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CHAPTER I. SWELLING AND CREEP 

FF101 1 .  D e n s i t y  Changes i n  N e u t r o n - I r r a d i a t e d  Commercial A l l o y s  (HEDL) 

S w e l l i n g  d a t a  were o b t a i n e d  f o r  a number o f  c a n d i d a t e  commercial 
a l l o y s  i r r a d i a t e d  i n  EBR-I1 t o  a nominal peak f l u e n c e  of  
6 x l o 2 *  n/cm2 (E>0.1 MeV). 
s w e l l i n g  r e s i s t a n c e  o f L 3 3 0  and Incone l  7J& I n  genera l ,  
t h e  s w e l l i n g  behav io r  o f  t h e  a l l o y s  examined i s  i n  good agreement 
w i t h  t h e  c u r r e n t  des ign  equat ions  conta ined i n  TC-293, t h e  A l l o y  
P r o p e r t i e s  Databook. S i q n i f i c a n t  heat - to -heat  v a r i a b i l i t y  i n  
s w e l l i n g  behav io r  i s  e x h i b i t e d  b y  t h e  commercial a l l o y s  _A-286 
an d _NimonicEJ& 

Bombarded Commercial A l l o y s  (GE) 

The r e s u l t s  o f  i o n  bombardment s w e l l i n g  exper iments w i t h  t h e  
cand ida te  commercial a l l o y s  a r e  r e c a p i t u l a t e d  i n  t h i s  paper, 
in tended f o r  p u b l i c a t i o n  as a GE t o p i c a l  r e p o r t .  Al though marked 
d i f f e r e n c e s  i n  t h e  temperature dependence o f  s w e l l i n g  were observed 
amon ,the,alloys, o n l y  one o f  t h e  cand ida te  a l l o y s  (20% cold-worked 
A I S  3 1 a - e x h i b i t e d  peak s w e l l i n g  i n  excess o f  2.5% a t  an  

examinat ion revea led  t h a t  i o n  bombardment r e s u l t e d  i n  a genera l  
a c c e l e r a t i o n  i n  p r e c i p i t a t i o n  k i n e t i c s ;  enhanced overag ing  was 
observed i n  a l l o y s  w i t h  h i g h  T1:Al r a t i o .  

The r e s u l t s  c o n f i r m  t h e  expected 

SGOl3 2. The S w e l l i n g  and 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 z a t i o n  o f  N i c k e l  I o n  

e x t r a p o  e7 a t e d  n i c k e l  i o n  dose o f  250 dpa. D e t a i l e d  m i c r o s t r u c t u r a l  

FF101 3.  HVEM I r r a d i a t i o n  o f  Reactor-Condi t ioned Commercial A l l o y s  (HEDL) 

FF101 

A procedure f o r  e m p i r i c a l  c o r r e l a t i o n  o f  a l l o y  s w e l l i n g  behav io r  
under neut ron  and c h a r g e d - p a r t i c l e  i r r a d i a t i o n  has been developed. 
E l e c t r o n  i r r a d i a t i o n  o f  p r e v i o u s l y  n e u t r o n - i r r a d i a t e d  ( " r e a c t o r -  
Cond i t ioned" )  Nimonic PEJ.Lresu1 t e d  i n  t h e  same s w e l l i n g  as had 
been o b s e r v e l h  non-cond i t ioned specimens o f  t h i s  a1 l o y ,  
and i t  i s  concluded t h a t  t h e  response o f  s i m i l a r l y  s t a b l e  a l l o y s  
w i l l  be t h e  same. 
c o n d i t i o n e d  a l l o y s  t o  subsequent c h a r g e d - p a r t i c l e  i r r a d i a t i o n  
can be i n t e r p r e t e d  s i m p l y  i n  terms o f  e f f e c t i v e  i r r a d i a t i o n  ternper- 
a t u r e s .  Uns tab le  a l l o y s ,  accord ing  t o  t h e  a n a l y s i s  developed here,  
r e q u i r e  more e x t e n s i v e  exper imenta t ion  i n  o r d e r  t o  e s t a b l i s h  t h e  
d a t a  necessary f o r  e x t r a p o l a t i o n  t o  h i g h  neut ron  f luences .  

I n  these cases, t h e  response o f  r e a c t o r -  

4. M i c r o s t r u c t u r a l  Changes i n  N e u t r o n - I r r a d i a t e d  A-286 (HEDL) 
w--- 

M i c r o s t r u c t u r a l  a n a l y s i s  o f  t h e  n e u t r o n - i r r a d i a t e d  cand ida te  
commercial a l l o y  A-2&6 (peak f l u e n c e  5.4 x n/cm2, E>0.1 
MeV) has shown t h e  c o n t r o l l i n g  i n f l u e n c e  o f  phase s t a b i l i t y  on 
t h e  s w e l l i n g  behav io r  o f  t h i s  a l l o y .  
as t h e  s u p e r p o s i t i o n  o f  two s w e l l i n g  regimes, one a t  l o w  
temperatures dominated b y  an i r r a d i a t i o n - i n d u c e d  p r e c i p i t a t e  

Th is  behav io r  i s  d e s c r i b e d  
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phase and one a t  h i a h  temperatures c h a r a c t e r i s t i c  o f  t he  m a t r i x  
compos i t ion .  
q phase i s  q u i t e  ex tens ive ,  bu t  seems t o  have l i t t l e  e f f e c t  on 
s w e l l i n g  behav io r .  

I r r a d i a t i o n - i n d u c e d  t rans fo rma t ion  o f  y' t o  the  

CW071 

CW071 

OH037 

OH037 

"016 

5. Void  Swe l l i ng  i n  N i - I o n  I r r a d i a t e d  A-286 (W-ARD) 

N icke l  i o n  bombardment o f  A-286 produces m i c r o s t r u c t u r a l  changes 
v i t e a i k  t o  those r e s u l t i n g  from neut ron  i r r a d i -  
a t i o n .  A small  amount o f  rl phase i s  observed a f t e r  i o n  bombard- 
ment; t he  p r e c i p i t a t e  phase which occurs i n  a s s o c i a t i o n  w i t h  vo ids  
i s  i d e n t i f i e d  as G phase. The s w e l l i n g  i n  ion-bombarded A-286 can 
be c o r r e l a t e d  w i t h  t h a t  i n  t h e  n e u t r o n - i r r a d i a t e d  a l l o y  on the  
bas i s  o f  a dose equivalence o f  2 dpa ( N i  i o n )  = 1 dpa (neu t ron ) .  

Phase S t a b i l i t y  o f  D21 and D25 Under I r r a d i a t i o n  (E-ARD) 

P r e c i p i t a t e s  formed i n  the  cand ida te  developmental a l l o y s  021 
and D25 under n i c k e L - A b o m b a r d m e n t  a t  750°C have been analyzed. 
The p r i n c i p m i p i t a t e s  i n  D21 a r e  M6C and a Laves phase. 
Alloy D25 e x h i b i t s  M6C p r e c i p i t a t i o n  as w e l l  as another phase 
which has n o t  y e t  been i d e n t i f i e d .  

Bombardment (ORNL) 

A h i g h  so lu t i on -annea l i ng  temperature has been found t o  r e s u l t  i n  
doub e-peak s w e l l i n g  behav io r  i n  an ion-bombarded l a b o r a t o r y  heat  
o f  316 s t a i n l e s s  s t e e l .  Single-peak s w e l l i n g  occurs i n  the  a l l o y  

leads  t o  double-peak s w e l l i n g  and a general  r e d u c t i o n  i n  t h e  
amount o f  s w e l l i n g .  
t o  t h e  general  r e d u c t i o n  i n  s w e l l i n g  assoc ia ted  w i t h  inc reased 
s o l u t e  i n  s o l i d  s o l u t i o n ,  w h i l e  t h e  h igh- tempera ture  peak i s  r e l a t e d  
t o  inc reased p r e c i p i t a t i o n  r a t e  a t  h ighe r  temperatures as a conse- 
quence o f  inc reased s o l u t e  supersa tu ra t i on .  T h i s  inc reased 
p r e c i p i t a t i o n  r e s u l t s  i n  enhanced v o i d  n u c l e a t i o n  a t  the  h i g h e r  
temperatures,  b u t  t h e  t o t a l  s w e l l i n g  remains below t h a t  f o r  
specimens s o l u t i o n  t r e a t e d  a t  t h e  lower  temperature.  

6. 

7. Swe l l i ng  o f  S o l i d  S o l u t i o n  Developmental A l l o y s  Under N icke l  Ion  

a 0 - s o l u t i o n  t rea tmen t  a t  1050"C, w h i l e  an 1150°C t rea tment  

The reduced low-temperature peak i s  a t t r i b u t e d  

8. Thermal S t a b i l i t y  o f  A l l o y s  D9 and D11 (ORNL) 

Aging s t u d i e s  on t h e  cand ida te  developmental a l l o y  D9 have shown 
a tendency f o r  f o rma t ion  o f  t he  Fe2Mo Laves phases i n  t h i s  
a l l o y .  Since p r e c i p i t a t i o n  o f  t h i s  phase i s  expected t o  have an 
adverse e f f e c t  on long- te rm s w e l l i n g  behav io r ,  a s e r i e s  o f  s i x  
m o d i f i e d  ve rs ions  o f  D9 has been prepared i n  o rde r  t o  develop 
improved phase s t a b i l i t y  i n  t h i s  impor tan t  developmental a l l o y .  

. 

9. Swe l l i ng  Behav io r  o f  HT-9 i n  M o d i f i e d  Heat Treatment Cond i t i on  (NRL) 

A p rev ious  i o n  bombardment s tudy  o f  t he  cand ida te  f e r r i t i c  a l l o y  
HT-9 showed t h e  ma jo r  s w e l l i n g  c o n t r i b u t i o n  t o  d e r i v e  f rom vo ids  
assoc ia ted  w i t h  g r a i n  boundary p r e c i p i t a t e s .  
m o d i f i e d  heat  t rea tment  was developed t o  reduce the  e x t e n t  o f  
p r e c i p i t a t i o n  a t  g r a i n  boundar ies.  
HT-9 specimens g i ven  the  m o d i f i e d  heat  t rea tment  have shown t h i s  
m o d i f i c a t i o n  t o  be e f f e c t i v e  i n  reduc ing  s w e l l i n g  up t o  about 
80 dpa, a f t e r  which t h e  s w e l l i n g  r a t e  i s  the  same as observed i n  
t h e  case o f  t h e  o r i g i n a l  heat  t rea tment .  

Accord ing ly ,  a 

Subsequent i o n  bombardment o f  
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10. O p t i m i z a t i o n  o f  Candidate A l l o y  Composit ions (HEOL) 

E v a l u a t i o n  o f  t h e  c h a r a c t e r i s t i c s  o f  t h e  S e r i e s  A, B and C 
m o d i f i c a t i o n s  t o  t h e  cand:date developmental a l l o y s  i s  i n  progress,  
w i t h  t h e  aim o f  i d e n t i f y i n g  those compos i t iona l  m o d i f i c a t i o n s  which 
a r e  a p p r o p r i a t e  f o r  t h e  f i r s t  s e r i e s  o f  advanced a l l o y  t e s t s  i n  
FFTF. Exper imenta t ion  t o  d a t e  has been l i m i t e d  t o  thermal  ag ing  
and shor t - te rm s t r e s s - r u p t u r e  t e s t s ,  s i n c e  these da ta  w i l l  be 
r e l i e d  upon f o r  i n i t i a l  guidance i n  deve lop ing  o r d e r i n g  s p e c i f i -  
c a t i o n s .  The r e s u l t s  o b t a i n e d  t o  t h i s  p o i n t  suggest t h a t  m i n o r  
m o d i f i c a t i o n s  t o  a l l o y s  D9, 011, D21 and D25 would be b e n e f i c i a l  
t o  o v e r a l l  a l l o y  performance, t h e  m o d i f i c a t i o n s  b e i n g  d i r e c t e d  
p r i m a r i l y  t o  improvements i n  phase s t a b i l i t y .  

CHAPTER 11. ANALYTICAL STUDIES 

CW071 1. 

CW071 

FF101 

OH037 

2. 

3. 

4 .  

Theory o f  P a r t i c l e  R e d i s t r i b u t i o n  i n  an I r r a d i a t i o n  Environment 
IW-ARD) .. 

A new t h e o r y  o f  p r e c i p i t a t e  b e h a v i o r  i n  an i r r a d i a t i o n  environment 
i s  proposed. 
t h e  i r r a d i a t i o n  e q u i l i b r i u m  s t a t e  i s  c h a r a c t e r i z e d  b y  t h e  e x i s t e n c e  
o f  a maximum s t a b l e  p r e c i p i t a t e  p a r t i c l e  r a d i u s  and b y  an amount 
o f  s o l u t e  i n  dynamic s o l u t i o n  which i s  i n  excess o f  t h e  thermal  
e q u i l i b r i u m  c o n c e n t r a t i o n  f o r  t h e  i r r a d i a t i o n  temperature i n  
ques t ion .  The t h e o r y  i s  c o n s i s t e n t  w i t h  p rev ious  concept ions  o f  
t h e  c h a r a c t e r i s t i c s  o f  h i g h  displacement r a t e  ( s i m u l a t i o n )  i r r a d i -  
a t i o n s  i n  demonstrat ing t h a t  e q u i v a l e n t  p r e c i p i L a t e  behav io r  i s  
o b t a i n e d  i f  s i m u l a t i o n  exper iments a r e  c a r r i e d  o u t  a t  lower  temper- 
a t u r e s  than neut ron  i r r a d i a t i o n  exper in icnts .  

I t  i s  shown t h a t ,  as a r e s u l t  o f  s o l u t e  r e s o l u t i o n ,  

N e u t r o n - I r r a d i a t e d  y ' # l  A l l o y s  i n  L A - I X  Experiments- (F-F.RD) 

P o s t i r r a d i a t i o n  m i c r o s t r u c t u r a l  examinat ion o f  exper imental  
y ' - b e a r i n g  a l l o y s  a f t e r  i r r a d i a t i o n  t o  2.7 x rl/cm2 ( b 0 . 1  
MeV) a t  600°C has r e v e a l e d  an inc rease i n  t h e  volume f r a c t i o n  o f  
y' phase a t t r i b u t a b l e  t o  i r r a d i a t i o n .  The increased y' p r e c i p i -  
t a t i o n  occur red  i n  t h e  f o r m  o f  smal l  p r e c i p i t a t e s  d ispersed 
th roughout  t h e  m a t r i x  as w e l l  as on d i s l o c a t i o n s  and on v o i d  
sur faces .  A l l o y  a d d i t i o n s  o f  C,  S i  and B were found t o  r e s u l t  
i n  f u r t h e r  enhancement o f  i r r a d i a t i o n - i n d u c e d  y' p r e c i p i t a t i o n .  
The r e s u l t s  a r e  i n  agreement w i t h  t h e  new t h e o r y  o f  p r e c i p i t a t e  
r e d i s t r i b u t i o n .  

E l e c t r o n  I r r a d i a t i o n  o f  S o l u t i o n  Annealed 316,for t h e  USP 
n 

Experiment (HEOL) - 
E l e c t r o n  i r r a d i a t i o n s  o f  annealed 316 s t a i n l e s s  s t e e l  specimens 
( h e a t  M2783) have been performed as p a r t  o f  t h e  U n i f i e d  S i m u l a t i o n  
Program. The s t e a d y - s t a t e  s w e l l i n g  r a t e s  f o r  h e a t  M2783 a t  600 
and 650°C l i e  w i t h i n  t h e  range o f  va lues  determined p r e v i o u s l y  
f o r  FTR f i r s t - c o r e  s t e e l s  i n  t h e  20% cold-worked c o n d i t i o n .  

PjlcJg 

1 76 

203 

205 

231 

248 

Prepara t ion  o f  I o n  Bombardment Specimens f rom Neutron I r r a d i a t e d  
Tubing (NRL) 256 

T h i s  r e p o r t  descr ibes  techniques which have been developed f o r  t h e  
p r e p a r a t i o n  o f  r e a c t o r - c o n d i t i o n e d  specimens f o r  n i c k e l  ion. bombard- 
ment, as p a r t  o f  t h e  U n i f i e d  S imula t jAn  Program. Spec ia l  procedures 
have been e s t a b l i s h e d  t o  p e r m i t  specimen p r e p a r a t i o n  under c o n t r o l l e d  
l a b o r a t o r y  c o n d i t i o n s ,  r a t h e r  than i n  a h o t  c e l l ,  w h i l e  m i n i m i z i n g  
personnel  exposure. 
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FF101 

CW071 

FF101 

FF129 

FF129 

FF129 

5. 

6. 

7. 

Near-Surface Deformat ion o f  USP Specimens (HEDL) 

The specimen p r e p a r a t i o n  procedure employed i n  the  USP experiment 
leads  t o  ex tens i ve  near -sur face  damage which i s  e a s i l y  removed by 
e lec t rochemica l  techniques. Transmission e l e c t r o n  microscopy 
observa t ions  c o n f i r m  t h e  presence o f  su r face  de format ion  b u t  show 
t h a t  no damage due t o  mechanical p o l i s h i n g  reaches t o  o r  beyond 
the  depth p i cked  f o r  i r r a d i a t i o n  damage c h a r a c t e r i z a t i o n .  

r' So lu te  R e d i s t r i b u t i o n  Under I r r a d i a t i o n  i n  20% CW 3161 SS 
1 - W-ARD/E- R&O ) Y 

Comparative elemental  c o n c e n t r a t i o n  p r o f i l e s  were determined by 
Auger e l e c t r o n  spectroscopy on i r r a d i a t e d  and u n i r r a d i a t e d  sec t i ons  
o f  a n i c k e l - i o n  bombarded 20% CW 316 s t a i n l e s s  s t e e l  specimen. 
The d i s t r i b u t i o n  o f  N i ,  C r  and Fe i s  such t h a t  t h e  a l l o y  composi t ion 
i s  unperturbed i n  t h e  peak damage r e g i o n  where s w e l l i n g  de termi -  
n a t i o n s  a r e  no rma l l y  made. 
N i  and enhancement o f  t h e  C r  and Fe concen t ra t i on  i n  a r e g i o n  near 
t h e  i o n  e n t r y  sur face ,  however, and may lead  t o  spur ious  s w e l l i n g  
values i n  t h i s  reg ion .  

I o n  bombardment r e s u l t s  i n  d e p l e t i o n  o f  

Design and Ana lys i s  o f  I n t e r c o r r e l a t i o n  Experiments (HEDL) 

The r a t i o n a l e ,  schedule and s t a t u s  o f  t h e  U n i f i e d  S imu la t i on  
Program a r e  desc r ibed  i n  t h i s  r e p o r t .  
regarded i n  t h e  c o n t e x t  o f  p resen t  unders tand ing  of  t h e  s i m u l a t i o n  
o f  neut ron  i r r a d i a t i o n  e f f e c t s  by means o f  c h a r g e d - p a r t i c l e  i r r a d i -  
a t i o n .  A thorough overv iew o f  t h i s  unders tand ing  i s  presented. I t  
i s  concluded t h a t ,  w i t h  t h e  excep t ion  o f  v e r y  s imp le  a l l o y s ,  the  
temperature s h i f t  and dose equ iva lency  concepts a r e  more complex 
than p r e v i o u s l y  modeled. 
o f  r e a c t o r  cond i t i oned  specimens w i l l  a l l o w  t h e  m o d i f i e d  
a p p l i c a t i o n  o f  these concepts t o  more complex a l l o y s .  

The exper iment must be 

It i s  a n t i c i p a t e d ,  however, t h a t  t h e  use 
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P 9 ,  D21 and D68 have been ext,ended t o  2,000 hours a t  a temper- 
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c o r r o s i o n  r a t e  i s  a t t a i n e d  a t  exposure t imes between 4,000 and 
6,000 hours. Sur face  d e p l e t i o n  o f  n i c k e l  and chromium was 
observed i n  PE16, t o  t h e  e x t e n t  t h a t  a - f e r r i t i c  su r face  l a y e r  
i s  formed. 

Cor ros ion  Stud ies  o f  Advanced C ladd ing  A1 l o y s  (E-RL) 333 

M o d i f i c a t i o n s  t o  the  WHIRL-1 l oop  were completed. The m o d i f i c a t i o n s  
i n c l u d e  t h e  a d d i t i o n  o f  a new specimen ho lde r  and the  i s o l a t i o n  o f  
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Exposure of AISI 310s s t a in l e s s  s tee l  t o  flowing sodium a t  700°C 
has been found t o  r e s u l t  in the surface depletion of Ni and Cr to  
the degree t h a t  the aus t en i t i c  character i s  l o s t  i n  depleted 
regions extending t o  depths of about 70 wn a f t e r  6,000 hours. 
Thermal a g i n g  e f f ec t s  alone a r e  shown to  r e s u l t  in extensive 
sigma phase formation i n  310S, the  volume f rac t ion  of sigma 
phase being a s  high as 28% a f t e r  2,000 hours a t  700°C. Alloy 
330 shows even grea te r  surface depletion of N i  than does AISI 
310s. The extent of grain boundary attack in 330 i s  qu i te  high, 
and accounts f o r  the high corrosion r a t e  observed in t h i s  a l loy .  
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E l e c t r o n  o p a c i t y  e f f e c t s  
a f t e r  i o n  bombardment t o  

Figures ( C o n t ' d )  

near g r a i n  boundar ies i n  AU Nimonic PE16 
248 dpa a t  625°C. 

Vo id  d i s t r i b u t i o n s  i n  STA Incone l  706 a f t e r  n i c k e l - i o n  bombardment 
t o  116 dpa. 

Temperature and dose dependence o f  s w e l l i n g  i n  Incone l  706, bombarded 
w i t h  h i g h  energy n i c k e l  i ons :  ( a )  temperature dependence o f  swe l l i ng ,  
and ( b )  dose dependence o f  s w e l l i n g  i n  STA Incone l  706 a t  575°C. 

TEM images o f  STA Incone l  706, bombarded w i t h  5 MeV n i c k e l  i ons  t o  116 
dpa: ( a )  550"C, d a r k - f i e l d  ima e; ( b )  625"C, d a r k - f i e l d  image; ( c )  
675"C, b r i g h t - f i e l d  image, and Qd) 725"C, b r i g h t - f i e l d  image. 

Representa t ive  se lec ted  area e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  f rom STA 
Incone l  706 a f t e r  5 MeV n i c k e l - i o n  bombardment t o  116 dpa: ( a )  550°C; 
( b )  625°C; ( c )  675"C, and (d )  725°C. 

Se lec ted  area <111> e l e c t r o n  d i f f r a c t i o n  p a t t e r n  f rom Incone l  706 
bombarded a t  725°C. 
o f  hexagonal e t a  phase p l a t e l e t s  i n  t h e  p lane  o f  t h e  specimen. 
spots around o u t e r  r e f l e c t i o n s  a r e  caused by r e l r o d s  produced by t h i n  
p r e c i p i t a t e s  on i n c l i n e d  Illll planes .  

B r i g h t - f i e l d  images and r e p r e s e n t a t i v e  se lec ted  area d i f f r a c t i o n  p a t t e r n s  
f rom ST Incone l  706 a f t e r  5 MeV n i c k e l - i o n  bombardment t o  116 dpa: top,  
625°C; bottom, 725°C. 

D a r k - f i e l d  images o f  g r a i n  boundary reg ions  i n  ( a )  STA and ( b )  ST 
Incone l  706, a f t e r  5 MeV n i c k e l - i o n  bombardment t o  116 dpa. 

B r i g h t - f i e l d  images o f  Incone l  706 i o n  bombarded t o  248 dpa; ( a )  ST, 
550°C; (b )  STA, 575"C, and ( c )  CWA, 575°C. 

Representa t ive  se lec ted  area e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  f rom Incone l  
706 i o n  bombarded t o  248 dpa: 
CWA, 575°C. 

B r i g h t - f i e l d  ( a )  and d a r k - f i e l d  (b )  image p a i r  o f  CWA Incone l  706 a f t e r  
i o n  bombardment t o  248 dpa a t  625°C. 

Se lec ted  area e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  f rom CWA Incone l  706 a f t e r  i o n  
bombardment t o  248 dpa a t  625°C: ( a )  P a t t e r n  o f  area shown i n  F i g u r e  25; 
( b )  hexagonal ( 4  d i g i t )  and f c c  ( 3  d i g i t )  i ndex ing  o f  one p r e c i p i t a t e  
o r i e n t a t i o n ,  ( c )  and ( d )  p a t t e r n  and index ing  from t h e  same r e g i o n  a f t e r  
t i l t i n g  t h e  f o i l  s l i g h t l y .  

D i f f u s e - d a r k - f i e l d  images showing g r a i n  boundary e f f e c t s  i n  STA Incone l  
706 a f t e r  i o n  bombardment t o  248 dpa: 
f a i n t  g r a i n  boundary d e l i n e a t i o n  represents  the  s t ronges t  e f f e c t  observed 
i n  Incone l  706; ( b )  a f t e r  625°C bombardment, coarse e t a  p l a t e  p r e c i p i t a t i o n  
more o r  l e s s  c h a r a c t e r i s t i c  o f  t h e  c e l l u l a r  growth o c c u r r i n g  a t  g r a i n  
boundar ies.  

The r e f l e c t i o n s  i n d i c a t e d  correspond t o  {2020} planes 
S a t e l l i t e  

( a )  ST, 550"C, ( b )  STA, 575"C, and ( c )  

( a )  a f t e r  575°C bombardment, 

Se lec ted  area e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  f rom Incone l  706 bombarded 
t o  248 dpa which con ta ins  spots  i n  p o s i t i o n s  c h a r a c t e r i s t i c  o f  T i c :  
( a )  ST, 55OoC, and (b )  CWA, 575°C. 

Void d i s t r i b u t i o n  i n  STA Incone l  718 a f t e r  n i c k e l  i o n  bombardment t o  
239 dpa. 

Temperature and dose dependence o f  s w e l l i n g  i n  STA Incone l  718, bombarded 
w i t h  h igh  energy n i c k e l  i o n s :  
and ( b )  dose dependence o f  s w e l l i n g .  

( a )  temperature dependence o f  s w e l l i n g ,  
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STA Incone l  718, i o n  bombarded t o  116 dpa: ( a )  625"C, d a r k - f i e l d  image; 
(b )  675"C, d a r k - f i e l d  image; ( c )  725"C, b r i g h t - f i e l d  image, and ( d )  
725"C, under mask, d a r k - f i e l d  image. 

Representa t ive  se lec ted  area e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  f rom STA 
Incone l  718 a f t e r  n i c k e l - i o n  bombardment t o  116 dpa: ( a )  625°C; ( b )  
675"C, ( c )  725"C, and ( d )  725"C, under mask. 

P l a t e l e t  p r e c i p i t a t i o n  i n  STA Incone l  718 a f t e r  i o n  bombardment t o  248 
dpa a t  625°C: ( a )  b r i g h t - f i e l d  image; ( b )  m a t r i x  d a r k - f i e l d  image, 
and ( c )  p r e c i p i t a t e  d a r k - f i e l d  image ( f rom r e l r o d ) .  

Representa t ive  se lec ted  area e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  f rom STA 
Incone l  718 a f t e r  i o n  bombardment t o  248 dpa a t  625°C. 

Se lec ted  area <111> e l e c t r o n  d i f f r a c t i o n  p a t t e r n  f rom STA Incone l  718 
a f t e r  neut ron  i r r a d i a t i o n  t o  5 x 
weak r e f l e c t i o n s  i n d i c a t e d  correspond t o  {20201 planes o f  hexagonal e t a  
phase p l a t e l e t s  i n  t h e  p lane o f  t h e  specimen. 

2-1/2-D s te reo  image p a i r s  o f  p r e c i p i t a t e s  i n  the  Incone l  a l l o y s  and 
f a u l t e d  loops  i n  Nimonic PE16 a f t e r  i o n  bombardment t o  116 dpa: (a )  
STA Incone l  706, 725°C; ( b )  ST Incone l  706, 725°C; ( c )  STA Incone l  718, 
725"C, and ( d )  ST Nimonic PE16, 625°C. In - focus  images a r e  on t h e  l e f t  
and defocused images on the  r i g h t .  

2-1/2D s te reo  image p a i r s  o f  p r e c i p i t a t e s  i n  Incone l  a l l o y s  a f t e r  i o n  
bombardment t o  248 dpa a t  625°C and neu t ron  i r r a d i a t i o n  t o  5 x 
n/cm2 (%38 dpa) a t  454°C: ( a )  i o n  bombarded Incone l  706; ( b )  i o n  
bombarded Incone l  718, and ( c )  neu t ron  i r r a d i a t e d  Incone l  718. I n - focus  
images a r e  on t h e  l e f t .  

Low m a g n i f i c a t i o n  d i f f u s e - d a r k - f i e l d  images on STA Incone l  718 from 
sh ie lded  areas o f  specimens bombarded t o  116 dpa a t :  (a )  625°C and ( b )  
725°C. 
p l a t e s  e x i s t  a t  g r a i n  boundar ies.  

Low m a g n i f i c a t i o n  d i f f u s e - d a r k - f i e l d  images showing s p o t t y  e l e c t r o n  
o p a c i t y  e f f e c t s  near  g r a i n  boundar ies i n  STA Incone l  718 i o n  bombarded 
t o  116 dpa a t :  ( a )  625°C; ( b )  575"C, and ( c )  525°C. 

D i f f u s e - d a r k - f i e l d  images o f  g r a i n  boundary e f f e c t s  i n  STA Incone l  718 
i o n  bombarded t o  116 dpa a t :  

Low m a g n i f i c a t i o n  d i f f u s e - d a r k - f i e l d  images showing s p o t t y  e l e c t r o n .  
o p a c i t y  near g r a i n  boundar ies i n  STA Incone l  718 i o n  bombarded t o  248 
dpa a t :  ( a )  625°C and ( b )  575°C. 

Vo id  d i s t r i b u t i o n s  i n  STA M-813 a f t e r  n i c k e l - i o n  bombardment t o  116 dpa. 

Temperature and dose dependence o f  s w e l l i n g  i n  STA M-813, bombarded w i t h  
4 MeV n i c k e l  i ons :  ( a )  temperature dependence o f  s w e l l i n g  and ( b )  dose 
dependence o f  swe l l  i n g  a t  625°C. 

P r e c i p i t a t e  d a r k - f i e l d  images o f  bimodal y '  d i s t r i b u t i o n s  i n  STA M-813 
i o n  bombarded t o  116 dpa a t  ( a )  575°C and ( b )  675°C. 

P r e c i p i t a t e  d a r k - f i e l d  image and se lec ted  area e l e c t r o n  d i f f r a c t i o n  p a t t e r n  
e x h i b i t i n g  spots c h a r a c t e r i s t i c  of  T iN i n  STA M-813 a f t e r  i o n  bombardment 
t o  116 dpa a t  575°C. 

Low m a g n i f i c a t i o n  d i f f u s e - d a r k - f i e l d  images showing s p o t t y  g r a i n  boundary 
e f fec ts  i n  STA M-813 i o n  bombarded t o  116 dpa a t :  ( a )  575°C; ( b )  625°C; 
( c )  675"C, and ( d )  725°C. 

n/cm2 (E>0.1 MeV) a t  454°C. The 

Compare w i t h  F igu re  20. 

Sca le  mark i n d i c a t e s  0.5 pm. 

Scale mark i n d i c a t e s  0.5 um. 

No g r a i n  boundary d e l i n e a t i o n  i s  p resen t  and o n l y  a few d e l t a  

( a )  575°C and ( b )  525°C. 

X 

& 

52 

54 

55 

56 

58 

59 

60 

61 

62 

63 

65 

66 

67 

68 

69 

71 



Fiqures (Con t ' d )  

F igu re  

47. 

48. 

49. 

50. 

51. 

52. 

.. . 53. 

54. 

55. 

56. 

57. 

58. 

59. 

60. 

61. 

62. 

63. 

64. 

65. 

D i f f u s e - d a r k - f i e l d  images i l l u s t r a t i n g  g r a i n  boundary reg ions  i n  STA 
M-813 a f t e r  i o n  bombardment t o  116 dpa a t :  ( a )  575°C and ( b )  675°C. 

Vo id  d i s t r i b u t i o n s  i n  CW Type 310 s t e e l  a f t e r  n i c k e l - i o n  bombardment 
t o  58 dpa. 

Temperature dependence o f  s w e l l i n g  i n  CW Type 310 s t e e l ,  bombarded w i t h  
4 MeV n i c k e l  i ons .  

E l e c t r o n  micrograph composite o f  CW Type 310 s t e e l  f o i l  bombarded a t  
625°C w i t h  4 MeV n i c k e l  i ons .  Doses i n  each r e g i o n  a r e  as f o l l o w s :  
No mask ( 0  dpa),  bombarded su r face  (16 dpa), 1 s t - i o n  m i l l e d  su r face  
(26  dpa) and 2nd i o n - m i l l e d  su r face  (54 dpa).  

Void d i s t r i b u t i o n  a t  va r ious  depths i n  t h e  damage zone o f  Cld Type 310, 
bombarded w i t h  4 MeV n i c k e l  i o n s  a t  625°C t o  a peak dose o f  54 dpa: 
( a )  I o n  e n t r y  su r face  (0-150 nm), 0.04% swe l l i ng ;  ( b )  I n te rmed ia te  
damage zone (290-430 nm), 0.18% s w e l l i n g ,  and ( c )  Peak damage zone 
(560-700 nm) , 1.24% swe l l  i n g .  

Dose dependence o f  v o i d  fo rma t ion  i n  CW Type 310 s t e e l ,  bombarded a t  
675°C w i t h  4 MeV n i c k e l  i ons :  
dpa (Peak damage zone). and ( c )  120 dpa (Peak damage zone). 

Dose dependence o f  s w e l l i n g  i n  CW Type 310 s t e e l ,  bombarded w i t h  4 MeV 
n i c k e l  i ons .  

Dose dependence o f  v o i d  fo rma t ion  i n  CW Type 310 s t e e l ,  bombarded w i t h  
4 MeV n i c k e l  i ons :  ( a )  v o i d  d e n s i t y  and ( b )  v o i d  d iameter .  

D i s l o c a t i o n  arrangement i n  CW Type 310 s t e e l  a f t e r  i o n  bombardment t o :  
( a )  0 dpa (under mask) a t  625°C; ( b )  58 dpa a t  675°C; ( c )  116 dpa a t  
675°C and ( d )  58 dpa a t  725°C. 

Vo id  d i s t r i b u t i o n s  i n  ST Type 330 s t e e l  a f t e r  n i c k e l - i o n  bombardment 
t o  248 dpa. 

Void d i s t r i b u t i o n s  i n  CW Type 330 s t e e l  a f t e r  n i c k e l - i o n  bombardment 
t o  248 dpa. 

Temperature dependence o f  s w e l l i n g  i n  Type 330 s t e e l ,  bombarded w i t h  
4 MeV n i c k e l  i ons  t o  a dose o f  250 dpa. 

D a r k - f i e l d  image o f  p r e c i p i t a t e s ,  p o s s i b l y  s i l i c i d e s ,  i n  ST Type 330 
s t e e l  a f t e r  i o n  bombardment t o  248 dpa a t  550°C. 

D i f f u s e - d a r k - f i e l d  image o f  g r a i n  boundary reg ions  i n  ST Type 330 s t e e l  
a f t e r  i o n  bombardment t o  248 dpa a t  65OOC. 

Sequent ia l  f o i l  p r e p a r a t i o n  f o r  depth  d i s t r i b u t i o n  o f  damage by 
convent iona l  TEM (schematic) .  

HVEM generated v o i d  s w e l l i n g  a t  650°C i n  aged Nimonic PE16, r e a c t o r -  
cond i t i oned  t o  5.4 x l o z 2  n/cm2 a t  593°C; i r r a d i a t i o n  c o n d i t i o n s  as shown. 

E l e c t r o n  i r r a d i a t i o n  s w e l l i n g  r a t e s  ob ta ined  i n  aged Nimonic PE16 a f t e r  
r e a c t o r  c o n d i t i o n i n g .  

E l e c t r o n  i r r a d i a t i o n  s w e l l i n g  r a t e s  ob ta ined  i n  s o l u t i o n  t r e a t e d  
Nimonic PE16 a f t e r  r e a c t o r  c o n d i t i o n i n g .  

Comparison o f  r e a c t o r  c o n d i t i o n i n g  r e s u l t s  f o r  Nimonic PE16 w i t h  p rev ious  
r e s u l t s  on he l i um- in jec ted  specimens o f  a d i f f e r e n t  heat .  

( a )  16 dpa ( I o n  e n t r y  su r face ) ;  (b )  56 

x i  

a 
72 

73 

74 

75 

76 

77 

78 

79 

81 

82 

83 

84 

85 

87 

93 

98 

101 

101 

103 



Figures ( C o n t ' d )  

F igu re  

66. Void d e n s i t i e s  f o r  reac to r -cond i t i oned  Nimonic PE16 a f t e r  15 dpa 
( e l e c t r o n ) .  

HVEM generated v o i d  s w e l l i n g  a t  600°C i n  20% CW 310 s t a i n l e s s  s t e e l ,  
reac to r -cond i t i oned  t o  5.4 x l o z 2  n/cm2 a t  593OC; i r r a d i a t i o n  c o n d i t i o n s  
as shown. 

67. 

68. Comparison o f  r e a c t o r - c o n d i t i o n i n g  r e s u l t s  f o r  20% CW 310 w i t h  p rev ious  
r e s u l t s  on s o l u t i o n - t r e a t e d  h e l i u m - i n j e c t e d  specimens o f  a d i f f e r e n t  
heat .  

HVEM generated v o i d  s w e l l i n g  a t  650°C i n  f u l l y  aged A-286, r e a c t o r -  
cond i t i oned  t o  4.3 x n/cm2 a t  427"C, i r r a d i a t i o n  c o n d i t i o n s  as 
shown. 

69. 

70. Comparison o f  r e a c t o r - c o n d i t i o n i n g  r e s u l t s  f o r  A-286 w i t h  p rev ious  r e s u l t s  
on h e l i u m - i n j e c t e d  specimens o f  a d i f f e r e n t  heat .  

71. Vo id  d e n s i t i e s  f o r  A-286 i r r a d i a t i o n s  a f t e r  15 dpa ( e l e c t r o n ) .  

72. Schematic temperature-dependence o f  s w e l l i n g  r a t e  f o r  neut ron  i r r a d i a t i o n  
(broken cu rve )  and c h a r g e d - p a r t i c l e  i r r a d i a t i o n  ( s o l i d  cu rve ) .  

73. Schematic mapping o f  c h a r g e d - p a r t i c l e  i r r a d i a t i o n  s w e l l i n g  r a t e s  t o  those 
f o r  neut ron  i r r a d i a t i o n .  

74. The e f f e c t  on s w e l l i n g  o f  temperature changes i n  HVEM exper iments based 
on the  work o f  Makin and W a l t e r s ( l 6 ) :  ( a )  f o r  a temperature decrease and 
(b )  f o r  a temperature inc rease,  b o t h  b e f o r e  and a f t e r  s teady -s ta te  v o i d  
s w e l l i n g  i s  ob ta ined.  

75. Schematic i l l u s t r a t i o n  o f  s h i f t s  i n  p r e d i c t e d  s w e l l i n g  r a t e  (a r rows)  
f rom t h e  t r u e  va lue  o f  t he  neut ron  i r r a d i a t i o n  s w e l l i n g  r a t e ,  f o r  va r ious  
combinat ions o f  r e a c t o r  i r r a d i a t i o n  temperature and c h a r g e d - p a r t i c l e  
i r r a d i a t i o n  temperature.  R e f e r . t o  F i g u r e  72. 

76. Schematic i l l u s t r a t i o n  o f  expected temperature-dependence o f  s w e l l i n g  r a t e  
f o r  c h a r g e d - p a r t i c l e  i r r a d i a t i o n  o f  specimens r e a c t o r - c o n d i t i o n e d  a t  
va r ious  temperatures:  
( b )  r e a c t o r  induced microchemical  segregat ion .  

( a )  i n s i g n i f i c a n t  microchemical  segregat ion ,  and 

77. Flow c h a r t  f o r  s w e l l i n g  s i m u l a t i o n  w i t h  reac to r -cond i t i oned  specimens. 

78. Swe l l i ng  as determined from t ransmiss ion  e l e c t r o n  microscopy and 
immersion dens i tomet ry  f o r  A-286 (STA) . 

79. Void d e n s i t y  as a f u n c t i o n  o f  temperature f o r  A-286 (STA). 

80. Temperature dependence o f  t h e  average v o i d  s i z e  f o r  A-286 (STA). 

81. Dark f i e l d  micrographs i l l u s t r a t i n g  h i g h  d e n s i t y  o f  f r i n g e d  p lana r  d e f e c t s  
i n  A-286 (STA) a f t e r  i r r a d i a t i o n  t o  5.4 x n/cm2 (E>0.1 MeV) a t  593°C. 
I n  ( a )  t he  de fec ts  a r e  n e a r l y  p a r a l l e l  t o  the  beam w h i l e  i n  ( b )  they  a r e  
l e s s  i n c l i n e d .  

82. B r i g h t  f i e l d  HVEM micrograph showing h i a h  d e n s i t y  o f  p l a n a r  de fec ts  i n  
A-286'(ST) a f t e r  i r r a d i a t i o n  a t  593°C. A (110) d i f f r a c t i o n  p a t t e r n  i s  
i n s e t  t o  i l l u s t r a t e  t h e  r e l r o d s .  

83. V o i d - p r e c i p i t a t e  a s s o c i a t i o n  i n  f u l l y - a g e d  A-286 a f t e r  i r r a d i a t i o n  a t  427°C 

84. V o i d - p r e c i p i t a t e  a s s o c i a t i o n  i n  f u l l y - a g e d  A-286 a f t e r  i r r a d i a t i o n  a t  593°C 
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Figures (Con t ’d )  

Swe l l i ng  as determined by immersion dens i tomet ry  f o r  A-286 (STA) and 

Schematic s w e l l i n g  behav io r  o f  A-286 (OA) i l l u s t r a t i n g  two s w e l l i n g  
curves which c o n t r i b u t e  t o  the  t o t a l  observed swe l l i ng .  

Schematic s w e l l i n g  behav io r  o f  A-286 (STA). 

Set o f  micrographs i l l u s t r a t i n g  t h e  p r e c i p i t a t e s  which a r e  assoc ia ted  
w i t h  vo ids  i n  f u l l y - a g e d  A-286 a f t e r  neut ron  i r r a d i a t i o n  a t  427°C; 
( a )  i s  a b r i g h t  f i e l d  micrograph and ( b ) .  ( c )  and ( d )  a re  corresponding 
dark  f i e l d  micrographs us ing  the  p r e c i p i t a t e  r e f l e c t i o n s  shown i n  the  
i n s e t  d i f f r a c t i o n  pa t te rns .  

Voids i n  near i o n  e n t r y  su r face  r e g i o n  ($83 dpa) i n  A-286 STA i r r a d i a t e d  
a t  550°C. 

S tereo  montage o f  vo ids  i n  i r r a d i a t e d  A-286 STA f o i l  sec t ioned 250 nm 
f rom i o n  e n t r y  sur face .  

Voids i n  peak displacement damage r e g i o n  (average dose $200 dpa) i n  
A-286 STA i r r a d i a t e d  a t  550°C. 

A-286 (OA). 

D i s l o c a t i o n  i n  A-286 STA i r r a d i a t e d  a t  550°C i n  peak displacement damage 
r e g i o n  (average dose -200 dpa). 

Gra in  boundary i n  A-286 STA i r r a d i a t e d  a t  550°C sec t ioned t o  peak 
displacement damage (average dose $200 dpa) . 
Swe l l i ng  vs. d isplacement dose i n  A-286 STA i r r a d i a t e d  peak a t  
temperature ( 55OOC). 

D a r k - f i e l d  micrograph o f  p r e c i p i t a t e s  i n  i r r a d i a t e d  A-286 ($200 dpa) 
showing p r e c i p i t a t e s  assoc ia ted  w i t h  vo ids .  

B r i g h t - f i e l d  micrograph o f  t h e  same area as i n  F i g u r e  95. 

D a r k - f i e l d  micrograph o f  l e n t i c u l a r  p r e c i p i t a t e s  i n  i r r a d i a t e d  A-286 
($200 dpa). 

D i f f r a c t i o n  p a t t e r n  o f  i r r a d i a t e d  A-286 STA ($200 dpa) showing r e l r o d  
s t reak  (under c i r c l e )  used f o r  imaging p r e c i p i t a t e s  i n  F igu re  97. 

R e l a t i v e  s w e l l i n g  vs. i r r a d i a t i o n  temperature f o r  A-286 STA i r r a d i a t e d  
w i t h  neutrons, e l e c t r o n s  and N i - i ons .  

Swe l l i ng  a t  peak temperature vs. d isplacement dose f o r  A-286 STA 
i r r a d i a t e d  w i t h  neutrons, e l e c t r o n s  and N i - i ons .  

Swe l l i ng  vs. d isplacement dose f o r  A-286 STA, E48 STA, D21 STA and D25 STA 
a t  i r r a d i a t i o n  temperature o f  550°C showing f u l l  range HVEM and TEM da ta  
f o r  D21 STA and D25 STA. 

M i c r o s t r u c t u r e  produced by N i - i o n  i r r a d i a t i o n  (83 dpa, 550°C) [ top] ;  and 
by neut ron  i r r a d i a t i o n  (5.4 x l o 2 *  n/cm-’, 593°C) [bottom]. 

Dark f i e l d  micrograph o f  p r e c i p i t a t e s  i n  D21 STA i r r a d i a t e d  (-55 dpa) a t  
750°C. 

A t y p i c a l  d i f f r a c t i o n  p a t t e r n  ob ta ined from D21 STA i r r a d i a t e d  (-55 dpa) 
a t  750°C. 

105(a) .  Dark f i e l d  micrograph o f  p r e c i p i t a t e s  i n  D21 STA i r r a d i a t e d  ($55 dpa) a t  
750°C imaged by us ing  spot  under c i r c l e  i n  F igu re  105(b) .  

x i i i  

9 

127 

128 

128 

129 

132 

133 

135 

136 

137 

138 

140 

140 

141 

141 

142 

143 

144 

145 

149 

149 

151 

- . ... . ... 



F igu re  

105(b) .  

105(c ) .  

106(a).  

106( b )  . 
107( a ) .  

107(b).  

107(c ) .  

108(a) .  

108(b).  

109. 

110. 

111. 

112. 

113. 

114. 

11 5. 

116. 

117. 

118. 

119. 

120. 

121. 

122. 

F igures  (Con t ' d )  

D i f f r a c t i o n  p a t t e r n  o f  t h e  area imaged i n  F i g u r e  105(a) .  

B r i g h t  f i e l d  micrograph o f  t he  area i n  F igu re  105 

Dark f i e l d  mic rograph o f  p r e c i p i t a t e s  i n  D21 STA 
750°C imaged by us ing  spot under c i r c l e  i n  F igu re  

B r i g h t  f i e l d  o f  same area as i n  F i g u r e  106(a) .  

Dark f i e l d  micrograph o f  p r e c i p i t a t e s  i n  D25 STA 
750°C imaged by  us ing  spo t  under c i r c l e  i n  F igu re  

a ) .  

r r a d i a t e d  (1.55 dpa) a t  
104. 

r r a d i a t e d  (1.55 dpa) a t  
107(b).  

D i f f r a c t i o n  p a t t e r n  o f  t he  area  imaged i n  F igu re  107(a) .  

D i f f r a c t i o n  p a t t e r n  o f  a t y p i c a l  area i n  D25 STA i r r a d i a t e d  (%55 dpa) a t  
750°C. 

Dark f i e l d  mic rograph o f  p r e c i p i t a t e s  i n  D25 STA i r r a d i a t e d  (%55 dpa) 
a t  750°C imaged by us ing  spo t  under c i r c l e  i!! Figu re  108(b) .  

D i f f r a c t i o n  p a t t e r n  o f  t h e  area imaged i n  F i g u r e  108(a) .  

Step h e i g h t  s w e l l i n g  da ta  f o r  316 heat  67 N i  i o n  bombarded t o  a peak 
dose o f  170 dpa. 

Step h e i g h t  s w e l l i n g  da ta  f o r  316 heat  67 N i  i o n  bombarded a t  580°C. 

D9: l l O O ° C ,  15 min., 25% CW, 75OoC, 100 hours.  Etched i n  m o d i f i e d  
aqua r e g i a .  

D9: 11OO"C, 15 min., 25% CW, 750"C, 1,000 hours.  Etched i n  m o d i f i e d  
aqua r e g i a .  

D9: l l O O ° C ,  15 min., 25% CW, 750"C, 100 hours.  TEM micrograph 
(x20,000) . 
D9: l l O O ° C ,  15 min., 25% CW, 750"C, 100 hours.  TEM micrograph 
(X45,OOO). 

Micrograph o f  specimen o f  HT-9 i o n  bombarded t o  400 dpa a t  500°C showing 
d i s l o c a t i o n  s t r u c t u r e  p r e c i p i t a t e s  and vo ids  i n  a t h i n  s e c t i o n  o f  t h e  
specimen. Note the  f requen t  a s s o c i a t i o n  between p r e c i p i t a t e s  and vo ids .  

The dose dependence o f  s w e l l i n g  i n  HT-9 f o r  t he  m o d i f i e d  heat  t rea tment  
(temper 4 hours a t  650°C) i s  compared w i t h  the  s tock  heat  t rea tmen t  
(temper 2-1/2 hours a t  780°C) a t  t h e  peak s w e l l i n g  temperature o f  500°C. 
The dose dependence o f  s w e l l i n g  a t  550°C i s  a l s o  shown f o r  t h e  
mod i f i ed  heat  t rea tment .  

Phase s t a b i l i t y  o f  a l l o y s  D9 and D11 a f t e r  ag ing  1,000 hours a t  700°C. 

Phase s t a b i l i t y  o f  a l l o y  D l l - B l  a f t e r  ag ing  1,000 hours a t  700°C. 

Examples o f  l a t h  m a r t e n s i t e  observed i n  a l l o y s  MD1 through MD5. 

P r e c i p i t a t i o n  induced by h i g h  t i t a n i u m  and aluminum i n  the  low chromium- 
low n i c k e l  a u s t e n i t i c  a l l o y s .  

The e f f e c t  o f  chromium con ten t  on niobium- and vanadium-related 
p r e c i  p i  t a t i o n .  

The e f f e c t  o f  n iobium a d d i t i o n s  on a h i g h - n i c k e l  s o l i d  s o l u t i o n  
strengthened a l l o y ,  MD24. 
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Fiqures ( C o n t ' d )  

Figure 

123. The e f f e c t  of increasing the Ti+A1 content in Fe-7.5Cr-20Ni a l loys .  
MDll, MD12 a n d  MD13 contain Ti/A1 contents of 2.0/1 . O ,  3.0/1 .5 a n d  
3.0/2.5, respectively.  

The production of vanadium a n d  niobium carbides in y' strengthened a l loys .  

Electron microprobe scan of inclusions in y' strengthened a l loy  D25-65. 

Gamma prime prec ip i ta t ion  in a l loy  D21-61. 

Phase i n s t a b i l i t y  observed in alloy MD27. 

124 .  

125. 

126. 

127 .  

128. Bright f i e l d  image of y' and y" in D68-82. 

129. The expanded composition range o f  the y'/y" strengthened a l loys  based on 
the new data from the Series B a n d  C a l loys .  
allowed compositions. 

Delta phase precipitation on  carbides i n  the y'/y" c la s s  of a l loys .  

The recombination function @(TI, 0.0 ,  0 . 0 ) .  

Shaded areas ind ica te  

130. 

131(a) .  

131(b).  The recombination function ~ ( 0 ,  .01, . l ) .  

132(a).  

132(b).  

133(a) .  

The diffusion coef f ic ien t  of so lu te  a s  a function of sink strength and 
temperature fo r  a dose r a t e  cha rac t e r i s t i c  of neutron i r r ad ia t ions .  

The diffusion coef f ic ien t  of so lu te  as a function of sink strength and 
temperature for  a dose r a t e  cha rac t e r i s t i c  of Ni-ion i r r ad ia t ions .  

Arrhenius plot of diffusion coef f ic ien t  of so lu te  f o r  a dose r a t e  
cha rac t e r i s t i c  of neutron i r r ad ia t ion  K = dpa/sec, fo r  various 
sink strengths.  

Arrhenius p lo t  of diffusion coef f ic ien t  of solute f o r  a dose r a t e  
cha rac t e r i s t i c  of Ni-ion i r r ad ia t ions  K = 
sink strengths.  

133(b). 
dpa/sec, f o r  various 

134. Universal constrained equilibrium d i s t r ibu t ion .  
% 

135. 

136. Temperature s h i f t  fo r  charged pa r t i c l e s ,  K = dpa/sec. 

137(a) .  The dose dependence of the maximum ( o r  average) pa r t i c l e  radius i n  the 
dynamic scaling regime, i l l u s t r a t i n g  p a r t i c l e  growth. 

137(b).  The dose dependence of the  maximum (o r  average) pa r t i c l e  radius in the 
dynamic scaling regime, i l l u s t r a t i n g  so lu te  resolution. 

138. Void morphology of E40 a f t e r  2 .7  x n/cm2 a t  593°C. 

139. Void morphology of E42 a f t e r  2 .7  x loz2  n/cm2 a t  593°C. 

140. Temperature dependence of void swelling and density changes of E40. 

141. Super la t t ice  dark f i e l d  micrograph of y' in E40 a f t e r  2.7 x n/cm2 
a t  593°C. 

142. Super la t t ice  d a r k  f i e l d  micrograph of y' in E42 a f t e r  2 .7  x lo2* n/cm2 
a t  593°C. 

Cellular y '  morphology of E40 a f t e r  2 . 7  x l oz2  n/cm2 a t  593°C. 

The quantity D,/$JK f o r  neutron and charged pa r t i c l e  i r r ad ia t ions .  

143. 
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1 58( a ) .  

158(b).  

159. 

160. 

161. 

162. 

163. 

C e l l u l a r  Y' morphology o f  E42 a f t e r  2.7 x l o z 2  n/cm2 a t  593°C. 

Gama pr ime p a r t i c l e  s i z e  d i s t r i b u t i o n  o f  u n i r r a d i a t e d  and 
i r r a d i a t e d  E40-36 a f t e r  2.7 x l oz2  n/cm2 a t  593°C. 

Gamma pr ime p a r t i c l e  s i z e  d i s t r i b u t i o n  o f  i r r a d i a t e d  E42-36 a f t e r  
2.7 x l o z 2  n/cm2 a t  593°C. 

Schematic r e p r e s e n t a t i o n  o f  t h e  average y '  p a r t i c l e  s i z e  as a 
f unc t i on  o f  dose. 

Swe l l i ng  as a f u n c t i o n  o f  d isplacement damage i n  s o l u t i o n  annealed 316 
s t a i n l e s s  s t e e l  (hea t  M2783) d u r i n g  HVEM e l e c t r o n  i r r a d i a t i o n  a t  600°C. 

Dose dependence o f  s w e l l i n g  i n  hea t  M2783 f o r  HVEM e l e c t r o n  i r r a d i a t i o n  
a t  650°C. 

V a r i a t i o n  o f  average v o i d  s i z e  d u r i n g  HVEM i r r a d i a t i o n  o f  316 s t a i n l e s s  
s t e e l  a t  temperatures o f  600 and 650°C. 

Vo id  d e n s i t y  v a r i a t i o n  w i t h  displacement damage d u r i n g  HVEM e l e c t r o n  
i r r a d i a t i o n s  a t  600 and 650°C. 
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Coalescence events a r e  des ignated  w i t h  

A lso  no te  t h e  change i n  v o i d  shape between ( b )  and ( c ) .  

Auger compos i t ion  
20% CW 316 S S .  
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P a r t i a l  d i f f u s i o n  
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1. DENSITY CHANGES I N  NEUTRON-IRRADIATED COMMERCIAL ALLOYS 

W. V .  Cummings, J. J. L a i d l e r ,  R. R. Bo r i sch  and M. K .  Korenko 

Hanford Eng ineer ing  Development Labora tory  

1 .1 OBJECTIVE 

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  c h a r a c t e r i z e  the  s w e l l i n g  behav io r  o f  cand ida te  
commercial a l l o y s  from i r r a d i a t i o n  t e s t  A A - I ,  u t i l i z i n g  immersion d e n s i t y  measurements. 

- 1.2 SUMMARY 

Immersion d e n s i t y  s w e l l i n g  da ta  were ob ta ined  f o r  a number o f  cand ida te  commercial a l l o y s ,  

each i r r a d i a t e d  t o  f luences  o f  3.3 t o  5.9 x l o z 2  n/cm2 (E>0.1 MeV) a t  e i g h t  d i f f e r e n t  temper- 
a t u r e s  rang ing  f rom 400 t o  650°C. 

HT-9, 330 and Incone l  706. 
good agreement w i t h  t h e  c u r r e n t  des ign  equat ions" ) .  

and Nimonic PE16, i n  which cases t h e  var iance from p r e d i c t e d  s w e l l i n g  i s  a t t r i b u t e d  t o  heat-  

The r e s u l t s  c o n f i r m  the  expected s w e l l i n g  r e s i s t a n c e  o f  

I n  genera l ,  t h e  s w e l l i n g  behav io r  o f  t he  a l l o y s  examined i s  i n  
Except ions t o  t h i s  a r e  shown by A-286 

to -hea t  v a r i a b i l i t y  i n  s w e l l i n g  behavior.  

1.3 ACCOMPLISHMENTS AND STATUS 

1.3.1 I n t r o d u c t i o n  \ 
The A A - I  t e s t  c o n s i s t s  o f  f o u r  B-7a capsules (B-113, B-115, 8-116 and 8-117) and 

i s  t he  p r i n c i p a l  i r r a d i a t i o n  v e h i c l e  f o r  e v a l u a t i n g  t h e  s w e l l i n g  behav io r  o f  commercial a l l o y s  
o f  i n t e r e s t  t o  t h e  Na t iona l  Advanced A l l o y  Development Program. 

1974, p r i o r  t o  t h e  t ime  a t  which t h e  e i g h t  cand ida te  commercial a l l o y s  were se lec ted .  
t e s t  t he re fo re  i nc ludes  a r a t h e r  wide v a r i e t y  of  commercial a l l oys ( ' ) ,  among which a r e  a l l  o f  
t h e  a l l o y s  subsequent ly se lec ted  as cand ida te  a l l o y s ;  however, two o f  t he  cand ida te  a l l o y s ,  
A!SI 310 and 330, a r e  n o t  p resen t  i n  t h e  thermomechanical t rea tment  c o n d i t i o n  (20% cold-work) 
i d e n t i f i e d  as the  pr ime c o n d i t i o n  f o r  these p a r t i c u l a r  a l l o y s .  Specimens w i t h  t h a t  cold-work 

l e v e l  a r e  i nc luded  i n  t h e  AA-VI1 t e s t ( 2 ) .  The M-813 specimens i n  t h e  A A - I  t e s t  may n o t  be 

f u l l y  r e p r e s e n t a t i v e  o f  commercial ly-prepared M-813, s i n c e  t h e  m a t e r i a l  was prepared by  h o t  
i s o s t a t i c  p ress ing  o f  a powder m ix tu re .  Arc-melted M-813 specimens were i nc luded  i n  a l a t e r  

t e s t ,  A A - X I ( 2 ) .  The balance of  t h e  a l l o y s  and c o n d i t i o n s  i n  t h e  A A - I  t e s t  a r e  comple te ly  

r e p r e s e n t a t i v e  o f  t h e  cand ida te  a l l o y s  and r e q u i r e  no backup o r  supplementary t e s t s .  

The t e s t  was f a b r i c a t e d  i n  

The 

The AA- I  capsules a r e  designed f o r  d ischarges  and specimen examinat ion  a t  peak 

Dens i t y  changes have 
f luences rang ing  f rom 6 x l o z 2  t o  20 x l o z 2  n/cm2 (E>0.1 MeV), w i t h  examinat ions t o  i n c l u d e  
immersion d e n s i t y  measurements and t ransmiss ion  e l e c t r o n  microscopy. 

been determined f o r  t h e  cand ida te  a l l o y s  a f t e r  t h e  f i r s t  d ischarge o f  Capsule B-113, and the  

r e s u l t s  o f  t h e  measurements a r e  repo r ted  here. 

remain ing  a l l o y s  conta ined i n  Capsule B-113 have been de fe r red  i n d e f i n i t e l y .  

Immersion d e n s i t y  measurements on the  
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Des i gn ii t i on 
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A summary of the pre-irradiation candidate a l loy  specimen history,  including a l loy  
designation, manufacturer, manufacturer's heat number, heat treatments and pre-irradiation 
dens i t ies ,  is presented i n  Table 2. 

Irradiation-induced volume changes were determined by comparison of pre- and 
The postirradiation density measurements, using a m i n i m u m  of two,averaged measurements. 

accepted maximum variation between individual measurements was +0.05%. Thermal control t e s t s  
a r e  a l so  being conducted a t  temperatures spanning the range of i r rad ia t ion  temperatures; data 
have been obtained after. an exposure of 100 hours. 

Design 
Temperature F1 uence, 

( " C / O F )  n/cm2 (E>0.1 MeV) 

399/750 4.0 
427/800 5.0 
454/850 3.3 
482/900 4.5 
510/950 5.7 
538/1000 5.4 
593/1100 5.9 
649/1200 5.9 

1.3.3 Results and Discussion 

The density change data fo r  the candidate a l loys ,  expressed a s  percent swelling 
( A V / V o  or  Ap/po) ,  a re  presented i n  Table 3 .  

1.3.3.1 k r i t i c  Alloy. Figure 1 presents the immersion density change data fo r  
the neutron-irradiated candidate f e r r i t i c  a l loy ,  HT-9. 
i r rad ia t ion  conditions,  i n  agreement w i t h  the predictions o f  good swelling res i s tance  
established by e lec t ron(3)  and iron ion(4)  i r rad ia t ion  experiments. 
a r e  the  100-hour thermal control data.  The swelling a t  this fluence is  so low a t  a l l  temper- 
a tures  a s  t o  preclude any conclusions regarding the peak swelling temperature. The  predicted 
swelling from the current Alloy Properties Databook(') HT-9 swelling equation i s  a l so  plotted 
in Figure 1 ,  and is  seen to  be an adequate representation of the swelling behavior a t  these 
fluences and well within the uncertainty l imi t s  re la ted  t o  actual i r rad ia t ion  temperatures and 
neutron fluences. 

cold-worked AIS1 310 s t a in l e s s  s t e e l ,  have been reported previously(5) fo r  specimens contained 
i n  the AA-Ia t e s t  (Capsule B-109), which received a fluence comparable t o  t h a t  of Capsule 
8-113. Those data indicated very l i t t l e  swelling in this a l loy ,  although preliminary 
transmission electron microscopy r e s u l t s ( 6 )  ind ica te  the impending onset o f  high swelling 
r a t e s ,  as expected from charged-particle i r rad ia t ion  experiments 

The volume change i s  small under a l l  

Also shown in Figure 1 

1.3.3.2 S o l i d  Solution Alloys. Swelling data fo r  the candidate a l loy ,  20% 

( 7 , 8 )  
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SPECIMEN 

M a t e r i a l  

M-813 STA 

AISI 316 
20% cw 
Inconel  706 
ST 

A I S 1  330 
ST 

HT-9 STA 

Inconel  706 
STA 
\ 

N imon i c. 
PE16 
STA 

A-286 STA 

ST - S o l u t i o n  

I 
cn 
I 

HISTORY OF COMMERCIAL ALLOYS--IRRADIATION TEST A A - I  (PIN B-113) 

Source P r e i  r r a d i a  t i  on 
Dens i ty  

Heat No. Manufacturer Heat Treatment Cond i t ion  gm/cm3 

R74073 Federal Mogul 1079"C/4 hr/AC + 899"C/1 hr/AC 7.9290 
+ 749"C/8 hr/AC 

8 i  51 3 CarTech As-Recei ved 7.9614 

Hunt ington 1066"C/1 hr/WQ 8.0620 
A1 1 oys 

48C5HK 

X-14726 R o l l  ed A1 1 oys 1066"C/1 hr/WQ 7.9819 

- Corn bu s t i on 1052"C/30 min /AC + 780°C/2.5 7.7606 
Engi nee r i  ng hr/AC 

A1 1 oys 
48C5HK Hunt ington 954"C/1 hr/WQ + 843"C/3 hr/AC 8.0985 

+ 718"C/8 hr/FC t o  621"C, Hold 
a t  621"C/18 h r  to ta l /AC 

1079"C/4 hr/AC + 899"C/1 hr/AC 8.0409 
+ 749"C/8 hr/AC 

C-07206 CarTech 

L-2724K11 Universa l  982"C/1 hr/OQ + 718"C/16 hr/AC 7.9478 

t r e a t e d  

Cyclops 



I m 
I 

Irrad. Temp., O C  -+ 399 427 454 48 2 51 0 

l$t x 1022 3 4.0 5.0 3.3 4.5 5.7 

TABLE 3 

538 593 64 9 

5.4 5.9 5.9 

IRRADIATION CONDITIONS AND PERCENT SWELLING 
IN COMMERCIAL ALLOYS IRRADIATION TEST AA-I (B-113) 

H.T. 
A1 1 oy Code Percent Swelling 

M-813 
STA 

AISI 316 
20% cw 
Inconel 706 
ST 

AISI 330 
ST 

HT-9 
STA 

Inconel 706 
STA 

Nimonic PE16 
STA 

- 00 t0.43 t0.55 t0.14 t0.47 t0.79 t0.76 t0.32 -0.23 

46 - -0.10 -0.09 -0.09 -0.12 t0.67 t0.85 +1.34 tO.08 

80 - -0.12 -0.30 -0.43 -0.44 -0.46 -0.50 -0.47 -0.51 

89 -0.19 -0.20 -0.2za -0.19 tO.03 -0.03 t0.04 tO.01 

97 +0.09 t0.04 to.11 t0.04 tO.10 t0.04 tO.07 +0.03 

OB -0.01 -0.08 -0.03 -0.02 tO.15 tO.04 0.00 -0.06 

- 0.00 -0.05 +O .04 t0.26 t0.78 t0.89 t1.36 -0.12 5H 
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HEDL 7701-84.1 
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FIGURE 1. Immersion density change data for alloy HT-9 from the AA-I reactor test and the 
100-hour thermal control specimens compared to the predictions from TC-293 
(Rev. 2). 

Figure 2 shows the density change results for alloy 330 in the solution-annealed 
condition, for both neutron-irradiated and thermally-aged specimens. Swelling is negligible 
at these fluences; there i s  some indication of irradiation-induced densification in the 400- 
500'C temperature range, but the difference may be a consequence of incomplete ex-reactor 
densification after 100 hours aging as compared to the 8,000-hour duration of the reactor 
test. 
satisfactory for the 8-113 irradiation conditions. 

The current swelling prediction") for 20% cold-worked 330 is seen in Figure 2 to be 

A comparison which serves to place the advanced alloy development effort in the 
correct perspective is shown in Figure 3, which contrasts the swelling behavior of solution- 
annealed 330 with that of 20% cold-worked A I S 1  316 (BB lot) specimens irradiated in the same 

0.6 

o.8 I 
S 0.4 
4 

-C DDJSIlY-8-113 
-C TC-293 
-0. THERMAL CONTROL 

0 z 
2 0 2  

R 
P o  

w 

- 0 2  

- 0 4  

400 Mo 550 Mo 6% 
TEMPERATURE 'C 

HEDL 7 7 ~ 1 - 8 4  z 

FIGURE 2. Immersion density change data for solution annealed 330 from the AA-I reactor test 
and the 100-hour thermal control specimens, compared to the predictions for cold- 
worked 330 appearing in TC-293 (Rev. 2). 
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FIGURE 3. Imersion density change data comparing the swelling behavior of annealed 330 and 
20% CW AISI 316 specimens included in Capsule B-113 of the AA-I test. 

subcapsules. 
consistent with the predictions of the Rev. 5 NSM Handbook equation for an incubation param- 
eter (T) of 5. 
of 6% or so-under similar conditions. The steady-state swelling rate for alloy 330 is 
probably much lower than that for AISI 316(7), and it also appears that the incubation 
parameter, T, i s  larger for annealed 330 than for annealed 316. If the effects of cold- 
working are the same for the two materials, which is reasonable to expect, then the swelling 
of 20% cold-worked 330 at higher fluences should be much less than that of the reference 
material. 

The peak swelling in the reference steel occurs at approximately 600°C and is 

Swelling of solution-annealed AISI 316 would be expected to be on the order 
.I ' 

1.3.3.3 y'-Strengthened Alloys. The swelling behavior of the candidate 
yl-strengthened commercial alloys (A-286, M-813 and Nimonic PE16) is illustrated in Figure 4. 
While the fluence levels in this case are still too low to support anything but speculation 
on alloy performance capabilities, it i s  appropriate to note that the observed swelling in two 
of the alloys (A-286 and Nimonic PE16) did not follow the expectations 'represented by the 
current swelling equations . (4) 

Alloy A-286 exhibited high swelling at the lowest irradiation temperatures, as 
predicted('); at higher temperatures, however, the swelling is substantially less than 
expected, as shown in Figure 5. 
AA-Ia (B-109) on the other hand, agrees quite well with the predictions of TC-293. 
This discrepancy may be attributed to heat-to-heat variability of swelling behavior in A-286, 
since the specimens in the AA-Ia and AA-I tests were derived from different heats of this 
alloy. 
variable breadth o f  the swellingltmperature profile, which is related to the "b" coefficient ? 

in the swelling equation"). The results of a separate evaluation(6) of the AA-Ia results: 
for A-286 suggest, however, that the absence of significant swelling in the AA-I specimens at 

The swelling of similarly-treated A-286 specimens from the 

It would appear from Figure 5 that this variability is expressed in the form of 
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0 
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FIGURE 4. Immersion d e n s i t y  change da ta  comparing t h e  s w e l l i n g  behav io r  o f  t he  cand ida te  
y '  strengthened a l l o y s ,  as conta ined i n  the  AA-I t e s t .  

- 0 . 4  t 
4 w  450 5 w  550 bw 650 

TEMPERATURE OC 

I L  

FIGURE 5. Immersion d e n s i t y  change da ta  f o r  aged A-286 f rom the  A A - I  r e a c t o r  t e s t  and the  
100-hour thermal c o n t r o l  specimens compared t o  t h e  behav io r  f rom a d i f f e r e n t  heat  
o f  A-286 f rom the  A A - I  t e s t  and w i t h  the  p r e d i c t i o n s  from TC-293 (Rev. 2 ) .  

h i g h e r  temperatures may be r e l a t e d  t o  t h e  m a t r i x  compos i t ion .  

o f  t h e  two A-286 heats, Tab le  4a, cou ld  l ead  t o  t h i s  r a t i o n a l i z a t i o n  b u t  would imp ly  h i g h  

s e n s i t i v i t y  t o  minor  compos i t iona l  v a r i a t i o n s .  C l e a r l y  t h i s  i s  a ques t i on  w i t h  fa r - reach ing  
i m p l i c a t i o n s ,  which w i l l  r e q u i r e  h ighe r - f l uence  da ta  f o r  r e s o l u t i o n .  

-9 -  
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TABLE 4 

AA- I Vendor Bal 114.15 24.6 1.21 2.2 10.17 1.22 ' 0.541 0.053 - 
(B-113) 

AA- Ia Vendor Bal 15.01 25.51 1.26 2.16 0.18 1.34 0.55 0.05 - 
(6-1 09) 
Lot C-51644 Overcheck Bal 15.25 25.00 1.34 2.10 0.25 1.40 0.53 0.084 ;Til 

Lot C2724K11 Overcheck Bal 14.15 24.6 1.15 2.4 0.16 1.25 0.69 0.045 ;Tt2 

CHEMICAL COMPOSITIONS * OF COMMERCIAL ALLOYS A-286 AND NIMONIC PE16 
USED IN IRRADIATION TESTS AA-I (6-113) AND AA-Ia (B-109) 

- 0.0057 0.25 - j 0.008 

0.62 - - 0.065 - 

- 0.007 0.27 - 0.004 0.009 N2 

0.037 - - 0.075 - 0.0025 N 2  

I 
4 

0 
I .  

AA- I Vendor Bal 16.5 43.37 3.15 1.27 1.20 4 . 0 1  

Lot C-07206 Overcheck Bal 16.88 44.45 3.08 1.38 1.35 0.005 

AA- Ia Vendor Bal 16.35 43.5 3.32 1.16 1.10 0.03 

Lot FZ-2213 Overcheck Bal 16.70 44.75 3.20 1.20 11.30 0.025 

(B-113) 

(B-109) 

<0.01 0.082 - 0.03 0.05 

- 0.067 ;Ti, 0.038 0.0032 

0.10 0.06 - 0.05 0.0015 

0.08 0.059 I <;T:, 0.012 - 

v c u  s Other 

~ 0 . 0 1  Zr 



The d e n s i t y  change data f o r  Nimonic PE16 rep resen t  another case o f  heat - to -heat  
v a r i a b i l i t y  i n  s w e l l i n g  behav io r ,  as shown i n  F igu re  6.  

a r e  s i m i l a r  f o r  t he  A A - I  and AA-Ia specimens, b u t  t h e  magnitude o f  s w e l l i n g  i n  the  A A - I  
m a t e r i a l  i s  s u b s t a n t i a l l y  g r e a t e r .  

4b; t h e  p r i n c i p a l  d i f f e r e n c e  between the  two i s  t he  h ighe r  s i l i c o n  con ten t  o f  the  AA-Ia heat.  

The lower  s w e l l i n g  o f  t h e  AA-Ia heat  may r e f l e c t  the  a n t i c i p a t e d  general  b e n e f i c i a l  e f f e c t  o f  
s i l i c o n  a d d i t i o n s  i n  impar t i ng  r e s i s t a n c e  t o  swe l l i ng ,  b u t  an a d d i t i o n a l  d < f f e r e n c e  between the  
two m a t e r i a l s  which cannot be d iscounted  a t  t h i s  t ime  i s  the  h ighe r  p r e - i r r a d i a t i o n  d i s l o c a t i o n  

dens i ty " )  i n  t h e  AA-Ia m a t e r i a l .  

dens i t y ,  m igh t  be expected t o  i nc rease  the  i ncuba t ion  f luence f o r  t he  onset o f  s w e l l i n g  and 

produce t h e  observed behav io r .  

