have been ~ h 0 m ~ ~ 9 ~ ~  to drift because of cumulative 

effects of irradiation by as much as 400°C at 1000°C in 6000-hr irradi- 

ations. A review64 of development of thermocouples made from alloys 
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of metals having low cross sections for neutron capture - Pt, M o ,  Ru, 
Nb - suggests that these materials may be suitable for in-reactor 

thermometry to 1500"C, although chemical compatibility problems were 

reported. 

showed that Pt-5% Mo vs Pt-O.l% Mo thermocouples did not change signi- 

ficantly in calibration during an irradiation in ETR to 1.5 X 1021 n/cm2 

(fast) and 1.5 X 1021 n/cm2 (thermal) neutron fluence. 

One experiment reported66 at Battelle PNW Laboratories 

Thermocouple wire and platinum-sheathed alumina-insulated Pt-5% Mo 

vs Pt-O.l% Mo thermocouples were obtained from Engelhard Industries for 

test and evaluation. Two sheathed thermocouples 1.57 mm OD (0.062 in.) 

were installed in the graphite spine of the OF-2 irradiation capsule 

to measure temperatures of 1000 to 1150°C. 

couple wire was used in the fabrication of a composite, centerline 
thermometer, which included a pair of platinum-molybdenum thermocouples, 

a Pt-1% Mo resistance thermometer, and a platinum-molybdenum-sensor 

JNT. This thermometer was intended for OF-2 but was not used because 

of the incompatibility of the molybdenum-rhenium sheath with the fuel 

coating observed in the HRB-10 postirradiation examination. It will be 
used instead for furnace testing to determine drift and high-temperature 

performance of the platinum-molybdenum thermocouples. 

Platinum-molybdenum thermo- 

A 1.5-m-long (5 ft) platinum-sheathed, Pt-5% Mo vs Pt-O.l% Mo 

thermocouple was modified for use as the HRB-11 centerline thermometer 
by adding a stainless-steel-sheathed pair of Chrome1 vs Alumel thermo- 

couples to measure the cold junction temperature of the platinum-molybdenum 

thermocouple. This modification provided sufficient extension length 

2 m ( 6  ft), and permitted accurate, four-wire loop resistance measurements 

of the platinum-molybdenum thermocouple. This sensor shown in Fig. 6.67 

was fabricated and installed in HRB-11 for use at 1350°C. A rhenium foil 

wrap was used to separate the platinum sheath from the coated fuel particles 

Two platinum-sheathed, alumina-insulated Pt-5% Mo vs Pt-O.l% MO 

thermocouples were tested in an out-of-reactor graphite compatibility 

furnace for 513 hr at 1500°C. One thermocouple, wrapped with rhenium 
foil, maintained a steady 39-40 mV for the duration of the test and 
retained its high lo1 2-R room-temperature insulation resistance. The 



418 

S E C O I D A R V  
C O I T A I I Y E I T  

R H E M I U Y  F O I L  W R A P P E D  F U E L  0 .135 1.0. 
Pt -SHEATHED P t - Y C  

4 . W t R E  T I E R N O C O U P L E  
C / A  C A B L E  

FUEL PIN CENTERLINE INSTALLATION 

A L U Y I I A  I M S U L A T E D  
I S O L A T E D  I U M C T I O I  

T H E R Y O C O U P L E  

H E R Y E T I C  S E A L  

T A P E R E D  S L E E V E  rt 5 %  Y , / p t  0 . 1 %  NO 

0.125 1 . 0 . ~  , 0 0 5  W A L L  55304  'ILVER 
R E I I F O R C I M G  S L E E V E  

Fig. 6.67. Platinum-Molybdenum Thermocouple for Capsule HRB-11. 
Dimensions are in inches; to convert to meters, multiply by 0.0254. 

other thermocouple, not protected with rhenium foil, decreased in output 

6 mV and dropped in insulation resistance to about 100 R. 
examination showed some rninor sheath carbonization of the protected 

thermocouple and a sheath rupture of the unprotected thermocouple. 

Post-test 

In concurrent work the Seebeck coefficients of a group of low-cross- 

section platinum-base alloys including Pt-Mo, Pt-Ru, and Pt-Nb have 

been obtained. These wires will be used in future thermocouple studies. 

6.10.3 Thermometry in HRB Capsules - R. L. Shepard and B. H. Montgomery 

Fuel centerline temperatures from 900 to 16OOOC have been measured 
in a series of HTGR fuel capsules irradiated in the HFIR. The purpose 

of these experiments was (1) to provide temperature data for calculating 
fuel thermal conductivity and evaluating coated particle kernel migration 

kinetics, (2) to determine calibration drift of tungsten-rhenium thermo- 
couples, and ( 3 )  to demonstrate feasibility of the use of new types of 

temperature sensors - ultrasonic and Johnson noise thermometers. The 
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same general design of capsules has been used in each experiment. A s  

shown in Fig. 6.68, the centerline sensor is inserted in hollow fuel 

elements extending nearly to the reactor horizontal midplane. 

steel-sheathed Chrome1 vs Alumel (C/A) thermocouples are inserted into 

the peripheral graphite cyclinder surrounding the fuel elements, with 

three in the same axial location as the centerline sensor, and four or 

five more at other axial locations. The capsules were operated on the 

basis of the temperature indications from the CIA thermocouples. Heat 

removal from the fuel was controlled by varying the composition of the 

helium-neon sweep gas outside the graphite liner. The liner was machined 

to vary the gas gap along the capsule to provide an approximately flat 

axial temperature distribution. 

exposed to the fuel, some sheath was required. 

was wrapped with rhenium foil to prevent carbon migration from fuel to 

sheath, and primary fission gas containment was provided in the design 

of the sensor installation in the capsule. The later versions of 

capsule design incorporated a 4.7-mm-OD by 0.51-mm-thick (0.1875- by 

0.020-in.) stainless steel guide tube into which different sensors could 

be installed without redesign of the capsule. 

Stainless- 

Since the centerline sensor was directly 

The sheath generally 

An extremely valuable adjunct to the HFIR facility was provided by 

an in-pool, whole capsule, resistance heated furnace - Fig. 6.69 - 
which permitted calibration to 8OOOC of the sensors in the capsule 

between irradiation cycles with the capsule removed from the HFIR 

reflector, or at the end of irradiation. This facility was used to 

determine the drift of the ultrasonic thermometer used in HRB-5 and -6 
and the effects of temperature gradient on the calibration of tungsten- 

rhenium thermocouples in HRB-7 and -8. 

A summary is presented of the experiments performed in this HRB 
series : 

HRB-3 (Jan. 7, 1972 to Oct. 2, 1972) 

Centerline sensor: A W-3% Re vs W25% Re thermocouple with provision 

for measuring loop resistance of the 3-m (10-ft) 

length of thermocouples. 
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6.69.  In-Pool C a l i b r a t i o n  Furnace HRB-X. 
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Conditions: 

Performance: 60 

Postirradiation 
Condition: 

Operated for 6100 hr at temperatures to llOO°C 
accumulating a neutron fluence of 2.7 x 

n/cm2 (thermal) and 8 x lo2' n/cm2 (fast). 

Thermocouple drifted -3OOOC in 6000 hr compared 

with calculated centerline temperatures. Loop 

resistance increased 17.5%. 

Composition changes in tungsten-rhenium wires 

and separation of a second phase, probably 

sigma-phase rhenium-rich W-Re-Os. 

HRB-4 (Oct. 8, 1972 to June 26, 1973) 

Centerline sensor: A W-3% Re vs W25% Re thermocouple with provision 
for measuring the resistance of the 12.5-cm-long 

(5-in.) thermocouple loop within the fuel. 

Conditions: Irradiated for 5872 hr at 1000°C, accumulating 

same fluence as HRB-3. 

Performance : O Thermocouple failed open circuit after 2000 hr 

irradiation, showing a -75'C calibration drift 

and an increase of 18% in loop resistance. 

Resistance change was used to obtain a correction 

of calibration drift. 

Postirradiation 
Condition: Thermocouple bead was broken, apparently because 

of swelling of beryllia insulators. 

HRB-5 (Oct. 8, 1972, to Feb. 3, 1973) 

Centerline sensor: A 5-cm-long (2-in.) rhenium ultrasonic thermometer, 

0.5 mm OD (0.20 in.) emplaced without sheath 
directly exposed to fuel inner surface. 

Conditions: Irradiated 2578 hr at 900 to ll0O'C accumulating 
a neutron fluence of 1.1 X n/cm2 (thermal) 

and 3.1 X LO2' n/cm2 (fast). 

Satisfactory performance for entire irradiation; 

a 7% decrease in transit time corresponding to 

a -600°C calibration drift at 900°C, 

furnace used to measure calibration drift, 

In-pool 

Performance: O 
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Postirradiation 
Condition: Analyzed a 50% transmutation of rhenium sensor 

to osmium. Metallographic evidence of grain 

boundary separation and void formation in 

rhenium. 

HRB-6 (Feb. 27, 1973, to Sept. 8, 1973) 
Centerline sensor: A rhenium ultrasonic thermometer as used in 

HRB- 5. 

Conditions: Irradiated 4400 hr at 9OO"C, accumulating a 
neutron fluence of 2 X n/cm2 (thermal) 

and 6 X 1021 n/cm2 (fast). 

Performance : O Sensor failed during first reactor cycle by 

sticking of ultrasonic transmission line in 

1.59-mm-OD (0.0625-in.) guide tube; inter- 

mittent performance thereafter. 

Postirradiation 
Condition: Sensor recovered intact. Same metallographic 

condition as HRB-5 sensor. 

HRB-7 (Dec. 19, 1973 to July 21, 1974) 

Centerline sensor: A multiwire W 5 %  Re vs W26% Re thermocouple 

Conditions: 

Performance: 

with five measuring junctions along central 

axis of fuel column. 

Irradiated 4400 hr at 15OO0C, accumulating a 
neutron fluence of 2 x n/cm2 (thermal) 

and 6 x n/cm2 (fast). 

Thermocouple calibration drifted -330°C at 

1500°C in 2200 hr. Thermocouple then failed 

open circuit. In-pool calibration after 1120 hr 

irradiation confirmed drift calculations based 

on changes in loop resistance, approximately 

-80°C at 610"C, but showed that the correction 

depends on the furnace axial temperature 

gradient. 
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P o s t i r r a d i a t i o n  
Condition: The thermocouple w a s  broken. B e r y l l i a  

i n s u l a t o r s  had swelled about 3%. Absence of 

i n t e r a c t i o n  between f u e l  and rhenium f o i l  

surrounding t h e  i n s u l a t o r s  and between f o i l  

and i n s u l a t o r s  w a s  noted.  

HRB-8 (Feb. 28, 1974, t o  Oct. 4 ,  1974) 

Center l ine  sensor :  Five- junct ion W5% R e  vs W26% R e  thermocouple 

as i n  HRB-7. 

Conditions : I r r a d i a t e d  5500 h r  a t  125OoC, accumulating 

a neutron f luence  of 28 X n/cm2 ( thermal)  

and 8 X lo2' n/cm2 ( f a s t ) .  

Thermocouple c a l i b r a t i o n  d r i f t e d  -530°C a t  

1500°C i n  3500 h r .  

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

increased 2 .7  t i m e s  i n i t i a l  value.  In-pool 

furnace  c a l i b r a t i o n  a t  t h e  end of i r r a d i a t i o n  

showed e f f e c t  of furnace  g rad ien t  on apparent  

deca l ib ra t ion .  A t  a cons tan t  t r u e  temperature  

of 700°C a t  t h e  middle W-Re j u n c t i o n ,  deca l i -  

b r a t i o n  could be v a r i e d  from -120°C t o  -210°C 

by changing t h e  a x i a l  temperature  g rad ien t .  

The d e c a l i b r a t i o n  f o r  t h e  f i r s t  3000 h r  

i r r a d i a t i o n  w a s  ca l cu la t ed  from changes i n  

loop r e s i s t a n c e , 6 2  by use  of an a n a l y s i s  

based on Matthiesen 's  r u l e ,  and agreed w e l l  

wi th  in-pool furnace c a l i b r a t i o n s  performed 

a f t e r  2163 h r  i r r a d i a t i o n .  

Condition: Thermcouple i n t a c t :  no o the r  examination w a s  

Performance: 

Thermocouple survived 

P o s t i r r a d i a t i o n  

performed. 

HRB-9 (Oct. 6 ,  1974, t o  June 3 ,  1975) 

Center l ine  sensor:  A Johnson no i se  thermometer wi th  a s i n g l e  

rhenium r e s i s t o r  (descr ibed i n  Sect .  6.10.1). 
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Conditions : 

Performance: 

Performance: 

I r r a d i a t e d  f o r  5400 h r  a t  1250-15OO0C two cyc le s  

i n  t h e  HFIR PB-13 f a c i l i t y  and e i g h t  cyc le s  i n  

t h e  HFIR RB-7 f a c i l i t y ,  accumul.ating a neutron 

f luence  of 2 .8  X n/cm2 ( thermal)  and 

8 X l o 2 ’  n/cm2 ( f a s t ) .  

The J N T  provided f u e l  c e n t e r l i n e  temperature  

of 1350 t o  14OOOC dur ing  most of t h e  i r r a d i a t i o n  

u n t i l  t h e  sensor  f a i l e d  open c i r c u i t  a t  t h e  

beginning of t h e  las t  r e a c t o r  cyc le  a f t e r  

4500 h r  of s e r v i c e .  Some per iods  of i n t e r -  

f e rence  from e x t e r n a l  e l e c t r i c a l  n o i s e  sources  

and from r a d i a t i o n  e f f e c t s  on cab le  i n s u l a t o r s  

were observed, The sensor  r e s i s t a n c e  changed 

about 15%, p a r t l y  because of an es t imated  

80% t ransmuta t ion  from rhenium t o  osmium. 

P o s t i r r a d i a t i o n  
Condition: Thermometer open c i r c u i t  near  sens ing  r e s i s t o r  

end; shea th  i n t a c t .  No s i g n i f i c a n t  fuel-sheath-  

i n s u l a t o r  i n t e r a c t i o n .  