The temperature p r o f i l e s  o f  s w e l l i n g  

The composi t ions o f  the  two heats a r e  compared i n  Table 

Both f a c t o r s ,  h ighe r  s i l i c o n  con ten t  and h ighe r  d i s l o c a t i o n  

400 4% Mo 550 600 650 

TEMPERATURE OC 

HtOL 701-64 8 

FIGURE 6. Immersion d e n s i t y  change da ta  f o r  aged Nimonic PE16 from the  A A - I  r e a c t o r  t e s t  and 
t h e  100-hour thermal c o n t r o l  specimens compared t o  the behav io r  f rom a d i f f e r e n t  
heat  o f  Nimonic PE16 f rom t h e  AA-Ia r e a c t o r  t e s t  and w i t h  t h e  p r e d i c t i o n s  f rom 
TC-293 (Rev. 2 ) .  

The good agreement between the  TC-293 s w e l l i n g  equat ions  and the  observed s w e l l i n g  

i n  t h e  AA-Ia A-286 and PE16 specimens, as con t ras ted  w i t h  the  apparen t l y  d i sc repan t  A A - I  data,  
should n o t  be taken as i n d i c a t i v e  t h a t  t he  A A - I  hea ts  o f  A-286 and Nimonic PE16 can be expected 

t o  d i s p l a y  anomalous s w e l l i n g  behav io r .  

s w e l l i n g  equat ions.  

I n  p o i n t  o f  f a c t ,  t he  AA-Ia (8-109) da ta  were t h e  
p r imary  da ta  a v a i l a b l e  a t  t h e  t ime  and s t r o n g l y  i n f l u e n c e d  the  f o r m u l a t i o n  o f  t he  c u r r e n t  (1  1 

The observed s w e l l i n g  o f  M-813 i s  compared t o  the  TC-293 s w e l l i n g  equa t ion  

p r e d i c t i o n s  i n  F i g u r e  7.  
t h e  peak s w e l l i n g  temperature and peak breadth  assumed i n  TC-293. 

be noted, were based s t r i c t l y  on t h e  r e s u l t s  o f  c h a r g e d - p a r t i c l e  s i m u l a t i o n  exper iments.  

The good agreement between da ta  and p r e d i c t i o n  i s  v e r i f i c a t i o n  o f  

These parameters, i t  should 
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I C  I I I I 

400 450 500 550 :cc 650 
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FIGURE 7. Immersion d e n s i t y  change da ta  f o r  aged M-813 from the  A A - I  r e a c t o r  t e s t  and the  
100-hour thermal c o n t r o l  specimens, compared t o  the  p r e d i c t i o n s  f rom TC-293 
(Rev. 2 ) .  

1.3.3.4 y ' / yN-St rengthened A l l o y s .  Swe l l i ng  behav io r  o f  the  cand ida te  a l l o y  
5 

Incone l  718 has been repo r ted  p r e v i o u s l y '  I, f o r  neut ron  f l uences  comparable t o  those ob ta ined 
w i t h  Capsule B-113, and t h e  measurement o f  d e n s i t y  changes f o r  t he  8-113 specimens was 

t h e r e f o r e  n o t  assigned a h igh  p r i o r i t y  f o r  comple t ion .  

l a t e r  t ime.  

These da ta  w i l l  be ob ta ined a t  a 

Dens i t y  change r e s u l t s  f o r  two heat  t rea tmen t  c o n d i t i o n s  ( s o l u t i o n  t rea ted ,  f u l l y  

aged) o f  t h e  cand ida te  a l l o y  Incone l  706 a r e  shown i n  F i g u r e  8. 
Incone l  706 i s  t he  l owes t  y e t  measured in t h e  commercial a l l o y s ,  con f i rm ing  t h e  expected 

The s w e l l i n g  observed i n  

I I I I 

0.2 
Y Y . _ I I I I  Y .._I (OBI  S I A  
MERhlAL CONTROL 

f 4 -  n C h l C I w . Q . 1 1 7  

A Y Y . , , , ,  Y L.1 

S T  I-:- THERMAL CONTROL 
-0- TC-293 

I I I I 
4w 4% 500 550 6w 650 

1tMPERArURt OC 
"t 0. 1 

FIGURE 8. Immersion d e n s i t y  change da ta  f o r  t h e  s o l u t i o n  t r e a t e d  and aged c o n d i t i o n s  o f  
Incone l  706 from t h e  A A - I  r e a c t o r  t e s t  and the  100-hour thermal c o n t r o l  specimens, 
compared t o  t h e  p r e d i c t i o n  o f  TC-293 (Rev. 2)  f o r  the  f u l l y - a g e d  c o n d i t i o n .  
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swelling resistance of t h i s  a l loy .  
t o  ascer ta in  the peak swelling temperature. 
of Inconel 706 i s  the extensive densification observed i n  specimens i r rad ia ted  in the solution- 
treated condition. 
nation of carbonitrides,  y l ,  yl' and de l ta  phases. The thermal control density change data 
show s imi la r  densification reactions.  As seen i n  Figure 8, there a re  indications tha t  the 
densification process i s  enhanced by i r rad ia t ion  i n  the lower range of ' irradiation temper- 
a tures .  Examination of the microstructure of i r rad ia ted  solution-treated specimens should 
prove par t icu lar ly  illuminating . 

The fluences available a t  t h i s  stage a re  obviously too low 
An in te res t ing  aspect of the i r rad ia t ion  response 

The densification i s  most probably due t o  the prec ip i ta t ion  of a combi- 

1.3.4 Conclusions 

1 .  In general, the  current") swelling equations f o r  the commercial a l loys  a re  
adequate representations of the swelling behavior of these mater ia l s ,  insofar a s  the equations 
can be confirmed a t  fluences ranging from 3.3 to  5.9 x n/cm2 (E>0.1 MeV). 

2.  The poss ib i l i t y  of s ign i f icant  heat-to-heat variations in swelling cannot be 
i gnored . 
1.4 EXPECTED ACHIEVEMENTS IN THE NEXT REPORTING PERIOD 

The candidate commercial a l loys  from 8-113 will be examined by transmission electron 
microscopy and subjected t o  charged-particle i r rad ia t ion  t o  assess swelling behavior a t  h i g h  
fluences. 
resources permit. 
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2. THE SWELLING AND MICROSTRUCTURAL CHARACTERIZATION OF 
NICKEL ION BOMBARDED COMMERCIAL ALLOYS 

T. L a u r i t z e n  and W. L. B e l l  

General E l e c t r i c  Company 

2.1 OBJECTIVE 

The o b j e c t i v e  o f  t h e  n i c k e l - i o n  bombardment s t u d i e s  on advanced commercial a l l o y s  i s  t o  

c h a r a c t e r i z e  t h e  high-dose swe l l  i n g  behav io r  and assess the  m i c r o s t r u c t u r a l  s t a b i l i t y  o f  

p rospec t i ve  LMFBR core  s t r u c t u r a l  m a t e r i a l s  i n  the  absence o f  s i m i l a r  i n - r e a c t o r  data.  

work i s  in tended t o  s imu la te  i n - r e a c t o r  behav io r  and thus  p rov ide  a bas i s  f o r  p r e d i c t i n g  the  
t ype  and magnitude o f  s w e l l i n g  and m i c r o s t r u c t u r a l  changes t h a t  cou ld  be expected i n  se rv i ce .  

U l t i m a t e l y ,  t h e  r e s u l t s  o f  t h i s  s tudy  a r e  expected t o  p rov ide  guidance f o r  the  s e l e c t i o n  o f .  
a l l o y s  f o r  s p e c i f i c  i n - r e a c t o r  a p p l i c a t i o n s .  

2.2 SUMMARY 

The 

The s w e l l i n g  behav io r  and m i c r o s t r u c t u r a l  s t a b i l i t y  o f  a number o f  commercial a u s t e n i t i c  

a l l o y s  were eva lua ted  f rom r e s u l t s  o f  t ransmiss ion  e l e c t r o n  microscopy examinat ion  o f  n i c k e l -  
i o n  bombarded f o i l s .  

p r e c i p i t a t i o n - h a r d e n a b l e  grades Nimonic PE16, Incone l  706, Incone l  718 and M-813. Specimens 

o f  t h e  severa l  a l l o y s  i n  va r ious  commercial hea t - t rea ted  c o n d i t i o n s  were bombarded w i t h  4 and 

5 MeV n i c k e l  i ons  over  a range o f  temperatures t o  doses as h i g h  as 250 displacements per  
atom. 
among t h e  a l l o y s ,  none b u t  t h e  s o l i d  s o l u t i o n  a l l o y s  e x h i b i t e d  s w e l l i n g  i n  excess o f  two per -  
cen t  a t  t h e i r  r e s p e c t i v e  peak s w e l l i n g  temperatures.  M i c r o s t r u c t u r a l  examinat ion revea led  a 

general  a c c e l e r a t i o n  i n  p r e c i p i t a t i o n  k i n e t i c s  and enhanced overag ing  i n  a l l o y s  w i t h  h i g h  
t i t a n i u m  t o  aluminum r a t i o s .  I n  t h e  l e s s  complex a l l o y s ,  m i c r o s t r u c t u r a l  changes were 

s l i g h t .  The r e s u l t s  demonstrate t h a t  v a l i d  s i m u l a t i o n  o f  i n - r e a c t o r  m i c r o s t r u c t u r a l  behav io r  

can be produced by n i c k e l - i o n  bombardment and suggest t h a t ,  except f o r  Types 310 and 330, a l l  

o f  the  a l l o y s  s tud ied  e x h i b i t  acceptab le  s w e l l i n g ,  i . e . ,  55 percent ,  t o  doses t y p i c a l  o f  goal  
LMFBR f l uence .  

I nc luded  were t h e  s o l i d  s o l u t i o n  grades Type 310 and Type 330 and the  

Al though marked d i f f e r e n c e s  i n  t h e  temperature dependence o f  s w e l l i n g  were observed 

2.3 ACCOMPLISHMENTS AND STATUS 

2.3.1 I n t r o d u c t i o n  

One o f  t h e  l i f e - l i m i t i n g  f a c t o r s  i n  p resen t  LMFBR systems i s  t h e  response o f  

p rospec t i ve  co re  m a t e r i a l s  t o  t h e  e f f e c t s  o f  h i g h  neut ron  f luences and h i g h  sodium temperatures.  

A l l o y s  se lec ted  as c ladd ing  f o r  t he  r e a c t o r  f u e l  must, f o r  example, be capable o f  ma in ta in ing  
s t reng th .  d imensional  s t a b i l i t y  and i n t e g r i t y  a t  temperatures and doses as h i g h  as 700°C and 

150 displacements per  atom. 

compos i t iona l  and m i c r o s t r u c t u r a l  s t a b i l i t y ;  t he  r e s i s t a n c e  o f  m a t e r i a l  t o  i r r a d i a t i o n - i n d u c e d  

c reep and s w e l l i n g  governs dimensional  s t a b i l i t y ,  and i n t e g r i t y  i s  measured l a r g e l y  by the  
c o m p a t i b i l i t y  o f  t he  c l a d d i n g  tube t o  l i q u i d  sodium on the  o u t s i d e  and s o l i d  f u e l s  and f i s s i o n  

produc ts  on t h e  i n s i d e .  
o n l y  t h e  phenomena o f  s w e l l i n g  and i r r a d i a t i b n  creep can be r e l a t e d  d i r e c t l y  t o  the  exposure o f  
m a t e r i a l s  t o  h i g h  energy p a r t i c l e  i r r a d i a t i o n .  

The maintenance o f  adequate s t r e n g t h  depends p r i m a r i l y  upon 

Al though a l l  a r e  a f f e c t e d  t o  some degree by the  nuc lea r  environment, 
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Thus, t he  development o f  an approp r ia te  m a t e r i a l  f o r  such a p p l i c a t i o n s  i nvo l ves  an 

arduous s e r i e s  o f  bo th  thermal and i r r a d i a t i o n  t e s t s  t h a t  extend, o r  can be ex t rapo la ted ,  t o  a 

p r o j e c t e d  end o f  l i f e .  
r a t h e r  s t r a i g h t f o r w a r d .  
s u b s t a n t i a l l y  l onger  exposures, g e n e r a l l y  poor exper imental  c o n t r o l  and l i m i t e d  f a c i l i t y  

a v a i l a b i l i t y .  

development, exper imenters e a r l y  sou h t  techniques whereby such t e s t i n g  cou ld  be simulated. 
The work o f  Nelson, Mazey and Hudsod ' )  on heavy i o n  bombardment i n  an a c c e l e r a t o r  i n t roduced  

such a s i m u l a t i o n  technique and was ins t rumen ta l  i n  i n i t i a t i n g  a l a rge -sca le  exper imental  

Aside from t h e  inconvenience o f  l ong  ag ing  t imes, thermal t e s t i n g  i s  
I n - r e a c t o r  i r r a d i a t i o n  t e s t i n g ,  on the  o t h e r  hand, i s  hampered by 

R e a l i z i n g  t h e  c o n s t r a i n t  t h a t  i n - r e a c t o r  t e s t i n g  posed t o  prompt m a t e r i a l s  

e f f o r t  b o t h  here and abroad t o  s tudy  i r r a d i a t i o n  e f f e c t s  on LMFBR s t r u c t u r a l  m a t e r i a l s  ( 2 )  . 

General E l e c t r i c  i n t e r e s t  i n  t h i s  exper imental  approach began i n  1969 w i t h  a modest 

company-funded program us ing  h igh  energy deuterons as t h e  bombarding  specie^'^). 
evolved i n t o  t h e  h i g h l y  success fu l  j o i n t  FBRD-CR&D program o f  t he  e a r l y  1970s, i n  which a 

l a r g e  number o f  p o t e n t i a l  LMFBR m a t e r i a l s  was screened f o r  swe l l i ng ,  and the  s i g n i f i c a n t  

e f f e c t s  o f  a l l o y  compos i t ion  on s w e l l i n g  were d i scussed(4y5 ) .  

work was 5 MeV n i c k e l  i ons .  

Th is  e f f o r t  

The bombarding spec ies  i n  t h a t  

2.3.2 D e s c r i p t i o n  o f  M a t e r i a l s  

Eleven grades o f  s i x  commercial a u s t e n i t i c  a l l o y s  a r e  being eva lua ted  i n  t h e  
p resen t  program. They i n c l u d e  annealed (ST) and commercial ly h e a t - t r e a t e d  (STA) Nimonic PE16 

and Incone l  706, commerc ia l l y  hea t - t rea ted  (STA) Incone l  718 and M-813, annealed (ST) Type 310 

s t e e l ,  annealed (ST) and 20 pe rcen t  cold-worked (CW) Type 330 s t e e l ,  and thermomechanical ly-  

t r e a t e d  (AU) Nimonic PE16 and Incone l  706. Heat t rea tment  d e t a i l s  and chemical compos i t ions  
o f  t h e  severa l  a l l o y s  a re  g i ven  i n  Tables 5 and 6, r e s p e c t i v e l y .  

A l l  a l l o y s  were procured by HEDL and were prov ided i n  the  form o f  as-heat - t rea ted  

3 mm d iameter  rods  o r  as 0.25 mm t h i c k ,  3 mrn d iameter wafers.  
ab ras i ve  c u t t i n g .  

p o l i s h i n g .  

HEDL(6). 

assessment o f  t h e  e f f e c t  o f  bombardment on m i c r o s t r u c t u r a l  s t a b i l i t y .  

A l l  wa fe r ing  was performed by 

The d i s k s  were subsequent ly sur faced by wet g r i n d i n g  and me ta l l og raph ic  

Prebombardment 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 z a t i o n  o f  t he  a l l o y s  was performed by 

Resu l t s  o f  t h i s  c h a r a c t e r i z a t i o n  a r e  summarized below t o  p rov ide  the  bas i s  f o r  an 

O f  t h e  a l l o y  types  used i n  t h i s  study, f o u r  a r e  p r e c i p i t a t i o n  hardenable; t he  
remaining .two a r e  s o l i d  s o l u t i o n  a l l o y s  t h a t  a r e  hardenable p r i n c i p a l l y  by s o l i d  s o l u t i o n  

s t reng then ing  and by c o l d  working. P r e c i p i t a t i o n  i n  Nimonic PE16, Incone l  706, Incone l  718 

and M-813 depends p r i m a r i l y  upon a l l o y  compos i t ion ,  and, i n  p a r t i c u l a r ,  upon t h e  con ten ts  o f  
t h e  a l l o y i n g  elements aluminum, t i t a n i u m  and n iob ium(7) .  Aluminum and t i t a n i u m  combine w i t h  

n i c k e l  t o  form t h e  cubo ida l  gamma pr ime (y') p r e c i p i t a t e  N i 3 ( T i  , A l ) ;  n iob ium p r e c i p i t a t e s  i n  

t h e  gamma double pr ime (Y") phase Ni3Nb. As shown i n  Tab le  6, Incone l  706 con ta ins  the  most 
t i t a n i u m  and has t h e  h ighes t  t i tan ium- to-a luminum r a t i o  ( T i / A l  = 6.15): a parameter t h a t  

i n f l uences  t h e  overag ing  c h a r a c t e r i s t i c s  o f  these a l l o y s ( 8 ) .  Incone l  718, M-813 and Nimonic 

PE16 c o n t a i n  decreasing r a t i o s  o f  t i t a n i u m  t o  aluminum; i n  PE16, t h e  r a t i o  i s  rough ly  one. 

The Y' p r e c i p i t a t e  formed i n  a l l  f o u r  a l l o y s  i s  cubo ida l ;  t h e  average l e n g t h  o f  a cube edge 
i s  g e n e r a l l y  used t o  s p e c i f y  t h e  p r e c i p i t a t e  s i z e .  

amounts o f  n iob ium ( Incone l  706 and Incone l  718), bo th  y '  and y" a r e  formed i n  the  ag ing  heat  

I n  t h o s e  a l l o y s  c o n t a i n i n g  more than t r a c e  
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TABLE 6 
CHEMICAL COMPOSITIONS OF BASE COMMERCIAL ALLOYS 

(VENDOR ANALYSIS UNLESS OTHERWISE INDICATED) 

0.02 

0.10 

Bal  
0.005 

0.18 
0.14 

53.81 

18.23 

0.58 
0.95 

3.05 
0.03 

5.16 

Carbon 

Manganese 

I r o n  
S u l f u r  

S i1  i con  
Copper 

N icke l  

Chromi um 

A1 umi num 
T i tan ium 

Molybdenum 
Coba l t  

Niobium + 
Tantalum 
Vanadium 
Phosphorus 
Other 

0.04 
0.10 

Ba 1 

0.007 

0.23 
0.12 

52.83 

18.57 

0.5 
0.92 

2.83 
0.03 

5.28 

Nimonic 
PE16 

0.082 

<0.01 

Bal 

0.001 

<0.01 
<0.01 

43.37 

16.5 

1.20 
1.27 

3.15 
0.03 

0.01* 

CO.01 
0.001 

<O. 01 Z r  
0.0032B 

* Overcheck a n a l y s i s  

I 
Incone l  Incone l  718 

706 

0.03 

0.10 

Bal  
0.002 

0.10 
0.02 

41.49 

16.09 

0.27 
1.66 
- 

0.048* 

2.95 
- 
- 
- 

59F1 E Y  44F9EY 
Type 

31 0 

0.06 

1.52 

Bal  

0.022 
0.56 
0.33 

19.65 
24.7 

- 
- 

0.30 
- 

- 
- 

0.027 
- 

Type 
330 

0.05 
1.58 

Bal 
0.013 

1.27 
0.25 

36.05 

19.05 
- 

0.03* 

0.22* 

0.3* 

- 
- 

0.021 
O.01Sn 

M-813 

0.034 
0.022* 

Bal 
- 
- 

0.027* 

34.1 
18.35 

1.59 
2.38 

4.26 
0.02 

- 
- 
- 
- 

t rea tment .  

t h i ckness  and an average d iameter  i s  commonly used t o  s p e c i f y  s i z e .  

metas tab le  and overag ing  w i l l  r e s u l t  i n  t h e i r  d i s s o l u t i o n  and replacement by s t a b l e  phases 
which h a b i t  (1111 planes i n  the  a u s t e n i t e  m a t r i x .  

(17) phase, hexagonal N i3T i ,  w h i l e  overag ing  o f  y" r e s u l t s  i n  p l a t e s  o f  d e l t a  ( 6 )  or thorhombic 

Body-centered te t ragona l  y'l occurs as d i s k - l i k e  p l a t e l e t s ,  f o r  wh ich  an average 

Both  y.' and y" a r e  

Overaging o f  y '  r e s u l t s  i n  p l a t e s  o f  e t a  

Ni3Nb ( 7 )  . 
I n  t h e  s o l i d  s o l u t i o n  a l l o y s  Type 310 and Type 330, t he  o n l y  p r e c i p i t a t e  species 

a r e  ca rb ides  which, i n c i d e n t a l l y ,  e x i s t  i n  a l l  s i x  a l l o y s  t o  v a r y i n g  degrees. S p e c i f i c  

second-phase da ta  on t h e  severa l  a l l o y s  i n  t h e i r  v a r i o u s  m i c r o s t r u c t u r a l  c o n d i t i o n s  a r e  

g i ven  below, as d e r i v e d  from t ransmiss ion  e l e c t r o n  microscopy (TEM) examinat ion a t  HEDL. 
l e t t e r s  p r e f i x i n g  t h e  a l l o y  types  i n d i c a t e  t h e  heat  t rea tment  t o  which the  a l l o y  has been 

subjected. Ac tua l  t rea tments  a r e  g i v e n  i n  Tab le  5. 

The 

ST Nimonic PE16 con ta ins  a l a r g e  number o f  b locky  i n t r a g r a n u l a r  ca rb ides  and a 

moderate d i s l o c a t i o n  d e n s i t y .  No observab le  y '  p r e c i p i t a t i o n  occur red .  

I n  a d d i t i o n  t o  the  i n t r a g r a n u l a r  carb ides ,  STA Nimonic PE16 conta ined a heavy 
g r a i n  boundary c a r b i d e  p r e c i p i t a t i o n ,  a low d i s l o c a t i o n  dens i t y ,  and i n t r a g r a n u l a r  y l  w i t h  an 
average p a r t i c l e  s i z e  of  15.5 nm. 

t h e  manu fac tu re r ' s  recommended heat  t rea tmen t  f o r  optimum p r o p e r t i e s .  

The STA heat  t rea tmen t  used on t h i s  a l l o y  i s  s i m i l a r  t o  

-1 7 -  



The AU heat  t rea tmen t  on Nimonic PE16--developed i n  an a t tempt  t o  op t im ize  

i n - r e a c t o r  behavior--produced a comple te ly  r e c r y s t a l l i z e d  m i c r o s t r u c t u r e  w i t h  a very  low 

d i s l o c a t i o n  d e n s i t y .  

s i z e  o f  39 nm. 

A f a i r l y  un i fo rm d i s t r i b u t i o n  o f  y '  was formed, w i t h  an average p a r t i c l e  

ST Incone l  706 conta ined a low t o  medium d i s l o c a t i o n  d e n s i t y  and, w i t h  the  

except ion  o f  a few s c a t t e r e d  i n t r a g r a n u l a r  carb ides ,  t h e  m a t e r i a l  was c lean.  

STA Incone l  706 represents  t h e  manu fac tu re r ' s  recommended c o n d i t i o n  f o r  
optimum mechanical p r o p e r t i e s .  I t  conta ined y l  p r e c i p i t a t e s  averag ing  39 nm, y'l p l a t e l e t s  

averag ing  5 nm t h i c k  and 16 nm i n  diameter,  and a g r a i n  boundary phase i d e n t i f i e d  as d e l t a  

( 6 ) ,  t h e  orthorhombic phase Ni3Nb. I n  a d d i t i o n ,  t h e  m i c r o s t r u c t u r e  revea led  a medium d i s -  

l o c a t i o n  d e n s i t y  and s c a t t e r e d  l a r g e  b locky  ca rb ides  a t  g r a i n  boundar ies.  

CWA Incone l  706 i s  a thermomechanical m o d i f i c a t i o n  o f  t he  commercial grade, 
developed i n  an e f f o r t  t o  op t im ize  i n - r e a c t o r  p r o p e r t i e s  o f  t h i s  a l l o y .  

I n  the  manufac turer ' s  recommended heat  t rea tment  cond i t i on ,  STA Incone l  718 

con ta ins  y ' ,  y", 6 and carb ides .  
i n  t h i s  s tudy  e x h i b i t e d  s i m i l a r  m i c r o s t r u c t u r e :  ex tens i ve  p r e c i p i t a t i o n  o f  l e n t i c u l a r  6 

p l a t e l e t s  a t  g r a i n  boundar ies,  f i n e  i n t r a g r a n u l a r  y '  and y", and s c a t t e r e d  carb ides .  
Heat 59FlEY m a t e r i a l  a l l  y' and y" p a r t i c l e s  were es t imated  t o  be l e s s  than 10 nm. I n  Heat 

44F9EY, t h e  y '  p r e c i p i t a t e s  averaged 10 nm and the  yl' p l a t e l e t s  measured 5 nm t h i c k  and 15 nm 
i n  diameter.  

According t o  t h e  HEDL c h a r a c t e r i z a t i o n ,  t he  two heats  used 

I n  the  

The STA M-813 used i n  t h i s  s tudy  was produced by the  powder m e t a l l u r g y  

I t  conta ined carb ide-coated  g r a i n  boundar ies,  a low d i s l o c a t i o n  d e n s i t y ,  and a process. 
bimodal Y' d i s t r i b u t i o n .  Average s i z e s  o f  t he  two popu la t i ons  were 15 and 55 nm. 

I n  i t s  s o l u t i o n - t r e a t e d  c o n d i t i o n ,  Type 310 e x h i b i t e d  a c lean  m i c r o s t r u c t u r e  

w i t h  o n l y  s c a t t e r e d  c a r b i d e  p r e c i p i t a t e s ,  and a low d i s l o c a t i o n  d e n s i t y .  
obv ious l y  h i g h  d i s l o c a t i o n  d e n s i t y ,  t h e  cold-worked m a t e r i a l  looked much the  same. 

Except f o r  an 

Both g r a i n  boundary ca rb ides  and a f i n e  d i s p e r s i o n  o f  i n t r a g r a n u l a r  ca rb ides  

were observed i n  ST Type 330 s t e e l .  
w i t h  s u b s t a n t i a l  d i s l o c a t i o n - c a r b i d e  i n t e r a c t i o n .  S i m i l a r  p r e c i p i t a t e  d i s t r i b u t i o n s  were 

no ted  i n  the  h i g h  d i s l o c a t i o n  d e n s i t y  cold-worked m a t e r i a l .  

The m i c r o s t r u c t u r e  revea led  a medium d i s l o c a t i o n  d e n s i t y  

2.3.3 Exper imental  D e t a i l s  

Heavy i o n  bombardment techniques have been used f o r  a number o f  years  t o  

s imu la te  t h e  t ype  and magnitude o f  v o i d  fo rma t ion  t h a t  occurs  i n  me ta l s  and 

temperature f a s t  neut ron  i r r a d i a t i o n  (2 '9 '10).  I n  the  present  i n v e s t i g a t i o n  

n i c k e l  i ons  were used t o  bombard t h i n - f o i l  d i s k s  o f  t e s t  m a t e r i a l s .  I n i t i a  

w i t h  5 MeV ions  on t h e  H igh  Vo l tage Eng ineer ing  Corpo ra t i on ' s  tandem Van de 

l a t e r  bombardments were made w i t h  4 MeV i o n s  i n  the  S t a t e  U n i v e r s i t y  o f  New 

Dynamitron. 

a l l o y s  w i t h  h i g h  

pos i  ti vely-charged 

work was done 

Graa f f  acce le ra to r ;  

York-A1 bany 

P r i o r  t o  bombardment, t h e  d i s k s  were imp lan ted  w i t h  5 t o  15 atom p a r t s  per  m i l l i o n  

o f  he l ium by alpha p a r t i c l e  bombardment i n  a c y c l o t r o n .  

t o  rep resen t  t h a t  concen t ra t i on  produced by the  (n-a) r e a c t i o n  d u r i n g  the  i n i t i a l  p e r i o d  o f  

i n - r e a c t o r  v o i d  n u c l e a t i o n .  Hel ium i m p l a n t a t i o n  was performed a t  t he  research  f a c i l i t i e s  o f  

The lower  he l i um l e v e l  was se lec ted  
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Medi-Physics, Inc. ,  of Emeryville, California,  following the technique developed by FBRD i n  
an e a r l i e r  swelling simulation program(3). 
alpha pa r t i c l e s .  
in a continuous manner with a ro ta t ing  aluminum wedge ins ta l led  in the beam path. 
spectrometric analysis performed by H .  Farrar IV o f  Atomics International on representative 
implanted disks demonstrated tha t  an accuracy o f  ?20% i n  desired helium level was achieved 
with the FBRD implantation technique. 

Bombardment u t i l i zed  a n  external beam o f  24.6 MeV 
Uniform depth deposition o f  helium was achieved by degrading the beam energy 

Mass 

After implantation, disks with comparable residual a c t i v i t i e s  ( resu l t ing  from 
alpha pa r t i c l e  bombardment) were selected f o r  f ina l  preparation for  nickel-ion bombardment. 
Preparation included a 10-15 minute oxidation heat treatment a t  350°C in a i r  followed by 
electropolishing of the ion entry surface.  Oxidation of the back s ide  of the disk was used 
to  minimize s t ick ing  of the disk to  the bombardment furnace f ix tu re ;  electropolishing removed 
structurally-deformed material resu l t ing  from wafering and grinding and cleansed the ion entry 
surface. I 

Nickel-ion bombardment was performed on individual disks f i t t e d  in to  an 
eight-posit ion carousel,  each containing a small independently controlled furnace. 
assembly was described i n  de t a i l  by Johnston, e t  a , ( ” ) .  
selected t o  s p a n  the estimated peak swelling temperature of each a l loy .  
1.3 x 1013 ions/cm2-sec was used w i t h  both 4 and 5 MeV ions, the f lux  producing a displace- 
ment r a t e  of roughly 2 x 
Doses ranging from 30 to  250 dpa were used to  assess the dose dependence o f  swelling. 
pa r t i c l e  and nickel-ion bombardment parameters a r e  summarized i n  Table 7. 

This 
Bombardment temperatures were 

A nickel-ion flux of 

dpa/sec a t  the peak position i n  the displacement damage curve. 

Alpha 

Selected specimens--particularly those bombarded t o  h i g h  nickel-ion doses--were 
f i t t e d  with par t ia l  surface masks t o  s e l ec t ive ly  shield portions of sample from the ion 
beam ( 5 ) .  Profilometry measurement of the boundary between the swelled and shielded region 
provided a d i r e c t  measurement of the  to t a l  integratdd swelling along the ion path in those 
specimens in which swellings grea te r  than approximately 5 percent occurred. 
of the specimens, however, s teps  were too shallow f o r  meaningful measurement and a l l  swelling 
data were collected by transmission electron microscopy techniques. 

In the majority 

TABLE 7 
BOMBARDMENT PARAMETERS 

0 

Helium Implantation 

A1 pha Pa r t i c l e  Energy: 
Maximum Implantation Depth: 23.9 pm 
He1 ium Content: 

Inconel 718 (Heat No. 59FlEY): 15 ? 3 appm 
Inconel 718 (Heat No. 44F9EY): 5 ? 0.8 appm 
All Other Alloys: 5 i- 0.8 appm 

24.6 MeV 

Nickel -Ion Bombardment 

Nickel-Ion Energy: 
Nickel-Ion Flux: 1.3 x lO13/cm2-sec 
Damage Rate: 2 x dpa/sec 
Peak Damage D e p t h ,  4 MeV: 760 nm 
Peak Damage Depth, 5 MeV: 920 nm 

4 and 5 MeV 
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Prepara t ion  o f  t h e  bombarded specimens f o r  TEM examinat ion inc luded the  c a l i b r a t e d  

removal o f  m a t e r i a l  from the  i o n  e n t r y  su r face  and back th inn ing  t o  p e r f o r a t i o n .  Since 4 and 

5 MeV n i c k e l  i o n s  have a range o f  about 1100 and 1400 nm r e s p e c t i v e l y  i n  these m a t e r i a l s  and 

the  zone o f  p r i n c i p a l  i n t e r e s t - - t h e  peak damiige zone- - l i es  o n l y  760 and 900 nm r e s p e c t i v e l y  
f rom t h e  i o n  e n t r y  sur face ,  TEM f o i l s  must be c a r e f u l l y  prepared t o  produce a f i n a l  f o i l  

th ickness  t h a t  l i e s  w i t h i n  the  peak damage zone. C a l i b r a t e d  p o l i s h i n g  o f  t he  i o n  e n t r y  

su r face  was performed by argon i o n  m i l l i n g  ( u s i n g  a commercial i o n  m i c r o - m i l l i n g  apparatus) 

i n  which a s p u t t e r i n g  r a t e  o f  rough ly  200 nm per  minu te  was poss ib le .  
sample,surface sh ie lded  f rom t h e  i o n  beam (masked w i t h  p r o t e c t i v e  l acquer )  d u r i n g  m i l l i n g  

prov ided a base l i ne  f rom which t o  measure the  depth  o f  m a t e r i a l  removed. 

depth  was a t t a i n e d ,  t he  e n t i r e  i o n - m i l l e d  surface was masked w i t h  p r o t e c t i v e  lacquer  and the  

specimen pe r fo ra ted  by e l e c t r o p o l  i s h i n g  from the  back s ide .  [The above exper imental  procedures' 
were developed i n  e a r l i e r  i o n  bombardment s i m u l a t i o n  programs and were discussed i n  some d e t a i l  

i n  p rev ious  pub1 i c a t i o n s  ( 5 y 1 1 ) . ]  

t h i nned  f o i l s  were examined i n  a JEM 6A e l e c t r o n  microscope operated a t  100 kV. 

A p o r t i o n  o f  the  

Once the  r e q u i r e d  

Fo l l ow ing  p e r f o r a t i o n ,  t he  ion-bombarded reg ions  o f  t he  

2.3.4 Resu l ts  

2.3.4.1 Nimonic PE16. The m i c r o s t r u c t u r a l  damage produced by h i g h  energy 

n i c k e l - i o n  bombardment was eva lua ted  i n  t h r e e  l o t s  o f  Nimonic PE16: 

s o l u t i o n - t r e a t e d  and aged (STA), and a thermomechanically-treated c o n d i t i o n  des ignated  AU. 
A l l  were produced from t h e  same m e t a l l u r g i c a l  heat ,  C-07206. 

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 z a t i o n  performed a f t e r  bombardment a r e  discussed below. 

s o l u t i o n  t r e a t e d  (ST), 

D e t a i l s  o f  t he  s w e l l i n g  and 

Swel l ing .  ST Nimonic PE16 was found t o  be h i g h l y  r e s i s t a n t  t o  v o i d  fo rmat ion .  

I n  t h e  i n i t i a l  bombardment sequence performed t o  e s t a b l i s h  t h e  peak s w e l l i n g  temperature,  
i t  was observed t h a t  t h e  116 dpa bombardment dose produced a peak s w e l l i n g  o f  l e s s  than 0.1 
percent  over  the  100-degree temperature range se lec ted  f o r  e v a l u a t i o n .  Since t h i s  s w e l l i n g  
occur red  a t  t h e  lowest  bombardment temperature (625°C). i t  cou ld  n o t  be used t o  p i n p o i n t  the  

peak s w e l l i n g  temperature.  An a d d i t i o n a l  s e r i e s  o f  bombardments was thus  run  t o  a sub- 

s t a n t i a l l y  h ighe r  dose, over  a l ower  temperature range. 
produced vo ids  a t  a l l  temperatures,  b u t  o n l y  a t  625°C was the  d i s t r i b u t i o n  un i fo rm.  Th is  

temperature was thus  assigned as t h e  peak s w e l l i n g  temperature o f  ST Nimonic PE16, o f  t he  

HEDL heat  C-07206. 

These 248 dpa bombardments 

The temperature dependence o f  s w e l l i n g  i n  STA Nimonic PE16 was eva lua ted  f rom 116 

dpa bombardment da ta  a t  625, 675 and 725°C on the  HEDL heat  C-07206, and cor robora ted  w i t h  
e a r l i e r  da ta (4 )  a t  s i m i l a r  doses and temperatures on m a t e r i a l  f rom another commercial heat ,  

DAB664. Because o f  t h e  ex t remely  low s tep  he igh ts  observed i n  the  e a r l i e r  eva lua t i on ,  t he  

bombardments of t he  HEDL a l l o y  were performed on unmasked sur faces .  Transmission e l e c t r o n  
microscopy examinat ion o f  f o i l s  prepared i n  t h e  peak damage r e g i o n  revea led  t h a t  v o i d  
fo rma t ion  had occur red  a t  a l l  temperatures ( F i g u r e  9 ) ,  b u t  o n l y  a t  t h e  i n te rmed ia te  temper- 

a t u r e  was t h e  v o i d  d i s t r i b u t i o n  s u f f i c i e n t l y  un i fo rm t o  y i e l d  r e l i a b l e  s w e l l i n g  va lues .  I t  
was thus  determined t h a t  t h e  peak s w e l l i n g  temperature o f  t h i s  heat o f  STA Nimonic PE16 l i e s  

near 675°C. 
low-temperature s w e l l i n g  behav io r  of  t he  a l l o y .  

T h i s  de te rm ina t ion  i s  supported by t h e  e a r l i e r  data,  p a r t i c u l a r c l y  as regards  the  

The somewhat lower  general  s w e l l i n g  i n  
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FIGURE 9. Void d i s t r i b u t i o n s  i n  STA Nimonic PE16 a f t e r  n i c k e l - i o n  
bombardment t o  116 dpa. 
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DAB664 (Tab le  8 

manganese i n  t h  
0.005 Mn i n  the  

i s  l i k e l y  r e l a t e d  t o  t h e  s u b s t a n t i a l l y  h ighe r  l e v e l s  o f  s i l i c o n  and 

s a l l o y  (0.27 and 0.11 percent ,  r e s p e c t i v e l y )  compared w i t h  <0.01 S i  and 
HEDL a l l o y .  

* 

TABLE 8 

SWELLING I N  STA N I M O N I C  PE16, HEATS DAB664 AND C-07206, 
BOMBARDED WITH 5 MeV NICKEL IONS TO 116 DPA 

575°C 
DAB664 
C-07206 

625°C 
DAB664 
C=07206 

675°C 
DAB664 
C-07206 

725°C 
DAB664 
C-07206 

Average Void 
Dens i ty ,  

1.0 x 1013 
- 

2.6 x 1 O I 2  
1.3 x 1014 

4.7 x 1013 
1.0 x 1013 

Average Vo id  1 Average Swel l ing ,  
Size,  nm j % A V / V o  

1 
29 1 - 

39 
22 

92 
43 

0.01 - 

<0.1 
0.01 

0.18 
0.58 

0.17 
<0.01 

AU Nimonic PE16, t h e  thermomechanically-modified l o t  o f  t h i s  a l l o y  heat ,  

l 

i s  
c l e a r l y  t h e  l e a s t  s w e l l i n g  r e s i s t a n t  o f  t h e  t h r e e  l o t s  t e s t e d .  A l though the  magnitudes of 

s w e l l i n g  observed were n o t  high, t h e  g e n e r a l l y  u n i f o r m  v o i d  d i s t r i b u t i o n s  a t  625 and 675°C 
and t h e  v i r t u a l  absence o f  vo ids  a t  575 and 725°C showed t h e  peak s w e l l i n g  temperature of  AU 

Nimonic PE16 t o  occur  i n  the  range 650-675°C. 
F i g u r e  10. 
m a t e r i a l  c o n d i t i o n s  t e s t e d  i s  shown i n  F i g u r e  11. 

Representa t ive  v o i d  d i s t r i b u t i o n s  a r e  shown i n  
The r e l a t i v e  temperature dependence o f  s w e l l i n g  i n  Nimonic PE16 i n  the  t h r e e  

Two techniques were used t o  p r o v i d e  dose dependence o f  s w e l l i n g  da ta .  I n  the  

e a r l y  phases o f  t h e  program, the  convent iona l  method o f  examining o n l y  t h e  peak damage zone 

i n  each f o i l  was used. 
eva lua t i on .  

a t i o n  o f  d i s c r e t e  zones a long t h e  i o n  pa th  i n  a s i n g l e  f o i l ,  us ing  convent iona l  ( l ow-vo l tage )  

TEM technioues. D e t a i l s  o f  t h i s  techn ique a r e  g i ven  i n  the  appendix. 

Nimonic PE16, t h i s  l a t t e r  techn ique was used i n  t h e  de te rm ina t ion  o f  dose dependence o f  
s w e l l i n g  i n  the  AU c o n d i t i o n ,  whereas t h e  convent iona l  "peak" de te rm ina t ion  was used i n  the  

o t h e r  two grades. 

f rom t h e  AU t o  the  ST c o n d i t i o n ,  b u t  a comparable secondary s w e l l i n g  r a t e  i n  a l l .  

t h e  two parameters a r e  g i v e n  below: 

T h i s  r e q u i r e d  i n d i v i d u a l  bombardments t o  each dose l e v e l  se lec ted  f o r  
I n  l a t e r  work, a f o i l  p r e p a r a t i o n  techn ique was developed t o  p e r m i t  the  examin- 

I n  t h e  examinat ion  o f  

Resu l t s  shown i n  F i g u r e  12 i n d i c a t e  an upward s h i f t  i n  the  i ncuba t ion  dose 

Values o f  

*Johnston, e t  a d 5 )  have shown t h a t  s i l i c o n  and manganese can i n h i b i t  s w e l l i n g  i n  
Fe-Cr-Ni a l l o y s .  
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FIGURE 10. Void d i s t r i b u t i o n s  i n  AU Nimonic PE16 a f t e r  n i c k e l - i o n  
bombardment t o  248 dpa. 
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1 

M i c r o s t r u c t u r a l  Changes. A general  statement about the  behav io r  o f  Nimonic 

pE16 d u r i n g  i o n  bombardment i s  t h a t  no s t r o n g  evidence o f  changes i n  p r e c i p i t a t e  m ic ro -  
s t r u c t u r e s  were noted. 

t o  be much t h e  same a f t e r  i o n  bombardment as be fo re .  

was no ted  f o r  t h e  fo rma t ion  o f  gamma pr ime d u r i n g  bombardment t o  116 dpa a t  t he ' l ower  

temperatures.  

I I n  aged (STA and AU) m a t e r i a l s ,  t h e  gamma pr ime d i s t r i b u t i o n  appears 

I n  annealed m a t e r i a l s ,  no tendency 

Very f a i n t  gamma pr ime r e c i p r o c a l  l a t t i c e  p o i n t s  cou ld  be de tec ted  a f t e r  t h i s  

Approximate Approximate 
Cond i t i on  Peak Swe l l i ng  Incuba t ion  Secondary 

o r  L o t  Temperature Dose, T Swell i n g  Rate 

ST 
STA 

AU 

625°C 200 dpa 0.008%/dpa* 
675°C 50 dpa 0.008%/dpa 
675°C 15 dpa 0.008%/dpa 

I 

t o  be more f u l l y  developed i n  ST and AU m a t e r i a l s  than  i n  the  aged PE16 a t  comparable doses 

and temperatures.  
numbers v a r y i n g  w i t h  dose and temperature as shown i n  F i g u r e  13. 

o c c u r r i n g  i n  F i g u r e  13(a) ,  f a i n t ,  s h o r t  r e l r o d s  were produced i n  t h e  d i f f r a c t i o n  p a t t e r n s  
much as though a p l a t e l i k e  p r e c i p i t a t e  were present .  

bombardment temperature d i d  n o t  occur  and these d e f e c t s  a r e  most l i k e l y  f a u l t e d  loops  and 
t h e r m a l l y  uns tab le .  

Unusual g r a i n  boundary e f f e c t s  were n o t i c e d  i n  a l l  m a t e r i a l s  bombarded t o  248 

Stack ing  f a u l t s  cou ld  be observed i n  annealed m a t e r i a l ,  t h e i r  s i z e s  and 
Wi th  t h e  d e n s i t y  o f  de fec ts  

However, coarsen ing  w i t h  inc reased 

dpa. 
and v e r y  t h i c k  reg ions ,  making i t  u n l i k e l y  t o  be a su r face  r e l i e f  phenomenon and more o f  an 

e l e c t r o n  t ransparency  e f f e c t .  
a r e  p h y s i c a l l y  q u i t e  c l o s e  t o  a c t u a l  g r a i n  boundary p o s i t i o n s  [F igu re  14 (c ) ]  and respond more 

s l o w l y  t o  e lec t rochemica l  a t t a c k  and/or i o n  m i l l i n g  [ F i g u r e  14(d)] .  

f rom these reg ions  revea ls  o n l y  a u s t e n i t e  and gamma pr ime d i f f r a c t i o n  spots,  so apparen t l y  no 

phase change o r  p r e c i p i t a t i o n  i s  i nvo l ved .  
PE16 a r e  separated f rom the  g r a i n  boundary p o s i t i o n s  by t h e i r  approximate w i d t h  ($1 pm) as 

shown i n  F i g u r e  15. 

t h i c k e r  than t h e  sur round ing  m a t e r i a l .  

popu la t i on :  
reg ions .  

a r e  o c c u r r i n g  i n  these reg ions ,  changing t h e  chemistry,  e l e c t r o n  transparency and s w e l l i n g  
behav io r .  

F i g u r e  14(a)  and 14(b)  show t h a t  g r a i n  boundary reg ions  a r e  w e l l  marked i n  v e r y  t h i n  

I n  AU m a t e r i a l  bombarded a t  675"C, these e l e c t r o n  dense reg ions  

Se lec ted  area d i f f r a c t i o n  

A f t e r  625°C bombardment the  opaque s t r i p s  i n  AU 

S te reoana lys i s  o f  F i g u r e  15(b) i n d i c a t e s  the  opaque reg ions  a r e  no 

However, t h e r e  appears t o  be a s l i g h t  change i n  v o i d  

s l i g h t l y  more l a r g e  voids,and s l i g h t l y  fewer smal l  vo ids  seem t o  occur i n  these 
A t e n t a t i v e  exp lana t ion  o f  t h i s  g r a i n  boundary behav io r  i s  t h a t  segregat ion  e f f e c t s  
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( 4  
FIGURE 13. M i c r o s t r u c t u r e s  o f  STA Nimonic PE16 a f t e r  ( a )  116 dpa a t  625°C; 

( b )  116 dpa a t  7 2 5 O C ;  ( c )  248 dpa a t  575"C, and ( d )  248 dpa a t  
625°C. 
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n 

( c )  
FIGURE 14. Grain boundary opacity e f f e c t s  in  AU Nimonic PE16 a f t e r .248  dpa 

nickel-ion bombardment a t  675°C: ( a )  and ( b )  low-magnification 
diffuse-dark-f ie ld  images, ( c )  a n d  ( d )  b r igh t - f ie ld  images. 
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FIGURE 15. E lec t ron  o p a c i t y  e f f e c t s  near g r a i n  'boundaries i n  AU Nimonic PE16 
a f t e r  i o n  bombardment t o  248 dpa a t  625°C. 
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r 

Heat 
Treatment 

ST 

STA 

AU 

I 

Temp., 
O C  

575 

625 

675 

725 

625 

675 

725 

57 5 

625 

675 

725 

Diameter , 
nm 

59 

20 
29 

- 
- 

50 

* ( a ) :  same f o i l ,  I 

Swel l  ing ,  
%Av/vo 

<0.1 

0.03 
0.28 

- 
- 
0.15 

TABLE 9 

SWELLING DATA ON NICKEL-ION BOMBARDED N I M O N I C  PE16 

22 

33 
78 
69 
43 
92 

40 

55 

58 
57 

59 
65 
64 

Dose 
dPa 

243 

106 
227 

26 
60 

224 

110 

114 

52 
78 
99 

106 
222 

96 

247 

78 
247 

76 
164 
247 
? 

241 

- 

0.01 

0.11 
1.83 
0.52 
0.58 
1 .28 

<0.01 

0.14 

0.48 
1.22 

0.55 
1.22 

I 1.71 

Average Vo id  Parameters 

Dens i t y  
Voi ds/cm3 

- I -  

- ! 
I 

same f o i l ,  ( c )  same f o i l  

n 

Local concen t ra t i on  o f  vo ids ,  
t o  1.5 percent  

Un i fo rm v o i d  d i s t r i b u t i o n  

No vo ids  
No vo ids  
Non-uniform v o i d  d i s t r i b u t i o n  

No vo ids  

I 

Peak 
Bombarded sur face(a)  
Not peak( a )  
Peak 
Peak(a) 

Bomb r ed sur face(b)  

u r f a  c e(' ) 

Peak 7 7  b 

BombardeQCS Not peak 
Peak(c) 
Beyond peak(c) 

No vo ids  

2.3.4.2 Incone l  706. Incone l  706, l i k e  Nimonic PE16, was bombarded i n  t h r e e  
m i c r o s t r u c t u r a l  cond i t i ons ;  s o l u t i o n  t r e a t e d  (ST), t h e  commerc ia l l y  aged c o n d i t i o n  (STA) and 

a thermomechanical t rea tmen t  des ignated  CWA. A l l  were prepared f rom HEDL heat  48C5HK. 

Al though comparable t o  Nimonic PE16 i n  base a l l o y  compos i t ion ,  Incone l  706 con ta ins  n iob ium 

as w e l l  as t i t a n i u m  and aluminum. 
g a m a  double p r ime p r e c i p i t a t i o n  and t h e i r  r e s p e c t i v e  overag ing  forms, d e l t a  and e ta .  

D e t a i l s  o f  t h e  s w e l l i n g  and m i c r o s t r u c t u r a l  s t u d i e s  on the  t h r e e  l o t s  a r e  g i ven  below. 

A l l  t h r e e  Incone l  706 grades (Heat No. 48C5HK) e x h i b i t e d  a h i g h  

degree of  s w e l l i n g  res i s tance .  

pe rcen t )  cou ld  be de tec ted  over  a 225-degree temperature range, 
dpa. 

The a l l o y  i s  t h e r e f o r e  s u s c e p t i b l e  t o  b o t h  gamma pr ime and 

Swelling,. 

I n  the  s o l u t i o n - t r e a t e d  a l l o y ,  o n l y  t r a c e  s w e l l i n g s  (<0.001 

a t  doses as h i q h  as 231 
I n  the  c o l d  worked and aged a l l o y ,  a peak s w e l l i n g  o f  0.008 percent  was measured a t  
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575OC at a bombardment dose of 236 dpa; higher and lower temperature bombardments at similar 
doses produced no voids. 
but the void distribution was so irregular that assigned swelling values are likely to be 
highly pessimistic. 

Swelling in the commercially aged material was substantially larger 

Two void distributions were identified in STA Inconel 706. At 475"C, small ( < l o  

nm) voids were observed in the matrix and adjacent to second-phase precipitates. 
matrix voids were also noted at 550°C along with the larger voids (~44 nm) clustered near 
precipitates. The void populations at 575 and 625°C were composed primarily of the larger 
voids. Electron micrographs representative o f  these distributions are shown in Figure 16. 

The small 

In view of the vanishingly small swelling that can be attributed to the smaller 
voids and the predominance of the large but non-uniformly distributed voids at the higher 
temperatures, it was decided that assignment of a peak swelling temperature be based on 
maximum swelling values computed from the latter distribution. 
pertain predominantly to this distribution. 

The data compiled in Table 10 
These admittedly sparse data indicate a peak 

Temp., 
"C 

500 

550 

600 

625 

675 

725 

475 

550 

575 

625 

675 

725 

525 

575 

625 

TABLE 10 
SWELLING DATA ON NICKEL-ION BOMBARDED INCONEL 706 
- 

Dose 
dPa 

106 

120 
202 

116 

116 
231 

114 

119 

116 

116 

64 
236 

120 

103 

116 

229 

238 

238 

- - 

- 

- 

- 

Average Void Parameters 

Density 
Vo i d s/ cm 

2.3 x 1013 

- 
- 

5.7 x 1012 

- 
- 
- 

- 

Diameter, 
nm 

7 

19 

25 
82 

41 
- 
- 

Swelling, 
%Av/vo 

0.001 

0.051 

0.045 
0.435 

0.051 

- 
- 
- 

0.008 

- 

Remarks 

No voids 
No voids 

No voids 
No voids (HVEM) 

No voids 

No voids 

Not peak* 
Local islands of voids* 

No voids 

No voids 

No voids 

No voids 

Same foil 
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625C 475 c 

550 C 
O.lpm - FIGURE 16. Void d i s t r i b u t i o n s  i n  STA Inconel 706 a f t e r  

n i c k e l - i o n  bombardment t o  116 dpa.  
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swelling temperature of 575"C, a peak swelling r a t e  of 0.002%/dpa and a dose in te rcept  of 
44 dpa. 
showed swelling of <0.1% a t  625°C and <<0.1% a t  675°C and 725°C a t  a nominal dose of 116 
dpa . 

Ear l ie r  GE r e s u l t s ( 4 )  on an aged Inconel 706 heat of almost identical  composition 

All t ha t  can be said of ST Inconel 706 i s  t ha t  i t s  peak swelling temperature l i e s  

A similar swelling r a t e  i s  w i t h i n  the 500-600°C range and i t s  swelling r a t e  i s  <0.0001%/dpa. 
shown by the  TEM data on the CWA a l loy  a t  i t s  575°C peak swelling temperature. The temper- 
a ture  dependence of swelling of a l l  three a l loys  and the dose dependence of swelling of STA 
Inconel 706 a r e  shown i n  Figure 17 .  

Microstructural Changes. Figure 18 shows the microstructures of STA Inconel 
706 a f t e r  116 dpa bombardments a t  temperatures between 550 and 725°C. 

selected area d i f f r ac t ion  patterns a re  shown in Figure 19 where s t reaks  due t o  th in  precipi- 
t a t e s  can be detected even fo r  the  material bombarded a t  the lowest temperature. 
s t reaks  were a l so  observed i n  d i f f r ac t ion  patterns of an  additional specimen bombarded a t  
475°C. The obvious e f f ec t s  of increasing the bombardment temperature a r e  the enhanced 
coarsening of the  prec ip i ta te  p l a t e l e t s  and  the appearance of in tens i ty  maxima on relrods 
(reciprocal l a t t i c e  rods a r i s ing  from t h i n  p l a t e l e t s  i n  real space) due to the development of 
stronger form fac tor  e f f ec t s  w i t h  the coarser p la tes .  

Representative 

F a i n t  

The prec ip i ta tes  habit  I1111 planes of the  matrix and relrods in d i f f r ac t ion  
patterns pass through. and eventually connect, m a t r i x  reciprocal l a t t i c e  points along < I l l >  
d i rec t ions .  
relrods a r e  not localized enough t o  allow accurate interplanar spacings to  be determined. 

However, even with the coarsest  p la tes  the in tens i ty  maxima developing along the 

I t  i s  not possible to ident i fy  the prec ip i ta tes  produced in Inconel 706 by ion 
bombardment so le ly  on the basis t h a t  they habit  I1111 planes, since both 6 and n phases have 
t h i s  cha rac t e r i s t i c  and both a re  s t ab le  phases produced by overaging. 
two p o s s i b i l i t i e s  m u s t  be accomplished using interplanar spacings. However, relrod in t e r -  
sections w i t h  d i f f r ac t ion  patterns of a rb i t r a ry  or ien ta t ions  will  not allow cor rec t  in te r -  
planar spacings t o  be determined and, even when the relrods l i e  in t h e  d i f f r ac t ion  pa t te rns ,  
the d i f fuse  nature of the in tens i ty  maxima makes d i f f i c u l t  the measurements required t o  obtain 
interplanar spacings accurate enough t o  ident i fy  the proper phase. 
problems i s  t o  use a <111> matrix or ien ta t ion  and determine the posit ions o f  the in te rsec t ions  
of relrods which a re  normal to the electron d i f f r ac t ion  pattern.  
then be in the proper posit ions f o r  r e f l ec t ions  belonging to  the zone ax is  of the prec ip i ta te  
para l le l  w i t h  the <111> matrix d i rec t ion ,  the <001> f o r  the n phase or  the <010> f o r  the 6 

phase. Figure 20 i s  a <111> d i f f r ac t ion  pattern from the  material containing the coarsest  
p l a t e l e t s ,  aged Inconel 706 bombarded a t  725°C. 
symmetry w i t h  corresponding interplanar spacings of 0.221 nm in agreement w i t h  published 
values f o r  {20201 Planes of hexagonal Ni3Ti( l2) .  
Ni3Nb, these spots would need t o  correspond to  IO021 and I2011 planes w i t h  spacings of 0.228 
nm and 0.223 nm respectively(13),  w i t h  interplanar angles of 61" and 58"; the measured angles 
a r e  a l l  w i t h i n  half degrees of 60". 
species,  based upon experimental evidence, i s  11 phase, the hexagonal form of Ni3Ti. 

Distinction between the 

One way to  avoid these 

These in te rsec t ions  will  

The weak i n t e r i o r  spots have sixfold 

To match published data on orthorhombic 

I t  i s  t h u s  c l ea r  t h a t  the be t t e r  choice of prec ip i ta te  
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FIGURE 17.. Temperature and dose dependence o f  swelling in Inconel 706, 
bombarded w i t h  h i g h  energy nickel ions: ( a )  temperature 
dependence o f  swell i n g ,  and ( b )  dose dependence o f  swell i n g  
i n  STA Inconel 706 a t  575°C. 
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FIGURE 19. Representat ive se lec ted  area e l e c t r o n  d i f f r a c t i o n  a t t e r n s  from STA Inconel  706 
a f t e r  5 MeV n i c k e l - i o n  bombardment t o  116 dpa: 
and ( d )  725°C. 

(a! 550°C; ( b )  625°C; ( c )  675"C, 



n 

FIGURE 20. Selected area <111> electron d i f f rac t ion  pattern from Inconel 
706 bombarded a t  725°C. The re f lec t ions  indicated correspond 
t o  {2020) planes o f  hexagonal e ta  phase p l a t e l e t s  in  the plane 
o f  the  specimen. S a t e l l i t e  spots around outer re f lec t ions  a re  
caused by relrods produced by thin prec ip i ta tes  on inclined 
1111) planes. 
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The p re - i r rad ia t i on  p rec ip i t a te  phases, y '  and y",  are degraded o r  dissolved 

during ion  bombardment. 
became weakened and da rk - f i e ld  imaging disclosed fewer pa r t i c l es .  

With increasing bombardment temperature the super la t t i ce  re f l ec t i ons  

ST Inconel 706 was studied a f t e r  s i m i l a r  i o n  bombardments and p rec ip i t a te  p l a t e l e t s  
However, i n  both images and d i f f r a c t i o n  patterns, i t  were a lso  observed as shown i n  Figure 21. 

appeared t h a t  the degree o f  coarsening of the p l a t e l e t s  was lower than observed i n  aged mater ia l  

bombarded a t  s im i l a r  temperatures. 
l a t t i c e  spots corresponding t o  y '  o r  y" were observed i n  the d i f f r a c t i o n  patterns. 

ne i ther  o f  the  metastable p rec ip i t a te  phases were present dur ing the p re - i r rad ia t i on  character- 

i za t ion ,  i on  bombardment must a lso  have produced these i n  add i t ion  t o  the coarser p l a t e l e t  

phase. 
p rec ip i t a tes  could no t  be eas i l y  detected o r  dist inguished from the d i f f u s e  background. 

I n  add i t i on  t o  the re l rods  due t o  the p la te le ts ,  super- 
Since 

However, i n  da rk - f i e ld  images using the super la t t i ce  re f lec t ions ,  the metastable 

To emphasize the d i f fe rence i n  coarsening between ST and STA Inconel 706 dur ing 
heavy i on  bombardment, Figure 22 shows t y p i c a l  g ra in  boundaries i n  the mater ia ls bombarded a t  

625°C. Character ist ic overaging behavior i s  exh ib i ted  by the aged mater ia l (7 )  and c e l l u l a r  

p r e c i p i t a t i o n  i s  advanced a t  the g ra in  boundaries. I n  contrast ,  the annealed mater ia l  s t i l l  
has s t r a i g h t  g ra in  boundaries and no not iceably greater coarsening o f  p rec ip i t a te  p la tes  i n  

these regions. 

Bombardments t o  higher doses were made on ly  f o r  a l i m i t e d  number o f  temperatures, 

so f u r t h e r  analysis o f  overaging behavior could no t  be ca r r i ed  ou t  f o r  many o f  the cases 

studied a f t e r  116 dpa. However, a f te r  248 dpa i t  was very c lea r  t h a t  600°C i s  s t i l l  the  
approximate boundary between sluggish and rap id  overaging behavior during i on  bombardment. 

Figure 23 shows the  general features o f  ST, STA and CWA Inconel 706 a f t e r  248 dpa below 600°C; 
p l a t e l e t  features are general ly d i f f i c u l t  t o  i d e n t i f y .  

d i f f r a c t i o n  patterns o f  Figure 24 e x h i b i t  corresponding weak r e l r o d  features. 

The representat ive selected area 

A very dramatic d i f fe rence can be observed i n  CWA mater ia l  a f t e r  248 dpa a t  625°C 

where there i s  extensive p r e c i p i t a t i o n  o f  coarse p la te le t s .  
image and a da rk - f i e ld  image o f  the same area obtained using a p rec ip i t a te  r e f l e c t i o n .  

selected area d i f f r a c t i o n  pattern, showing the ob jec t ive  aperture pos i t i on  f o r  da rk - f i e ld  

imaging, i s  shown i n  Figure 26(a). 
s t ruc tu re  fac to rs  are no longer dominated by form fac to r  e f fec ts  and complete p rec ip i t a te  

d i f f r a c t i o n  patterns can be observed and analyzed. 
wardly indexed i n  Figure 26(b) as a hexagonal pa t te rn  with zone ax is  [8176] superposed on the 

austeni te pa t te rn  near the  zone ax i s  [3'ig]. A f t e r  t i l t i n g  the f o i l  a few degrees, a s l i g h t l y  
d i f f e r e n t  pa t te rn  i s  obtained from the same austeni te g ra in  as shown and indexed i n  Figures 
26(c) and (d). A [5143] hexagonal pa t te rn  i s  now superposed on anaustenite pa t te rn  near [365]. 

Both patterns are  required t o  demonstrate t h a t  there are u n i t  changes i n  the c-axis indices 

(i.e., 20i5 and 2026 are neighboring po in ts  i n  the reciprocal  l a t t i c e  o f  the p rec ip i t a te )  and 

hence there i s  a r e a l  l a t t i c e  parameter corresponding t o  C = 0.828 nm. 
i den t i f i es  the e ta  phase and j u s t i f i e s  the hexagonal indexing used. Further evidence o f  t h i s  
can be seen along d i rec t i ons  connecting austeni te r e f l e c t i o n s  away from the pa t te rn  centers 

where the re l rods  along [lil], an a1 ternate hab i t  plane, e x h i b i t  i n t e n s i t y  maxima corresponding 

t o  one quarter o f  the <111> t rans la t i on  vector. 

Figure 25 shows a b r i g h t - f i e l d  

The 

Since the volume o f  p r e c i p i t a t e  mater ia l  i s  large, the 

The d i f f r a c t i o n  pa t te rn  i s  s t r a i g h t f o r -  

This e f f e c t i v e l y  
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FIGURE 21. B r i g h t - f i e l d  images and r e p r e s e n t a t i v e  s e l e c t e d  a r e a  d i f f r a c t i o n  p a t t e r n s  f rom 
ST Inconel  706 a f te r  5 MeV n i c k e l - i o n  bombardment t o  116  dpa: 
bottom, 725°C. 

t o p ,  625°C; 



FIGURE 22. D a r k - f i e l d  images of g r a i n  boundary r e g i o n s  i n  ( a )  STA and 
( b )  ST Inconel  706, a f t e r  5 MeV nickel-ion bombardment t o  
116 dpa .  
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(C> 

FIGURE 23.  B r i g h t - f i e l d  images o f  Inconel  706 i o n  bombarded t o  248 dpa: 
( a )  ST, 550°C; ( b )  STAY 575"C, and ( c )  CWA, 575°C. 
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FIGURE 24. Representative selected area electron diffraction patterns from 
Inconel 706 ion bombarded t o  248 dpa:  
575"C, and ( c )  CWA, 575°C. 

( a )  ST, 550"C, ( b )  STA, 

n 
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( b )  

FIGURE 25. B r i g h t - f i e l d  ( a )  and d a r k - f i e l d  ( b )  image p a i r  of CWA Inconel  
706 a f t e r  ion bombardment t o  248 dpa a t  625°C. 
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FIGURE 26. Selected area e l e c t r o n  d 
a f t e r  i o n  bombardment t o  
shown i n  F i g  25; (b )  hex 
dexing o f  one p r e c i p i  t a t  
index ing  from the  same r 

i f f r a c  
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( d )  

t i o n  pa t te rns  f rom CWA Inconel  706 
pa a t  625°C: 

( 4  d i g i t )  and f c c  ( 3  d i g i t )  i n -  
n t a t i o n ,  ( c )  and (d )  p a t t e r n  and 
a f t e r  t i l t i n g  the  f o i l  s l i g h t l y .  

(a )  Pa t te rn  o f  area 
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F igu re  26(c)  a l s o  e x h i b i t s  weak f i r s t - o r d e r  r e f l e c t i o n s ,  ( O l i l ) ,  (1102) and (11?4), 

which f i t  i n t o  the  hexagonal index ing.  Other weak spots n o t  it?dexed belong t o  p r e c i p i t a t e s  
h a b i t i n g  o t h e r  {ill} planes.  A l i s t i n g  o f  i n t e r p l a n a r  spacings of t he  p r e c i p i t a t i n g  phase, 

obta ined from d i f f r a c t i o n  p a t t e r n s  o f  CWA Inconel  706 a f t e r  248 dpa i o n  bombardment, i s  com- 

pared i n  Table 11 t o  x- ray d i f f r a c t i o n  data o f  t h e  e t a  and d e l t a  phases taken from the ASTM 

card index f i l e .  The ASTM ca rd  data has been supplemented, i n  b racke ts ,  t o  account f o r  
r e f l e c t i o n s  t h a t  would be expected i n  e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  a r i s i n g  f rom double 
d i f f r a c t i o n .  

correspondence w i t h  e ta  phase data. The I2020}  i n t e r p l a n a r  spacing has p r e v i o u s l y  been 
observed i n  lower  dose STA Inconel  706 (F igu re  20). 

Except f o r  planes o f  the t ype  { l o y o }  and (20201, t h e r e  i s  r a t h e r  a complete 

TABLE 11 

X-RAY DIFFRACTION DATA FOR n AN0 6 PHASES 

N i3T i  ( n )  
ASTM CARD 5-723 

h k i l  1/11 d ( i )  

1 o j o  10 
1011 10 

1012) 
1120 10 

2020 20 
1122) 
2021 50 
0004 50 

2022 100 

2023 20 
1230) 
1232 10 
2024 20 
2025 20 

2240 50 

2242 

Poi6 20 

4010 - 
4041 10 

4.39 
3.90 

(3.02) 
2.56 

2.21 
(2.17) 
2.13 
2.07 

1.95 

1.72 
(1.66) 
1.54 
1 .51 
1.33 

1.28 
(1.26) 
(1.22) 

1.17 

1 .ll 
1.10 

Obseyed 
d ( A l  

3.90 

3.02 
2.55 

2.19 
2.12 
2.07 

1.95 

1.73 
1.66 
1.53 
1.51 
1.33 

1.27 
1.25 
1.22 

1.16 

~~ ~~~ 

Ni3Nb ( 6 )  

d ( i )  1/11 h k l  
ASTM CARD 15-101 

3.403 
3.262 

2.568 
2.27 
2.23 

2.12 
2.07 
2.00 
1.97 
1.95 
1.80 

(1.70) 
1.55 
1.54 

(1.33) 
1.30 
1.28 

(1.24) 

1.20 

1.13 
1 .ll 
1.10 

2 
10 

4 
20 
35 

100 
8 

75 
75 

6 
2 

6 
8 

16 
8 

8 

4 
16 
10 

101 
110 

2 00 
002 
201 

020 
102 
01 2 
21 1 
120 
121 

02 2 
221 

222) 
203 
400 
230) 

032 

004 
223 
420 

( 202 ) 

There i s  a l s o  f a i r ,  b u t  incomplete, correspondence o f  t he  observed i n t e r p l a n a r  

spacings w i t h  d e l t a  phase data. 
{ l o i l l ,  1101123, and (12301, p r o v i d e  a f u r t h e r  i n d i c a t i o n  t o  those a l ready  s p e c i f i e d  t h a t  e t a  

i s  t h e  p r e c i p i t a t i n g  phase i n  i o n  bombarded Inconel  706, s ince  no reasonable i naccu rac ies  i n  

measurements and c a l c u l a t i o n s  would account f o r  t he  l a c k  o f  correspondence w i t h  the d e l t a  

phase data. 

However, t h e  weak r e f l e c t i o n s  observed i n  F i g u r e  26(c) ,  

The a u s t e n i t e - t o - e t a  t rans fo rma t ion  conforms t o  t h e  f o l l o w i n g  t rans fo rma t ions  o f  

planes : 
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+ (0004)n 

Thus  the  transformation of planes w i t h  a r b i t r a r y  Miller indices can be writ ten as :  

n Y 

The indexing used i n  Figure 26 was made consistent w i t h  t h i s  transformation 
For example, the very strong (0222)n r e f l ec t ion  occurs a t  the aus ten i te  reciprocal matrix. 

l a t t i c e  position of ( l l i )  t 1/6 (111) = 1 / 6  (775) ,  i . e . ,  one s ix th  the distance between (117) 
and (220) along the [ l l l ]  relrqd. 
a r e  coincident i n  the cubic and hexagonal l a t t i c e s  [e.g., (402)y transforms t o  (4228)n i n  
F i g u r e  267 and maintains t h e  cor rec t  interplanar spacings and interplanar angles. 

The transformation matrix accounts fo r  a l l  re f lec t ions  which -- 

In view of the  exce l len t  correspondence obtained i n  CWA Inconel 706 w i t h  the 
nature and morphology of the  intragranular p l a t e l ike  hexagonal phase prec ip i ta te ,  there can 
remain no d o u b t  t h a t  i t  i s  e t a  phase tha t  i s  produced by ion bombardment. 

No grain boundary e f f e c t s  were observed i n  ST o r  CWA Inconel 706 bombarded to  the 
h ighe r  doses. STA material , however, e x h i b i t e d  f a i n t  g ra in  boundary delineation. This 
material a l so  contained p l a t e l e t s  of grain boundaries which a r e  o f  much grea te r  s i z e  than the 
intragranularly prec ip i ta t ing  e t a  phase. These boundary e f f e c t s  a r e  i l l u s t r a t e d  i n  Figure 27. 

In a l l  cases t h a t  could be analyzed, the grain boundary prec ip i ta tes  proved a l so  
t o  be e t a  phase, so the c e l l u l a r  prec ip i ta t ion  behavior (Figure 22) continues a t  the higher 
doses. No evidence a t  a l l  has been obtained t h a t  de l t a  p la tes  a r e  present, e i the r  i n t r a  o r  
intergran l a r l y ,  a f t e r  nickel ion bombardment. 

No t races  of gama prime could be found i n  STA Inconel 706 a f t e r  248 dpa a t  625°C 
Y 

b u t  f a i n t  lOO1) r e f l ec t ions  from t h i s  phase could s t i l l  be observed a f t e r  the same dose a t  
575°C. 

706 a t  550°C. 
248 dpa a t  575°C and no t r ace  of this  phase was found a f t e r  625°C bombardment. 

Gamma prime re f lec t ions  were a l so  observed a f t e r  high dose bombardment of ST Inconel 
In the CWA material ,  extremely weak gamma prime re f lec t ions  were present a f t e r  

One fur ther  prec ip i ta t ion  event was found t o  occur i n  Inconel 706 below 600°C 

where e t a  prec ip i ta t ion  is sluggish.  
patterns r ad ia l ly  just inside the aus ten i te  re f lec t ions .  
ST and CWA materials a f t e r  248 dpa. 
T i c  and an agreeing l a t t i c e  parameter of .436 nm can be calculated from the re f lec t ions  
observed. No such fea tures  were observed i n  STA material a f t e r  high dose bombardments. 

Very weak re f lec t ions  can be found on d i f f rac t ion  
This i s  i l l u s t r a t ed  i n  Figure 28 fo r  

The d i f f r ac t ing  posit ions occupied are cha rac t e r i s t i c  of 
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(b )  
FIGURE 27. Diffuse-dark-field images showing g r a i n  boundary effects  i n  STA 

Inconel 706 a f t e r  ion bombardment t o  248 dpa:  ( a )  a f t e r  575°C 
bombardment, f a i n t  grain boundary delineation represents the 
strongest effect  observed in Inconel 706; ( b )  a f t e r  625°C bombard- 
ment, coarse e ta  plate precipitation more or less  character is t ic  
of the ce l lu la r  growth  occurring a t  g r a i n  boundaries. 
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FIGURE 28. Selected area electron diffract ion patterns from Inconel 706 
bombarded t o  248 dpa which contains spots in positions character- 
i s t i c  o f  T i c :  ( a )  ST, 550"C, and ( b )  CWA, 575°C. 
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2.3.4.3 Inconel  718. Inconel  718 i s  one o f  a f a m i l y  o f  h i g h - n i c k e l  supera l l oys  

L i k e  Inconel  706, a l l o y  718 con ta ins  a l l o y i n g  t h a t  i s  hardenable by high-temperature aging. 
elements f o r  b o t h  gamma pr ime and gamma double pr ime fo rma t ion  and i s  s u s c e p t i b l e  t o  over-  
aging by t h e  t rans fo rma t ion  of these p r e c i p i t a t e s  t o  d e l t a  and e ta .  Because o f  i t s  i n h e r -  
e n t l y  h i g h  mechanical s t r e n g t h  and a t t r a c t i v e  wear c h a r a c t e r i s t i c s ,  Inconel  718 i s  be ing 

considered i n  a number of LMFBR i n - c o r e  a p p l i c a t i o n s .  

onment i s  t h u s  o f  g r e a t  p r a c t i c a l  concern. 
i t s  commercially-aged c o n d i t i o n ,  des ignated by  t h e  acronym STA ( f o r  s o l u t i o n  t r e a t e d  and 

aged). 
d i scuss ion .  

I t s  s t a b i l i t y  i n  a f a s t  r e a c t o r  e n v i r -  

I n  t h e  present  study, t he  a l l o y  was bombarded i n  

I t s  s w e l l i n g  and m i c r o s t r u c t u r a l  behavior  a r e  cha rac te r i zed  i n  the  f o l l o w i n g  

Swe l l i ng .  The temperature dependence o f  s w e l l i n g  i n  STA Inconel  718 was 

evaluated from 116 dpa bombardments a t  50-degree increments f rom 525 t o  725°C. 

occurred a t  625°C. 

un i fo rm v o i d  d i s t r i b u t i o n s  a t  b o t h  575 and 625"C, and a peak s w e l l i n g  o f  2.04 pe rcen t  a t  t h e  
h ighe r  temperature. 
b o t h  lower-dose bombardments w i t h  higher-dose runs  a l s o  prov ided data f o r  dose dependence o f  
s w e l l i n g  a t  peak and o f f -peak  l o c a t i o n s .  

0.004%/dpa and dose i n t e r c e p t s  o f  105 and 120 dpa, r e s p e c t i v e l y ,  f o r  625 and 575°C bombard- 
ments. The STA Inconel  718 data a r e  shown g r a p h i c a l l y  i n  F i g u r e  30 and l i s t e d  i n  Table 12. 

Peak s w e l l i n g  

T h i s  obse rva t i on  was conf i rmed by higher-dose bombardments, which produced 

Typ ica l  f o i l  m i c r o s t r u c t u r e s  a r e  shown i n  F i g u r e  29. Con f i rma t ion  o f  

These r e s u l t s  show s w e l l i n g  r a t e s  o f  0.015 and 

Two heats  o f  STA Inconel  718 were used i n  t h e  present  study. I n  the  i n i t i a l  

phase o f  t h e  work, m a t e r i a l  from Heat No. 59FlEY, implanted wi th 15 ppm o f  helium, was used t o  
e s t a b l i s h  t h e  temperature dependence o f  s w e l l i n g .  

two temperatures o f  t h e  three- temperature m a t r i x  f a i l e d  t o  produce vo ids,  t he  assessment cou ld  
n o t  p i n p o i n t  t h e  s w e l l i n g  peak. 
implanted w i t h  5 ppm o f  hel ium, conf i rmed t h e  625°C peak a t  t h e  nominal 116 dpa l e v e l .  
S i m i l a r  r e s u l t s  were subsequently c o l l e c t e d  a t  t w i c e  t h i s  dose, us ing  the  5 ppm hel ium 

m a t e r i a l  e x c l u s i v e l y .  
s i s t e n t l y  l o w  s w e l l i n g  observed i n  t h i s  a l l o y  a t  t h e  l ower  dose l e v e l  us ing  b o t h  5 and 15 ppm 
o f  he l i um suggest t h a t  t h e  e f f e c t  was minor .  

rece ived  i d e n t i c a l  heat  t reatments.  ) 

M i c r o s t r u c t u r a l  Changes. The m i c r o s t r u c t u r a l  f e a t u r e s  o f  STA Inconel  718 (Heat 

However, s i n c e  bombardments a t  t he  upper 

Lower temperature work w i t h  m a t e r i a l  from Heat No. 44F9EY, 

Al though t h e  e f f e c t  o f  t h e  h ighe r  he l ium l e v e l  i s  unc lear ,  t he  con- 

(The two heats  o f  Inconel  718 used here 

No. 59FlEY) a f t e r  116 dpa bombardments a r e  shown i n  F i g u r e  31 where t h e  coarsening o f  

p r e c i p i t a t e  p l a t e l e t s ,  s i m i l a r  t o  those observed i n  Inconel  706, can be seen t o  i nc rease  

w i t h  i nc reas ing  bombardment temperature. Molybdenum masks had been used t o  s h i e l d  c e r t a i n  
areas of t h e  t a r g e t  specimens f rom i o n  bombardment f o r  purposes o f  o b t a i n i n g  s tep  h e i g h t s  

which can be c o r r e l a t e d  t o  s w e l l i n g  behavior .  I n  each specimen, p e r f o r a t i o n s  were made i n  the  

i o n  banbarded r e g i o n  and a l s o  i n  an area t h a t  had been sh ie lded .  Thus thermal c o n t r o l  i n f o r -  
mat ion c o u l d  be ob ta ined  from the  same specimen t h a t  had undergone bombardment. I n  a l l  cases, 
t h e  u n i r r a d i a t e d  m a t e r i a l  appeared as cha rac te r i zed  i n  t h e  p r e - i r r a d i a t i o n  s tudy and y" c o u l d  

be imaged us ing  approp r ia te  d a r k - f i e l d  techniques.  The appearance o f  t h e  m a t e r i a l  under t h e  

masked area o f  t he  725°C bombarded specimen i s  a l s o  shown i n  F i g u r e  31 and i s  r e p r e s e n t a t i v e  
o f  t h a t  observed i n  specimens bombarded a t  l ower  temperatures. 
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FIGURE 30. Temperature and dose dependence o f  swelling i n  STA Inconel 718, 
bombarded with high energy nickel ions: 
dependence o f  swell ing, and ( b )  dose dependence o f  swell ing . 

( a )  temperature 
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FIGURE 31. STA Inconel 718, i on  bombarded t o  1 1 6  dpa :  ( a )  625"C, d a r k - f i e l d  image; 
( b )  675"C, d a r k - f i e l d  image; ( c )  725"C, b r i g h t - f i e l d  image, and . .  ( d )  725"C, 
unde r  mask, d a r k - f i e l d  image. - 



TABLE 1 2  
SWELLING DATA ON NICKEL-ION BOMBARDED INCONEL 718 

1 2 2  

122 
239 

115 
239 

109 

231 

107 

Average Void Parameters 

Density Diameter 
Voids/cm3 

I 

Swelling 
% 

- 

<0.01 
0.04 

0.15 
2.00 

- 

- 

- 

Remarks 

No voids 

15 ppm helium 

1 15 ppm helium 
No voids 
No voids ( H V E M )  

15 ppm helium 
No voids 1 

Figure 32 shows representative selected area d i f f r ac t ion  patterns obtained from 
STA Inconel 718 a f t e r  ion bombardments. After the 625°C bombardment, only very f a i n t  streaks 
can be detected along 11111 di rec t ions  due to the thin nature of the prec ip i ta t ing  p l a t e l e t s .  
After 675°C bombardment, relrods a re  c l ea r ly  evident although no tendency ex i s t s  t o  exhib i t  
in tens i ty  maxima along the s t reaks .  After bombardment a t  725"C, d i f fuse  in tens i ty  maxima a re  
appearing on the s t reaks ,  indicating t h a t  form fac tor  e f f ec t s  a r e  becoming stronger a s  the 
p l a t e l e t s  thicken. 
could be detected i n  the d i f f r ac t ion  pa t te rns  and only the cha rac t e r i s t i c  supe r l a t t i ce  
re f lec t ions  of the prec ip i ta tes  produced by the double aging treatment were observed. 

After bombardment t o  248 dpa below 600°C, an extremely sluggish p l a t e l e t  

In the masked areas of the specimens, no streaks along 1111) d i rec t ions  

prec ip i ta t ion  occurs, characterized primarily by very weak and short  relrods in selected area 
d i f f r ac t ion  patterns.  The p l a t e l e t s  themselves a re  very d i f f i c u l t  t o  observe b u t  can be seen 
f a i n t l y  in the background of Figure 29(a) .  A s  observed i n  Inconel 706, p l a t e l e t  p rec ip i ta t ion  
i s  much more pronounced above 600°C [Figure 29(b)].  The prec ip i ta tes  a r e  now coarse enough to  
be c l ea r ly  imaged in br ight - f ie ld ,  matrix dark-field and prec ip i ta te  dark-field (from re l rods)  
a s  shown i n  Figure 33. 
e f f ec t s  as shown i n  Figure 34. 
the prec ip i ta t ion  to be well advanced a t  625°C and roughly comparable to  what occurred a t  
725°C a f t e r  116 dpa. 

Diffraction patterns exhib i t  a corresponding development in relrod 
Comparisons w i t h  the lower dose r e su l t s  (Figures 31, 32) show 

Structure analysis and prec ip i ta te  i den t i f i ca t ion  a r e  s t i l l  complicated by the 
f a c t  t ha t  strong, well localized in tens i ty  maxima a r e  not present on the re l rods .  
observations of the weak f i r s t  order re f lec t ions  seen in Inconel 706, i t  i s  d i f f i c u l t  t o  
distinguish between e t a  and delta phases with only approximate values of interplanar spacings. 
Perhaps the best evidence tha t  bombardment of Inconel 718 r e su l t s  in e ta  p l a t e l e t s  i s  t ha t  the 
relrods connect aus ten i te  reciprocal l a t t i c e  points.  This i s  basically inconsistent w i t h  ' 

de l t a  phase prec ip i ta t ion  since the cubic and orthorhombic l a t t i c e s  cannot be s p a t i a l l y  
coherent. 

Without 
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FIGURE 32. Representative selected area electron diffraction patterns from STA Inconel 718 
af ter  nickel-ion bombardment t o  116 dpa:  
( d )  725"C, under mask. 

( a )  625°C; ( b )  675°C; ( c )  725"C, and 



( c )  

FIGURE 33. P l a t e l e t  p r e c i p i t a t i o n  i n  STA Inconel  718 a f t e r  i o n  bombardment 
t o  248 dpa a t  625°C: 
f i e l d  image, and ( c )  p r e c i p i t a t e  d a r k - f i e l d  image (from r e l r o d ) .  

( a )  b r i g h t - f i e l d  image; ( b )  m a t r i x  dark-  
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FIGURE 34. Representat ive se lec ted  area e l e c t r o n  d i f f r a c t i o n  pa t te rns  from 
STA Inconel  718 a f t e r  i o n  bombardment t o  248 dpa a t  625°C. 
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I t  has been f a i r l y  f i rmly  es tab l i shed  t h a t  e t a  phase i s  produced i n  Inconel  706 

by i o n  bombardment, hence e s s e n t i a l l y  an overaging process occurs. 
o f  Inconel  718 i s  c o n s i s t e n t  w i t h  i t s  much lower  Ti/A1 r a t i o  b u t  never the less,  e t a  phase i s  

a l s o  expected w i t h  ~ v e r a g i n g ( ~ ) .  
two Incone ls  a r e  t o o  c l o s e  t o  a l l o w  se r ious  c o n s i d e r a t i o n  t h a t  t hey  a r e  e n t i r e l y  d i f f e r e n t  

phases. 

The more s l u g g i s h  behavior  

The s i m i l a r i t i e s  between t h e  p r e c i p i t a t i n g  p l a t e l e t s  i n  the  

Reactor i r r a d i a t e d  Inconel  718 has r e c e n t l y  been s tud ied .  The r e s u l t s  w i l l  be 

r e p o r t e d  elsewhere b u t  i t  i s  wor thwh i l e  t o  mention here t h a t  a p l a t e l i k e  p r e c i p i t a t i n g  phase 

was observed which produced <111> r e l r o d s  and which coarsened w i t h  i n c r e a s i n g  i r r a d i a t i o n  
temperature a t  a f l u e n c e  o f  5 x 1022n/cm2 (E>0.1 MeV) ( r o u g h l y  equ iva len t  t o  38 dpa heavy i o n  

dose). 
i r r a d i a t e d  a t  454°C which con ta ins ,  i n  a d d i t i o n  t o  s t rong  gamma prime r e f l e c t i o n s ,  weak 

r e f l e c t i o n s  a t  t h e  same p o s i t i o n s  observed i n  F i g u r e  20 f o r  Inconel  706 f o r  t he  I20%J} 
r e f l e c t i o n s  o f  t he  e t a  phase. 

bo th  i o n  bombarded and neutron i r r a d i a t e d  Inconel  718. 

an a i d  i n  c h a r a c t e r i z i n g  t h e  p l a t e l e t  phases t h a t  occurred(14) .  

t h e  g r e a t e s t  coarsening i n  the  Incone ls  occurred a t  the h ighes t  temperature w h i l e  f a u l t e d  

loops appeared i n  PE16 a t  625°C. 

develops l e s s  r a p i d l y  i n  Inconel  718 than i n  e i t h e r  STA o r  ST Inconel  706. 
625"C, t h e  comparison w i t h  CWA Inconel  706 shows even l e s s  r a p i d  overaging response as 

i l l u s t r a t e d  i n  F i g u r e  37. 

ment e f f e c t s  w i t h  those produced by t h e  r e l a t i v e l y  low dosage accumulated i n  EBR-I1 a t  510°C. 

F i g u r e  35 i s  a <111> zone a x i s  a u s t e n i t e  d i f f r a c t i o n  p a t t e r n  obta ined from m a t e r i a l  

Thus, i t  i s  l i k e l y  t h a t  e t a  p l a t e l e t s  a re  be ing produced i n  

Imaging i n  24-D was used e x t e n s i v e l y  i n  t h e  s t u d i e s  of t he  gamma prime a l l o y s  as 
A f t e r  116 dpa bombardment, 

The comparisons used i n  F i g u r e  36 i l l u s t r a t e  t h a t  e t a  phase 

A f t e r  248 dpa a t  

T h i s  f i g u r e  a l s o  a l l ows  comparisons of the h i g h  dose i o n  bombard- 

The much coarser  chunky and r o d l i k e  p r e c i p i t a t e s  observed a f t e r  h i g h  doses 

(F igu re  29) :  o f t e n  assoc ia ted  w i t h  the  vo ids t h a t  were present ,  cou ld  n o t  be analyzed due t o  
i n s u f f i c i e n t  d i f f r a c t i o n  da ta .  

due t o  t h i s  phase. 

Spo t t y  r i n g s  [ F i g u r e  34(a) ]  were o f t e n  observed and may be 

D i f f r a c t i o n  p a t t e r n  evidence f o r  T i c  was observed a f t e r  low doses a t  
525°C b u t  t h e  l a r g e r  p r e c i p i t a t e s  a r e  not be l i eved  t o  be t h i s  p r e c i p i t a t e .  

Gamma pr ime o r  gamma double pr ime r e f l e c t i o n s  appear weakened on d i f f r a c t i o n  

p a t t e r n s  of h i g h  dose Inconel  718, c o n s i s t e n t  w i t h  t h e  overaging t h a t  i s  occu r r i ng .  
d i f f r a c t i o n  p a t t e r n  of F igu re  34(b) shows t h a t  these r e f l e c t i o n s  a r e  s t reaked i n  <111> 

d i r e c t i o n s  t h e  same as a r e  the  m a t r i x  r e f l e c t i o n s .  Th is  cou ld  be due t o  double d i f f r a c t i o n  

o r  a l t e r n a t e l y  i t  may be an i n d i c a t i o n  t h a t  gamma prime i s  r e p r e c i p i t a t i n g  upon t h e  p l a t e l e t s  

The 

h a b i t i n g  C111) planes. S i m i l a r  r e d i s t r i b u t i o n  has been repo r ted  f o r  Inconel  718, neutron 
i r r a d i a t e d  a t  650"C, where gamma pr ime i s  thought  t o  be r e d i s t r i b u t e d  on f a u l t e d  loops (15 

Much s t ronger  g r a i n  boundary e f f e c t s  a r e  p resen t  i n  Inconel  718 than were 

The unbombarded na tu res  o f  t h e  g r a i n  boundaries a r e  shown i n  observed i n  Inconel  706. 

F i g u r e  38 as obta ined f rom t h i n  areas under t h e  masked reg ions  o f  specimens bombarded t o  16 

dpa. 
A t  116 dpa the  boundary reg ions  a r e  apparen t l y  more s t r o n g l y  d e l i n e a t e d  a t  the l ower  bombard- 

ment temperatures as shown i n  F i g u r e  39. 

p r e c i p i t a t i o n  and a somewhat s p o t t y  e l e c t r o n  o p a c i t y  s i m i l a r  t o  t h a t  observed i n  PE16. 

F i g u r e  40 shows t h a t  t h e  p l a t e s  seem coarser  and the  g r a i n  boundaries more i r r e g u l a r  as 

Regular g r a i n  boundaries and o n l y  few boundary p l a t e s  ( d e l t a  phase) can be observed. 

Th is  d e l i n e a t i o n  c o n s i s t s  of a m i x t u r e  of p l a t e  
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FIGURE 35. Selected area <111> electron diffraction pattern from STA 
Inconel 718 a f t e r  neutron irradiation to  5 x n/cm2 (E>0.1 
MeV) a t  454°C. 
(20201 planes of hexagonal e ta  phase p la te le t s  in the plane of 
the specimen. 

The weak reflections indicated correspond to  

Compare with Figure 20. 
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FIGURE 36. 2+D s tereo image p a i r s  o f  p r e c i p i t a t e s  i n  the  Inconel  l l o y s  
and f a u l t e d  loops i n  Nimonic PE16 a f t e r  i o n  bombardment t o  116 
dpa: (a )  STA Inconel  706, 725°C; ( b )  ST Inconel  706, 725°C; 
( c )  STA Inconel  718, 725"C, and ( d )  ST Nimonic PE16, 625°C. 
In- focus images are  on the l e f t  and defocused images on t he  
r i g h t .  Scale mark i n d i c a t e s  0.5 um. 
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( c )  
FIGURE 39. Low magnification diffuse-dark-field images showing spotty 

electron opacity e f f e c t s  near grain boundaries i n  STA Inconel 
718 ion bombarded t o  116 dpa a t :  
( c )  525°C. 

( a )  625°C; ( b )  575"C, and 
n 
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FIGURE 40. D i f f u s e - d a r k - f i e l d  images o f  g r a i n  boundary e f f e c t s  i n  STA 
Inconel  718 i o n  bombarded t o  116 dpa a t :  
(b )  525°C. 

(a )  575"C, and 
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bombardment temperature increases.  
e f f ec t  becomes stronger and s t i l l  tends t o  be more noticeable a t  the lower bombardment temper- 
ature.  As seen in PE16 a t  625"C, the opaque regions a re  parallel  t o  grain boundaries b u t  
separated from them by approximately 1 vm. 

Figure 41 i l l u s t r a t e s  t h a t  with increasing dose the opacity 

Grain boundary opacity e f f ec t s  therefore seem to  co r re l a t e  t o  some extent with 
overaging. 
boundary e f f ec t s .  
able opaque regions. 

Nimonic PE16 does not overage during bombardment and develops the strongest 

Inconel 706 exhib i t s  only s l i g h t  delineation of grain boundaries. 
Inconel 718 overages slowly, par t icu lar ly  below 600"C, and exhib i t s  notice- 

The grain p l a t e l e t s  t ha t  can be analyzed i n  t h i s  a l loy  a re  de l ta  phase. 
precipitation behavior cont ras t s  with tha t  of Inconel 706 wherein only e ta  phase was found on 
grain boundaries. 

hardenable by prec ip i ta t ion  of gamma prime. 
so l id  solution a l loy  Type 330 o f fe r s  the opportunity to  assess the r e l a t ive  swelling pro- 
pensity of these two a l loy  c lasses  and perhaps t o  gain ins ight  i n t o  the e f f ec t s  of composi- 
tional variables on swelling. 
w i t h  4 MeV nickel ions. Observed swelling and microstructural changes produced by high dose 
bombardment are discussed below. 

Swelline. 

This 

2.3.4.4 M-813. M-813 i s  an intermediate-nickel aus t en i t i c  a l loy  tha t  i s  
I t s  s imi l a r i t y  i n  base a l loy  composition to  the 

M-813 was bombarded in the solution t rea ted  and aged condition 

STA M-813 was bombarded a t  575, 625, 675 and 725°C to a nominal peak 
dose of 119 dpa. These parameters were selected on the basis of predictions which suggested 
a peak swelling temperature in the range of 610-700°C and a swelling grea te r  than 1 7  percent 
f o r  a matrix composition i n  which the  principal swelling inh ib i to r ,  t i tanium, i s  l o s t  i n  
gamma prime prec ip i ta t ion(16) .  
were made with the aid of par t ia l  surface masks. 
a f t e r  bombardment revealed, however, t ha t  swelling was too low t o  be measured by the s tep  
height technique. 
temperatures. 
swelling of 0.28 percent a t  625°C. 
625"C, only local concentrations of voids could be detected a t  675°C. 
a t  725°C. 
dose dependence of swelling in STA M-813 a r e  shown i n  Figure 143. 
collected from two depths i n  the 625°C f o i l .  
O.OOS%/dpa with a dose in te rcept  of 47 dpa and a minimum swelling r a t e  (assuming no 
incubation) of 0.002%/dpa. 
Table 13. 

In view of t h i s  expected h i g h  swelling, a l l  bombardments 
Examination of the surfaces of a l l  f o i l s  

This indicated a peak swelling of subs tan t ia l ly  l e s s  than 5 percent a t  a l l  
T h i s  observation was confirmed by TEM examination, which revealed a peak 

Although void d is t r ibu t ions  were uniform a t  both 575 and 
No voids were observed 

Representative void d i s t r i b u t i o n s  a r e  shown i n  Figure 42. The temperature and 
Dose dependence data were 

These data ind ica te  a maximum swelling r a t e  of 

Swelling data collected a t  a l l  temperatures a r e  compiled in 

Microstructural Changes. Bimodal d i s t r ibu t ions  of gama prime were observed in 
STA M-813 as i l l u s t r a t e d  i n  Figure 44. 
existing prior t o  bombardment(6) while a t  675°C the numbers and s i zes  of the la rger  pa r t i c l e s  
appear t o  have increased. 

Below 6OOOC the  d i s t r ibu t ion  appears similar t o  tha t  

Bombardment a t  575°C produced a p rec ip i t a t e  giving d i f f r ac t ion  spots similar t o  
those thought t o  be due t o  Tic i n  the Inconels. Figure 45 shows t h i s  p rec ip i t a t e  a n d  i t s  d i f -  
f rac t ion  e f f ec t s .  Assuming cubic s t ruc tu re ,  the l a t t i c e  parameter can be determined a s  0.424 
nm or  t h a t  of TiN. Higher temperature bombardments d i d  not aparentlyproduce t h i s  prec ip i ta te .  
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FIGURE 41. Low magn i f i ca t i on  d i f f u s e - d a r k - f i e l d  images showing s p o t t y  
e l e c t r o n  opac i t y  near g r a i n  boundaries i n  STA Inconel  718 i o n  
bombarded t o  248 dpa a t :  ( a )  625°C and ( b )  5 7 5 O C .  
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FIGURE 43.  Temperature and dose dependence o f  swelling i n  STA M-813, 
bombarded w i t h  4 MeV nickel ions: 
o f  swelling and ( b )  dose dependence o f  swelling a t  625°C. 

( a )  temperature dependence 
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(b)  
FIGURE 44. P r e c i p i t a t e  d a r k - f i e l d  images o f  bimodal y '  d i s t r i b u t i o n s  i n  STA 

M-813 i o n  bombarded t o  116 dpa a t  ( a )  575°C and ( b )  675°C. 



n 

( b )  I 

FIGURE 45. Precipitate dark-field image and selected area electron 
diffraction pattern exhibi t i n q  spots characteristic of TiN i n  
STA M-813 af ter  ion bombardment t o  116 dpa a t  575°C. 
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T ~ P . ,  

STA 575 

625 

67 5 

725 

Condition C 
~- 

( a )  = same f o i l  

TABLE 13 

SWELLING DATA ON NICKEL-ION BOMBARDED M-813 

Dose, 
d Pa 

117 

i s  
119 
119 

119 

Averaqe Void Parame. 
Density3 1 Diameter, 

voidslcm I nm - 

9.7 x 10 l3  1 34 
1 . 1  1014 34 

rs --- 
Swell ing 

% 

0.11 

0.20 
0.28 
0.14 

~- 

- 

Remarks 4 
Non-uniform void 
d is t r ibu t ion  

Grain boundary delineation a l so  occurred i n  this a l loy  as shown i n  Figure 46. 
Figure 47 shows this delineation is  due t o  a combination of the carbides on the boundaries 
and electron opacity e f f ec t s .  
regions seems more due to the carbides than the  electron dense regions. 

The noticedble tendency f o r  la rger  voids i n  the grain boundary 

2.3.4.5 Type 310 Steel 

S m .  Experiments performed i n  an e a r l i e r  phase o f  the current program 
showed tha t  ST Type 310 s t ee l  underwent gross swelling when bombarded with 5 MeV nickel ions 
a t  the r e l a t ive ly  moderate dose O F  116 dpa. 
temperature tha t  the surface of a f p i l  bombarded a t  700°C had expanded a s  much as 300 nm 
above an adjacent surface tha t  was shielded from the ion beam. According to  the empirical 

re la t ion  developed by Johnston, e t  a 1 ( 4 ) ,  f o r  bombardments u s i n g  the technique applied in 
t h i s  work. such a 

Swellings were SO l a rge  a t  the peak swelling 

"s tep  height" represented a swelling of almost 50 percent. 

From a purely mecallurgical standpoint, however, Type 310 remains an a t t r a c t i v e  
candidate f o r  in-core s t ruc tura l  applications,  a s  evidenced by the inclusion of a cold-worked 
grade in the current evaluation. (The se lec t ion  of a 20 percent cold work treatment i s  based 
on e a r l i e r  s tud ies  which showed t h a t  cold working imparts some swelling res i s tance  t o  
aus t en i t i c  a l loys . ) (e .g"  1 7 )  

Guided by the experimental r e su l t s  on annealed mater ia l ,  and the rea l iza t ion  tha t  
high leve ls  of swelling cannot be eas i ly  or  re l iab ly  evaluated by TFM techniques, the principal 
bombardments o f  CW Type 310 were made a t  56 dpa. 
selected t o  span the  swelling peak. 
temperatures, Figure 48. Analysis o f  selected micrographs yielded a n  average peak swelling 
of j u s t  over one percent; interpolation of the  temperature dependence of swelling curve 
(Figure 49) places the peak a t  approximately 640°C. 

Tewperatures o f  625, 675 and 725°C were 
A uniform d i s t r ibu t ion  of voids was observed a t  a l l  

An evaluation o f  the dose dependence of swelling was performed on specimens 
bombarded a t  the two lower temperatures, using the single-sample techniqge described in the 
appendix. 
produced a se r i e s  o f  holes scattered over a region t h a t  included a portion o f  the f o i l  t ha t  
was shielded from the ion beam, and surfaces representing three depths along the ion path 

In the case o f  the 625°C bombardment specimen, a s ing le  electropolishing operation 
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(b )  

FIGURE 47. D i f f u s e - d a r k - f i e l d  images i l l u s t r a t i n g  g r a i n  boundary reg ions i n  
STA M-813 a f t e r  i o n  bombardment t o  116 dpa a t :  
(b )  675OC. 

(a )  575OC and 



FIGURE 48. Void d i s t r i b u t i o n s  i n  CW Type 310 steel a f t e r  n i c k e l - i o n  
bombardment  t o  58 d p a .  
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FIGURE 49. Temperature dependence o f  s w e l l i n g  i n  CW Type 310 s t e e l ,  bombarded w i t h  4 MeV 

(produced by consecut ive i o n  m i l l i n g ) .  A composite e l e c t r o n  micrograph o f  t h i s  r e g i o n  i s  

shown i n  F igu re  50. The v o i d  d i s t r i b u t i o n s  i n  i n d i v i d u a l  bombarded reg ions  i n  both t h e  625 

and 675°C f o i l s  a r e  shown i n  F igures 51 and 52, and r e s u l t s  o f  TEM a n a l y s i s  i n  F igures 53 and 

54. 
a dose i n t e r c e p t  o f  37 dpa f o r  t he  675°C bombardment. Although the  s w e l l i n g  behavior  a t  625°C 

was n o t  explored beyond 54 dpa, t h e  complementary lower  dose data a t  bo th  temperatures 
suggest t h a t  t he  dose dependence o f  s w e l l i n g  i s  e s s e n t i a l l y  t h e  same. 

n i c k e l  i ons .  

E x t r a p o l a t i o n  o f  t he  s w e l l i n g  curves o f  F i g u r e  53 g i v e  a s w e l l i n g  r a t e  o f  0.04%/dpa and 

A c o m p i l a t i o n  o f  a l l  s w e l l i n g  data,  i n c l u d i n g  the e a r l i e r  r e s u l t s  on t he  

s o l u t i o n - t r e a t e d  a l l o y ,  i s  g iven i n  Table 14. 

TABLE 14 

600 98 6.0 1014 62 7.9 

650 116 - - 26 

700 116 - - 46 

625 16 5.3 x 1013 23 0.03 

54 5.0 x io"+ 34 1.06 
26 2.5 x 1014 24 0.19 

0 1 3  
014 
014 
014 

013 

34 0.10 
55 1.10 
53 .99 
83 3.64 

56 0.34 

3.9 x 1 675 I %% I 1.3 x 
1.3 x 

Remarks 

Step h e i g h t  

Step He igh t  

( a )  Same f o i l  
( b )  Same f o i l  
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FIGURE 51. Void d i s t r i b u t i o n  a t  

damage zone o f  CW Type 310, bombarded 
w i t h  4 MeV n i c k e l  ions  a t  625°C t o  a 
peak dose o f  54 dpa: 

( a )  I on  e n t r y  sur face  (0-150 nm) , 

( b )  In te rmed ia te  damage zone (290- 

var ious  depths i n  the  

0.04% swel l ing ;  

430 nm), 0.18% swel l ing ,  and 

( c )  Peak damage zone (560-700 nm) , 
1.24% swe l l i ng .  
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FIGURE 52. 

s t e e l ,  bomba 
n i c k e l  i ons :  

( a )  16 dpa 

(b) 56 dpa 

( c )  120 dpa 
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Dose dependence o f  v o i d  
format ion i n  CW Type 310 
rded a t  675OC w i t h  4 MeV 

( I o n  e n t r y  sur face)  ; 

(Peak damage zone), and 

(Peak damage zone). 
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FIGURE 54. Dose dependence o f  v o i d  f o r m a t i o n  i n  CW Type 310 s t e e l ,  
bombarded w i th  4 MeV n i c k e l  i o n s :  ( a )  v o i d  d e n s i t y  and 
( b )  v o i d  diameter.  
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Microstructural Changes. No noticeable development of any precipitation 
e f f ec t s  was observed in CW Type 310 s t e e l ,  and no grain boundary delineation was observed. 
Only dislocation arrangements were observed t o  change with dose and temperature as i l l u s t r a t e d  
i n  Figure 55. 

2.3.4.6 Type 330 Stee l .  Type 330 s t ee l  is  a solid-solution a l loy ,  s imi la r  in 
base composition to  age-hardenable M-813. I t  i s  a r e l a t ive ly  simple a l loy ,  the minor 
additions being limited t o  carbon, 
potential LMFBR core s t ruc tura l  material 
and the  potential  swelling res i s tance  offered by a moderately high matrix nickel content. 
The swelling and microstructural s t a b i l i t y  of b o t h  solution-treated (ST) 
( C W )  Type 330 were evaluated. Results a r e  presented below. 

manganese and 2il icon. In t e re s t  in Type 330.as a 
stems from i t s  a t t r a c t i v e  high temperature strength 

and 20% cold worked i 

Swellinq. The i n i t i a l  bombardment matrix selected for  the evaluation of 
swelling i n  both ST and CW Type 330 s t ee l  consisted of 550, 600 and 650°C bombardments t o  a 
nominal dose of 248 dpa. These parameters were based on an expected peak swelling temperature 
of 600°C and an expectation o f  moderately low peak swelling a t  116 dpa. 
trend was confirmed a t  these temperatures, i t  was c l ea r  from the r e s u l t s  of TEM examination o f  
the bombarded f o i l s  t ha t  the peak swelling temperature was not lower than 650°C in e i the r  
grade of the Type 330 material used i n  these s tud ies .  
330 a t  700°C conf ined  t h i s  observation and showed a sharp increase in swelling. 
t a t i v e  void d i s t r ibu t ions  i n  both grades a r e  shown i n  Figures 56 and 57. 

Althou,gh the l a t t e r  
... 

An additional bombardment of ST Type 
Represen- 

Although the present r e s u l t s  s t i l l  cannot firmly es tab l i sh  the swelling peak, we 
can be assured tha t  th is  peak occurs a t  a temperature not lower than 700°C. 
Figure 58 i l l u s t r a t e  the  temperature dependence of swelling in both a l loy  grades and demon- 
s t r a t e  the beneficial e f f e c t  of cold working i n  controll ing swelling i n  Type 330 s t e e l .  
data sumnarized i n  Table 15 shows a s  much a s  40% reduction i n  swelling a t  650"C, w i t h  s u b -  
s t a n t i a l l y  higher reductions a t  the lower temperatures. 

TEM data i n  

The 

Swelling r a t e s  of both Type 330 grades a re  l i s t e d  below. These r a t e s  a r e  based 
on an assumption of zero incubation dose i n  a l l  cases. 
va l id  in view of the high swelling measured a t  an intermediate depth i n  two of the ST f o i l s .  

T h i s  assumption was judged to  be 

Swelling Rate, Xldpa 
cw 

550°C 0.001 <o .OOl  
600°C 0.002 <o. 001 
650°C 0.006 0.003 
700 0.024 - 

Microstructural Changes. Although extensive intragranular prec ip i ta t ion  

I 

ST - 

occurred below 600°C i n  both ST and CW materials,  insuf f ic ien t  d i f f rac t ion  data was obtained 
to  allow ident i f ica t ion  of the  prec ip i ta t ing  phase. The p rec ip i ta te  produces strong 
re f lec t ions  i n  the  0.2 t 0.02 nm range and could eas i ly  be imaged in a dark f i e l d  as 
i l l u s t r a t e d  i n  Figure 59. 
d i f f r ac t ion  patterns were cons is ten t ly  para l le l  w i t h  t races  of {lo01 aus ten i te  planes, a 
cha rac t e r i s t i c  of a r e l p l a t e  ra ther  t h a n  a relrod. The axes of the rods l i e  along <loo> 

The prec ip i ta tes  a r e  rods ra ther  than p la tes :  s t reaks  i n  electron 

-80- 



FIGURE 55. D i s l o c a t i o n  arrangements i n  CW Type 310 s t e e l  a f t e r  i o n  bombard- 
ment t o :  
( c )  116 dpa a t  675"C, and ( d )  58 dpa a t  725°C. 

( a )  0 dpa (under mask) a t  625°C; ( b )  58 dpa a t  675°C; 
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700C 

FIGURE 56. Void d i s t r i b u t i o n s  i n  ST Type 330 s tee l  a f t e r  n i c k e l - i o n  
bombardment t o  248 dpa. 
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FIGURE 57. Void d i s t r i b u t i o n s  i n  CW Type 330 steel  a f t e r  n i c k e l - i o n  
bombardment t o  248 dpa. 
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FIGURE 58. Temperature dependence of  swelling i n  Type 330 s t e e l ,  bombarded w i t h  4 MeV 
nickel ions t o  a dose of 250 dpa. 

TABLE 15 

SWELLING DATA ON NICKEL-IO!i BOMBARDED TYPE 330 STEEL 

Heat 
rreatmen t 

ST 

20% cw 

Temp., 
"C 

550 

600 

600 

650 

650 

700 

550 

600 

650 

Dose, 
dpa 

229 

64 

224 

234 

247 

247 

247 

247 

Average Void Parameters 

Density , 
void s/cm 

9.4 x 1013 

2.4 x 1013 

1.4 1013 

1 . 7  x 1013 

2.9 x 1013 

7.7 x 1012 

2.2 x 1012 

7.6 x lo'* 

Diameter, 
nm 

36 

81 

73 

122 

192 

30 

88 

194 

Swelling 
% 

0.24 

0.22 

0.46 

1.33 

5.82 

0.04 

0.23 

0.80 

Remarks 

Uniform dis t r ibu t ion  

Non-uniform d i s t r i b u t i o  

Non-uni form di s t r i  butio 
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FIGURE 59. D a r k - f i e l d  image o f  p r e c i p i t a t e s ,  p o s s i b l y  s i l i c i d e s ,  i n  
ST Type 330 s tee l  a f t e r  i o n  bombardment t o  248 dpa a t  550OC. 
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di rec t ions  of the matrix. 
patterns were not detected a t  any time. 
ind ica te  tha t  one l a t t i c e  parameter i s  in the 2.5-3.0 nm range. 
and hardly de f in i t i ve  amount of d i f f r ac t ion  data i s  t ha t  a manganese s i l i c i d e  (Mn0,815Si0.185, 
ASTM card No. 24-737) appears d u r i n g  550°C bombardment. 

The prec ip i ta tes  a re  not M23C6 since the cha rac t e r i s t i c  d i f f r ac t ion  
The spacings of in tens i ty  maxima along re l - s t reaks  

The best f i t  w i t h  a l imited 

D u r i n g  600°C to  700°C bombardments, these prec ip i ta tes  do not appear. The common 

carbide M23C6 i s  the  only second phase found, and an intragranular d i s t r ibu t ion  existed pr ior  
t o  bombardment. 
tempera t u re.  

as shown in Figure 60 where there  can a l so  be Seen some tendency fo r  voids to  prefer grain 
boundary s i t e s .  

The carbides, however, do appear t o  coarsen with increasing bombardment 

A t  most, only s l i gh t  grain boundary delineation was observed i n  annealed material 

2.3.5 Discussion 

The s i x  commercial aus t en i t i c  a l loys  studied i n  t h i s  program exhibited a broad 
range of swelling behavior. 
ranged from v i r t u a l l y  zero t o  f a r  i n  excess of 5 percent, the projected design l imi t  for  an 

end-of-l ife dose of 150 dpa. 
nickel so l id  solution a l loys ,  Types 310 and 330, and the  lowest in the high-nickel precipi-  
tation-hardenable a l loys .  These trends a r e  cons is ten t  with r e su l t s  from e a r l i e r  simulation 

t e ~ t i n g ' ~ ) ,  which revealed a sharp reduction in swelling o f  Fe-Cr-Ni alloys w i t h  increasing 
nickel content. 

As shown i n  the comparative l i s t i n g s  in Table 16, peak swellings 

Predictably, the highest swelling occurred i n  the intermediate- 

Secondarv 

TABLE 16 

SUMMARY OF SWELLING DATA: COMPARATIVE SWELLING BEHAVIOR 

Peak 
A1 1 oy Swell ing Rite, 1 Udpa 

ST Type 310 
CW Type 310 
ST Type 330 
STA Inconel 718 
AU Nimonic PE16 
STA Nimonic PE16 

CW Type 330 
ST Nimonic PE16 
STA Inconel 706 
CWA Inconel 706 
ST Inconel 706 

STA M-813 

0.024* 
0.01 5 
0.008 
0.008 
0.005 
0.003* 
0.008 
0.002 
0.0001 * 
0.0001* 

700 
675 
700 
625 
675 
67 5 
625 

Z675 
625 
575 
575 

500-600 

Predicted Swelling 
In te rcept ,  a t  250 dpa, 

0 
37 
0 

105 
15 
50 
47 

0 
200** 
44 

0 O I  

100 
8.9 
6.0 
2 .2  
1.9 
1.6 
1 .o 
0.8 
0.4 
0.4 

<0.1 
<D.l 

I 

* Minimum swelling r a t e ,  based on assumption of zero incubation dose, i . e . ,  primary o r  
f i  r s t - s tage  swell ing . 

** Dose in te rcept  based on the attainment o f  a secondary swelling r a t e  of 0.008lldpa 
a f t e r  approximately 250 dpa. 

-86- 



FIGURE 60. D i f f u s e - d a r k - f i e l d  image of  g r a i n  boundary reg ions i n  ST 
Type 330 s tee l  a f t e r  i o n  bombardment t o  248 dpa a t  650°C. 
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However, as t h e  l i s t i n g  shows, v a r i a t i o n s  i n  s w e l l i n g  behavior  occurred n o t  o n l y  

between a l l o y  types b u t  w i t h i n  a g i ven  a l l o y  t ype  t h a t  had been mod i f i ed  by mechanical working 
o r  heat  t reatment .  

of magnitude r e d u c t i o n  i n  s w e l l i n g  i n  b o t h  types 310 and 330 w i t h  20-percent c o l d  worked 
s t r u c t u r e s ,  compared w i t h  t h a t  o f  annealed m a t e r i a l .  

Nimonic PE16 and Inconel  706, on t h e  o t h e r  hand, t h e  annealed m a t e r i a l  e x h i b i t e d  the lowest  
s w e l l i n g  o f  t h e  th ree  m i c r o s t r u c t u r a l  c o n d i t i o n s  tes ted .  

The e f f e c t  o f  c o l d  working, f o r  example, i s  r e a d i l y  apparent i n  the  o rde r  

I n  the p rec ip i t a t i on -ha rdenab le  a l l o y s  

Although i t  i s  g e n e r a l l y  accepted t h a t  t he  h i g h  d i s l o c a t i o n  d e n s i t y  accounts f o r  

t h e  s w e l l i n g  i n h i b i t i o n  shown by c o l d  worked m a t e r i a l s ,  no such s t r a i g h t f o r w a r d  exp lana t ion  

s u f f i c e s  t o  e x p l a i n  the  d i f f e r e n c e s  noted i n  the  complex p rec ip i t a t i on -ha rdenab le  a l l o y s .  

i s  w i d e l y  be l ieved,  however, t h a t  s w e l l i n g  r e s i s t a n c e  i n  Fe-Cr-Ni a l l o y s  i s  a s e n s i t i v e  
f u n c t i o n  o f  the s o l i d  s o l u t i o n  composi t ion and any ch'anges i n  t h a t  composit ion, p a r t i c u l a r l y  

w i t h  regard t o  es tab l i shed  s w e l l i n g  i n h i b i t o r s ,  a re  expected t o  modi fy  the  s w e l l i n g  behavior .  

I t  

Since t h e  p r e c i p i t a t i o n - h a r d e n a b l e  a l l o y s  owe t h e i r  un ique mechanical p r o p e r t i e s  

t o  m i c r o s t r u c t u r a l  changes produced by high-temperature aging, i t  i s  perhaps p r e d i c t a b l e  t h a t  

such m o d i f i c a t i o n s  w i l l  indeed a l t e r  t he  s w e l l i n g  o f  t h i s  f a m i l y  o f  a l l o y s ,  much l i k e  c o l d  
work ing a f f e c t s  s w e l l i n g  i n  a predominant ly  s o l i d  s o l u t i o n  m a t e r i a l .  Indeed, such p r e d i c -  

t i o n s  made on a number o f  t he  a l l o y s  s t u d i e d  i n  t h i s  program were found t o  be q u a l i t a t i v e l y  
c o r r e c t ,  and were h e l p f u l  i n  s e l e c t i n g  bombardment parameters f o r  a l l o y s  whose s w e l l i n g  

behavior  was, f o r  t h e  most p a r t ,  e m p i r i c a l l y  unknown. 
annealed versus aged m a t e r i a l s ,  f o r  example, was c o r r e c t l y  p r e d i c t e d  by Johnston, e t  a1 

on the  b a s i s  o f  a n t i c i p a t e d  changes i n  s o l i d  s o l u t i o n  composi t ion o f  these a l l o y s .  

an upward s h i f t  i n  peak s w e l l i n g  temperature w i t h  ag ing was p r e d i c t e d  and was shown t o  be a t  

l e a s t  q u a l i t a t i v e l y  t r u e  i n  r e l a t i o n  t o  t h e  two a l l o y s  examined i n  bo th  annealed and aged 
c o n d i t i o n s  i n  t h i s  program. 

The r e l a t i v e  s w e l l i n g  r e s i s t a n c e  of 
( 1 6 )  

S i m i l a r l y ,  
, 

The f a c t  t h a t  e m p i r i c a l  r e s u l t s  d i d  n o t  g e n e r a l l y  show c l o s e  q u a n t i t a t i v e  

agreement w i t h  p r e d i c t e d  behavior  i s  l i k e l y  due i n  p a r t  t o  t h e  h i g h l y  complex m i c r o s t r u c t u r e  

o f  these supera l l oys .  As shown by B e l l ,  e t  a 1 ( l 8 ) ,  i n  an e a r l i e r  p u b l i c a t i o n  and conf i rmed 

i n  t h i s  work, t h e  response o f  t h e  p r e c i p i t a t i o n - h a r d e n a b l e  a l l o y s  t o  a combination of over-  
ag ing and i r r a d i a t i o n  cou ld  be expected t o  range f rom v i r t u a l l y  zero, i n  t h e  case o f  Nimonic 

PE16, t o  t h e  s o p h i s t i c a t e d  m i c r o s t r u c t u r a l  changes noted i n  Inconel  718. It would be some- 

what d i f f i c u l t  i n  t h e  l a t t e r  case t o  p r e d i c t  s w e l l i n g  response f rom cons ide ra t i ons  o f  s o l i d  

s o l u t i o n  composi t ion w i t h o u t  some p r i o r  knowledge o f  t h e  m i c r o s t r u c t u r a l  s t a b i l i t y  o f  t he  
a l l o y  i n  the  a n t i c i p a t e d  s e r v i c e  environment. 

t h e  p resen t  work was d i r e c t e d  t o  produce by simulat ' ion t e s t i n g .  

s i m i l a r  m i c r o s t r u c t u r a l  response was noted i n  r e a c t o r - i r r a d i a t e d  Inconel  718 lends considerable 

credence t o  t h e  a p p l i c a t i o n  o f  t h e  i o n  s i m u l a t i o n  technique f o r  v a l i d  c h a r a c t e r i z a t i o n  o f  
s w e l l i n g  and m i c r o s t r u c t u r a l  response o f  p rospec t i ve  m a t e r i a l s  t o  LMFBR c o r e  environments. 

It was p r e c i s e l y  t h i s  k i n d  o f  i n f o r m a t i o n  t h a t  

Moreover, t he  f a c t  t h a t  

A l though t h e  s w e l l i n g  r e s i s t a n c e  o f  Inconel  706 i s  t he  most favo rab le  o f  a l l  t he  

a l l o y s  s tud ied,  t he re  may be some cause f o r  concern about a p o s s i b l e  l o s s  o f  mechanical 

p r o p e r t i e s  due t o  overaging. 

hand, i n d i c a t e s  t h a t  t h e  g r e a t e r  s t a b i l i t i e s  o f  t h e  p r imary  hardening phases, y '  and y", 

combined w i t h  t h e  f i neness  o f  t h e  secondary hardening II phase, should guarantee l o n g - l i v e d  

mechanical p r o p e r t i e s  i n  t h i s  a l l o y .  

The l e s s  r a p i d  overaging behavior  o f  Inconel  718, on the  o t h e r  
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Both Inconel  s e x h i b i t e d  a temperature boundary, a t  appvoximately 600°C, between 

s l u g g i s h  and r a p i d  overaging behavior  d u r i n g  i o n  bombardment. Wi th  t h e  more r a p i d  overaging 
of Inconel  706, t h i s  temperature e f f e c t  was observed a f t e r  116 dpa and was t h e  most s i g n i f i -  

c a n t  m i c r o s t r u c t u r a l  f e a t u r e  a f t e r  248 dpa. I n  Inconel  718, however, t h i s  temperature 

i n f l u e n c e  c o u l d  be i d e n t i f i e d  o n l y  a f t e r  t h e  h ighe r  dose. 

Below 6OO0C, c o n d i t i o n s  seem t o  be favo rab le  f o r  o t h e r  p r e c i p i t a t i o n  r e a c t i o n s  t o  

occur. 
o u t  t he  t i t a n i u m  and aluminum o f  t h e  supera l loys,  e x h i b i t s  s i m i l a r  p r e c i p i t a t i o n  fea tu res  i n -  

v o l v i n g  p r i m a r i l y  s i l i c i d e s  below 6OOOC and coarsening o f  carb ides above t h i s  temperature. 

T i tan ium c'arbides o r  n i t r i d e s  were observed i n  M-813. Type 330 s t a i n l e s s  s t e e l ,  w i t h -  

The Ti/A1 r a t i o s  o f  t h e  supera l l oys  can be c o r r e l a t e d  w i t h  t h e  s t a b i l i t i e s  o f  the 

pre-bombardment p r e c i p i t a t e  phases. No n o t i c e a b l e  changes occur i n  PE16; s l i g h t  changes w i t h  

i n c r e a s i n g  temperature occur  i n  M-813, and t h e  Incone ls  overage. 
e f f e c t s  observed c o r r e l a t e  i n  a reve rse  manner: 

boundary d e l i n e a t i o n  and PE16 t h e  most, w i t h  Inconel  718 and M-813 showing in te rmed ia te  
e f f e c t s .  What causes these e f f e c t s  has n o t  been def ined,  b u t  segregat ion e f f e c t s  may be 

i n v o l v e d  s ince,  w i t h o u t  i n v o l v i n g  phase changes, these areas seem t o  e x h i b i t  d i f f e r e n t  
response t o  e lect rochemical  a t t a c k  and t h e i r  s w e l l i n g  behavior  may be s l i g h t l y  d i f f e r e n t  than 
surrounding m a t r i x  m a t e r i a l .  Thickness v a r i a t i o n s  due t o  su r face  r e l i e f  e f f e c t s  on the  i o n  

m i l l e d  s ides  of specimens a r e  n o t  thought  respons ib le  but ,  even i f  they  were, t h e i r  o r i g i n  

cou ld  o n l y  be exp la ined  by some unusual p r o p e r t i e s  o f  these areas. 
themselves a r e  i n  many instances separated from t h e  electron-opaque reg ions  b u t  c l e a r l y  form 

the  p a t t e r n  which t h e  narrow reg ions  adopt. The i n f l u e n c e s  o f  such g r a i n  boundary e f f e c t s  
upon mechanical and c o r r o s i o n  s t a b i l i t i e s  cannot be assessed b u t  Tt would seem l i k e l y  t h a t  

some changes i n  p r o p e r t i e s  would occur. 

The g r a i n  boundary o p a c i t y  
Inconel  706 e x h i b i t s  t h e  l e a s t  g r a i n  

The g r a i n  boundaries 

2.3.6 Conclusions 

2.3.6.1 S w e l l i n g  

( a )  N i c k e l - i o n  bombardments a t  peak s w e l l i n g  temperatures t o  doses comparable t o  

goal LMFBR fluences produced acceptably  l ow  s w e l l i n g  (based on t h e  c r i t e r i o n  o f  <5 percent  

s w e l l i n g  i n  150 dpa) i n  n i n e  o f  t h e  twe lve  a l l o y s  tes ted :  

STA and CWA Inconel  706, STA Inconel  718, M-813 and CW Type 330 s t e e l .  

revea led  unacceptably h i g h  s w e l l i n g  behavior  i n  ST and CW Type 310 and ST Type 330. 

ST, STA and AU Nimonic PE16, ST, 

S i m i l a r  bombardments 

(b )  Swe l l i ng  r a t i n g s  o f  t h e  severa l  a l l o y s  arranged f rom bes t  t o  worst ,  a r e  
g i ven  below: 

ST Inconel  706.  ( b e s t )  
~ CWA Inconel  706 

~ STA Inconel  706 
ST Nimonic PE16 
CW Type 330 

STA Nimonic PE16 
AU Nimonic PE16 
STA Inconel  718 
ST Type 330 
CW Type 310 
ST Type 310 (wors t )  

STA M-813 
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. ( c )  General trends ind ica te  tha t  solution-treated precipitation-hardenable 
materials swell l e s s  and a t  a lower temperature than comparable aged material .  
solution a l loys ,  swelling i s  subs tan t ia l ly  higher i n  the solution-treated condition than i n  
the 20 percent cold-worked s t a t e .  

In so l id  

2.3.6.2 Microstructural Effects 

( a )  Bombardment with 4 and 5 MeV nickel ions accelerates overaging i n  the Inconel 
a l loys  706 and 718; the overaging i s  s imi la r  t o  t h a t  produced by f a s t  neutron i r rad ia t ion .  

( b )  Pre-existing metastable prec ip i ta tes  of y '  and y" a re  degraded or  dissolved 
i n  the  two Inconel a l loys  d u r i n g  accelerated overaging caused by ion bombardment above 600°C. 
The s t ab le  overaging prec ip i ta te  produced under these conditions i s  t h i n  p l a t e l e t s  of the n 
phase, NisTi. 
ment of Inconel 706 b u t  continue to  form and grow in Inconel 718. 

Pre-existing de l ta  phase p la tes  a t  grain boundaries disappear during bombard- 

( c )  Aged Inconel 706 overages more rapidly than does solution treated material 
bombarded under similar conditions. 

( d )  The degree of coarsening o f  p l a t e l e t s  can be correlated w i t h  the Ti/Al 
r a t i o  of t h e  a l loys  Inconel 706, Inconel 718 and Nimonic PE16. The l a t t e r  a l loy ,  w i t h  a T i / A l  

r a t i o  of one, does not overage d u r i n g  ion bombardment, nor does pre-existing y' noticeably 
change a s  a r e s u l t  of h i g h  dose bombardments between 625 and 725°C. 

( e )  
a l loys  by ion bombardment. 
decreases w i t h  increasing Ti /A1  r a t i o .  

Undefined grain boundary e f f e c t s  a r e  produced in the prec ip i ta t ion  hardenable 
The teddency t o  form electron-opaque grain boundary regions 

( f )  Both M-813 and Type 330 s t e e l s  experienced prec ip i ta te  reactions a t  lower 
bombardment temperatures t h a t  involved carbides and n i t r ides  i n  M-813 and s i l i c i d e s  i n  Type 
330. 
i n  the l a t t e r .  
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2.5 APPENDIX 

2.5.1 Depth D i s t r i b u t i o n  o f  Swe l l i ng  by Conventional TEM 

. The n a t u r e  o f  t h e  damage zone i n  ion-bombarded m a t e r i a l s ,  i .e.,  t h e  v a r i a t i o n  i n  
displacement damage w i t h  depth, presents  a compel l ing argument f o r  e v a l u a t i n g  the  damage 

d i s t r i b u t i o n  as a f u n c t i o n  o f  depth i n t o  the  f o i l .  Although such specimens have g e n e r a l l y  
been examined (by convent ional  TEM techniques)  i n  t h e  r e g i o n  of t h e  peak damage zone, t h e r e  
e x i s t s  t h e  p o t e n t i a l  f o r  cons iderable economic g a i n  i n  the  recovery o f  s w e l l i n g  and m ic ro -  

s t r u c t u r a l  da ta  f rom n o t  o n l y  t h e  peak damage zone b u t  from shal lower  depths, i .e ,  a t  i n t e r -  

mediate doses, w i t h i n  the  same bombardment sample. 
bombarding a s e r i e s  o f  specimens t o  a range o f  doses and examining a s i n g l e  dose l e v e l  i n  each. 

Th is  o b v i o u s l y  r e q u i r e s  more m a t e r i a l  ,\more beam t i m e  and more TEM p r e p a r a t i o n  than i s  

r e q u i r e d  f o r  a s i n g l e  specimen. Since t h e  l a t t e r  ope ra t i ons  rep resen t  a s u b s t a n t i a l  f r a c t i o n  

o f  t h e  cos ts  associated w i t h  ion-bombardment experiments, t h e  p o t e n t i a l  f o r  c o s t  savings i s  
an a t t r a c t i v e  i n c e n t i v e  toward t h e  development o f  a technique f o r  recove r ing  such data f rom a 

s i n g l e  TEM d i s k .  A f u r t h e r  i n c e n t i v e  i n  i o n  bombardment s t u d i e s  us ing  p recend i t i oned  ( r e a c t o r -  

i r r a d i a t e d )  m a t e r i a l s  i s  t h e  d e s i r e  t o  conserve m a t e r i a l  and min imize the  hand l i ng  o f  h i g h l y  

r a d i o a c t i v e  specimens. 

Such data a r e  t y p i c a l l y  c o l l e c t e d  by  

A number o f  i n v e s t i g a t o r s  have demonstrated t h e  f e a s i b i l i t y  o f  single-specimen 

s t u d i e s  o f  depth d i s t r i b u t i o n  o f  damage. Wo l f f ,  e t  a1 

Spur1 i n g  and Rhodes(A2), who used protons,  showed r e s u l t s  o f  convent ional  TEM examinations on 

f o i l s  prepared p a r a l l e l  t o  t h e  i o n  beam. However, a l though these demonstrat ions proved t o  be 

successfu l ,  t h e  unique sample p r e p a r a t i o n  procedures d i d  n o t  l e n d  themselves t o  r o u t i n e  
u t i l i z a t i o n  o f  t he  techniques. 

m a t e r i a l s  showed depth d i s t r i b u t i o n  o f  damage i n  f o i l s  prepared p a r a l l e l  t o  t h e  bombarded 

sur face.  

prepared TEM f o i l  has been demonstrated by Diamond, e t  a d A 4 ) .  
s t r a i g h t f o r w a r d  technique t h a t  i s  p r e s e n t l y  a v a i l a b l e .  

f o i l  t o  i t s  i o n  e n t r y  su r face  and s t e r e o g r a p h i c a l l y  image the  damage zone (nomina l l y  700 nm 

, work ing w i t h  deuterons and 

L a t e r  work by  Johnston, e t  a l ( A 3 ) ,  on n i c k e l - i o n  bombarded 

More r e c e n t l y ,  t h e  so -ca l l ed  f u l l - r a n g e  technique f o r  examining a c o n v e n t i o n a l l y -  
Th is  i s  perhaps t h e  most 

One must s imp ly  back - th in  a bombarded 
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in this application) with 0.6 - 1.0 MeV electrons. 
technique upon high voltage microscopy facilities and sophisticated data analysis programs 
effectively limit its application to national laboratories' programs. 

However, the dependence of this 

To counter the impact of this valuable tool in the handling of ion-bombarded 
foils, a technique for gathering similar data on a single TEM disk using conventional sample 
preparation procedures and conventional TEM capabilities was demonstrated. Using a standard 
ion-bombarded TEM foil (i.e., a 3-mm diameter disk nominally 0.15 mm thick), the technique 
involves the stepped removal of material from the ion entry surface by sequential masking and 
ion milling, followed by targeted perforation by back thinning. Figure 61 shows an idealized 
schematic drawing of (a) the central region of a prepared foil with ion milling masks applied 
to the ion entry surface and (b) a cross-section of the portion of the foil indicated. 
Preparation of the ion-bombarded surface thus requires a multi-step ion-milling process, 
rather than the single-step process normally used, and a somewhat broader masked region to 
assure an adequate surface area for perforation. 
diameter central region of the 3 mm-diameter disk is generally reserved for TEM examination. 
This region represents the circular unmasked portion of a disk bombarded with a partial mask 
of the geometry developed by Johnston, et 
lacquer) is applied to an elliptical region that overlaps approximately 0.2 mm into the 
central region. 
is measured and an accurate milling rate is established. The second mask is then applied 
above and overlapping the originally masked region and extending an additional distance into 
the central region. Although a 
number o f  consecutive milling operations can theoretically be performed, we have found it 
convenient (i .e. , ease of step height measurement and multiple perforations) to restrict the 
number of steps to two. the bombarded surface, an 
intermediate zone and the peak zone, as shown in Figure 61. Thus, in this work, each ion 
milling sequence aimed for the removal of roughly 325 nm for a total removal of 650 nm in 
the central region. 
vide a region ranging from 650 nm to 800 nm, the peak damage depth being 760 nm. 

In the work discussed here, the 1 mm- 

The first ion-milling mask (a commercial 

After the required argon ion milling, the mask is dissolved away, the step 

The ion milling-measurement sequences are then repeated. 

This would provide three dose levels: 

In the latter case, a 150 nm foil thickness after perforation would pro- 
< 

Initial perforation o f  the foil is performed in the usual manner: the 
ion-milled surfaces are protected by translucent stop-off lacquer and a film of commercial 
polyvinylidene chloride; perforation is performed with a Fischione twin jet apparatus, using 
an electrolyte of 10 percent perchloric in acetic acid. 
the first electropolishing to bias the location of the first perforation, the hole generally 
occurs in the peak damage zone in specimens that had been given a lightly dished electro- 
polished surface before bombardment. 

Although no attempt is made during 

After TEM examination, the back surface of the original hole, as well as the 
surface away from the ion-masked regions, is coated with opaque lacquer; the front surface 
is prepared in the usual manner and the second electropolishing performed. This sequence i s  
repeated until all areas of interest have been adequately perforated and examined. 
of this procedure were given in Section 2.3.6. 
work on CW Type 310, Section 2.3.6.1. 

Results 
The reader is directed particularly to the 
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SEQUENTIAL FOIL PREPARATION 
FOR DEPTH DISTRIBUTION OF 
DAMAGE BY CONVENTIONAL TEM 
ISCHEMATIC) 

1ST MILLING MASK 7 

"NOT 
BOMBARDED 

IMASKEDI 

2ND MILLING MASK I 
DISC C 

/ 

BOMBARDED 
SURFACE: 

3RD PERFORATION 
INTERMEDIATE 
DAMAGE ZONE 

1ST PERFORATION 

2OO:l HORIZONTAL 
10,000:1 VERTICAL 

FIGURE 61. Sequent ia l  f o i l  p r e p a r a t i o n  f o r  depth d i s t r i b u t i o n  o f  damage by convent ional  
TEM (schemat ic) .  
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3. HVEM IRRADIATION OF REACTOR-CONDITIONED COMMERCIAL ALLOYS 

L. E. Thomas, D. S. Gelles and J. J. Laidler 

Hanford Engineering Development Laboratory 

3.1 OBJECTIVE 

The objective of this work is to assess the effect of prior neutron irradiation on 
swelling under HVEM electron irradiation, in order to provide guidance for the conduct of 
subsequent charged-particle irradiations of the candidate commercial and developmental alloys. 

3.2 SUMMARY 

Neutron irradiated specimens of fully-aged and solution-treated Nimonic PE16, 20% 
cold-worked 310 stainless steel and aged A-286 were electron irradiated at 500 to 700'C in the 
HVEM to determine the effect o f  reactor-conditioning on the simulation o f  void swelling at 
high neutron fluences. 

For aged PE16 it was found that the swelling behavior under electron irradiation was 
unaffected by prior neutron irradiation. 
fluence conditions showed similar temperature-dependent swelling rates in the HVEM irradi- 
ations. 
ation, although the data available for these alloys is too limited for a firm conclusion. 
swelling behavior of aged PE16, A-286 and cold-worked 310 was also consistent with previous 
results on he1 ium-injected (not reactor-conditioned) specimens of slightly different 
composition. 
treated PE16 under electron irradiation, and this effect is attributed to the irradiation- 

Specimens from four different reactor temperature/ 

Aged A-286 and 20% cold-worked 310 also appear insensitive to prior neutron irradi- 
The 

However, reactor-conditioning did alter the swelling response of solution- 

enhanced precipitation of 

It is concluded that 
second-order control over 
experiments can be better 
alloy in question remains 

y' which occurs in-reactor. 

void and dislocation substructures generated in-reactor exert only 
void swellin-g during electron irradiation. 
described as temperature change experiments, provided that the 
stable during neutron irradiation. 

Reactor-conditioning 

Based on these findings, procedures for conducting swelling simulation tests with 
reactor-conditioned specimens are recomnended. 
tests on reactor-conditioned specimens, comparison o f  results with simulation studies on 
virgin material, screening of neutron-irradiated specimens by TEM examination for micro- 
structural evidence of phase and swelling instabilities, and interpretation o f  "reactor- 
conditioning" results in terms of temperature change experiments. 
will permit maximum effective utilization of resources, enabling the experimenter to eliminate 
tests which would otherwise prove in the long run to have been unnecessary. 

These procedures combine limited simulation 

The use o f  such procedures 
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3.3 ACCOMPLISHMENTS AND STATUS 

3.3.1 Introduction 

In view of the many differences between neutron and charged particle irradiations, 
it is almost incredible that charged particle irradiations should provide the ability for 
successful simulation of void swelling at high neutron fluences. 
reactor timescale of months to the hours or so required under electron or nickel ion 
irradiation, simultaneously involving kinetics of he1 ium production and irradiation-enhanced 
diffusion of various chemical species and lattice defects, is difficult to envision. Yet with 
few exceptions, simulation of reactor swelling behavior by means of charged particle bombard- 
ment appears remarkably successful. For example, the latest post-neutron irradiation examin- 
ation~(’-~) 
alloys, including AISI 310, A-286, M-813, Nimonic PE16, AISI 330, Inconel 706 and Inconel 718. 

Exact translation from the 

qualitatively confirm simulation-based swelling  prediction^(^) for commercial 

To lend increased confidence to quantitative swelling predictions, simulation 
tests usin reactor-conditioned, i.e., previously neutron-irradiated, specimens have been 
proposed(5q. Such tests cover two distinct possibilities. First, it seems unlikely that 
simulation methods can reproduce exactly the same microstructures present in the void nucleation 
stage of swelling in-reactor. Reactor-conditioning overcomes this difficulty by ensuring that 
irradiation-induced (or accelerated) precipitation, transmutation products (especially he1 ium) 
and defects such as dislocations, bubbles and voids are co-generated in a manner character- 
istic of the reactor environment. 

. I  

Second, a few alloys have been found for which swelling predicted from charged- 
For example, the AISI particle irradiations clearly differs from that produced in reactor. 

316-derivative alloy LS-1, with relatively high titanium, zirconium and silicon additions, 
showed considerably better swelling resistance than 316 under both nickel ion(6) and electron 
irradiati~n‘~). However, after only 2.7 x 10” neutrons/cm2 (E>0.1 MeV), 0.8% swelling was 
observed(8) in LS-1 alloy specimens. Electron microscopy revealed that a phase instability 
was promoted by neutron irradiation and that the void swelling was associated with irradi- 
ation-induced precipitation. As another example, the experimental Fe-15Cr-25Ni alloy, E48, 
containing titanium and aluminum additions, also showed low swelling after nickel ion 
bombardment(’) and it was suggested that the swelling was suppressed by the Ti and A1 additions. 
This alloy also developed high swelling at a relatively low neutron fluence (10) . 

These examples reflect exceptional swelling behavior which is apparent during 
postirradiation examination after low neutron fluences. The reactor-conditioning experiments 
cover the possibility that irradiation-induced instabilities may also develop at intermediate 
neutron fl uences . 

The basic aim of charged-particle irradiation experiments in the simulation of 
in-reactor swelling behavior is determination of the peak swelling rate and the neutron irradi- 
ation temperature at which the peak rate occurs. Thus, it is essential not only to obtain a 
correlation between neutron and charged-particle doses, but to establish an equivalency of 
irradiation temperatures as well. 
concern of the series of experiments reported here. 

It is the latter consideration which is the principal 
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The conventional assumption regarding simulation experiments is that the void 
growth rate is related to the void density, dislocation density, irradiation temperature and 
instantaneous point defect supersaturation. As a consequence of the different supersatura- 
tions which prevail during typical neutron and charged-particle irradiation conditions, the 
peak swelling rate is presumed to occur at a higher temperature under charged-particle 
irradiation than in the case of neutron irradiation. This effect is commonly termed a 
"temperature shift", and has been observed frequently in experiments with a variety of pure 
metals and stainless steels'"). 
only parameters which control void growth, peak swelling under charged-particle irradiation 
should occur when a specimen irradiated at the peak swelling temperature in-reactor is 
bombarded with charged particles at a higher temperature reflecting the appropriate temper- 
ature shift. 
both reactor-conditioned and virgin specimens. 
virgin specimens, the correct temperature shift (and hence the true temperature of peak 
swelling in the reactor-irradiated material ) can be determined by irradiating reactor- 
conditioned specimens from several reactor irradiation temperatures at the charged-particle 
peak temperature. 
is observed under charged-particle irradiation. 

In cases where void density and dislocation density are the 

The charged-particle peak swelling temperature should then be the same for 
Knowing the peak swelling temperature for 

The in-reactor peak is then that condition for which the peak swelling rate 

Assessment of expected high-fluence swelling behavior of certain alloys may be 
complicated in the event that the void growth rates are dominated by factors other than void 
density and dislocation density. Of particular concern is the case in which solute redis- . 
tribution occurs during neutron irradiation, as typified by the behavior of alloys LS-1 and 
E48. This solute redistribution may take the form of solute clustering, short-range order, 
precipitation of new phases, or increased volume fraction of precipitate phases present prior 
to irradiation. 
alter the swelling behavior of the matrix, then the peak swelling rate for charged-particle 
irradiation of reactor-conditioned specimens will occur in specimens for which the reactor 
irradiation conditions were such as to maximize the change in matrix composition. In this 
case, deduction of the peak swelling temperature for reactor irradiation can be very difficult 
and it may be necessary to await reactor test data at higher neutron.fluences before the true 
swelling behavior can be determined. 

If, as is suspected(12), the major effect of such solute redistribution is to 

A further complication may exist in the event that the reactor-conditioned 
specimen has not received sufficient neutron fluence to exceed the swelling incubation 
fluence. While low fluences are considered sufficient to establish representative solute 
redistribution effects, void nucleation may still be incomplete and the response to charged- 
particle irradiation may reflect the extent of completion of nucleation. 

At the time the present study was undertaken, only three candidate comnercial 
alloys were available in the neutron-irradiated condition. 
and AIS1 310, in several different heat-treatment conditions had been irradiated in EBR-11, 
pin B-109 of the AA-Ia test at eight temperature/fluence conditions, up to 5 .4  x lo2* n/cm2 
(E>0.1 MeV) and 650°C. 
concentrate on fully aged Nimonic PE16 to determine the effects of different neutron-irradi- 
ation temperatures on subsequent swelling in the HVEM. 
included to determine the effect o f  in-reactor precipitation on subsequent swelling. 

These alloys, Nimonic PE16, A-286 

Most of the HVEM irradiation experiments described in this report 

Solution-treated Nimonic PE16 was 
Aged 
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A-286 and 20% cold-worked A I S I  310 were' i nc luded  m a i n l y  t o  determine i f  t h e i r  s w e l l i n g  

r a t e s  were comparable t o  those found i n  m a t e r i a l  n o t  subjected t o  p r i o r  neutron i r r a d i a t i o n  
and t o  i n v e s t i g a t e  t h e  m i c r o s t r u c t u r a l  changes which occur  i n  the  presence of d i f f e r e n t  

i n i t i a l  s t r u c t u r e s .  

3.3.2 Experimental D e t a i l s  

The experimental procedure and c o n d i t i o n s  a r e  s i m i l a r  t o  those desc r ibed  

p r e v i o u s l y ( 4 ) .  

i r r a d i a t e d  i n  the  h e a t i n g - t i l t i n g  s tage o f  a JEOL 1000 KV e l e c t r o n  microscope, us ing  beam 
c o n d i t i o n s  which produce 15 dpa/hour and a 70°C temperature r i s e  i n  the  c e n t e r  o f  an i r r a d i a t e d  
r e g i o n  about  6 pm i n  diameter. 

a t i o n s  were i n t e r r u p t e d  every f i f t e e n  minutes t o  take  s te reo  micrographs o f  t h e  i r r a d i a t e d  

reg ion .  
s t a r t i n g  from t h e  i n i t i a l  n e u t r o n - i r r a d i a t e d  s t a t e ,  t o  be fo l l owed  i n  t h r e e  dimensions 

through an e n t i r e  run.  

used t o  compute v o i d  volumes accu ra te l y .  
t o  e l e c t r q n  i r r a d i a t i o n  a r e  summarized i n  Table 17. 

Disk specimens, prepared f o r  TEM by j e t  e l e c t r o p o l i s h i n g ,  were e l e c t r o n -  

The i r r a d i a t i o n  t ime  t o t a l l e d  one hour (15 dpa), and i r r a d i -  

Ana lys i s  o f  t h e  s te reo  micrographs a l l o w s  t h e  e v o l u t i o n  o f  t h e  v o i d  s t r u c t u r e ,  

For  ana lys i s ,  t he  polyhedra l  shapes o f  t he  vo ids  were determined and 

I r r a d i a t i o n  c o n d i t i o n s  f o r  t h e  specimens subjected 

TABLE 17 

SPECIMEN CONDITIONS FOR HVEM REACTOR-CONDITIONING EXiERIMENTS 

A l l o y  

Nimonic PE16 

'Nimonic PE16 

A I S I  310 

A-286 

Cond i ti on 

F u l l y  Aged 

Sol u t i o n  
Treated 

20% cw 
F u l l y  Aged 

1 Subcapsule 
Heat I D  I D  

33567 J 

C51644 l L  

Reactor Cond i t i ons  
(E>0.1 MeV) 

4.3 x l o z 2  n/cm2 a t  427°C 
5.1 x l o z 2  n/cm2 a t  510°C 
5.4 x 1 0 ~ 2  n/cm2 a t  593Oc 
5.4 x n/cm2 a t  650°C 

4.3 x l o z 2  n/cm2 a t  427OC 
5.4 x lo2* n / c d  a t  593°C 

5.4 x 1022 n/cm2 a t  593°C 

4.3 x l o z 2  n/cm2 a t  427°C 

3.3.3 Resul ts  

To desc r ibe  t h e  e l e c t r o n  i r r a d i a t i o n  resu1 ts ; i t  w i l l  be convenient  t o  r e f e r  t o  
t h e  f o u r  n e u t r o n - i r r a d i a t i o n  temperature/ f luence c o n d i t i o n s  by i r r a d i a t i o n  subcapsule des ig -  

na t i on ,  L, K, J and H (see Table 17) .  

3.3.3.1 Aged Nimonic PE16. F i g u r e  62 i l l u s t r a t e s  r e p r e s e n t a t i v e  changes i n  v o i d  

The vo ids  c rea ted  s t r u c t u r e  f o r  aged PE16, c o n d i t i o n  J, under e l e c t r o n  i r r a d i a t i o n  a t  650°C. 

i n  PE16 by neutron i r r a d i a t i o n  a r e  n e a r l y  p e r f e c t  cubes, and i n  F i g u r e  62(a) t h e  c r y s t a l  
o r i e n t a t i o n ,  [112], i s  such t h a t  t h e  p r o j e c t e d  images show a l l  t he  cube co rne rs  and edges. 

E l e c t r o n  i r r a d i a t i o n  produces an order-of -magni tude inc rease  i n  v o i d  d e n s i t y  w i t h  the  new 

vo ids  d i s t r i b u t e d  much more u n i f o r m l y  than t h e  o r i g i n a l  ones. Both new and o r i g i n a l  vo ids  

grow under e l e c t r o n  i r r a d i a t i o n ,  b u t  t h e  vo ids c rea ted  i n - r e a c t o r  remain n e a r l y  cub ic  w h i l e  
t h e  new vo ids  a r e  n e a r l y  octahedra l ,  suggesting t h a t  t h e  two popu la t i ons  formed and grew under 

d i f f e r e n t  c o n d i t i o n s  o f  s o l u t e  f l u x .  
t h e  s w e l l i n g  i s  apparent. 