HRB-10 (Nov. 25,  1974, t o  June 9, 1975) 

Cen te r l ine  sensor:  Rhenium sensor  JNT,  as i n  HRB-9. 

Conditions : I r r a d i a t e d  f o r  3738 h r  a t  15OOOC nominal, two 

cyc le s  i n  HFIR PB-13 f a c i l i t y  and f i v e  cyc le s  

i n  HFIR RB-5 f a c i l i t y ,  accumulating a neut ron  

f luence  of 1 x n/cm2 (thermal) and 

4 x lo2’ n/cm2 ( f a s t ) .  

The J N T  i nd ica t ed  temperatures  as h igh  as 

165OOC dur ing  t h e  f i r s t  i r r a d i a t i o n  c y c l e  i n  

PB-13. 

The thermometer became e r r a t i c  i n  t h e  RB-5 

f a c i l i t y  and then  f a i l e d  open c i r c u i t  a f t e r  

1300 h r  i r r a d i a t i o n .  

More t y p i c a l  readings  w e r e  14O0-155O0C. 
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Postirradiation 
Condition: The molybdenum-rhenium sheath had reacted with 

fuel particle coatings, by carbon diffusing 

through the rhenium foil barrier where the sheath 
was pressed against the fuel. 
failure caused high fission gas activity in 

This catastrophic 

the experiment sweep-gas current and eliminates 

that choice of sheath material from further 
sensor fabrications. 

Neutron fluences were calculated from the fluxes given in Table 6.57. 

Table 6.57. Flux in HFIR HRB Irradiation Facilities 

Facility RB 
(Measured) 

PB 
(Estimated) 

Neutron Flux, n cm-' sec-' 

Thermal (c0.41 eV) 1.4-1.8 X 7-9 x 1014 
Epithermal 5 x io"+ 

Fast (>O. 18 MeV) 5 x 5 x 1013 
Gamma Intensity 

R/hr 6 . 3  x io9 2 x i o 9  
W/g graphite 14.7 (0.1-10 MeV) 5 

In summary, these eight irradiation experiments have provided data 
for comparing the behavior of tungsten-rhenium thermocouples, rhenium 

ultrasonic thermometers (UST), and Johnson noise thermometers (JNT) 

in-reactor under similar irradiation conditions and show the very 

marked differences between the effect of irradiation on their cali- 
bration. A s  seen in Fig. 6.70, the UST used in HRB-5 decalibrated 
most, although it may be somewhat corrected for by isothermal cali- 

bration updating, 
significantly in HRB-3 (and also HRB-4, -7, and -8), but the JNT used 

in HRB-9 showed no decalibration. 

the tungsten-rhenium thermocouple decalibrated 
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Fig. 6.70. Fuel Irradiation Centerline Thermometers. 

6.10.4 Thermometry in ORR Capsules - R. L. Shepard and K. R. Thoms 

Thermometr; support has been provided for a series of fuel irradi- 

ation and creep test capsules for the ORR. These irradiations are 

typically longer than HRB irradiations and at lower neutron fluxes: 

3 x 1014 n cm-’ sec-’ (fast) and 2 x 1014 n cmV2 sec-’ (thermal). 

Capsules provide slightly lower temperatures (90&-13OO0C) and accomo- 

date shorter sensors [0.3-1.5 m (1-5 ft)] with less restriction on 

size of extension cables and transition joints. 

Most 0-series capsules have used sheathed Chrome1 vs Alumel (C/A) 

thermocouples to measure peripheral temperatures and CIA or tungsten- 

rhenium thermocouples to measure fuel temperatures. A short review of 

their performance is given: 

OG-1 (June-December 1973) 

This capsule was irradiated 3200 hr in the ORR, accumulating a 

neutron fluence of about 2 X 1021 n/cm2 (thermal) and 3 X 1021 n/cm2 

(fast). Eight sheathed thermocouples 50- to 180-mm long (2-7 in.) 

measured central temperatures in cell 1 from 700 to 1000°C. Five 
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thermocouples were C/A sheathed in 1.60-mm-OD (0.063-in.) Inconel. Three 

were W 3 %  Re vs *25% Re wires insulated with beryllia, and sheathed in 
1.60-mm-OD tantalum. 

tungsten wire and emplaced in -1% Zr tubes. Five additional C/A thermo- 

couples measured outer peripheral temperatures. In a similar arrangement, 

eight thermocouples in cell 2 measured temperatures from 600 to 1400°C. 

The sheathed thermocouple wires were then wrapped with 

All thermocouples survived the test and were intact when photographed 

in postirradiation examination. 

Atomic. 

OF-1 (August 1973 Through February 1975) 

This capsule was irradiated 9340 hr in the ORR, accumulating an esti- 

Thermocouples were furnished by General 

mated neutron fluence of 1.1 X n/cm2 (fast, >0.18 MeV). Two bare 

wire W3% Re vs W25% Re thermocouples were made with a single four-hole 

beryllia insulator to measure fuel centerline temperatures in two places 

of 950-1100°C and 1100-1250°C. 

the irradiation but decalibrated 200-300°C. Four 1.60-mm-OD (0.063-in.) 

stainless-steel-sheathed C/A thermocouples survived temperatures of 650 to 

1050"C, but seven of ten 1.02-mm-OD (0.040-in.) sheathed C/A thermocouples 

measuring temperatures from 550 to 950°C failed before the end of irradiation. 

OF-2 (Started Irradiation June 1975) 

This capsule was designed to operate 9600 hr in ORR to a neutron 

The tungsten-rhenium thermocouples survived 

fluence of 9 X l o 2 '  n/cm2 (fast, >0.18 MeV). 
platinum-sheathed, alumina-insulated, Pt-5% Mo vs Pt-O.l% Mo thermocouples 
were installed to measure graphite spine temperatures in the upper and the 

middle fuel cells. 
near the upper platinum-molybdenum thermocouple for comparative readings. 
The two platinum-molybdenum thermocouples have operated to date for 3500 hr 

without failure and no evident drift at about 1050 and 1200°C. The com- 

parison CIA thermocouple failed open circuit after 880 hr at temperatures 

as high as 1095°C. Eleven 1.60-mm-OD stainless steel-sheathed C/A thermo- 

couples were installed in the upper cooler cell and seven in the middle 

hotter cells t o  measure graphite fuel holder temperatures of 500 to 950°C. 

None of these have failed to date. 

Two 1.60-mm-OD (0.063-in.) 

A stainless-steel-sheathed CIA thermocouple was positioned 



428 

6.10.5 Correction of Tungsten-Rhenium Thermocouple Data - M. W. Waddell, 
R. K. Williams, 0 .  W. Hermann, R. L. Shepard, and T. G.  Kollie 

6.10.5.1 Analytic Method 

Tungsten-rhenium alloy thermocouples have been used to measure the 

temperature of the fuel irradiated in several of the HRB experiments. 

However, their value has been limited because of rapid decalibration, 

which may be due to transmutation-induced composition changes. 

analytic method of correcting tungsten-rhenium thermocouple temperature 

measurements for composition changes is currently being developed. 

This method will be evaluated by correcting the fuel temperatures in 

the HRB-3 experiment and comparing these values with calculated 

temperatures. 

An 

6.10.5.1.1 Theory. The emf produced by two dissimilar metals 

where junctions are at different temperatures can be described by: 

where 
SA = absolute Seebeck coefficient of the positive thermoelement, 

SB = absolute Seebeck coefficient of the negative thermoelement, 

T I  = temperature at the cold junction, and 

272 = temperature at the hot junction. 

When the two thermoelements are both homogeneous and metallurgically 

stable materials, the emf generated by the thermocouple depends only on 

the two junction temperatures and can be calculated from the temperature- 

dependent absolute Seebeck coefficient values for each thermocouple leg. 

In a reactor experiment, the tungsten-to-rhenium and rhenium-to-osmium 

transmutation rates are significant, and this change of composition is 

one factor that causes decalibration. Also, since the neutron flux 

and energy profiles are spatially dependent, irradiation generates a 

range of compositions along each thermoelement. This gives rise to a 

temperature gradient sensitivity. The expression for the emf can be 
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generalized to include the composition changes: 

T1 

T1 T2 
emf = IT' ,S,(t,x) dt + 1 SB(t,x) d t  . 

Then if the position dependence of the temperature and composition are 

known, the emf can be calculated from Eq. (2) and the error due to 

transmutation effects obtained. It should be noted that this model 

directly includes the effect of temperature gradients along the leads. 

The centerline thermocouple compositions in the HRB-3 experiment 
were computed with the ORIGEN code, 54 using cross sections prepared 

with the CASDAR code.67 
matrix exponential equation, which has been found to be a very powerful 

method for obtaining accurate and complete results. 

computed as functions of irradiation time and axial position in the 

reactor. 

ORIGEN solves this type of problem using the 

Compositions were 

The temperature gradient along the thermocouple wires in the HRB-3 

capsule is not precisely known; temperatures are known accurately at 

only four points. A s  a first approximation the fuel is assumed to be 

isothermal and elsewhere the temperature gradient is assumed to be 

linear between the known temperatures. 

Having determined the spatial variation of the temperature and 

thermocouple composition for a fixed irradiation time (fluence), the 

emf of an irradiated thermocouple can be calculated from Eq. (2) if the 

composition and temperature variation of S and S are known. This 
information is being experimentally obtained for tungsten-rhenium 

thermoelements as part of this study. Temperature corrections are 

then readily obtained by computing the emf of an irradiated thermocouple 
as a function of the hot junction temperature and finding the calculated 

emf that corresponds to the measured value. The temperature measurement 

error is then obtained by computing the difference between this corrected 

temperature and the temperature obtained by employing the measured emf 

and the standard thermocouple table. 

A B 
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6.10.5.1.2 Data. Table 6.58 lists the absolute Seebeck coefficients 

(S) of several W-Re and W-Re-Os alloys. These values were obtained from 

either direct measurements against platinum or from emf versus temperature 

curves from the literature. After more data are obtained on other 

W-Re-Os alloys, the results will be fitted to isothermal curves of 

Seebeck coefficients versus rhenium and osmium contents. Equation (2) 

can then be integrated numerically. Other alloys prepared include 

W 3 %  Re-0.66% Os, W-5% Re-O.66% O s ,  W 5 %  Re-1.80% Os, +24.7% Re-0.62% O s ,  

and Wl9% Re-21% O s .  Some of these composition occur during the course 

of an irradiation experiment and others have been included to obtain 

more general information on the effects of osmium additions. For the 

higher rhenium-content alloys, the data indicate that osmium tends to 

lower the S values, but the effect is roughly equivalent to the decrease 
that a further rhenium addition would produce. The decrease in S 
produced by osmium seems to be greater in the low-rhenium alloys, and 

the noncompensating S shifts in the two thermoelements probably pro- 

duces the negative decalibrations observed. 

Work to be completed before the model is evaluated includes: 

1. Additional S data on W-Re-Os alloys will be obtained, 
2. The sensitivity of the temperature error calculations to 

changes in the assumed temperature gradient will be determined. 

3. The temperature gradient along the thermocouple will be 
calculated with the HEATING3 code if the calculations are too sensitive 

to changes in the temperature gradient. 

4 .  The required cross-section values may be determined more 

accurately. 

6.10.5.2 Empirical Method 

Complementary to the thermoelectric calculations described above, 

an empirical method of determining in .situ corrections of tungsten- 
rhenium thermocouple data was explored. 

knowledge of the time of irradiation or neutron fluence experienced by 

the thermocouple, and perhaps not of the temperature gradient. 

Experiments with in-pool furnace calibrations of the multijunction 

This approach does not require 



Table 6.58. Absolute Seebeck Coefficients in the Tungsten-Rhenium-Osmium System 

Composition Absolute Seebeck Coefficient, pV/K, at Each Temperature in OC 

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 Source (wt X) 

Re os 

0 0 a 0.8 3.6 6.9 10.0 13.3 15.8 17.6 18.9 19.8 20.1 20.3 20.4 20.4 20.3 20.2 

3 0 bc 9.0 11.4 13.9 16.2 18.2 19.5 20.2 20.5 20.4 20.0 19.3 18.9 18.4 18.0 17.3 
5 0 bc 12.9 13.8 15.2 16.7 18.2 19.1 19.5 19.5 19.1 18.5 18.7 17.1 16.4 15.9 15.2 
9 0 d 12.1 12.8 13.4 13.8 14.2 14.5 14.6 14.6 14.5 14.3 14.0 13.6 13.1 12.4 11.6 
20 0 be -0.1 -0.7 -0.4 0.3 1.4 2.1 2.4 2.6 2.6 2.4 2.1 1.9 1.8 1.8 1.5 

26 0 b c  -0.5 -1.8 -1.9 -1.6 -0.8 -0.3 -0.1 0.0 -0.1 -0.3 -0.7 -0.7 -0.8 -0.6 -0.9 
24.83 0.24 bf -0.3 -1.5 -1.7 -1.4 -0.5 0.0 0.2 0 .3  0.2 0.0 -0.4 -0.4 -0.4 -0.3 -0.5 
24.65 0.48 bf -0.4 -1.6 -1.8 -1.4 -0.6 -0.1 0.1 0.2 0.1 -0.1 -0.5 -0.6 -0.6 -0.5 -0.8 
23.98 1.45 bg -0.4 -1.6 -1.8 -1.5 -0.7 -0.3 -0.1 0.0 -0.1 4 . 4  4 . 8  -0.8 -0.9 4 . 8  -1.1 

23.18 2.78 bh 0.0 -1.4 -1.8 -1.6 -0.9 -0.6 -0.5 -0.5 -0.7 -1.1 -1.5 -1.6 -1.7 -1.7 -2.0 

9 3.62 d 3.2 3.9 4.6 5.2 5.1 6.2 6.6 6.9 7.3 7.5 7.7 7.8 7.9 7.9 7.8 

22 6.51 d -0.7 -0.9 -1.1 -1.4 -1.6 -1.8 -2.0 -2.2 -2.3 -2.5 -2.7 -2.8 -2.9 -3.1 -3.2 
19 13.3 d 0.2 -0.2 -0.7 -1.2 -1.6 -2.1 -2.6 -3.1 -3.5 -4.0 -4.5 -4.9 -5.4 -5.9 -6.3 

aJ. P. Moore, R. S. Graves, W. Fulkerson, and D. L. McElroy, pp. V-G-1-V-G-35 in The 5th Conference on Thermal Conductivity, 

bDerived from emf vs temperature curves. 