A t  15 dpa [F igu re  62(e)],  l o c a l  specimen bending due t o  

The new vo ids  account f o r  most o f  t h e  t o t a l  v o i d  volume. 
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FIGURE 62. HVEM generated v o i d  s w e l l i n g  a t  650°C i n  aged Nimonic PE16, 
reac tor -cond i t ioned t o  5.4 x n/cm2 a t  593OC; i r r a d i a t i o n  
cond i t i ons  as shown. 
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As indicated i n  Table 18, a l l  four reac tor  conditions of aged Nimonic PE16 ( L ,  K ,  
J and H )  were electron-irradiated a t  500 t o  700°C. 
void dens i t i e s  and swelling data.  
a t  t he  onset of electron i r rad ia t ion  depended strongly on electron i r r ad ia t ion  temperature. 
T h u s ,  reactor generated microstructural fea tures  had l i t t l e  e f f e c t  on void nucleation behavior 
i n  the H V E M .  
reactor dominate the swelling microstructure. 

As shown by Figure 63, the swelling r a t e s  f o r  a l l  four reactor conditions of aged 

Table 18 a l so  l i s t s  i n i t i a l  and f ina l  
As shown by these r e su l t s ,  the increase i n  void dens i t i e s  

Only a t  the highest H V E M  i r r ad ia t ion  temperatures d i d  the voids created i n  

Nimonic PE16 exhib i t  s imi la r  temperature dependent behavior w i t h  the peak of 0.4%/dpa a t  
650°C. 
quent swelling behavior i n  the H V E M .  
conditions observed. 
the highest possible microscope operating temperature, i t  i s  more l i ke ly  due t o  e f f ec t s  
caused by void nucleation d i f f i c u l t i e s .  
65OOC on material from subcapsule L which qave a f ac to r  of two difference i n  swelling r a t e s  
and very d i f f e ren t  void nucleation behavior. 
increase in void density a t  the onset of electron i r r ad ia t ion ,  whereas the lower r a t e ,  0.25%/ 
dpa, corresponded t o  the  only instance observed a t  650°C where no new voids formed d u r i n g  
electron i r r ad ia t ion .  
no increase i n  void density w i t h  the lowest swelling r a t e ,  and the J and H conditions 
behaving in the opposite manner. 

Changes i n  reactor conditioning temperature or  fluence have l i t t l e  e f f e c t  on  subse- 
Only a t  700°C i s  a la rge  variation w i t h  reactor 

Although t h i s  variation may be symptomatic of experimental problems a t  

A n  example i s  provided with two i r r ad ia t ions  a t  

The higher swelling r a t e  accompanied a la rge  

This same behavior i s  re f lec ted  a t  700"C, the L condition developing 

Two electron i r rad ia t ions  were a l so  performed on aged PE16 ( J  condition) which was 
prepared fo r  TEM by electropolishing a t  -40°C. 

the swelling r a t e s  and void dens i t i e s  i n  the specimens polished a t  low temperature 
were s imi la r  to those from specimens polished a t  room temperature. Buswell , e t  a1 , report  
differences i n  void dens i t ies  and swelling a t  d i f f e ren t  electropolishing temperatures, and 
a t t r i b u t e  t h i s  t o  hydrogen pick-up d u r i n g  specimen preparation. Present r e su l t s ,  however, 
support the continued use o f  room-temperature polishing. 

Contrary to r e su l t s  reported by Buswell, e t  

. 3.3.3.2 Solution-Treated Nimonic PE16. Results fo r  solution-treated Nimonic PE16 
a r e  a l so  presented i n  Table 18. Morphologically, the HVEM swelling behavior was similar t o  
t h a t  i n  aged Nimonic PE16. 
the swelling observed. However, void nucleation i n  the HVEM was absent f o r  the L condition 
r u n  a t  650°C and the resu l tan t  swelling r a t e  was unusually low. 

lower temperature, 600°C, and an apparently higher peak r a t e ,  0.7%/dpa ( see  Figure 64) than 
d i d  aged Nimonic PE16. Solution-treated condition L gave 0.4% swelling/dpa a t  6OO0C, but the 
data available a r e  insuf f ic ien t  t o  conclude t h a t  t h i s  is the peak swelling temperature. 
Figure 64 therefore provides the f i r s t  indication t h a t  var ia t ions  i n  reactor conditioning can 
cause var ia t ion  i n  HVEM reactor conditioned experiments. 
differences i n  the extent of y '  prec ip i ta t ion  during reactor conditioning. 

The voids produced d u r i n g  HVEM i r rad ia t ion  accounted fo r  most of 

Solution-treated Nimonic PE16, condition J ,  showed a peak swelling r a t e  a t  a 

The e f f e c t  is a t t r ibu ted  to  
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0 
0 
I 
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Specimen 
ID/Run 

Nimonic PE16 
STA 7L/538A 

486A 
5388 
4848 
51 6A 

51 68 
53ac 

STA 7Kf540 

STA 75/533 
482A 
483 
4828 
539A 
539B 

STA 7H/535A 
5358 

ST 6L/515A 
51 58 

ST6J/530 
486A 
499 

A I S 1  310, 20% cw 
PJ/506A 

A-286 (STA) 

5L/ 
501 
503A 
5038 

TABLE 18 

EXPERIMENTAL PARAMETERS AND RESULTS ON NIMONIC PE16, A I S 1  310 AND A-286 
REACTOR-CONDITIONED IRRADIATIONS 

Reactor Cond i t i on  

4.3 x 427°C 

5.1 x 1022, 510°C 

5.4 x 1022, 593OC 

5.4 x 1022, 593°C 
Po l i shed  a t  -4OOC 

5.4 x 650°C 

4.3 x 427°C 

5.4 x 1022, 593°C 

5.4 x 1022, 593OC 

* Equ iva len t  Sphere Diameter 
NM = Not Measured 

HVEM 
Temp., 

( " C )  

500 
525 
550 
600 
650 
6 50 
7 00 

5 50 

550 
600 
650 
700 

600 
650 

650 
7 00 

600 
650 

550 
600 
650 

600 
700 

550 
600 
650 
7 00 

Swell  i ng 
a t  0 dpa 

(X I  

0.08 
NM 
0.24 
0.07 
0.06 
0.10 
0.13 

NM 

0.3 
0.5 
0.2 

0.7 
0.4 

0.6 
0.6 

0.4 
0.3 

0.0 
0.4 
0.2 

0.275 
0.10 

2.4 
2.2 
2.4 
2.1 

I n i t i a l  
Void Dens i t y  

(cm-3) 

2.6 x 1014 

4.4 1014 
2.0 1014 
3.4 x io"+ 
3.0 x 1014 
2.6 io"+ 

1.3 x 1014 
3.2 x 1014 
1.2 x 1014 
2.0 x 1014 

1.6 x 1014 
9.0 x 1013 

5.8 1013 

2.8 x 1014 
2.0 x 1014 

1.5 x 1014 
1.0 x 1014 

8.7 x 1013 
1.1 1014 

NM 

NM 

8.6 x 1013 

NM 

4.0 x 1015 
3.0 x 10*5 
4.0 x 1015 
4.0 x 1015 

I n i t i a l  
Void 

Diameter* 
(nm) 

~~ 

14.4 
NM 
20.6 
18.1 
11.1 
15.8 
19.9 

NM 

39.8 
37.4 
39.4 
33.9 

41.2 
41.3 

49.3 
61.3 

30.3 
27.5 

NM 
36.3 
35.9 

31.5 
24.6 

21.3 
22.6 
22.1 
21.1 

~ 

Swell i n g  
a t  15 dpa 

0.56 
NM 
1.2 
4.7 
2.3 
5.4 
0.8 

0.2 

5.1 
6.2 
3.8 

3.1 
6.3 

4.7 
6.6 

6.3 
2.0 

0.6 
8.1 
3.1 

1 6 . 3  
6.0 

5.5 
7.7 
7.4 
1.2 

~ 

F i n a l  
Void 

1.3 x 1016 
NM 
1.8 x 1 0 l 6  
4.6 1015 
5.0 x io"+ 
3.6 x 1015 
2.5 x 1014 

3.3 x 1015 

2.7 x 1015 
4.0 x 1015 
2.0 x 1015 
3.3 x 1014 

6.1 x 1015 
2.9 x 1015 

8.0 x 1014 
1.1 x 1014 

5.0 x 1015 
3.0 x 1014 

4.0 x 1015 
3.7 x 1015 
1.2 x 1015 

2.5 x 10'5 
1.2 x 1015 

4.0 x 10'5 
3.0 x 1015 
3.0 x 1015 
2.0 x 1015 

Swell  i ng 
Rate 

(%/dpa) 

0.03 
NM 

0.33 
0.24 
0.46 
0.06 

0.015 

0.026 
0.36 
0.40 
0.33 
0.20 
0.44 

0.37 
0.48 

0.40 
0.12 

0.04 
0.72 
0.20 

1.06 
0.41 

0.08 

0.2 
0.42 
0.8 - 
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FIGURE 63. E l e c t r o n  i r r a d i a t i o n  s w e l l i n g  r a t e s  obta ined i n  aged Nimonic PE16 a f t e r  r e a c t o r  
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3.3.3.3 Comparison w i t h  Previous Resul ts .  

To make t h i s  comparison n o t e  t h a t  d i f f e r e n t  heats  o f  m a t e r i a l  were i nvo l ved :  

F igu re  65 compares t h e  s w e l l i n g  r a t e s  

f o r  reac to r -cond i t i oned  Nimonic PE16 w i t h  r a t e s  f o r  he l i um- in jec ted  PE16 w i t h o u t  r e a c t o r  con- 

d i t i o n i n g .  
A l though t h e  peak s w e l l i n g  r a t e  f o r  t h e  aged, h e l i u m - i n j e c t e d  m a t e r i a l  i s  n e a r l y  t h r e e  t imes 

t h a t  o f  reac to r -cond i t i oned  m a t e r i a l ,  t h e  peak s w e l l i n g  temperatures a r e  the  same. 
immersion d e n s i t y  r e s u l t s  f o r  b o t h  heats  o f  PE16 ( a t  a comparable f l uence )  a r e  now a v a i l -  

i n  r e a c t o r ,  f o r  t he  heat  which shows h i g h e r  s w e l l i n g  under HVEM i r r a d i a t i o n s .  

behavior  f o r  he l ium i n j e c t e d  s o l u t i o n  t r e a t e d  PE16 appears s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  
i n  reac to r -cond i t i oned  m a t e r i a l ,  and t h i s  can again be a t t r i b u t e d  t o  the ex tens i ve  p r e c i p i -  
t a t i o n  o f  y '  d u r i n g  r e a c t o r  c o n d i t i o n i n g .  F i g u r e  66 shows t h e  v o i d  d e n s i t i e s  obta ined,  as a 

f u n c t i o n  o f  e l e c t r o n  i r r a d i a t i o n  temperature, f o r  a l l  t h e  reac to r -cond i t i oned  specimens o f  

Nimonic PE16. The v o i d  d e n s i t i e s  o f  reac to r -cond i t i oned  m a t e r i a l  a r e  g e n e r a l l y  s i m i l a r  t o  
those ob ta ined  f o r  t he  he l i um- in jec ted  heat which was e l e c t r o n - i r r a d i a t e d  w i t h o u t  p r i o r  

neutron i r r a d i  a t i  on. 

Moreover, 

able( '"),  and these a l s o  show t h r e e  t imes the  s w e l l i n g  a t  t , e  b same peak temperature, 600°C 
The s w e l l i n g  

3.3.3.4 A I S 1  310, 20% CW. The 310 s t a i n l e s s  s t e e l  specimens subjected t o  

e l e c t r o n  i r r a d i a t i o n  were cold-worked m a t e r i a l  which had rece ived  5.4 x l o z 2  n/cm2 a t  593°C 

E l e c t r o n  i r r a d i a t i o n s  were performed a t  two temperatures, 600 and 700°C. 

The e f f e c t  of e l e c t r o n  i r r a d i a t i o n  a t  600"C, the  peak s w e l l i n g  temperature, i s  
> 

i l l u s t r a t e d  by t h e  micrograph s e r i e s  i n  F i g u r e  67. Small vo ids  which may be v i s i b l e  i n  the  

background o f  F i g u r e  67(a) formed d u r i n g  i n i t i a l  examination a t  t h e  i r r a d i a t i o n  temperature 

and r e f l e c t  an unusua l l y  s e n s i t i v e  response t o  e l e c t r o n  i r r a d i a t i o n  a t  a f l uence  of app rox i -  

ma te l y  0.05 dpa,. 
r e g i o n  through 15 dpa. 

magnitude inc rease  i n  v o i d  d e n s i t y ,  and a l though bo th  the  o r i g i n a l  and new vo ids  q u i c k l y  
become i n d i s t i n g u i s h a b l e  d u r i n g  subsequent v o i d  growth, the vo ids  formed d u r i n g  e l e c t r o n  

i r r a d i a t i o n  accounted f o r  most o f  t h e  s w e l l i n g .  
f r a c t i o n  reached 0.16. 

F igu res  67(b)  through 67(e) f o l l o w  the  development o f  vo ids  i n  the  same 
As i n  Nimonic PE16, e l e c t r o n  i r r a d i a t i o n  produced an order-of -  

A t  15 dpa [F igu re  67(e) ]  t h e  v o i d  volume 

The i r r a d i a t i o n  parameters summarized i n  Table 18 demonstrate increases i n  v o i d  
S w e l l i n g  r a t e s  found a r e  s i m i l a r  t o  those d e t e r -  d e n s i t y  a t  b o t h  i r r a d i a t i o n  temperatures. 

mined f o r  Type 316 s t a i n l e s s  s t e e l .  Comparison ( i n  F i g u r e  68) w i t h  p rev ious  e l e c t r o n  i r r a d i -  

a t i o n  r e s u l t s  f o r  s o l u t i o n - t r e a t e d ,  h e l i u m - i n j e c t e d  310 s t a i n l e s s  s t e e l  w i t h o u t  p r i o r  r e a c t o r  
i r r a d i a t i o n  i n d i c a t e s  s i m i l a r  s w e l l i n g  behavior ,  d e s p i t e  the  d i f f e r e n c e  i n  the i n i t i a l  

c o n d i t i o n s  o f  t he  specimens. 

3.3.3.5 A-286. The A-286 chosen f o r  e l e c t r o n  i r r a d i a t i o n s  was aged m a t e r i a l  

which rece ived  4.3 x n/cm2 a t  627"C, t h e  peak s w e l l i n g  temperature accord ing t o  immersion 

d e n s i t y  measurements. 
f o r  e l e c t r o n  i r r a d i a t i o n  y i e l d e d  2.2% s w e l l i n g ,  i n  good agreement w i t h  the  macroscopic d e n s i t y  
measurements, d e s p i t e  changes i n  t h e  y '  p r e c i p i t a t e s  under neutron i r r a d i a t i o n .  

v o i d  s t r u c t u r e  shown i n  F i g u r e  69(a) cons is ted  o f  4 x 101s voids/cm2, wi th a mean v o i d  

diameter o f  21 nm. 

Transmission e l e c t r o n  microscopy observat ions o f  t h e  specimens used 

The i n i t i a l  

-102- ' 

. .  



1.2 

1.0 

0.8 
n 
? c 
2 0.6 

z 

5 0.4 

Y I- 

0 

-1 -1 W 

0.2 

600 700 

HVEM I R R A D I A T I O N  TEMPERATURE (OC) 
HEDL 7701-124.90 
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FIGURE 67. H V E M  generated void swelling a t  600°C in 20% CW 310 s ta inless  
s t e e l ,  reactor-conditioned t o  5.4 x 
irradiation conditions as shown. 

n/cm2 a t  593°C; 
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FIGURE 69. HVEM generated void swelling at 650°C in fully aged A-286, 
reactor-conditioned to 4.3 x n/cm2 at 427°C; irradiation 
conditions as shown. 
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U n l i k e  Nimonic PE16 and 310 s t a i n l e s s  s t e e l ,  A-286 underwent decreases i n  v o i d  

d e n s i t y  a t  each o f  t h e  f o u r  e l e c t r o n  i r r a d i a t i o n  temperatures used (see Table 18). 

o r i g i n a l  vo ids grew o r  coalesced,with ne ighbor ing  

s e r i e s  o f  F i g u r e  69, producing r e l a t i v e l y  h igh  s w e l l i n g  r a t e s .  

w i t h  vo ids a l s o  grew d u r i n g  e l e c t r o n  i r r a d i a t i o n .  
i n  HVEM i r r a d i a t i o n s  bf he l i um- in jec ted  A-286.) 

The 

vo ids,  as i n d i c a t e d  i n  the  micrograph 
+ 

The p r e c i p i t a t e s  associated 

(These p r e c i p i t a t e s  had a l s o  been present  

The s w e l l i n g  behavior i n  reac to r -cond i t i oned  A-286 was s i m i l a r  t o  he l ium i n j e c t e d  
A comparison o f  s w e l l i n g  r a t e s  i s  p rov ided  i n  F i g u r e  70, show- m a t e r i a l  o f  a d i f f e r e n t  heat. 

i n g  s i m i l a r  temperature dependences. 

m a t e r i a l  i s  about  50°C h ighe r ,  bu t  t he  s w e l l i n g  r a t e s  a r e  s i m i l a r  i n  magnitude f o r  these two 
heats. 

c o n s i s t e n t  w i t h  e a r l i e r  r e s u l t s  from HVEM i r r a d i a t i o n s  o f  he l i um i n j e c t e d  m a t e r i a l .  

s i m i l a r  temperature dependence o f  s w e l l i n g  r a t e s  i n d i c a t e s  t h a t  r e a c t o r  c o n d i t i o n i n g  has 

l i t t l e  e f f e c t  on s w e l l i n g  i n  A-286 under e l e c t r o n  i r r a d i a t i o n .  

The peak s w e l l i n g  temperature o f  t he  reac to r -cond i t i oned  

Thus, t h e  HVEM generated s w e l l i n g  ob ta ined  on reac to r -cond i t i oned  aged A-286 i s  

Th is  

Void d e n s i t y  behavior  i n  reac to r -cond i t i oned  aged A-286 was s i g n i f i c a n t l y  
d i f f e r e n t  from t h a t  o f  e a r l i e r  he l ium i n j e c t e d  specimens. 

aged A-286 t h e  v o i d  d e n s i t y  generated i n - r e a c t o r  a t  427°C i s  f o u r  t imes l a r g e r ' t h a n  observed 

i n  he l i um i n j e c t e d  m a t e r i a l  o f  a d i f f e r e n t  heat .  I r r a d i a t i o n  a t  550°C mainta ined the  v o i d  

d e n s i t y  b u t  h ighe r  i r r a d i a t i o n  temperatures r e s u l t e d  i n  a decreasing v o i d  d e n s i t y  d u r i n g  
i r r a d i a t i o n .  Nonetheless vo ids were s t i l l  p resen t  a t  700°C. But  from p rev ious  r e s u l t s  i n  

he l ium i n j e c t e d  A-286, no s w e l l i n g  r e s u l t e d  a t  650°C because vo ids  f a i l e d  t o  develop. 

apparent d i f f e r e n c e  i n  peak s w e l l i n g  temperature r e s u l t s .  

expected t o  overcome c o n d i t i o n s  where l a c k  o f  vo ids  adverse ly  a f f e c t s  i r r a d i a t i o n  experiments. 

F igu re  71 demonstrates t h a t  f o r  

An 

Thus r e a c t o r  c o n d i t i o n i n g  l i s  

3.3.4 Discuss ion 

3.3.4.1 Swe l l i ng  Behavior i n  Reactor-Condit ioned A l l o y s .  Aged Nimonic PE16 

showed a s i m i l a r  temperature-dependence o f  s w e l l i n g  r a t e  f o r  each o f  f o u r  d i f f e r e n t  neutron-  

i r r a d i a t i o n  c o n d i t i o n s .  
f luence, i t  can be concluded t h a t  v a r y i n g  the  neutron i r r a d i a t i o n  temperature has no e f f e c t  

on subsequent s w e l l i n g  behavior  under e l e c t r o n  i r r a d i a t i o n .  It can a l s o  be concluded t h a t  
t he  v o i d  and d i s l o c a t i o n  s t r u c t u r e s  generated i n  r e a c t o r  e x e r t  a t  most o n l y  second-order 

c o n t r o l  over  v o i d  s w e l l i n g  d u r i n g  e l e c t r o n  i r r a d i a t i o n .  

Since the  neutron i r r a d i a t i o n s  i nvo l ved  o n l y  small ' d i f f e r e n c e s  i n  

S o l u t i o n - t r e a t e d  Nimonic PE16, on t h e  o t h e r  hand, e x h i b i t e d  a lower  peak s w e l l i n g  

temperature and h ighe r  peak s w e l l i n g  r a t e  than  t h e  aged, r e a c t o r - c o n d i t i o n e d  m a t e r i a l .  

s w e l l i n g  behavior  o f  s o l u t i o n - t r e a t e d  Nimonic PE16 a-lso d i f f e r s  f rom t h a t  observed w i t h o u t  
p r i o r  neu t ron  i r r a d i a t i o n  and suggests t h a t  t h e - e x t e n s i v e  p r e c i p i t a t i o n  o f  y' which occurs i n  

s o l u t i o n - t r e a t e d  PE16 d u r i n g  i r r a d i a t i o n  i n - r e a c t o r  s t r o n g l y  i n f l u e n c e s  subsequent s w e l l i n g .  
The d i f f e r e n c e  i s  one o f  s t a b i l i t y  w i t h  respec t  t o  second-phase fo rma t ion  under r e a c t o r -  

i r r a d i a t i o n  cond i t i ons .  

The 

As i n  aged Nimonic PE16, t h e  s w e l l i n g  behavior  o f  reac to r -cond i t i oned  20% 
cold-worked 310 s t a i n l e s s  s t e e l  and aged A-286 i s  c o n s i s t e n t  w i t h  t h a t  observed i n  the same 

a l l o y s  w i t h o u t  p r i o r  r e a c t o r  i r r a d i a t i o n .  

conc lus ion  rega rd ing  the  e f f e c t s  o f  r e a c t o r  c o n d i t i o n i n g  on s w e l l i n g  i n  these two m a t e r i a l s  

i s  warranted a t  t h i s  t ime.  

Because o f  t he  l i m i t e d  data,  however, no f i r m  
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FIGURE 71. Void densities for A-286 irradiations after 15 dpa, (electron). 
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3.3.4.2 Temperature-change Analysis.  A t  the beginning o f  t he  present 
experimental study i t  was considered l i k e l y  t h a t  swe l l i ng  i n i t i a t e d  under neu t ron - i r rad ia t i on  

would continue under HVEM e lec t ron  i r r a d i a t i o n  a t  a r a t e  c h a r a c t e r i s t i c  o f  the i n i t i a l  ( i .e , ,  
neutron) i r r a d i a t i o n  cond i t ions .  For example, a ser ies  o f  e lec t ron  i r r a d i a t i o n s  a t  d i f f e r e n t  

temperatures f o r  each o f  several d i f f e r e n t  r e a c t o r  temperature cond i t ions  would y i e l d  a 
f a m i l y  o f  swe l l ing  r a t e  vs. (e lec t ron  i r r a d i a t i o n )  temperature curves, r e l a t e d  by the temper- 
a tu re  s h i f t  between HVEM and reac to r  swe l l i ng  regimes. 

Th is  i s  an important concept which i s  essent ia l  t o  the i n t e r p r e t a t i o n  o f  f u t u r e  
charged-par t i c le  i r r a d i a t i o n  experiments w i t h  reac tor -cond i t ioned specimens. 

r e s u l t s  w i t h  aged Nimonic PE16 appear t o  represent the  special  case where the swe l l ing  r a t e  
curves a re  superimposed, the  concept i s  best i l l u s t r a t e d  schematical ly,  beginning w i t h  F igure  

72. Th is  f i g u r e  shows two curves o f  swe l l i ng  ra te ,  R ,  as a func t i on  o f  i r r a d i a t i o n  temper- 

ature.  The s o l i d  curve represents the  temperature dependence o f  R as determined by charged- 

p a r t i c l e  i r r a d i a t i o n  o f  v i r g i n  ma te r ia l ;  the  broken curve represents the  unknown temperature 
dependence o f  R f o r  neut ron- i r rad ia ted  ma te r ia l .  

curve i s  the  ob jec t i ve  o f  the present ser ies  o f  experiments. 

t h a t  t he  curve f o r  charged-par t i c le  i r r a d i a t i o n  can be normalized t o  t h a t  f o r  neutron 
i r r a d i a t i o n  through i n t e r c o r r e l a t i o n  s tud ies  such as the  USP experiment(14). 
i s  t o  d i sce rn  the  temperature-dependence o f  R f o r  the case o f  neutron i r r a d i a t i o n .  

purposes o f  t h i s  i l l u s t r a t i o n ,  th ree  neutron i r r a d i a t i o n  ( reac to r  cond i t i on ing )  temperatures 
(T1, T2, T3) and th ree  charged-par t i c le  i r r a d i a t i o n  temperatures (TI , ~ 2 ,  T ~ )  w i l l  be 

considered, as shown i n  F igure  72. 

Since the 

Establ ishment o f  the  na ture  of the l a t t e r  
It i s  assumed f o r  the present 

The goal , then, 
For the 

I f  i t  i s  assumed f o r  s i m p l i c i t y  t h a t  t he  temperature s h i f t  associated w i t h  
charged-par t i c le  i r r a d i a t i o n  i s  constant f o r  a l l  i r r a d i a t i o n  temperatures, then i t  should be 
poss ib le  t o  map the  swe l l i ng  r a t e s  f o r  charqed-part ic le i r r a d i a t i o n  onto the  neutron i r r a d i -  
a t i o n  curve as shown i n  F igure  73. 

requ i res  an asymmetric mapping func t ion .  For the  purposes o f  t h i s  i l l u s t r a t i o n ,  i t  w i l l  be 
assumed t h a t  T , / T ~ ,  T,/T, and T 3 / ~ 3  are  equ iva len t  e f f e c t i v e  temperatures. 

swe l l i ng  r a t e s  a t  TI, T2 and T3 are  unknown, charged-par t i c le  i r r a d i a t i o n s  are  performed a t  

th ree  temperatures f o r  each o f  the  reac to r  cond i t i on ing  temperatures. The experiment then 

becomes i n  e f f e c t  a temperature-change experiment, and important in fo rmat ion  i s  a t  hand t o  
a i d  i n  the  i n t e r p r e t a t i o n  o f  such experiments. Simulat ion experiments, i n v o l v i n g  temper- 
a tu re  changes dur ing  HVEM e l e c t r o n  i r r a d i a t i o n  o f  s ta in less  s tee l  ( '  y1 6, provided the  i n -  

s i g h t  shown schematical ly i n  F igure  74. 

swe l l ing  r a t e  i s  c h a r a c t e r i s t i c  o f  the  lower temperature, regardless o f  whether the change 
takes place be fore  o r  a f t e r  the  at ta inment o f  steady-state ( l i n e a r  w i t h  dose) swe l l i ng  a t  

the  o r i g i n a l  (h igher)  temperature. The response t o  a temperature increase, on the  o ther  
hand, depends on the  dose a t  which the  increase takes place. 

steady-state swe l l i ng  i s  a t ta ined,  the new swe l l i ng  r a t e  i s  c h a r a c t e r i s t i c  o f  the higher 
temperature. 

the new swel l  i n g  r a t e  i s  unchanged from t h a t  c h a r a c t e r i s t i c  o f  the  o r i g i n a l  temperature. 

A more complex temperature s h i f t  r e l a t i o n s h i p  s imply 

Since the 

I n  the  case o f  a temperature decrease, the new 

When the  increase comes be fore  

However, when the temperature i s  increased a f t e r  reaching steady-state swe l l ing ,  

Trea t ing  the charged-par t i c le  i r r a d i a t i o n  as a temperature-change experiment, i t  

i s  poss ib le  t o  cons t ruc t  a r e l a t i o n s h i p  as shown i n  Table 19, which shows the  e f f e c t  o f  

d i f f e r e n t  (T,  T )  combinations on the  pred ic ted  R values f o r  neutron i r r a d i a t e d  ma te r ia l .  
-1 09- 
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FI.GURE 72. Schematic temperature-dependence o f  s w e l l i n g  r a t e  f o r  neutron i r r a d i a t i o n  (broken 
curve)  and cha rged-pa r t i c l e  i r r a d i a t i o n  ( s o l i d  curve) .  
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FIGURE 73. Schematic mapping o f  c h a r g e d - p a r t i c l e  i r r a d i a t i o n  s w e l l i n g  r a t e s  t o  those fo r  
neutron i r r a d i  a t i  on. 
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FIGURE 74. The e f f e c t  on swelling of temperature changes i n  HVEM experiments based on the 
work of Makin and Walters (16):  ( a )  f o r  a temperature decrease, and ( b )  f o r  a 
temperature increase,  both before and a f t e r  steady-state void swelling i s  
obtained. 
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FIGURE 75. Schematic i l l u s t r a t i o n  of s h i f t s  i n  predic ted swe l l i ng  r a t e  (ar rows)  from the  
t r u e  va lue o f  the  neutron i r r a d i a t i o n  swe l l i ng  ra te ,  f o r  var ious combinations 
o f  r e a c t o r  i r r a d i a t i o n  temperature and charged-par t i c le  i r r a d i a t i o n  temperature. 
Refer t o  F igure 72. 



TABLE 19 

V A R I A T I O N  I N  PREDICTED STEADY-STATE SWELLING RATE ( R )  FOR 
VARIOUS COMBINATIONS OF NEUTRON IRRADIATION TEMPERATURE (T)  

AND CHARGED-PARTICLE IRRADIATION TEMPERATURE ( T )  

E f f e c t i v e  
Temperature 

Change 

None 

Temp. Increase 

Temp. Increase 

Temp. Decrease 

None 

Temp. Increase 

Temp. Decrease 

Temp. Decrease 

None 

Neutron 
I r r a d i a t i o n  Charged-Par t ic le  

Resul ts  

True R 

Higher  R i f  NSS* 
Cor rec t  R if SS 

Probably c o r r e c t  R 

Lower R 

True R 

Lower R i f  NSS 
Cor rec t  R i f  SS 

Cor rec t  R 

Higher  R 

True R 

T1 

T1 

T3 

T l  

'1 

'1 

T2  

T3 

'3 

'3 

I 

'1 

'2 

'3 
T2 I 
T 3  I '2 

* NSS: Non-steady s t a t e  s w e l l i n g  c o n d i t i o n  
SS: Steady-state s w e l l i n g  c o n d i t i o n  

These e f f e c t s  a r e  shown g r a p i c a l l y  i n  F i g u r e  75, and i t  can be seen t h a t  t he  e f f e c t  o f  

va r ious  combinations i s  s imp ly  t o  s h i f t  R va lues a long t h e  R E. T curve. 
e f f e c t s  shown i n  Table 19 and F i g u r e  75 i n  terms o f  t he  s w e l l i n g  r a t e  which would be 

observed f o r  cha rged-pa r t i c l e  i r r a d i a t i o n  a t  v a r i o u s  r e a c t o r  c o n d i t i o n i n g  temperatures 

y i e l d s  F i g u r e  76. 

s w e l l i n g  temperature f o r  cha rged-pa r t i c l e  i r r a d i a t i o n  o f  p recond i t i oned  m a t e r i a l  may n o t  be 
t h e  same a s  t h a t  f o r  i r r a d i a t i o n  o f  v i r g i n  m a t e r i a l ,  due t o  changes i n  m a t r i x  composi t ion 

d u r i n g  neu t ron  i r r a d i a t i o n .  T h i s  would r e q u i r e  success ive i t e r a t i o n s  t o  l o c a t e  t h e  peak 
p r e c i s e l y .  

n o t  t he  s teady -s ta te  s w e l l i n g  c o n d i t i o n  has been achieved d u r i n g  neu t ron  i r r a d i a t i o n .  

Recast ing t h e  

Note t h a t  t h i s  f i g u r e  a l s o  p e r t a i n s  t o  a s i t u a t i o n  i n  which the  peak 

I n  any event, as shown i n  F i g u r e  76b, t he  expected behavior  depends on whether o r  

Comparison o f  t h e  p r e d i c t i o n s  o f  F i g u r e  76a w i t h  t h e  r e s u l t s  f o r  r e a c t o r -  
cond i t i oned  aged Nimonic PE16 ( F i g u r e  63) r e v e a l s  good agreement and suggests t h a t  steady- 

s t a t e  s w e l l i n g  has n o t  been achieved i n  t h i s  a l l o y .  

r e a c t o r - c o n d i t i o n i n g  temperature of 51OoC, i t  i s  d i f f i c u l t  t o  determine t h e  peak temperature 

s h i f t ;  t h e  parameters which appear t o  most c l o s e l y  approximate t h e  T2/r2 c o n d i t i o n  o f  t he  
preceding schematic argument a r e  T2 = 593"C, '2 = 650°C. 
of about 60°C. 

( t o  the  e x t e n t  p o s s i b l e )  and comparing w i t h  s w e l l i n g  r a t e s  used f o r  Nimonic PE16 i n  the  

TC-293('7) equat ion y i e l d s  good agreement. 

technique s ince  the  TC-293 equat ion adequate ly  represents( ')  t h e  observed s w e l l i n g  i n  t h e  

B-109 (AA-Ia) m a t e r i a l  used here. 

I n  t h e  absence o f  data f o r  a 

T h i s  amounts t o  a temperature s h i f t  

Using as " c o r r e c t "  those HVEM s w e l l i n g  r a t e s  corresponding t o  a AT o f  60°C 

T h i s  agreement i s  taken as v e r i f i c a t i o n  o f  t he  

-1 13- 
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FIGURE 76. Schematic illustration o f  expected temperature-dependence of swelling rate for 
charged-particle irradiation of specimens reactor-conditioned at various 
temperatures: (a) insignificant microchemical segregation, and (b )  reactor 
induced microchemical segregation. 

n 

-1 14- 



- . . . . . - . . . . . . . - -. . . . . . . . . - 

The r e s u l t s  f o r  reac to r -cond i t i oned  s o l u t i o n - t r e a t e d  Nimonic PE16 ( F i g u r e  64) a r e  

a l s o  c o n s i s t e n t  w i t h  t h e  p r e d i c t i o n s  o f  F i g u r e  76, and i n d i c a t e  non-steady s t a t e  s w e l l i n g  

behavior, d e s p i t e  t h e  l i m i t e d  data a v a i l a b l e .  
s w e l l i n g  temperature i s  about 50°C lower  i n  t h i s  case than f o r  aged PE16; t h i s  may be a con- 

sequence o f  degree o f  m a t r i x  composi t ion change. 

It i s  o f  i n t e r e s t  t o  n o t e  t h a t  t h e  peak 

As s t a t e d  above, t h e  aim o f  t h i s  d i s c u s s i o n  i s  t o  p rov ide  a framework f o r  genera l  
A l l o y s  which show g r e a t e r  s e n s i t i v i t y  t o  i n t e r p r e t a t i o n  o f  r e a c t o r - c o n d i t i o n i n g  experiments. 

r e a c t o r - c o n d i t i o n i n g  would be expected t o  p r o v i d e  a more conc lus i ve  t e s t  o f  t h e  a n a l y s i s .  

3.3.4.3 E f f e c t  o f  Reac to r -cond i t i on ing  on M i c r o s t r u c t u r e .  A subsequent r e p o r t  
i s  planned on t h e  d e t a i l e d  a n a l y s i s  o f  m i c r o s t r u c t u r a l  e v o l u t i o n  d u r i n g  i r r a d i a t i o n  o f  

r e a c t o r - c o n d i t i o n e d  m a t e r i a l s ;  however, severa l  aspects o f  t h e  m i c r o s t r u c t u r a l  behavior  
observed war ran t  d i scuss ion  here. Fo r  example, i t  was found t h a t  t h e  vo ids  i n  neutron-  

i r r a d i a t e d  Nimonic PE16 d i f f e r e d  i n  shape f rom those produced i n  t h e  same specimens under 
e l e c t r o n  i r r a d i a t i o n .  

e l e c t r o n  i r r a d i a t i o n .  I t  was f u r t h e r  observed t h a t  e l e c t r o n  i r r a d i a t i o n s  i n  which o n l y  

n e u t r o n - i r r a d i a t i o n  induced vo ids  grew y i e l d e d  lower  s w e l l i n g  r a t e s  than e l e c t r o n  i r r a d i -  
a t i o n s  which produced ex tens i ve  v o i d  n u c l e a t i o n .  These d i f f e r e n c e s  i n  v o i d  growth behavior  
may be caused by t h e  y' which p r e c i p i t a t e s  a t  v o i d  sur faces i n - r e a c t o r .  

o f  s o l u t e  i n v o l v e d  i n  v o i d  coa t ings  a r e  t o o  small  t o  change a l l o y  m a t r i x  chemist ry ,  t he  

p o s s i b i l i t y  e x i s t s  t h a t  v o i d  growth may be a l t e r e d  i n  the  presence o f  i r r a d i a t i o n - i n d u c e d  

r e d i s t r i b u t i o n  o f  s o l u t e .  

Also, t h e  i n i t i a l  v o i d  shapes i n  aged PE16 changed l i t t l e  under 

While the  q u a n t i t i e s  

It a l s o  appears t h a t  n o t  a l l  phase t ransformat ions i n f l u e n c e  s w e l l i n g .  Most o f  

t h e  y '  i n  A-286 t ransformed t o  II phase d u r i n g  i r r a d i a t i o n  i n - r e a c t o r ,  b u t  t h i s  i r r a d i a t i o n -  

induced t r a n s f o r m a t i o n  appears t o  have l i t t l e  e f f e c t  on subsequent s w e l l i n g  under e l e c t r o n  
i r r a d i a t i o n .  

metastable y '  t o  s t a b l e  II i nvo l ves  no chemical change, t o  a f i r s t  approx imat ion.  Second o rde r  

e f fec ts  on m a t r i x  chemis t r y  may a r i s e  from s o l u b i l i t y  d i f f e r e n c e s  i n  t h e  two phases. 

t he less ,  i t  i s  tempt ing t o  speculate t h a t  n e i t h e r  the  y '  + II t r ans fo rma t ion  no r  t h e  y" + 6 

t r ans fo rma t ion  w i l l  i n f l u e n c e  s w e l l i n g  i n  y '  o r  y'' hardened a l l o y s .  

Th is  obse rva t i on  may be expla ined by t h p  f a c t  t h a t  t he  t r a n s f o r m a t i o n  from 

Never- 

3.3.4.4 Recommendations f o r  Charged-pa r t i c l e  I r r a d i a t i o n s  o f  Reactor-condi t ioned 

A l l o y s .  

i n d i c a t e  t h a t  many o f  t h e  a l l o y s  scheduled f o r  f u r t h e r  t e s t i n g  a r e  l i k e l y  t o  show the  same 

s w e l l i n g  behavior  w i t h  o r  w i t h o u t  p r i o r  neu t ron  i r r a d i a t i o n .  T e s t i n g  o f  reac to r -cond i t i oned  
specimens i s  needed t o  i d e n t i f y  a l l o y s  which, through n e u t r o n - i r r a d i a t i o n  induced changes i n  

m a t r i x  chemist ry ,  e x h i b i t  a d i q e r e n t  s w e l l i n g  response a f t e r  r e a c t o r  c o n d i t i o n i n g .  
number o f  such t e s t s  which must be performed can be l i m i t e d ,  however, by  r e l y i n g  on comparison 

o f  s i m u l a t i o n  r e s u l t s  obta ined from one r e a c t o r  c o n d i t i o n ,  p r e f e r a b l y  the  peak s w e l l i n g  
c o n d i t i o n  i d e n t i f i e d  by immersion dens i t y ,  w i t h  s i m u l a t i o n  r e s u l t s  from v i r g i n  m a t e r i a l .  

cases where t h e  r e s u l t s  d isagree o r  where TEM observa t i ons  o f  specimens f rom d i f f e r e n t  r e a c t o r  

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

l i k e l y  t o  i n f l u e n c e  swe l l i ng ,  a d d i t i o n a l  s i m u l a t i o n  t e s t s  should be undertaken. Then i n  the  
event  t h a t  r e a c t o r  c o n d i t i o n i n g  proves t o  s i g n i f i c a n t l y  i n f l u e n c e  s w e l l i n g  under subsequent 

The r e s u l t s  obta ined i n  these i n i t i a l  i r r a d i a t i o n  t e s t s  on reac to r -cond i t i oned  a l l o y s  

The 

I n  
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4. MICROSTRUCTURAL CHANGES I N  NEUTRON-IRRADIATED A-286 

R. W .  Powell 

Hanford Engineer ing Development Laboratory  

4.1 OBJECTIVE 

The genera l  o b j e c t i v e  o f  t h i s  work i s  t o  c h a r a c t e r i z e  the  m i c r o s t r u c t u r a l  respo s e \ t o  
neutron i r r a d i a t i o n  o f  t h e  candidate commercial a l l o y s .  Th is  i n f o r m a t i o n  w i l l  be use l " t o  

assess t h e  r e l a t i v e  m e r i t s  o f  each a l l o y  as a p o t e n t i a l  c ladd ing  o r  duc t  m a t e r i a l  and t o  

p rov ide  a bas i s  f o r  e s t i m a t i n g  t h e  performance c a p a b i l i t i e s  o f  t h e  va r ious  a l l o y s  over  the  

f u l l  range o f  s e r v i c e  c o n d i t i o n s .  

4.2 SUMMARY 

Transmission e l e c t r o n  microscopy examinat ion and a n a l y s i s  has been completed on f u l l y -  
aged A-286 i r r a d i a t e d  a t  f i v e  temperatures i n  t h e  AA-Ia t e s t  t o  a peak f l uence  o f  5.4 x 
n/cm2 (E>0.1 MeV). 
t h e  i ncuba t ion  f l u e n c e  g i ven  i n  TC-293(l) i s  q u a l i t a t i v e l y  c o r r e c t  w h i l e  the  t r a n s i t i o n  t o  

s teady -s ta te  s w e l l i n g  i s  probably  more gradual t han  p red ic ted .  
A-286 can be desc r ibed  by  t h e  superpos i t i on  o f  two s w e l l i n g  regimes; one a t  low temperatures 

dominated by p r e c i p i t a t e s  and one a t  h i g h  temperatures dominated by t h e  m a t r i x .  The a l l o y  

behavior  would be s i g n i f i c a n t l y  improved i f  t h e  p r e c i p i t a t e  phase which tends t o  be associated 

w i t h  vo ids  were e l im ina ted .  

4.3 ACCOMPLISHMENTS AND STATUS 

D e t a i l s  o f  t h e  v o i d  a n a l y s i s  i n d i c a t e  t h a t  t he  temperature dependence o f  

The s w e l l i n g  behavior  of aged 

4.3.1 I n t r o d u c t i o n  

Immersion d e n s i t y  measurements(2) on neutron i r r a d i a t e d  A-286 have i n d  ca ted  h i g h  
s w e l l i n g  a t  low temperatures f o r  t h e  s o l u t i o n  t r e a t e d  and aged (STA) c o n d i t i o n  and h i g h  s w e l l -  

i n g  a t  a l l  temperatures f o r  t h e  overaged (OA) c o n d i t i o n .  The low temperature swel i n g  c a s t s  
doubts on t h e  v i a b i l i t y  o f  A-286 as a candidate d u c t  a l l o y ,  and t h e  broad temperature depen- 

dence o f  s w e l l i n g  f o r  t h e  OA c o n d i t i o n  suggests p o t e n t i a l l y  l ow  performance i n  c ladd ing  
a p p l i c a t i o n s .  

observed d e n s i t y  changes wi th  t h e  v a r i o u s  m i c r o s t r u c t u r a l  changes and g a i n  some degree o f  in -  
s i g h t  as t o  t h e  processes which l e d  t o  t h e  r e l a t i v e l y  h i g h  s w e l l i n g  observed. 

Transmission e l e c t r o n  microscopy examinat ion was performed t o  c o r r e l a t e  the  

4.3.2 Experimental Procedures 

C y l i n d r i c a l  specimens, 3 mm i n  d iameter  by 1.25 cm long,  were i r r a d i a t e d  i n  E B R - I 1  

a t  e i g h t  temperatures i n  capsule B-109. 

e i g h t  subcapsules a r e  g i ven  i n  Table 20. 

specimens; t h e  r e s u l t s  o f  these measurements have been p r e v i o u s l y  repo r ted ( * ) .  
were then  s l i c e d  i n t o  d i s k s  o f  approx imate ly  0.3 mm th i ckness  u s i n g  a Buehler Isomet saw 

The des ign temperature and f luence f o r  each of t he  

Fo l l ow ing  neutron i r r a d i a t i o n ,  immersion d e n s i t y  measurements were made on a l l  

The specimens 
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equipped w i t h  nine ganged diamond blades. The d isks  were cleaned and deburred by 
electropolishing and prepared f o r  transmission electron microscopy examination u s i n g  
e i the r  a Fischione or  a Metalthin Electropolisher.  

TABLE 20 
SUBCAPSULE DESIGN CONDITIONS FOR B-109 

Subcapsul e 
ID 

M 
L 
E 
F 
K 
G 
3 
H 

Temperature F1 uence 
( " C )  (1022,n/cm2, E>0.1 MeV) 

399 3.4 
427 4.4 
454 3 . 3  
482 -4.2 
51 0 5.1 
538 5.0 
593 5.4 
650 5.4 

Transmission e lec t ron  microscopy examinations were performed u s i n g  e i the r  the 
HVEM o r  t h e  JEM 200a operated a t  1000 kV and 200 kV, respectively.  
performed i n  spec i f i c  or ien ta t ions  taking account of void shape to  accurately define the 
void volume. 

Void analyses were 

( 3 )  

4.3.3 Results and Discussions 

4.3.3.1 Voids. Microstructural ana lys i s  was performed on A-286 specimens 
following neutron i r r ad ia t ion .  
examined f o r  the solution t rea ted  and aged (STA) heat treatment while one temperature/fluence 
condition has been examined f o r  both the solution t rea ted  (ST)  and the overaged (OA)  
specimens. 

Five d i f f e ren t  temperature/fluence conditions have been 

The variation of swelling w i t h  i r r ad ia t ion  temperature i s  shown in Figure 78 fo r  
the STA specimens. 
w i t h i n  the  experimental uncertainty of the swelling determined by electron microscopy (?30%). 
This shows t h a t  any prec ip i ta t ion  which occurred during i r r ad ia t ion  d i d  not produce a 
s ign i f icant  volume change. 
fluence received by t h a t  subcapsule. 

Swelling determined from immersion densitometry was, i n  a l l  cases,  

The lower swelling observed a t  454°C is ind ica t ive  of the lower 

Figures 79 and 80, which describe the  void density and the void size as a 
function of temperature, provide more information on the processes occurring a t  the d i f fe ren t  
temperatures. The two cases i n  which there  was a deviation from the  usual temperature depen- 
dence of these parameters may be s ign i f i can t .  Considering Figure 79, the void density i n  the 
specimen i r rad ia ted  at'454"C i s  lower than would be expected when compared t o  the data a t  
427°C and 482°C. Therefore, i t  appears t ha t  the  t r ans i t i on  t o  steady-state swelling f o r  A-286 
a t  454°C has not been completed a t  the  fluence received by subcapsule E ,  3.3 x n/cm2 
(E>0.1 MeV). 
adjacent subcapsules, L (427"C), F (482°C) and K (510°C), i t  i s  l i k e l y  thatvoid nucleation i s  
e s sen t i a l ly  over by the time the corresponding fluences a re  achieved, 4.4 x 
x lo2* n/cm2, and 5.1 x T h u s ,  the t r ans i t i on  t o  steady- 
s t a t e  swelling f o r  A-286 (STA) a t  454OC i s  probably completed between 3.3 x 

J u d g i n g  from the  smooth variation of void density w i t h  temperature fo r  the 

n/cm2, 4.2 
n/cm2(E>0.1 MeV), respectively.  

n/cm2 and 
4.4 x 1022 n/cm2 (E>0.1 MeV).. 
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Further information on the projected swelling curves i n  A-286 (STA) can be 
obtained by considering Figure 80, which shows the temperature dependence of the void s ize .  
The average void s i ze  a t  593OC i s  l e s s  t h a n  the void s i z e  a t  510"C, even though the fluence i s  
s l i g h t l y  higher a t  the higher temperature. 
l a rger  a t  593°C than a t  510°C. 
fluence (T) implies t ha t  T increases with increasing temperature ( a t  l e a s t  above 510°C). 

These observations on the  form of the swelling curves fo r  A-286 (STA) can be 
compared w i t h  swelling equations contained i n  TC-293 (Alloy Properties Databook)") f o r  this 
material .  
w i t h  the observation made here ( T  increases with T above 510°C) i n  t h a t  an upward concave 
parabola centered a t  400°C i s  used. On the other hand, the t r ans i t i on  from zero swelling t o  
steady-state swelling inherent in the  fluence dependent swelling equation given in the Data- 
book is  probably too shor t .  
achieved by approximately 2 x l o z 2  n/cm2 (E>0.1 MeV)! whereas the data given here imply tha t  
4 x loz2  n/cm2 (E>0.1 MeV) i s  a be t t e r  estimate. T h i s  i s  not a major deviation from the 
equation and would require only a s l i g h t  decrease i n  CY ( see  Reference 1 )  and/or a s l i g h t  
increase in T. 
swelling a t  high fluences. 

This indicates t ha t  the incubation fluence is  
Assuming a smooth temperature dependence of the incubation 

The temperature dependence of the incubation fluence given i n  TC-293 i s  consistent 

The equation indicates t h a t  steady-state swelling would be 

In e i the r  case,  there  would be l i t t l e ,  i f  any, change i n  the predicted 

As reported previously(*),  a s t r i k i n g  r e s u l t  from immersion density measurements 
on the three heat treatments f o r  A-286 was the very high swelling ( ~ 2 % )  a t  high temperatures 
observed f o r  the overaged specimens. 
ST and OA specimens from the J subcapsule (593°C) t o  provide information on the reason f o r  
t h i s  var ia t ion  i n  swelling behavior with pre i r rad ia t ion  heat treatment. 

Detailed microstructural analyses were performed on STA, 

Table 21 describes the void populations f o r  the STA, ST and OA specimens tha t  
were i r rad ia ted  a t  593°C. I t  i s  evident from the void dens i t i e s  and  average void s i zes  tha t  
the  reduced swelling i n  ST, compared t o  STA specimens, i s  due t o  a smaller average void s i z e  
in ST material .  Higher fluence data a r e  required t o  determine i f  the difference i n  s i z e  i s  
due t o  a difference i n  void growth r a t e ,  a d i f fe rence  i n  incubation fluence, o r  a change i n  
the r a t e  of achieving steady-state swelling. 

TABLE 21 

TEM RESULTS OF VOID ANALYSES FOR VARIOUS CONDITIONS 
OF A-286 FROM J SUBCAPSULE (593°C) 

~~ ~ 

Heat Treatment Condition I 

Parameter 

Swelling (%) 0.35 0.18 1.6 
Void Density ( ~ m - ~ )  
Average Void Size ( n m )  

The most sign 
comparison of the  STA and 
the f ivefo ld  higher swell 
number density.  The void 

f i c a n t  e f f e c t  o t  heat treatment on swelling i s  represented by the 
the OA specimens i r rad ia ted  a t  593°C. 
ng i n  the  OA specimen i s  due t o  a f ivefo ld  increase i n  the void 
density f o r  the OA specimen i s  the same as tha t  f o r  the STA specimen 

I t  is  c l ea r  from Table 21 t ha t  
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i r rad ia ted  a t  a 70°C lower temperature (510°C). This indicates t ha t  the overaging process 
produced an increased void nucleation r a t e  d u r i n g  h i g h  temperature (593°C) neutron i r r ad i -  
a t ion .  
nucleation s i t e s  or  a prec ip i ta t ion  reaction producing a s ign i f icant ly  changed matrix 
composition. These possible mechanisms will be examined fur ther  i n  the next section. 

The higher nucleation r a t e  could be due to  the production of more heterogeneous 

4.3.3.2 Prec ip i ta tes .  One of the major aspects of the microstructure of A-286 
following neutron i r rad ia t ion  i s  the  prec ip i ta te  s t ruc ture  which has developed. 
number of phases which a r e  present i n  A-286 following neutron i r rad ia t ion  b u t  th ree  a r e  the 
most important: y ' ,  n a n d  a t h i rd  phase which i s  as ye t  unidentified.  

There a re  a 

The main strengthening component in superalloys such as A-286 i s  y', an ordered 
fcc prec ip i ta te ,  and i t s  response t o  neutron i r r ad ia t ion  i s ,  therefore ,  important. 
cha rac t e r i s t i c  feature of A-286 following neutron i r r ad ia t ion  i s  the low in tens i ty  of y '  

supe r l a t t i ce  spots i n  the electron d i f f rac t ion  patterns.  This indicates t h a t  the volume 
f rac t ion  of y '  was reduced during i r r ad ia t ion .  Dark f i e l d  micrographs using the  y' super- 
l a t t i c e  re f lec t ions  did not have su f f i c i en t  cont ras t  f o r  publishing due to  the low in tens i ty  
of the supe r l a t t i ce  spots,  b u t  qua l i t a t ive  fea tures  of the y' structure.can be determined 
from the negatives and ind ica te  a s imi l a r i t y  w i t h  Nimonic PE16 reported previously by 
G e l l e ~ ( ~ ) .  
suggest t h a t  y '  precipitated a t  sp i ra l  d i s loca t ions .  The extent t o  which these processes 

A 

There i s  evidence tha t  a small amount of y '  coated voids, while other features 

n occurred i s  l e s s  than i s  found in Nimonic PE16. 

The reason f o r  the reduced volume f rac t ion  of y '  following neutron i r r ad ia t ion  
may be the formation of r- ( y '  transforms t o  11). This phase i s  hexagonal close packed and 
forms semicoherently with the matrix with i t s  basal plane para l le l  t o  the (111) matrix planes. 
T h i n  p l a t e l e t s  of rl a r e  very s imi la r  in appearance t o  ex t r in s i c  faulted loops, which a l so  
form on (111)  planes w i t h  a Burgers vector perpendicular t o  the plane of the loop. 
s t r a i n  i n  the m a t r i x  i s  qua l i t a t ive ly  the same f o r  a faulted loop and a th in  n p l a t e l e t ,  
dist inguishing between these two e n t i t i e s  depends on the thickness of the p rec ip i t a t e  and i t s  
corresponding a b i l i t y  t o  produce c r y s t a l l i t e  shape e f f ec t s  ( i  .e.  , a cha rac t e r i s t i c  associated 
with the prec ip i ta te  rather than the matrix).  In the general case i t  i s  possible t o  ident i fy  
n p l a t e l e t s  ( i f  they a re  la rge  enough). b u t  impossible t o  s t a t e  conclusively, so le ly  from 
electron d i f f rac t ion  information, t ha t  n i s  not present when ex t r in s i c  faulted loops a r e  
observed. 

Since the 

Neutron i r r ad ia t ion  produced a r e l a t ive ly  high density of fringed (under 
appropriate electron-optical  imaging conditions) planar defects in a l l  the A-286 STA 
specimens examined. 
593°C. 
s i ze  of the  defect decreasing with decreasing temperature. 
a t  593°C developed the same type of planar fea tures ,  a s  i l l u s t r a t e d  i n  Figure 82. 
area d i f f r ac t ion  pattern taken a t  the [110] zone ax is  i s  a l so  shown i n  Figure 82 f o r  the ST 
specimen. 
s t r a in - f r ee  disks on (111)  planes or  planar defects producing a s t r a in  in <111> d i rec t ions  
( o r  any combination of the two). 
normally ind ica te  the presence of small s t r a in - f r ee  d isks ,  b u t  in t h i s  case the multiple 

Examples of these a r e  shown i n  Figure 81 f o r  a specimen i r rad ia ted  a t  
Similar s t ruc tures  were observed a t  lower i r r ad ia t ion  temperatures, w i t h  the average 

Solution t rea ted  A-286 i r rad ia ted  
A selected 

The.presence of streaks along <111> d i rec t ions  indicates the presence of t h i n  

The presence of s t reaks  through the matrix spot would 
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FIGURE 81. Dark field micrographs illustrating hiqh density o f  fringed 
planar defects in A-286 (STA) after irradiation to 5.4 x 
n/cm2 (E>0.1 MeV) at 593°C. 
parallel to the beam while in (b) they are less inclined. 

In (a) the defects are nearly 

FIGURE 82. Bright field HVEM micrograph showing high density of planar 
defects in A-286 (ST) after irradiation at 593°C. 
diffraction pattern is inset to illustrate the relrods. 

A (110) 
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d i f f r a c t i o n  which i s  o c c u r r i n g  would produce the  same e f f e c t .  As i s  e v i d e n t  from the  l e n g t h  

of t he  s t reaks  and t h e  f a c t  t h a t  t he re  a r e  no i n t e n s i t y  maxima a long them, t h e  corresponding 

p lana r  d e f e c t  i s  very  t h i n .  

p o s s i b l e  t o  d i s t i n g u i s h  between Frank loops and rl from e l e c t r o n  d i f f r a c t i o n  e f f e c t s  a lone.  

T h i s  i s  e x a c t l y  t h e  case mentioned above i n  which i t  i s  n o t  

Other aspects of t h e  s t r u c t u r e  i n d i c a t e  t h a t  t h e  p l a n a r  de fec ts  i n  F igures 81 and 

82 a r e  t h i n  p l a t e l e t s  o f  rl r a t h e r  than f a u l t e d  loops.  
d e n s i t y  o f  p l a n a r  f e a t u r e s  a t  t he  i r r a d i a t i o n  temperature o f  593°C. Very r a r e l y  a r e  Frank 
loops observed i n  316 s t a i n l e s s  s t e e l  i r r a d i a t e d  a t  t h i s  t e m p e r a t ~ r e ' ~ ) ;  t he  occurrence o f  

Frank loops i s  a l s o  i n f r e q u e n t  i n  a Nimonic PE16 specimen i r r a d i a t e d  i n  t h e  same subcapsule 

as A-286(4). 
appearance o f  t h e  f r i n g e s  i n  F i g u r e  81(b) .  

t h e  d e f e c t s  i n d i c a t e s  t h a t  e i t h e r  t h e  specimen su r face  i s  very uneven o r  t h e  defect  i s  

a c t u a l l y  a p l a t e l e t  o f  v a r y i n g  th ickness o r  o r i e n t a t i o n .  Since i t  i s  u n l i k e l y  t h a t  the 

specimen su r face  i s  wavy on such a f i n e  scale,  t he  observed appearance o f  t h e  f r i n g e s  i s  
b e l i e v e d  t o  be due t o  a p r e c i p i t a t e  w i t h  small  v a r i a t i o n s  i n  th i ckness .  Consider ing a l l  

these f a c t o r s ,  i t  i s  f e l t  t h a t  t h i n  p l a t e l e t s  o f  0 have formed e x t e n s i v e l y  a t  a l l  temperatures 

i n  A-286 (STA) and t h i s  t r a n s f o r m a t i o n  i s  respons ib le  f o r  t he  decreased volume f r a c t i o n  o f  y '  

p resen t  a f t e r  i r r a d i a t i o n .  

The f i r s t  i n d i c a t i o n  i s  t h e  h i g h  

, 

Another i n d i c a t i o n  t h a t  these a r e  0 p l a t e l e t s  r a t h e r  than  f a u l t e d  loops i s  t he  
. The wavy cha rac te r  o f  t he  f r i n g e s  assoc ia ted  w i t h  

The t h i r d  major  f e a t u r e  o f  t he  p r e c i p i t a t e  s t r u c t u r e  o f  i r r a d i a t e d  A-286 i s  t h e  
F igures presence o f  u n i d e n t i f i e d  p r e c i p i t a t e s  which a r e  associated w i t h  many o f  t h e  vo ids .  

83 and 84 show these p r e c i p i t a t e s  f o r  a low temperature i r r a d i a t i o n  (427°C) and a h i g h  

temperature i r r a d i a t i o n  (593"C), r e s p e c t i v e l y .  The apparent a s s o c i a t i o n  between t h e  p r e c i p i -  

t a t e s  and t h e  vo ids  has been v e r i f i e d  by stereomicroscopy. 
p r e c i p i t a t e s  a r e  i ncoheren t  w i t h  t h e  m a t r i x  and t h e r e f o r e  n o t  a l l  t h e  p r e c i p i t a t e s  a r e  

v i s i b l e  i n  any g i ven  o r i e n t a t i o n .  
p r e c i p i t a t e  d e n s i t y  decreases w i t h  i n c r e a s i n g  temperature ( F i g u r e  84 i s  a t h i c k e r  f o i l  than 

F i g u r e  83) i n  much t h e  same way t h a t  t h e  v o i d  d e n s i t y  v a r i e s .  

t rea tmen t  c o n d i t i o n s  i nc luded  i n  t h e  AA-Ia t e s t ( 6 ) .  
formed d u r i n g  i r r a d i a t i o n  and t h e  p r e c i p i t a t i o n  process ( i . e .  , d e n s i t y )  was dependent on the 

i r r a d i a t i o n  temperature. 

i r r a d i a t i o n  o f  316 and i s  r e p o r t e d  elsewhere i n  t h i s  Progress L e t t e r ( 7 ) .  
r e f e r r e d  to ,  t h e  v o i d  was observed t o  grow a t  a s i g n i f i c a n t l y  h i g h e r  r a t e  than  nearby vo ids .  
I t  i s  asser ted t h a t  if such an a s s o c i a t i o n  occurs e x t e n s i v e l y ,  a h i g h  s teady -s ta te  s w e l l i n g  

r a t e  would r e s u l t .  

aspects of t h e  s w e l l i n g  behavior  o f  t h i s  a l l o y .  

It should be noted t h a t  t he  

It i s  obvious f rom comparing the two micrographs t h a t  the 

These p r e c i p i t a t e s  were n o t  p resen t  b e f o r e  i r r a d i a t i o n  i n  any o f  t h e  A-286 heat  

It i s  apparent t h a t  t h e  p r e c i p i t a t e s  

A s i m i l a r  p r e c i p i t a t e / v o i d  a s s o c i a t i o n  has been observed d u r i n g  e l e c t r o n  
I n  the  case 

Th is  appears t o  be the  case f o r  A-286 (STA) and may e x p l a i n  va r ious  

The obse rva t i on  t h a t  t h e  p r e c i p i t a t e  d e n s i t y  v a r i e s  w i t h  temperature and t h a t  
p r e c i p i t a t e - v o i d  a s s o c i a t i o n  can l e a d  t o  l a r g e  v o i d  growth r a t e s  have impact on understanding 

t h e  s w e l l i n g  behavior  of A-286 (STA). 

which i s  bo th  h i g h e r  i n  magnitude and s u b s t a n t i a l l y  l ower  i n  temperature than f o r  s i m i l a r  

candidate a l l o y s  M-813 and Nimonic PE16(8). 
t h e  i r r a d i a t i o n - i n d u c e d  p r e c i p i t a t e s  which a r e  assoc ia ted  w i t h  vo ids.  

T h i s  a l l o y  e x h i b i t s  a low temperature s w e l l i n g  peak 

T h i s  behavior  i s  b e l i e v e d  t o  be c o n t r o l l e d  by 
The temperature 
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F I G U R E  83. Void-precipi tate association in ful ly-aged A-286 after 
irradiation at 427°C. 

F I G U R E  84. Void-precipi tate association in ful ly-aged A-286 after 
irradiation at 593°C. 
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dependence o f  s w e l l i n g  i s  governed by  the  temperature dependence o f  t h e  p r e c i p i t a t e  

concen t ra t i on ,  which leads t o  t h e  low temperature s w e l l i n g  peak. 

(427°C) a l a r g e  m a j o r i t y  o f  t h e  vo ids a r e  assoc ia ted  w i t h  t h e  p r e c i p i t a t e s ;  t h i s  leads t o  a 

h i g h  s teady -s ta te  s w e l l i n g  r a t e  as w e l l  as a reduced i n c u b a t i o n  f l uence .  A t  h ighe r  temper- 
a tu res ,  where the  p r e c i p i t a t e  d e n s i t y  i s  low, t h e  s w e l l i n g  i s  a l s o  low and much more 

comparable t o  M-813 and Nimonic PE16. 

A t  t he  low temperature 

S i m i l a r  reasoning can be a p p l i e d  t o  t h e  s i m i l a r i t i e s  and d i f f e r e n c e s  i n  the  

s w e l l i n g  behavior  o f  t h e  STA and OA c o n d i t i o n s  o f  A-286. 

d e n s i t y  r e s u l t s  f o r  these two p r e - i r r a d i a t i o n  heat  t reatments.  
i d e n t i c a l  s w e l l i n g  a t  t h e  lowest  temperatures b u t  t he  OA specimens showed much l a r g e r  s w e l l i n g  

F i g u r e  85 descr ibes t h e  immersion 

Both m a t e r i a l s  e x h i b i t  

41  I I I I I 1 1 
I I 0 A-286 OVERAGED 

0 A-286 AGED 3t 

300 350 400 450 500 550 600 650 

 TEMPERATURE,^^ HEDL 7701-163.6 

FIGURE 85. Swe l l i ng  as determined by immersion densi tometry  f o r  A-286 (STA) and A-286 (OA). 

a t  t h e  h i g h e r  temperatures. As was s t a t e d  i n  Sec t i on  4.3.3.1, t he  h ighe r  s w e l l i n g  i n  t h e  

overaged specimens was due t o  a f i v e f o l d  i nc rease  i n  the  v o i d  number d e n s i t y .  M i c r o s t r u c t u r a l  
a n a l y s i s  o f  specimens i r r a d i a t e d  a t  593°C i n d i c a t e d  t h a t ,  f o r  t h e  STA and OA heat  t rea tmen t  

cond i t i ons ,  t h e r e  was no s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  concen t ra t i on  o f  p r e c i p i t a t e s  a t tached  
t o  vo ids.  

cant  amount o f  c e l l u l a r  rl ( N i 3 T i )  formed d u r i n g  t h e  overaging process(6) .  
ment f o r  t h i s  c o n d i t i o n  was 500 hours a t  760"C, which i s  expected t o  t rans fo rm some o f  t he  

e x i s t i n g  y '  t o  rl.  

a t  temperature would r e s u l t  i n  a d d i t i o n a l  p r e c i p i t a t i o n  o f  q f rom t h e  m a t r i x .  

t o  a decrease i n  t h e  N i  and T i  c o n t e n t  o f  t h e  m a t r i x ,  which c o u l d  account f o r  t h e  h i g h e r  
s w e l l i n g  observed i n  t h e  OA c o n d i t i o n  a t  t h e  h i g h e r  temperatures. 

P r e - i r r a d i a t i o n  c h a r a c t e r i z a t i o n  o f  t h e  overaged specimens showed t h a t  a s i g n i f i -  
The f i n a l  t r e a t -  

Since t h e  so lvus temperature i s  h i g h e r  f o r  TI t han  f o r  y ' ,  t he  extended t ime  

T h i s  would l e a d  

The i d e n t i c a l  s w e l l i n g  a t  

lower  temperatures i s  p robab ly  due t o  t h e  c o n t r o l l i n g  i n f l u e n c e  of t h e  p r e c i p i t a t e s  at tached 
t o  t h e  vo ids .  

A-286 i s  shown schemat i ca l l y  as be ing  composed o f  a h i g h  temperature s w e l l i n g  peak r e l a t e d  t o  

t h e  m a t r i x  c a n p o s i t i o n  and a l ow  temperature peak r e l a t e d  t o  t h e  p r e c i p i t a t e  e f f e c t s .  The 
STA A-286 composite s w e l l i n g  cu rve  i s  shown i n  F i g u r e  87 and d i f f e r s  from the  OA c o n d i t i o n  

T h i s  i s  dep ic ted  i n  F i g u r e  86 where the  composite s w e l l i n g  cu rve  of overaged 

response o n l y  i n  t h e  l ower  magnitude o f  t h e  "composi t ional  s w e l l i n g  curve" .  I f  t h i s  i n t e r -  

p r e t a t i o n  i s  c o r r e c t ,  t he  s w e l l i n g  r e s i s t a n c e  o f  a l l o y s  i n  t h i s  genera l  c l a s s  c o u l d  be g r e a t l y  
improved by mod i f y ing  t h e  a l l o y  composi t ion t o  e l i m i n a t e  t h e  fo rma t ion  of t he  p r e c i p i t a t e s  

which assoc ia te  w i t h  vo ids .  

l i k e l y  t o  be accep tab ly  low. 

Th is  would l.eave o n l y  t h e  "composi t ional  s w e l l i n g  curve"  which i s  
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FIGURE 86. Schematic swelling behavior of A-286 (OA) illustrating two swelling curves which 
1 contribute t o  the total observed swelling. 

FIGURE 87. Schematic swelling behavior o f  A-286 (STA) 

I f  the precipitate-related swelling peak is to be eliminated, it is first 
necessary to identify the precipitates in question. 
graph illustrating the voids and associated precipitates along with three dark field micro- 
graphs showing only the precipitates. 
area diffraction pattern identifying the precipitate spot used to produce the dark field image 
o f  the appropriate precipitates. 
study which can be compared with dhkl spacings o f  known phases to aid in the identification 
of the precipitates. 
with data from energy-dispersive x-ray analysis using the scanning transmission electron 
microscope. 

Figure 88 shows a bright field micro- 

Inset in each micrograph is the corresponding selected 

This gives three dhkl spacings for the precipitate under 

This portior? o f  the work is still in progress and will be supplemented 
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FIGURE 88. Set o f  micrographs i l l u s t r a t i n g  the  p r e c i p i t a t e s  which are  
associated w i t h  voids i n  f u l l y  aged A-286 a f t e r  neutron i r r a d i -  
a t i o n  a t  4 2 7 O C :  
(d )  a re  corresponding dark f i e l d  micrographs us ing the p r e c i p i -  
t a t e  r e f l e c t i o n s  shown i n  t h e  i n s e t  d i f f r a c t i o n  pa t te rns .  

(a)  b r i g h t  f i e l d  micrograph, and ( b ) ,  ( c )  and 
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4.3.4 Conclusions 

Microstructural analysis of the voids and prec ip i ta tes  which formed in A-286 
during neutron i r r ad ia t ion  in the AA-Ia t e s t  has led t o  the  following conclusions: 

1. The t r ans i t i on  t o  steady-state swelling in A-286 (STA) a t  450°C i s  completed 
between 3.3 x l oz2  n/cm2 ( E > O . l  MeV) a n d  4.4 x l o2*  n/cm2 (E>0.1 MeV). 

2 .  The incubation fluence f o r  A-286 (STA) increases with increasing temperature 
above 510°C. 

3. The la rger  swelling observed a t  high temperatures fo r  the overaged A-286 
compared t o  the fully-aged A-286 i s  probably due t o  a reduction o f  Ni and Ti in the matrix 
resu l t ing  from the prec ip i ta t ion  of c e l l u l a r  ri phase during the overaging process. 

4. Gamma prime i n  A-286 prec ip i ta tes  a t  void surfaces and dislocations d u r i n g  

neutron i r rad ia t ion  b u t  t o  a l e s se r  extent than has been observed fo r  Nimonic PE16. 

5. A s ign i f i can t  amount of gamma prime i s  l o s t  during i r rad ia t ion  and this i s  
probably due t o  the  formation o f  t h i n  p l a t e l e t s  of e t a  phase. 

6. The low temperature swelling of A-286 in a l l  heat treatment conditions is  due 
to  a temperature dependent prec ip i ta t ion  o f  an unidentified phase which enhances void growth. 

7 .  The swelling behavior of A-286 can be described by a low temperature swelling 
curve re la ted  t o  prec ip i ta te  e f f e c t s  and a h i g h  temperature swelling curve re la ted  to  the 
matrix composition. 

8. The swelling res i s tance  of a l loys  i n  the A-286 composition range can be 
g rea t ly  increased by eliminating the i n s t a b i l i t y  which causes the prec ip i ta t ion  of the phase 
associated w i t h  the voids, 

4.4 EXPECTED ACHIEVEMENTS IN THE NEXT REPORTING PERIOD 

This work on the A-286 i r rad ia ted  i n  the  B-109 capsule will  be completed following the 
ident i f ica t ion  of the prec ip i ta tes  associated with the voids. 
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5. VOID SWELLING IN Ni-ION IRRADIATED A-286 

R. B a j a j  and S. Diamond 

Westinghouse Advanced Reactors D i v i s i o n  

5.1 OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  determine the  N i - i o n  induced vo id  s w e l l i n g  i n  A-286 and 
t o  compare i t  t o  s i m i l a r  y l  p r e c i p i t a t i o n  hardened experimental and developmental a l l o y s .  

5.2 SUMMARY 

N i c k e l - i o n  induced s w e l l i n g  o f  commercial a l l o y  A-286 (STA) was i n v e s t i g a t e d .  A s w e l l i n g  

r a t e  o f  0.042%/dpa was ob ta ined  a t  t h e  peak s w e l l i n g  temperature o f  550°C w i t h  a ve ry  low 

i n c u b a t i o n  dose o f  5 dpa. 

a v a i l a b l e  neutron and e l e c t r o n  i r r a d i a t i o n  data, t h e  peak s w e l l i n g  of A-286 a t  3 x n v t  
i s  13% A V / V .  Rad ia t i on  induced p r e c i p i t a t e s  analyzed by e l e c t r o n  d i f f r a c t i o n  a n a l y s i s  were 

found t o  be G-phase associated w i t h  vo ids and p o s s i b l y  rl phase. The s w e l l i n g  i n  N i - i o n  
i r r a d i a t e d  A-286 i s  i n  good agreement w i t h  t h a t  observed i n  neutron i r r a d i a t e d  m a t e r i a l  

assuming a dose equiva lence o f  100 dpa 
w i t h  e l e c t r o n  i r r a d i a t i o n ,  however, t he  i n c u b a t i o n  doses a r e  i n  disagreement. A comparison 

o f  heavy i o n  induced s w e l l i n g  i n  A-286 w i t h  experimental a l l o y  E48 and developmental a l l o y s  

D21 and D25 shows t h a t  A1 a d d i t i o n s  i nc rease  t h e  i n c u b a t i o n  dose and C r  r educ t i ons  decrease 

t h e  s w e l l i n g  r a t e  i n  the  F E - N i - C r  u ' - s t reng thened  a l l o y s .  