'1975 Annual Book of ASTM Stmdards, part 44, American Society for Testing and Materials, Philadelphia, pp. 77C-76. 
dResults of this study. 

eG. W. Burns, National Bureau of Standards, private communication. 

fGeneral Electric Co., High Temperature Materials Program P r o p .  Rep. 43, Part A ,  GEMP-43A, pp. 71-73. 
gIbid., Rep. 39, Part A ,  GEMP-39A, pp. 33-35. 

hIbid., Rep. 37, Part B, GEMP-37B, pp. 61-70. 

Held a t  Denver, Cob . ,  Oct. 20-22, 1965, Denver University, 1967. 
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tungsten-rhenium thermocouple in HRB-8 showed the dependence of the 

irradiated thermocouple output on temperature gradient. 

furnace maintained a constant true temperature of 700°C at the middle 

tungsten-rhenium junction, as measured by a C/A thermocouple in the 

capsule and in the furnace. 

junction was then changed, by adjusting separate heater sections, to 

produce a flat, moderate, or steep axial temperature profile. 

flat gradient, shown in Fig. 6.71, the temperature error was -12OOC with 

a steep gradient, the error increased to -21OOC. 
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Fig. 6.71. Effect of Temperature Gradient on Decalibration of 
W5% Re vs W26% Re Centerline Thermocouples in Capsule HRB-8. 
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The thermometric purpose of the HRB-8 experiment was, however, 

to relate the thermoelectric output to the loop resistance of the irradi- 

ated centerline tungsten-rhenium thermocouple, continuing studies 

started in HRB-3 and -4 .  

of resistance of thermocouple loops and single wires, using the current- 

potential method, gave data that could be plotted as straight lines 

against thermocouple apparent temperatures. These lines shifted pro- 

gressively with additional irradiation, as shown in Fig. 6 . 7 2 ,  Their 

behavior was analyzed graphically by use of the assumption that the 

thermocouple alloys followed Matthiesen's rule - namely, that a 
temperature-independent increase of resistance at a given true tempera- 

ture increased linearly with irradiation. 

for the first 2000 hr irradiation. The analytic method, shown in 

Fig. 6 . 7 3 ,  allowed a correction to be made for the difference (ET) 

between the indicated and true temperatures. The calculated calibration 

drift is shown in Fig. 6.74 ,  which also shows the effect of gradient 

observed in the in-pool furnace test. 

During start-up of reactor cycles, measurements 

This apparently held true 
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Irradiated in HRB-8. 
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A singular finding was that the three sets of thermoelectric emf 

and loop resistance data obtained in the in-pool furnace gradient testing 

all fell on the same line in Fig. 6.72. 
the Seebeck coefficient and electrical resistivities of the irradiated 

tungsten-rhenium wires are affected similarly by irradiation and that 

their ratio is not strongly temperature dependent. 

that the study of properties of these wires, described in Sect. 6.10.5.1, 

be expanded to include resistivity measurements so that both equivalent 

circuit models shown in Fig. 6.75 can be evaluated for irradiation 
alloys. 

This result suggests that both 

It has been proposed 

ORNL-DWG 76- 12992 
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Fig. 6.75. Equivalent Circuit Models for  Thermal emf and Loop 
Resistance of Irradiated Thermocouples. 
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6.11 PERFORMANCE ASSESSMENT OF COATED PARTICLE FUELS - F. J. Homan 
Information gained through irradiation testing is interpreted 

and applied to process and equipment development and specification 

wr2ting. Most of the attention during this reporting period has been 

directed at thermal analysis and the determination of failed particle 

fractions. A little work was done to adapt computer models for coated 
particle mechanical analysis for use in direct evaluation of the data 
from loose particle irradiations in HFIR Target (HT) capsules. Dynamic 

testing methods were studied briefly to determine whether our thermal 

analysis procedures could be improved through such testing, but we con- 

cluded that the cost of this work was not justified by the additional infor- 

mation we would get. The studies of fission product reaction with 

Sic represent a new field, where additional work is planned for the 

future e 

6.11.1 Thermal Analysis - - F. J. Homan 
During the reporting period the procedures for thermal analysis of 

several types of irradiation experiments were formalized. These 

procedures are now being applied routinely to the analysis of irradi- 

ation experiments in HFIR, the ORR, the Dragon Reactor, and the Peach 
Bottom Reactor. A brief outline of the procedures is given below: 

Each procedure is being thoroughly documented in a topical report. 

6.11.1.1 HT Capsules 

The thermal analysis procedure for HT ( H F I R  target) capsules was 

developed by K a ~ ~ i a . ~ ~  

operating temperatures of the loose coated particles in the HT capsules 

were assumed equal to the design temperatures for the specimen holders, 

which were determined by a one-dimensional radial heat flow calculation. 

Kania's procedure considers the temperature rise from the Poco graphite 

sleeve to the specimen holders (a schematic diagram of a typical HT 

capsule for the irradiation of loose coated particles is shown as 

Fig. 7.28 of ref. 21) and from the inner surface of the specimen holder 
annulus to the particles themselves. Axial heat flow is considered as 

Before the development of this procedure the 

6 8  
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well as radial. Temperatures of several hundred degrees above the 

design graphite sleeve temperatures have been calculated. Examples 

of the calculation are shown in Fig. 6.76  for 900 and 125OOC design 

graphite temperatures. Since the HT experiments are uninstrumented 

the calculations are the only temperature information available in 

the analysis of HT data. We feel that the temperatures calculated 

by Kania's procedure are more accurate than the design temperatures 

used previously and have significantly improved the quality of infor- 

mation coming from these experiments. 

6.11 .1 .2  HRB Capsules 

The basic procedures for thermal analysis of the HRB capsules 

were outlined by Homan 6 9 ¶ 7 0  and expanded by Valentine. 7 1  Before the 

development of this procedure the HRB capsule fuel temperatures were 

calculated with GENGTC6 * from fission heat rates calculated with 
FABGEN. 44 

of the time variation of the fission rates at each axial position 

in the capsule. Good cross-section data are also needed. The neutron 

fluxes increase with time during the 23-day H F I R  cycles, as the control 

elements are withdrawn (see ref. 33 for a brief description). The 

shape of the flux vs time curve is known only at the reactor horizontal 

midplane, and even this information is suspect because it applies only 

to an empty HRB facility. The influence of a capsule on the neutron 

fluxes is not known. Calculating the graphite midwall temperatures with 
the GENGTC-FABGEN thermal analysis could not achieve good agreement with 

the temperatures measured with Chrome1 vs Alumel thermocouples. Because 

the HRB capsules were highly instrumented, we decided to use the instru- 

mentation to advantage in the thermal analysis. A mathematical model 

was developed7' to calculate fission heat rates and sweep gas composition 

as functions of time during each HFIR cycle. This information was then 

used, with the same model, to calculate fuel specimen surface and center 

temperatures. While the capsules have all had centerline thermometry, 

the centerline temperature data have never been good because the center- 

line devices decalibrated. 

Calculation of accurate fission hear rates requires knowledge 
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(a> TIME FROM BEGINNING OF IRRADIATION IOAYS) 

( b )  TIME FROM BEGINNING OF IRRADIATION IDAIS) 

Fig. 6.76. 
Loose Particles in an HT Capsule. 
in holders (a) 13 and (b) 26 of capsules HT-14 and -15. 

Examples of Temperature and Power Calculations for 
Batch OR-1849 816-pm-diam particles 
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Techniques are being developed (see Sect. 6.10 .5  of this report) to 

correct the centerline temperature data on previous HRB capsules. In 

addition, absolute temperature measuring devices are being developed 

(see Sect. 6.10.2), which hopefully will not decalibrate. Eventually 

we hope that a direct comparison of measurement with calculation will 

be possible for fuel center temperatures. This comparison will 

reflect directly on the quality of the thermal analysis procedures 

being used. 

Valentine” improved on the procedure described above by developing 

a capability for considering nonsymmetric geometries (asymmetric gaps). 

Also, Valentine’s method is highly automated and has removed many of 
the hand operations described in ref. 69. The ENCTRK code is coupled 

with a plotting package, which permits graphical display of graphite 

midwall, fuel surface, and fuel center temperatures for each specimen, 

for each HFIR cycle. Fission heat rates and sweep gas composition can 

also be plotted. 

6.11.1.3 ORR Capsules 

The geometry of the ORR capsules is somewhat more complex than 
that of the HT and HRB capsules. The first ORR capsule, OF-1, had five 
fuel holes; the second, OF-2, has four. Because of the complex geometry, 

simple, one-dimensional radial heat flow models such as those used for 
the HT and HRB capsules could not be used. 
methods for the thermal analysis of ORR capsules, using the HEATING3 
computer code.38 

are shown in Sect. 6 . 7 . 1  of this report, in Fig. 6.54. Sample tempera- 

ture calculations for the OF-1 capsule are shown in Fig. 6.55 of 
Sect. 6.7.1. A detailed description of the thermal analysis procedures 

for ORR capsules is given elsewhere. 

Kania and Thoms have developed 

The t w o  R-8 grid models employed for the OF-1 analysis 

72 

6 .11 .1 .4  Recycle Test Elements 

The Recycle Test Elements (RTEs) were irradiated in the Peach 

Bottom Reactor. The fuel for these elements was fabricated at OWL, 

and the elements were loaded by General Atomic Company. The present 
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status of these experiments is covered in Sect. 6 . 8  of this report. 
All coordination between Philadelphia Electric Company (the owner of 

the Peach Bottom Reactor) and the experimenters was done by General 

Atomic personnel. 

(FTE) and Proof Test Elements (PTE) in the Peach Bottom Reactor at the 

same time as the RTEs and has developed methods for thermal analysis 

for these elements.73 

has been subcontracted to General Atomic Company. The results and 

methods of their analysis will be reported with the final report on 

the RTE series, which is scheduled for September 1977.  

General Atomic had a number of Fuel Test Elements 

The thermal analysis of the Recycle Test Elements 

6.11.1.5 Dragon Reactor Experiment 

The MET VI1 Experiment was inserted into the Dragon Reactor in 
January 1975.  The experiment is scheduled to run slightly over four 

years. When the experiment was planned it was assumed that thermal 

analysis of the ORNL specimens would be performed by personnel from 

the Dragon Project. However, with the present uncertainty about the 

status of the Dragon Project, it is unlikely that there will be 

sufficient manpower available for this work. Therefore, a thermal 

analysis similar to the one outlined earlier for 0R.R capsules will be 

performed if fuel temperatures are not provided by Dragon. The status 

of the MET VI1 Experiment is covered in Sect. 6.8 of this report. 

6.11.2 Mechanical Analysis of HT-12, -13,  - 1 4 ,  and -15 Experiments 
Several modifications have been made to the stress analysis code, 

STRETCH, in an attempt to improve agreement between the calculated and 

observed behavior of pyrocarbon-coated fuel particles during irradiation 

in a reactor environment. Specific areas of the code that were modified 

include the neutron-induced densification model and the neutron-induced 

creep calculation. Also, the capability for modeling surface tempera- 

ture variations was added. HFIR Target experiments HT-12 through -15 
were simulated with the modified code, and the neutron-fluence vs particle- 

failure predictions compared favorably with the experimental results. 

This work is described completely by Valentine22 along with listings of 

the modified FORTRAN IV main program and user instructions. 
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6.11.3 Coated Particle Failure Analysis - F. J. Homan 
The failed particle specification is a very important aspect of 

large HTGR fuel development. Currently an accurate, inexpensive way 

to measure this parameter is lacking. Metallography has been valuable 

for determining failure mechanisms but is too expensive and time 

consuming for measuring failure statistics. 

be examined. Chlorine leaching has potential, but it is expensive, 

and many uncertainties are still associated with it. 

cannot establish unequivocally (with present technology) whether a given 

concentration of uranium or thorium in the leaching solution is due to 

a few failed particles, or due to a small amount of heavy metal being 

leached through intact coatings on all particles. Further, it is not 

known whether the leaching process itself damages the coatings. 

Too many particles must 

For example, one 

The Irradiated Microsphere Gamma Analyzer (IMGA) system we have 

developed provides an inexpensive, quick examination of each particle 

within a fuel rod. The rod is first electrolytically disintegrated, and 

then each recovered particle is examined by a Ge-Li detector to determine 

its gamma spectrum. A decision is then made whether the particle is 

failed or intact, and particles can then be segregated according to 

preset gamma spectrum characteristics for further examination. The 

entire process (after disintegration) is computer controlled. The 

ORNL unit is the only one of its kind in the world. Hot operation is 

scheduled for March 1976. 

6.11.3.1 Failure Mechanisms - E. L. Long, Jr. 
Five mechanisms that can either cause or l e a d  to failed particles 

have been identified. Two are classified as thermochemical and three 

are considered mechanical. These mechanisms are discussed in more 

detail below. 

The term "amoeba" was adopted to described kernel migration 

toward the hotter side of the particle. 

of time, temperature, and thermal gradient, and can result in coating 

failure as the kernel migrates through coating layers. All fissile and 

fertile fuels considered to date have the potential of exhibiting amoeba, 

Amoeba is primarily a function 
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al though ke rne l  migra t ion  has  not  been observed t o  d a t e  wi th  p a r t i a l l y  

converted weak-acid-resin-derived f i s s i l e  ke rne l s ,  and Tho2 has  proved 

t o  be very  s t a b l e  and m e e t s  performance requirements.  

amoeba is  shown i n  Fig.  6.77. Deta i led  s t u d i e s  have been under way 

wi th  i r r a d i a t e d  and un i r r ad ia t ed  p a r t i c l e s  a t  OKNL and GA t o  quan t i fy  

amoeba and e s t a b l i s h  p r e d i c t a b l e  performance l i m i t s  of va r ious  f u e l s  

( s ee  Chap. 4 of t h i s  r e p o r t ) .  

An example of 

Another f a i l u r e  mechanism, which i s  a l s o  thermochemical and 

occurs  only i n  Triso-coated p a r t i c l e s ,  involves  v o l a t i l e  high-yield 

f i s s i o n  products .  I n  t h i s  f a i l u r e  mechanism t h e  l an than ides  (La, P r ,  

C e ,  Nd) d i s t i l l  ou t  of t h e  ke rne l s  and c o l l e c t  on the  co ld  s i d e  of 

t h e  p a r t i c l e  ad jacent  t o  t h e  inne r  s u r f a c e  of t h e  S i c  l a y e r .  The 

c o l l e c t i o n  of t h e  rare e a r t h s  on t h e  cold s i d e  of t h e  p a r t i c l e  

t y p i c a l l y  r e s u l t s  i n  g r a p h i t i z a t i o n  of t h e  inner  L T I  l a y e r  and can 

r e s u l t  i n  e i t h e r  mechanical f a i l u r e  of t h e  S i c  and ou te r  L T I  l a y e r  o r  

f a i l u r e  from chemical a t t a c k  of t h e  S i c .  The thermal g rad ien t  ac ross  

a p a r t i c l e  i s  a s i g n i f i c a n t  f a c t o r  s i n c e  t h e  S i c  and ou te r  L T I  f a i l  mechan- 

i c a l l y  p r imar i ly  i n  t h e  p e r i p h e r a l  reg ions  o f  f u e l  rods ,  where a s t e e p  

thermal g rad ien t  e x i s t s .  A t  temperatures  above r e fe rence  HTGR des ign ,  

t h e  S i c  is  s u b j e c t  t o  chemical a t t a c k  by the  rare e a r t h s ,  which can 

l i m i t  t h e  f u e l  performance. 74 

are shown i n  F igs .  6.78 and 6.79. Fo r tuna te ly ,  t h e  rare  e a r t h s  can 

be contained wi th in  t h e  ke rne l  by providing s u f f i c i e n t  oxygen t o  form 

s t a b l e  r a re -ea r th  oxides .  

Examples  of f i s s i o n  product i n t e r a c t i o n  

A t h i r d  f a i l u r e  mechanism, p re s su re  v e s s e l  f a i l u r e ,  is  mechanical 

and occurs  when t h e  gas p re s su re  wi th in  t h e  Triso-  o r  Biso-coated 

p a r t i c l e  exceeds t h e  s t r e n g t h  of t h e  coa t ing .  This can occur  when 

e i t h e r  a pa r t i c l e  does not  meet design s p e c i f i c a t i o n s  o r  t h e  coa t ing  

p r o p e r t i e s  have degraded from e i t h e r  of t h e  above thermochemical 

mechanisms. An example of pressure-vesse l  f a i l u r e  is  shown i n  Fig.  6.80. 

A second mechanical f a i l u r e  mechanism has been i d e n t i f i e d 7 5  and is  

t h e  r e s u l t  of mechanical i n t e r a c t i o n  between t h e  coa t ing  and ma t r ix  

dur ing  i r r a d i a t i o n .  S m a l l  tears can be i n i t i a t e d  i n  coa t ings  dur ing  

f u e l  rod f a b r i c a t i o n .  I f  t h e  bond between t h e  mat r ix  and coa t ing  i s  

s u f f i c i e n t l y  s t rong ,  t hese  tears can lead  t o  coa t ing  f a i l u r e  as a 
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Fig. 6.78. F a i l u r e  Caused by Co l l ec t ion  of Rare Ear th  F i s s i o n  
Products  La,  P r y  C e ,  and Nd on t h e  Cold Side of t h e  P a r t i c l e .  150X. 
(a) Br ight  f i e l d .  (b) Polar ized  l i g h t .  Note g r a p h i t i z a t i o n  and 
deformation of inne r  pyrocarbon l a y e r  due t o  c o l l e c t i o n  of f i s s i o n  
products  ad jacent  t o  Sic l a y e r .  
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particle operated above the present design limits for HTGR. 



446 

r e s u l t  of i r rad ia t ion- induced  shr inkage.  To d a t e  t h i s  f a i l u r e  mode 

has been observed only i n  rods  t h a t  had been carbonized i n  g raph i t e  

tubes t o  s imula te  in-block carboniza t ion  and d id  not  m e e t  design 

s p e c i f i c a t i o n s  f o r  pitch-coke y i e l d  o r  microporosi ty .  

The las t  category of f a i l u r e  mechanisms c o n s i s t s  of f a b r i c a t i o n  

d e f e c t s  t h a t  can be introduced during coa t ing ,  handl ing,  o r  f u e l  rod 

f a b r i c a t i o n  opera t ions .  

missing o r  d e f e c t i v e  coa t ing  l a y e r s ,  ou t -of -spec i f ica t ion  (weak) 

p a r t i c l e s  t h a t  are broken dur ing  rod f a b r i c a t i o n ,  o r  coa t ings  wi th  

poor p r o p e r t i e s  t h a t  f a i l  dur ing i r r a d i a t i o n ,  as shown i n  Fig.  6.81 .  

These d e f e c t s  are gene ra l ly  i n  t h e  form of 

6.11.3.2 I r r a d i a t e d  Microsphere Gamma Analyzer System - K. H. Valen t ine  

A new system i s  being designed and f a b r i c a t e d  t o  provide ORNL 

wi th  t h e  c a p a b i l i t y  f o r  making s t a t i s t i c a l l y  accu ra t e  de te rmina t ions  

of HTGR f u e l  p a r t i c l e  performance. Very b a s i c a l l y ,  t h e  system c o n s i s t s  

of a high r e s o l u t i o n  Ge-Li gamma d e t e c t o r ,  a computer-based pu l se  he igh t  

a n a l y s i s  system (PHA), and an automatic sample changer. The major 

purpose of t h i s  system i s  t o  record t h e  energy s p e c t r a  of gamma rays  

t h a t  are emit ted by f i s s i o n  products  i n  an i r r a d i a t e d  f u e l  p a r t i c l e .  

Quan t i t a t ive  a n a l y s i s  of t h e  gamma s p e c t r a  p lus  knowledge of t h e  phys ica l  

and chemical p r o p e r t i e s  of t h e  gamma emitters then  al lows us  t o  eva lua te  

several important a s p e c t s  of f u e l  p a r t i c l e  performance dur ing  i r r a d i a t i o n .  

Among t h e s e  are f i s s i o n  product r e t e n t i o n  p r o p e r t i e s  of t h e  coa t ings  and 

burnup of heavy m e t a l  i n  t h e  ke rne l s .  Perhaps w e  may even be a b l e  t o  

i n f e r  something about ke rne l  and coa t ing  ope ra t ing  temperatures .  

One of t h e  primary func t ions  of t h e  I r r a d i a t e d  Microsphere Gamma 

Analyzer (IMGA) w i l l  be  t o  determine t h e  f a i l u r e  f r a c t i o n  of i r r a d i a t e d  

f u e l  par t ic les ;  t h a t  is ,  t h e  f r a c t i o n  of f u e l  p a r t i c l e s  t h a t  have l o s t  

a s i g n i f i c a n t  amount of t h e i r  f i s s i o n  products  through d e f e c t i v e  o r  

broken coa t ings .  This determinat ion i s  made p o s s i b l e  by t h e  d i f f e r e n t  

v o l a t i l i t i e s  of t h e  two f i s s i o n  products  9 5 Z r  and 1 3 7 C s ,  both of which 

e m i t  e a s i l y  d e t e c t a b l e  gamma rays  i n  t h e  600 t o  800 keV range ( see  

Fig. 6 . 8 2 ) .  Because of t h e  r e l a t i v e l y  low b o i l i n g  poin t  of cesium 

compared wi th  zirconium (678 and 4377OC r e s p e c t i v e l y ) ,  i t  w i l l  d i f f u s e  

o r  escape from a d e f e c t i v e  p a r t i c l e  and much more r e a d i l y  than zirconium 

I 



Fig. 6.81. Examples of Particles That Faile 
Sic missing. (b) Buffer missing. (c) Nonspheric 

d Because of Manufacturing Defects. 
a1 particle. 

(a) Portion of 
(d) Poor coating properties. 
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Fig. 6.82. Example of a Portion of a Fission Product Gamma Spectrum. 

in the high-temperature environment of the HTGR. 
the ratio of 137Cs activity to 95Zr activity provides a direct measure of 

the particle’s ability to retain fission products. 

feature of the ratio determination is its insensitivity to variations 

in the kernel size and heavy metal loading. 

Thus a measurement of 

An attractive 

Any high-resolution gamma spectroscopy system could be used to 

make the ratio measurement for one or two particles. 
tical considerations (see next section) dictate that from several 

hundred to several thousand particles be examined to accurately deter- 

mine the failure fraction of a multiparticle sample. 

staggering task if each particle had to be handled individually, but it 

is a relatively simple task f o r  IMGA. 

However, statis- 

This would be a 

Figure 6 . 8 3  is a diagram made of the system during the initial 

planning stage. Although the final design of the particle handler and 

sample changer diverges somewhat from that shown, it still illustrates 



449 

ORNL-DWG 74-11425 

I W D I N G  POSITON 
2 DATA ACQUISITION 
3 DATA ANALYSIS 

Fig. 6.83.  Proposed Design for Irradiated Microsphere Gamma 
Analyzer. Steel cell wall thickness is about 20 cm. 

the basic functions of IMGA. From Fig. 6 . 8 3 ,  the automated particle 
handler is seen to consist of a particle singularizer with feed hopper, 

a sample changer, and a sample receiver, all of which are controlled 
by an on-line computer. 

follows : 
The sequential operation of the system is as 

1. A preprogrammed number of particles (only one for failure 

fraction determination) is loaded into the sample changer at position 1. 
2. A 120" rotation of the sample changer aligns the particle with 

Data acquisition is initiated and a fission- the Ge-Li gamma detector. 

product gamma spectrum is accumulated. 

position 1. 
The next particle is loaded at 

3.  When the predetermined data acquisition time elapses, another 

120" rotation of the sample changer aligns the next particle with the 

detector. 

part of the core memory and data acquisition is again initiated. 

The spectrum for the first particle is shifted to another 

After 



loading the third particle at position 1, the central processor (CPU) 

is free to analyze the spectrum of the first particle, which is holding 

at position 3 .  

4 .  From results of the spectrum analysis, the CPU makes a 

logical decision and aligns one of the 20 bins of the sample receiver 

under position 3 of the sample changer. The particle is then released 

into the bin. The analysis is recorded on magnetic tape. 

5. The cycle is repeated until interrupted by operator intervention. 

Projected particle examination rates are on the order of 5 to 10 
per minute, which means that the failure fraction for a sample of 

particles can be estimated in just a few hours. Although the system 

is designed to operate only with loose particles, the particles from 

bonded rods can also be examined after electrolytic deconsolidation 

of the rod. 

The ability of IMGA to segregate,particles according to selected 

properties of their fission product gamma spectra should also prove 

extremely useful for studying the various particle failure mechanisms. 

It will allow us to prepare metallographic specimens that contain only 

failed particles, thereby reducing substantially t h e  time and cost 

of metallographic preparation. 

6 . 1 1 . 3 . 3  Statistical Basis for Failure-Fraction Determinations 
K. H. Valentine 

Up to and including the present, failure fraction determinations 

have been based on visual observation of polished metallographic cross 

sections or, in a few cases, on visual observation of loose particles. 

In a typical metallographic cross section of a 13-mm-diam (1/2-in.) 

experimental fuel rod, one may see from 10 to 50 particles of the type 

of interest. If we are optimistic and assume a sample size of 100, then 
Fig. 6.84 shows the relationship between what is observed and what is 

likely to be true. 

The solid line of Fig. 6 . 8 4  is a plot of estimated failure-fraction 

against the number of observed failures. For example, one observed 

failure implies a failure fraction of 1% and 10 failures implies a 

value of 10%. This observed value is exact for the particles in the 



451 

ORNL-DWG 74-14423 

NUMBER OF FAILURES OBSERVED IN 100 PARTICLES 

Fig. 6.84. F a i l u r e  F rac t ion  Determination from Examination of 
100 P a r t i c l e s .  

c ros s  sec t ion .  

t h e  observed f a i l u r e  f r a c t i o n  r ep resen t  a l l  t h e  p a r t i c l e s  i n  t h e  rod?" 

The dashed curve of Fig. 6.84 r ep resen t s  one p o s s i b l e  answer t o  t h i s  

quest ion.  

l a r g e r  than t h e  t r u e  f a i l u r e  f r a c t i o n  f o r  t h e  e n t i r e  f u e l  rod* wi th  

95% confidence.? Thus i f  t h e  observed f a i l u r e  f r a c t i o n  is  l o % ,  then  

one can be  95% conf ident  t h a t  t h e  t r u e  va lue  i s  less than 16.1%. 

S imi l a r ly ,  an observed f a i l u r e  f r a c t i o n  of 1% impl ies  a t r u e  va lue  t h a t  

is  less than  4.6%. 

only be  95% c e r t a i n  t h a t  t h e  t r u e  va lue  is  less than  3.1%. 

t h e  cu r ren t  design l i m i t  on f u e l  p a r t i c l e  f a i l u r e  f r a c t i o n  of 1% a t  end- 

o f - l i f e ,  w e  c l e a r l y  need t o  look a t  many more than a hundred p a r t i c l e s .  

However, w e  must now ask  t h e  ques t ion ,  "How w e l l  does 

It rep resen t s  t h e  locus  of f a i l u r e  f r a c t i o n  va lues  t h a t  are 

However, even i f  no f a i l u r e s  are observed, w e  can 

I n  view of 

*Based on t h e  assumption t h a t  t h e  f u e l  rod con ta ins  an  i n f i n i t e  

?To make a s ta tement  wi th  95% confidence means t h a t  t h e r e  i s  a 

populat ion of f u e l  p a r t i c l e s .  

95% p r o b a b i l i t y  t h a t  t h e  s ta tement  i s  t rue .  
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Figure 6.85 shows the magnitude of the problem of demonstrating 

that a particulate fuel satisfies the current design limit on fuel 

failure fraction. The curve labeled "95% confidence that failure 

fraction <0-01" is similar to the curve of Fig. 6 .84  except that in 
the present case, the number of observed failures is specified rather 

than the failure fraction. Points on this curve represent conditions 

that must be satisfied in order to state with 95% confidence that the 

failure fraction is less than 0.01. For instance, one observed failure 

out of 480 particles or 80 observed failures out of 9500 particles are 

both sufficient conditions. 