5.3 ACCOMPLISHMENTS AND STATUS 

Based upon the  r e s u l t s  o f  these N i - i o n  i r r a d i a t i o n s ,  combined w i t h  

1 x l o z 3  n/cm2. The observed s w e l l i n g  i s  comparable 

5.3.1 I n  t roduc  t i on 

A l l o y  A-286 (hea t  #651644) [ t h e  same hea t  as con ta ined  i n  t h e  AA-Ia (B-109) t e s t ]  
obta ined i n  t h e  form o f  3.2 cm d iameter  b a r  was s l i c e d  t o  about 0.75 mm th i ckness  and g i ven  

t h e  commercial heat  t reatment  ( s o l u t i o n  t r e a t e d  a t  980°C f o r  one hour and aged a t  720°C f o r  

16 hours) .  

standard techniques descr ibed i n  Reference 1.  The specimens were then  N i - i o n  i r r a d i a t e d  a t  
550°C (peak s w e l l i n g  temperature, see Reference 2) t o  a peak displacement dose o f  ~ 2 2 0  dpa. 

These m a t e r i a l s  were i r r a d i a t e d  i n  t h e  same h o l d e r  a long w i t h  o t h e r  developmental a l l o y s .  

Specimens f o r  n i c k e l  i o n  bombardment were prepared and he l i um i n j e c t e d  us ing  the  

One o f  t he  specimens was back th inned  t o  t h e  su r face  and examined by  TEM. F i g u r e  

89 shows vo ids i n  t h e  "nea r - i on -en t r y  su r face"  r e g i o n  w i t h  a displacement dose o f  1.83 dpa. A 
s w e l l i n g  o f  3% was c a l c u l a t e d  i n  t h i s  reg ion .  The specimen was then  sect ioned by  i o n  m i l l i n g  
us ing  a c a l i b r a t e d  m i l l i n g  r a t e  o f  36.5 nm/min. t o  remove about  250 nm. 

Cu was deposi ted on the  back s i d e  o f  t h e  specimen f o r  mechanical suppor t  and heat  conduct ion.  

A f t e r  i o n  m i l l i n g ,  t h e  sample was dipped i n  15% "03 s o l u t i o n  t o  remove the  Cu f rom the  back 

sur face.  The 
bottom micrograph shows l a r g e  vo ids which a r e  due t o  d i s s o l u t i o n  ( o r  removal by gas e v o l u t i o n )  

o f  p r e c i p i t a t e s  from t h e  vo ids;  however, t h e  o t h e r  micrographs taken from t h i c k e r  s e c t i o n s  do 

P r i o r  t o  i o n - m i l l i n g ,  

F igu re  90 shows a s te reo  montage o f  vo ids  i n  the  specimen sect ioned t o  250 nm. 
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FIGURE 90. Stereo montage o f  voids i n  i r r a d i a t e d  A-286 STA f o i l  
sectioned 250 nm from ion  e n t r y  surface. 
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show p r e c i p i t a t e s  at tached t o  t h e  vo ids .  

micrographs #3 and #5 ( f rom bottom) and were c a l c u l a t e d  as 4.8% and 5.4% a t  128 dpa and 132 
dpa r e s p e c t i v e l y .  
r e s o l u t i o n  due t o  d i s l o c a t i o n  c o n t r a s t  i n  t h e  t h i c k  sec t i on .  

The s w e l l i n g  measurements were taken from 

No measurements were taken from micrograph #7 because 'of t he  l o s s  o f  

I n  o rde r  t o  determine t h e  s w e l l i n g  a t  t h e  h ighes t  displacement damage, a second 
specimen was sect ioned t o  the  peak damage r e g i o n  by removing 520 nm. 

f o i l  showed 9% swe l l i ng .  F i g u r e  91 shows a v o i d  c o n t r a s t  micrograph i n  the  specimen sect ioned 
t o  i n c l u d e  t h e  peak damage reg ion .  F igu re  92 shows a h i g h  m a g n i f i c a t i o n  micrograph i n  d i s l o -  

c a t i o n  c o n t r a s t ,  and F i g u r e  93 shows a t y p i c a l  g r a i n  boundary where no s i g n i f i c a n t  d i f f e r e n c e  

i n  v o i d  d i s t r i b u t i o n  was observed. Table 22 summarizes the v o i d  s w e l l i n g  parameters f o r  A-286. 

TEM examinat ion on t h i s  

F igu re  94 shows a s w e l l i n g  versus dose p l o t  f o r  A-286 us ing  a l e a s t  squares f i t  

o f  t he  data. Parameters were de r i ved  f o r  A-286 f o r  t h e  s w e l l i n g  equations. 

where 

( A V / V o ) o  = s t r e s s  f r e e  s w e l l i n g ,  % 

R = steady s t a t e  s w e l l i n g  r a t e ,  %/dpa 

0 = displacement dose ( N i - i o n s )  i n  dpa 

T = i n c u b a t i o n  dose i n  dpa 

R = A exp [-b (T-T )2] 

T = T 0 + P(T-T,)~ 
P 

where 

T = peak s w e l l i n g  temperature 

A, b, P = constants  

T 

T = temperature i n  "C 

T = 5 dpa 

A = 0.042%/dpa 

T = 550°C 

b = 2.9 x 

P 

= i n c u b a t i o n  doses a t  To 0 

P 

P = 4 10-4 
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t 1 
FIGURE 93. Grain boundary in A-286 STA irradiated at 550°C sectioned 

to peak displacement damage (average dose ~ 2 0 0  dpa) 



Dose Average Void Size Void Dens i ty  
(nm) (#/cm3 1 @Pa) 

128 56.0 4.34 1014 
53.5 5.7 x 1014 

200 60.7 6.32 x 1014 

1 
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FIGURE 94. Swel1,ing vs.  d isplacement dose i n  A-286 STA i r r a d i a t e d  peak 
a t  temperature (550°C). 
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5.3.2 Prec ip i ta te  Ident i f ica t ion  

Radiation-induced prec ip i ta tes  i n  A-286 sectioned to the peak damage region were 
Dark f i e l d  micrographs and d i f f rac t ion  patterns were taken t o  ident i fy  the 

Electron d i f f rac t ion  patterns were analyzed by methods described previously 
examined by TEM. 

p rec ip i ta tes .  
t o  determine d-spacing f o r  the p rec ip i t a t e s .  

(3)  

Two kinds of prec ip i ta tes  could be seen in dark f i e l d .  Figure 95 shows i n  dark 
f i e l d  those prec ip i ta tes  which a re  associated with voids. 
can be seen on the voids. 
analysis of the  d-spacing and comparison with published d - ~ p a c i n g ' ~ )  reveal t ha t  these 
prec ip i ta tes  a re  G phase (Table 23). 

A coating of the f ine  prec ip i ta tes  
Figure 96 shows the same area in bright f i e l d .  Electron d i f f r ac t ion  

The second kind of prec ip i ta tes  ident i f ied  were small aligned prec ip i ta tes  not 
These prec ip i ta tes ,  mostly inv is ib le  i n  b r i g h t  f i e l d ,  a r e  shown in associated w i t h  voids. 

dark f i e l d  in Figure 97 and were observed when the relrod of Figure 98 was used f o r  imaging. 
The morphology o f  t h i s  prec ip i ta te  suggests t ha t  i t  i s  II phase; however, no de ta i led  
d i f f rac t ion  analysis could be car r ied  out because o f  the r e l a t ive ly  low volume f rac t ion  of 
t h i s  phase. 

No long needles of e t a  phase were observed in i r rad ia ted  A-286 as were observed 
by Gelles e t  
aged 720°C 1 6  hours and re-aged a t  764"C, 500 hours).  

i n  unirradiated long term aged A-286 (solution annealed a t  98OOC one hour ,  

1.958 1.977 I 

TABLE 23 
PRECIPITATE d-SPACINGS IN IRRADIATED A-286 STA 

440 

1 Published d-Spacing 
Measured d-Spaci ng  f o r  Phase G 

5.55 
3.961 

2.265 
2.132 

5.604 
3.983 
2.803 
2.499 
2.285 
2.154 

h k l  

200 
220 

420 
422 

5.3.4 Discussion 

Large e r ro r  bars a re  associated w i t h  the swelling measurements in this alloy. 
reason f o r  t h i s  l i e s  w i t h  the  association o f  prec ip i ta tes  with the voids which inherently 
r e su l t s  i n  inaccuracies in s i ze  and volume measurements. The e r r o r  bars associated with the 
dose a r i s e  from the thickness of the f o i l  over which the dose was averaged using the energy 
deposition curve derived from the EDEP-I code. 

The 

Figure 99 shows r e l a t i v e  swelling versus temperature for  A-286 i r rad ia ted  with 
The neutron i r r ad ia t ion  data a re  from pin B-109, re- neutrons, nickel ions and electrons.  

ported by Borisch and Powell(6). Electron i r r ad ia t ions  a r e  by Thomas and G e l l e ~ ( ~ ) .  The 
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500nm 

FIGURE 95. D a r k - f i e l d  micrograph o f  p r e c i p i t a t e s  i n  i r r a d i a t e d  A-286 
( 4 0 0  dpa) showing p r e c i p i t a t e s  assoc ia ted  w i t h  vo ids .  

FIGURE 96. B r i g h t  - f i e l d  micrograph of  t h e  same area as F i g  lure 95. 
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FIGURE 97. D a r k - f i e l d  micrograph of  l e n t i c u l a r  p r e c i p i t a t e s  i n  
i r r a d i a t e d  A-286 (5L200 dpa). 

FIGURE 98. D i f f r a c t i o n  p a t t e r n  o f  i r r a d i a t e d  A-286 STA ( Q O O  dpa) 
showing r e l r o d  s t r e a k  (under c i r c l e )  used f o r  imaging 
p r e c i p i t a t e s  i n  F i g u r e  97. 
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FIGURE 99. R e l a t i v e  s w e l l i n g  vs. i r r a d i a t i o n  temperature f o r  A-286 STA i r r a d i a t e d  w i t h  
neutrons,  e l e c t r o n s  and N i - i o n s .  

N i - i o n  data p l o t t e d  i n  F i g u r e  99 a r e  from step h e i g h t  measurements repo r ted  by B a j a j " ) .  A 
temperature s h i f t  o f  %125OC between neutron and N i - i o n  peak s w e l l i n g  and a s h i f t  o f  %175'C 
f o r  e l e c t r o n s  i s  e v i d e n t  f rom F i g u r e  99. 

s w e l l i n g  i s  i n  good agreement w i t h  c u r r e n t  t h e o r i e s .  

e l e c t r o n  and N i - i o n  i r r a d i a t i o n s  i s  c o n s i s t e n t  w i t h  o t h e r  data 

A s h i f t  o f  100-125°C between neutron and N i - i o n  

A r e l a t i v e  s h i f t  o f  -5OOC between 
( 8 , 9 )  . 

F i g u r e  94 shows a ve ry  l ow  i n c u b a t i o n  dose o f  ~5 dpa f o r  s w e l l i n g  which i s  i n  

f a i r  agreement w i t h  neu t ron  r e s u l t s .  

1 x l o z 3  n/cm2 t h i s  corresponds t o  ~ 2 1  dpa. 

data i s  obta ined us ing  100 N i - i o n  dpa 5 1 x l o z 3  n/cm2. 

~ 2 %  w i t h  neutrons w i t h  ze ro  i n c u b a t i o n  i s  then obta ined.  
e l e c t r o n  i r r a d i a t i o n ,  however, i s  10 dpa, a t  peak temperature(7)  which i s  i n  disagreement w i t h  

N i - i o n .  F igu re  100 shows a p l o t  o f  s w e l l i n g  a t  t h e  peak temperature versus dose f o r  neutrons, 

N i - i o n  and e l e c t r o n  i r r a d i a t i o n s  u s i n g  the  f o l l o w i n g  dose equ iva lenc ies :  

Swe l l i ng  o f  %2% was observed a t  a neutron dose of 4 .3  x 
n/cm2(') a t  a peak temperature o f  425°C. Using the  dose equiva lence o f  50 N i - i o n  dpa 

A b e t t e r  agreement between neutrons and N i - i o n  

Swe l l i ng  o f  . ~ 1 . 7 %  w i t h  N i - i o n s  and 

The i n c u b a t i o n  dose obta ined by 

100 N i - i o n  dpa 5 1 x n/cm2 

10 e l e c t r o n  dpa E 15 x n/cm2 

Using these dose equ iva lenc ies ,  a good agreement i s  obta ined between N i - i on ,  neutron and 

e l e c t r o n  data (30 dpa) .  

from data i n  Reference 7 .  
I n  p l o t t i n g  t h e  e l e c t r o n '  data i n  F igu re  100, AV/V,  was c a l c u l a t e d  
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FIGURE 100. Swe l l i ng  a t  peak temperature vs. displacement dose f o r  A-286 STA 
i r r a d i a t e d  w i t h  neutrons, e l e c t r o n s  and N i - i ons .  

F i g u r e  101 shows a p l o t  o f  s w e l l i n g  i n  A-286 STA, E48 STA, D21 STA and D25 STA 

a t  550°C which i s  t h e  peak s w e l l i n g  temperature f o r  A-286 STA, E48 STA and D21 STA. 
case of D21 STA and D25 STA, f u l l  range HVEM da ta  a r e  p l o t t e d  (open symbols) w i t h  those 

obta ined by convent ional  TEM us ing  s e c t i o n i n g  techniques ( c losed  symbols). 

and TEM) a r e  i n  f a i r  agreement bo th  i n  t h e  peak damage r e g i o n  (D21 STA and 1325 STA) and i n  

the  near i o n  e n t r y  su r face  r e g i o n  (D25 STA). 

I n  the 

These data (HVEM 

The E48 STA s w e l l i n g  data p l o t t e d  i n  F i g u r e  101 
a r e  HVEM measurements repo r ted  by Ch icke r ing  (10)  . 

D21 STA and D25 STA e x h i b i t  a h i g h  i n c u b a t i o n  dose o f  about 140 t o  150 dpa as 

compared t o  about  5 dpa f o r  A-286 STA. Since a l l  t h r e e  a l l o y s  were i r r a d i a t e d  i n  the  same 

ho lde r  under i d e n t i c a l  c o n d i t i o n s  and s i n c e  the  s w e l l i n g  measurements by  HVEM a r e  i n  f a i r  

agreement w i t h  those by TEM, i t  can be concluded t h a t  t h e  h i g h  i n c u b a t i o n  doses i n  the  i on -  
bombarded developmental a l l o y s  a r e  r e a l .  F i g u r e  101 a l s o  shows s w e l l i n g  versus dose r e l a t i o n -  

s h i p  f o r  experimental a l l o y  E48 a t  t h e  peak s w e l l i n g  temperature (550°C)(’0). 
t h a t  E48 a l s o  has an i ncuba t ion  dose o f  $140 dpa. 

o the r  t h r e e  a l l o y s  i s  t he  amount o f  A1 i n  t h e  a l l o y .  
A1 ( a  Ti/A1 r a t i o  $10) whereas E48 con ta ins  3% T i  and 1.5% A1 ( a  Ti/A1 r a t i o  o f  2), D21 

con ta ins  3.3% T i  and 1.7% A1 ( a  T i /A1 r a t i o  o f  1.9) and 025 con ta ins  1.8% T i  and 1.3% A1 ( a  
T i /A1 r a t i o  o f  1 .4) .  I t  can be concluded t h a t  A1 increases t h e  i n c u b a t i o n  dose. However, 

t he  r a t e  o f  s w e l l i n g  i s  h i g h e r  i n  E48 (0.066%/dpa) than i n  A-286 (0.042%/dpa). 
i n  s w e l l i n g  r a t e  i n  A-286 can be accounted f o r  by h iqhe r  C,  S i ,  Mn and Mo i n  t h i s  a l l o y .  

I t  can be seen 
The major  d i f f e r e n c e  between A-286 and the  

A l l o y  A-286 con ta ins  2.0% T i  and 0.2% 

The r e d u c t i o n  
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FIGURE 101. Swe l l i ng  vs. displacement dose f o r  A-286 
a t  i r r a d i a t i o n  temperature o f  55OOC showing f u l l  range HVEM and TEM da ta  f o r  
D21 STA and D25 STA. 

STA, E48 STA, D21 STA and D25 STA 

A comparison o f  s w e l l i n g  i n  021 STA and D25 STA w i t h  A-286 STA shows t h a t  D21 and 

025 have bo th  l a r g e  i n c u b a t i o n  doses i n  s w e l l i n g  and much lower  s w e l l i n g  r a t e s .  

i ncuba t ion  can be accounted f o r  by t h e  presence o f  l a r g e r  amounts o f  A1 ( o r  sma l le r  T i / A l  

r a t i o )  as descr ibed above. The decrease i n  s w e l l i n g  r a t e  i n  D21 cannot be accounted f o r  by 
C, Mn, S i  and Mo s ince  D21 and A-286 c o n t a i n  these elements i n  comparable amounts. I t  can 
o n l y  be t h e  r e s u l t  of reduced C r  i n  D21 and D25 (8% and 10% r e s p e c t i v e l y  i n  D21 and 025 
compared t o  15% i n  A-286). The f o l l o w i n g  conclus ions about t h e  m e r i t s  o f  a l l o y i n g  elements 

can be drawn from comparison o f  heavy i o n  bombardments o f  E48, A-286, D21 and D25. 

The 

1. 
a l l o y s .  

2. 

a l l o y s .  

3. 

4. 

Aluminum increases t h e  s w e l l i n g  i n c u b a t i o n  dose i n  Fe-Ni-Cr, v i -s t rengthened 

Reduction o f  C r  c o n t e n t  has a s t r o n g  e f f e c t  i n  reduc ing  s w e l l i n g  i n  these 

Add i t i ons  o f  C, Mn and S i  have a small  e f f e c t  i n  reduc ing  s w e l l i n g .  

N icke l  and molybdenum a d d i t i o n s  reduce s w e l l i n g  (compare D21 w i t h  D25). 

A comparison o f  m i c r o s t r u c t u r e  produced by N i - i o n  i r r a d i a t i o n  and neutron 

i r r a d i a t i o n  i s  wor thwhi le .  

t he  near - i on -en t r y -su r face  r e g i o n  (%85 dpa) and a neutron i r r a d i a t e d  (5.4 x l o z 2  n/cm2) m a t e r i a l  
reproduced from Reference 11. 

F igu re  102 shows micrographs o f  a N i - i o n  i r r a d i a t e d  specimen i n  

I t  can be seen t h a t  very  s i m i l a r  m i c r o s t r u c t u r e s  a r e  produced by 
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FIGU'RE 102. Microstructure produced by Ni-ion irradiation (83 d a, 550OC) 
[top]; and by neutron irradiation (5.4 x 
[bottom]. n/crn-!, 593°C) 
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N i - i o n  and neutron i r r a d i a t i o n s .  

morphologies. 
which i s  s i m i l a r  t o  the  p r e c i p i t a t e s  shown i n  F i g u r e  97 i n  d a r k - f i e l d .  

a re  b e l i e v e d  t o  be G phase and t h e  l a t t e r ,  n phase. 

The p r e c i p i t a t e s  associated w i t h  the  vo ids  have s i m i l a r  

I n  the  neutron i r r a d i a t e d  m a t e r i a l  a l e n t i c u l a r  p r e c i p i t a t i o n  can be seen 

The former p r e c i p i t a t e s  

5.3.5 Conclusions 

Based upon the  r e s u l t s  o f  these N i - i o n  i r r a d i a t i o n s  combined w i t h  a v a i l a b l e  

neutron i r r a d i a t i o n s  and e l e c t r o n  i r r a d i a t i o n s  data,  t h e  peak s w e l l i n g  o f  A-286 a t  3 x l o z 3  
i s  13% aV/V. 

D21 STA and D25 STA i t  can be concluded t h a t  an i nc rease  i n  aluminum con ten t  ( w i t h  a small  
T i /A1 r a t i o )  and r e d u c t i o n  i n  chromium l e v e l  a r e  b e n e f i c i a l  i n  reducing s w e l l i n g  i n  Fe-Ni-Cr 

a l l o y s .  

From a comparison o f  v o i d  s w e l l i n g  i n  N i - i o n  i r r a d i a t e d  A-286 STA w i t h  E48 STA, 

The A1 appears t o  increase t h e  i n c u b a t i o n  dose w h i l e  the  C r  reduces t h e  s w e l l i n g  
r a t e .  

The m i c r o s t r u c t u r e  produced by neutron i r r a d i a t i o n  i s  very  s i m i l a r  t o  t h a t  
A good agreement can be obta ined between produced by N i - i o n  i r r a d i a t i o n  i n  A-286 STA. 

s w e l l i n g  i n  neutron i r r a d i a t e d  and N i - i o n  i r r a d i a t e d  STA A-286 when a dose equiva lence of 
100 dpa N i - i o n  e 1 x 1023 n/cm-2 i s  used. 

5.4 EXPECTED ACHIEVEMENTS I N  THE NEXT REPORTING PERIOD 

Th is  completes t h e  work on N i - i o n  i r r a d i a t e d  A-286 a l l o y .  
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6. PHASE STABILITY OF D21 AND D25 UNDER IRRADIATION 

6.1 OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  determine t h e  n a t u r e  o f  p r e c i p i t a t e s  produced by N i - i o n  

i r r a d i a t i o n  i n  developmental a l l o y s  D21 and D25. 

6.2 SUMMARY 

Dark f i e l d  micrography and e l e c t r o n  d i f f r a c t i o n  a n a l y s i s  was completed on the  
p r e c i p i t a t i o n  i n  D21 STA and D25 STA N i - i o n  i r r a d i a t e d  a t  550°C and 750°C. A t  550"C, D21 STA 

p r e c i p i t a t e s  were analyzed t o  be G phase w i t h  sma l le r  q u a n t i t i e s  o f  I-, M7C3 and u present .  

D25 STA, t h e  p r e c i p i t a t e s  were i d e n t i f i e d  as p r i m a r i l y  M7C3 and some I-. A t  750°C D21 STA 

p r e c i p i t a t e s  M6C and Laves phase. 
carb ides and an a d d i t i o n a l  p r e c i p i t a t e  which cou ld  n o t  be i d e n t i f i e d  us ing  the  pub l i shed  

d-spacing o f  phases commonly found i n  supera l l oys .  

understood, t h e  p r e c i p i t a t i o n  i s  g e n e r a l l y  c o n s i s t e n t  w i t h  the  r e a c t i o n s  observed i n  these 

types of m a t e r i a l s  under thermal c o n d i t i o n s .  

6.3 ACCOMPLISHMENTS AND STATUS 

I n  

The phase a n a l y s i s  i n  D25 STA revea led  t h e  presence o f  M6C 

A1 though these complex r e a c t i o n s  a r e  n o t  

I n  a p rev ious  q u a r t e r l y  progress l e t t e r " ) :  t h e  p r e c i p i t a t i o n  produced by n i c k e l  
i o n - i r r a d i a t i o n  a t  550°C t o  a maximum dose o f  %220 dpa i n  D21 STA and 025 STA was repo r ted .  
Table 24 summarizes t h e  i n t e r p l a n a r  d-spacing and phase i d e n t i f i c a t i o n  ob ta ined  by  e l e c t r o n  
d i f f r a c t i o n  a n a l y s i s  i n  D21 and D25 a f t e r  t h i s  i r r a d i a t i o n  exposure. The conclus ions o f  t h i s  

a n a l y s i s  were t h a t  under these i r r a d i a t i o n  c o n d i t i o n s ,  D21 STA predominant ly  p r e c i p i t a t e s  G 
phase w i t h  sma l le r  amounts o f  11, u and M7C3 ca rb ides  and i n  D25 STAY M7C3 p r e c i p i t a t e s  w i t h  I- 

b u t  no G phase cou ld  be i d e n t i f i e d " " ) .  

T h i s  r e p o r t  descr ibes t h e  d e t a i l s  o f  the, p r e c i p i t a t i o n  a n a l y s i s  i n  these a l l o y s  
i r r a d i a t e d  a t  h i g h  temperature (750°C) :o a r e l a t i v e l y  low dose ( ~ 5 5  dpa). 

techniques used were t h e  same as i n  t h e  p rev ious  s tudy") ,  i . e . ,  b r i g h t  and dark f i e l d  
microscopy and e l e c t r o n  d i f f r a c t i o n  a n a l y s i s .  

The a n a l y s i s  

p r e c i p i t a t e s  i n  D21 STA i n  b r i g h t  f i e l d .  The l a r g e  p r e c i p i t a t e s  

buted i n  t h e  specimen. 

es c o u l d  n o t  be imaged i n  b r i g h t  o r  dark  f i e l d .  

No vo ids  were observed i n  the  near 

F i g u r e  104 shows a t y p i c a l  d i f f r a c t i o n  p a t t e r n  showing spot  and r i n g  p a t t e r n s .  

The m a t r i x  spots were used as c a l i b r a t i o n  

Table 25 summarizes the  d-spacings ob ta ined  by 

D i f f r a c t i o n  p a t t e r n s  were taken i n  v a r i o u s  c r y s t a l l o g r a p h i c  o r i e n t a t i o n s  and spacings between 
spots  were measured t o  an accuracy o f  k0.05 mm. 

spots  f o r  t h e  camera cons tan t  de te rm ina t ion .  
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6.3.1 D21 STA 

F igu re  103 shows 

appear t o  be u n i f o r m l y  d i s t r  

su r face  r e g i o n  and y '  p a r t i c  

R. B a j a j  and S. Diamond 
Westinghouse Advanced Reactors D i v i s i o n  

. 



TABLE 24 

1.483 

INTERPLANAR SPACINGS AND PHASE IDENTIFICATIONS OBTAINED 
BY ELECTRON DIFFRACTION IN ALLOYS D21 STA AND D25 STA 

Ni-ION IRRADIATED AT 550°C TO 220 DPA 

J J  

021 STA 
1 

1.257 

Phase 

J J  

I I I I 
I 1 

1.237 

1.204 

Phase 

J J J J  

1 

1.449 

1.319 

1.285 

1.089 

1.060 

1.449 

1.319 

1.285 

J J J  

J 
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* Predominant phase as detennined by 
dark  f i e l d  microscopy.  



500nm H 

FIGURE 103. Dark field micrograph o f  precipitates in D21 STA irradiated 
(%55 dpa) at 750°C. 

FIGURE 104. A typical diffraction pattern obtained from D21 STA 
irradiated ( ~ 5 5  dpa) at 750°C. 

-1 49- 



TABLE 25 
PHASE IDENTIFICATION IN D21 STA Ni' ION IRRADIATED AT 750°C TO 55 DPA 

4.111 
4.104 

Published d-s a c i n  s ,  i(') 
Laves 1 Measured a = 4.75 

d-spacings (A) a = 11.20 c = 7.90 

6.527 

5.60 

4.11 

3.95 

i 6.488 I 6.484 I 6.47 

3.453 
3.410 

3.40 
3.392 
3.389 

3.235 
3.20 

2.816 

2.5116 
2.502 

2.154 

2.057 

2.01 
1.985 

3.38 

3.23 

2.80 2.85 

2.57 

2.29 2.38 
2.16 2.22 

2.06 

2.04 
1.98 1.99 - 

1 3.65 

I 1.526 

such measurements. 
de te rmina t ion  was made(2). 
f o r  M6C type  c a r b i d e s  and Laves phases i n  D21 STA. 

These d-spacings were compared t o  publ ished d-spacings and phase 
From Table  25 i t  can be seen t h a t  the b e s t  matches a r e  obta ined  

Figure 105(a)  shows a dark  f i e l d  micrograph of  p r e c i p i t a t e s  imaged using a c l u s t e r  

In a d d i t i o n  t o  the l a r g e  p r e c i p i t a t e s  t h e r e  i s  a f i n e  d i s p e r s i o n  of Laves 
o f  s p o t s  under t h e  c i r c l e  i n  F igure  105(b) .  
t o  Laves phase.  
phases i n  the interstices.  
c a r b i d e  p r e c i p i t a t e s .  

The d-spacing f o r  the b r i g h t e s t  s p o t  corresponds 

The p r e c i p i t a t e s  showing dark  i n  t h i s  micrograph a r e  probably 
Figure 105(c)  shows a b r i g h t  f i e l d  micrograph of  the same a r e a .  
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FIGURE 105(a). Dark f i e l d  
micrograph o f  

p r e c i p i t a t e s  i n  D21 STA i r r a d i -  
a ted ( ~ 5 5  dpa) a t  750°C imaged 
by us ing spot  under c i r c l e  i n  
F ig .  105(b). 

FIGURE 105(b). D i f f r a c t i o n  

area imaged i n  F ig .  105(a). 
p a t t e r n  o f  t he  

FIGURE 105(c). B r i g h t  f i e l d  

t h e  area i n  F ig .  105(a). 
micrograph o f  

' \  
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Figure 106(a) shows a dark field micrograph of precipitates imaged using the two 
0 

spots under circle in Figure 104. 
2.154A which correspond to Laves phase and M,& type carbides respectively. 
the bright field of the same area. 

The d-spacings corresponding to these spots are 2.057A and 
0 

Figure 106(b) i s  

6.3.2 025 STA 

Figure 107(a) shows large precipitates in 425 STA in dark field which were imaged 
with the spot under the circle in the diffraction pattern in Figure 107(b). From the analysis 
of the diffraction patterns [Figure 107(b) and 107(c)] it is concluded that these precipitates 
are M6C type carbides. 

Another kind of precipitation was also observed in D25 as shown in Figure 108(a), 
with the corresponding diffraction pattern in Figure 108(b). 
Figure 108(b) and other patterns was carried out to determine the d-spacings which are listed 
in Table 26 along with measured d-spacings of M6C phase. 
listed d-spacing with the published d-spacing of precipitates observed in various superalloys. 
At this writing, therefore, the identification of this phase remains incomplete. 

Electron diffraction analysis of 

No match could be obtained for the 

hkl 

111 

222 
400 

333 

TABLE 26 
PHASE IDENTIFICATION IN D25 STA IRRADIATED AT 750°C TO 55 DPA 

Measured 
d-spacings 

(MsC spacing 
excluded) 

5.10 
5.15 
3.827 
3.72 
3.67 
3.64 
3.075 

2.40 

2.133 
2.129 
1.82 

Measured 
d-spacing 

3.244 
2.81 

2.154 

Pu bl i shed 
d-spacing 

a = 11.20 
M6 

6.47 

3.23 
2.80 

2.16 

n 

6.3.3 Discussion 

From Table 24 it is clear that the low temperature irradiation (55OOC) of 
developmental alloys results in precipitation of M7C3 carbide precipitates with possibly some 
n. 
750°C however, M6C precipitate is found to be the predominant phase. 
was also found at 750°C. 

In the case of D21 STA, G phase i s  precipitated. At the higher irradiation temperature of 
In D21 STA Laves phase 

The mechanisms of precipitation in complex superalloys are not well understood; 
however there is some evidence to suggest that at high temperatures M6C carbide phase is more 
stable than M7C3 carbide. psuedo hexagonal phase whereas M6C is a f.c.c. phase. M,C3 is a 
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500nm H 

FIGURE 106(a) .  Dark f i e l d  micrograph of prec ip i ta tes  i n  D21 STA 
i r rad ia ted  (%55 dpa) a t  750°C imaged by us ing  spot 
under c i r c l e  i n  Figure 104. 

500nm H 

FIGURE 106(b).  B r i g h t  f i e l d  of same area as i n  Figure 106(a) .  
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FIGURE 107(a). Dark f i e l d  

p r e c i p i t a t e s  i n  D25 STA i r r a d i a t e d  
( ~ 5 5  dpa) a t  750°C imaged by us ing 
spot under c i r c l e  i n  F ig .  107(b). 

micrograph o f  

FIGURE 107(b). D i f f r a c t i o n  p a t t e r n  
o f  the  area imaged 
i n  F ig .  107(a). 

FIGURE 107(c). D i f f r a c t i o n  pa t te rn  

i n  D25 STA i r r a d i a t e d  ( ~ 5 5  dpa) 
a t  750°C. 

o f  a t y p i c a l  area 

n 
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500nm 

FIGURE 108(a).  Dark f i e l d  micrograph o f  p r e c i p i t a t e s  i n  D25 STA 
i r r a d i a t e d  (d35 dpa) a t  750°C imaged by u s i n g  s p o t  
under c i r c l e  i n  F i g .  1 0 8 ( b ) .  

n 

(b) 

FIGURE 108(b).  D i f f r a c t i o n  p a t t e r n  o f  t h e  area imaged i n  F i g .  108(a). 
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In a matrix of f . c . c .  y, i t  can be expected tha t  a f . c . c .  phase will be more s tab le .  
more, M7C3 i s  known t o  transform to cubic phases. 
nickel a l loys  such as Inconel 600(3) and Nimonic 80A(4) i n  which M7C3 transforms to  M,,C, 
(where M i s  primarily Cr). 
is  M,C. M,C carbides in general a r e  more s t ab le  than M,,C, carbides(5) a t  h i a h  temperatures, 
therefore i t  i s  n o t  surprising t h a t  M,C p rec ip i ta t ion  occurred a t  h i g h  i r rad ia t ion  temper- 
a t u r e ~ ( ~ ) .  
duction of excess vacancies d u r i n g  i r rad ia t ion  resu l t ing  in prec ip i ta t ion  a t  lower temperatures 
than thermal conditions. 

Further- 
An example of t h i s  can be found i n  high 

In low Cr and low C a l loys  containing Mo the more probable phase 

I t  i s  well known tha t  the k ine t ics  of prec ip i ta t ion  a re  grea t ly  enhanced by pro- 

A t  high i r rad ia t ion  temperature (750°C) Laves phase was a l so  observed. This may 
(6 )  be due t o  s t ab i l i za t ion  o f  this phase by Si as suggested by Miner and Lowell in Unitemp 718 

and i n  B-1900 by Lowell and Miner . (7 )  

A t  the low i r r ad ia t ion  temperature, G phase was observed i n  D21 STA which is i n  
agreement with the observations of t h i s  phase i n  thermally t rea ted  a l loys  w i t h  s imilar compo- 
s i t i o n s  by Beattie and Hage1(8). 
in the two cases a r e  qui te  d i f f e ren t  due t o  differences i n  nucleation and g r o w t h  processes. 

However, the morphologies and temperatures o f  prec ip i ta t ions  

6 .4  EXPECTED ACHIEVEMENTS I N  THE NEXT REPORTING PERIOD 

A comparison will  be made of the  i r r ad ia t ion  induced prec ip i ta tes  with those produced by 
long term thermal aging in D21 and D25 aged a t  various temperatures. 
analysis of these a l loys  i r rad ia ted  w i t h  neutrons (AA-VI1 t e s t )  will be carried out.  

The microstructural 

6.5 REFERENCES 

Letter, TC-160-10 (10-12/1976). 
1 .  Bajaj ,  R .  , and Diamond, S.  , Alloy Development Program Quarterly Technical Progress 

2 .  Donachie, M .  J . ,  and Kriege, 0. H . ,  "Phase Extraction and Analysis in Superalloys," 
Summary of Investigations by ASTM Committee E-4, Task Group L ,  Journal of Materials,  JMLSA, 
Vol. 7 ,  No. 3 ,  September 1972, p.  269. 

3. Collins,  H .  E., and Kortovich, C.  S . ,  J .  Mat. 1969, 4, p.  62. 

4. Fe l l ,  E .  A . ,  e t  a l . ,  "Structural  Processes i n  Creep," 136, London, The Iron and 
Steel I n s t i t u t e  ( 1  961 ) . 

5. 

6. Lowell, C .  E . ,  and Miner, R .  V . ,  NASA TM-X-68191, January 1973. 

"Superalloys," C.  T .  Sims and W .  C .  Hagel, eds . ,  John Wiley & Sons, New York, 1972, 
p .  52-58. 

7 .  Miner, R .  V . ,  and Lowell, C.  I . ,  NASA TN-D-7989, June 1975. 

8. Beat t ie ,  H .  J .  , and Hagel, W .  C . ,  Journal of Metals, July 1957, p.  911. 



7. SWELLING OF SOLID SOLUTION DEVELOPMENTAL ALLOYS 
UNDER NICKEL ION BOMBARDMENT 

A .  F. Rowcliffe and P .  S.  Sklad 
Oak Ridge National Laboratory 

7.1 OBJECTIVE 

The objective of t h i s  work is  the  development of so l id  solution a l loys  with low swelling 
properties su i t ab le  f o r  use i n  advanced LMFBR fuel systems. 

7.2 SUMMARY 

Step height swelling data have been obtained on three batches of a laboratory heat of 
316, a l loy  67. 
After annealing a t  1050°C only one swelling peak a t  680°C has been detected. Some possible 
reasons f o r  t h i s  behavior a re  discussed and the  data a re  compared with those from the X098, 
experiment. 

7.3 ACCOMPLISHMENTS AND STATUS 

After annealing a t  1150"C, a l loy  67 exhib i t s  swelling peaks a t  600 and 680°C. 

7.3.1 Introduction 

The swelling behavior of developmental a l loys  LS1, LS2, D15, D18, D9 and Dl1 has 
been investigated using nickel ion bombardment and s tep  height measurements, and the r e su l t s  
have been presented i n  e a r l i e r  reports" "I. The bombardment technique u t i l i zed  a rectangular 
stack o f  narrow specimens which were bombarded simultaneously in the same holder. In addition 
to  continuous measurement by beam profilometry, a postbombardment assessment of beam uniformity 
was made by measuring the surface s t ep  on standard s t a in l e s s  s t ee l  specimens placed a t  
regular i n t e rva l s  i n  the stack. Two types of s t a in l e s s  have been used fo r  t h i s  purpose, a 
"high purity" 316 designated P7 and a laboratory heat of 316, a l loy  67. 
thus accumulated f o r  both s t e e l s  in several heat treatment conditions. The data on  a l loy  67 
were recently used t o  provide a comparison w i t h  the swelling behavior of a l loys  D9 and D11 in 
various metallurgical  condition^'^). I t  was found t h a t  a t  high temperatures the a l loy  67 
exhibited double peak swelling behavior, a phenomenon previously encountered i n  reac tor  i r r ad i -  
a t ions  b u t  not i n  nickel ion i r rad ia t ions .  
obtained on three d i f f e ren t  batches o f  67 w i t h  varying processing h i s to r i e s .  
now been brought up t o  date and a r e  presented below. 

Swelling data were 

Over a period of about one year,  data have been 
The data have 

7.3.2 Results 

The composition o f  the 316 a l loy  67 i s  shown i n  Table 27 together w i t h  t ha t  of the 
M2783 a l loy  used i n  the X098 experiments. 
contents of the M2783 a l loy  a r e  s ign i f i can t ly  higher than those of 67. Ion bombardment 
specimens were fabricated from 67 i n  th ree  separate batches, Table 28. Final heat treatments 
were car r ied  out w i t h  specimens measuring 2.5 cm long x 3 mm wide x 0.66 mm th ick .  The .  
principal difference between the three batches l i e s  in t h e i r  f ina l  heat treatments. Batch A3 
specimens were annealed a t  1150°C 25°C f o r  15 minutes i n  a ceramic tube furnace containing a 
tantalum g e t t e r  under a vacuum of 1.5 x 
quartz tubes containing a tantalum ge t t e r  under a.vacuum of 1.5 x 

Both the molybdenum and the combined ( C  + N 2 )  

t o r r .  Batch A4 specimens were encapsulated in 
t o r r  and then backfil led 
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I 
Cr Ni MO Si Mn T i  C 

67 16.5 13.7 1.86 .44 2.05 c.01 -041 
M2783 16.81 12.98 2.46 .47 1 .79 < .02 .058 

TABLE 28 

HEAT TREATMENT HISTORY 

N2 S P 

.004 .032 .035 

.030 .017 .029 

Batch A3 Batch A4 Batch A 8  . 
Hot rolled t o  3 nun 

Cold rolled to' 15 mm 
1150°C 1 hr. vac. -T- 

CR t o  1 mm CR t o  0.75 mm 

1050°C 15 min. vac. 1050°C 15 min. vac. 
C R  t o  0.6 mm CR t o  0.6 mm , 

C u t  specimens C u t  specimens -e 
1150°C 15 m i n .  vac. 1150°C 15 min. He 1050°C 15 m i n :  He 

w i t h  helium containing ~1 appm O2 and 6 appm N 2 .  
A3, i . e . ,  1150°C f o r  15 minutes. 
t rea ted  a t  1050°C f o r  15 minutes. 
.into pieces 4.3 mm long w i t h  a low speed diamond saw. 
holder,  the surface t o  be bombarded was prepared by a polishing sequence which removed 0.2 
nun from the cut surface. 
ments in which the calculated peak displacement\dose was 170 ? 20 dpa. All specimens were 
preinjected with 5 appm helium a t  

Final annealing was the same as  fo r  Batch 
Batch A 8  specimens were s imi la r ly  encapsulated and then heat 

Following heat treatment, the 2.5 cm long strips were cut 
After mounting i n  an ion bombardment 

Ion bombardment of 67 was car r ied  out i n  several d i f f e ren t  experi- 

room temperature. 

In Figure 109, s tep  height data a r e  plotted a s  a function of temperature f o r  a l l  
batches. When these data were presented previously(3),  a s ing le  curve was drawn through data 
points from a l l  th ree  batches. With the addition of several new data points i t  appears t ha t  
two types of swelling behavior a r e  observed depending on whether the f ina l  heat treatment was 
a t  115OoC o r  a t  1050°C. 
s imi la r ly  and may be accounted f o r  by a s ing le  curve. 
nounced divergence i n  behavior. 
decreases sharply from a maximum a t  ~680°C. Batch A4 specimens, which were a l so  annealed a t  
115OOC b u t  in a helium atmosphere, follow the swelling behavior o f  batch A3 qui te  closely u p  
t o  ~ 6 2 5 ° C ~  b u t  were not bombarded a t  any higher temperatures. 
batch A8 specimens, annealed a t  1050°C increases s t ead i ly  to  a s ing le  maximum a t  680°C. 
on the A 8  batch were obtained a t  5OoC in t e rva l s  so t h a t  i t  i s  possible tha t  a minimum e x i s t s  
between the  data points. Even so, a t  temperatures above ~625°C swelling i s  generally higher 
by 50 t o  60% . i n  the specimens annealed a t  1O5O0C.. 

A t  bombardment temperatures below 620°C a l l  three batches behave 
Above this temperature there  i s  a pro- 

In batch A3 specimens, annealed a t  1150°C i n  vacuum, swelling 

On the other hand, swelling i n  
Data 
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FIGURE 109. Step height swelling data fo r  316 heat 67 N i  ion bombarded to  a peak dose of 
170 dpa. 

These diffe;ences i n  swelling behavior a re  not thought t o  be due t o  variations i n  

Step 
specimen preparation technioue o r  i r r ad ia t ion  technique. Duplicate specimens o f  batch A8 

were polished, helium in jec ted ,  and ion bombarded a t  temperatures of ~ 6 7 5 ° C  and ~ 7 2 5 ° C .  
height measurements on the duplicate specimens were i n  excellent agreement, i . e . ,  (268 nm, 
280 nm) and (235 nm, 236 nm) a t  675°C and 725‘C, respectively.  For the A3 material ,  three 
separate bombardments were car r ied  out a t  580°C. The specimens had a l l  received the same 
heat treatment b u t  had undergone d i f f e ren t  f ina l  surface preparations. These were: ( a )  the 
normal f ina l  polish w i t h  0.5 urn diamond, ( b )  the 0.5 pm diamond polish followed by polishing 
w i t h  0.1 pm diamond, ( c )  the 0.5 pm diamond and 0.1 pm diamond treatments followed by an 
e lec t ropol i sh  a t  -20°C which removed ~2 urn. 
the s tep  h e i g h t s  produced i n  these three  samples were 72 ? 4 nm, 96 k 7 nm, and 90 + 6 nm, 
respectively.  
w i t h  0.1 pm diamond increases swelling by a fac tor  of ~ 0 . 2 .  

move the 0.1 urn diamond does not r e s u l t  in any fu r the r  swelling increase; this is  not sur- 
prising since,  i f  carefu l ly  car r ied  out ,  the d is loca t ion  damage produced by the 0.1 pm diamond 
should not extend much more than 300 nm below the surface. T h u s ,  the 0.5 pm diamond polishing 
technique inh ib i t s  swelling s l i g h t l y .  
way, and the technique cons is ten t ly  produces extremely smooth surfaces which a r e  ideal f o r  

. 

After receiving separate bombardments of 170 dpa 

Evidently, removal of the damage produced by the 0.5 pm diamond by polishing 
Further electropolishing t o  re- 

However, a l l  specimens a r e  t rea ted  i n  exactly the same 
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surface profilometry. I t  should a l so  be pointed out tha t  differences i n  swelling behavior 
between annealed and 20% CW 316 are  e a s i l y  detected in measurements made on 0.5 vm diamond 
f i n i s h e d  surfaces.  

Since the reproducibil i ty of the  techniques i s  qui te  good, the differences in 
swelling behavior between the 1050 and 1150°C annealed specimens must be metallurgical i n  
o r ig in .  
so lu tes  i n  solution a t  the beginning of the i r r ad ia t ion .  In the case of 316 s t a i n l e s s ,  i t  is  
known t h a t  increasing the  annealing temperature from 1050 to  1150°C will double the amount o f  
carbon in solution. However, l i t t l e  i s  known about the d i s t r ibu t ion  during processing of 
other important elements such a s  molybdenum and s i l i con  and what e f f e c t  annealing temper- 
a ture  has on their concentration i n  solution. 
ment temperature increases the  so lu te  concentration we may r a t iona l i ze  the r e s u l t s  i n  the 
fol 1 owing two ways : 

Increasing the f ina l  annealing temperature increases the concentration of various 

Assuming t h a t  increasing the solution t r e a t -  

( a )  
regime in the manner demonstrated by Johnston, e t  
additions t o  ternary a l loys .  I f  th is  were the only e f f e c t  then the  swelling curve fo r  the A3 
material would follow the  dotted l i n e  i n  Figure 109. However, increasing the so lu te  super- 
sa tura t ion  a l so  increases the subsequent nucleation r a t e  of carbide and in te rmeta l l ic  phases. 
I t  i s  postulated tha t  a t  temperatures above 640°C prec ip i ta t ion  occurs with an associated 
enhancement of void nucleation and growth giving r i s e  to  a second swelling peak a t  680OC. 

Increasing the so lu t e  content reduces the swelling in the h i g h  temperature 
and Gessel(') in t h e i r  work on so lu te  

( b )  An a l t e rna t ive  suggestion due t o  Makin is  tha t  the "double peak" i s  r ea l ly  a 
"central depression". 
su f f i c i en t ly  f i n e  t o  be e f f ec t ive  point defect t raps  o r  sinks and t o  produce a reduction i n  
swelling. 
i n  th i s  temperature regime. 
a tures  prec ip i ta t ion  occurs on a much coarser sca le  and a second peak i s  reached a t  680°C 
a f t e r  which swelling decreases a s  thermal vacancy emission r e s t r i c t s  void nucleation. 

mission electron microscopy evidence from ion bombarded specimens i s  not ava i lab le  y e t  t o  
support e i t h e r  of these suggestions. 
and the results ind ica te  t h a t  the  benef i t s  of increased so lu te  concentrations may be l o s t  i n  
temperature regimes where cer ta in  types of prec ip i ta t ion  occur. 
may possibly be minimized by avoiding phases which coarsen rapidly o r  nucleate on a coarse 
sca le  such a s  MZ3C6 and the TCP phases. 

Above 650°C, M23C6 is  red is t r ibu ted  and reprecipitated in  pa r t i c l e s  

The e f f e c t  of f i n e  carbide prec ip i ta t ion  overcomes the normal increase i n  swelling 
Swelling eventually incredses again because a t  higher temper- 

Trans-  

A t  present, the f i r s t  explanation seems more probable 

The e f f e c t s  o f  prec ip i ta t ion  

The  dose dependence of swelling f o r  67 was determined f o r  the batch A3 material 
by bombarding a t  58OOC to  peak displacement doses of 70, 170 and 340 dpa. 
plotted i n  Figure 110. 
The incubation parameter T i s  35 dpa and the  steady s t a t e  swelling r a t e  i s  0.13% per dpa. 

The data a r e  
Specimens were preinjected w i t h  5 appm helium a t  room temperature. 

7.3.3 Comparison with X098 Data 

The X0986 i r r ad ia t ion  experiment has provided swelling data a t  four temperatures 
and a t  a fluence of 14 x loz2 n cnr2 on an a i r  melted heat of 316 s t a in l e s s  s t e e l .  
molybdenum and the (C,  + N) content a r e  both higher than i n  the 67 heat and a s t r i c t  comparison 
of the  d a t a  i s  probably not valid.  
providing some guidance i n  se lec t ing  temperatures and doses f o r  ion bombardment of the X098 
material i n  the  Unified Simulation Program. 

The 

However, a comparison is  useful from the point of view of 
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FIGURE 110. Step height swelling data f o r  316 heat 67 N i  ion bombarded a t  580°C. 

The  peak swelling temperature f o r  the 67 a l loy  annealed a t  1050°C i s  68OOC a f t e r  
ion bombardment t o  170 dpa. 
and a f t e r  an exposure of 13 x 
the peak swelling temperature s h i f t  is  290°C. 
measured. 
6.5 x 
neutron dose required to produce the 45% swelling observed i n  the ion experiment i s  19 .5  x 
lo2' n cm-'. 
equivalent amounts of damage a re  produced by 87 dpa ( ions)  o r  loz3  n cmm2. 

The'heat M2783 tubing was annealed a t  1093°C prior t o  i r r ad ia t ion ,  
the peak swelling temperature was found to  be %590°C. Thus, 

The swelling r a t e  under ion bombardment was not 
However, a s t r a i g h t  l i n e  through the two neutron data points gives a value f o r  T of 
n cmm2 and a swelling r a t e  o f  3.5% per loz2  n anm2.  Using these parameters, the 

The equivalent peak ion dose is  170 d p a .  A t  the peak swelling temperature 

If we assume tha t  the M2783 material behavis i n  a similar fashion to  67 a f t e r  an 
1150°C anneal, then the  
15 x n and the damage equivalence i s  113 dpa ( ions)  n 

neutron dose to  produce 30% swelling a t  the peak temperature i s  

A t  580°C under ion bombardment the  two heat treatments produce the same swelling 
in a l loy  67, and we will  therefore assume t h a t  the measured swelling r a t e  o f  0.13% per dpa 
applies t o  both conditions. 
temperature s h i f t  applies a t  a l l  temperatures. 
neutron swelling parameters f o r  the M2783 material a r e  T = 6 x 
n c r 2 .  

The equivalent neutron temperature i's 490°C, assuming the peak 
From the p lo ts  of Weiner and 8 0 1 t a x ( ~ ) ,  the 

and R 'L .70% x loz2  
The damage equivalence obtained by equating the swelling r a t e s  is  54 dpa (ions F 

n cm-2. A comparison of the incubation parameters [6 x n and 35 dpa ( ions) ]  
gives a s imi la r  value fo r  damage equivalence. 
i n  t he  neutron swelling r a t e s  since there a r e  only four temperatures available and the value 
of 54 dpa 

There i s ,  however, considerable uncertainty 

n cm-' should be considered to  be a lower bound. 
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T h i s  comparison y ie lds  damage equivalents of 87 o r  113 dpa f n a t  the 
peak temperature depending upon which set of ion data is used and t h u s  emphasizes t h a t  i n  any 
cor re la t ion  experiment i t  i s  v i t a l  t o  use iden t i ca l ly  t rea ted  material i n  each i r r ad ia t ion  
experiment. I t  i s  suggested t h a t  i n  se lec t ing  the USP ion temperatures and doses a temper- 
a ture  s h i f t  of %9O"C should be expected when u s i n g  an ion displacement r a t e  of 
If  i t  i s  assumed tha t  the M2783 material will behave i n  a similar manner t o  the 67 annealed 
a t  1050°C t h e n  i t  appears t ha t  an ion dose of %75 dpa a t  605°C will produce damage equivalent 
t o  tha t  produced by a neutron fluence of 13 x n a t  515°C. A t  680"C, an ion dose of 
%120 dpa will  be required t o  produce damage equivalent t o  tha t  produced by a neutron fluence 
o f  13.x n a t  590OC. 

dpa sec-'. 

7.4 EXPECTED ACHIEVEMENTS IN THE NEXT REPORTING PERIOD 

The f ina l  s tep  height ion bombardment experiment involving compositional var ian ts  of D9 
wi l l ' be  completed and will yield data a t  several more temperatures on the 67 annealed a t  
1050°C. Further ion bombardment work will  concentrate on TEM disk specimens w i t h  emphasis on 
previously neutron i r rad ia ted  developmental a l loys .  
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8. THERMAL STABILITY OF ALLOYS D9 AND D11 

J. M. Leitnaker and A. F. Rowcliffe 
Oak Ridge National Laboratory 

8.1 OBJECTIVE 

The objective of this work is to determine the phase stability of developmental alloys 
D9 and D11 and to establish the feasibility of higher-stability modifications to these alloys. 

8.2 SUMMARY 

Aging studies on alloy D9 have shown a tendency to form Laves phase (Fe2Mo). Although 
the quantities formed may not be sufficient to cause a serious deterioration in mechanical 
behavior, the precipitation of this phase may have an adverse effect on long term swelling 
behavior. 
and C content designed to improve phase stability. 
tests both in and out o f  reactor and to mechanical testing. 

8.3 ACCOMPLISHMENTS AND STATUS 

Accordingly, six modified D9 alloys have been produced with variations in Mo, Ti 
These will be subjected to phase stability 

-2 

8.3.1 Introduction 

It was observed previously that the E-75 heat of developmental alloy D11 formed 
Laves phase (FesMo) on aging in the cold worked condition at 750°C together with a small 
amount of Tic. Aging studies have now been carried out on specimens from the 135 kg heats of 
D9 and D11 in order to assess the stability of these alloys towards intermetallic and carbide 
phase formation. 

t -  

' \  

8.3.2 Experimental 

The specimens used were prepared from 09 heat 07438 and D11 heat 77258 by a 
sequence of ho t  rolling and cold rolling with intermediate anneals at 1100°C. 
aging were in the form of sheet 0.6 mm thick in two conditions: 
minutes and (b) annealed at 1100°C 15 minutes and cold rolled 25%. 
rectangular pieces for precipitate extraction were encapsulated and aged at 650, 750 o r  850°C 
for periods up to 1,000 hours. 
metallography, (b) TEM, (c) electrolytic extraction and weighing of extracted precipitates, 
(d) chemical analysis of the liquid supernate and electron probe micro-analysis of the 
extracted precipitates, and (e) x-ray analysis of the extracted phases. 

Specimens for 
(a) annealed at 1100°C 15 

Disks for TEM and 

After aging, examinations were carried out by (a) optical 

8.3.3 Results 

Earlier work involving alloys with various Cr:Ni ratios indicated that alloy D9 
Short term aging of annealed D9 between 700 and 850°C pro- should not form sigma phase"). 

duced a small volume fraction of grain boundary carbides,, mostly Tic. 
now been completed at 650, 750 and 850°C. 
worked D9 after aging for 100 hours and 1,000 hours at 750°C. 

Longer term aging has 
Figures 111 and 112 are optical micrographs of cold 

A considerable amount of 
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FIGURE 1 1 1 .  Alloy D9: llOO°C, 15 minutes, 25% CW, 750°C, 100 hours. 
Etched i n  modif ied aqua reg ia.  
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FIGURE 112. Alloy D9: llOO°C, 15 minutes, 25% CW, 750°C, 1,000 hours. 
Etched i n  mod i f ied  aqua reg ia .  
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prec ip i ta t ion  i s  evident both within the grains and a t  the grain boundaries. After 500 hours 
the weight f rac t ion  of prec ip i ta te  determined by e l e c t r o l y t i c  extraction was 2.71%, Table 29. 
The weight f rac t ion  a f t e r  1.000 hours i s  not y e t  available.  
extracted a f t e r  500 hours a t  750°C i s  shown in Table 30. 
be a Laves type compound with l a t t i c e  parameters a. = 4.748 A and co = 7.735 A .  
carbide i s  estimated t o  comprise only ~ 1 0 %  o f  the to ta l  p rec ip i ta te  extracted.  The 

An x-ray analysis of the phases 
The major phase present appears t o  

0 0 

Titanium 
presence 

TABLE 29 
PRECIPITATE EXTRACTED, WEIGHT PERCENT 

A1 1 oy 

09 annealed 
09 annealed 
D9 CW 

d 

2.818 
2.700 
2.497 
2.374 
2.185 
2.165 
2.056 
2.023 

1.932 
1.815 

1 ,988. 

Temperature ( " C )  
Time 

(Hours) 650 750 850 

100 .42 .62 .67 
1,000 -- 2.90 1.73 

500 1.06 2.71 -- 

(peak heights) i 
I ( h k l )  
I 

8 

250 
160 
25 
12 

I / I o  
P 

80 

100 

Laves 
a -  = 4.748 

= 7. 
0- 

I / Io  

50 
80 

14 
100 
95 
20 

35 
( c a l c . ,  d o l  A )  

2.817 

2.374 
2.184 

2.056 
2.023 
1.987 
1.934 

Tic phase i n t e n s i t i e s  l i s t e d  a r e  from ASTM Card 6-0614. 
Laves phase in t ens i t i e s  l i s t e d  a r e  from ASTM Card 7-145; other 
l i n e  i n t e n s i t i e s  were not immediately available.  

of sigma phase has not been detected.  
w i t h i n  the  grains in cold worked specimens. 
s t ruc tu re  a f t e r  500 hours a t  750°C. 
unrecrystall ized areas and a l so  a t  high angle boundaries. 
r ec rys t a l l i za t ion  frequently i 'solates Laves pa r t i c l e s  i n  the center of recrys ta l l ized  gra ins ,  
f igure  114. 
components a re  iron and molybdenum together w i t h  smaller concentrations of s i l i con  and 
titanium. 
present. a f t e r  100 hours a t  85O0C, b u t  has not ye t  been detected a t  650°C. 

The Laves phase nucleates a t  grain boundaries and 
Figure 113 shows the pa r t i a l ly  recrys ta l l ized  

Grain boundary migration during 

Electron probe microanalysis o f  the extracted phases has shown tha t  the major 

Massive Laves phase pa r t i c l e s  have formed within the 

Quantitative measurements o f  the composition a r e  in progress. Laves phase i s  a l so  
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FIGURE 113. Alloy D9: llOO°C, 15 minutes, 25% CW, 750°C, 100 hours.  TEM 
m i  crograph (Magn . X20,OOO). 

n 

FIGURE 114. Alloy D9: llOO°C, 15 minutes, 25% CW, 750°C, 100 hours. TEM 
micrograph (Magn . X45,OOO). 
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. , , b  

E a r l i e r  work on the  E-75 heat  o f  D11 which conta ined 3.05 weight  percent  Mo had 

shown s i m i l a r  behavior" ) .  
%2.68 weight  percent  of p r e c i p i t a t e d  phases were e x t r a c t e d  and found t o  be predominant ly  Laves 

phase. 

worked c o n d i t i o n  a t  750°C f o r  500 hours a l s o  i n d i c a t e d  a preponderance o f  Laves phase 

toge the r  w i t h  some T i c  and e t a  phase, Table 31. 
i n  t h e  E-75 m a t e r i a l ,  1.9% compared w i t h  2.68%. 

c o n t e n t  (2.47%) o f  t h e  l a r g e  heat  m a t e r i a l .  

A f t e r  ag ing  i n  t h e  c o l d  worked c o n d i t i o n  a t  750°C f o r  100 hours, 

X-ray a n a l y s i s  of t h e  e x t r a c t e d  phases from the  135 kg heat  o f  D11 aged i n  the  c o l d  

The we igh t  f r a c t i o n  was somewhat lower  than 
Th is  may be the  r e s u l t  o f  t he  l ower  molybdenum 

TABLE 31 
X-RAY DIFFRACTION DATA ON EXTRACTED PRECIPITATE FROM D11, 

COLD WORKED 25% AND AGED 500 HOURS AT 75OOC 

(311) 

(400 1 
(331 1 

(422) 

(333) 

d 

4.12 
3.87 
3.64 
3.35 
2.819 
2.765 
2.538 
2.497 
2.375 
2.257 
2.184 
2.164 
2.127 
2.056 
2.024 
1.987 
1.954 
1.933 

11 .ll 

11.060 
11.063 

11.057 

11.052 

11.053 

I 

2 
2 
3 
4 
8 

11 
15 
30 

100 
50 

170 
30 
85 
30 

170 
115 
20 
18 

T i  C 

I/Io 

80 

100 

Laves Phase 
a. = 4.748 
co = 7.735 

I/Io 
P 

50 

BO 

14 
100 

95 

20 

d o  
(Calc., A) 

4.11 
3.868 
3.631 

2.81 7 

2.374 

2.184 

2.056 
2.023 
1.987 
1.954 
1.934 

Eta Phase 

I a 0  0 

(Calc.,  A) 

T i c  phase i n t e n s i t i e s  l i s t e d  a r e  from ASTM Card 6-0614. 

Laves phase i n t e n s i t i e s  l i s t e d  a r e  f rom ASTM Card 7-145; o t h e r  l i n e  i n t e n s i t i e s  
were n o t  immedi a te1 y ava i  1 ab1 e. 

Work i s  c o n t i n u i n g  t o  o b t a i n  a more complete knowledge o f  t he  e x t e n t  o f  t he  Laves 

phase f i e l d  i n  D9. From the p o i n t  o f  view o f  mechanical p r o p e r t i e s  the  fo rma t ion  o f  Laves i n  

the  q u a n t i t i e s  observed so f a r  would probably  have o n l y  a small  e f f e c t ,  p r o v i d i n g  i t  remained 
i n  a w e l l  d i spe rsed  b l o c k y  form. 

s i l i c o n  appears t o  be s o l u b l e  i n  the  Laves phase. 

d e p l e t i n g  t h e  m a t r i x  of an impor tan t  element which i s  known t o  suppress s w e l l i n g .  

o f  neutron i r r a d i a t i o n  on t h e  s t a b i l i t y  o f  Laves and t h e  e x t e n t  o f  i t s  f o rma t ion  i s  unknown. 
However, exper ience w i t h  p r e c i p i t a t i o n  o f  o t h e r  phases i n  n i c k e l  a l l o y s  and s t a i n l e s s  s t e e l s  

suggest t h a t  phases which appear a t  a p a r t i c u l a r  temperature d u r i n g  thermal ag ing a r e  f r e -  

quen t l y  nuc leated a t  much lower  temperatures i n  r e a c t o r .  It has r e c e n t l y  been repo r ted  by 

Korenko(2) t h a t  d u r i n g  neutron i r r a d i a t i o n  t o  a f l e u n c e  o f  2 x l o z 2  a t  510, 538 and 593°C the  
E-75 heat  o f  011 produced a copious amount o f  p r e c i p i t a t i o n .  

However, t h e  main reason f o r  concern i s  t he  obse rva t i on  t h a t  

T h i s  r a i s e s  the  p o s s i b i l i t y  o f  s i g n i f i c a n t l y  

The e f f e c t  

A l though s w e l l i n g  i s  low a t  t h i s  
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fluence most of the voids appeared to be associated with precipitates. 
has not yet been e:tablished, but it is evident that some improvement in phase stability is 
desirable. A modified version of D11 with reduced .molybdenum has already been produced and 
has been inserted in the AA-XI1 experiment ('I. 
been produced which are currently undergoing preparation for insertion in the AA-VI experi- 
ment. Alloys D9-B2, D9-B3 and D9-B4 
are designed to eliminate Laves formation by reducing molybdenum. Some reduction in high 
temperature strength will occur as molybdenum is progressively reduced from 2.3% in D9 to 
zero in D9-B4. Stress rupture measurements will be used to assess this effect. In alloys 
D9-B5 and D9-B6, the molybdenum content is fixed at 1 weight percent and the Ti:C ratio is 
changed from 6:l by weight in D9-B3 to 9:l in D9-85 and 12:l in D9-B6. 
accomplished by increasing titanium to 0.45 weight percent. 
by reducing the carbon level to 0.025 weight percent. 
order to promote the formation of Tic in preference to MZ3C6 which is frequently observed in 
massive form associated with large doids after neutron irradiation. 

Phase identification 
\ 

A series of six modified D9 alloys has now 

The composition of these alloys is shown in Table 32. 

In D9-B5 this is 
In D9-B6 the ratio is increased 

The Ti:C ratio has been increased in 

Cr Ni Mo S i  Mn 

D9 14.0-14.75 14.0-1 5.0 2.0-2.5 0.9-1 .l 1.8-2.2 
D9-B2 14.5 14.5 1.5 0.9 2.0 
D9-B3 14.5 14.5 1 .o 0.9 2.0 
D9-B4 14.5 14.5 0.0 0.9 2.0 
09-85 14.5 14.5 1 .o 0.9 2.0 
D9-B6 14.5 14.5 1 .o 0.9 2.0 
D9-B7 14.5 14.5 1 .o 0.7 2.0 

T i  C Fe 

.15- .30 .04-. 06 Bal 
0.30 0.05 Bal 
0.30 0.05 Bal 
0.30 0.05 Bal 
0.45 0.05 Bal 
0.30 0.025 Bal 
0.30 0.025 Bal 

In the sixth alloy, D9-B7, the silicon level has also been reduced to improve 
further the stability of the alloy while still allowing it to remain in a low swelling 
cvposition regime. 
and melted under argon four times before drop casting into rectangular billets. 
problems with phase instabilities can arise directly from chemical inhomogeneities produced 
during processing. To overcome-some of the inhomogeneity observed in earlier work on LS1 and 
other developmental alloys a more extensive rolling and annealing sequence was adopted, Table 
33. Material was retained at each stage of cold work and aged at 75OOC for 100 hours to 
precipitate carbide and intermetallic compounds and so reveal any chemical inhomogeneities. 
This information will be useful in planning fabrication sequences in the future. 

The alloys were made in 0.7 kg melts from high purity starting materials 
Some of the 

8.4 EXPECTED ACHIEVEMENTS IN THE NEXT REPORTING PERIOD 

The six modified 09 alloys will be prepared for insertion into the A A - V I  experiment. 
Aging studies will be completed to assess the thermal stability of these alloys. 
rupture tests will be carried out to compare the behavior of these alloys with that of D9. 
An assessment will be made of the distribution of major alloying elements at various 
stages of processing. 

Stress 
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TABLE 33 
FABRICATION SEQUENCE FOR MODIFIED D9 ALLOYS 

1. 

2. Anneal 1100°C one hour argon 

Remelt f o u r  t imes and drop c a s t  

Hot r o l l  t o  6.4 mm w i t h  i n t e r p a s s  anneals 
1100°C one hour argon 

3. Chemical c lean  

Anneal 1150OC one hour vacuum 

4. Reduce from 6.4 mm t o  1.5 nun i n  f i v e  s i n g l e  
pass reduc t i ons  o f  25% w i t h  i n t e r p a s s  anneals 
l l O O ° C  one-hal f  hour vacuum 

5. F i n a l  r e d u c t i o n  stages t o  g i v e  50% co ld  work 
be fo re  f i n a l  anneal ing t rea tmen t  

N.B. f o r  a l l o y  D9-65 a l l  anneals i n  stages 4 and 5 
a r e  1150"C, one -ha l f  hour. 

8.5 REFERENCES 
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9. SWELLING BEHAVIOR OF HT-9 IN MODIFIED HEAT TREATMENT CONDITION 

F. A. Smidt, Jr. 

Naval Research Laboratory  

. 9.1 OBJECTIVE 

The o b j e c t i v e  o f  t h i s  s tudy i s  t o  assess t h e  p o t e n t i a l  o f  commercial f e r r i t i c  a l l o y s  f o r  

use as c l a d d i n g  o r  ducts  i n  an LMFBR and t o  determine t h e  optimum composi t ion and process ing 
parameters. 

9.2 SUMMARY 

The s w e l l i n g  r e s i s t a n c e  o f  HT-9 g i ven  a m o d i f i e d  heat  t rea tmen t  was examined us ing  i o n  

i r r a d i a t i o n  w i t h  2.8 MeV 56Fe+ ions .  A p rev ious  s tudy o f  HT-9 showed t h e  major  p o r t i o n  o f  

s w e l l i n g  was from vo ids  associated w i t h  p r e c i p i t a t e s  formed a long g r a i n  boundaries and the  

m o d i f i e d  heat  t rea tmen t  was designed t o  reduce t h i s  p r e c i p i t a t i o n .  
s w e l l i n g  e v a l u a t i o n  u s i n g  TEM i n d i c a t e d  t h e  heat  t rea tmen t  was e f f e c t i v e  i n  reducing s w e l l i n g  
up t o  about 80 dpa, a f t e r  which the  s w e l l i n g  r a t e  was the same as f o r  t h e  o r i g i n a l  heat  

t reatment .  

The r e s u l t s  o f  t he  

9.3 ACCOMPLISHMENTS AND STATUS 

Prev ious s t u d i e s  o f  t h e  s w e l l i n g  behavior  o f  f e r r i t i c  a l l o y s  EM-12 and HT-9 showed t h e  

l a r g e s t  p r o p o r t i o n  o f  t h e  s w e l l i n g  came from a p o p u l a t i o n  o f  l a r g e  vo ids  assoc ia ted  w i t h  
p r e c i p i t a t e s ' ' ) .  

t o  determine i f  a r e d u c t i o n  i n  t h e  e x t e n t  o f  p r e c i p i t a t i o n  cou ld  be achieved w i t h i n  the  

normal range o f  heat  treatments( ') .  
s i s t i n g  o f  a s o l u t i o n  anneal f o r  30 minutes a t  1050"C/AC fo l l owed  by tempering a t  780°C f o r  
2-1/2 hours which was recomnended by  the  vendor. 

s t e e l s  a r e  se lec ted  on t h e  bas i s  o f  t r a d e - o f f s  between s t r e n g t h  and toughness and commonly 

f a l l  i n  t h e  range 550 t o  700"C.when t h e  a l l o y  i s  employed i n  e leva ted  temperature s e r v i c e .  

The s e l e c t i o n  o f  780°C was apparen t l y  in tended t o  p r o v i d e  s t a b i l i t y  o f  t h e  p r e c i p i t a t e  
s t r u c t u r e  under i r r a d i a t i o n  b u t  a l s o  tends t o  produce an overaged s t r u c t u r e  w i t h  l a r g e  p re -  

c i p i t a t e s  (presumably M23C6 and M6C) a t  t h e  g r a i n  boundaries. Specimens g i ven  exper imenta l  

tempering t reatments a t  595, 650 and 705°C f o r  f o u r  hours were examined by t ransmiss ion  

e l e c t r o n  microscopy (TEM) and t h e  i n te rmed ia te  t rea tmen t  o f  650°C f o r  f o u r  hours was se lec ted  

Several m o d i f i c a t i o n s  o f  t h e  o r i g i n a l  heat  t rea tmen t  o f  HT-9 were examined 

The s tock  m a t e r i a l  had rece ived  a heat  t rea tmen t  con- 

Tempering temperatures f o r  t h e  superchrome 

on t h e  bas i s  o f  t h e  m i c r o s t r u c t u r e s  observed ( 2 )  . 
Specimens of HT-9 i n  t h e  form o f  TEM d i s k s  were g i ven  a heat  t rea tmen t  c o n s i s t i n g  o f  a 

s o l u t i o n  anneal a t  1050°C f o r  one hour and a temper a t  650°C f o r  f o u r  hours i n  a vacuum o f  

To r r .  The specimens were cooled t o  room temperature f o l l o w i n g  t h e  s o l u t i o n  anneal and 

tempering t reatments by removing the  furnace and p e r m i t t i n g  t h e  samples t o  coo l  r a p i d l y  i n  
t h e  vacuum. 

i n  t h e  NRL c y c l o t r o n  us ing  a 30 MeV alpha p a r t i c l e  beam i n  c o n j u n c t i o n  w i t h  an aluminum 

The specimens were then  implanted w i t h  a maximum concen t ra t i on  o f  1 appm hel ium 
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degrader foi l  so as t o  t a i lo r  the implant profile t o  one half a Gaussian-shaped peak with a 

full  width half maximum o f  11.8 m. 
implant. 

Ion bombardment of the specimens was performed in the NRL 5-MV Van de Graaff accelerator 
using a beam of 2.8 MeV 56Fe+ ions u s i n g  the same procedures as deccribed f o r  the previous 
irradiati'on of HT-9 ( ' I .  The t e s t  matrix consisted of irradiation temperatures of 500 and 

550°C for doses of 40, 80, 150 and 250 dpa a t  a dose rate  of 6 x lo-' dpalsec a t  the peak 
damage region in the fo i l .  
of 40 eV, efficiency o f  0.8 and use of the E-DEP-1 code. Specimens were thinned t o  the peak 
damage region using a laser interferometer t o  monitor removal of material from. the front face 
and then back thinned t o  perforation. Specimens were examined in a JEM-200A electron micro- 
scope operating a t  200 kV.  

Microscopy in tempered martensitic alloys i s  exceedingly d i f f icu l t  becausp the magnetic 
specimens d is tor t  the beam, the martensitic structure i s  highly strained and has small grain 
sizes so that widely varying diffraction conditions exis t  i n  any given f ie ld  of view. 
measurements commonly employed t o  measure thickness were almost impossible to  apply in these 
specimens because of the above d i f f icu l t ies .  
an estimation of thickness t h a t  gave reasonably consistent results.  A lower l imit  on thick- 
ness was se t  by the largest  void completely within the foi l  while a maximum upper l imit  was 
se t  by the largest hole in the fo i l .  
secting only one surface which appeared t o  be approximately one half in the foi l  so the 
radius equals the thickness. 
i n  these specimens because of the h i g h  dislocation density and the small grains which would 
not permit imaging of large areas under conditions suitable for  the viewing of the small 
voids. 
larger ones, so errors in swelling are small although wide variations in mean diameter and 
void density are evident in the s t a t i s t i c s .  

. 
Specimen temperature was kept'below 200°C during the 

All values were calculated on the basis of a displacement energy 

\ 

Stereo 

T h e  large voids present in the samples permitted 

A more definit ive upper l imit  was a large void inter-  

Visibi l i ty  o f  small voids also proved to be a d i f f icu l t  problem 

Fortunately the small voids contribute proportionately less  t o  the swelling than the 

One additional problem was encountered in the experiment in that  an error in the 
bombardment sequence a t  500°C resulted in accumulation of 400 dpa in the specimen intended 
for 150 dpa and 0 dpa in the specimen intended for  250 dpa. 
the fact  t h a t  no voids were observed in the "250 dpa" specimen and higher than anticipated 
swelling occurred i n  the "150 dpa" specimen. Control specimens showed RO unusual recovery 
of microstructure and the 5500.C specimens showed the expected dose dependence of swelling. 
Further references to  the specimen in question will refer to  i t  as the 400 dpa - 500°C 
specimen. 