ORNL-DWG 74-it388 

NUMBER OF PARTICLES EXAMINED (N) 

Fig. 6 .85 .  Confidence Limits for Fuel Particle Examination. 

Knowledge of the 95% confidence level curve also allows us to 

establish a simple algorithm for qualifying the various HTGR fuel 

concepts with a system such as IMGA. 

particles are fed through the system individually and failed, not- 

failed decision is made for each particle. 

For this application, fuel 

A typical trajectory for 
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t h i s  procedure i s  shown i n  t h e  f i g u r e .  The f i r s t  f a i l u r e  i s  found 

during t h e  30th examination, t h e  second during t h e  90thy  t h e  t h i r d  

during t h e  250th and t h e  f o u r t h  dur ing  t h e  600th. 

are de tec ted  up t o  t h e  911th examination a t  which t i m e  t h e  t r a j e c t o r y  

crossed t h e  95% confidence curve. The i n t e r s e c t i o n  of a t r a j e c t o r y  

wi th  any po in t  on t h i s  curve y i e l d s  95% confidence t h a t  t h e  f a i l u r e  

f r a c t i o n  i s  less than 0.01 and t h e r e f o r e  demonstrates (with 95% con- 

f idence)  t h a t  t h e  design l i m i t  has been s a t i s f i e d .  S imi l a r ly ,  t h e  

i n t e r s e c t i o n  of a t r a j e c t o r y  wi th  any poin t  on t h e  l i n e  l abe led  

"99.99% confidence t h a t  f a i l u r e  f r a c t i o n  >0.01" y i e l d s  99.99% confidence 

t h a t  t h e  f a i l u r e  f r a c t i o n  i s  g r e a t e r  than 0.01. This  l i n e  is  included 

t o  provide a c lear -cu t  c r i t e r i o n  f o r  te rmina t ing  t h e  examination of 

f u e l s  t h a t  have a t r u e  f a i l u r e  f r a c t i o n  i n  excess  of 0.01. Although 

t h e  99.99% confidence w a s  chosen a r b i t r a r i l y  f o r  i l l u s t r a t i v e  purposes,  

p r a c t i c a l  va lues  should probably be f a i r l y  h igh  t o  minimize t h e  

p r o b a b i l i t y  of r e j e c t i n g  a f u e l  t h a t  i s  a c t u a l l y  acceptab le .  

N o  more f a i l u r e s  

For purposes of c a l c u l a t i n g  p o i n t s  on t h e  confidence curves,  n 
(number of observed f a i l u r e s )  w a s  assumed t o  be a binomial v a r i a b l e  

t o  make t h e  r e s u l t s  completely genera l  and u n r e s t r i c t e d .  Therefore,  

t h e  p r o b a b i l i t y ,  P ( n )  of see ing  n f a i l u r e s  out  of N examinations is  

given by 

where q is  t h e  t r u e  f a i l u r e  f r a c t i o n  f o r  t h e  sample. The equat ions t h a t  

relate t h e  f a i l u r e  f r a c t i o n  and confidence c o e f f i c i e n t  t o  n and N are: 

I ( n + l , N - n + l ) = C ,  (2) n 

I ( n + l , i V - n + l ) = l - C ,  ( 3 )  
rl 

where I i s  t h e  incomplete b e t a  func t ion  def ined  as: n 
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j-1 

= 1 - (1 -I Q j  j+k+l 5 t) (&I 7 

where B ( j , k )  i s  t h e  (complete) b e t a  f u n c t i o n ,  and C is  t h e  c o n f i d e n c e  

c o e f f i c i e n t .  The s o l u t i o n  of Eq. (2)  f o r  Q y i e l d s  t h e  v a l u e  of  t h e  

f a i l u r e  f r a c t i o n  that  i s  g r e a t e r  t h a n  t h e  t r u e  f a i l u r e  f r a c t i o n  w i t h  

C X 100% Confidence; and s o l u t i o n  of  Eq. ( 3 )  y i e l d s  t h e  v a l u e  t h a t  i s  

less t h a n  t h e  t r u e  f a i l u r e  f r a c t i o n  w i t h  C X 100% conf idence .  S o l u t i o n s  

of Eqs. (2)  and ( 3 )  w e r e  used t o  g e n e r a t e  t h e  95 and 99.99% c o n f i d e n c e  

c u r v e s  of  F i g .  6.85. For example, a t  n = 5 ,  E q s .  ( 2 )  and (3 )  become 

r e s p e c t i v e l y  

Io.o1(6,N - 4 )  = 0.95 * N e 1047 and 

I n  g e n e r a l ,  s o l u t i o n  of t h e  above e q u a t i o n s  f o r  any one of  t h e  f o u r  

v a r i a b l e s  ( n ,  N, r l ,  C) i s  t e d i o u s  and i s  b e s t  done by a computer u s i n g  

i t e r a t ive  t e c h n i q u e s .  

Up t o  t h i s  p o i n t ,  w e  have t a c i t l y  assumed t h a t  i t  i s  p o s s i b l e  t o  

e s t a b l i s h  w i t h  100% c o n f i d e n c e ,  whether  o r  n o t  a p a r t i c l e  is  f a i l e d .  

However, when t h e  f a i l u r e  c r i t e r i a  are  based on t h e  r a t i o  of two f i s s i o n  

product  ac t iv i t i e s  ( e . g . ,  Cs/Zr) ,  as determined by gamma c o u n t i n g ,  t h e n  

t h e  s ta t i s t ics  o€ t h e  gamma-counting p r o c e s s  must a l s o  b e  c o n s i d e r e d .  

E v e n t u a l l y  w e  hope t o  b e  examining e n d - o f - l i f e  HTGR f u e l  p a r t i c l e s  

t h a t  w i l l  have p a r t i c l e  f a i l u r e  f r a c t i o n s  ( f i s s i l e  + f e r t i l e )  of 1% o r  

less. 

t h e  r e s u l t i n g  e r r o r  i n  t h e  f a i l u r e  f r a c t i o n  can b e  q u i t e  l a r g e .  

d e a l  of  i n s i g h t  can b e  o b t a i n e d  by assuming normal d i s t r i b u t i o n s  f o r  

t h e  two f i s s i o n  product  a c t i v i t i e s ,  s i n c e  t h e  r e s u l t i n g  d i s t r i b u t i o n  

f o r  t h e  r a t i o  can  t h e n  b e  s o l v e d  f o r  a n a l y t i c a l l y .  Denot ing t h e  two 

f i s s i o n  product  gamma c o u n t s  by x: and y ,  
measured c o u n t s  of a group of similar p a r t i c l e s  are: 

Thus, i f  o n l y  one p a r t i c l e  i n  a hundred i s  e r r o n e o u s l y  c l a s s i f i e d ,  

A good 

t h e  d i s t r i b u t i o n s  f o r  the 
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where M and N are the mean values of x and y, respectively, and ax and 
Oy are the standard deviations of the distributions, Px and Py. 

be shown that the distribution of the ratio, R = y /x ,  is given by 
It can 

Px(t)Py(Rt)t dt * Px(t)Py(Rt)t dt . ( 6 )  La P(R) = 

Performing the indicated integration and defining R 
s = y/N, and s 2 ( R )  = R 2 s i  + R$$, the result is 

= N / M ,  sX = x/M, M 

Y 

The distribution for the ratio is seen to be a normal-like distribution 

with a maximum near R = R The major difference is that it rises to 

the maximum more rapidly and falls from the maximum more slowly than 

a true normal distribution. 

M' 

The problem of separating failed particles from unfailed particles 

can now be stated in the following terms. Let the main group of unfailed 

particles be characterized by the ratio R and failed particles by 

R 5 R where Rg > Rb. 
the  mixing of t h e  t w o  groups m u s t  be kept to an acceptable minimum or: 

g 
To accurately determine the failure fraction, b 

Rb P(R ) a << failure fraction . (8) 1- g 

In many, if not most, cases the above integral involves only a tail 
of the distribution P ( R  ). Since the normal approximation, being a low- 

order expansion, is not accurate in the tails, more accurate (but less 

tractable) Poisson statistics should be applied. This was done, and the 

results are shown in Fig. 6.86 for several different values of M with 

N = M. Note that the variables x, y, M, and N used in the discussion 

appear as M, N ,  (M), and (N), respectively, in the figure. Considering 

g 



456 

ORNL-DWG 74-t2333R 

002 04 05 06 07 08 09 40 1 4  1 2  
RATIO I R I  -t 

Fig. 6.86. Reliability for Ratio Determinations Involving Two 
Statistical Numbers (M and N ) .  

the curve for M = i? = 1000, we see that if R 

(20% Cs loss), then the probability of cross mixing is about 6 X 

In other words, less than one particle in a million will be erroneously 

classified. Note also that for M and N greater than 1000, results 

obtained using the normal approximation (Gaussian distribution) nearly 

coincide with those obtained from the Poisson distribution. 

= 1 and Rb = 0.8 
9 

Recent measurements have been made with RTE-8 fuel particles 

under conditions similar to those to be encountered during operation 

of IMGA. These measurements demonstrated that data can easily be 

accumulated in the full energy peak of 137Cs at rates up to 500 counts/sec 

and in the two zirconium peaks at rates up to 300 counts/sec. While the 

absolute accumulation rates depend on the reactor operating time, the 

burnup, and the cooling time, the time required by IMGA to make the 

failed, not-failed decision will clearly be only a few seconds. 
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6 .11 .4  Performance Comparison of Candidate Fissile Fuels - F. J. Homan 
At the beginning of the reporting period the reference recycle 

fissile particle was the mixed thorium-uranium-oxide Tho.EUo,202 kernel 

with a Biso coating. The reference kernel had been observed to migrate 

thermally (amoeba effect) under irradiation, removing carbon from the 

hot side of the particle and rejecting it from the cold side. The 

extent to which thermal migration can be tolerated has been defined 

and is described in Fig. 6 .87 .  

into the pyrocarbon coating during the operating lifetime of the fissile 

particle is not permitted. The kernel migraion coefficients (KMC, 

discussed by Lindemer and O l ~ t a d ~ ~ )  associated with migration into the 

buffer layer as a function of the time-dependent fuel temperatures in 

various regions of an HTGR core are shown in the figure. 7 7  

Migration through the buffer layer and 

Thermal 

migration characterized by coefficients above the cross-hatched region 

are unacceptable. 

is shown to be marginal with respect to the cross-hatched region. The 

95% confidence interval (shown by the outer dashed lines in Fig- 6 . 8 7 )  

The "average" behavior of the dense mixed-oxide kernels 

for the dense oxide KMC curves extends well into the critical region. 

ORNL-DWG 74-3925R TEMPERATURE (T) 

Fig. 6 . 8 7 .  Average Kernel Migration Coefficients for Tho,EUo.202. 
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Because of the thermal migration problem with the dense mixed oxide, 

a new recycle fissile kernel was sought. 7 8  

ation data had been collected on fissile fuel derived from uranium-loaded, 

ion exchange resins. We felt at the time that the resin-derived fuel 

demonstrated superior irradiation performance to the dense mixed oxide, 

and had the potential for superior economics as well. Very little was 

known at the time about the economics of the resin-derived fuel, but 

we felt that the advantages associated with a pure fissile particle 

(reducing the amount of heavy metal that must be refabricated remotely) 

and the capability for some quality control steps (such as sizing and 

screening the resin beads before loading) outside the hot cell could 

be considerable. 

A limited amount of irradi- 

Irradiation experience with the new reference fuel, weak-acid-resin- 

derived (WAR) oxide-carbide, was meager, and the fuel that had been 

irradiated had been poorly characterized. Therefore, a series of experi- 

ments was designed to gain more information on the new reference fuel, 

and to directly compare its performance with that of the dense mixed 

oxide. These experiments, HRB-7 and -8, are reported in Sect. 6 . 6 . 3  

of this report. Capsules HRB-7 and -8 contained dense mixed-oxide 
kernels with thorium-to-uranium ratios of 0 (U02), 2, 4 ,  and 8. The 

ratio of 8 is significant because this represents the overall ratio in 

recycle fuel elements, making further dilution with thorium impossible. 
The capsules also contained WAR UC2 and UC2-85% UO2.*  

The results of HRB-7 and -8 are summarized completely in Sect. 6 . 6 . 3  

of this report and in a topical report,42 so just a brief summary will be 

given here. A s  in all previous irradiations, the migration of the 

"Uranium is loaded into ion-exchange resins in oxide form. Thermo- 
dynamic calculations and irradiation testing have shown that a two-phase 
system (UO2 + UC2) performs better, hence the terminology WAR oxide-carbide. 
A conversion step is necessary to get to the two-phase system, and the 
extent of the conversion defines the stoichiometry. The 15%-converted 
fuel irradiated in HRB-7 and -8 was 15% carbide, 85% oxide. It is some- 
times desirable to express the stoichiometry in terms of the O/U ratio, 
rather than percent conversion. This transformation can be made as 
follows: If X = O/U, and Y = fraction conversion, then X = 2(1 - Y) or 
Y = 1 - x/2. 
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UO2 ke rne l s  exceeded acceptab le  l i m i t s .  D i lu t ion  wi th  T h o 2  reduced t h e  

migrat ion,  bu t  t h e  8:l Th/U ke rne l s  showed no measurable improvement 

i n  t h e  r e s i s t a n c e  t o  migra t ion  over  t h e  4:l Th/U. 

maximum r a t i o  t h a t  can be considered f o r  a r ecyc le  f u e l  element no 

dense mixed oxide appears  acceptab le ,  The WAR f i s s i l e  ke rne l s  performed 

much b e t t e r .  There w a s  no amoeba, bu t  t h e r e  w a s  cons iderable  f i s s i o n  

product a t t a c k  of t h e  S i c  and i L T I  coa t ings  i n  t h e  WAR UC;! p a r t i c l e s ;  

t h e  same phenomenon i s  observed i n  i r r a d i a t e d  f u l l y  dense UC2 T r i so  

p a r t i c l e s .  The W A R  UC2-85% UO;! p a r t i c l e s  performed even b e t t e r .  There 

w a s  l i t t l e  evidence of chemical i n t e r a c t i o n ,  a l though some g ross  phase 

segrega t ion  i n  t h e  k e r n e l s  w a s  observed. These phases are p resen t ly  

t h e  sub jec t  of some i n t e n s i v e  microprobe ana lyses ,  which w i l l  be  r epor t ed  

subsequently.  

Since 8:l i s  t h e  

The r e s u l t s  of t h e  HRB-7 and -8 experiments w e r e  very  encouraging. 

On t h e  b a s i s  of t h e  i r r a d i a t i o n  performance of t h e  candida te  f i s s i l e  f u e l s  

i n  t h i s  set of experiments,  t h e  t e n t a t i v e  switch from t h e  dense mixed 

oxide t o  t h e  W A R  oxide-carbide w a s  f i n a l i z e d .  All development work on 

t h e  mixed-oxide system w a s  terminated,  and a d d i t i o n a l  experiments t o  

f u r t h e r  c h a r a c t e r i z e  t h e  i r r a d i a t i o n  behavior of t h e  W A R  system were 

planned. I n  a d d i t i o n ,  t h e  W A R  f i s s i l e  system w a s  adopted by GA as t h e  

r e fe rence  development f r e s h  f u e l ,  and they began t o  b u i l d  a body of 

i r r a d i a t i o n  d a t a  t o  support  t h i s  f u e l  as t h e i r  r e fe rence  f r e s h  f u e l ,  

t o  r ep lace  t h e  VSM dense UC2 system. 

To f u r t h e r  d e f i n e  t h e  in f luence  of ke rne l  s toichiometry on i r r a d i -  

a t i o n  performance, a wide range of s to i ch iomet r i e s  w a s  included i n  t h e  

HRB-9 and -10 experiments.  The tests included 0 ,  15,  50, 75, and 100% 

conversions.  The r e s u l t s  of t h e  HRB-9 and -10 experiments are covered 

i n  d e t a i l  i n  Sec t .  6 . 6 . 4  of t h i s  r e p o r t  and i n  a s e p a r a t e  t o p i c a l  r e p o r t ,  

and w i l l  be  summarized only b r i e f l y  here .  

7 9  

The 0- and 100%-converted f u e l s  behaved very much l i k e  dense UO2 

and UC2,  r e spec t ive ly .  

and 75%-converted f u e l s .  The 15%-converted material behaved very much 

l i k e  i t  d id  i n  t h e  HRB--7 and -8 experiments;  t h e  i L T I  and S i c  appeared 

t o  be i n  good phys ica l  condi t ion ,  although t h e  bu f fe r  w a s  consumed by 

t h e  ke rne l  and t h e r e  w a s  l i t t l e  evidence of f i s s i o n  product migra t ion  

Good performance w a s  noted f o r  t h e  15-, 50-, 
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out of the kernels. However, the phase segregation noted earlier in 

the kernel was observed again. The 75%-converted fuel performed well, 

although there was considerably more evidence of rare earth fission 

product accumulation at the Sic-LTI interface on the cold side of the 

particle than with either the 15- or 50%-converted fuels. While 

statistics on the failed particle fraction are not yet available, we 

felt that the 50%-converted fuel performed as well as or better than 

any fissile particle we have yet seen. 

From a processing standpoint, it is desirable to stay as close 

to the oxide side as possible with respect to kernel stoichiometry. 

On the basis of the HRB-9 and -10 experiments, the best stoichiometry 

for this system lies somewhere between 15 and 50% converted, with 

probably a large suitable range around the optimal stoichiometry. The 

HRB-11 and -12 experiments have as their major objective determination 

of the optimal stoichiometry. 

In addition to the HRB tests already mentioned, the WAR oxide-carbide 

system is being tested in several other experiments. 

fuel in the Dragon MET V I 1  Experiment (see Sect. 6.8) ;  the same fuel 

irradiated in HRB-9 and -10 (15-, 75%-converted) is being irradiated 

under less accelerated conditions in OF-2 (see Sect. 6.7.2); and a 

real-time test of these same fuels will be conducted in the Fort St. Vrain 

Reactor early validation tests, which will be reported later. 

There is some WAR 

6.11.5 Effect of Fissile Kernel Diameter on Operating Temperatures of 
Large BTGRs - F. J. Homan 

When the reference fissile particle was switched from the dense 

mixed-oxide kernel to the porous WAR kernel, there was some concern 

over how the kernel shrinkage under irradiation would affect the 

operating temperatures of the WAR kernels. The dense mixed-oxide 

kernels are of nearly theoretical density, whereas the WAR kernels 

are less than one-third of theoretical density. Under irradiation the 

WAR kernels shrink drastically, resulting in a large gap between the 

kernels and the coatings. 

pletely consumed by the kernel. 

will be filled largely with low-conductivity fission gas, there is 

In many instances the buffer layer is com- 

Since the gap formed under irradiation 
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concern that the kernel temperatures might be excessive. From a 

processing standpoint it is desirable to use large kernels (about 400 pm 

in diameter) rather than the small kernels (200 pm in diameter), which 

were considered for the reference fresh fuel (dense VSM UC2). 

kernels mean higher power output per particle, which will exaggerate 
any potential temperature problem. 

Larger 

Initial studies found that the problem of the gap was relatively 

minor because of the contribution of radiative heat transfer across 

the gap. The presence of the gap by itself would not preclude the use 

of 400-mm-diam kernels. However, during the course of the studies 

some questionable assumptions were made about the thermal conductivity 

of the coatings. Solid-phase control over the thermal conductivity of 

the coatings was assumed. Thermophysical data" were used for Sic and 

PyC of theoretical density, and a Maxwell-Eucken correction for porosity 

was made. This same treatment was used for the kernel. Very little 

data exist for the WAR oxide-carbide system, so approximations based 

on U02 data and sketchy UC2 data were used. Tennery pointed out that 

his experience with porous ceramic fuels' 

conductivity control is more likely than solid-phase control, The 

studies were redone with gas-phase control in the buffer and kernel 

assumed, with the gas phase consisting of 85% Xe and 15% Kr (typical 

fission gas composition). Under these assumptions the calculated 

operating temperatures for larger kernels (400 pm) were very high for 

power production per particle values representative of large HTGRs. 

If these calculations are accurate, then the fissile particles irradi- 

ated in HRB capsules should have melted. These capsules operate under 

considerably accelerated conditions compared with an HTGR, and the power 

production per particle is therefore several times the values calculated 

for HTGR operating conditions. 

performed rather well in HRB capsules (see Sects. 6.6.3, 6.6.4, and 

6.11.4), with little sign of kernel melting, the assumptions used in 

these calculations appear somewhat conservative. 

has shown that gas-phase 

Since the WAR fissile particles have 

For one thing, the power production per particle is highest at the 

beginning of irradiation for fissile particles when the fissile inventory 

is highest. This is also when the system contains very little fission gas. 
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The gas phase present in the buffer and kernels at the beginning of 

irradiation is primarily hydrogen, 8 2  which has a thermal conductivity 

at least 25 times that of fission gas over the temperature range of 

interest. This is a considerably better situation than the one for 

which the calculations were made. Another conservative assumption is 

that the buffer layer is not consumed. A porous buffer layer containing 
low-conductivity fission gas in the pores is a much more insulating 

medium than would exist if the buffer had been consumed by the kernel. 

Radiation enhances thermal conductance across the gap between the kernel 

(plus consumed buffer) and the coatings; this is impossible with the 

buffer in place. 

Much more work is clearly necessary to provide a good understanding 

of kernel operating temperatures in irradiation experiments, as well as 

those projected for commercial HTGRs. Some assessments are necessary 

of gas-phase composition and particle power production as functions of 

time. Additional analyses of coating conductivities and the influence 

of irradiation exposure on these conductivities are also required. 

6.11.6 Dynamic Testing of HRB Capsules - F, J. Homan and N. J. Ackermann 

In the HRB-8 capsule, we investigated whether dynamic testing of 
HRB capsules in the HFIR would provide useful information regarding 

capsule heat transfer characteristics that could not be obtained from 

static temperature measurements, The reactor power was perturbed, and 

the temperature responses at four locations within the HRB-8 capsule 

were measured. The perturbation was in the form of a pseudorandom 

binary sequence, introduced by the reactor control rod servo system, 

to oscillate the reactor power demand by about 1.5% in the frequency 

range 0.016 to 1.5 Hz. The neutron flux signal from the EF-2 chamber 

near the facility and the signals from the midplane centerline thermo- 

couple TE113 and three peripheral thermocouples i n  the graphite sleeve 

(TE105, 106, 109) were recorded and frequency analyzed. (See Sect. 6 . 6 . 3  

of this report for the location of these thermocouples.) 
gains and phases of the temperature responses to neutron flux pertur- 

bations were compared with the predictions of mathematical models. 

The resulting 
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Several interesting observations were made from this study: 

1. The time constant between perturbation of the reactor power and 

the reponse by the fuel centerline thermocouple was about 20 sec. This 

is compared with a time constant of about 8 sec for the same type of 

experiment conducted with the HRB-3 capsule. 8 3  

considerably larger than that predicted with the model. This discrep- 

ancy between experiment and prediction may be explained by a stagnant 

gas gap surrounding the thermocouple. The model assumed that the 

thermocouple would have an instantaneous response to changes in tempera- 

ture in the fuel. 

that the time constant associated with the response of a sheathed, mineral- 

insulated thermocouple in air increases markedly in flows of decreasing 

Reynolds number. This slow thermocouple response is unfortunate. One of 

the capabilities hoped for from dynamic testing was a method for correcting 

the centerline thermocouples for the decalibration experienced during 

irradiation due to transmutation effects. The slow thermocouple response 

will make this correction difficult. 

This time constant is 

Experimental data from the literature84 have indicated 

2. The Chromel vs Alumel thermocouples located in the graphite 

sleeve did not responde to the power perturbation as rapidly as predicted 

from the model. Since these thermocouples are also located in a stagnant 

gas, the explanation for the long-time constant is probably the same as for 

the centerline thermocouple. 

do not decalibrate under irradiation, this slow response does not affect 

the quality of information received from the thermocouples. 

Since the Chromel vs Alumel thermocouples 

3 .  Gamma heating was thought to be present in both the Chromel vs 
Alumel and the tungsten-rhenium thermocouples. The lower atomic numbers 

of the Chromel vs Alumel couples makes this problem less severe than for 

the tungsten-rhenium couples. Significant gamma heating in the tungsten- 
rhenium thermocouples could cause some problems if the data from these 

couples are used to determine fuel thermal conductivity. If the couples 

read higher temperatures than representative of the fuel, then a lower 

than actual thermal conductivity would be inferred. Because of the 

decalibration of the tungsten-rhenium couples, temperature readings 

from them have never been used to determine fuel thermal conductivities, 



although this objective has been included in a number of HRB tests. We 
still hope (see Sect. 6.10.5 of this report) that the centerline thermo- 
couple readings can be analytically corrected. If this is possible, 
then the gamma heating of thermocouple materials will have to be con- 

sidered. 

testing might help solve this problem, 

The report on the feasibility study suggested that dynamic 

Several conclusicns and recommendations came out of this study. 

They are: 

1. Future work on dynamic testing should emphasize improvement 

of the theoretical model used in the calculations. This work would 

require an estimated 0.5 man-year. Features to be included in the 

improved model were identified as (a) the effect of the helium gas gap 

on the heat transfer process to the thermocouples, particularly in the 

centerline region; (b) the effect of gamma heating in the thermocouple 

junctions; and (c) the effect of a variable, correlated fluctuation in 

capsule cooling water temperature. 

2. The potential benefits to the HTGR Fuel Development Program 

that could be realized from dynamic testing in HRB capsules were 

primarily associated with evaluation of the gamma heating characteristics 

in tungsten-rhenium thermocouples. In the area of primary concern, 

decalibration of these thermocouples, dynamic testing could provide 

very little help because of the excessive (20-sec) time constant between 

power perturbation and thermocouple response. Installation in future 

capsules of thermocouples with better thermal contact with the fuel may 

alleviate this problem. 
3 .  Those responsible for the feasibility study estimated that 

capability to routinely collect information through dynamic testing 

would cost in excess of $80,000. This expense would cover model improve- 

ment and additional experimentation. In the end it was felt that the 

information that would be routinely available would be of only marginal 

value. It was pointed out, however, that additional techniques and 

methods of significant benefit to the HTGR Program could be discovered 

during the development aspects of this work. 
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Because of the uncertain advantages of dynamic testing and the 

expense associated with continued development of those techniques, we 

decided not to continue the work for the present. This decision will 

be reassessed from time to time on the basis of the changing needs of 

the HTGR fuels program. 

6.11.7 Reaction of Fission Products with Sic - J. I. Federer 
Metallographic examination of coated microspheres irradiated in 

capsule HRB-4 at 1000 to 1200°C revealed a reaction at the inner surface 
of the Sic coating. 

the Sic thickness. Palladium and rare-earth fission products were 

identified in the reaction zone, apparently having diffused from the 

WAR UC2 kernels through intervening PyC layers to reach the Sic.*’ 
an aid in understanding the reaction, Sic has been separately reacted 

with palladium and cerium. 

pressing a mixture of palladium powder and either Sic-coated micro- 

spheres or Sic fragments from coated microspheres. These were held for 

various times at 1000, 1100, and 1200°C in an inert atmosphere. Samples 

for reaction of cerium with Sic were prepared by coating small graphite 

disks with a 30-um-thick layer of Sic in a fluidized bed. Smal l  pieces 

of cerium metal were placed on the disks, which were held at 825°C for 

1 to 2 hr in an inert atmosphere. 

In some cases the reaction zone penetrated 80% of 

A s  

Samples of Pd-Sic were prepared by cold- 

Metallographic examination of Pd-Sic samples revealed no reaction 

layer in the Sic after 150 hr at 1000°C. 
the original translucent green color to black. 

most of the Sic fragments had been consumed by reaction. 

palladium particles were surrounded by a once-molten matrix. 