This interpretation i s  based on 

A micrograph of the thin section in the 400 dpa - 50OOC specimen i s  shown in Figure 115. 
The larger voids in th i s  section were severely truncated and possibly somewhat enlarged b u t  
the specimen i s  thin enough to  show the dislocation structure,  the presence of a few precipi- 
ta tes  and the association of some voids with these precipitates. 
appear to  have grown appreciably during the ion bombardment. 
population, void density and swelling are  summarized in Table 34 and compared w i t h  the 
results from the previous study. 
large sizes are observed a t  low doses, these voids tend t o  grow to  doses u p  t o  150 dpa and 
then new voids appear which increase the void density and may or may n o t  decrease the mean 

The precipitates do not 
The mean diameter of the void 

Inspection of these results shows t h a t  voids of rather 
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diSlOCatiOn structure p r e c i p i t a t e s  and voids i n  a t h i n  sect ion o f  the siecimen. 
Note t h e  frequent associat ion between p r e c i p i t a t e s  and voids. 



TABLE 34 

SUMMARY OF V O I D  OBSERVATIONS ON HT-9 

I 
I Temp., 

“C 

500 
. .  . . - - - . dPa 

40 
. - - - - . - . .  

a (nm) 
. .  .. - - - - - . . . 

58 
58 

154 
70 
99 
76 
92 

106 
117 
142 
76 

500* 
500* 
500* 250 
550* 150 

. 

500 
500 
550 
5 50 

I) (cm-”) 

1.0 x 10’3 
1.8 x 10’” 
2.7 x 1 0 l 3  
3.3 x 10’3 
1.8 x 10’” 
6.5 x 1013 
1.9 x 10’3 
1.7 x 1013 
3.3 x 10’3 
2.4 x 1013 
1.7 1013 

V - . - - . - . . 

80 
400 
80 

150 

A V I V  ( X )  

. 1 5  

.22 

.90 

. . . . . . . . . 

7.5 

1.4 
2.3 
1.2 
1.8 
3.7 
4.7 
0.7 

* Data from p rev ious  s tudy w i t h  ag ing a t  
780°C f o r  2-1/2 hours ( 1 )  

v o i d  s i ze .  
mod i f i ed  heat  t reatment  a t  500 and 550°C and t h e  o r i g i n a l  heat  t reatment .  I t  appears t h a t  t h e  
mod i f i ed  heat  t reatment  i s  e f f e c t i v e  i n  reduc ing  s w e l l i n g  up t o  80 dpa b u t  t h e r e a f t e r  s w e l l i n g  

occurs a t  approx imate ly  the  same r a t e  as observed i n  the  s tock  m a t e r i a l .  Swe l l i ng  i s  n o t i c e -  
a b l y  more un i fo rm f rom one area o f  t h e  specimen t o  another than i n  t h e  prev ious experiment on 

s tock m a t e r i a l  and standard e r r o r  l i m i t s  o f  +30% a r e  i n d i c a t e d  by the  e r r o r  bars on the  graph. 

The s w e l l i n g  increases con t inuous ly  w i t h  dose as shown i n  F igu re  116 f o r  b o t h  the  

DPR 
FIGURE 116. The dose dependence o f  s w e l l i n g  i n  HT-9 f o r  t he  m o d i f i e d  heat  t reatment  (temper 

4 hours a t  650°C) i s  compared w i t h  t h e  s tock heat  t rea tmen t  (temper 2-1/2 hours 
a t  780°C) a t  t h e  peak s w e l l i n g  temperature o f  500°C. 
s w e l l i n g  a t  550°C i s  a l s o  shown f o r  t he  m o d i f i e d  heat  t reatment .  

The dose dependence o f  
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, \  

It i s  concluded t h a t  t he  m o d i f i c a t i o n  i n  heat  t reatment  was p a r t i a l l y  successfu l  i n  

reducing p r e c i p i t a t i o n  and the  e a r l y  onset  o f  s w e l l i n g  r e s u l t i n g  f rom v o i d  fo rma t ion  i n  

a s s o c i a t i o n  w i t h  these p r e c i p i t a t e s .  I f  HT-9 i s  se lec ted  f o r  f u r t h e r  s tudy  as a candidate 
duc t  a l l o y  i t  would appear p r o f i t a b l e  t o  exp lo re  t h e  e f f e c t  o f  reduc ing  t h e  carbon con ten t  

( w i t h  s u i t a b l e  m o d i f i c a t i o n s  i n  t h e  s o l u t i o n  anneal temperature t o  avo id  fo rma t ion  o f  6 

f e r r i t e )  . 
9.'4 EXPECTED ACHIEVEMENTS I N  THE NEXT REPORTING P E R I O D  

Specimens o f  HT-9 i r r a d i a t e d  i n  8-113 w i l l  be rece ived  from HEDL f o r  t h e  purpose o f  i o n  
bombardment o f  t h e  p recond i t i oned  specimens. 
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IO. OPTIMIZATION OF CANDIDATE ALLOY COMPOSITIONS 

J .  J .  Laidler and M .  K .  Korenko 
Hanford Engineering Development Laboratory 

10.1 OBJECTIVE 

The objective of this  work i s  t o  provide a base of a l loy  performance data which can be 
used as guidance i n  optimization of developmental a l loy  compositions f o r  Phase I t e s t ing  i n  
FFTF. 

10.2 SUMMARY 

Evaluation of the  cha rac t e r i s t i c s  of the Ser ies  A ,  B and C modifications to  the  
candidate developmental a l loys  i s  in progress, w i t h  the aim of identifying those compositional 
modifications which a r e  appropriate f o r  the f i r s t  s e r i e s  of advanced a l loy  tests i n  FFTF. Ex- 

perimentation t o  date has been l imited t o  thermal aging and short-term stress-rupture tests, 
since these data will  be r e l i ed  upon f o r  i n i t i a l  guidance i n  developing ordering spec i f i -  
cations.  

. D11, D21 and D25 would be beneficial t o  overall a l l oy  performance, the modifications being 
The r e su l t s  obtained to  th i s  point suggest t h a t  minor modifications t o  a l loys  D9, 

directed primarily t o  improvements i n  phase s t a b i l i t y .  

10.3 ACCOMPLISHMENTS AND STATUS 

10.3.1 Introduction 

The long lead times involved i n  fabr ica t ion  of fuel assembly components and ' 

unfueled t e s t  specimens f o r  t e s t ing  i n  FFTF Cycle 1 require t h a t  preparation of test  materials 
begin in the  near future.  
t o  be used i n  Cycle 1 MOTA and fuel t e s t s  must be i n i t i a t e d  i n  June, 1977. 
alloys under ac t ive  consideration will  be narrowed from the present sixteen candidate a l loys  
t o  ten a l loys  showing grea tes t  promise, these ten a l loys  t o  be known as  the "leading candidate 
a l loys ."  The leading candidate a l loys  will be processed t o  the point a t  which cladding bars 
a re  ava i lab le  f o r  i n i t i a t i o n  of tube-drawing procedures. A t  t ha t  time, i n  February, 1978, a 
major programmatic milestone will  be reached: 
from among the leading candidate a l loys ,  and these six a l loys  will  be sen t  through the tubing 
fabrication process. 
b u t  a fu r the r  reduction of the  number of a l loys  will  take place i n  March, 1979, when the 
three "se lec t"  a l loys  a r e  chosen. 
a1 1 oys . 

The procurement o f  small (250 kgl heats f o r  production of tubing 

A t  t ha t  time, the 

six "prime candidate" a l loys  will be chosen 

All six prime candidate a l loys  a re  intended f o r  i n i t i a l  MOTA t e s t ing ,  

I n i t i a l  fuel assembly tests will be limited t o  the se l ec t  

The a l loy  fabr ica t ion  schedule i s  thus such tha t  there  a r e  two near-term 
requirements ( i n  June, 1977 and February, 1978) t o  specify a l loy  compositions, and the 
decisions made a t  those times will impact the advanced a l loy  FFTF test  program through the 
f i r s t  six t o  e ight  reactor cycles. 
fur ther  investigation will  be prepared according t o  ASME composition spec i f ica t ions .  

Those candidate comerc ia l  a l loys  which a r e  selected f o r  
The 
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developmental a l loy  compositions, on the other hand, a r e  not considered t o  be absolutely fixed 
a t  t h i s  time and s ign i f i can t  performance improvements may be possible by making minor compo- 
s i t i on  adjustments. To f a c i l i t a t e  these compositional optimizations, th ree  se r i e s  ( A ,  B and 
C )  of modified developmental a l loys  have been prepared and a r e  under test .  
describes the s t a tus  of studies being conducted with modified a l loys .  

T h i s  report  

10.3.2 Solid Solution Alloys 

The compositions of the so l id  solution a l loys  from Series A ,  B and C a r e  shown 
i n  Table 35; compositions of the  corresponding candidate commercial (AIS1 310, 330) and 
developmental (D9, D11) al loys a r e  shown f o r  comparison. 

Thermal aging s tudies  of the  candidate a l loys  D9 and D11 have been conducted to  
evaluate phase s t a b i l i t y  i n  these materials.  
s t ruc ture  observed a f t e r  aging for  1,000 hours a t  700°C. 
ident i f ied")  as a Laves phase; the  presence of such phases i s  usually considered detrimental 
t o  mechanical properties since the prec ip i ta tes  a r e  incoherent and b r i t t l e .  
Laves prec ip i ta t ion  tends t o  deplete the matrix o f  essential  strengthening elements. Recent 
pos t i r rad ia t ion  examination(') of the  experimental a l loy  E75, which is  only s l i g h t l y  r icher  
i n  molybdenum than a l loy  D11, revealed tha t  the Laves phase prec ip i ta tes  a re  surrounded by a 
she l l  of high-swelling matrix region. 
improve both the mechanical properties and swelling resistance of a l loys  D9 and D11. 
on experience w i t h  316 s t a in l e s s  s t e e l s ,  fo r  which i t  i s  found(3) t h a t  increasing tendency 
fo r  sigma phase formation is  associated with reduced incubation period f o r  the onset of steady- 
s t a t e  swelling, i t  a l so  appears desirable to  reduce such tendencies i n  a l loys  of t h i s  c l a s s ,  
pa r t i cu la r ly  a l loy  D9. 

Figure 117 i l l u s t r a t e s  the change i n  micro- 
The prec ip i ta te  phase has been 

Furthermore, . 

Thus, the elimination of this phase i n s t a b i l i t y  should 
Based 

' 

Modifications t o  a l loy  D9 a re  included i n  the Ser ies  C a l l oy  group (see  Table 
The 35) ;and a r e  intended t o  ameliorate the D9 phase i n s t a b i l i t i e s  i l l u s t r a t e d  previously. 

D9 Ser ies  C a l loys  a r e  presently being fabr ica ted ,  and aging studies will  oe i n i t i a t e d  i n  the 
near fu ture .  An important adjunct t o  the Ser ies  C ,  D9 modifications i s  t h e  MV-I11 a l loy  
s e r i e s ( 4 ) ,  cur ren t ly  under i r rad ia t ion  i n  EBR-I1 a s  the AA-XI i r r ad ia t ion  test .  
aging studies of the  MV-I11 a l loys  a re  cur ren t ly  i n  progress, and the r e s u l t s  of these 
studies should prove useful i n  s e t t i ng  the D9 composition. 

Long-term 

The Series B modification t o  a l loy  D11, D11-B1, was designed t o  suppress Laves 
phase prec ip i ta t ion .  Figure 118 shows the r e su l t s  of aging a l loy  D11-B1 f o r  1,000 hours a t  
700°C; upon comparison w i t h  the D11 aging response shown i n  Figure 117, i t  can be seen tha t  
the a l loy  s t a b i l i t y  has been markedly improved. 
e f f e c t  on mechanical properties , as  indicated by short-time uniaxial creep-rupture tests. 
The 100 hour/650°C rupture s t r e s s  of 25% cold-worked Dll-B1 is  276 MPa, a s  compared w i t h  245 
MPa f o r  a l loy  D11 (25% cold-worked) and 241 MPa f o r  20% cold-worked X-lot ( f i r s t - co re  s t e e l )  
316 s t a in l e s s  s t e e l .  
absorption cross section afforded by the reduction i n  molybdenum content. 
cur ren t ly  under i r rad ia t ion  in EBR-I1 a s  par t  of the  AA-XI1 tes t .  

The B1 modification a l so  has a beneficial 

A fur ther  advantage o f  the D11-B1 modification is  the reduced neutron 
Alloy D11-B1 i s  

The Series A a l loy  group represents wider departures from the D9 composition, 
explore new strengthening and was designed t o  suppress sigma phase formation as well a s  t o  

mechanisms. Alloys MD1 through MD5, representative s t ruc tures  of which a r e  shown i n  
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D9 Control D9 Aged 

D11 Control D l l  Aged 
FIGURE 117. Phase stability o f  alloys D9 and D11 after aging 1,000 hours 

at 700°C. 
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MD-3 MD-4 

FIGURE 120. Precipitation induced by high t i t a n i u m  and aluminum in the 
low chromium-!ow nickel austenitic alloys. 

, ' * .  . , . .  i. , 
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12Cr I 

FIGURE 121. The e f f e c t  of chromium Content on niobium- and 
vanadium-related p r e c i p i t a t i o n  
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A l l o y  MD24, as i l l u s t r a t e d  i n  F i g u r e  122, i s  an example o f  an a t tempt  a t  

niobium s t reng then ing  o f  a h igh -n i cke l  s o l i d  s o l u t i o n  a l l o y .  

d i s t r i b u t i o n  o f  s o l i d  s o l u t i o n  s t reng then ing  agents and i s  p o t e n t i a l l y  bo th  s w e l l i n g  r e s i s t a n t  

and moderate ly  s t rong.  
thought  t o  war ran t  a t t e n t i o n ,  s i n c e  i t  would be s tab le ,  l ow-swe l l i ng  and capable o f  s i g n i f i c a n t  
s o l u t i o n  s t rengthening.  The s t r e n g t h  improvements necessary t o  o f f s e t  t h e  h ighe r  neutron 

abso rp t i on  c ross  s e c t i o n  were n o t  a t t a i n a b l e ,  however, p rec lud ing  any f u r t h e r  emphasis on 

such a l l o y s .  

T h i s  a l l o y  con ta ins  a balanced 

A s o l i d  s o l u t i o n  a l l o y  i n  t h e  h ighe r  n i c k e l  range was o r i g i n a l l y  

10.3.3 y l  Strengthened A l l o y s  

The composit ions o f  t he  Ser ies  A, B and C gamma-prime strengthened a l l o y s  a r e  
shown i n  Table 36, w i t h  t h e  candidate commercial (A-286, M-813, Nimonic PE16) and developmental 

(D21, D25, D66, D42) a l l o y s  l i s t e d  f o r  comparison. 

The Ser ies  A a l l o y s  i n  t h i s  general c l a s s  were designed w i t h  t h e  p r imary  purpose 

o f  de te rm in ing  t h e  optimum concen t ra t i ons  o f  t i t a n i u m  and aluminum. 

t i t a n i u m  and aluminum on t h e  low n i c k e l - l o w  chromium a u s t e n i t i c  a l l o y s  i s  i l l u s t r a t e d  i n  
F i g u r e  123. As t h e  Ti/A1 con ten t  v a r i e s  f rom 2.0/1.0 t o  3.0/1.5 t o  3.0/2.5 i n  a l l o y s  MD11, 
MD12 and MD13, r e s p e c t i v e l y ,  t he  g r a i n  s i z e  decreases and t h e  amount o f  d e t r i m e n t a l  phase i n -  

creases. Transmission e l e c t r o n  microscopy conf i rmed t h a t  y' was p resen t  i n  a l l  t h r e e  a l l o y s ;  

thus, t h e  n i c k e l  c o n t e n t  o f  t h i s  a l l o y  c l a s s  c o u l d  be lowered t o  20 pe rcen t  and s t i l l  u t i l i z e  

y' st rengthening.  
subsequent work on s i m i l a r  a l l o y s  i l l u s t r a t e s  t h a t  t h e  t h r e e  percent  molybdenum l e v e l  i s  t o o  

h igh  and induces Laves phase format ion.  

B phase, based on t he  e f f e c t s  o f  aluminum on s i m i l a r  Fe-2ONi-12Cr b u t t o n  heats  s tud ied  e a r l i e r  
by INCO/HEDL. 

from p r e c i p i t a t e  p inn ing .  

boundaries i n  t h e  h i g h  ( T i + A l )  a l l o y .  

observed over  t h e  composi t ion range from 20 t o  30 pe rcen t  n i c k e l .  
c o n t e n t s ,  i n  t h e  r a n g e  o f  35 t o  45 p e r c e n t ,  c a n  t o l e ra t e  much h i g h e r  Ti+A1 l e v e l s  w i t h o u t  

phase i n s t a b i l i t i e s ;  however, f a b r i c a b i l i t y  and w e l d a b i l i t y  a r e  degraded. 

The e f f e c t  o f  i nc reas ing  

The secondary phases p resen t  were n o t  i d e n t i f i e d  q u a n t i t a t i v e l y ;  however, 

The sma l le r  i n t e r g r a n u l a r  p r e c i p i t a t e s  appear t o  be 

The decrease i n  g r a i n  s i z e  i s  due t o  decreased g r a i n  boundary m o b i l i t y  a r i s i n g  

Th is  view i s  supported by t h e  i r r e g u l a r  n a t u r e  o f  t h e  g r a i n  
Trends s i m i l a r  t o  t h a t  i l l u s t r a t e d  i n  F i g u r e  122 were 

A l l o y s  w i t h  h ighe r  n i c k e l  

I n  general,  t h e  th ree  pe rcen t  molybdenum a d d i t i o n  i s  h i g h  f o r  t h i s  c l a s s  o f  

m a t e r i a l s .  

a d d i t i o n s  o f  vanadium and niobium, t h e  r e s u l t  i s  t h e  p roduc t i on  o f  l a r g e  b l o c k y  ca rb ides  as 
i l l u s t r a t e d  i n  F i g u r e  124. 
o f  carbon i s  almost i d e n t i c a l  f o r  y l  strengthened o r  s o l i d  s o l u t i o n  a l l o y s  (compare F igures 

124 and 121). E l e c t r o n  microprobe a n a l y s i s  was performed on a l l o y  D25-B5 t o  assess the  d i s -  

t r i b u t i o n  of t h e  a l l o y i n g  a d d i t i o n s .  The r e s u l t s ,  summarized i n  F i g u r e  125, i l l u s t r a t e  t h a t  
Fey N i ,  C r ,  Mo and A1 a r e  homogeneously d i s t r i b u t e d  i n  t h e  m a t r i x .  

concentrated i n  p r e c i p i t a t e s ,  presumably c a r b o n i t r i d e s .  Molybdenum tends t o  concentrate i n  

the  t i t a n i u m - r i c h  p r e c i p i t a t e s ,  w h i l e  t h e  p r e c i p i t a t e s  a r e  dep le ted  o f  Fe, N i  and C r .  

behavior  i s  s i m i l a r  t o  t h a t  observed i n  t h e  s o l i d  s o l u t i o n  a l l o y s .  The l a r g e  aluminum 

a d d i t i o n s  had no o v e r r i d i n g  i n f l u e n c e  on t h e  bas i c  compound format ion.  

d e f i n i t e  r e a c t i o n  sequence i n  which t h e  f i r s t  two s e t s  o f  r e a c t i o n s  d i c t a t e d  by the  thermo- 
dynamics(6) a r e  ox ide  and c a r b i d e  format ion,  r e s p e c t i v e l y .  

When t h e  molybdenum c o n t e n t  i s  lowered t o  one pe rcen t  i n  combinat ion w i t h  

Thus, t h e  e f f e c t  o f  vanadium and n iob ium a d d i t i o n s  i n  t h e  presence 

The b u l k  o f  t h e  T i  i s  

Th is  

There appears t o  be a 

The remain ing a c t i v e  r e s i d u a l  
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Al loy  Series 

Commercial 

Developmental 

Designation 

A-286 
M-813 
Nimonic PE16 

D21 

D66 D25 
D42 

Bal 
Bal 
Bal 
Bal 

Bal 
Bal 
Bal 
Bal 
Bal 
Bal 
Bal 
Bal 
Bal 
Bal 
Bal 
Bal 
Bal 
Bal 
Bal 
Bal 
Bal 

24.9 8.4 
30.1 10.5 
45.0 12.0 
60.0 15.0 

20.0 1 . 5  
20.0 7.5 
20.0 7.5 
25.0 7.5 
25.0 7.5 
25.0 7 .5  
25.0 7.5 
25.0 7.5 
30.0 7.5 
30.0 7.5 
35.0 10.0 
35.0 10.0 
35.0 10.0 
40.0 12.0 
45.0 12.0 
45.0 12.0 
45.0 12.0 

. 

* 

MD11 
MD12 
MD13 
MD14 
MD15 
MD16 
MD17 
M o l  8 
MD19 
MD20 
MD21 
MD22 
MD23 
MD24 
MD28 
MD29 
MD30 

TABLE 36 

COMPOSITIONS* OF VI-STRENGTHENED ALLOYS 

Mn 

1.6 

0; 1 

- 
- 

Z r  
P 

- 
0.10 - 

T i  

2.15 
2.25 
1.2 

__ 
~ 

A1 

0.2 
1.4 
1.2 

- B 

0.005 
0.005 
0.010 

P 

S i  

0.65 

0.15 
- 

Mo 

1.25 
4.0 
3.3 

C 

0.04 
0.08 
0.05 

0.04 
0.04 
0.03 
0.03 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.03 
0.03 
0.03 

- Other 

1 .o 
1 .o - 
- 
- 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o 
1 .o - 
- 
- 

3.3 
1.8 
2.5 
1.5 

2.0 
3.0 
3 .O 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
2.0 
2.0 
2.5 
3.0 
0.2 
3.0 
2.5 
2.5 

- 

1 .o 
3.7 
3.3 
5.0 

3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
1 .o 
1 .D 
1 .o 
3.0 
3.0 
3.0 
4.0 
3.0 
3.3 
3.0 

1 .o 
1 .o 
0.5 
0.5 

0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.1 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 

0.3 
0.3 
0.3 

0.3 
0.3 
0.3 
0.3 
0.3 

- 

- 

1.7 
1.3 
2.5 
1.5 

1 .o 
1.5 
2.5 
1.5 
2.0 
2.5 
3.0 
1.5 
1.5 
1 .o 
1.5 
2.0 
2.0 
0.1 
3.0 
2.5 
1.6 

0.0005 
0.0007 
0.005 
0.01 

0.005 
0.005 
0.005 
0.005 
0.005 
0.005 
0.005 
0.005 
0.005 
0.005 
0.005 
0.005 
0.005 
0.005 
0.005 
0.005 
0.005 

- 
0.007 
0.05 
0.03 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 

1.5 Nb 

0.5 V 
1.0 Nb 
0.5 V ,  0.5 Nb 

I 

Series A 

1 .o 
1 .o 
1 .o 

0.2 
0.2 
0.2 

0.2 
0.2 
0.2 
0.2 
0.2 

- 

- 

3.3 
3.9 
4.8 

1.7 
2.2 
2.7 

0.05 
0.05 
0.05 

0.005 
0.005 
0.005 

D21 -B1 
D21-82 
D21-83 

0.05 
0.05 
0.05 

0.05 
0.05 
0.05 
0.05 
0.05 

D25-B1 
D25-82 
D25-83 

Series B 
1.8 
3.3 
3.9 
4.8 
3.3 - 

1.3 
1.7 
2.2 
2.7 
1.7 

1 .o 
1 .o 
1 .o 
1 .o 
2.0 

0.05 
0.05 
0.05 
0.05 
0.05 

0.005 
0.005 
0.005 
0.005 
0.005 

D25-84 
D25-85 

Compositions i n  weight percent 



TABLE 36. COMPOSITIONS* OF yl-STRENGTHENED ALLOYS (Continued) 

C r  

7.5 
7.5 
7.5 
7.5 

12.0 

7.5 
7.5 
7.5 
7.5 
7.5 
7.5 
7.5 
7.5 

A1 l o y  Series Mo 

1 .o 
1.0 
1.0 
3.0 
3.0 

1.0 
1.0 
1.0 
1.0 
1.0 
1 .o 
1.0 
1.0 

Series B 
(Cont I d )  

Mn 

0.2 
0.2 
0.2 
0.2 
0.2 

0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 

Series C 

Z r  

0.05 
0.05 
0.05 
0.05 
0.05 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.05 

Designation 

3.3 
3.3 
3.3 
3.3 
3.3 
3.3 
3.3 
3.3 
3.3 
2.15 

3.9 
3.9 
3.3 
1.8 
3.3 
2.25 

3.3 
3.3 
3.3 
3.3 
1.2 

1.5 

D66-81 
D66-B2 
D66-83 
066-64 
066-85 

1.7 0.05 0.005 
1.7 0.05 0.005 
1.7 0.05 0.005 
1.7 0.05 0.005 
1.7 0.05 0.005 
1.7 0.05 0.005 
1.7 0.05 0.005 
1.7 0.05 0.005 
1.7 0.05 0.005 
0.8 0.04 0.005 

2.2 0.05 0.005 
2.2 0.05 0.005 
1.7 0.05 0.005 
1.3 0.05 0.005 
1.7 0.05 0.005 
1.4 0.08 0.005 

1.7 0.05 0.005 
1.7 0.05 0.005 
1.7 0.05 0.005 
1.7 0.03 0.005 
1.2 0.05 0.003 

1.5 0.03 0.005 
I 

D21 -C1 
D21 -C2 
D21 -C3 
D21 -C4 
D21 -C5 
D21 -C6 
D21 -C7 
D21 -C8 
D21 -C9 
021 -c10 

0.2 
0.2 
0.2 
0.2 
0.2 - 
0.2 
0.2 
0.2 
0.2 
0.1 

0.2 

D25-C1 
025-C2 
D25-C3 
D25-C4 
025-C5 
D25-C6 

D66-C1 
D66-C2 
D66-C3 
D66-C4 
D66-C5 

0.05 
0.05 
0.05 
0.05 
0.05 
0.10 

0.05 
0.05 
0.05 
0.05 
0.05 

0.05 D42-C1 

5.0 
7.5 ' 

7.5 
10.5 
10.5 
18.0 

7.5 
7.5 

10.5 
10.5 
16.5 

15.0 

Compositions i n  weight percent 

1.0 
1.0 
1.0 
1.0 
1.0 
4.0 

1.0 
1.0 
3.0 
2.0 
3.3 

5.0 

- 
Fe 

Bal 
Bal 
Bal 
Bal 
Bal 

Bal 
Bal 
Ba 1 
Ba 1 
Bal 
Bal 
Ba 1 
Bal 
Bal 
Ba 1 

- 

- 

Bal 
Ba 1 
Bal 
Bal 
Bal 
Bal 

Bal 
Bal 
Bal 
Ba 1 
Bal 

Bal 

- 

- 
- 

N i  

40.0 
45.0 
45.0 
45.0 
45.0 

25.0 
25.0 
25.0 
25.0 
25.0 
25.0 
25.0 
25.0 
25.0 
25.0 

30.0 
35.0 
35.0 
30.0 
30.0 
35.0 

40.0 
45'. 0 
45.0 
40.0 
43.5 

60.0 

.7.5 1.0 
15.0 1 1.25 

S i  

0.3 
0.3 
0.3 
0.3 
0.3 

1 .o - 
- 
- 
- 

1 .o 
1 .o 
1 .o 
1 .o 
1 .o 

0.3 
0.3 
0.3 
0.7 
0.3 
1 .o 
0.3 
0.3 
0.7 
0.5 
1 .o 
0.5 

- 

- 

- 

0.2 0.05 
1.6 1 0.05 

Other 

0.2 sc 
0.2 Y 
0.2 H f  
0.2 La 
0.2 sc 
0.2 Y 
0.2 H f  
0.2 La 

1.5 Nb 



200 pm 

MD. 13 
FIGURE 123. The effect o f  increasing the Ti+A1 content in Fe-7.5Cr-20Ni 

alloys. Alloys MD11, MD12 and 'MD13 contain Ti/A1 contents o f  
2.0/1 .O, 3.0/1.5 and 3.0/2.5, respectively. 



n 

FIGURE 124. The p r o d u c t i o n  o f  vanadium and n iobium carbides i n  y '  
s t r e n g t h e n e d  a1 1 oys. 



FIGURE 

Fe 

M o  

Ni 

T i  

25. E l  ec t ron  microprobe scan of i n c l  us ions  
a1 1 oy D25-85. 
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e lements  r e p r e s e n t  a smal l  "unbound" f r a c t i o n  o f  t h e  o r i q i n a l  a d d i t i o n s .  

o f  t h e s e  a c t i v e  e lements  in .dynamic  imicrocornplexes(6) and s o l u t e  f l o w s ( 7 )  a r e  p o t e n t i a l l y  

v e r y  s e n s i t i v e  t o  h e a t - t o - h e a t  v a r i a t i o n s  and p r o c e s s i n g  v a r i a b l e s .  

a 
r e d i s t r i b u t i o n .  

The i n t e r a c t i o n s  

These mechanisms o f f e r  

p o s s i b l e  e x p l a n a t i o n  o f  t h e  c o n t r o l l i n g  f a c t o r s  f o r  s w e l l i n g  r e s i s t a n c e  and Y' 

Al though  s i m u l a t i o n  exper imen ts  have shown t h e  a l l o y s  D21, D25 and D66 t o  be  

h i g h l y  r e s i s t a n t  t o  s w e l l i n g ,  a l l  t h r e e  a l l o y s  have known shor tcomings  wh ich  can be  a l l e v i a t e d  

s u b s t a n t i a l l y  by  m i n o r  c o m p o s i t i o n a l  m o d i f i c a t i o n s .  

b i l i t i e s  by  v i r t u e  o f  p r e c i p i t a t i o n  o f  Laves and G phases (8 ) ,  and do n o t  possess t h e  
mechan ica l  s t r e n g t h  a c h i e v a b l e  w i t h i n  t h i s  a l l o y  c l a s s .  

has proven t o  b e  v e r y  d i f f i c u l t ,  due i n  l a r g e  p a r t  t o  i t s  h i g h  aluminum c o n t e n t .  

B m o d i f i c a t i o n s  t o  D21, D25 and D66 were des igned  t o  c i r c u m v e n t  phase i n s t a b i l i t i e s  and t o  

de te rm ine  t h e  upper  l i m i t s  o f  T i  and A1 c o n t e n t ,  w h i l e  t h e  S e r i e s  C v e r s i o n s  of  D66 were 
d i r e c t e d  t o  t h e  f a b r i c a b i l i t y  p rob lem.  The S e r i e s  C m o d i f i c a t i o n s  t o  a l l o y  D21 i n c l u d e  a l l o y s  

i n t e n d e d  t o  su rvey  a l t e r n a t i v e s  t o  s i l i c o n  a d d i t i o n s ,  i n  t h e  e v e n t  t h a t  s i l i c o n  p roves  i n  t h e  

l o n g  r u n  t o  be d e t r i m e n t a l  i n  some a l l o y  per fo rmance aspec ts  such as  f u e l  c o m p a t i b i l i t y  o r  

mass t r a n s p o r t .  
s i n c e  these  e lements  a r e  most  l i k e l y  t o  f o r m  c h e m i c a l l y  a c t i v e  complexes 

A l l o y s  D21 and D25 e x h i b i t  phase i n s t a -  

F a b r i c a t i o n  and w e l d i n g  o f  a l l o y  D66 

The S e r i e s  

Scandium, y t t r i u m ,  ha fn ium and lan thanum a d d i t i o n s  were s e l e c t e d  f o r  s tudy ,  
( 6 )  . 

I n  t h e  d e t e r m i n a t i o n  o f  t h e  optimum T i  and A1 l e v e l s  t h e r e  i s  a t r a d e - o f f  

between s t r e n g t h  and f a b r i c a b i l i t y .  D u r i n g  t h e  p r o d u c t i o n  o f  t h e  S e r i e s  B specimens f o r  t h e  

AA-XI1 r e a c t o r  t e s t ,  i t  was p o s s i b l e  t o  assess  t h e  r e l a t i v e  f a b r i c a b i l i t y  o f  a w ide  range  o f  

c o m p o s i t i o n s .  The a l l o y s  w i t h  h i g h e s t  ( T i + A l )  c o n t e n t ,  such as 021-63 and D25-B3, were t h e  

most d i f f i c u l t  t o  r o l l .  

2.7 aluminum; however, t h e  t r a n s i t i o n  f r o m  easy  t o  d i f f i c u l t  f a b r i c a t i o n  i s  between ( 3 . 3  t o  

3.9) T i  and (1 .7  t o  2.2)  A l .  S ince  t u b e  f a b r i c a t i o n  i s  n o m i n a l l y  a more d i f f i c u l t  p rocess  

than  r o l l i n g ,  t h e  optimum l i m i t  appears t o  be n e a r  3 .3  T i  and 1 .7  A l .  On an atom f r a c t i o n  

b a s i s ,  t h i s  i s  e q u i v a l e n t  t o  a T i :A1  r a t i o  o f  1 .09  and a ( T i + A l )  c o n t e n t  o f  7.3%. 

i s  nea r  t h e  optimum, b u t  t h i s  m a t e r i a l  s t i l l  has a p o t e n t i a l  f o r  s t r e n g t h e n i n g  b y  i n c r e a s i n g  

t h e  T i  t o  A1 r a t i o .  M a t e r i a l s  f o r  LMFBR a p p l i c a t i o n s  a r e  more r e s t r i c t e d  on t h e  upper  l i m i t  

o f  t h i s  r a t i o  t h a n  a r e  s u p e r a l l o y s  f o r  non -nuc lea r  a p p l i c a t i o n s ,  s i n c e  i n c r e a s i n g  t h e  T i /A1  
r a t i o  l eads  t o  phase i n s t a b i l i t i e s  such as e ta -phase  p r e c i p i t a t i o n  d u r i n g  i r r a d i a t i o n .  

A l l o y  f a b r i c a t i o n  was p o s s i b l e  t o  l e v e l s  as  h i g h  as  4 .8  t i t a n i u m  and 

T h i s  r a t i o  

Phase e x t r a c t i o n  ana lyses  and t r a n s m i s s i o n  m ic roscopy  c o n f i r m  t h a t  t h e  D21-B1 

and D25-B2 m o d i f i c a t i o n s  have e l i m i n a t e d  t h e  Laves and G phases observed i n  a l l o y s  D21 and 

025. A l l o y s  D21-B1 and 025-62 c o n t a i n  o n l y  Y '  and c a r b i d e s .  F i g u r e  126 i l l u s t r a t e s  t h a t  

a l l o y  D21-Bl has t h e  p o t e n t i a l  f o r  development,  under  c e r t a i n  h e a t  t r e a t m e n t  schedu les ,  o f  

a c e l l u l a r  y' s t r u c t u r e  wh ich  i s  t y p i c a l l y  n u c l e a t e d  a t  g r a i n  boundar ies .  

S t r e s s  r u p t u r e  t e s t i n g  o f  a l l o y s  D21-B1, D21-62,  D25-B1 and D25-B2 c o n f i r m e d  

t h e  a n t i c i p a t e d  improvement i n  s t r e n g t h  o f  t h e  S e r i e s  B a l l o y s  o v e r  t h e  c a n d i d a t e  m a t e r i a l s  

D21 and D25. A 10  t o  15 p e r c e n t  i n c r e a s e  i n  100-hour  650°C r u p t u r e  s t r e n g t h  was ach ieved  b y  

a comb ina t ion  of  reduced phase i n s t a b i l i t i e s  and i n c r e a s e d  y' volume f r a c t i o n .  The 

lMo-0 .3S i -3 .3T i -1 .7A l  l e v e l  i s  p r e f e r a b l e  f o r  b o t h  t h e  25 and 30 p e r c e n t  n i c k e l  a l l o y s .  The 

10.5 C r  a l l o y  i s  a p p r o x i m a t e l y  t e n  p e r c e n t  s t r o n g e r  t h a n  t h e  7 .5  C r  a l l o y  i n  t h e  30  p e r c e n t  

n i c k e l  range.  Thus, a t  t h i s  n i c k e l  c o n t e n t ,  t h e  10.5 C r  l e v e l  i s  p r e f e r r e d  t o  a c h i e v e  t h e  
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FIGURE 126. Gama prime p r e c i p i t a t i o n  i n  a l loy  D Z l - B l .  
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f u l l  s t r e n g t h  c a p ? b i l i t i e s .  

A1 m a t r i x  s o l u b i l i t i e s ,  t h e r e b y  i n c r e a s i n g  t h e  volume f r a c t i o n  o f  t h e  y '  s t r e n g t h e n i n g  phase. 

I n c r e a s i n g  t h e  chromium c o n t e n t  g e n e r a l l y  decreases t h e  T i  and 

The S e r i e s  B a l l o y s  a r e  p r e s e n t l y  under  i r r a d i a t i o n  i n  t h e  EBR-I1 i r r a d i a t i o n  

The f o l l o w - o n  EBR-I1 t e s t  c o n t a i n i n g  t h e  S e r i e s  C a l l o y s ,  A A - V I ,  i s  now under  t e s t  AA-XI I .  

c o n s t r u c t i o n  and i s  schedu led  f o r  Run 89  i n s e r t i o n .  

10.3.4 y'/y" Strengthened A l l o y s  

The compos i t i ons  o f  t h e  S e r i e s  B and C a l l o y s  o f  t h e  y'/y" s t r e n g t h e n e d  c l a s s  

a r e  shown i n  Tab le  37, t o g e t h e r  w i t h  t h o s e  o f  t h e  c o u n t e r p a r t  commercial  ( I n c o n e l  706, I n c o n e l  

718) and deve lopmenta l  (D68) a l l o y s .  

A l l o y  D68 was s e l e c t e d  a f t e r  c o n s i d e r a b l e  s tudy" )  as t h e  c a n d i d a t e  

deve lopmenta l  a l l o y  o f  t h i s  c l a s s  o f  m a t e r i a l s .  

D68 i s  a p p r o x i m a t e l y  f i v e  p e r c e n t  l o w e r  t h a n  t h a t  o f  I n c o n e l  706, presumably because o f  t h e  

l o w e r  chromium c o n t e n t .  T h i s  m a t e r i a l ,  however, does s w e l l  a f a c t o r  o f  two l e s s  t h a n  i t s  

commercial  c o u n t e r p a r t  under  1 MeV e l e c t r o n  i r r a d i a t i o n .  

a l l o y s  o f  t h i s  t y p e  i s  c r i t i c a l l y  dependent upon t h e  Nb, T i  and A1 l e v e l s .  

i s  n o t  p o s s i b l e  t o  p roduce y" i n  t h e s e  c o m p o s i t i o n  ranges  i f  t h e  a l l o y  c o n t a i n s  more t h a n  
0.5% aluminum. 

f o r  D68, e x e m p l i f i e s  t h e  p o t e n t i a l  f o r  phase i n s t a b i l i t y  i f  t h e  p r o p e r  ba lance  o f  a l l o y  

c o n s t i t u e n t s  i s  n o t  ma in ta ined ,  as seen i n  F i g u r e  127. 

The 100 hour/65O0C r u p t u r e  s t r e n g t h  o f  a l l o y  

The m i c r o s t r u c t u r a l  b e h a v i o r  o f  

F o r  example, i t  

A l l o y  M027, one o f  t h e  f i r s t  a t t e m p t s  a t  e s t a b l i s h i n g  t h e  c o m p o s i t i o n  range  

The deve lopmenta l  e f f o r t  i n  t h e  D68 c l a s s  o f  a l l o y s  was c o n t i n u e d  i n  o r d e r  t o  

d i s c o v e r  t h e  l o w e r  l e v e l  o f  n i c k e l  c o n t e n t  f o r  t h i s  a l l o y  c l a s s  and t o  d e s i g n  an  a l l o y  wh ich  

can be  t r e a t e d  t o  p roduce t h e  "enve lope s t r u c t u r e " .  

enve lope o f  y" phase c o m p l e t e l y  c o v e r i n g  t h e  y' p r e c i p i t a t e s ,  has t h e  advantage o f  an  i n c r e a s e d  

r e s i s t a n c e  t o  ove rag ing .  

mechan ica l  s t r e n g t h .  

T h i s  morpho logy ,  w h i c h  c o n s i s t s  o f  an 

T h i s  s t r u c t u r e  s h o u l d  m i t i g a t e  a g a i n s t  d e g r a d a t i o n  o f  i n - r e a c t o r  

I n  a l l o y  D68, t h e  y '  phase p r e c i p i t a t e s  p r i o r  t o  y", wh ich  i s  a necessary  b u t  

n o t  s u f f i c i e n t  c o n d i t i o n  f o r  t h e  p r o d u c t i o n  o f  t h e  enve lope  s t r u c t u r e .  

s t r u c t e d  t o  i n c r e a s e  t h e  t i m e  between t h e  TTT c u r v e s  f o r  t h e  y '  and y "  phases by i n c r e a s i n g  

t h e  ( T i + A l  ) /Nb r a t i o .  T ransmiss ion  m ic roscopy  a n a l y s i s  o f  aged D68-B1 c o n f i r m s  t h a t  t h i s  t i m e  

was i n c r e a s e d  f r o m  a p p r o x i m a t e l y  o n e - h a l f  hou r  t o  24 hours ,  y e t  t h e  enve lope s t r u c t u r e  was 

s t i l l  n o t  o b t a i n e d .  As F i g u r e  128 r e v e a l s ,  however,  t h e r e  i s  a d e f i n i t e  tendency  f o r  y ' / y "  

a s s o c i a t i o n  i n  t h i s  m a t e r i a l .  A l l o y s  D68-B3 and D68-84 c o n t a i n  a d d i t i o n s  o f  molybdenum t o  

i n c r e a s e  t h e  l a t t i c e  mismatch  between t h e  a u s t e n i t e  and t h e  gamma p r i m e  phase. 
s t r a i n s  deve loped around t h e  y '  s h o u l d  enhance t h e  p r e c i p i t a t i o n  o f  t h e  y" due t o  t h e  

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

A l l o y  D68-B1 was con-  

The l a t t i c e  

The p r i n c i p a l  drawback o f  t h e  I n c o n e l  706/D68 t y p e  o f  a l l o y s  i s  t h e i r  

r e l a t i v e l y  h i g h  n e u t r o n  a b s o r p t i o n  c r o s s - s e c t i o n .  

s w e l l i n g  o f  t h e s e  a l l o y s  a r e  expec ted  t o  c o m p l e t e l y  overshadow t h i s  d i sadvan tage ,  t h e r e  i s  

s t i l l  a s t r o n g  i n c e n t i v e  t o  reduce t h e  n e u t r o n  a b s o r p t i o n  c r o s s - s e c t i o n  v i a  a l l o y i n g  o p t i m i -  

z a t i o n .  

f o r  t h i s  a l l o y  c l a s s .  TEM e x a m i n a t i o n  o f  t h e  f i r s t  o f  t h e s e  a l l o y s  r e v e a l s  t h e  presence o f  

b o t h  t h e  Y' and Y" phases, so t h e  n i c k e l  c o n t e n t  o f  Y" s t reng thened  a l l o y s  can be decreased 

a t  l e a s t  t o  37 p e r c e n t .  

A l t h o u g h  t h e  h i g h  s t r e n g t h  and l o w  

A l l o y s  D68-B2 and D68-85 were des igned  t o  d i s c o v e r  t h e  l o w e r  l i m i t  o f  n i c k e l  c o n t e n t  

S t r e s s  r u p t u r e  t e s t i n g  o f  D68-B2 c o n f i r m s  t h a t  t h e  s t r e n g t h  l e v e l  o f  
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TABLE 3 7  

C r  Mo Nb S i  Mn 

16.0 2.9 0.18 0.18 
19.0 3 .0  5.1 0.18 0.18 

12.0 3.6 0.4 0.26 

12.0 - 3.0 * 0.5 - 

_ _ _ _  
- 

- 

COMPOSITIONS* OF ' / y l h - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  ALLOYS 

Z r  . T i  

- 1.75 
- 0.9 

0.05 1 .8  

0.05 3.5 
12.0 * - 3.0 0.5 - 0.05 
12.0 - 4.0 0.5 - ~ 0.05 

Incone l  706 
Incone l  718 

Commerci a1 

2.5 
0.8 

~ 

MD27 37.0 

Ser ies  B 068-B1 

A1 C 

0.2 0.03 
0.5 0.04 

0.4 0.03 

2 . 5  9.05 
2 . 5  0.05 
0.6 0.05 

0.5 I 0.03 

- 

i 

I Se r ies  c $ 1  

B Other  
-~ - -- -- - -~~ 

- 

0.005 

0.005 
0.005 
0.005 

0.005 

D68-C1 
D68-C2 
D68-C3 
D68-C4 
D68-C5 

Developmental 

Bal  37.0 
Bal  37.0 
Bal  45.0 
Bal  34.0 
Bal  39.0 

D68 Bal  45.0 

12.0 
16.0 2.9 

0.3 

0.3 
0.5 
0.5 
0.5 
0.45 

0.2 

0.2 
0 .2  
0.2 
0 .2  
0.2 

0.05 
0.05 

Composi t ions i n  we igh t  pe rcen t  

0.3 ' 0.03 I 0.005 
0.3 0.03 I 0.005 

0.3 ' 0.03 I 0.005 
0.2 1 0.03 1 0.005 

0.5 I 0.03 0.005 



FIGURE 127. Phase instability observed in alloy MD27. 
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FIGURE 128. B r i g h t  f i e l d  image o f  Y' and Y" i n  D68-82. 
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t h i s  a l l o y  i s  i d e n t i c a l  t o  t h a t  o f  t h e  c a n d i d a t e  a l l o y  D68; i . e . ,  a 65O0C/1O0 hour  r u p t u r e  

s t r e s s  o f  580 MPa. These r e c e n t  d a t a  were i n c o r p o r a t e d  i n  t h e  m o d i f i e d  v e r s i o n  o f  t h e  Nb, 

T i ,  A1 and Mo range f i g u r e  f o r  t h e  y'/y" s t reng thened  a l l o y s  shown i n  F i g u r e  129. 

p e r c e n t  n i c k e l  a l l o y ,  D68-B5, w i l l  be i n v e s t i g a t e d  d u r i n g  t h e  n e x t  r e p o r t i n g  p e r i o d .  

The 34 

Decreas ing  t h e  n i c k e l  c o n t e n t  a l s o  spreads t h e  y' and y" TTT cu rves  i n  a l l o y  

D68-51. Because o f  t h i s  i n c r e a s e d  TTT s e p a r a t i o n ,  t h e  37 p e r c e n t  n i c k e l  c o n t e n t  may p r o v e  t o  

be an i d e a l  l e v e l  f o r  molybdenum a d d i t i o n s  t o  i n c r e a s e  t h e  y/y' mismatch and t h e r e b y  enhance 

t h e  enve lope s t r u c t u r e  f o r m a t i o n .  

t h i s  concep t .  

A l l o y  068-B3 w i l l  be  examined t o  assess t h e  f e a s i b i l i t y  o f  

A l l  t h e  i n t e r m e d i a t e  n i c k e l  a l l o y s  employ ing  y'/y" s t r e n g t h e n i n g  a r e  expec ted  

t o  be p rune  t o  t r a n s f o r m a t i o n  t o  d e l t a  o r  e t a  phases a t  t empera tu res  i n  t h e  range o f  750 t o  

953°C. 

c i p i t a t e s  (as  shown i n  F i g u r e  130)  i s  a l s o  common. The thermomechanical  t r e a t m e n t  employed 

f o r  D68 and I n c o n e l  706 was des igned t o  p r e c i p i t a t e  d e l t a  i n  t h e  g r a i n  boundar ies .  

r e t a r d s  g r a i n  boundary  s l i d i n g  and i n c r e a s e s  t h e  r u p t u r e  s t r e n g t h .  

examina t ion  o f  I n c o n e l  718 r e v e a l s  t h a t  t h e  y' and y" a r e  s t a b l e  phases and do n o t  decompose 
d u r i n g  i r r a d i a t i o n  i n  t h e  presence o f  d e l t a  phase. 

These Dhases u s u a l l y  n u c l e a t e  i n  t h e  g r a i n  boundar ies ,  b u t  n u c l e a t i o n  a t  c a r b i d e  p r e -  

T h i s  

Recent p o s t i r r a d i a t i o n  

10.3.5 Conc lus ions  

The s p e c i f i c a t i o n  o f  a l l o y  c o m p o s i t i o n s  f o r  o r d e r i n g  q u a n t i t i e s  o f  p r i m a  

c a n d i d a t e  a l l o y  t u b i n g  f o r  C y c l e  1 FFTF t e s t i n g  i s  s u b j e c t  t o  c e r t a i n  b a s i c  c o n s t r a i n t s ,  

p r i m a r y  among t h e s e  be ing  t h a t  t h e  c o m p o s i t i o n  s p e c i f i e d  nor: b e  g r e a t l y  d i f f e r e n t  f r o m  t h a t  
o f  t h e  i n i t i a l  c a n d i d a t e  a l l o y  c o m p o s i t i o n .  T h i s  i s  i n t e n d e d  t o  ensure  t h a t  t h e r e  w i l l  be no 

unexpected  d e v i a t i o n  o f  a l l o y  p r o p e r t i e s  f rom t h o s e  de te rm ined  t h r o u g h  t h e  EBR-I1 i r r a d i a t i o n  

t e s t i n g  phase. P o t e n t i a l  a l l o y  improvements i d e n t i f i e d  i n  t h i s  and s i m i l a r  i n v e s t i g a t i o n s  

w i l l  be e x p l o i t e d  t o  an e x t e n t  c o n s i s t e n t  w i t h  t h e  programmat ic  c o n s t r a i n t s .  
wh ich  f a l l  o u t s i d e  these  bounds must  be de-emphasized i n  t h e  near  t e r m  and r e - e v a l u a t e d  a t  a 

l a t e r  s tage  i n  t h e  program when f u r t h e r  d a t a  a r e  a v a i l a b l e  and t h e  o p p o r t u n i t y  e x i s t s  f o r  

f u r t h e r  improvements t o  t h e  p r i m a r y  a l l o y ( s )  and p o s s i b l e  backup a l l o y s .  

M o d i f i c a t i o n s  

S p e c i f i c  c o n c l u s i o n s  p e r t a i n i n g  t o  nea r - te rm a l l o y  m o d i f i c a t i o n s  a r e  as 

f o l l o w s :  

1 .  A r e d u c t i o n  i n  t h e  molybdenum c o n t e n t  o f  a l l o y  D11 l e a d s  t o  improved phase 

s t a b i l i t y  and enhanced s t r e s s - r u p w r e  p r o p e r t i e s .  The D11-B1 m o d i f i c a t i o n  r e p r e s e n t s  a 

d e s i r a b l e  a d j u s t i i e n t  t c  t h e  c o m p o s i t i o n  o f  t h i s  c a n d i d a t e  a l l o y .  

2 .  Gamma-prime p r e c i p i t a t i o n  s t r e n g t h e n i n g  o f  a l l o y  D9 does n o t  appear 

f e a s i b l e ,  and f u r t h e r  sma l l  a d d i t i o n s  o f  t i t a n i u m  and aluminum a r e  expec ted  t o  b e  d e l e t e r i o u s  

t o  t h e  s w e l l i n g  r e s i s t a n c e  o f  t h i s  a l l o y .  

3.  The optimum t i t a n i u m  and aluminum c o n c e n t r a t i o n s  f o r  b o t h  a l l o y s  D21 and 
D25 a r e  a p p r o x i m a t e l y  3 . 3  T i  and 1.7 A l .  

between s t r e n g t h  and d u c t i l i t y  and do n o t  l e a d  t o  phase i n s t a b i l i t i e s .  Those phase i n s t a b i l -  

i t i e s  wh ich  have been observed i n  D21 and 025 appear t o  he c o r r e c t a b l e  by  r e d u c t i o n s  i n  

rrolybdenum and /o r  s i l i c o n  c o n t e n t .  S l i g h t  i n c r e a s e s  i n  chrorrium c o n t e n t  a l s o  a r e  expec ted  t o  
be b e n e f i c i a l .  

These c o n c e n t r a t i o n s  a f f o r d  t h e  p r o p e r  ba lance  

, 
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F u r t h e r  c o n c l u s i o n s  can be drawn r e g a r d i n g ' t h e  more l o n g - t e r m  deve lopmenta l  

e f f o r t :  

1 .  The n i c k e l  c o n t e n t  o f  y'/y" s t reng thened  a l l o y s  such as  D68 can be  l owered  

t o  37% w i t h o u t  d e g r a d a t i o n  o f  mechan ica l  p r o p e r t i e s .  

c o n t e n t  and i n c r e a s e d  ( T i + A l ) : N b  r a t i o  may make i t  p o s s i b l e  t o  a c h i e v e  t h e  d e s i r e d  enve lope 

p r e c i p i t a t e  s t r u c t u r e .  

The comb ina t ion  o f  reduced n i c k e l  

2. The f a b r i c a b i l i t y  o f  a l l o y  D66 shou ld  be  s u b s t a n t i a l l y  improved b y  

i n c r e a s i n g  t h e  t i t a n i u m  c o n t e n t  and d e c r e a s i n g  aluminum. 

10.4 EXPECTED ACHIEVEMENTS I N  THE NEXT REPORTING P E R I O D  

To f a c i l i t a t e  t h e  June 1977 s e l e c t i o n  o f  t h e  l e a d i n g  c a n d i d a t e  a l l o y s ,  t h e r e  must  be  an 
i n t e n s i v e  e f f o r t  o v e r  t h e  n e x t  two r e p o r t i n g  p e r i o d s  t o  d e f i n e  t h e  optimum c o m p o s i t i o n s .  

T h i s  i n c l u d e s  t h e  p o s t i r r a d i a t i o n  examina t ion  o f  t h e  c a n d i d a t e  a l l o y s  f r o m  t h e  A A - I  and A A - V I 1  

r e a c t o r  t e s t s ,  phase s t a b i l i t y  t e s t s ,  l i m i t e d  c reep  r u p t u r e  t e s t i n g  and c h a r g e d - p a r t i c l e  

i r r a d i a t i o n s  o f  t h e  most  p r o m i s i n g  m o d i f i e d  a l l o y s .  
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I .  THEORY OF PARTICLE REDISTRIBUTION IN AN IRRADIATION ENVIRONMENT 

M. Baron, A. Chang and M. L. B l e i b e r g  

Nest inghouse Advanced Reac to rs  D i v i s i o n  

1.1 OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work  i s  t o  deve lop  a n a l y t i c a l  methods f o r  t r e a t i n g  t h e  b e h a v i o r  o f  

p r e c i p i t a t i o n - s t r e n g t h e n e d  a l l o y s  under  i r r a d i a t i o n .  

1 .2  SUMMARY 

A new t h e o r y  o f  p a r t i c l e  r e d i s t r i b u t i o n  i n  an  i r r a d i a t i o n  env i ronmen t  i s  proposed based 

on t h e  p h y s i c a l  i d e a s  o f  Ne lson e t  a l .  

approach t o  the rma l  coa rsen ing .  

The t h e o r y  i s  a n a t u r a l  e x t e n s i o n  o f  t h e  L-S-W 

An e q u a t i o n  g o v e r n i n g  t h e  k i n e t i c  e v o l u t i o n  o f  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  i s  

d e r i v e d .  
and t o g e t h e r  w i t h  t h e  c o n s e r v a t i o n  o f  s o l u t e ,  p r o v i d e s  a t h e o r e t i c a l  c h a r a c t e r i z a t i o n  o f  t h e  

e q u i l i b r i u m  s t a t e .  I t  i s  shown t h a t  due t o  s o l u t e  r e s o l u t i o n ,  t h e  e q u i l i b r i u m  s t a t e  i s  

c h a r a c t e r i z e d  by  t h e  e x i s t e n c e  o f  a maximum s t a b l e  r a d i u s  and an amount o f  s o l u t e  i n  dynamic 

s o l u t i o n  w h i c h  i s  i n  excess o f  t h e  e q u i l i b r i u m  the rma l  c o n c e n t r a t i o n  f o r  t h e  i r r a d i a t i o n  

tempera tu re .  The e q u i l i b r i u m  d i s t r i b u t i o n  has a u n i v e r s a l  f o r m  independent  o f  t h e  i n i t i a l  

a g i n g  t r e a t m e n t .  I t  i s  shown t h a t  i n  o r d e r  t o  s i m u l a t e  t h e  k i n e t i c s  o f  p a r t i c l e  r e d i s t r i -  

b u t i o n  o f  n e u t r o n  i r r a d i a t e d  m a t e r i a l s  a t  t empera tu res  above 575"C, s i m u l a t i o n  exper imen ts  

shou ld  be c a r r i e d  o u t  a t  l o w e r  tempera tu res  t h a n  t h e  n e u t r o n  i r r a d i a t i o n  tempera tu re .  

The k i n e t i c s  o f  t h e  maximum p a r t i c l e  s i z e  a r e  d i scussed  and i t  i s  shown t h a t  t h e  

I t i s  s o l v e d  f o r  t h e  e q u i l i b r i u m  (i .e.,  d i sp lacemen t  dose independen t )  d i s t r i b u t i o n  

r e l a x a t i o n  t o  t h e  e q u i l i b r i u m  v a l u e  i s  e x p o n e n t i a l  w i t h  d i sp lacemen t  dose. 

f o r m  o f  t h e  t i m e  dependent p a r t i c l e  s i z e  d i s t r i b u t i o n  i s  d i scussed  u s i n g  t h e  dynamic s c a l i n g  

h y p o t h e s i s .  I t  i s  p roven t h a t  f o r  such doses f o r  w h i c h  dynamic s c a l i n g  h o l d s ,  t h e  r e l a x a t i o n  

k i n e t i c s  o f  t h e  average p a r t i c l e  s i z e  t o  t h e  e q u i l i b r i u m  v a l u e  i s  a l s o  e x p o n e n t i a l  w i t h  t o t a l  
d i sp lacemen t  dose. 

1 .3 ACCOMPLISHMENTS AND STATUS 

The a s y m p t o t i c  

1.3.1 I n t r o d u c t i o n  

The s t a b i l i t y  o f  s t r e n g t h e n i n g  phases i n  an  i r r a d i a t i o n  env i ronment  i s  an  i m p o r t a n t  

c o n s i d e r a t i o n  i n  t h e  development o f  a l l o y s  f o r  use  i n  LMFBRs. 

excess i n t e r s t i t i a l s  and vacanc ies  a r e  i n t r o d u c e d  b y  i r r a d i a t i o n  t h e  d i f f u s i o n  of  s o l u t e  i s  

enhanced. As a consequence, p r e c i p i t a t i o n  r e a c t i o n s  as w e l l  as t h e  r e d i s t r i b u t i o n  o f  

e q u i l i b r i u m  phases can be c o n s i d e r a b l y  a c c e l e r a t e d .  The n u c l e a t i o n  and g rowth  o f  p a r t i c l e s  

o f  m i n o r  phases d u r i n g  i r r a d i a t i o n  can l e a d  t o  d e p l e t i o n  o f  s w e l l i n g  i n h i b i t o r s ( * )  f r o m  s o l i d  

s o l u t i o n  c a u s i n g  e x c e s s i v e  a c c e l e r a t e d  s w e l l i n g .  Fu r the rmore ,  mass ive  coa rsen ing  o f  p r e c i p i -  
( 3 )  t a t e s  wou ld  l e a d  t o  d e t e r i o r a t i o n  o f  mechan ica l  p r o p e r t i e s  . 

It i s  w e l l  known") t h a t  when 
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I t  i s  impor tan t  t o  note t h a t  t he  data base documenting the  e f f e c t  o f  h i g h  f l uence  

f a s t  neutron exposure on p r e c i p i t a t i o n  and r e d i s t r i b u t i o n  o f  phases i n  s t r u c t u r a l  m a t e r i a l s  i s  

l i m i t e d .  Thus s i m u l a t i o n  o f  neutron damage by heavy charged p a r t i c l e  bombardment o f  s t r u c t u r a l  

m a t e r i a l s  i s  o f t e n  employed. For the  s i m u l a t i o n  experiments t o  be a use fu l  gu ide t o  the 

e f f e c t s  o f  neutron i r r a d i a t i o n ,  t he  p r e c i p i t a t e  morphologies obta ined i n  the  r e s p e c t i v e  i r r a d i -  

a t i o n  environments must be c o r r e l a t e d .  

d i s t r i b u t i o n s  and r e l a t e d  q u a n t i t i e s  as a q u a n t i t a t i v e  measure o f  i r r a d i a t i o n  e f f e c t s .  

Th i s  c o r r e l a t i o n  i s  obta ined by us ing  p a r t i c l e  s i z e  

A s  an a i d  f o r  i n t e r p r e t a t i o n  o f  experiments i t  i s  use fu l  t o  have a k i n e t i c  t heo ry  

The purpose o f  
d e s c r i b i n g  the  temporal e v o l u t i o n  o f  p a r t i c l e  s i z e  d i s t r i b u t i o n s  and r e l a t e d  q u a n t i t i e s  such 
as p a r t i c l e  concen t ra t i on ,  average r a d i u s  and volume f r a c t i o n  o f  p r e c i p i t a t e .  

t h i s  r e p o r t  i s  t o  p rov ide  such a theo ry  and t o  i l l u s t r a t e  i t s  usefu lness by app ly ing  i t  t o  the 

case o f  i n - r e a c t o r  exposure o f  a l l o y s  strengthened by y ’  p r e c i p i t a t e s .  

1 .3.2 Mathematical Formulat ion 

1.3.2.1 D i f f u s i o n  C o e f f i c i e n t  f o r  So lu te .  I n  an i r r a d i a t i o n  environment the  

d i f f u s i o n  c o e f f i c i e n t  o f  s o l u t e  may be d e f i n e d  as 

% 

DS = DvCv + DiCi 1 

where 0, and Di a r e  t h e  vacancy and i n t e r s t i t i a l  d i f f u s i o n  c o e f f i c i e n t s  and C v  and Ci a r e  the 

steady s t a t e  vacancy and i n t e r s t i t i a l  concen t ra t i ons .  

a b l e  t o  m i g r a t e  through the  l a t t i c e  b o t h  by  i n t e r s t i t i a l  as w e l l  as by vacancy mechanisms. 
Equat ion [l] r e q u i r e s  t h a t  s o l u t e  be 

Under most i r r a d i a t i o n  c o n d i t i o n s  t h e  b u i l d - u p  t ime  toward steady s t a t e  w i t h  

respec t  t o  i n t e r s t i t i a l  and vacancy concen t ra t i ons  i s  s h o r t  compared t o  the t ime  o f  the 

experiment. Thus t h e  steady s t a t e  vacancy and i n t e r s t , i t i a l  concen t ra t i ons  may be c a l c u l a t e d  
by s o l v i n g  t h e  two r a t e  equat ions ( 4 )  

kV2DVCV + JvCi-Kyeff = 0 c 21 

c31 

e f f  where 

i n t e r s t i t i a l s  and vacancies r e s p e c t i v e l y  a l l o w i n g  f o r  c o r r e l a t e d  I - V  recombinat ion f o l l o w i n g  

c o l l a p s e  o f  a cascade. Note t h a t  a t  a temperature a t  which t h e  s inks  present  i n  the system, 

namely d i s l o c a t i o n s ,  p r e c i p i t a t e s  and vo ids  can emi t  vacancies the e f f e c t i v e  p roduc t i on  r a t e  

o f  vacancies d i f f e r s  f rom t h a t  of i n t e r s t i t i a l s .  

i s  t h e  recombinat ion r a t e  Kv , K f f f  a r e  the  e f f e c t i v e  d e f e c t  p roduc t i on  r a t e s  f o r  
. 

Also c o n t r i b u t i n g  t o  the  d i f f e rence  between Keff  and K f f f  i s  the f a c t  t h a t  cascade 

c o l l a p s e  leads t o  a t r a n s i e n t  n u c l e a t i o n  o f  vacancy loopsy5)  which m o d i f i e s  the e f f e c t i v e  

p roduc t i on  r a t e  o f  mob i l e  vacancies capable o f  a n n i h i l a t i o n  a t  o t h e r  s inks .  

K:ff may d i f f e r  from K:ff because o f  i n t e r s t i t i a l  and o r  vacancy b i n d i n g  a t  i m p u r i t i e s .  The 

q u a n t i t i e s  k v 2  and ki2 a r e  t h e  t o t a l  s i n k  s t reng ths  determined by the  a c t i o n  o f  a l l  the s inks  

p resen t  i n  t h e  system and a r e  d e f i n e d  as i n  Reference 5. 

Furthermore 
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S o l u t i o n  of Equations [2] and 131 and s u b s t i t u t i o n  i n t o  Equation [l] y i e l d s  the 

f o l l o w i n g  express ion f o r  the d i f f u s i o n  c o e f f i c i e n t  o f  s o l u t e  

where the recombinat ion f u n c t i o n  @ ( q , & , ~ )  i s  de f i ned  as 

and 

1 f 6 C r l l  

k .2-kv2 e f f  e f f  - Ki e f  f 
K V  & = -  1 

4aKi 
E =  ' = DiDvki2kT 4Kieff ki2+kv2 

c 51 

C61 

The f u n c t i o n  @ ( n , 6 , ~ )  i s  p l o t t e d  i n  F igu re  131(a) and 131(b) f o r  a range o f  

se lec ted  values o f  6 and E .  

i s  p l o t t e d  a t  severa l  temperatures as a f u n c t i o n  o f  s i n k  s t r e n g t h  f o r  dose r a t e s  cha rac te r -  

i s t i c  o f  heavy i o n  and neutron i r r a d i a t i o n s .  Using t h e  data shown i n  F igures 131(a) ,  131(b) ,  

132(a) and 132(b) and the  values o f  Dv and a lD,  shown i n  Table 38, Arrhenius p l o t s  o f  Ds were 

cons t ruc ted  f rom Equation [4].  

shown i n  F igures 133(a)  and 133(b)  i s  a p l o t  o f  t h e  thermal d i f f u s i o n  c o e f f i c i e n t  o f  s o l u t e  
i n  a u s t e n i t i c  Fe-Cr-Ni a l l o y s  us ing  

sec(14) .  

f o r  t y p i c a l  neu t ron  and N i - i o n  i r r a d i a t i o n  c o n d i t i o n s .  

Equation [4] t he  temperature s h i f t  f o r  i o n  and neutron i r r a d i a t i o n s  which i s  necessary f o r  

s i m u l a t i o n  o f  p r e c i p i t a t e  behavior  i s  c a l c u l a t e d  i n  Sec t i on  1.3.4.3 

values and f o r  

I n  F igures 132(a) and 132(b) t h e  d i f f u s i o n  c o e f f i c i e n t  o f  s o l u t e  

These a r e  d i sp layed  i n  F igures 133(a) and 133(b) .  A lso 

Q = 2.9 eV and a pre-exponent ia l  f a c t o r  o f  0.37 cm2/ 

These f i g u r e s  show the  r e l a t i v e  r a d i a t i o n  enhancement o f  t h e  d i f f u s i o n  c o e f f i c i e n t  

A s  an impor tan t  a p p l i c a t i o n  o f  

below. 

1.3.2.2 K i n e t i c  Equations f o r  P a r t i c l e  S ize D i s t r i b u t i o n  Funct ion.  A s t a t i s t i c a l  

assembly o f  spher i ca l  p a r t i c l e s  hav ing a range o f  s i z e s  can be descr ibed by t h e  p r o b a b i l i t y  

d e n s i t y  f u n c t i o n  f ( R , t ) .  

p a r t i c l e s  per  u n i t  volume having r a d i i  between R and R+dR a t  t ime  t. 
p red ic ted ,  va r ious  observable q u a n t i t i e s  can be c a l c u l a t e d .  

Th is  func t i on  i s  d e f i n e d  such t h a t  f (R, t )dR i s  the  number o f  

I f  f (R , t )  can be 

For example 

CC 

N = J f(R,t)dR 
P 

0 

m 

J R f (R , t )dR  ' 

m 

A V I V  = 7 1 R3f(R,t)dR 
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FIGURE 131(a). The recombination function @ ( n ,  0.0, 0.0). 
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FIGURE 131(b). The recombination function @ ( n ,  .01 , .l). 
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FIGURE 1 3 2 ( a ) .  The diffusion coeffi'cient of solute as a function of sink 
strength and temperature for  a dose ra te  character is t ic  o f  
neutron i r radiat ions.  
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FIGURE 1 3 2 ( b ) .  The d i f f u s i o n  c o e f f i c i e n t  o f  s o l u t e  as a f u n c t i o n  of  s i n k  
s t r e n g t h  and temperature f o r  a dose r a t e  c h a r a c t e r i s t i c  o f  
N i  - i o n  i r r a d i a t i o n s .  
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FIGURE 133(a). Arrhenius plot of diffusion coefficient of solute for a 
dose rate  character is t ic  of neutron irradiation K = 10’6 
dpa/sec, f o r  various sink strengths. 
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FIGURE 133(b). Arrhenius plot of diffusion coefficient of solute for a 
dose rate characteristic of Ni-ion irradiations k = 
dpa/sec, for various sink strengths. 
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- 
where N 

d i s t r i b u t i o n  and A V / V  i s  t h e  volume f r a c t i o n  o f  p r e c i p i t a t e .  

i s  t h e  number o f  p a r t i c l e s  p e r  u n i t  volume, R i s  t h e  average r a d i u s  o f  t h e  
P 

The k i n e t i c  development o f  f ( R , t )  i s  u n i a u e l y  de te rm ined  once t h e  g r o w t h  l a w  f o r  

i n d i v i d u a l  p a r t i c l e s  o f  t h e  d i s t r i b u t i o n  i s  known. I n  Appendix A we show t h a t  i n  a r a d i a t i o n  
env i ronmen t  t h e  c o n t i n u i t y  e q u a t i o n  f o r  f ( R , t )  i n  s i z e  space i s  o f  t h e  Fokker -P lanck  t y p e  (6) 

and may be  w r i t t e n  as 

6 f  - 6 162 - - - - [<(AFi )> f ]  + [< (AR2)> f ]  
6 t  6 R  26R - 

where < ( A R ) >  i s  t h e  r a t e  a t  wh ich  a p a r t i c l e  o f  r a d i u s  R i s  g row ing  ( o r  s h r i n k i n g )  and 

<(AR)’> i s  t h e  r a t e  a t  wh ich  t h e  r a d i u s  o f  a p a r t i c l e  o f  r a d i u s  R f l u c t u a t e s  due t o  t h e  

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

t h e  m o t i o n  o f  a 

f l u c t u a t i o n s  i n  p a r t i c l e  r a d i u s  a r e  due t o  random d i f f u s i o n  o f  s o l u t e  t o  and away f r o m  t h e  

p a r t i c l e  due t o  cascade damage, t o  a f i r s t  o r d e r  a p p r o x i m a t i o n  i t  seems a p p r o p r i a t e  t o  s e t  

Note  t h a t  i n  a the rma l  env i ronmen t  t h e  second t e r m  i s  u s u a l l y  unnecessary  s i n c e  
p a r t i c l e  o f  r a d i u s  R i s  s t r i c t l y  r e g u l a r ( 7 )  i n  d imens ion  space. As t h e  

* 

and 

3a % <(AR2)> = (-)D R s  

where C s  i s  t h e  a tomic  f r a c t i o n  o f  s o l u t e  i n  t h e  p r e c i p i t a t e ,  A ( t )  t h e  s u p e r s a t u r a t i o n ,  

a = 2cn/k8T Cm i s  t h e  L i f s h i t z  S l yozov  parameter  where u i s  t h e  s u r f a c e  energy ,  R t h e  a tomic  

volume o f  s o l u t e  i n  t h e  m a t r i x ,  kB i s  B o l t z m a n ’ s  c o n s t a n t ,  T t h e  tempera tu re  and Cm i s  t h e  
s o l u b i l i t y  l i m i t  o f  s o l u t e  i n  t h e  m a t r i x  a t  e q u i l i b r i u m .  

P 

To comple te  t h e  t h e o r y  t h e  c o n t i n u i t y  e q u a t i o n  has t o  be  supplemented by  t h e  
c o n s e r v a t i o n  o f  s o l u t e  wh ich  w i l l  be  w r i t t e n  as ( 7 )  

m 

cs = A ( t )  + cz y j  R 3  f ( R , t )  dR [111 

0 

where C s  i s  t h e  a tomic  f r a c t i o n  o f  s o l u t e  above t h e  s o l u b i l i t y  l i m i t  i n  t h e  a l l 3 y ,  A ( t )  and 

C s  a r e  t h e  s u p e r s a t u r a t i o n  i n  t h e  m a t r i x  and t h e  a tomic  f r a c t i o n  o f  s o l u t e  i n  t h e  p r e c i p i t a t e .  
P 

The unknown f u n c t i o n s  a r e  f ( R , t )  and A ( t ) .  They must  be de te rm ined  by  s o l v i n g  

t h e  c o n t i n u i t y  e q u a t i o n  i n  s i z e  space ( E q u a t i o n  [ 8 ] )  and t h e  c o n s e r v a t i o n  c o n d i t i o n  ( E q u a t i o n  

[ l l ] )  o f  s o l u t e .  I n  t h i s  i n v e s t i g a t i o n  t h e  s o l u t i o n  o f  t h e  k i n e t i c  e q u a t i o n s  w i l l  be 

p resen ted  f o r  t h e  e q u i l i b r i u m  d i s t r i b u t i o n  and f o r  d i sp lacemen t  doses l a r g e r  t h a n  t h e  

n u c l e a t i o n  dose, i . e . ,  when t h e  s o l u t e  s u p e r s a t u r a t i o n  has been e s s e n t i a l l y  r e l i e v e d .  Thus 

* 
See Appendix A 

-21 3- 



t h e  k i n e t i c  s o l u t i o n s  a p p l y  when s o l u t e  r e d i s t r i b u t i o n  can be  cons ide red  t o  t a k e  p l a c e  a t  a 

c o n s t a n t  volume f r a c t i o n .  The case where t h e  volume f r a c t i o n  i s  i n c r e a s i n g  due t o  n u c l e a t i o n  

f r o m  s o l u t i o n  r e q u i r e s  a s e p a r a t e  i n v e s t i g a t i o n .  The e q u i l i b r i u m  d i s t r i b u t i o n  i s  o f  c o u r s e  

u n i v e r s a l  and independent  on whether  t h e  volume f r a c t i o n  was chang ing  as e q u i l i b r i u m  was 

approached. 