30 hr at 1200°C a light-gray reaction layer surrounded each Sic fragment, 
as shown in Fig. 6.88. The reaction had even proceeded along the inter- 

face between PyC and Sic. 

Figure 6.89 shows the microstructure of the sample after 70 hr at 1200°C. 
None of the original Sic fragments could be identified. Electron micro- 
probe analysis revealed that the microstructure consisted of globules of 

The Sic had darkened from 
After 100 hr at 1100°C 

Some original 

After 

The white phase is unreacted palladium. 
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p u r e  pa l lad ium i n  a once-molten matr ix  c o n t a i n i n g  about  7 w t  X S i .  

These o b s e r v a t i o n s  a g r e e  q u a l i t a t i v e l y  w i t h  t h e  Pd-Si phase  diagram, 

which shows t h a t  a n  a l l o y  c o n t a i n i n g  7 w t  % S i  would b e  molten a t  12OOOC. 

86 

V i s u a l  examinat ion of Ce-SiC samples a f t e r  1 t o  2 h r  a t  825OC 

(Ce mp, 795OC) r e v e a l e d  a h o l e  i n  t h e  S i c  l a y e r  a t  t h e  p o i n t  of c o n t a c t  

w i t h  t h e  cer ium and d i s a p p e a r a n c e  of t h e  cer ium metal. Subsequent 

m e t a l l o g r a p h i c  examinat ion r e v e a l e d  t h a t  t h e  cer ium w a s  absorbed i n t o  

t h e  g r a p h i t e  d i s k  on which t h e  S i c  had been coa ted .  There w a s  no d i s c e r n -  

i b l e  r e a c t i o n  l a y e r  i n  t h e  S i c  i n  t h e  v i c i n i t y  of  t h e  breakthrough.  

Thermodynamic d a t a e 7  i n d i c a t e  CeC2  t o  b e  s t a b l e  re la t ive  t o  S i c  a t  any 

tempera ture  of i n t e r e s t .  

These exper iments  have shown t h a t  b o t h  pa l lad ium and cer ium are  

c a p a b l e  of d e s t r o y i n g  t h e  i n t e g r i t y  of S i c  c o a t i n g s .  Other  r a r e - e a r t h  

f i s s i o n  p r o d u c t s ,  i n  a d d i t i o n  t o  cer ium, may behave s i m i l a r l y  t o  

cerium, b u t  none have been examined y e t .  
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7. CHARACTERIZATION AND STANDARDIZATION OF GRAPHITE 

W. P. Ea ther ly  and J. A. Conlin 

7 . 1  INTRODUCTION 

The fast-neutron dimensional d i s t o r t i o n  produced i n  g raph i t e  can 

produce h igh  i n t e r n a l  stresses i n  graphi te .  In  genera l ,  t hese  stresses 

do not  become severe  because of fas t -neutron radiat ion-induced creep,  

which provides  a stress r e l a x a t i o n  mechanism. It is apparent  t h a t ,  f o r  

t h e  proper  design f o r  s a f e t y  and opera t ion  of r e a c t o r s  t h a t  use g raph i t e  

i n  t h e i r  cores ,  t he  creep c o e f f i c i e n t s  must be  w e l l  known. This  is 

necessary no t  only t o  c a l c u l a t e  a n t i c i p a t e d  s t a t i c  stress loads  i n  regions 

of t h e  core  where thermal and f luence  g rad ien t s  occur ,  b u t  a l s o  t o  

eva lua te  abnormal t r a n s i e n t  condi t ions  such as thermal stress on shut-  

down and s t a r t -up  and superimposed c y c l i c  loading. Data e x i s t  f o r  a 

number of g raph i t e s  of United States,  European, and Russian o r i g i n .  

These d a t a  are s c a t t e r e d  - over  a f a c t o r  of 3 t o  5 ,  and t h e  g raph i t e s  

do not  correspond t o  t h e  coarse-grained i s o t r o p i c  g raph i t e  grades 

being considered f o r  la rge-sca le  HTGRs. It is  obviously necessary t o  

develop such creep d a t a  f o r  t hese  materials t o  f u l f i l l  our  r e s p o n s i b i l i t i e s  

f o r  t he  c h a r a c t e r i z a t i o n  and s t anda rd iza t ion  of g raph i t e  for  t h e  HTGR 

program. 

Our b a s i c  o b j e c t i v e  i n  t h i s  is t o  determine t h e  primary and secondary 

creep c o e f f i c i e n t s  f o r  t he  neutron-induced creep  of t h e s e  g raph i t e s  a t  

600, 900, and 1 2 5 O O C  for accumulated f luences  of a t  least 8 x 1021 n/cm2 

(>0.18 MeV), t h e  f u l l  design f luence  f o r  t h e  HTGR. 

7.2 PROGRAM OBJECTIVES AND DESIGN CRITERIA - W. H. Cook 

The program t o  s tudy t h e  fast-neutron-induced creep of g raph i t e  

w i l l  c o n s i s t  of a series of i r r a d i a t i o n  capsules:, O C - s e r i e s ,  f o r  which 

t h e  source of f a s t  neutrons w i l l  b e  t h e  Oak Ridge Research Reactor (ORR). 

The program has two main ob jec t ives .  These are t o  (1) des ign  and con- 

s t r u c t  a f lux-trapped i r r a d i a t i o n  f a c i l i t y  i n  t h e  ORR E-5 p o s i t i o n ,  and 

(2) determine both t h e  primary and secondary c reep  c o e f f i c i e n t s  and 

o t h e r  proper ty  d a t a  requi red  f o r  t h e  c o n s t i t u t i v e  equat ions  f o r  g raph i t e s  

employed i n  high-temperature r e a c t o r s .  

4 75 
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The b e s t  way t o  accu ra t e ly  determine t h e  creep c o e f f i c i e n t s  f o r  

any set of condi t ions  would b e  t o  cont inuously monitor t h e  c reep  s t r a i n  

dur ing  t h e  test;  however, t h e  complicat ions involved i n  t h e  test des ign  

and t h e  maintenance of t h e  i n t e g r i t y  of s t r a i n  gages o r  d i l a tome te r s  

makes t h i s  imprac t i ca l  a t  t h i s  t i m e  f o r  t e n s i l e  o r  compressive tests.  

W e  s e l e c t e d  the  s imples t  tes t ,  a cons t an t - s t r e s s  compressive tes t ,  as 

t h e  b a s i s  f o r  our  design.  This type  of test  i s  less complex and, there-  

f o r e ,  less expensive than t ens ion  stress tests.  It has  t h e  a d d i t i o n a l  

advantage t h a t  t h e  secondary creep s t r a i n s  are repor ted '  t o  be approxi- 

mately equal  f o r  compression and t ens ion  stresses. 

I n  our  b a s i c  o b j e c t i v e ,  t h e  primary and secondary c reep  c o e f f i c i e n t s  

w i l l  b e  determined as func t ions  of f luence ,  temperature ,  stress, and 

Young's modulus of e l a s t i c i t y .  A series of i r r a d i a t i o n  capsules  w i l l  

be  a l t e r n a t e l y  i r r a d i a t e d  a t  900, 600, and 1 2 5 O O C  i n  a geometric pro- 

g re s s ion  of f a s t  (>0.18 MeV)+: f luence  increments.  The compressive 

stresses a t  each temperature  w i l l  be  13 .8  and 2 0 . 7  MPa (2000 and 3000 p s i ) .  

The dimensions, Young's modulus, and shea t  modulus f o r  each g r a p h i t e  

specimen w i l l  be  determined be fo re  neutron i r r a d i a t i o n  and a f t e r  each 

accumulated increment of f luence ,  approximately 1.0 X l o 2  ' n/cm2 , one 

cyc le  i n  t h e  ORR. Each capsule  w i l l  con ta in  a set of uns t r e s sed  c o n t r o l  

specimens t h a t  match t h e  s t r e s s e d  specimens and are a l s o  cha rac t e r i zed  

be fo re  and a f t e r  i r r a d i a t i o n s .  Bas i ca l ly ,  t h e  t o t a l  c reep  s t r a i n s  are 

determined by t h e  dimensional d i f f e r e n c e s  between s t r e s s e d  specimens and 

t h e i r  matching c o n t r o l  specimens a f t e r  each cyc le  i n  t h e  ORR. The 

primary c reep  s t r a i n  has  been found t o  b e  recoverable  under i r r a d i a t i o n  

i f  t h e  stress is  removed. Therefore ,  s e l e c t e d  s t r e s s - t e s t e d  specimens 

w i l l  be  i r r a d i a t e d  aga in  a t  t h e i r  test  temperature t o  recover  and thereby  

determine t h e i r  primary creep s t r a i n s .  One set  of c o n t r o l  and test  

specimens w i l l  be  used f o r  each tes t  temperature ,  and t h e  t h r e e  sets 

w i l l  be  a l t e r n a t e d  i n  t h e  ORR f a c i l i t y  u n t i l  each has  accumulated a 

f luence  of a t  least 8 X 1021 n/cm2, t h e  f u l l  design f luence  of t h e  HTGR. 

*Unless otherwise s t a t e d ,  a l l  fas t -neut ron  ene rg ie s  s h a l l  be  of 
t h i s  value.  
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Our purpose i s  t o  acqu i r e  the  creep d a t a  t o  an accuracy w i t h i n  10%; 

t h a t  i s ,  reasonably good engineer ing  design d a t a  are sought.  T o  do t h i s  

r equ i r e s  a minor rearrangement of t he  ORR core  loading  p a t t e r n  t o  permit 

a fou r th  f lux- t rap  i r r a d i a t i o n  f a c i l i t y  t o  be  cons t ruc ted .  However, 

beyond t h i s ,  t h e  accuracy and p rec i s ion  requi red  p l u s  t h e  complexity of 

t h i s  most d i r e c t  approach f o r  creep t e s t i n g  r equ i r e s  the  inco rpora t ion  

of s o p h i s t i c a t e d  equipment i n t o  t h e  design of t h e  i r r a d i a t i o n  t e s t  

f a c i l i t y .  A general-purpose, 16-bi t  d i g i t a l  computer and o the r  a n c i l l a r y  

equipment are necessary f o r  t h e  requi red  test c o n t r o l ,  d a t a  a c q u i s i t i o n ,  

and d a t a  processing.  The design,  cons t ruc t ion ,  and i n t e g r a t i o n  of t h e  

b a s i c  test capsule ,  t h e  i r r a d i a t i o n  f a c i l i t y ,  and t h e  computer are 

descr ibed i n  Sect .  7 . 3 .  

The s e l e c t i o n  of t h e  f i r s t  materials f o r  t hese  tests is  predominantly 

inf luenced by t h e  cu r ren t  r e a c t o r s  i n  opera t ion  and/or  design.  

material, g raph i t e  grade H-327,  f o r  t h e  For t  S t .  Vrain r e a c t o r  w i l l  be  

represented by s u f f i c i e n t  numbers of specimens t o  s u b s t a n t i a t e  i ts  

a n t i c i p a t e d  creep behavior .  A small number of specimens of g raph i t e  

grade AXF-8QBG previous ly  i r r a d i a t e d  a t  t h e  Battelle P a c i f i c  Northwest 

Labora tor ies  t o  1.0 X l o 2 *  n/cm2 (>0.18 MeV) w i l l  be  included t o  extend 

d a t a  on creep  behavior  t o  very h igh  f luences  a f t e r  breakaway expansion. 

The major po r t ion  of t h e  specimens i n  these  tests s h a l l  be  from grade 

H-451 g raph i t e .  This is  a nea r - i so t rop ic  material manufactured by t h e  

Great Lakes Carbon Corporation and is  one of t h e  p r i n c i p a l  contenders  

f o r  1000-MW(e) HTGR app l i ca t ion .  It w a s  s e l e c t e d  as t h e  major material 

t o  s t a r t  t h i s  series because i t ,  a t  t h i s  t i m e ,  i s  t h e  most thoroughly 

cha rac t e r i zed  material of i t s  kind.  

material. Grade TS-1240 i s  a l s o  a nea r - i so t rop ic  g raph i t e  manufactured 

by t h e  Union Carbide Corporation; i t  has  p o t e n t i a l  f o r  t h e  cores  of HTGRs. 

Specimens of t h i s  material w i l l  make up the  second major group of spec i -  

mens in t h e s e  experiments.  A s  t h e  tests progress ,  t es t  sites w i l l  become 

a v a i l a b l e  f o r  t h e  i n c l u s i o n  of a d d i t i o n a l  grades of g raph i t e .  

The core  

It appears  t o  be an  acceptab le  

A s  i nd ica t ed ,  t hese  tests are p r imar i ly  and c u r r e n t l y  d i r e c t e d  

toward t h e  immediate needs of ope ra t iona l  HTGRs and those  t h a t  are 

be ing  designed. A s  t h e s e  series of tests are designed and wi th  t h e  
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material s e l e c t e d  f o r  t e s t i n g ,  t he  d a t a  obtained should a l s o  be  u s e f u l  

t o  o t h e r  r e a c t o r  des igns  such as t h e  Molten S a l t  (breeder)  and fus ion  

r e a c t o r s .  A s  i nd ica t ed  above, test  sites may become a v a i l a b l e  f o r  o t h e r  

s p e c i f i c  grades of g raph i t e  as t h e  series of tests progresses .  Beyond 

s t o r a g e  of a r c h i v a l  samples, no provis ion  i s  now being made t o  determine 

primary c reep  and secondary c reep  under tens ion .  

measurements w i l l  depend upon t h e  accuracy and p r e c i s i o n  obta ined  i n  

t h e  compressive experiments,  t h e  q u a l i t y  and a p p l i c a b i l i t y  of such 

de termina t ions  c u r r e n t l y  be ing  made i n  Europe, and t h e  c r i t i c a l i t y  of 

t h e  va lues  f o r  core  stress ana lyses .  

A d e c i s i o n  t o  do such 

7.3 DESIGN OF ORR FACILITY AND 900°C CREEP CAPSULE - R. L .  Senn 

The design of t h e  Oak Ridge Research Reactor (ORR) capsule  OC-1, 

t h e  f i r s t  of a series of capsules  intended t o  eva lua te  t h e  c reep  char- 

acteristics of va r ious  g raph i t e s  a t  e l eva ted  temperatures  and t o  h igh  

f a s t  f l uences ,  as descr ibed  i n  t h e  previous s e c t i o n ,  w a s  completed. 

The necessary  ins t ruments  and c o n t r o l s  t o  ope ra t e  t h e  capsules  as w e l l  

as a computer t o  c o n t r o l  capsule  temperatures  and t o  handle  o t h e r  f a c e t s  

of t h e  experiment dur ing  i r r a d i a t i o n  w e r e  procured. The capsules  w i l l  

be  operated s e q u e n t i a l l y  i n  t h e  ORR E-5 core  f a c i l i t y .  This  l o c a t i o n  

w i t h i n  t h e  ORR core  and t h e  conf igu ra t ion  are shown i n  F igs .  7 . 1  and 

7 . 2 .  The E-5 core  p o s i t i o n  provides  a 76 X 76 mm (3  X 3 i n , )  w a t e r -  

cooled f a c i l i t y ,  which w i l l  accommodate an experiment of up t o  about 

7 1  mm (2 .8  i n . )  o v e r a l l  diameter .  

Capsule OC-1 is designed t o  i r r a d i a t e  twenty-eight 15.24-mm-diam 

by 25.4-mm-long (0.600- by 1.00-in.) specimens a t  900'C t o  t h e  f i r s t  

planned exposure l e v e l  of  1 x 10' n/cm' (>O. 18 MeV).  A compressive 

stress of 13.8 MPa (2000 p s i )  is  appl ied  t o  22 of t h e  specimens i n  each 

test by means of a m e t a l  bellows expanded by gas p re s su re  a g a i n s t  t h e  

specimen columns. S i x  of t h e  specimens i n  t h e  two columns have a 

reduced diameter  s o  as t o  inc rease  t h e  stress t o  20.7 MPa (3000 p s i ) .  

Each capsule  a l s o  inc ludes  28 uns t r e s sed  c o n t r o l  specimens made of t h e  

same types of g raph i t e  as are t h e  test specimens. 

Dimensional measurements t o  determine g raph i t e  c reep  c h a r a c t e r i s t i c s  

w i l l  be  made on t h e  specimens a t  t h e  end of each i r r a d i a t i o n  per iod  when 
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t he  capsule  has  been removed from t h e  r e a c t o r .  Each set of specimens 

w i l l  r e q u i r e  a 15-months t o t a l  i r r a d i a t i o n  t i m e  t o  a t t a i n  t h e  des i r ed  

f luence . 
Spec ia l  f e a t u r e s  of t h e  capsule  design inc lude  (1) movable center -  

l i n e  thermocouples, which measure t h e  temperature p r o f i l e  a long  t h e  axes 

of t h e  c o n t r o l  specimens of t h e  capsule ;  (2)  s p e c i a l  l i n e a r  v a r i a b l e  

d i f f e r e n t i a l  t ransformer (LWT) load  c e l l s  t o  monitor t h e  app l i ed  load;  

and (3)computerized temperature c o n t r o l  designed t o  achieve  accu ra t e  and 

p r e c i s e  uniform l o n g i t u d i n a l  temperatures  over t h e  0 .51 m (20.0 i n . )  

l eng th  of t h e  tes t  specimen columns. These f e a t u r e s  are descr ibed  i n  

more d e t a i l  below. 

Cross-sec t iona l  views of t h e  in-core po r t ion  of t h e  capsule  are 

shown i n  F igs .  7 .3  and 7.4. F igure  7 .3  shows t h e  s t r e s s e d  specimen 

columns. The specimens each have shallow ho le s  i n  each end t o  accommodate 

t h e  g r a p h i t e  p i n s  t h a t  pass  through t h e  space r s  t o  se rve  as cen te r ing  

guides f o r  t h e  specimen column. The spacers  c e n t e r  t h e  column by means 

of l o n g i t u d i n a l  c e n t e r i n g  r idges  pro t ruding  from t h e i r  c y l i n d r i c a l  
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s u r f a c e s .  

t u r e  c o n t r o l  of  t h e  specimens.  

two specimen columns, w i l l  b e  p r e s s u r i z e d  w i t h  he l ium g a s  t o  5.89 MPa 

(854 p s i g )  t o  p r o v i d e  a l o a d  of 2515 N (565.4 l b ) ,  which g i v e s  t h e  

r e q u i r e d  compressive stress. Force from t h e  be l lows  i s  t r a n s m i t t e d  t o  

t h e  specimen column through a g r a p h i t e  push-rod. 

specimen column, t h e  f o r c e  is sensed  by an  LVDT l o a d  c e l l .  T h i s  d e v i c e  

is  designed to measure up t o  3115 N (700 l b )  a t  4 8 O O C .  Although monitor-  

i n g  t h e  p r e s s u r e  i n  t h e  be l lows  w i l l  b e  t h e  pr imary measure of t h e  l o a d  

b e i n g  a p p l i e d  t o  t h e  specimen columns, t h e  LVDT l o a d  c e l l  w i l l  p r o v i d e  

backup i n f o r m a t i o n  d u r i n g  t h e  e a r l y  s t a g e s  of t h e  i r r a d i a t i o n  and e n s u r e  

t h a t  t h e  f o r c e  is  indeed t r a n s m i t t e d  through a l l  t h e  specimen column. 

The l o a d  c e l l  is  expec ted  t o  s u f f e r  r a d i a t i o n  damage and d e c a l i b r a t i o n  

a t  exposures  exceeding 3 X 10'' n/cm' (>0.18 MeV), b u t  i t  w i l l  p r o v i d e  

v a l u a b l e  i n f o r m a t i o n  d u r i n g  t h e  i n i t i a l  s t a g e s  of c a p s u l e  o p e r a t i o n .  

The u n s t r e s s e d  c o n t r o l  specimen columns are shown i n  t h e  c r o s s -  

s e c t i o n a l  v i e w  i n  Fig.  7.4.  These specimens are s t a c k e d  and c e n t e r e d  i n  

This  c e n t e r i n g  i s  impor tan t  t o  t h e  proper  l o a d i n g  and tempera- 

Each m e t a l  be l lows ,  shown a t  t h e  top  of t h e  

A t  t h e  end of  each 
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a manner s i m i l a r  t o  t h e  s t r e s s e d  specimens, except  t h a t  a l o n g i t u d i n a l  

ho le  has  been provided t o  s e r v e  as ii guide f o r  t h e  3 . 2 - m d i a m  (1/8-in.)  

s t a in l e s s - s t ee l - shea thed  Chromel v s  Alumel movable thermocouple t h a t  

i s  i n s t a l l e d  i n  each column. These thermocouples can b e  moved through 

a 0.413 m (16 1 / 4  i n . )  s t r o k e ,  t hus  provid ing  temperature  traverses 

from t h e  midplane of t h e  uppermost specimen t o  t h e  midplane of t h e  

lowest  specimen i n  each column. The sheathed thermocouples p a s s  up 

through t h e  va r ious  bulkheads and through a 6.4-mm-diam (1/4- in . )  guide 

tube t o  t h e  j u n c t i o n  box l o c a t e d  j u s t  above t h e  r e a c t o r  v e s s e l  t op  f l ange .  

This  j u n c t i o n  box houses t h e  rack-and-pinion assemblies  t h a t  d r i v e  t h e  

thermocouples. A rack  i s  a t t ached  t o  t h e  top  end of each movable thermo- 

couple.  An e l e c t r i c a l l y  d r iven  motor d r i v e s  t h e  rack-and-pinion gear 

assembly and t h e  a t t ached  thermocouple up and down a t  a ra te  of 0.83 mm/s 

(2 in . /min) .  A v a r i a b l e  r e s i s t o r  d r iven  by a gea r  from t h e  rack  provides  

a s i g n a l  r e l a t e d  t o  t h e  p o s i t i o n  of t h e  thermocouple. By ope ra t ion  of 

t h e  motor t h e  thermocouple p o s i t i o n  can be  c o n t r o l l e d  t o  less than  

t 3 . 2  mm (+1/8 i n . )  i n  l o n g i t u d i n a l  e l e v a t i o n .  The thermocouple s i g n a l  

i s  t r ansmi t t ed  t o  l ead  w i r e  by means of s l i d i n g  c o n t a c t s  t h a t  move 

a long  a gold-plated i n s u l a t e d  s t r i p  t h a t  s e rves  as t h e  condui t  from t h e  

con tac t s  t o  t h e  l e a d  w i r e .  

In  a d d i t i o n  t o  t h e  two movable thermocouples, twenty-five 1.6-mm- 

diam (1/16-in.)  s t a in l e s s - s t ee l - shea thed  MgO-insulated Chromel vs  

Alumel thermocouples have been provided t o  monitor capsu le  temperatures .  

Twenty-three of t h e s e  are loca ted  w i t h i n  t h e  g r a p h i t e  specimen ho lde r  

ad jacen t  t g  t h e  test specimens a t  va r ious  e l e v a t i o n s  a long  t h e  capsule .  

A s  s t a t e d  p rev ious ly ,  one of  t h e  important  o b j e c t i v e s  of t h e  

experiment i s  t o  main ta in  a c c u r a t e  and p r e c i s e  temperature  c o n t r o l  

a long  t h e  specimen c.olumn. I n  o r d e r  t o  achieve  adequate  c o n t r o l ,  t h e  

capsule  i s  designed t o  ope ra t e  on gamma h e a t  a lone  approximately 100°C 

below des ign  temperature .  The gamma h e a t  rate i n  t h i s  experiment 

p o s i t i o n  i n  t h e  r e a c t o r  v a r i e s  from a low of about 5.4 W/g t o  a h igh  

of about 10 W/g, as shown i n  F ig .  7 .5 .  A thermal  r e s i s t a n c e  helium- 

f i l l e d  gas gap between t h e  specimen ho lde r  and the  water-cooled capsu le  

v e s s e l  is  s tepped i n  a manner t h a t  p rovides  f i v e  d i f f e r e n t  r a d i a l  gaps. 
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Fig.  7.5. Resul ts  of Gamma Heating Measurements Made i n  t h e  E-5 
Core F a c i l i t y  of t h e  ORR on September 19 ,  1974. 

These gaps accommodate t h e  v a r i a t i o n  i n  gamma h e a t i n g  rate and e s t a b l i s h  

approximately t h e  des i r ed  cons tan t  l ong i tud ina l  temperature  level. 

Design ope ra t ing  temperature and c o n t r o l  of i t  are acheived by 

twenty 3.2-mm-diam (1/16 i n . )  s t a in l e s s - s t ee l - shea thed  MgO-insulated 

Nichrome V h e a t e r s  wrapped around t h e  specimen ho lde r  as shown i n  

Figs .  7 . 3  and 7.4. Ten 5l-mm-long (2-in.) hea ted  zones,  each wi th  t w o  

h e a t e r s  operated i n  p a r a l l e l ,  are pos i t ioned  along t h e  0.51 m (20  i n . )  

l ength  of  t h e  specimen holder .  Each h e a t e r  is  capable  of ope ra t ion  a t  

up t o  2 kW/linear m (50 W/linear i n . ) ;  however, they are expected t o  

opera te  w e l l  below t h i s  maximum t o  maintain t h e  design ope ra t ing  

temperature of 900°C f o r  t h e  specimens. 

Because of t h e  requirement t o  maintain a k l O ° C  temperature  cont ro l*  

along t h e  specimen column and t h e  i n t r i c a t e  i n t e r a c t i o n  of each h e a t e r  

zone wi th  r e spec t  t o  ad jacent  h e a t e r  zones, a computer is  requi red  t o  

*This corresponds t o  a +3% change i n  apparent  creep c o e f f i c i e n t .  
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c o n t r o l  t h e  experiment temperatures  au tomat ica l ly .  A D i g i t a l  Equipment 

Corporation PDP 11/40 computer wi th  t h e  requi red  a n c i l l a r y  equipment w a s  

procured t o  ope ra t e  t h e  capsule  h e a t e r s  and monitor and record t h e  d a t a  

from t h e  experiment. Algorithms have been developed t o  re la te  t h e  

va r ious  thermocouple temperatures  t o  t h e  specimen temperatures  and thus  

permit t h e  computer t o  a d j u s t  t h e  h e a t e r s  t o  t h e  requi red  ope ra t ing  

l e v e l s .  Ten s o l i d - s t a t e  h e a t e r  c o n t r o l  devices  are used (one f o r  each 

zone) and ope ra t e  under computer c o n t r o l  as long as t h e  computer i s  

opera t ing .  I f  t h e  s i g n a l  from t h e  computer i s  l o s t ,  t h e  c o n t r o l l e r  

w i l l  sense  t h e  la tes t  temperature  from i t s  c o n t r o l  thermocouple and 

cont inue t o  c o n t r o l  t h e  h e a t e r  output  t o  maintain t h i s  temperature .  

Computer c o n t r o l  i s  resumed as soon as i t  is  ope ra t ing  aga in .  

The capsule  w i l l  b e  swept wi th  high-puri ty  helium gas t o  sweep out  

any contaminants t h a t  may be  emi t ted  from t h e  g raph i t e  ho lde r  o r  specimens. 

This w i l l  minimize the  p o s s i b i l i t y  of co r ros ive  a t t a c k  on t h e  specimens. 

Only high-puri ty  gas w i l l  be  used, and t h i s  w i l l  r ece ive  a d d i t i o n a l  

p u r i f i c a t i o n  by be ing  passed through a c t i v a t e d  molecular s e i v e s  and a 

ho t  t i t an ium sponge cleanup system. 

The f i r s t  capsule  i n  t h i s  series,  OC-1,  i s  scheduled f o r  i n s e r t i o n  

i n t o  t h e  ORR dur ing  January 1976.  The des ign ,  as descr ibed  above, w a s  

e s s e n t i a l l y  completed, and p a r t s  f o r  t h e  f i r s t  capsules  w e r e  ordered 

dur ing  t h i s  r e p o r t i n g  per iod .  

7 .4  REFERENCE 

1. R. J.  P r i c e ,  Review of Irradiation-Induced Creep in Graphite Under 
HTGR Conditions, GA-A-12332 (Nov. 1, 1 9 7 2 ) .  
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