1.3.3 S o l u t i o n s  o f  t h e  K i n e t i c  Equa t ions  

1.3.3.1 E q u i l i b r i u m  S o l u t i o n s .  The e q u i l i b r i u m  p r o p e r t i e s  o f  p r e c i p i t a t i o n  

s t reng thened  a l l o y s  under  i r r a d i a t i o n  have been d i scussed  by Ne lson e t  a1 (8 )  (N-H-M). 

on a p a r t i c l e  g rowth  l a w  and t h e  c o n s e r v a t i o n  o f  s o l u t e  N-H-M a r r i v e  a t  some i m p o r t a n t  con-  
c l u s i o n s .  

w i l l  a r i s e  i n  wh ich  t h e  enhanced d i f f u s i o n  o f  s o l u t e  t o  p a r t i c l e s  and t h e i r  subsequent g r o w t h  

due t o  t h e  enhanced d i f f u s i o n  r a t e  w i l l  be  ba lanced  b y  t h e  r e s o l u t i o n  r a t e  o f  s o l u t e  f rom t h e  

p a r t i c l e s  i n t o  t h e  s o l u t i o n  due t o  cascade damage(8). 

e q u i l i b r i u m  s t a t e  under  i r r a d i a t i o n  w i l l  d i f f e r  f r o m  t h e  one a t t a i n a b l e  a t  t h e  same tempera tu re  

i n  a thermal  env i ronmen t .  The d i f f e r e n c e  i s  i n  t h e  appearance o f  a maximum p a r t i c l e  s i z e  under  

i r r a d i a t i o n  a t  e q u i l i b r i u m .  

maximum s t a b l e  s i z e ,  due t o  p a r t i c l e  coa rsen ing .  

Based 

They p r e d i c t  t h a t  i n  an i r r a d i a t i o n  env i ronmen t  a c o n s t r a i n e d  e q u i l i b r i u m  s t a t e  

As a consequence, t h e  c o n s t r a i n e d  

I n  a the rma l  env i ronment ,  a t  e q u i l i b r i u m ,  t h e r e  i s  o f  c o u r s e  no 

The e x i s t e n c e  o f  a maximum c r i t i c a l  p a r t i c l e  s i z e  under  i r r a d i a t i o n  a t  e q u i l i b r i u m  

i s  o f  c o n s i d e r a b l e  i n t e r e s t  and impor tance  w i t h  r e s p e c t  t o  t h e  use  of  p r e c i p i t a t i o n  s t r e n g t h -  
ened a l l o y s  i n  LMFBR. I t  i m p l i e s  t h a t  d e g r a d a t i o n  o f  mechan ica l  p r o p e r t i e s  due t o  o v e r a g i n g  

i n  r e a c t o r  can be  m i n i m i z e d  i f  t h e  maximum c r i t i c a l  s i z e  a t  e q u i l i b r i u m  can be  k e p t  l o w  

enough, such t h a t  t h e  p a r t i c l e s  s t i l l  p r o v i d e  e f f e c t i v e  b a r r i e r s  a t  wh ich  d i s l o c a t i o n s  can be 
p inned.  

U n f o r t u n a t e l y ,  t h e  t h e o r y  p roposed by  N-H-M does n o t  p r o v i d e  a s u f f i c i e n t l y  

d e t a i l e d  d e s c r i p t i o n  o f  t h e  k i n e t i c s  o f  y '  r e d i s t r i b u t i o n  under  the rma l  c o n d i t i o n s  ( i  .e., i f  

one s e t s  t h e  dose r a t e  equal  t o  z e r o  i n  t h e  N-H-M e q u a t i o n s ) .  

r e s p e c t  t o  y '  r e d i s t r i b u t i o n  under  i r r a d i a t i o n ,  i t  may be  l a c k i n g  i n  d e t a i l  even though  i t  

c o n t a i n s  most o f  t h e  i m p o r t a n t  p h y s i c a l  i d e a s .  Equa t ions  [8] and [ll] t o g e t h e r  w i t h  [9 ]  and 

[ l o ]  p r o v i d e  t h e  necessa ry  t o o l s  t o  d e s c r i b e  b o t h  t h e  c o n s t r a i n e d  e q u i l i b r i u m  as w e l l  as  t h e  

k i n e t i c s  o f  p a r t i c l e  r e d i s t r i b u t i o n  i n  a r a d i a t i o n  env i ronmen t .  In a d d i t i o n  t h e y  reduce  t o  

t h e  the rma l  c o a r s e n i n g  e q u a t i o n s  i n  t h e  a p p r o p r i a t e  l i m i t .  

Thus i t  i s  suspec ted  t h a t  w i t h  

I n  c o n s t r a i n e d  e q u i l i b r i u m  i n  a r a d i a t i o n  env i ronmen t  t h e  s e t  o f  e q u a t i o n s  t o  be  
s o l v e d  i s  

t o g e t h e r  w i t h  t h e  boundary c o n d i t i o n  
m 

0 

where f ,_(R) i s  t h e  e q u i l i b r i u m  d i s t r i b u t i o n  f u n c t i o n  and nm i s  t h e  e q u i l i b r i u m  s u p e r s a t u r a t i o n  

i n  dynamic s o l u t i o n .  

of course ,  i n  a the rma l  env i ronmen t  Am = 0 a t  e q u i l i b r i u m .  

ano the r  boundary c o n d i t i o n  i s  needed, wh ich  s t a t e s  t h a t  f,(R) van ishes  as R + 0 t h u s  

Note  t h a t  i n  a r a d i a t i o n  env i ronment  A_ does n o t  have t o  van ish ,  a l t h o u g h ,  

I n  o r d e r  t o  s o l v e  Equa t ion  [12 ]  
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l i m  fm(R) = 0 
R + O  

E141 

Consideration o f  the fundamental so lu t ions  o f  Equation [12] i n  Appendix B proves 

such t h a t  l i m  fm(R) = 0 and fm(R) = 0 f o r  R 2 
t ha t  i n  order t o  s a t i s f y  the so lu te  conservation cond i t ion  Equation [13] there must e x i s t  a 
maximum radius f o r  otherwise fm(R) 

w i l l  be exponent ia l ly  d ivergent a 
Equation E121 and the boundary condi t ions Equations [13] and [14] can be w r i t t e n  

R+?gax R + a .  It turns  ou t  t h a t  a so lu t i on  which s a t i s f i e s  

y ( a ' a ' '  + I, a '  x ) ]  fm 0 ala' '  ea'x 

1 E1 - y(a' lu1 + I, a )  . 02x21 

' 0  , x l l  

, a '  = z+a'a'' ~ 2%ax A- , a '  - , a'' = a R where x = - 
%ax %ax 3 ~ :  a 

Note t h a t  a"a' = 2a/3Cza, i s  a parameter which i s  independent o f  

i s  the incomplete gamma func t ion  defined as 

o r  Am, y(a ' la '  + 1, a ' x )  

d t  y (a"a '  + 1, a l x )  = /Ix e -t 

0 

This func t ion  i s  discussed and tabulated i n  Reference 9. 

Note too t h a t  i n  order t o  s a t i s f y  the boundary cond i t ion  o f  Equation [14], the range of 

v a r i a t i o n  of a"a' i s  l i m i t e d  by O<a'a'<l.  The func t i on  Pal(x) def ined by 

0 , x2 l  

m 

i s  a universal  p r o b a b i l i t y  o f  d i s t r i b u t i o n  func t ion  normalized t o  un i t y ,  i .e,  /Pal(x)dX = 1 
depending on a s ing le  parameter a'. 0 

Equation [16] and the cond i t ion  O<a'a''<l l i m i t  the parameter a' t o  the range 
2<a'<3. 
values o f  a '  i n  the al lowable range. 
t i o n  Pal(x) does n o t  contain any a r b i t r a r y  adjustable parameters. 

data f o r  an a l l o y  system are known then a'a" = 2a/3 CSa = 4onCm/3k TCSa can be uniquely 

The un iversa l  p r o b a b i l i t y  d i s t r i b u t i o n  P,,(x) i s  p l o t t e d  i n  Figure 134 f o r  selected 
It i s  important t o  note t h a t  the p r o b a b i l i t y  d i s t r i b u -  

I f  a l l  necessary a n c i l l a r y  

P b P  
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c a l c u l a t e d .  Once i s  known can  be c a l c u l a t e d  f r o m  t h e  r e l a t i o n s h i p  = 2 + a ' ~ " .  Thus 

a l l  parameters  d e f i n i n g  P a , ( x )  a r e  f i x e d  by  t h e  a n c i l l a r y  da ta .  

[15]  can now be expressed as a f u n c t i o n  o f  Rmax and t h e  c o n c e n t r a t i o n  o f  s o l u t e  i n  dynamic 

s o l u t i o n  A, u s i n g  [13] and [17 ]  and i s  g i v e n  by  

I) 
The c o n s t a n t  fm i n  Equa t ion  

[ I 8 1  3 ( C S - A m )  
f: = 

C z  R i a x  i x3 P a l ( x )  dx 

0 

W i t h  t h e s e  r e s u l t s  a t  hand t h e  c o n c e n t r a t i o n  o f  p a r t i c l e s  p e r  u n i t  volume, t h e  average 

r a d i u s  and t h e  volume f r a c t i o n  a r e  g i v e n  b y  

F i n a l l y ,  t o  comp le te  t h e  d e s c r i p t i o n  o f  t h e  c o n s t r a i n e d  e q u i l i b r i u m  s t a t e  one must de te rm ine  

e i t h e r  Rmax o r  Am, s i n c e  i f  one i s  known t h e  o t h e r  can  be  computed f r o m  E q u a t i o n  [16 ] .  

An i n d e p e n d e n t . r e l a t i o n s h i p  between R and A, can be  found  u s i n g  an argument max 
due t o  N-H-M. A t  e q u i l i b r i u m ,  t h e  r a t e  a t  wh ich  s o l u t e - i s  drawn t o  t h e  

s i z e  by  d i f f u s i o n  must  e x a c t l y  equa l  t h e  r a t e  a t  w h i c h  s o l u t e  i s  f o r c e d  

as a r e s u l t  o f  cascade damage f o r  t h i s  p a r t i c l e .  Otherw ise ,  RmaX wou ld  

i n  e q u i l i b r i u m .  Thus f o r  Rmax t h e  f o l l o w i n g  c o n d i t i o n  must  p r e v a i l  

O s  A- 
( 1  - ) = $ K  

C; Rmax Rmax 

p a r t i c l e  of  maximum 

back i n t o  t h e  m a t r i x  

depend on t i m e  even 

r 221 

where K i s  t h e  d i sp lacemen t  r a t e  and J, i s  t h e  d i s s o l u t i o n  parameter  i n t r o d u c e d  by N-H-M. 

U s i n g  Equa t ions  [16] and c o n d i t i o n  [22] i t  can be shown t h a t  

S u b s t i t u t i o n  o f  [23]  i n t o  [19] ,  [20]  and [21 ]  y i e l d s  t h e  d i r e c t l y  measurab le  parameters  as a 

f u n c t i o n  o f  t h e  a n c i l l a r y  da ta  
-21 7 -  
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1.3.4 Discuss ion o f  E q u i l i b r i u m  So lu t i ons  

1.3.4.1 Charac te r i za t i on  o f  t he  E q u i l i b r i u m  S ta te .  These r e s u l t s  imp ly  t h a t  due 

t o  s o l u t e  r e s o l u t i o n  a new e q u i l i b r i u m  s t a t e  i s  s e t  up by the  i r r a d i a t i o n  (as p r e d i c t e d  by 

N-H-M).  The complete c h a r a c t e r i z a t i o n  o f  t h i s  e q u i l i b r i u m  s t a t e  i s  as f o l l o w s .  

1. P a r t i c l e  s i z e  d i s t r i b u t i o n s  assume the u n i v e r s a l  form g i ven  by Equa t ion . [ l 7 ] .  

2. There e x i s t s  a maximum s t a b l e  p a r t i c l e  r a d i u s  g i ven  by 

[231 . 

The average p a r t i c l e ' r a d i u s  i s  g i ven  by 
- 

% 1  

R=/2$ J x Pa , (x )dx  
0 

3. The amount o f  s o l u t e  remain ing i n  dynamic s o l u t i o n  i s  

and t h e  cons t ra ined  e q u i l i b r i u m  volume f r a c t i o n  

[ 23"] 

4, The t o t a l  p a r t i c l e  concen t ra t i on  per w i t  valume can be c a l c u l a t e d  from 

1.3.4.2 K i n e t i c  Consequences. Inasmuch as a l l  a l l o y  systems would tend t o  
approach the  cons t ra ined  e q u i l i b r i u m  s t a t e  independent o f  t h e i r  i n i t i a l  s t a r t i n g  c o n d i t i o n  

some r a t h e r  general statements can be made. 

A. I f  the  i n i t i a l  s t a t e  o f  t he  a l l o y s  p r i o r  t o  i r r a d i a t i o n  i s  cha rac te r i zed  by  a 

concen t ra t i on  of  s o l u t e  i n  s o l u t i o n  which i s  h ighe r  than A, [and as a consequence by a volume 

f r a c t i o n  o f  p r e c i p i t a t e  phase which i s  lcwer  than ( A V / V ) - ]  then d u r i n g  exposure t o  i r r a d i a t i o n  

the concen t ra t i on  o f  s o l u t e  i n  s o l u t i o n  w i l l  decrease [correspondingly  the  volume f r a c t i o n  o f  

p r e c i p i t a t e  w i l l  increase]. Th i s  process w i l l  con t i nue  up t o  the  p o i n t  where t h e  concen t ra t i on  

o f  s o l u t e  i n  dynamic s o l u t i o n  w i l l  be e x a c t l y  equal t o  A, [and the volume f r a c t i o n  o f  
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p r e c i p i t a t e  t o  (Av/v) - ] .  

t h a t  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  w i l l  assume t h e  u n i v e r s a l  d i s t r i b u t i o n  p r e d i c t e d  b y  

Equa t ion  [17]. 

w i l l  occu r .  F o r  t h a t  c o n d i t i o n  the  maximum p a r t i c l e  r a d i u s ,  t h e  c o n c e n t r a t i o n  o f  s o l u t e  i n  

dynamic s o l u t i o n ,  t h e  p r e c i p i t a t e  volume f r a c t i o n  and p a r t i c l e  c o n c e n t r a t i o n  can a l l  be  p r e -  

d i c t e d  from Equat ions [ 2 3 ' ] ,  [23" ] ,  [ 2 1 ' ]  and [ 1 9 ' ] .  

Subsequent ly o n l y  a r e d i s t r i b u t i o n  o f  p a r t i c l e  s i z e s  w i l l  occu r  such 

Once t h e  c o n s t r a i n e d  e q u i l i b r i u m  d i s t r i b u t i o n  i s  s e t  up no f u r t h e r  change 

B.  I f  t h e  i n i t i a l  s t a t e  o f  t h s  a l l o y  p r i o r  t o  i r r a d i a t i o n  i s  c h a r a c t e r i z e d  by a 

c o n c e n t r a t i o n  o f  s o l u t e  i n  s o l u t i o n  wh ich  i s  l o w e r  t h a n  A, [and as a consequence by a volume 

f r a c t i o n  o f  p r e c i p i t a t e  wh ich  i s  h i g h e r  than  (AV/V)m] then  d u r i n g  exposure t o  i r r a d i a t i o n  the  

concen t ra t i on  of  s o l u t e  i n  s o l u t i o n  w i l l  i n c r e a s e  [ c o r r e s p o n d i n g l y  t h e  volume f r a c t i o n  o f  

p r e c i p i t a t e  w i l l  decrease].  I n  t h i s  case t o o  t h e  system w i l l  e v e n t u a l l y  a g a i n  r e l a x  t o  t h e  

u n i v e r s a l  c o n s t r a i n e d  e q u i l i b r i u m  s t a t e .  

Thus, depending on t h e  i n i t i a l  s t a t e  o f  t h e  a l l o y  i n  r e f e r e n c e  t o  t h e  u n i v e r s a l  

c o n s t r a i n e d  e q u i l i b r i u m  s t a t e ,  b o t h  p a r t i c l e  g rowth  as w e l l  as d i s s o l u t i o n  a r e  p o s s i b l e .  

N-H-M(8) r e p o r t  some o b s e r v a t i o n s  on aged Ni-A1 systems i r r a d i a t e d  w i t h  N i  i o n s  wh ich  conform 

t o  p o s s i b i l i t y  B .  P o t t e r ,  e t  a 1 ( l 0 ,  r e p o r t  t h e  r e s u l t  o f  N i  i o n  i r r a d i a t i o n  on s o l u t i o n  

annealed Ni-A1 a l l o y s  w h i c h  conform t o  p o s s i b i l i t y  A.  More s p e c i f i c a l l y ,  however, Chang, e t  

a l ,  showed exper imen ta l  c o n f i r m a t i o n  o f  t hese  ideas  i n  n i c k e l  i o n  bombardment and n e u t r o n  
i r r a d i a t e d  y ' # l  a l l o y s  (15 )  . 

1.3.4.3 A p p l i c a t i o n  t o  S i m u l a t i o n  S tud ies .  Note t h a t  t h e  maximum r a d i u s  a t  

e q u i l i b r i u m  as w e l l  as t h e  amount o f  s o l u t e  i n  dynamic s o l u t i o n  depend o n l y  on t h e  q u a n t i t y  

DS/$K (Equa t ions  [ 2 3 ' ]  and [23" ] ) .  

e q u i l i b r i u m  s t a t e  w i t h  n e u t r o n  and charged p a r t i c l e  i r r a d i a t i o n s  i s  

% 

It f o l l o w s  t h a t  t h e  c o n d i t i o n  t o  s i m u l a t e  t h e  same 

($) DS charged p a r t i c l e  = (-1 DS n e u t r o n  
IJJK 

I n  p r a c t i c e  i t  i s  expected t h a t  a tempera tu re  s h i f t  i n  charged p a r t i c l e  

i r r a d i a t i o n s  w i l l  be necessary i n  o r d e r  t o  f o r c e  t h e  v a l i d i t y  o f  Equa t ion  [241. 
s i m p l i f y i n g  assumptions, t h e  tempera tu re  s h i f t  can be e s t i m a t e d  as f o l l o w s .  I n  Equa t ion  [4]  

assuming t h a t  E = 6 2 o then t h e  va lues  o f  O S  a r e  as shown i n  F i g u r e s  132(a )  f o r  n e u t r o n  and 

132(b )  f o r  N i - i o n s  as d e s c r i b e d  i n  S e c t i o n  1.3.2.1 above. 

The va lues  o f  J, neu t ron  and IJJ charged p a r t i c l e  can be e s t i m a t e d  from t h e  work o f  
Sigmund, e t  a 1 ( l 2 ) ,  and Marw ick (13 ) .  The average energy t r a n s f e r r e d  t o  t h e  P-K-0 by a 1 MeV 

n e u t r o n  i n  Fe-Ni-Cr a l l o y s  i s  about  40 keV whereas t h e  average energy t r a n s f e r r e d  t o  t h e  
P-K-0  f o r  a 4 MeV N i '  i o n  i s  abou t  0.4 keV. 

c o l l i s i o n  i n v o l v i n g  t h e  t r a n s f e r  o f  40 keV i s  about  5 nm whereas t h e  cascade s i z e  a p p r o p r i a t e  

f o r  charged p a r t i c l e  i r r a d i a t i o n s  i s  about  1 nm. 

a p p r o p r i a t e  approx imate va lues  f o r  IJJ a r e  IJJ n e u t r o n  = 4 nm, J, charged p a r t i c l e  = 2 nm. 
use a IJJ v a l u e  o f  1 0  nm wh ich  appears t o  be t o o  h i g h  f o r  t h e  y ' # l  a l l o y s .  I n  F i g u r e  135 t h e  

q u a n t i t y  ( D S / $ K )  i s  p l o t t e d  f o r  neu t rons  and charged p a r t i c l e s  f o r  ( k v 2 )  charged p a r t i c l e  = 

10'O and (kv ' )  n e u t r o n  = 10". 

i r r a d i a t i o n s  i s  p l o t t e d  ve rsus  n e u t r o n  i r r a d i a t i o n  temperature.  Note t h a t  f o r  t h e  parameters 

chosen, t h e  s h i f t  i s  p o s i t i v e  below about  575°C and n e g a t i v e  above t h i s  temperature.  

Us ing  some 

The cascade s i z e  r e s u l t i n g  f rom a n e u t r o n  

I f  i t  i s  assumed t h a t  IJJ ," cascade s i z e ,  

N-H-M 

?I 

I n  F i g u r e  136 t h e  tempera tu re  s h i f t  f o r  charged p a r t i c l e  
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FIGURE 135. The q u a n t i t y  D S / + K  f o r  neut ron  and charged p a r t i c l e  
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Another consequence t o  s i m u l a t i o n  s tud ies  i s  as follows'. In those systems where 

s w e l l i n g  response i s  c o n t r o l l e d  by second phase p a r t i c l e s  one would expect s i m u l a t i o n  s t u d i e s  

t o  be conducted a t  a lower  temperatur'e than neutron i r r a d i a t i b n s  s ince  one must s imu la te  

p r e c i p i t a t e  r e d i s t r i b u t i o n  i n  o rde r  t o  s imu la te  s w e l l i n g  response. 

a l l o y  E48 where t h e  temperature s h i f t  between i o n  bombardment and neutron i r r a d i a t i o n s  i s  

Th is  seems t o  occur i n  

nega t i ve  (11 1 . 

1.3.5 Time Dependent S o l u t i o n s  

1.3.5.1 The Dynamic Sca l i ng  Hypothesis. The s o l u t i o n  o f  Equation [8] sub jec t  t o  

a r b i t a r y  i n i t i a l  c o n d i t i o n s  w i t h  t h e  boundary c o n d i t i o n  [ll] can i n  general be o n l y  achieved 

by numerical means. 
assumes the  dynamic s c a l i n g  hypothes is  t o  be v a l i d .  

simple assumption rega rd ing  the  asymptotic form o f  t he  d i s t r i b u t i o n  f (R , t )  f o r  h i g h  d i sp lace -  

ment doses ( i . e . ,  l ong  i r r a d i a t i o n  exposure t imes ) .  

form o f  f ( R , t )  can be w r i t t e n  i n  the  scaled v e r s i o n  

However, asymptot ic  s o l u t i o n s  t o  Equat ion [8] can be de r i ved  i f  one 
The dynamic s c a l i n g  hypothes is  i s  a 

Thus, i t  i s  pos tu la ted  t h a t  the general 

x 5 l  

x > o  
f ( R , t )  = c251 

where L i s  a f u n c t i o n  o f  t i m e  a lone and h depends o n l y  on x = R/Rmax(t) where Rmax( t )  i s  the 

maximum r a d i u s  a t  t ime  t. 
o f  Equation [25]. The f i r s t  requirement i s  t h a t  t h e  amount o f  s o l u t e  i n  the p r e c i p i t a t e  phase 

be l a r g e  compared t o  t h e  amount o f  s o l u t e  i n  s o l u t i o n ,  i , e . ,  t h e  s i z e  r e d i s t r i b u t i o n  o c c u r r i n g  

under i r r a d i a t i o n  can be considered t o  occur  a t  cons tan t  volume f r a c t i o n .  Th is  assumption 

should be v a l i d  b o t h  f o r  s o l u t i o n  annealed as w e l l  as aged a l l o y s  a f t e r  t he  n u c l e a t i o n  dose 

has been cons ide rab ly  exceeded. 

There a r e  two necessary requirements t o  have s o l u t i o n s  o f  t he  form 

The second requi rement  f o r  s o l u t i o n s  of t h e  form [25] i s  t h a t  t he  product  R ( t  ma x 
A ( t )  be equal t o  a cons tan t  which i s  independent o f  i r r a d i a t i o n  dose. 

Note t h a t  i n  t h e  L-S-W theo ry  i n  t h e  asymptot ic  l i m i t  Rma,(t) A ( t )  = 3/2 a ,  i . e .  

t h e  product  of t h e  maximum r a d i u s  and t h e  amount o f  excess s o l u t e  i n  dynamic s o l u t i o n  i s  

independent o f  t ime as w e l l  as t h e  d i f f u s i o n  c o e f f i c i e n t .  I n  an i r r a d i a t i o n  environment 

It i s  remarkable t h a t  Equat ion [26] i s  independent o f  any k i n e t i c  constants ,  such as the  

d i f f u s i o n  c o e f f i c i e n t  o r  t h e  displacement r a t e ,  a l though,  Rmax and A~ depend on the i r r a d i a t i o n  

parameters. 

mental a l l o y  E42 c o n t a i n i n g  

erg/cm2, a = 0.357 nm). 

from Equat ion [26] t h a t  RmZx = 50 nm. 

l a r g e r  amount o f  s o l u t e  which can be kep t  i n  dynamic s o l u t i o n ,  the sma l le r  w i l l  be the  

maximum s i z e  a t  e q u i l i b r i u m .  

m 

I n  Table 38 t h e  cons tan t  CY i s  c a l c u l a t e d  a t  a temperature o f  600°C f o r  exper i -  

p r e c i p i t a t e s  ( i t  i s  assumed t h a t  Cm = 20 a t .  % and a = 40 
I t  i s  seen t h a t  a t  600°C a <3CSa. Assuming A, = 1 a t .  % i t  f o l l o w s  

P m 
I f  A, = 2 a t .  %, then Rmax = 25 nm. In genera l ,  the 
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TABLE 38 

ANCILLARY CONSTANTS FOR ALLOY E42 

0 

u = 40 erg/cm2 

C, = 20 a t . %  a =  .6A a t  600°C 

a c l  - .5 

a = 3.57A C s  = 25 a t . 2  
0 P 

a '  = 2+a 'a "  = 2.5 a t  600°C 1 , , - 2 a  % 

3 c i a  

Q cm2 

kBT sec Dv = . 6  exp ( -  --) [-] 

1 = 4 x 10'6[-] 
i cm2 

Q = 2.9 eV 

Q = 1.6 eV 

I t  f o l l o w s  t h a t  t h e  s t a b i l i t y  o f  y '  p r e c i p i t a t e s  w i l l  be  enhanced i f  t h e  

c o n c e n t r a t i o n  o f  T i  and A1 i n  dynamic s o l u t i o n  can be made t o  i n c r e a s e .  A p o s s i b l e  way t o  

i n c r e a s e  t h e  c o n c e n t r a t i o n  o f  T i  and A1 i n  dynamic s o l u t i o n  i s  t o  add m i n o r  e lements  w h i c h  

t e n d  t o  fo rm c l u s t e r i n g  r e a c t i o n s  w i t h  T i  and A1 atoms. S ince  T i  and A1 a r e  o v e r s i z e d  atoms 
i n  Fe-Cr-Ni m a t r i c e s  t h e  a d d i t i o n  o f  an u n d e r s i z e d  m i n o r  e lement  such as S i  c o u l d  enhance y' 

p r e c i p i t a t e  s t a b i l i t y  i f  S i  can be k e p t  i n  dynamic s o l u t i o n .  

The c o n s t r u c t i o n  o f  a s o l u t i o n  o f  t h e  f o r m  o f  E q u a t i o n  [25] i s  l a b o r i o u s  and w i l l  

Here t h e  d i s c u s s i o n - w i l l  be  c e n t e r e d  on t h e  k i n e t i c s  o f  be p resen ted  i n  a subsequent r e p o r t .  

t h e  maximum p a r t i c l e  r a d i u s .  

The e q u a t i o n  o f  m o t i o n  f o r  Rmax i s  

T h i s  e q u a t i o n  can be  e a s i l y  i n t e g r a t e d  i f  A ( t )  Rmax( t )  = A, R,,,;,. One d e r i v e s  

1 +x ( l - x o )  
I n ( -  1 -x  (l+xo)y 1 - 2  

where K t o  i s  t h e  d i sp lacemen t  dose a t  wh 
and 

x -xo )  = 2 7 UJK ( t - t o )  
Rmax 

ch t h e  dynamic s c a l i n g  h y p o t h e s i s  f i r s t  becomes v a l i d  

Rmax ( t o  ) 
'0 Rm;x 

Two l i m i t i n g  p r e d i c t i o n s  of Equa t ion  [28] a r e  obv ious .  

such d i sp lacemen t  doses t h a t  x > l  

F i r s t ,  n o t e  t h a t  if xo> l  t h e n  f o r  
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(0 denotes t h e  displacement dose.) 

t he  maximum r a d i u s  w i l l  be l i n e a r  and t h e  s lope o f  t h e  curve w i l l  be t h e  d i s s o l u t i o n  parameter 

(J. 

l a r g e r  than Q0, b u t  s h o r t e r  than t h e  s a t u r a t i o n  dose necessary t o  d r i v e  the system t o  
e q u i l i b r i u m .  

Thus, i f  the  maximum r a d i u s  i s  p l o t t e d  versus displacement dose the decrease i n  

Note t h a t  Equation [ 2 8 ' ]  i s  expected t o  be v a l i d  o n l y  i n  a l i m i t e d  displacement dose range, 

Secondly no te  t h a t  i f  X o < < l  then f o r  such displacement doses t h a t  X<1, expansion 

o f  t h e  l o g a r i t h m i c  term i n  Equation [28] up t o  t h i r d  o rde r  y i e l d s  

(Q) - Riax(a0)  = ~ $ J ( R ~ : ~ ) ~  Q = 9a DS t 
'L 

[28"] R i a x  

Note t h e  s i m i l a r i t y  between Equation [28" ]  and the  analogous equa t ion  based on L-S-W theory 

R 3  ( t )  - R i a x ( t 0 )  = g 2 aDt [ 28" ' ] max 

I t should however be s t ressed  t h a t  Equat ion [28"] has a v a l i d i t y  o n l y  over a 
l i m i t e d  displacement dose range whereas [28 " ' ]  i s  v a l i d  a s y m p t o t i c a l l y  f o r  a l l  t ime.  

In F igu res  137(a) and 137(b) t h e  k i n e t i c s  o f  t h e  r e l a x a t i o n  o f  R m a x ( t )  t o  i t s  

e q u i l i b r i u m  value i s  p l o t t e d  versus displacement dose. 

approaches RmZx t he  r e l a x a t i o n  t o  t h e  e q u i l i b r i u m  va lue  i s  exponent ia l  m 

On t h e  bas i s  of Equat ion [28] i t  can be shown t h a t  when R,,, 

Note a l s o  t h a t  f o r  such values o f  t h e  displacement dose f o r  which Rmax(t) 

w i t h  displacement dose 

Rmax 

exp - 1%- (O-oO) l  
Rmax 

Whenever dynamic s c a l i n g  holds i t  can be shown t h a t  t he  k i n e t i c s  o f  t he  average 
p a r t i c l e  s i z e  a r e  i d e n t i c a l  t o  the  k i n e t i c s  o f  t h e  maximum s i z e  up t o  a t ime  independent 

p r o p o r t i o n a l i t y  cons tan t .  Thus, us ing  [25] 

1 

JRf ( r , t ) d R  . /uh( u)du 

0 0 [301 - 
R = -  = Rmax( t )  

(R,t) dR ]h( u)du 
0 0 
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Since t h e  i n t e g r a l s  appearing on t h e  l e f t  hand s i d e . o f  [30] a r e  independent o f  

t ime  one can w r i t e  R = ( cons t )  Rmax( t ) .  

i d e n t i c a l  t o  E. 
Thus the  displacement dose dependence o f  Qax i s  

I t  can f u r t h e r  be shown t h a t  t o  f i r s t  o rde r  the  f u n c t i o n  h ( x )  can be approximated 

by f,(x) where f, i s  t h e  e q u i l i b r i u m  d i s t r i b u t i o n .  

[19] t o  [21] h o l d  t o  a f i r s t  approx imat ion w i t h  Rmax rep laced by Rmax( t ) .  

Thus i n  the,asympot ic  regime formulas 

1.3.6 Conclusions 

1 .  A new theo ry  o f  p a r t i c l e  s i z e  r e d i s t r i b u t i o n  i n  an i r r a d i a t i o n  environment 

i s  proposed based on the  phys i ca l  ideas o f  Nelson, e t  a l ( 8 ) .  

L-S-W(7) approach t o  coarsening i n  the l i m i t  o f  zero displacement r a t e .  

The theo ry  reduces t o  the  

2 .  A complete t h e o r e t i c a l  c h a r a c t e r i z a t i o n  o f  t he  e q u i l i b r i u m  s t a t e  i s  prov ided 

by t h e  e q u i l i b r i u m  p a r t i c l e  s i z e  d i s t r i b u t i o n  f u n c t i o n ,  the number o f  p a r t i c l e s / c m 3 ,  the  
average and t h e  maximum rad ius .  

3. 

an i r r a d i a t i o n  environment. 

I t  i s  shown t h a t  bo th  p a r t i c l e  growth as w e l l  as d i s s o l u t i o n  a r e  p o s s i b l e  i n  

The c o n d i t i o n s  under which e i t h e r  one w i l l  occur a r e  c a l c u l a t e d  

4. I t  i s  shown t h a t  i r r e s p e c t i v e  o f  t h e  i n i t i a l  s t a r t i n g  c o n d i t i o n  an e q u i l i b r i u m  

s t a t e  i s  approached a t  h igh  doses which i s  cha rac te r i zed  by a maximum p a r t i c l e  s i z e  and an 

amount o f  s o l u t e  i n  dynamic s o l u t i o n  which i s  i n  excess o f  t h e  s o l u b i l i t y  l i m i t .  Formulae 

a r e  g i ven  f o r  these q u a n t i t i e s  i n  terms o f  thermodynamic and k i n e t i c s  cons tan ts .  I t  f o l l o w s  

t h a t  t h e  i n f i n i t e  p a r t i c l e  coarsening which occurs i n  a thermal environment w i l l  n o t  occur 

under i r r a d i a t i o n  b u t  t h e  maximum p a r t i c l e  s i z e  w i l l  sa tu ra te .  

5. A necessary c r i t e r i o n  i s  g iven f o r  s i m u l a t i o n  o f  p a r t i c l e  r e d i s t r i b u t i o n  f o r  

i n  p i l e  i r r a d i a t i o n s  by charged p a r t i c l e  bombardment. 

t h a t  t h e  temperature s h i f t  should be nega t i ve  above 575°C. 

v o i d  s i m u l a t i o n  where t h e  temperature s h i f t  i s  p o s i t i v e .  
phase p a r t i c l e s  c o n t r o l  s w e l l i n g  response i t  i s  expected t h a t  t he  s h i f t  i n  peak s w e l l i n g  

temperature c o u l d  be negat ive.  

Using r e l e v a n t  assumptions i t  i s  shown 

Th is  c o n t r a s t s  w i t h  t h e  case o f  

Thus i n  those systems where second 

Th is  appears t o  be t h e  case i n  a l l o y  E48. 

6. The dynamic s c a l i n g  hypothes is  i s  f o rmu la ted  and necessary c o n d i t i o n s  f o r  i t s  

The k i n e t i c s  o f  t h e  maximum and average p a r t i c l e  s i z e  a r e  c a l c u l a t e d  v a l i d i t y  a r e  g iven.  

based on dynamic s c a l i n g .  

k i n e t i c s  o f  t he  maximum ( o r  average) p a r t i c l e  s i z e  t o  t h e i r  e q u i l i b r i u m  values a r e  discussed. 

1 .4 EXPECTED ACHIEVEMENTS I N  THE NEXT REPORTING P E R I O D  

Various spec ia l  cases o f  t h e  k i n e t i c  law govern ing the  r e l a x a t i o n  

Using the  dynamic s c a l i n g  hypothes is ,  k i n e t i c  data generated by r e c e n t  neutron and 

charged p a r t i c l e  i r r a d i a t i o n s  w i l l  be evaluated.  
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APPENDIX A 

(8 )  In a thermal environment the growth law f o r  a p a r t i c l e  of r a d i u s  R can be w r i t t e n  a s  

Equation [All p r e d i c t s  t h a t  a t  any g i v e n  time t p a r t i c l e s  whose rad ius  R>Rc = a / A ( t )  w i l l  
grow and p a r t i c l e s  whose rad ius  R<Rc w i l l  shr ink .  T h u s  given the rad ius  of  a p a r t i c l e  a t  any 
time i t s  subsequent time evolu t ion  can be determined uniquely by so lv ing  Equation [All s u b j e c t  
t o  an appropr ia te  boundary condi t ion .  
i r r a d i a t i o n  environment two modi f ica t ions  a r e  necessary i n  Equation [All. 

In re ference  8 such behavior i s  termed r e g u l a r .  In an 

First, the d i f f u s i o n  c o e f f i c i e n t  of s o l u t e  w i l l  d i f f e r  from the thermal d i f f u s i o n  
c o e f f i c i e n t  due t o  t h e  in t roduct ion  of excess  vacancies  and i n t e r s t i t i a l s  thus Os -f Os where 
D, can be c a l c u l a t e d  from Equation [4]. 
fundamental. 
damage events - in  the manner descr ibed by Nelson, e t  a l .  
l o s e  s o l u t e  by r e s o l u t i o n  of s o l u t e  and the growth o r  shr inkage of p a r t i c l e s  becomes i r r e g u l a r  
and s u b j e c t  t o  f l u c t u a t i o n s  r e l a t e d  t o  t h e  i r r a d i a t i o n  condi t ions .  Furthermore due  t o  random 

'L 

'L 

The second modi f ica t ion  of Equation [All i s  more 
In an i r r a d i a t i o n  environment a p a r t i c l e  of  rad ius  R>Rc can shr ink  due t o  cascade 

T h u s  a p a r t i c l e  o f  rad ius  R>Rc can 
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excess vacancy and i n t e r s t i t i a l  f l u x e s  a p a r t i c l e  o f  r a d i u s  R<Rc can grow due t o  non-Gibbsian 

s o l u t e  f l ow .  . These e f f e c t s  can be descr ibed by adding a random f l u c t u a t i n g  term t o  Equat ion 

[ A l l .  Thus one w r i t e s  

2 
[A21 

where t h e  random f u n c t i o n  $ ( A t )  descr ibes the  f l u c t u a t i o n s .  

The phys i ca l  meaning o f  Equat ion [A21 i s  t h a t  t he  change i n  a p a r t i c l e ' s  r a d i u s  d u r i n g  

t ime A t  can be w r i t t e n  as a sum o f  two terms. The f i r s t  term descr ibes the systemat ic  

d i f f u s i o n a l  f l o w  o f  s o l u t e  and the  second the  f l u c t u a t i n g  p a r t .  

expected t o  be a v a l i d  rep resen ta t i on  because t h e  h i g h  displacement r a t e s  under i r r a d i a t i o n  

' cause t h e  f u n c t i o n  $ ( A t )  t o  vary r a p i d l y  compared t o  the v a r i a t i o n s  i n  R.  

d u r i n g  a t ime  A t  t h e  change i n  R i s  small whereas the  f u n c t i o n  $ ( A t )  cou ld  undergo severa l  

f l u c t u a t i o n s  d u r i n g  A t .  

t ime  t cannot be p r e d i c t e d  un ique ly  i f  i t s  r a d i u s  a t  an e q r l i e r  t ime  i s  known. One can say 

t h a t  t h e  growth o r  d i s s o l u t i o n  become i r r e g u l a r  and as a consequence a l l  one can ask f o r  i s  
t h e  p r o b a b i l i t y  t h a t  t h e  r a d i u s  o f  t he  p a r t i c l e  i s  R a t  t ime  t. 

Such a decomposit ion i s  

I n  o t h e r  words 

An immediate.consequence o f  [A21 i s  t h a t  t h e  r a d i u s  o f  a p a r t i c l e  a t  

* 

The c o n t i n u i t y  equat ion f o r  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  f ( R , t )  can be de r i ved  from 

Equation [A21 by s tandard arguments as i n  Reference 6, i f  s u i t a b l e  assumptions a r e  made on 
the  s t a t i s t i c s  o f  t h e  f l u c t u a t i o n  $ ( A t ) .  

I t  w i l l  be assumed t h a t  t h e  s t a t i s t i c s  under l y ing  t h e  f l u c t u a t i o n  @ ( A t )  i s  gaussian and 

where <> denotes the  average w i t h  respec t  t o  t h e  gaussian d i s t r i b u t i o n .  

t h a t  p o s i t i v e  o r  nega t i ve  f l u c t u a t i o n s  a r e  e q u a l l y  l i k e l y  t o  occur. 
o rde r  o f  magnitude est imate f o r  t he  second moment o f  t h e  f l u c t u a t i o n .  

atoms which a re  w i t h i n  a t h i n  su r face  l a y e r  can c o n t r i b u t e  t o  p a r t i c l e  s i z e  f l u c t u a t i o n s ,  t o  

f i r s t  order ,  t h e r e f o r e  one expects < $ 2 ( A t ) >  t o  be d i r e c t l y  p r o p o r t i o n a l  t o  the  su r face  t o  

volume r a t i o  o f  t h e  p a r t i c l e ,  t h e  d i f f u s i o n  c o e f f i c i e n t  and t h e  t ime  i n t e r v a l  A t .  

Equat ion [I] s t a t e s  

Equat ion [2] prov ides an 
Only those s o l u t e  

Using [A21 and [A31 and t h e  methods i n  re fe rence  6 the  c o n t i n u i t y  equat ion f o r  f ( R , t )  

t u rns  o u t  t o  be o f  the Fokker-Planck t ype  

where % 

DS <AR> = - [ A ( t )  - f] 
Cs R 

P 
and 

3a + < ( A R ) ~ >  = (-) 0 R s  
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APPENDIX 6 

I n  t h i s  appendix the  ex i s tence  o f  a maximum f i n i t e  p a r t i c l e  s i z e  a t  e q u i l i b r i u m  i s  

i s  based on t h e  c o n t i n u i t y  Equat ion [12] and the  boundary c o n d i t i o n ’  proved. The p r o o f  

~ 3 1 .  

The two fundamental s o l u t i o n s  o f  Equation [ I ? ]  a re  

2 A  R 
3cS a 

P 

2a 

P 

( 1  - -  
$, = R 3cs a I e x ~  (&I 

and 

The general s o l u t i o n  o f  Equat ion [12] i s  a l i n e a r  combinat ion of JI1 and $2. I n  o rde r  t o  
s a t i s f y  t h e  conserva t i on  of s o l u t e  [13] t h e r e  m u s t  e x i s t  a c u t o f f  R,,, above which t h e  s o l u t i o n  
of Equation [12] vanishes i d e n t i c a l l y  f o r  o the rw ise  the i n t e g r a l  over  a l i n e a r  combinat ion o f  

JI1 and $2 appearing i n  [13] w i l l  be d i v e r g e n t  and [13] cou ld  n o t  be s a t i s f i e d .  Thus a unique 
consequence o f  Equation [12] and [13] i s  t h e  ex i s tence  o f  a maximum r a d i u s  a t  e q u i l i b r i u m .  

r, 
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2. NEUTRON IRRADIATED v' t l  ALLOYS IN AA-IX EXPERIMENTS 

A. L .  Chang, M. Baron and R .  W. Ch icke r ing  

Westinghouse Advanced Reactors D i v i s i o n  

2.1 OBJECTIVE 

The o b j e c t i v e s  o f  t he  p resen t  s tudy a r e  t o  c h a r a c t e r i z e  t h e  m i c r o s t r u c t u r e  o f  t h e  

n e u t r o n - i r r a d i a t e d  y ' # l  a l l o y s  and t o  analyze these dicta a long w i t h  the  N i - i o n  s i m u l a t i o n  data 

f o r  t h e  o p t i m i z a t i o n  o f  y ' -s t rengthened advanced a l l o y s  f o r  LMFBR a p p l i c a t i o n s .  

2.2 SUMMARY 

A l l o y s  E40 and E42 aged a t  815°C f o r  36.5 hours were neutron i r r a d i a t e d  t o  2.7 x l o z 2  
n/cm2 (E>0.1 MeV) a t  593°C i n  EBR-11. 
and 0.27% f o r  E42. The rad ia t i on - induced  small  y' p a r t i c l e s  were found t o  popu la te  i n  the 

m a t r i x  between the  o r i g i n a l  y l  p a r t i c l e s ,  on d i s l o c a t i o n s  and vo ids .  A l l o y  E42, c o n t a i n i n g  

C, S i  and B, showed a l a r g e r  i nc rease  i n  y '  volume f r a c t i o n  under i r r a d i a t i o n  than E40. 

Ribbon-shaped and rod-shaped y '  p r e c i p i t a t e s  were a l s o  observed i n  E42 s i m i l a r  t o  t h a t  observed 
a f t e r  N i - i o n  bombardment s imu la t i on .  These p r e c i p i t a t e s  were found t o  be assoc ia ted  w i t h  

d i sl oca t  ions.  

TEM examination showed v o i d  s w e l l i n g  of 0.34% f o r  E40 

Gamma pr ime volume f r a c t i o n  data showed t h a t  under i r r a d i a t i o n  a l a r g e r  amount o f  s o l u t e  

can be kep t  i n  s o l u t i o n  than t h a t  under thermal e q u i l i b r i u m .  Experimental determinat ions o f  

t he  supersa tu ra t i on  and maximum r a d i u s  i n  bo th  neutron and N i - i o n  experiments c o n f i r m  the  
v a l i d i t y  o f  t h e  "dynamic s c a l i n g "  hypothes is  o f  t he  new theo ry  o f  p a r t i c l e  r e d i s t r i b u t i o n  

under i r r a d i a t i o n .  

a framework f o r  us ing  N i - i o n  s i m u l a t i o n  techniques f o r  p r e d i c t i n g  i n - r e a c t o r  p r e c i p i t a t i o n  
k i n e t i c s .  

2.3 ACCOMPLISHMENTS AND STATUS 

These r e s u l t s  show t h a t  t h e  new theo ry  prepared by Baron, e t  a l ,  prov ides 

2.3.1 I n t r o d u c t i o n  

The parameters govern ing the  v o i d  s w e l l i n g  r e s i s t a n c e  and phase s t a b i l i t y  o f  y l  

Fe-Ni-Cr a l l o y s  a r e  impor tan t  i n  the  s e l e c t i o n  o f  cand ida te  a l l o y s  f o r  LMFBR strengthened 

fue l  c l a d d i n g  and duc t  m a t e r i a l s .  

The y ' # l  a l l o y s  were s p e c i f i c a l l y  designed f o r  i n v e s t i g a t i o n  of such 

m e t a l l u r g i c a l  parameters. 
~ i m u l a t i o n ( ~ ' ~ )  on y ' # l  a l l o y s  have been desc r ibed  i n  p rev ious  q u a r t e r l y  r e p o r t s .  Th i s  i s  

p a r t  o f  a s e r i e s  o f  r e p o r t s  on t h e  neutron i r r a d i a t i o n  o f  y ' # l  a l l o y s  i n  A A - I X  experiment. 

Thermal ag ing k i n e t i c s  s tud ies ' ' )  and N i - i o n  bombardment 

The s o l u t i o n  t r e a t e d  and aged (STA) E40 (Fe-15Cr-35Ni-2Ti-1 .5A1) and 

1.7A1-0.04C-0.69Si-0.015B) specimen p r e s e n t l y  i n v e s t i g a t e d  belong t o  

n/Cm2, E>0.1 MeV, a t  593"C), p i n  B-213, subassembly X-216b, Raw 2 o f  
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The f i r s t  p a r t  o f  t h i s  r e p o r t  w i l l  desc r ibe  t h e  experimental observat ions o f  t h e  

v o i d  s w e l l i n g  and y' p r e c i p i t a t e s  morphology. The emphasis w i l l  then be focused on f i n d i n g  
the  s o l u t e  supersa tu ra t i on  under i r r a d i a t i o n  a t  593°C i n  E42. 
along w i t h  the  maximum p a r t i c l e  r a d i u s  w i l l  be compared t o  t h e  t h e o r e t i c a l  value. S i m i l a r l y ,  

N i - i o n  i r r a d i a t e d  E42 and E48 data w i l l  a l s o  be analyzed i n  terms o f  the same t h e o r e t i c a l  

framework. 

Th is  supersa tu ra t i on  data 

2.3.2 Experimental Procedures 

The experimental d e t a i l s  o f  t h e  A A - I X  experiment were descr ibed i n  TC-160-9 ( 4 )  . 
A f t e r  i r r a d i a t i o n  t o  a dose o f  2.7 x l o z 2  n/cm2 (E>0.1 MeV) a t  593"C, the  specimen rods were 
sect ioned t o  225 pm t h i c k  d i s k s  i n  t h e  E-R&D h o t  c e l l  and j e t - e l e c t r o p o l i s h e d  i n  20% 

p e r c h l o r i c  ac id ,  80% a c e t i c  a c i d  s o l u t i o n  a t  room temperature f o r  TEM examination. 
c h a r a c t e r i z a t i o n  o f  vo id ,  d i s l o c a t i o n  and y' s t r u c t u r e s  was c a r r i e d  o u t  i n  the  s tereoscopic  

mode. 

TEM 

2.3.3 M i c r o s t r u c t u r a l  Observations 

2.3.3.1 P r e - I r r a d i a t i o n  M i c r o s t r u c t u r e s .  A l l o y s  E40 and E42 were s o l u t i o n  

According t o  t h e  thermal ag ing k i n e t i c s  s t u d i e s ( ' ) ,  t h i s  heat  t reatment  g i ves  

t r e a t e d  a t  1150°C f o r  one hour and aged a t  815°C f o r  36.5 hours p r i o r  t o  neutron i r r a d i a t i o n  

i n  EBR-11. 
9.3 volume pe rcen t  spher i ca l  y', 38 nm i n  average s i z e ,  2.56 x 1015 ( p a r t i c l e s / c m 3 )  i n  concen- 

t r a t i o n  f o r  E40 and 6.9 volume pe rcen t  y', 43.5 nm i n  average d iameter  and 1.28 x 1015 
( p a r t i c l e s / c m 3 )  f o r  a l l o y  E42. 
and E42. MC ca rb ide  and g r a i n  boundary p r e c i p i t a t e s  

observed i n  E42. 

C e l l u l a r  y' along g r a i n  boundaries were observed i n  bo th  E40 

(MGC, M23C6 and Laves phase) were 

2.3.3.2 Void Swe l l i ng .  F i g u r e  138 shows t h e  v o i d  morphology o f  E40. The v o i d  

s w e l l i n g  was found t o  be 0.34%. 
concen t ra t i on  o f  3.0 x 1013 (vo ids/cm3).  

43 nm average v o i d  d iameter  and 4.36 x l O I 3  (vo ids/cm3) v o i d  concen t ra t i on .  

s w e l l i n g  data measured by TEM i s  c o n s i s t e n t  w i t h  t h a t  o f  Thomas(4) f o r  neutron i r r a d i a t e d  E40 

a t  510°C and 649°C. F igu re  140 i s  a r e p r o d u c t i o n  o f  Reference 4 w i t h  t h e  a d d i t i o n  o f  t he  
p resen t  593°C data p o i n t s .  

by TEM and d e n s i t y  change by immersion d e n s i t y  measurements which cannot be a t t r i b u t e d  t o  

d e n s i f i c a t i o n  due t o  p r e c i p i t a t i o n  alone. I t  was est imated t h a t  t he  d e n s i f i c a t i o n  i s  about 

two t o  three t imes g r e a t e r  than t h a t  which can be a t t r i b u t e d  t o  the observed p r e c i p i t a t i o n .  

The average v o i d  s i z e  was found t o  be 60.5 nm w i t h  v o i d  
F i g u r e  139 shows t h a t  E42 has 0.27% v o i d  swe l l i ng ,  

The v o i d  

There i s  a cons tan t  d i f f e r e n c e  between v o i d  s w e l l i n g  data measured 

2.3!3.3 P r e c i p i t a t e s  Morphology. The morphology o f  t h e  i r r a d i a t e d  y' p a r t i c l e s  

i s  shown i n  F igu re  141 and F igu re  142 f o r  E40 and E42 r e s p e c t i v e l y .  I t  i s  noted t h a t  t he  

o r i g i n a l  Y' p a r t i c l e s  due t o  p r e - i r r a d i a t i o n  heat  t rea tmen t  remained spher i ca l  w i t h  Frank 
d i s l o c a t i o n  loops w i t h i n  t h e  p a r t i c l e .  

The small  y' p a r t i c l e s  p r e c i p i t a t e d  d u r i n g  i r r a d i a t i o n  a r e  d ispersed i n  the 

m a t r i x  between the  o r i g i n a l  p a r t i c l e s ,  a long d i s l o c a t i o n s  and on v o i d  sur face.  

of E42, r ibbon-shaped Y' p r e c i p i t a t e s  were observed as shown i n  F i g u r e  142. 
t h a t  t h i s  cou ld  be due t o  the  b u i l d - u p  o f  a ( T i + A l )  atmosphere around a d i s l o c a t i o n .  

c o n t r a s t  of t he  r ibbon-shaped y '  i n  s u p e r l a t t i c e  dark f i e l d  mode suggests t h a t  t he  p r e c i p i t a t e  

i s  n o t  f u l l y  ordered and hence w i t h o u t  a we l l -de f i ned  i n t e r f a c e .  

c o n t r a s t  were a l s o  observed i n  E42 as shown i n  F igu re  142. 

I n  the  case 

I t  i s  suggested 
The low 

Rod-shaped y' w i t h  s t r o n g  

These rod-shaped y' p r e c i p i t a t e s  
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FIGURE 141. Superlattice dark field micrograph of y '  in E40 after 
2.7 x n/cm2 at 593°C. 

FIGURE 142. Superlattice dark field micrograph of y '  in E42 after 
2.7 x n/cm2 at 593°C. 
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a r e  a s s o c i a t e d  w i t h  d i s l o c a t i o n s .  There appears t o  be a denuded zone o f  smal l  y' p a r t i c l e s  
around these  rod-shaped y' p r e c i p i t a t e s .  Small y '  p a r t i c l e s  w i t h  t h e  c o n f i g u r a t i o n  

resemb l ing  a s t r i n g  o f  p e a r l s  were formed e a r l y  i n  t h e  i r r a d i a t i o n  on d i s l o c a t i o n s  which a r e  

no l o n g e r  p r e s e n t  a f t e r  i r r a d i a t i o n .  

C e l l u l a r  y' p r e s e n t  b e f o r e  i r r a d i a t i o n  were a l s o  observed a l o n g  g r a i n  boundar ies  

G r a i n  boundary p r e -  i n  b o t h  E40 and E42 as shown i n  F i g u r e  143 and F i g u r e  144 r e s p e c t i v e l y .  
c i p i t a t e s  ( p r o b a b l y  M,C, M 2 3 C 6  and Laves phase) and MC t y p e  c a r b i d e s  were observed i n  E42 

b u t  n o t  i n  E40 due t o  t h e  r e s i d u a l  e lements as shown i n  F i g u r e  144. 

a s s o c i a t e d  w i t h  v o i d s  observed i n  E42 a f t e r  N i - i o n  i r r a d i a t i o n  a t  600°C r e p o r t e d  by Chang, e t  
a l ,  were n o t  observed a f t e r  n e u t r o n  i r r a d i a t i o n  a t  593°C. 

The sma l l  p r e c i p i t a t e s  

The y' s i z e  d i s t r i b u t i o n s  o f  n e u t r o n  i r r a d i a t e d  E40 and E42 a r e  shown i n  F i g u r e s  
145 and 146 r e s p e c t i v e l y .  
t h e  sma l l  p a r t i c l e s  peaking a t  abou t  4.5 nm and l a r g e  p a r t i c l e s  b roaden ing  t h e i r  s i z e  

d i  s t r i  bu t i o n s .  

I n  b o t h  cases, a double-peaked s i z e  d i s t r i b u t i o n  was observed w i t h  

The m i c r o s t r u c t u r a l  d a t a  o f  n e u t r o n  i r r a d i a t e d  and p r e - i r r a d i a t i o n  E40-36 and 

E42-36 a r e  t a b u l a t e d  i n  Tab le  39. 

A l l o y  

J(OT) 

J(2T)  

E40-36 

E42-36 

E40-36 

E42-36 

TABLE 39 
MICROSTRUCTURAL DATA OF NEUTRON IRRADIATED 

AND PRE-IRRADIATION E40-36 AND E42-36 

Avg. y '  
V o i d  Average V o i d  Diameter  Large y' D i s l o c a t i o n  

S w e l l i n g  V o i d  S i z e  D e n s i t y  y' Volume S i z e  C o n c e n t r a t i o n  D e n s i t y  
( % )  (nm) (#/cm3) Percen t  (%)  (nm) (#/cm3 1 (cm/cm3) 

1 .46x1015 1 .4x1010 

43 4 . 4 ~  1 0' 10.2 f 1 . 0 9 ~ 1 0 ~ ~  2 . 0 ~ 1 0 ' ~  

s = 4.5 60.5 I 3 . 0 ~ 1 0 ' ~  L = 46 o.34 

o.27 
~~~ ~ 

- - - 9.3 38 2 . 5 6 ~ 1 0 '  - 
- - - 6.9 43.5 1 .28x1015 - 

t h a t  under i r r a d i t i o n  t h e  v a l u e  o f  t h e  p r o d u c t  o f  t h e  s o l u t e  s u p e r s a t u r a t i o n  and t h e  maximum y' 

p a r t i c l e  r a d i u s  should equal  t o  t h e  e q u i l i b r i u m  v a l u e  (wh ich  remains unchanged under  f u r t h e r  

i r r a d i a t i o n )  i f  t h e  system i s  w i t h i n  t h e  s o - c a l l e d  "dynamic s c a l i n g "  r e g i o n .  
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FIGURE 143. Cellular y' morphology of E 4 0  after 2.7 x n/cm2 at 593°C. 

FIGURE 144. Cellular y '  morphology of E42 after 2.7 x n/cm2 at 593°C. 
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NEUTRON I R R A D I A T E D  E.42.36 
o =  2.7 x l oz2  n/cm2 ( E > O  1 MeV) 
T = 593°C 

I I 1 

n 

0 200 400 600 aoo 1000 
0 

DIAMETER (A) 
9460-3 

FIGURE 146. Gamma prime pa r t i c l e  s i ze  d i s t r ibu t ion  of i r rad ia ted  E42-36 a f t e r  2.7 x 
n/cm2 a t  593°C. 

In order t o  check whether the supersaturation of y '  forming so lu te  was enhanced 
by the i r r ad ia t ion ,  i t  i s  necessary to  compare the amount of y '  p rec ip i ta t ion  under i r r ad ia t ion  
to  tha t  under similar thermal double aging treatment. 
treated a t  1150°C f o r  one hour, aged a t  815°C f o r  10 hours and double aged a t  593°C f o r  various 
lengths of time ranging from 1,000 hours t o  3,000 hours. Table 40 l i s t s  the y '  morphological 
data of the double aged E42-10 a t  593°C. 
i r rad ia ted  E42 (about 2,160 hours a t  593°C) to  the 1 1 . 7  t o  12.8% y '  volume percent i n  double 
aged E42 (between 1,000 to 3,000 hours a t  593"C), i t  i s  evident t h a t  more Y '  p rec ip i ta t ion  i s  
observed in thermally double aged sample than t h a t  i n  the i r rad ia ted  one. 

These double aged samples were solution 

Comparing the 10.2% y '  volume percent in neutron 
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TABLE 40 

MICROSTRUCTURAL DATA OF DOUBLE AGED E42-10 AT 593°C 

Large y' 
y' Volume Concentrat ion 1 Cond i t i on  Size (nm) Percent (%)  (#/cm2) 

A l l o y  1 Avg. y l  

E42-10 28.5 6.5 4.11 x 1015 1 5.8568 x l o 9  - I 

4.47 x 1015 7.3755 x 109 

I I +! I -I 
12.8 1 3.57 6.9615 x l o 9  

From t h e  k i n e t i c  data o f  t h e  the rma l l y .doub le  aged E42-I0 a t  593°C l i s t e d  i n  

Table 40, i t  i s  concluded t h a t  t h e  d e p l e t i o n  o f  t he  supersa tu ra t i on  does n o t  f o l l o w  t h e  
usual t-ll3 law f o r  t h e  s i n g l e  ag ing t reatment .  Th i s  i s  ev iden t  from the  f a c t  t h a t  the 

concen t ra t i on  o f  t h e  l a r g e  yl p a r t i c l e s  stayed almost unchanged d u r i n g  the  f i r s t  1,000 hours 
a t  593°C w h i l e  the  volume f r a c t i o n  changed from 6.5% ( a f t e r  10 hours a t  815°C) t o  11.7%. 

Th is  i m p l i e s  t h a t  t h e  s o l u t e  supersa tu ra t i on  was depleted mos t l y  by growth o f  a l ready  

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

ag ing t rea tmen t  can be descr ibed as 

The growth law and d e p l e t i o n  o f  supersa tu ra t i on  f o r  t he  double 
( 6 ) .  . 

c 21 

where 

- 
R = average r a d i u s  o f  l a r g e  p a r t i c l e s  

c S  = s o l u t e  atomic f r a c t i o n  i n  p r e c i p i t a t e  

A ( t )  = supersa tu ra t i on  o f  s o l u t e  i n  s o l u t i o n  

N 

Ds = d i f f u s i o n  c o e f f i c i e n t  o f  s o l u t e  

P 

= number d e n s i t y  o f  l a r g e  p a r t i c l e s  (#/cm3) P 

I t  was determined i n  E42 t h a t  (KN ) s tays almost cons tan t  d u r i n g  the  e n t i r e  
P 
Therefore Equation [e]  reduces t o :  double aging t rea tmen t  as shown i n  Table 40. 

d I n  A ( t )  = -4nDS <EN > d t  r 31 P 

where <EN > = 6.7313 x 109 

i n t e g r a t e d  t o  y i e l d  
i s  t h e  t ime  average o f  (RN ) .  Equat ion [3] can be 

P P 
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I 

-4nDs <EN >t 
A ( t )  = A(0)e P c41 

Experimental measurements of y '  volume f rac t ion  i n  E42 as a function of double 
aging time lead to  the following re la t ionship  f o r  the decay of the supersaturation 

h ( t )  = (1.584 x exp - ( A t )  c 51 

where X = 4.766 x 
and tha t  the diffusion coef f ic ien t  i s  given by 

sec-l .  Comparing [4] and [5] i t  is  found t h a t  A(0) = 1.584 x 

= 5.63 x cm2/sec 4.7663 x 
4n x 6.7313 x los D, = 

and 

v " = -  *('I + V(0) = 0.1284 
C S  P 

T h i s  value of the diffusion coef f ic ien t  compares favorably w i t h  the one calculated from the 
aging s tudies  of y ' # l  a l loys (7 ) .  
Equations [ l ]  and [2] provide a s a t i s f ac to ry  description of the growth of la rge  pa r t i c l e s  
from solution. 

' 
I t  therefore appears t h a t  f o r  double aging conditions 

These double aging data can be used t o  analyze the neutron i r rad ia t ion  data.  
After 2.7 x l oz2  n/cm2 a t  593OC fo r  about th ree  months i n  EBR-11, E42-36 was found t o  increase 
i t s  Y' volume percent from 6.9% t o  10.2%. 
E42-36 can be calculated: 

The supersaturation of the neutron i r rad ia ted  

*A= (V"- V * )  Cs = (12.84 - 10.2) X lo-' X 0.25 = 0.0066 P 

I 

The maximum pa r t i c l e  radius of the neutron i r rad ia ted  d is t r ibu t ion  was measured 

t o  be: 

* .  
Rmax = 45 nm 

and 

* *  1 = 0.297 nm ( A  Rmax Neutron I r r .  

* *  
The value of ( A  Rmax) 5hould be equal t o  (3a Cs + a) i f  the evolution of pa r t i c l e  

P 
red is t r ibu t ion  i s  in the so-called "dynamic scaling" stage,  according t o  the new theory where 

The reader i s  referred t o  Section 11.1 of t h i s  quarterly report  
by Baron and Chang (preceding paper) f o r  d e t a i l s  of t h i s  theory. 
equilibrium value of the product of the supersaturation and the maximum y l  p a r t i c l e  radius i s :  

i s  the L-S-W ~ a r a m e t e r ' ~ ) .  
From this theory the 
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m a  

( A  %ax)Theoret ica l  

where 

("1 0.1096 nmt 
C t  E42 a t  593°C 

a = l a t t i c e  parameter = 0.357 nm 

The t h e o r e t i c a l  va lue  o f  (AmCax)  o f  0.295 nm i s  i n  e x c e l l e n t  agreement w i t h  t h e  

exper imen ta l l y  measured values o f  0.297 nm from t h e  neutron i r r a d i a t i o n  i n  a l l o y  E42. 

T h i s  i s  an experimental c o n f i r m a t i o n  o f  t h e  "dynamic scal ing ' '  hypothes is  o f  t he  

theo ry  f o r  neu t ron  i r r a d i a t i o n .  

2.3.4.2 I n t e r p r e t a t i o n  o f  N i - I o n  S imu la t i on  Data. The N i - i o n  s i m u l a t i o n  da ta  on 
y' morphologica l  change can a l s o  be analyzed i n  terms o f  t h i s  theory.  

s i m u l a t i o n  experiments o f  E42-10 a t  600°C, t h e  s o l u t e  supersa tu ra t i on  a f t e r  100 dpa can be 

c a l c u l a t e d  t o  be : 

For the  case o f  N i - i o n  

( 2 )  

- (V"- V*)  Cs  = (12.84-8.3) x x 0.25 = 0.01175 
(';i+)E42-10 - P 

The maximum y '  p a r t i c l e  r a d i u s  o f  t h e  N i - i o n  i r r a d i a t e d  E42-10 a f t e r  100 dpa a t  6OOOC was 

measured t o  be . ( 2 ) .  

* 
Rmax = 25 nm 

and 

* *  
= 0.294 nm ( A  Rmax)Ni-ion Irr. 

* *  
Th is  va lue  of ( A  Rmax) i s  a l s o  i n  e x c e l l e n t  agreement w i t h  the  t h e o r e t i c a l  va lue  0.295 nm. 

I n  another  s i m u l a t i o n  experiment, a l l o y  E48 (aged a t  815°C f o r  36 hours)  was 

N i - i o n  i r r a d i a t e d  t o  165 dpa a t  75OOC wi th  dose r a t e  7.35 x 

shows t h a t :  
(dpa/sec). S i m i l a r  a n a l y s i s  

and 

* 
= 19.5 nm 

'See Reference 7 
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f o r  a l l o y  E48-36 a t  750°C. 

The t h e o r e t i c a l  e q u i l i b r i u m  va lue  was c a l c u l a t e d  t o  be: 

m m  ) = CS(3a + ") = 0.3411 nm 

cF ( A  Rmax Theore t i ca l  p 
E48 a t  750°C 

where 

= 0.2934 nmt (+)E48 a t  750°C 
cP 

Again, t h e  e x c e l l e n t  agreement between t h e  exper imenta l  va lue  0.3454 nm and t h e o r e t i c a l  

e q u i l i b r i u m  va lue  0.3411 nm i n d i c a t e s  t h a t  t h e  y '  p a r t i c l e  s i z e  d i s t r i b u t i o n  under i r r a d i a t i o n  

i s  e v o l v i n g  accord ing t o  the  "dynamic s c a l i n g "  scheme and i s  approaching t h e  e q u i l i b r i u m  
d i s t r i b u t i o n .  Table 41 l i s t s  t h e  y '  m i c r o s t r u c t u r a l  data o f  N i - i o n  i r r a d i a t e d  and Rre- 

i r r a d i a t i o n  E48-36 and E42-10. 

average y '  p a r t i c l e  d iameter  o f  E48-36 decreased f rom 42 nrn t o  22 nm and the  y '  volume 
f r a c t i o n  a l s o  decreased f rom 7.70% t o  7.22% i n  t h e  N i - i o n  i r r a d i a t e d  E48-36. These obser- 
va t i ons  c o n f i r m  t h a t  t h e  e f f e c t  o f  d i s s o l u t i o n  o f  t h e  ove rs i zed  y '  p a r t i c l e s  t o  an e q u i l i b r i u m  

average s i z e  does occur  under i r r a d i a t i o n  as p r e d i c t e d  by  the  theo ry  ( 5 ) .  F i g u r e  147 shows 

schemat i ca l l y  t h e  change o f  average Y' p a r t i c l e  diameter as a f u n c t i o n  o f  dose f o r  N i - i o n  

i r r a d i a t e d  E42-10 a t  600°C and E48-36 a t  750°C. 
a f t e r  100 dpa N i - i o n  i r r a d i a t i o n  does n o t  change. suggests t h a t  t he  e q u i l i b r i u m  y '  d iameter  f o r  

E42 a t  593°C i s  around 36 nm. 

neutron i r r a d i a t i o n  from 43.5 nm t o  54 nm a f t e r  2.7 x 

d i c t  t h a t  f u r t h e r  neutron i r r a d i a t i o n  would decrease t h e  average s i z e  t o  around 36 nm, the  
same e q u i l i b r i u m  s i z e  as shown schemat i ca l l y  i n  F i g u r e  140. 

Examination o f  t h e  data l i s t e d  i n  Table 41 shows t h a t  the 

The f a c t  t h a t  t h e  average Y' s i z e  o f  E42-10 

Although t h e r e  i s  an apparent growth o f  Y' p a r t i c l e s  under 

n/cm2 a t  600°C i n  E42-36, we pre-  

2.3.4.3 Es t ima t ion  o f  D i s s o l u t i o n  Parameter. The d i s s o l u t i o n  parameter, Y ,  can 

be est imated f rom t h e  e q u i l i b r i u m  maximum rad ius ,  R;ax, i n  terms o f  t h e  f o l l o w i n g  r e l a t i o n :  

where 

% 

D, = d i f f u s i o n  c o e f f i c i e n t  o f  s o l u t e  under i r r a d i a t i o n  

K = dose r a t e  (dpa/sec) 

'See Reference 7. 
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FIGURE 147. Schematic r e p r e s e n t a t i o n  o f  t h e  average y '  p a r t i c l e  s i z e  as a f u n c t i o n  o f  dose. 

nJ 
The d i f f u s i o n  c o e f f i c i e n t ,  D,, under i r r a d i a t i o n  can be c a l c u l a t e d  by  u s i n g  the  

approp r ia te  va lues o f  t h e  dose r a t e  and t h e  s i n k  d e n s i t y ( 5 )  and they  a r e  l i s t e d  below: 

% 

D (cm2/sec) T("C) 'k(dpa/sec) p(cm/cm3) I r r a d i a t i o n  

1.8 10-14 750 10-3 101' N i - i o n  
9.5 x 10-15 600 10-3 101' N i - i o n  
2.0 x 10-17 600 10-6 1011 Neutron 

--s 
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The dissolution parameters were estimated to  be: 

@(750°C, Ni+ I r r . )  6.9 nm 
@(6OO0C, Ni+ I r r . )  z 1.6 nm 
@(60O0C, Neutron I r r . )  5 3.5 nm 

The cascade s i ze  resu l t ing  from the 4 MeV Ni-ion i r rad ia t ion  is about 1 nm while 
the cascade s ize  resu l t ing  from 1 MeV neutron i r r ad ia t ion  i s  about 4 n I"8yg) .  
dissolution parameters 1.6 nm f o r  Ni-ion and 3.5 nm f o r  neutron seem to  be reasonable as 
compared t o  the cascade s i z e  a t  caX (600°C) suggests t h a t  the dissolution parameter could increase f a s t e r  than D, w i t h  
increasing temperature. 

The estimated 

600OC. The f a c t  t ha t  R i a x  (75OOC) i s  smaller than 
nJ 

2.3.5 Conclusions 

1. TEM examination of the neutron i r rad ia ted  alloysE40-36 and E42-36 showed 

0.34% and 0.27% void swelling respectively.  

2. Irradiation-induced smaller y' par t i c l e s  were found between original la rge  
y '  par t i c l e s  on d is loca t ions  and void surfaces.  

3. Higher amounts of so lu te  were l e f t  in solution under b o t h  neutron and Ni-ion 
The product of supersaturation and maximum p a r t i c l e  radius f o r  both neutron and i r rad ia t ion .  

Ni-ion i r rad ia t ion  was found t o  be very c lose  t o  the theore t ica l  value. 

4. I t  is  expected t h a t  fu r the r  neutron i r r ad ia t ion  would decrease the average 
y' par t i c l e  s i ze  from the present value 54 nm t o  about 36 nm. 

5. 
s izes  a t  600OC. 

Dissolution parameters were estimated t o  be comparable w i t h  the cascade 

6. Present analysis provides a framework f o r  cor re la t ing  the Ni-ion simulation 
data w i t h  the in-reactor k ine t ics  of phase red is t r ibu t ion  e f f ec t s  i n  Fe-Ni-Cr based a l loys .  

2.4 EXPECTED ACHIEVEMENTS IN THE NEXT REPORTING PERIOD 

Examination of the  other a l loys  i n  the AA-IX experiment will  continue. Emphasis will be 
placed on the consequence o f  the  variation of compositions and the  pre-irradiation heat 
treatment conditions and i r r ad ia t ion  temperatures. 
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I 3. ELECTRON IRRADIATION OF SOLUTION ANNEALED 316 FOR THE USP EXPERIMENT 

Hanford Engineering Development Laboratory 

3.1 OBJECTIVE 
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was then prepared f o r  he l i um i n j e c t i o n  and he l i um was deposi ted t o  a depth o f  approx imate ly  

0.0026 mm a t  a nominal concen t ra t i on  o f  5 appm. 

f o r  HVEM i r r a d i a t i o n .  

HEDL completed f i n a l  specimen p repara t i on  

Transmission e l e c t r o n  microscopy specimens were prepared w i t h  t h e  examination 

midplane a t  a depth o f  approx imate ly  0.0013 mm from the i n j e c t e d  su r face  by e l e c t r o p o l i s h i n g  

a t  approx imate ly  10°C. T h i s  d i s tance  f rom the  o r i g i n a l  su r face  was chosen t o  avo id  any damage 
produced by t h e  i n i t i a l  specimen p repara t i on  steps and t o  remain i n  the hel ium-conta in ing 

zone. 

choosing t h e  area t o  be i r r a d i a t e d .  

spo t  damage under s t rong  d i f f r a c t i n g  c o n d i t i o n s  a t  the s t a r t  o f  HVEM examination. 

Some d i s l o c a t i o n  tang les  were ev iden t  a t  t h i s  depth b u t  were e a s i l y  avoided when 
The presence o f  he l i um was v e r i f i e d  by observ ing b lack  

A displacement r a t e  o f  9.1 dpa(e) /hour  was employed f o r  a t o t a l  i r r a d i a t i o n  t ime  

o f  two hours. 
p o i n t s  per  i r r a d i a t i o n .  
ha l fway through t h e  i r r a d i a t i o n .  

L. E. Thomas('). Th i s  computer-based system accounts f o r  v o i d  o r i e n t a t i o n  and the  degree o f  

t r u n c a t i o n  i n  the  v o i d  shape t o  more a c c u r a t e l y  d e f i n e  the  v o i d  volume. 

taken near t h e  [110] d i r e c t i o n  and a range o f  v o i d  shapes was est imated f o r  each micrograph. 

The r e p o r t e d  s w e l l i n g  va lues have been co r rec ted  f o r  v o i d  volume f r a c t i o n .  

Micrographs were taken a t  t ime  i n t e r v a l s  t o  p rov ide  t y p i c a l l y  seven data 
Thickness o f  t h e  v o i d  l a y e r  was determined f rom s te reo  p a i r s  taken 

Void analyses were performed us ing  t h e  ana lyz ing  system "TRUNC" developed by 

A l l  micrographs were 

3.3.3 Resul ts  

HVEM i r r a d i a t i o n s  have been performed a t  600 and 650'C and analyses have been 

Figures 148 and 149 desc r ibe  t h e  s w e l l i n g  as a f u n c t i o n  o f  dose f o r  each o f  t he  completed. 
i r r a d i a t i o n s  w h i l e  F i g u r e  150 shows t h e  corresponding v a r i a t i o n  o f  average v o i d  diameter w i t h  

dose. F i g u r e  151 d e p i c t s  t h e  change i n  v o i d  d e n s i t y  w i t h  displacement damage. 

The observed s teady-state s w e l l i n g  r a t e  i s  g r e a t e r  a t  650°C than a t  600°C. The 

s teady -s ta te  s w e l l i n g  r a t e  o f  0.90%/dpa(e) a t  650°C i s  w i t h i n  the  range o f  r a t e s  repo r ted  by 
Ge l les ,  Gu th r ie  and Ber t ing")  f o r  s i m i l a r  HVEM i r r a d i a t i o n s  on the  cold-worked c o n d i t i o n  o f  
t h e  same heat  o f  316. 
s i g n i f i c a n t l y ,  than the  s w e l l i n g  r a t e  determined by  Ge l l es ,  e t  a1(2)  

f o r  cold-worked m a t e r i a l .  
same heat  o f  316 w i l l  be performed a f t e r  t h e  temperature dependence o f  s w e l l i n g  d u r i n g  HVEM 
i r r a d i a t i o n  has been determined. 

The r a t e  o f  0.66%/dpa(e) found a t  600°C i s  lower, a l though n o t  
a t  t h e  same temperature 

Comparison o f  these r a t e s  w i t h  neu t ron  i r r a d i a t i o n  r e s u l t s  on the 

The v o i d  s i zes  and v o i d  d e n s i t i e s  f o r  t he  two i r r a d i a t i o n s  show the  t y p i c a l  

v a r i a t i o n  o f  these parameters w i t h  dose. As shown i n  F igu re  150, t he  average v o i d  d iameter  

c o n t i n u a l l y  increases w i t h  dose w h i l e  the  v o i d  d e n s i t i e s  ( F i g u r e  151) i n i t i a l l y  i nc rease  due 

t o  v o i d  n u c l e a t i o n  o r  increased v o i d  v i s i b i l i t y  ( w i t h  i n c r e a s i n g  s i z e )  and then decrease due 
t o  v o i d  coalescence. 

Examples o f  v o i d  coalescence a r e  seen i n  F i g u r e  152 i n  which the process occurred 

d u r i n g  examination, when t h e  displacement r a t e  was ve ry  low. 

F igures 152(a) and 152(c)  was l e s s  than f i v e  minutes. 

c l o s e r  toge the r  and the  v o i d  shapes have become more rounded d u r i n g  coalescence. 

The t ime  elapsed between 

Note t h a t  the v o i d  cen te rs  have moved 
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FIGURE 148 

DOSE, dpo (e) 

H EDL 7701 - 1  03.1 

Swelling as a function of displacement damage in solution annealed 316 
s t a in l e s s  s t ee l  (hea t  M2783) during HVEM electron i r rad ia t ion  a t  600°C. .. 

DOSE, dpa (e) 

HEDL 7701-103.2 

FIGURE 149. Dose dependence of swelling in heat M2783 f o r  HVEM electron i r rad ia t ion  
a t  650°C. 
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650°C fE534) 
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2 4 6 8 10 12 14 16 18 

DOSE, d p  (e )  

HEDL 7701-103.3 

FIGURE 150. Variat ion o f  average void s i z e  during H V E M  i r r a d i a t i o n  o f  316 s t a i n l e s s  s t e e l  
a t  temperatures  o f  600 and 650°C. 

1016 I I I I I I I I 

a 65OoC (E534) 

0 600°C (E538) 

2 t  1 
I 1 1 1 I I I 

0 2 4 6 8 10 12 14 16 18 20 

DOSE, dpo (e) 

HEDL 7701-103.4 

FIGURE 151. Vcid d e n s i t y  v a r i a t i o n  with displacement damage d u r i n g  H V E M  e l e c t r o n  
i r r a d i a t i o n s  a t  600 and 650°C. 
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Other processes i n v o l v i n g  p r e c i p i t a t e s  were observed. An a s s o c i a t i o n  between a 

v o i d  and p r e c i p i t a t e  (p robab ly  a ca rb ide )  was observed d u r i n g  i r r a d i a t i o n  o f  E534 and was 
fo l l owed  f o r  a s e r i e s  o f  micrographs. 

t h a t  t h e  v o i d  associated w i t h  the  p r e c i p i t a t e  i s  n o t  o n l y  t h e  l a r g e s t  v o i d  b u t  a l s o  has a 
g r e a t e r  growth r a t e  than t h e  o t h e r  vo ids .  
occurrence may g r e a t l y  increase the  s w e l l i n g  r a t e  o f  t he  a l l o y .  Th is  may e x p l a i n  the h igh  

s w e l l i n g  observed i n  n e u t r o n - i r r a d i a t e d  A-286 where ex tens i ve  v o i d - p r e c i p i t a t e  a s s o c i a t i o n  
occurs, and may a l s o  e x p l a i n  h igh  s w e l l i n g  i n  316 d u r i n g  neutron i r r a d i a t i o n  a t  600°C. I t 

a l s o  seems apparent from t h i s  s e r i e s  o f  micrographs t h a t  t h e  v o i d  formed a t  ( o r  i n )  the pre-  
e x i s t i n g  p r e c i p i t a t e  r a t h e r  than v i c e  versa. 

s t r o n g l y  d i f f r a c t i n g  p r e c i p i t a t e  l oses  c o n t r a s t  as t h e  v o i d  grows i n d i c a t e s  t h a t  the p r e c i p i -  

t a t e  i s  changed by t h e  v o i d  growth process. 

Th is  i s  i l l u s t r a t e d  i n  F igu re  153 where i t  i s  apparent 

Th is  obse rva t i on  i s  impor tan t  s ince  ex tens i ve  

In a d d i t i o n ,  t he  f a c t  t h a t  a p o r t i o n  of the 

I n  vo ids which were n o t  assoc iated w i t h  p r e c i p i t a t e s ,  v o i d  growth appeared t o  

a f f e c t  t h e  degree o f  v o i d  t r u n c a t i o n .  
f o r  t h e  USP experiment, t he  v o i d  shape changed f rom a s l i g h t l y  t runca ted  cube ( f  2 0.9 i n  

Reference 1 )  a t  low dose t o  a more h i g h l y  t runca ted  cube ( f  2 0.5) a t  h ighe r  doses. Th is  
change w i t h  dose i s  i l l u s t r a t e d  i n  F igures 153(b) and 153(c) .  

as a r e s u l t  o f  an increased importance o f  t h e  su r face  energy ( increased t r u n c a t i o n  reduces 
t h e  r a t i o  o f  su r face  area t o  volume) and may s imp ly  be a consequence o f  a changing v o i d  s i z e .  
However, i t  i s  p o s s i b l e  t h a t  t h e  v o i d  shape i s  determined by k i n e t i c  processes r a t h e r  than 

thermodynamics. For example, t he  r e l a t i v e  c o n t r i b u t i o n s  o f  su r face  d i f f u s i o n  (on the  v o i d  
su r face )  and l a t t i c e  d i f f u s i o n  may c o n t r o l  t he  v o i d  shape. I n  t h i s  case, t he  displacement 

r a t e  may be an impor tan t  parameter i n  determin ing v o i d  shape o r  v o i d  s i z e  when g r e a t e r  
t r u n c a t i o n  occurs.  

which occurs d u r i n g  coalescence (su r face  d i f f u s i o n  may become more impor tan t  than b u l k  

d i f f u s i o n ) .  

I n  each o f  t h e  two HVEM i r r a d i a t i o n s  performed on 316 

Such a change probably  occurs 

K i n e t i c a l l y  determined v o i d  shape may a l s o  e x p l a i n  the shape change 

3.3.4 Conclusions 

The HVEM e l e c t r o n  i r r a d i a t i o n s  of so lu t ion-annealed 316 s t a i n l e s s  s t e e l  (hea t  

M2783) have l e d  t o  the  f o l l o w i n g  conclus ions:  

1. The s teady-state s w e l l i n g  r a t e s  f o r  heat  M2783 a t  600 and 650°C l i e  w i t h i n  

the  range o f  values observed f o r  t h e  20% CW c o n d i t i o n  and t h e  s o l u t i o n  annealed c o n d i t i o n s .  

2. The v o i d  shape i n  annealed 316 p rog resses ,du r ing  HVEM i r r a d i a t i o n  from a 

s l i g h t l y  t runca ted  cube t o  a shape which i s  e q u a l l y  w e l l  d e f i n e d  as a (111) t runca ted  cube 
o r  a (100) t runca ted  octahedron. 

3. Void formation a t  (ob i n )  c e r t a i n  p r e c i p i t a t e s  r e s u l t s  i n  a h ighe r  
s teady-state s w e l l i n g  r a t e  due t o  increased v o i d  growth r a t e s .  

3.4 EXPECTED ACHIEVEMENTS I N  THE NEXT REPORTING P E R I O D  

A d d i t i o n a l  HVEM i r r a d i a t i o n s  w i l l  be performed on t h i s  m a t e r i a l  t o  e s t a b l i s h  the  

temperature dependence o f  t h e  s w e l l i n g  r a t e .  
i r r a d i a t e d  m a t e r i a l  i n  the  cold-worked c o n d i t i o n .  N e u t r o n - i r r a d i a t e d  cold-worked t u b i n g  has 
been rece ived  from GE and specimen p r e p a r a t i o n  i s  i n  progress. 

I r r a d i a t i o n s  w i l l  a l s o  be performed f o r  neu t ron  
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4. PREPARATION OF ION BOMBARDMENT SPECIMENS FROM NEUTRON IRRADIATED TUBING 

L .  J .  Turner and P. S .  Sklad 

Oak Ridge Na t iona l  Laboratory  

4.1 OBJECTIVE 

The U n i f i e d  S imu la t i on  Program o f  which t h i s  work i s  a p a r t  i s  designed t o  e s t a b l i s h  a 

c o r r e l a t i o n  between neutron, i o n  and e l e c t r o n  damage i n  316 s t a i n l e s s  s t e e l .  

4.2 SUMMARY 

I n  o rde r  t o  prepare i o n  bombardment d i s k s  f rom t h e  M2783 316 t u b i n g  i r r a d i a t e d  i n  t h e  

X-098 experiment, a sh ie lded  f a c i l i t y  has been s e t  up t o  p e r m i t  spark c u t t i n g  o f  d i s k s  from 

t h e  tube  w a l l .  
i n  a r o t a r y  t u r r e t  c o n t a i n i n g  f o u r  d i s k s  h e l d  under vacuum. 

i n g  stages have been worked ou t .  
g r i n d i n g  stage. 

4.3 ACCOMPLISHMENTS AND STATUS 

Gr ind ing  and p o l i s h i n g  o f  t h e  curved d i s k s  i s  accomplished semi-automat ica l ly  
Techniques f o r  t he  f i n a l  p o l i s h -  

D i f f i c u l t i e s  a r e  being experienced w i t h  the  i n i t i a l  rough 

4.3.1 I n t r o d u c t i o n  

A d e s c r i p t i o n  of t h e  USP i s  p rov ided  elsewhere i n  t h i s  document. I o n  and e l e c t r o n  

i r r a d i a t i o n s  a r e  t o  be c a r r i e d  o u t  on b o t h  v i r g i n  and neu t ron  irra!iated TEM d i s k s  prepared 
f rom b o t h  s o l u t i o n  annealed and c o l d  worked tub ing .  Dur ing i o n  bombardment, f i v e  d i s k s  a r e  

clamped f i r m l y  a g a i n s t  a t h e r m a l i z e r  b l o c k  which i s  heated d i r e c t l y  by  a broad e l e c t r o n  beam. 

To ensure t h a t  each d i s k  i s  ma in ta ined  a t  t h e  same temperature i t  i s  impor tan t  t h a t  t h e  d i s k s  
should be f l a t ,  p a r a l l e l - s i d e d  and o f  t h e  same th i ckness  t o  w i t h i n  15 pm. 

these requi rements i t  i s  e s s e n t i a l  t h a t  t he  p r e p a r a t i o n  technique does n o t  i n t r o d u c e  d e f o r -  

mat ion and t h a t  t h e  su r face  t o  be bombarded should be smooth enough f o r  accurate su r face  

p r o f i l o m e t r y .  I n  a d d i t i o n  t h i s  su r face  w i l l  e v e n t u a l l y  form one su r face  o f  a TEM specimen. 

The neutron i r r a d i a t e d  m a t e r i a l  i s  i n  the  form o f  tubes 5 cm long,  6.35 nun d iameter  w i t h  a 
0.38 mm t h i c k  w a l l .  To 
min imize hand l i ng  problems i t  has been dec ided t o  spark c u t  d i s k s  3 mm diameter  f rom the  tube 

w a l l  and todevelop a technique f o r  reducing t h e  curved d i s k  t o  a f l a t  specimen meeting t h e  r e -  

quirements desc r ibed  above. 
b e l  ow. 

I n  a d d i t i o n  t o  

Each tube  has a t o t a l  a c t i v i t y  o f  20 R h r - I  a t  a d i s tance  o f  5 cm. 

A r o t a r y  t u r r e t  p o l i s h e r  i s  under development and i s  descr ibed 

4.3.2 Experimental Procedure 

The equipment descr ibed here i s  be ing developed t o  prepare i o n  bombardment 

specimens f rom neu t ron  i r r a d i a t e d  m a t e r i a l  i n  an o u t - o f - c e l l  f a c i l i t y ,  and t o  min imize 

exposure t o  the  opera to r  by work ing semi-automat ica l ly .  

wheel i s  used f i t t e d  w i t h  a "Wh i r l ime t "  attachment which pe rm i t s  specimens t o  be r o t a t e d  i n  
t h e  oppos i te  sense t o  the  p o l i s h i n g  wheel. 

and rep laced  w i t h  a s t a i n l e s s  s t e e l  r o t a r y  t u r r e t  which holds f o u r  d i s k  specimens. 

A low speed meta l l og raph ic  p o l i s h i n g  

The normal "Wh i r l ime t "  p o l i s h i n g  head i s  removed 

A general 
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view o f  t he  arrangement i s  shown i n  F igu re  154. 

shown i n  F igu re  155. 
he ld i n  p lace  by a vacuum. 

diameter c i r c l e  a t  90" spacing. 
t he  d i s k s  i n  p lace  and a t  the same t ime t o  pe rm i t  d i f f e r e n t i a l  l oad ing .  

f i t t e d  w i t h  a r e t u r n  s p r i n g  which a l s o  ac ts  t o  b i a s  t h e  pressure a p p l i e d  t o  the d i s k s .  

i s  a p p l i e d  t o  the  p i s t o n  i n t e r n a l l y  through t h e  s h a f t  and i s  moni tored a t  a c o n t r o l  panel .  

c o n t r o l  t he  t u r r e t  vacuum a 
Th is  a l l o w s  t h e  nega t i ve  pressure t o  be c o n t r o l l e d  t o  w i t h i n  12 mm Hg. 

by a carbon vane d ry - t ype  r o t a r y  vacuum pump us ing  a l i q u i d / a i r  separator  t o  prevent  l i q u i d  

f rom e n t e r i n g  t h e  pump. 

An exploded view o f  t he  r o t a r y  t u r r e t  i s  

To avo id  mounting w i t h  epoxy o r  o t h e r  adhesives, the d i s k  specimens a r e  
Four ho l l ow  p i s t o n s  a r e  used [F igu re  155(a) ]  l o c a t e d  on a 6.4 cm 

They a r e  cons t ruc ted  t o  a l l o w ' a  d i f f e r e n t i a l  pressure t o  h o l d  
Each p i s t o n  i s  

Vacuum 

To 

pressure-demand type r e g u l a t o r  and two so leno id  va lves a r e  used. 
The vacuum i s  prov ided 

The t u r r e t  i s  mounted on a c e n t r a l  s h a f t  [F igu re  155(b ) ]  us ing  two double sealed 

combination r a d i a l  and t h r u s t  b a l l  bea r ing  assemblies [F igu re  155(c ) ]  m o d i f i e d  from t h e  
"Wh i r l ime t "  attachment. P o l i s h i n g  r a t e  i s  moni tored us ing  two d i a l  gauges mounted oppos i te  

each o the r  and i n  con tac t  w i t h  t h e  tops o f  t h e  p i s t o n s .  
supported by a s t r u t  [F igu re  155(e) ]  which a l s o  a l l ows  t h e  t u r r e t  t o  be moved v e r t i c a l l y .  

Disks a r e  loaded by r a i s i n g  t h e  "Wh i r l ime t "  attachment on i t s  h inged mounting 

The t u r r e t  and s h a f t  assembly a r e  

p l a t e  ( F i g u r e  156) and s e t t i n g  t h e  vacuum r e g u l a t o r  t o  m a i n t a i n  a nega t i ve  pressure o f  63.5 
mm Hg a t  t h e  t u r r e t .  Disks a r e  then i n s e r t e d  us ing a vacuum tweezer. When p o l i s h i n g  i s  com- 

p l e t e ,  t h e  u n i t  i s  again t i l t e d  v e r t i c a l l y  and the  vacuum r e g u l a t o r  s e t  t o  p r o v i d e  f u l l  

vacuum (400 mm Hq) caus ing t h e  d i s k s  t o  p ro t rude  f rom the  base o f  t h e  t u r r e t .  

removed w i t h  vacuum tweezers. The e n t i r e  u n i t  i s  housed i n  a sh ie lded  g love  box; a c t i v e  
p a r t i c l e s  a r e  f l u s h e d  f rom the p o l i s h i n g  u n i t  i n t o  a s u i t a b l e  c o n t a i n e r  f o r  d i sposa l .  

The d i s k s  a re  

The p r e p a r a t i o n  sequence i n v o l v e s  i n i t i a l  g r i n d i n g  on 600 g r i t  paper t o  o b t a i n  a 

p a r a l l e l  s ided d i s k .  T h i s  i s  f o l l owed  by removal o f  about 50 pm o f  m a t e r i a l  from the  s i d e  t o  

be bombarded by p o l i s h i n g  w i t h  0.3 p A1203 on ny lon  c l o t h .  

diamond p o l i s h  t o  remove 1.10 urn. 
good su r face  f o r  subsequent TEM. It i s  n o t  c e r t a i n  y e t  whether o r  n o t  t he  0.5 urn diamond 

stage i s  necessary a l though t h e  amount o f  e l e c t r o p o l i s h i n g  should be min imized t o  m a i n t a i n  as 

smooth a su r face  as p o s s i b l e  f o r  p r o f i l o m e t r y .  

demonstrated t h e  ease o f  l o a d i n g  and unloading o f  d i s k s .  

good surfaces have been achieved w i t h  t h e  A1,0, and diamond p o l i s h i n g  media. Some d i f f i c u l t y  

i s  s t i l l  being experienced w i t h  t h e  600 g r i t  g r i n d i n g  s tage us ing  d i s k s  spark c u t  from tubes, 
m a i n l y  due t o  t h e  curved geometry o f  t h e  samples. 

wheel a r e  c u r r e n t l y  be ing experimented w i t h .  The p o s s i b i l i t y  o f  g i v i n g  the  d i s k s  a p re l im-  
i n a r y  g r i n d i n g  i n  a hand h e l d  j i g  t o  e s t a b l i s h  a f l a t  on the  convex s i d e  o f  the specimen i s  
a l s o  being i n v e s t i g a t e d .  

4.4 EXPECTED ACHIEVEMENTS I N  THE NEXT REPORTING PERIOD 

The nex t  s tep  i s  a 0.5 vm 

Th is  removes any remain ing su r face  damage and produces a 

I n i t i a l  t r i a l s  w i t h  the  equipment have 

Uni form p o l i s h i n g  r a t e s  producing 

Several a l t e r n a t i v e  types o f  g r i n d i n g  

It i s  a n t i c i p a t e d  t h a t  t he  d i f f i c u l t i e s  w i t h  the  i n i t i a l  g r i n d i n g  w i l l  be reso lved  and 

t h a t  p r e p a r a t i o n  o f  a l l  t h e  d i s k  specimens f o r  USP w i l l  be prepared. 

be ing  f a b r i c a t e d  so t h a t  one u n i t  may be used e x c l u s i v e l y  f o r  t he  f i n e  p o l i s h i n g  stage. 

A second t u r r e t  i s  
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FIGURE 154. Rotary turret in position on "Whirlimet". 
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FIGURE 155. Exploded view o f  r o t a r y  t u r r e t .  
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FIGURE 156. Rotary turret r a i s e d  i n  loading p o s i t i o n .  

-260- 



5. NEAR-SURFACE DEFORMATION OF USP SPECIMENS 

F. M .  Berting, F. A .  Garner and M .  H .  Brady 
Hanford Engineering Development Laboratory 

5.1 OBJECTIVE 

The object of t h i s  e f f o r t  i s  t o  assess the level of deformation ex is t ing  in the solution 
annealed 316 s t a in l e s s  s tee l  specimens which will  be bombarded w i t h  charged pa r t i c l e s  as part  
of the Unified Simulation Program. 

5.2 SUMMARY 

The specimen preparation procedure employed i n  the USP experiment leads to  extensive 
near-surface damage which i s  ea s i ly  removed by electrochemical techniaues. Transmission 
electron microscopy observations confirm the presence of surface deformation b u t  show t h a t  no 
damage due t o  mechanical polishing reaches to  o r  beyond the dep th  picked fo r  i r rad ia t ion  damage 
characterization. 

5.3 ACCOMPLISHMENTS AND STATUS 

5.3.1 Introduction 

A technique f o r  preparing f l a t  undeformed f o i l s  from thin-wall tubular specimens 
was described previously' ').  
Simulation Program (USP) i n  which both unirradiated and neutron-preconditioned 316 s t a in l e s s  
s t ee l  will be subjected to  charged-particle bombardment. Although the specimens a re  not 
deformed during the process of producing f l a t  specimens from thin-walled tube sections,  the 
abrasive polishing employed can lead t o  damage near the specimen'surface. This damage layer 
must therefore be removed. The f a c t  t ha t  the majority of the specimens will  be radioactive 
precludes the  use o f  unshielded ion sputtering devices t o  remove the damage layer.  

Specimens produced by this method will  be employed in the Unified 

One of the proposed specimen preparation techniques f o r  the unirradiated specimens 
involves the e l ec t ro ly t i c  dimpling of the specimen surface t o  a depth of 15 pm. 

allow removal of the damaged layer adjacent t o  the region which is  t o  be i r rad ia ted  and which 
was previously uniformly preinjected w i t h  helium t o  a,depth of 24 wn. 
used i n  the i r r ad ia t ion  then penetrate the new surface of the dimpled region. 
verify the va l id i ty  of t h i s  technisue, i t  must be shown tha t  the original near-surface damage 
does not extend beyond the 15 depth. 

This will 

The charged pa r t i c l e s  
In order t o  

5.3.2 Experimental Procedure 

E i g h t  disk specimens of coarse-grained solution annealed Type 316 s t a in l e s s  s tee l  
from heat M2783 were provided by GE-FBRD from control (unirradiated) tubular material s imi la r  
t o  t h a t  i r rad ia ted  i n  the X-098B subassembly"). 
method outlined in Reference 1 ;  i . e . ,  spark cu t  from a tubular section and reduced to  a f l a t  
disk by abrasive g r i n d i n g .  

The disks were prepared according t o  the 

A 150 pm thick layer from the back surface of each disk was removed 
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by 3 2 0 - g r i t  g r i n d i n g ,  f o l l owed  by 6 0 0 - g r i t  deburr ing.  

su r face  was removed by sequent ia l  g r i n d i n g  w i t h  320, 400 and 6 0 0 - g r i t  paper, f o l l owed  by 
1-micron diamond and 0.05-micron alumina po l i shes .  The f i n a l  as-prepared th icknesses o f  t he  

e i g h t  samples ranged from 160 t o  185 m. No 
hel ium was implanted i n  these d i s k s .  An a d d i t i o n a l  25 i d e n t i c a l  specimens were prepared f o r  
planned e l e c t r o n  i r r a d i a t i o n ,  b u t  these specimens had 5 appm hel ium implanted i n  one sur face.  

A 75-100 wn t h i c k  l a y e r  from the  f r o n t  

Disk diameters ranged from 2.95 t o  3.0 mm. 

Four o f  t h e  specimens were used t o  c a l i b r a t e  t h e  r a t e  o f  d imp l i ng  so t h a t  any 

d e s i r e d  dimple depth c o u l d  be achieved. 

t r o p o l i s h i n g  technisues t o  a l l o w  observa t i on  o f  a l a y e r  a t  t h e  o r i g i n a l  sur face,  one a t  t he  
15 um depth and one a t  a 75 um depth. 

lacquer  t o  preserve t h e  su r face  a t  t he  des i red  depth. 

Three specimens were then prepared by s tandard e lec -  

The f i r s t  two specimens r e q u i r e d  use o f  s t o p - o f f  

5.3.3 Resul ts  

The f r o n t  su r face  o f  t h e  specimen i l l u s t r a t e d  i n  F i g u r e  157 was ve ry  h e a v i l y  

worked, as had been a n t i c i p a t e d .  

a l though t h e r e  were areas such as t h a t  shown i n  F i g u r e  158(a) where the specimen clamping 
procedures r e q u i r e d  f o r  t h e  s top-of f  l acquer  a p p l i c a t i o n  and removal process l e d  t o  d i s l o -  
c a t i o n  a r rays  t y p i c a l  o f  t h i n  f o i l  mechanical damage. 

remnant o f  t h e  su r face  damage, t h r e e  hel ium- implanted specimens were observed i n  the HVEM 
p r i o r  t o  e l e c t r o n  i r r a d i a t i ~ n ' ~ ) .  
were n o t  employed i n  t h e  p repara t i on  o f  these specimens; p r e p a r a t i o n  r e l i e d  on the  p r i o r  
c a l i b r a t e d  d i m p l i n g  process t o  ensure p e r f o r a t i o n  o f  t h e  f o i l  a t  t he  15 vm depth. 

app rec iab le  damage was observed a t  t h i s  depth, a l t hough  i s o l a t e d  c l u s t e r s  o f  d i s l o c a t i o n s  

t y p i c a l  o f  t h e  p r e p a r a t i o n  technique were found. 
i s  shown i n  F i g u r e  158(b). 

A t  a depth o f  15 urn the  specimen was e s s e n t i a l l y  undamaged 

To ensure t h a t  t h i s  damage was n o t  a 

Handl ing procedures i n v o l v e d  i n  the use o f  s t o p - o f f  lacquer  

No 

Representat ive m i c r o s t r u c t u r e  from t h i s  depth 

A t  t h e  75 depth, no l acquer  hand l i ng  procedures were employed and the d i s l o c a t i o n  

d e n s i t i e s  were t y p i c a l  o f  t h a t  found i n  annealed 316 specimens used i n  p rev ious  experiments. 

F i g u r e  159 i l l u s t r a t e s  a h i g h e r  than average b u t  s t i l l  small  d i s l o c a t i o n  d e n s i t y  found a t  t h i s  

depth, i . e . ,  a d i s l o c a t i o n  d e n s i t y  t h a t  can be found i n  i s o l a t e d  reg ions  i n  an o the rw ise  
undamaged specimen. 

5.3.4 Discuss ion 

I n  t h e  cha rged-pa r t i c l e  i r r a d i a t i o n  o f  annealed u n i r r a d i a t e d  m a t e r i a l ,  t h e  

e l i m i n a t i o n  o f  t h e  f i r s t  15 Urn o f  depth ensures i r r a d i a t i o n  o f  e s s e n t i a l l y  undamaged m a t e r i a l .  

Local  h i g h  d e n s i t y  d i s l o c a t i o n  tang les  a r e  few and e a s i l y  avoided. 

o f  t h i s  m a t e r i a l ,  t h e  i s o l a t e d  reg ions  c h a r a c t e r i z e d  by a h i g h  d i s l o c a t i o n  d e n s i t y  w i l l  be 
i r r a d i a t e d  as w e l l  as t h e  undamaged areas, so t h a t  t h e  experimenter must make observat ions i n  

reg ions  t y p i c a l  o f  t h e  o v e r a l l  specimen. 

reg ions  does n o t  approach t h a t  o f  t he  20% c o l d  worked c o n d i t i o n ,  however, and probably  w i l l  be 

o f  1 i t t l e  consequence. 

I n  heavy i o n  i r r a d i a t i o n  

The d i s l o c a t i o n  d e n s i t y  i n  the  damaged a t y p i c a l  

I n  t h e  i r r a d i a t i o n  of cold-worked u n i r r a d i a t e d  m a t e r i a l ,  t h e  su r face  p repara t i on  

damage w i l l  p robably  n o t  c o n t r i b u t e  s u b s t a n t i a l l y  t o  the  e x i s t i n g  h i g h  d i s l o c a t i o n  d e n s i t y  and 

indeed i t s  e f f e c t  should decrease w i t h  depth a t  a f a s t e r  r a t e .  

mens r e q u i r e  no hel ium i m p l a n t a t i o n  and can be d i r e c t l y  t h inned  t o  t h e  c e n t r a l  l a y e r  o f  the 

d i s k .  Much of t h e  su r face  damage produced d u r i n g  specimen p r e p a r a t i o n  w i l l  a u t o m a t i c a l l y  be 
removed. 

The r e a c t o r  i r r a d i a t e d  speci -  
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FIGURE 157. H i g h l y  damaged sur face  of annealed 316 s t a i n l e s s  s t e e l  
specimen r e s u l t i n g  from mechanical abras ion.  
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FIGURE 158(a).  Atypical dis locat ion arrays found i n  a layer  15 pm from the 
or iginal  specimen surface introduced by the lacquer 
appl icat ion and removal process. 
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FIGURE.159. Dislocation microstructure observed i n  isolated regions a t  a 
depth o f  75p m from the i n i t i a l  surface o f  a specimen o f  
solution annealed 316 stainless s tee l .  Most o f  the areas 
were r e l a t i v e l y  f r e e  o f  dislocations. 
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5.4 EXPECTED ACHIEVEMENTS I N  THE NEXT REPORTING P E R I O D  

No f u r t h e r  work i s  planned on t h i s  sub jec t .  Other a c t i v i t i e s  r e l a t e d  t o  the USP 

experiment w i l l  proceed. 
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6. SOLUTE REDISTRIBUTION UNDER IRRADIATION IN 20% CW 316 S 

* 
S. Diamond, J .  J .  Schreuer, R .  Bajaj and R. Kossowsky* 

Westinghouse Advanced Reactors Division 

6.1 OBJECTIVE 

The purpose of this  work i s  t o  determine whether so lu te  red is t r ibu t ion  occurs during 
heavy ion bombardment of a l loys  and whether such red is t r ibu t ion  can appreciably a f f e c t  the 
void swelling i n  the  a l loys .  

6.2 SUMMARY 

Comparative Auger electron spectroscopic prof i les  were made on an i r rad ia ted  and 
unirradiated section of a Ni ion i r rad ia ted  20% CW 316 SS sample t o  determine the extent of 
so lu te  red is t r ibu t ion  w i t h  depth i n  the  a l loy .  I t  was shown tha t  the bombarding N i  ions were 
deposited deeper in to  the sample (900 nm from the Ion Entry Surface, I.E.S.) than the position 
of the peak displacement damage region (780 nm from the I.E.S.). 
depletion near the I.E.S. and an increase i n  Cr and Fe concentration which could a f f e c t  the 
swelling i n  t h i s  region of the sample. 
changed from the b u l k  composition from about 250 nm u p  t o  and including the peak damage 
region. 
fo i l  i s  cha rac t e r i s t i c  of an a l loy  of the g i v e n  composition. 

6.3 ACCOMPLISHMENTS AND STATUS 

There i s  a pronounced Ni 

T h u s ,  the composition of the a l loy  i s  essen t i a l ly  un-  

t 
Therefore, the measured swelling due t o  N i  ion bombardment i n  this region of the 

6.3.1 Introduction 

Recent observations have indicated t h a t  substantial  red?s t r ibu t ion  of the 
constituent elements of an a l loy  can occur during ion  bombardment a t  elevated temperatures ( 1 )  . 
Segregation has been shown t o  occur near external surfaces and near o r  on the surfaces of 
radiation-indu'ced voids w i t h i n  the material .  
present i n  low concentration ( S i ,  0.7%) can determine o r  strongly influence the red is t r ibu t ion  
of the major elements (those present i n  h i g h  concentrations, >15% i .e. ,  Fe, N i  and Cr). 

In order t o  more f u l l y  characterize the ion-irradiated a l loys  i n  the Alloy 

Johnston".) has demonstrated tha t  an element 

Development Program, Auger electron spectroscopy was employed t o  p ro f i l e  the concentration of 
the major elements of a Ni-ion bombarded 20% CW 316 s t a in l e s s  s tee l  sample through the e n t i r e  
damage range. 

The 316 SS sample was one of a group of sheet samples including several commercial, 
developmental and experimental a l loys  which were Ni-ion i r rad ia ted  on edge a t  ORNL a t  600°C t o  
a peak damage of %250 dpa a t  a dose r a t e  of 20-30 dpa/hour. The d e t a i l s  of the sample 

* 
Westinghouse R . &  D Center 
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c o n f i g u r a t i o n ,  p repara t i on ,  He i n j e c t i o n  ( t o  5 appm), and i r r a d i a t i o n  have been repo r ted  

e a r l i e r “ ) .  Since s tep  h e i g h t  measurements were t o  be made t o  determine the s w e l l i n g  o f  the 

a l l o y s ,  a mask s h i e l d i n g  the  c e n t r a l  p o r t i o n  of each sample from the  i o n  beam was mounted on 

the  ho lde r .  Th i s  produced an i r r a d i a t e d  and an u n i r r a d i a t e d  r e g i o n  on which comparative Auger 

p r o f i l e s  cou ld  be made. specimen was i s o l a t e d  by 

cove r ing  t h e  adjacent  samples w i t h  a s e t  o f  a d j u s t a b l e  Ta masks. 

Dur ing the  Auger measurements, t he  316 SS 

P r o f i l e s  o f  concen t ra t i on  vs. depth were achieved by sequent ia l  argon i o n  

s p u t t e r i n g  w i t h  a beam o f  about 3 mm d iameter  and a c u r r e n t  d e n s i t y  o f  ~ 1 8 0  uA/cm2. Th is  
corresponds t o  a s p u t t e r i n g  r a t e  of about 10 nm/min. a t  a 2kV a c c e l e r a t i n g  vo l tage .  Spu t te r -  

i n g  was i n t e r r u p t e d  approx imate ly  every t e n  minutes and f u l l  Auger spec t ra  were taken i n  the  

i r r a d i a t e d  and u n i r r a d i a t e d  reg ions  o f  t h e  sample. The ana lyz ing  e l e c t r o n  beam c u r r e n t  d e n s i t y  

was 50 pA/cm2 w i t h  a d iameter  o f  30 um a t  an a c c e l e r a t i n g  v o l t a g e  o f  5 kV. 
spectrometer used i s  o f  the c y l i n d r i c a l  m i r r o r  analyzer  type w i t h  a f i x e d  r e l a t i v e  energy 

r e s o l u t i o n  o f  0.6% AE/E .  

The e l e c t r o n  

6.3.2 Data Ana lys i s  

Normalized s igna l  s t reng ths  (NS) were c a l c u l a t e d  from t h e  data f o r  the f o l l o w i n g  

The presence o f  C and 0 p r o h i b i t  the i n t e r p r e t a t i o n  o f  t h e  NS as abso lu te  

f u n c t i o n  o f  depth i n  the  

elements: 

t r a n s i t i o n s  used. 
atomic f r a c t i o n s  b u t  t h e  r e l a t i v e  changes o f  t h e  NS w i t h  depth f o r  a g i ven  element may be 

taken as t h e  r e l a t i v e  v a r i a t i o n  o f  t h e  amount o f  t h a t  element as a 

sample. 

s c a t t e r  t o  be expected f o r  each element i n  a homogeneous sample. 

Cr(527 eV), Fe(703 eV), Ni (848 eV). The energ ies i n  parentheses r e f e r  t o  the Auger 

The range o f  va lues ob ta ined  f o r  t h e  u n i r r a d i a t e d  sec t i on ,  g i v e  an i n d i c a t i o n  o f  the 

Normalized s i g n a l  s t reng ths  (NS) a r e  ob ta ined  from the  peak t o  peak he igh ts  (PPH) 
of one t r a n s i t i o n  f o r  each ma jo r  c o n s t i t u e n t  i n  t h e  sample as f o l l o w s :  

PPH x SCALE) 

NS = PPH x SC:?E) 
(STD x SE 

“STD x SENS 

where t h e  z i s  over  a l l  elements, and 

SCALE, SENS: 

STD: 

Scale f a c t o r s  f o r  STD and PPH r e s p e c t i v e l y  

t h e  peak t o  peak h e i g h t  o f  t h e  pure element t r a n s i t i o n  as ob ta ined  f rom the  

standard ( 3 )  

PPH: 

The r e s u l t s  o f  t h e  Auger composi t ion p r o f i l i n g  a r e  shown i n  F igures 160-162. 

t h e  peak t o  peak h e i g h t  f o r  t h e  element i n  t h i s  sample. 

I n  

I t  i s  

F igu re  160 t h e  c a l c u l a t e d  energy d e p o s i t i o n  cu rve  f o r  4 MeV N i - i ons  i n  316 SS i s  shown w i t h  

the  measured N i  p r o f i l e  i n  t h e  sample f o r  bo th  the  i r r a d i a t e d  and u n i r r a d i a t e d  reg ions .  

apparent t h a t  t h e  b u l k  o f  t h e  bombarding N i  i ons  which have been employed t o  induce the  r a d i -  

a t i o n  damage i n  t h i s  s i m u l a t i o n  experiment have been deposi ted deeper i n t o  the  sample (900 nm 
from I.E.S.) than t h e  p o s i t i o n  o f  t he  peak displacement damage r e g i o n  (780 nm from I .E.S.) .  

These data conf i rm the  assumption t h a t  t he  composi t ion o f  t he  a l l o y  i s  e s s e n t i a l l y  unchanged 

from the b u l k  composi t ion from about 250 nm up t o  and i n c l u d i n g  the  shal lower  p o r t i o n  o f  the 

-269- 



UNIRRADIAl fO  

0 IRRADIATE0 

"., Y 

E o  
I c " 3  

.d 4 
v) 

5 65% 

w 
Z F E  

2 
N 
U 

z 0 

OISTANCC BELOW I O N  ENTRY SURFACE. A 

8 UNIRR 

0 IRR 

0 
8 

0 
8 .  

__ - -8- - - __ 8 
8 . 8  
0 6-. rn 

- 
0 

8 0 0 0  

0 0  

I I I 1 I 
6000 BO00 tww 12000 0 2000 4000 

OISTANCE BELOW ION ENTRY SURFACE. 

FIGURE 161. Auger composition profile for Fe in Ni-ion irradiated and unirradiated 20% CW 
316 SS. 

-270- 



peak damage r e g i o n  and t h e  measured s w e l l i n g  i n  t h i s  r e g i o n  o f  the f o i l  i s  r e p r e s e n t a t i v e  o f  

an a l l o y  o f  t he  g iven composit ion. 
t h e  near I . E . S .  r e g i o n  ( 1 2 5 0  nm) o f  t h e  i o n - i r r a d i a t e d  s e c t i o n  o f  t h e  sample. 

t o  be a concomitant increase i n  t h e  Fe and C r  composit ions i n  t h i s  same r e g i o n  (F igu res  161 

and 162) b u t  t h e i r  v a r i a t i o n s  w i t h  depth i n  t h e  near su r face  r e g i o n  a r e  n o t  as c l e a r  as i n  the  

case o f  N i .  

t he  I . E . S .  
acceptable l e v e l  o f  accuracy. 

However, t h e r e  i s  a s t rong  i n d i c a t i o n  o f  a N i  d e p l e t i o n  i n  
There appears 

The Mo concen t ra t i on  d i sp layed  e s s e n t i a l l y  no change w i t h  depth a t  >170 nm f rom 
The s i g n a l  s t r e n g t h  from S i  was n o t  s u f f i c i e n t  t o  p e r m i t  p r o f i l i n g  w i t h  an 

It thus appears t h a t  s o l u t e  r e d i s t r i b u t i o n  may indeed occur  d u r i n g  heavy i o n  

bombardment o f  a l l o y s  and may be a f u n c t i o n  o f  composit ion, p a r t i c u l a r l y  i n  the  v i c i n i t y  o f  

t h e  I.E.S. 

same a l l o y s  i n  d i f f e r e n t  m e t a l l u r g i c a l  cond i t i ons ,  and improvements i n  i ns t rumen ta l  s e n s i t i v i t y ,  

where poss ib le ,  must be made t o  f u l l y  determine t h e  e x t e n t  o f  t he  s o l u t e  r e d i s t r i b u t i o n  and i t s  

impact on s w e l l i n g .  'However, n i c k e l  i o n  bombardment s t u d i e s  o f  s w e l l i n g  a r e  r e p r e s e n t a t i v e  of 

t h e  b u l k  m a t e r i a l  i n  316 s t a i n l e s s  s t e e l  i n  t h e  r e g i o n  f rom 250 nm t o  the  peak s w e l l i n g  depth 
o f  780 nm. 

6.4 EXPECTED ACHIEVEMENTS I N  THE NEXT REPORTING PERIOD 

Comparisons between t h e  p r o f i l e s  from a l l o y s  o f  d i f f e r e n t  composit ions and the  

T h i s  completes t h e  work on t h i s  task .  
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7. DESIGN AND ANALYSIS OF INTERCORRELATION EXPERIMENTS 

F. A. Garner 
Hanford Engineering Development Laboratory 

7.1 OBJECTIVE 

The ob jec t  o f  t h i s  repo r t  i s  twofold. F i r s t ,  t o  present a compilat ion and d i s t i l l a t i o n  

o f  a l l  recent data and analyses which impact the understanding o f  phenomena involved i n  

charged p a r t i c l e  ,simulat ion and ex t rapo la t ion  o f  neutron-induced swe l l ing  t o  higher atomic 

displacement leve ls .  Second, t o  describe the  experimental p lan and schedule o f  an i n t e r -  

co r re la t i on  program based on the charged p a r t i c l e  i r r a d i a t i o n  o f  three a l l oys  previously 
i r r a d i a t e d  w i t h  neutrons. I 

7.2 SUMMARY 

An experimental program, designated the Un i f i ed  Simulation Program, has been designed t o  

determine the optimum i r r a d i a t i o n  condi t ions f o r  s imulat ing neutron-induced swe l l ing  i n  various 

a l loys .  The experimental ra t iona le ,  schedule and status o f  the program are ou t l ined .  The 

program employs f o r  s t a r t i n g  mater ia l  both un i r rad ia ted  and neutron-preconditioned specimens 
o f  Nimonic PE16 and the M2783 and LS-1 heats o f  316 s ta in less  s tee l .  Based on analysis o f  

recent ly  acquired data, i t  i s  concluded t h a t  except f o r  very simple a l l oys  the temperature 

s h i f t  and dose equivalency concepts a re  more complex than previously modeled. It i s  a n t i c i -  

pated, however, t h a t  the use o f  precondit ioned specimens w i l l  a l low the modif ied app l i ca t i on  
o f  these concepts t o  more complex a l l oys .  

7.3 ACCOMPLISHMENTS AND STATUS 

7.3.1 In t roduc t ion  

With increasing experience and data on neutron and charged p a r t i c l e  i r r a d i a t i o n  

studies, i t  has become apparent t ha t  there are many factors,  some o f  which were previously 

unrecognized, which in f luence swell ing. 

l a t i o n  and the neutron environment t o  a d i f f e r e n t  extent, in f luenc ing  s t rong ly  the conduct and 
in te rp re ta t i on  o f  t he  s imulat ion experiment. Those fac to rs  recognized t o  date have been char- 

acter ized as "a typ ica l  var iables" and are  discussed i n  several recent review 

Armed w i t h  the increased understanding of charged p a r t i c l e  s imulat ion resu l ts ,  the A l l oy  

Development Program has embarked on an i r r a d i a t i o n  program designed t o  use both low f luence 
neutron data (28 x l o2*  n/cm2) and simulat ion experiments t o  provide guidance i n  the se lec t ion  

o f  "prime candidate" advanced a l l oys  f o r  t es t i ng  i n  FFTF. 

Some o f  these fac to rs  impact charged p a r t i c l e  simu- 

With the increased understanding o f  the fac to rs  which in f luence swel l ing,  there has 

a lso  developed a new se t  o f  questions concerning the optimum i r r a d i a t i o n  condi t ions t o  be em- 
ployed i n  the s imulat ion experiments. 
t o  provide answers t o  these questions and t o  permit  extension o f  low f luence reac tor  swe l l ing  

data t o  higher displacement l e v e l s  by u t i l i z a t i o n  o f  data from charged p a r t i c l e  i r r a d i a t i o n  

experiments. 

The Un i f i ed  Simulation Program (USP) has been developed 
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7.3.2 Background 

The major considerations previously believed t o  be impor t an t  in the selection of 

The temperature s h i f t  a r i s e s  as a consequence of the accelerated displacement r a t e  
charged pa r t i c l e  i r rad ia t ion  conditions a re  the temperature s h i f t  and dose equivalency con- 
cepts").  
and involves an upward s h i f t  in the temperature regime o f  swelling. 
cept appears a t  f i r s t  glance to  be independent of dose r a t e  and t o  be a consequence o f  the 
differences in energy deposition cha rac t e r i s t i c s  fo r  various bombarding species.  
the following sections,  neither of . these  concepts a re  a s  simple a s  they were f i r s t  imagined to  
be. The expectation t h a t  there  ex i s t s  a cor re la t ion  defining an equivalence between two 
disparate i r rad ia t ion  environments requires a careful def in i t ion  of what cons t i tu tes  
equivalence. 

The dose equivalency con- 

As shown in 

7.3.3 Theoretical Estimates of the  Temperature Sh i f t  in Very Simple Materials with Zero 
Incubation Periods 

Consider f i r s t  a simple single phase material which undergoes no  phase 
transformations o r  elemental red is t r ibu t ions .  
and DI for  vacancies and i n t e r s t i t i a l s ,  and diffusion i s  governed by activation energies which 
a re  not s ens i t i ve  t o  the elemental i den t i ty .  
or an a l loy  in which a l l  atoms a re  considered to  behave ident ica l ly .  
atomic displacement events occur i n  the same manner a t  a l l  displacement ra tes  and no incu- 
bation periods a r e  involved i n  the swelling behavior. 
Westmoreland e t  
from the Brailsford and Bul10ugh(~) r a t e  theory of swelling. 

This material has diffusion coef f ic ien ts  D, 

These r e s t r i c t ions  apply t o  e i the r  a pure metal 
I t  i s  a l so  assumed tha t  

F o r  these r e s t r i c t i v e  conditions, 
have compiled the following s e t  of temperature s h i f t  formulas a r i s ing  

For "low temperatures" where the swelling ra t6  increases with increasing 
temperature, a temperature s h i f t  can be defined i f  i t  i s  assumed tha t  recombination events a re  

. the predominant sink fo r  point defects and i f  "equivalent" o r  identical  swelling i s  obtained 
a t  temperatures and dose ra tes  f o r  which the  r a t i o  of the vacancy sink loss  r a t e  t o  recombi- 
nation r a t e  i s  ~ o n s t a n t ' ~ ) .  T h i s  requires i l / D V 1 =  A 2 / D v 2  o r  

1 
(7 - r71 

where T i s  the absolute temperature, kB is  the Boltzmann's constant,  E: i s  the vacancy 
migration energy, h is  the displacement r a t e  and ~2 i s  the to ta l  microstructural s i n k  strength 
fo r  a pa r t i cu la r  point defect.  

Brailsford and B ~ l l o u g h ' ~ )  defined a low temperature cut-off temperature 1, fo r  
swelling and derived a s l i g h t l y  simpler expression 

They a l so  developed temperature shift  formulas f o r  the peak swelling temperature T 

temperature cut-off of swelling, T f .  
concentration a t  the void surface equals the thermal equilibrium value, and a l so  tha t  the 
f rac t ion  of dislocation density in loops i s  identical  f o r  "equivalent" temperatures and dose 
r a t e s .  Then 

and high 
These formulas require the assumptions t h a t  the vacancy 

P '  
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f where E, i s  the vacancy formation energy. 

t o  zero, i t  was assumed t h a t  the vacancy s ink  strengths are i den t i ca l ,  g i v ing  

I n  an e a r l i e r  formulat ion(6) based on a high temperature l i m i t  where swe l l ing  goes 

c51 

Note t h a t  Equations [l] - [5] always have two elements i n  common despi te the f a c t  
t h a t  equivalency i s  def ined d i f f e r e n t l y  i n  each. 

of a displacement r a t e  r a t i o  and another term containing s ink  strengths and various a c t i v a t i o n  
energies. 

under the r e s t r i c t i v e  assumptions made here, the temperature s h i f t  i s  no t  constant f o r  a l l  
por t ions  o f  the swe l l ing  regime. 

a tu re  s h i f t  formula i s  expressed i n  terms o f  an inverse temperature di f ference, ra the r  than 

(T2 - T i ) .  
as a func t ion  o f  the i n i t i a l  displacement r a t e  dl. 

The temperature s h i f t  can be def ined i n  terms 

This l a t t e r  term var ies across the temperature regime o f  swel l ing,  however. Even 

This v a r i a b i l i t y  i s  compounded by the f a c t  t h a t  the temper- 

This means t h a t  the temperature s h i f t  i n  each p a r t  o f  the swe l l ing  regime var ies 

It should a l so  be noted t h a t  temperature s h i f t  formulas [l] - [4] contain r a t i o s  

o f  some o r  a l l  o f  the mic ros t ruc tura l  sinks f o r  p o i n t  defects. 

which requires t h a t  the  s inks evolve i n  the  same manner a t  a l l  displacement ra tes .  
No statement has y e t  been made 

I f  one o f  the primary r e i t r i c t i v e  condi t ions i s  removed ( t h a t  which requires t h a t  

Rea l iz ing  t h a t  vacancy d i f f u s i o n  involves an 
a l l  elements i n  the metal con t r i bu te  equa l ly  t o  the de fec t  d i f f u s i v i t i e s ) ,  the temperature 
s h i f t  phenomenon becomes even more complicated. 

exchange o f  vacancies and l a t t i c e  atoms, i t  i s  possible t o  v i sua l i ze  the l a t t i c e  o f  a simple 

s o l i d  so lu t i on  a l l o y  t o  cons is t  o f  a number o f  in te rpenet ra t ing  skeletons, each possessing a 

p a r t i a l  d i f f u s i o n  coe f f i c i en t .  I f  one elemental component, designated A, has a lower p a r t i a l  
d i f f u s i o n  c o e f f i c i e n t  than the other elemental component B, then the l a t t i c e  ex i s t s  p a r t l y  o f  

a skeleton o f  s lowly d i f f u s i n g  ma t r i x  a t o m  A, and vacancies migrate t o  sinks predominantly by 

exchanging l a t t i c e  s i t e s  w i t h  the f a s t  d i f f u s i n g  subs t i t u t i ona l  species B. 
presence o f  element B i n  small amounts exer ts  a d ispropor t ionate ly  la rge  in f luence on vacancy 
d i f f us ion ,  and r e s u l t s  i n  a reduct ion o f  the vacancy concentrat ion which i s  a major component 

,o f  the d r i v i n g  fo rce  f o r  vo id  nucleat ion and growth(7). 
elements are governed by d i f f e r e n t  a c t i v a t i o n  energies, then the r e l a t i v e  in f luence o f  

element B a t  h igher temperatures w i l l  be changed, a f a c t o r  which w i l l  d i s t o r t  the temperature 
dependence o f  swe l l ing  a t  the higher dose r a t e  r e l a t i v e  t o  t h a t  a t  the low ra te ,  and which w i l l  
add add i t iona l  complications t o  i n te rp re ta t i ons  o f  the temperature s h i f t  phenomenon. 

Therefore the 

I f  the d i f f u s i v i t i e s  o f  the various 

I n  Figure 163 the temperature dependence o f  p a r t i a l  d i f f u s i v i t i e s  i n  n i cke l  f o r  N i ,  

Fe and S i  a t m s  are  shown. 

three orders of magnitude greater than t h a t  of the mat r ix  n icke l  atoms; there fore  one atomic 
It should be noted t h a t  the s i l i c o n  p a r t i a l  d j f f u s i v i t y  i s  two t o  
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FIGURE 163. P a r t i a l  d i f f u s i o n  c o e f f i c i e n t s  o f  S i ,  Fe and N i  i n  n i c k e l  ( 7 )  . 

percent  s i l i c o n  can e x e r t  one t o  t e n  t imes as much i n f l u e n c e  on d i f f u s i o n  as can the  m a t r i x  

atoms. I t  i s  expected t h a t  t h i s  t r e n d  w i l l  a l s o  occur  d u r i n g  i r r a d i a t i o n .  While the  

r e l a t i v e  d i f f u s i v i t i e s  o f  s i l i c o n  and n i c k e l  change r a t h e r  s l o w l y  w i t h  temperature, t he  
r e l a t i v e  d i f f u s i v i t y  o f  i r o n  t o  s i l i c o n  and n i c k e l  changes d r a s t i c a l l y  w i t h  temperature. 

An a d d i t i o n a l  comp l i ca t i on  a r i s e s  i f  m i g r a t i n g  vacancies o r  i n t e r s t i t i a l s  
encounter elements which have s t rong  a t t r a c t i o n s  o r  h i g h  b i n d i n g  energ ies f o r  p o i n t  de fec ts .  
I t  has been p r e d i c t e d  t h a t  a t  cons tan t  displacement r a t e ,  t h e  peak s w e l l i n g  temperature w i l l  
decrease i f  t h e  i n t e r s t i t i a l - s o l u t e  complex i s  mobi le(8) ,  and inc rease  i f  the  complex i s  

immobi le(9) .  
displacement r a t e s  w i l l  d i f f e r  from those a t  s i m u l a t i o n  displacement ra tes( ' ' ) .  i n f l u e n c i n g  

n o t  o n l y  t h e  peak s w e l l i n g  temperatures and temperature s h i f t ,  b u t  a l s o  changing the  magnitude 

of t h e  peak s w e l l i n g  f o r  a g i ven  dose. 

d i f f u s i v i t i e s  and d e f e c t  b i n d i n g  on v o i d  n u c l e a t i o n  i s  presented elsewhere 

As more o f  t he  r e s t r i c t i v e  c o n d i t i o n s  a r e  re laxed,  t h e  temperature dependence o f  

s w e l l i n g  and t h e  d e s c r i p t i o n  o f  temperature s h i f t s  become more i nvo l ved .  

a l l o y s ,  phase changes can occur  under i r r a d i a t i o n  which change t h e  composi t ion and d i f f u s i v -  

i t i e s  o f  t h e  m a t r i x  components. 

of i r o n ,  h igh  p u r i t y  Ni-Fe a l l o y s  form plate-shaped p r e c i p i t a t e s  i f  Ni3Fe a t  low f a s t  neutron 
f luences which changes the  m a t r i x  composi t ion and leads t o  an i nc rease  o f  t he  s w e l l i n g  

r e s i s t a n c e  o f  t h e  a l l o y s .  Most a l l o y s  o f  c o m e r c i a l  i n t e r e s t  c o n t a i n  o r  can develop a v a r i e t y  

o f  s t a b l e  and metastable phases which a r e  s e n s i t i v e  t o  bo th  thermal and r a d i a t i o n  environments. 

Changes i n  m a t r i x  composi t ion accompany these phase changes and lead  t o  a d i f f e r e n t  s w e l l i n g  

Lam and Johnson p r e d i c t  t h a t  b i n d i n g  and r e l a t e d  segregat ion e f f e c t s  a t  r e a c t o r  

A model d e s c r i b i n g  the  e f f e c t  o f  bo th  p a r t i a l  
(11) . 

Even i n  ve ry  s imple 

S i l v e r t r e  and coworkers( '*) r e p o r t  t h a t  a t  h i g h  concen t ra t i ons  
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behavior. Wilkes and coworkers(' 3, note t h a t  the presence of radiation-induced point defects 
results in a free energy increase, which differs  from phase to  phase, and t h i s  may cause the 
formation of new phases and changes of composition in existing phases. 
temperature sh i f t s  involved i n  the ra te  a t  which these phase changes occur. 

There will be also 

7.3.4 Theoretical Estimate of the Temperature Shift  During the Void Incubation Period 

In the previous section, the temperature sh i f t s  were defined for the case of a 
constant dislocation microstructure, while the actual microstructure undergoes an evolution 
which i s  'most pronounced during the void incubation period. There i s  no a priori reason to  
expect that  the temperature sh i f t  relevant to  the incubation behavior i s  the same as that of 
the steady-state void growth regime. One example should suffice t o  demonstrate th i s  point. 
Employing the radiation-assisted nucleation theory of Russell(14), the nucleation rate  o f  

vacancy clusters can be defined as 

J i  = Z '  6, No exp ( -  AG'/k T) n B. 

where Z '  i s  the Zeldovich factor,  8, i s  t h e  vacancy arrival ra te  a t  clusters o f  s i z e  n, No i s  

Avogadro's number and AG',  i s  the kinetically modified free energy barrier t o  nucleation. If 
the definition of equivalency requires a temperature sh i f t  such that  a given level of void 
nucleation occurs a t  the same displacement level regardless of displacement ra te ,  then the 
nucleation rates should obey the following relationship 

This i n  t u r n  requires that  

I 

Examination of Equation [8] shows t h a t  Z', Bn and AGn a l l  vary as complex functions of 
temperature for even the simplest assumptions made about microstructures. 
complex temperature sh i f t  formulas for  the nucleation period could perhaps be derived, 
computer calculations will be relied on to  demonstrate the complexities involved. 
has calculated the void nucleation rates  shown in Figure 164 for  a res t r ic t ively simple alloy 
with an in i t i a l ly  low dislocation density. 
equivalence requirement of Equation [7] results in a temperature sh i f t  which is  variable 
with temperature and approaches zero a t  low temperature. 
sensitive to  surface energy and the time-dependent microstructural densities(15) which in t u r n  
are strongly temperature-dependent. I t  i s  therefore not unreasonable to  expect t h a t  a temper- 
ature sh i f t  formula derived from Equation [8] would include the stacking faul t  and surface 
energies, parameters not included in Equations [l] - [-51. 

Although rather 

(15) Powell 

I t  should be  noted i n  Figure 164 that  the 

The nucleation rate  i s  quite 
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FIGURE 164. The e f f e c t s  o f  temperature and displacement r a t e  on v o i d  
n u c l e a t i o n  r a t e s  c a l c u l a t e d  by Powell  (15)  f o r  a s imp le  a l l o y .  
Note t h a t  t h e  temperature s h i f t  d e f i n e d  i m p l i c i t l y  by Equat ion 
[17] chanqes w i t h  temperature.  
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7.3.5 Experimental Determinat ions o f  t he  Temperature S h i f t  

From the  above sec t i ons  one can ga in  a p a r t i a l  idea o f  the complex i ty  o f  the 

processes i n v o l v e d  i n  the  temperature s h i f t  phenomenon. 
imposed temperature s h i f t s ,  one f o r  each r a t e - s e n s i t i v e  process. 

experiment t o  date i n  which a l l  major f e a t u r e s  of a temperature s h i f t  have been c o n c l u s i v e l y  

demonstrated and i n  which t h e  o n l y  v a r i a b l e  was t h e  displacement r a t e  ( o t h e r  l e s s  conc lus i ve  

experiments a re  discussed i n  l a t e r  s e c t i o n s )  , t h a t  by Westmoreland and coworkers(4), who 
i r r a d i a t e d  h igh  p u r i t y  n i c k e l  a t  two d i f f e r e n t  dose r a t e s  us ing  2.8 MeV N i t  i ons .  
displacement r a t e s  were %7 x 

P 
two orders of magnitude change i n  the  displacement r a t e ,  as seen i n  F igu re  165. 

f i g u r e  t h a t  t h e  peak s w e l l i n g  d i d  n o t  remain constant ,  however, i n  c o n t r a d i c t i o n  t o  the  

assumptions concerning equiva lence made e a r l i e r .  

I n  e f f e c t ,  t he re  a re  numerous super- 
There has o n l y  been one 

The peak 

Note i n  t h i s  

dpa/sec and -7 x dpa/sec; y i e l d i n g  a AT o f  -75°C f o r  

Since the  Westmoreland experiment most c l o s e l y  f i t s  t he  r e s t r i c t i v e  assumptions 

made i n  t h e  t h e o r e t i c a l  sec t i on ,  some o f  t h e  o t h e r  assumptions made about m i c r o s t r u c t u r e  can 

be tes ted .  Having assumed t h a t  t h e  d e f e c t s  a r e  p a r t i t i o n e d  between the va r ious  s i n k s  i n  the 
same manner a t  equ iva len t  temperatures, then the  d e n s i t i e s  o f  d i s l o c a t i o n s  and o t h e r  m ic ro -  

s t r u c t u r a l  f e a t u r e s  should s h i f t  i n  t h e  same manner. 

F igu re  166 shows t h a t  t h e r e  was indeed a s h i f t  of approx imate ly  t h e  same magnitude i n  the 

m i c r o s t r u c t u r a l  d e n s i t i e s ,  b u t  t h e  correspondence i s  n o t  t o t a l .  The d iscrepancy between the  
peak s w e l l i n g  va lues i s  troublesome, however, i n  t h a t  i t  c o n f l i c t s  w i t h  t h e  s imple d e f i n i t i o n s  

o f  equivaaence and temperature s h i f t .  The d iscrepancy may w e l l  grow l a r g e r  f o r  t h e  t h r e e  t o  

f i v e  o rde rs  o f  magnitude d i f f e r e n c e  i n  displacement r a t e s  a v a i l a b l e  i n  charged p a r t i c l e  and 
r e a c t o r  i r r a d i a t i o n s .  A temperature s h i f t  o f  d'00"C has been observed due t o  approx imate ly  

f i v e  o rde rs  o f  magnitude d i f f e rence  i n  t h e  d isp lacement  r a t e  achieved i n  the  neutron i r r a d i -  
a t i o n  i n  the  Oak Ridge Research Reactor and 4 MeV n i c k e l  i o n  bombardment o f  pure n i c k e l  (16)  . 
One must conclude t h a t  t h e  temperature s h i f t  cont inues t o  i nc rease  w i t h  i n c r e a s i n g  
d i  sp l  acemen t 1 eve1 . 

I n  another  simple a l l o y  system, Fe-25Ni-l5Cr, t h e  A D I P  experiment has determined 

t h a t  AT 

displacement r a t e  i nvo l ved  i n  t h i s  e ~ p e r i m e n t ' ' ~ ) .  
u n t i l  a b e t t e r  d e f i n e d  peak s w e l l i n g  temperature a t  h ighe r  f l uence  i n  E B R - I 1  i s  obta ined.)  
The data from t h i s  experiment tend  t o  agree w i t h  the  data o f  W e ~ t m o r e l a n d ( ~ )  and c o n f i r m  a 

peak temperature s h i f t  AT" of 30-40°C pe r  o rde r  of magnitude d i f f e r e n c e  i n  displacement r a t e  

fo r  s imple systems. However, i n  a N i  
s w e l l i n g  temperature a t  1.7 x l o - *  dpa/sec i s  o n l y  -650"C(18). w h i l e  r e c e n t  X-098 neutron data 

a t  1 x 

where one of t w i c e  t h a t  magnitude was expected. 

appears t o  be %160"C f o r  t h e  approx imate ly  fou r  o rde rs  o f  magnitude d i f f e r e n c e s  i n  
P 

(The exact  AT cannot be determined 
P 

P + 
i o n  i r r a d i a t i o n  o f  Type 316 s t a i n l e s s  s t e e l  the peak 

dpa/sec i n d i c a t e  t h a t  t h e  peak occurs a t  a590°C(19). T h i s  suggests a AT o f  s60°C, 

One can const rue from t h i s  t h a t  t he  
P 
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FIGURE 165. Temperature s h i f t  observed i n  i o n  i r r a d i a t i o n  o f  n i c k e l  a t  two 
displacement r a t e s ( 4 ) .  
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S h i f t  o f  m i c r o s t r u c t u r e  w i t h  d isp lacement  r a t e  observed 
exper iment descr ibed i n  F i g u r e  165. 

FIGURE 166. 
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temperature s h i f t  magnitude i s  e i t h e r  dependent on the  m a t e r i a l  i d e n t i t y  o r  t h a t  t he  

experimental de te rm ina t ion  o f  A T  i s  even more compl icated than p r e v i o u s l y  expected. The 
P 

f o l l o w i n g  sec t i ons  exp lo re  the  comp l i ca t i ons  recognized t o  date.  

The f i r s t  such comp l i ca t i on  was demonstrated i n  the  A D I P  experiment(17) where i t  

was shown t h a t  t h e  measurement o f  temperature s h i f t s  from comparisons o f  t o t a l  s w e l l i n g  i n  

va r ious  i r r a d i a t i o n s  a t  a g i ven  f l uence  were o f t e n  i n v a l i d ,  s ince  the  i ncuba t ion  p e r i o d  o f  

s w e l l i n g  i n  s imu la t i on  experiments was observed t o  be q u i t e  s e n s i t i v e  t o  experimental 

techniques and u n c o n t r o l l a b l e  v a r i a b l e s .  
s w e l l i n g  r a t e s  was determined t o  be t h e  bes t  q u a n t i t y  from which t o  determine t h e  temperature 

s h i f t .  To ta l  s w e l l i n g  can be used t o  d e r i v e  an es t ima te  o f  t he  temperature s h i f t ,  however, i f  
r e l a t i v e l y  l a r g e  l e v e l s  o f  s w e l l i n g  ( > Z % )  a r e  i nvo l ved .  Several prev ious at tempts t o  s tudy 

the  temperature s h i f t  phenomenon have been thwar ted by the  low l e v e l s  o f  s w e l l i n g  i nvo l ved .  

Labbe and coworkers (20y21)  i r r a d i a t e d  copper i n  thermal r e a c t o r s  a t  dose r a t e s  rang ing  from 

2 x 1013 t o  2.8 x l O I 4  n/cm2-sec and f luences from 5 t o  8 x 10'' n/cm2 and found no measurable 
temperature s h i f t .  

F igu re  167. 

behavior  was 

The temperature dependence o f  t he  steady s t a t e  

The peak s w e l l i n g  d e c l i n e d  s l i g h t l y  w i t h  i nc reas ing  f l u x ,  as shown i n  

Because a l l  s w e l l i n g  values were low, 0.4% o r  l ess ,  i t  i s  i n f e r r e d  t h a t  i n c u b a t i o n  

r a t e - s e n s i t i v e  and dominated throughout  t h e  experiment. 

Glowinsk i  and coworkers(22) compared t h e  temperature dependence o f  s w e l l i n g  i n  

copper i r r a d i a t e d  w i t h  0.5 MeV Cu' i ons  a t  cons tan t  i r r a d i a t i o n  t ime  b u t  a t  two d i f f e r e n t  dose 
r a t e s  ( 3  x l o - ' +  and 3 x 

peak s w e l l i n g s  were r e l a t i v e l y  l a r g e ,  as shown i n  F i g u r e  168, and imp ly  a temperature s h i f t  o f  
50°C per  decade o f  f l u x .  

p o i n t  i s  non-zero f o r  t he  lower  dose i r r a d i a t i o n ,  t h e  data from t h i s  experiment must be 
assessed as being i n s u f f i c i e n t  f o r  measurement o f  t h e  temperature s h i f t .  

More r e c e n t l y  Menzinger and S a ~ c h e t t i ( ' ~ )  employed 46.5 MeV N i '  i ons  t o  i r r a d i a t e  

These experiments a r e  judged t o  be r a t h e r  incon-  

The r e s u l t s  do i n d i c a t e  a temperature s h i f t ,  t he  measurement o f  which i s  compl icated 

dpa/sec). A l though t h e  t o t a l  dose v a r i e d  from 3 t o  30 dpa, t he  

Due t o  the d i f f e r e n c e s  i n  dose and t h e  f a c t  t h a t  o n l y  one data 

n i c k e l  a t  6.7 x and 3.3 x 

c l u s i v e .  
by a double peak i n  t h e  temperature dependence o f  s w e l l i n g ,  a s u b j e c t  t o  be discussed i n  more 

depth i n  a f o l l o w i n g  sec t i on .  

s t e e l  and f o r  t h e  f a c t o r  o f  twenty d i f f e r e n c e  i n  displacement r a t e  measured a temperature 
s h i f t  o f  100°C a t  18 dpa, as shown i n  F i g u r e  169. 

d e n s i t i e s ,  Sacche t t i  c a l c u l a t e d  a va lue of E: o f  1.5 eV. 

danger i nvo l ved  i n  u s i n g  low f l uence  data.  

i s  a consequence o f  measuring i n c u b a t i o n  behavior ,  s i n c e  a t  h i g h e r  f l uences  the  peak s w e l l i n g  
obv ious l y  occurs a t  h ighe r  temperatures, as i s  a l s o  shown i n  F i g u r e  169. 

t h e r e f o r e  cannot be c a l c u l a t e d  from t h i s  data s e t .  S a c c h e t t i ' s  data a t  18 dpa do demonstrate 
t h a t  t h e r e  i s  a s h i f t  i n  t h e  m i c r o s t r u c t u r e  w i t h  r a t e ,  however, as can be seen i n  F igu re  

169(c ) .  

dpa/sec. 

Sacche t t i  ( 24 )  con t inued  these experiments w i t h  316 s t a i n l e s s  

Using Equation [l] w i t h  constant  s i n k  

Such a c a l c u l a t i o n  i l l u s t r a t e s  the 

The excess i ve l y  l a r g e  temperature s h i f t  measured 

The a c t i v a t i o n  energy 

Th is  s h i f t  i s  comparable t o  the  behavior  shown i n  F i g u r e  166. 

To t h i s  p o i n t  i t  has been assumed t h a t  t h e  peak temperature s h i f t  AT can be 
P 

measured a t  a s u f f i c i e n t l y  l a r g e  f luence w i t h o u t  i n t e r f e r e n c e  from experimental p e r t u r b a t i o n s .  

There a r e  a t  1east . two f a c t o r s  which can t h w a r t  such a measurement, however. 

surface e f fec ts  and displacement g r a d i e n t  e f f e c t s .  
These a r e  
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FIGURE 167. The absence of a temperature s h i f t  i n  copper a t  a cons tan t  neutron f l uence  as 
observed by  Labbe and coworkers(20,21). An apparent temperature s h i f t  occurs 
due t o  accumulated f luence,  as shown i n  comparison o f  t he  t o p  and botto!n curves 
The i n c u b a t i o n  f l uence  appears t o  increase a t  h ighe r  displacement r a t e s .  
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FIGURE 168. Temperature s h i f t  demonstrated by Glowinsk i  and coworkers(22) i n  neu t ron  and 
i o n  i r r a d i a t i o n  o f  copper. Each cu rve  i s  a t  a d i f f e r e n t  displacement l e v e l ,  
however. Note t h a t  t he  neutron-induced s w e l l i n g  covers a l a r g e r  temperature 
range a t  a l ower  dose than  does t h e  ion- induced s w e l l i n g  a t  a h ighe r  dose. 
high temperature s i d e  of t h e  i o n  curves may be depressed by surface e f f e c t s  a t  
these low  displacement r a t e s .  

The 
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FIGURE 169(a).  Temperature dependence of ion-induced swelling i n  316 s t a in l e s s  s t ee l  a t  
d i f fe ren t  r a t e s  and to ta l  damage leve ls (24) .  

46.5MeV Ni+-316 STAINLESS STEEL I 
TEMPERATURE, OC 

HEDL 7702-71.2 

FIGURE 169(b). The dotted curve i s  drawn from Reference 31 and confirms tha t  the peak 
swelling temperature a t  6.7 x 
determined from Figure 169(a) .  

dpa/sec l i e s  above the 5 8 O O C  value 

-282- 



0 
I 

E 
V 

In 

n 
0 > 
- 

46.5MeV Ni+-316 STAINLESS STEEL 
18dpa t 

l o t  8 

-4 
1 
1 -3.3X10 di ,2a/SEC 

\ 

2tLL-- 0 
5 00 600 7 00 

TEMF E w TU RE, O c 

HEDL-7702-71 . 3  

FIGURE 169(c) .  Temperature dependence of void density a t  18 dpa i n  
ion-irradiated 316 s t a i n l e s s  s t e e l  showing temperature 
s h i f t  of void density w i t h  displacement r a t e ( 2 4 ) .  
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7.3.6 Surface Effects 

The prox imi ty  o f  free surfaces t o  the i r r a d i a t e d  zone d i s t o r t s  de fec t  and 

mic ros t ruc tura l  p r o f i l e s  from t h a t  expected from displacement vs. depth calculat ions.  

consideration becomes important a t  h igher temperatures where swe l l ing  i s  depressed a t  greater 

depths. The peak swel l ing temperature i s  thus moved downward, below t h a t  expected i n  an 

environment free from surface influence. 
keV C 

below the surface. 
i r r a d i a t i o n s  w i thout  p re in jec t i on  of helium, bu t  add i t i on  of 30 ppm helium l e d  t o  an extension 
o f  swe l l ing  t o  higher temperatures w i t h  T *700"C. 

surface in f luence on nucleat ion t o  be reduced and the peak swe l l ing  temperature t o  be b e t t e r  

defined. 
enhanced by helium a t  a l l  temperatures [Figure 170(b)].  

This 

Figure 170(a) demonstrates t h i s  e f f e c t  i n  200 
+ i r r a d i a t i o n s  o f  Type 304 s ta in less  steel ,  where the damage occurs i n  the f i r s t  0.2 pm 

Shimada"5) found a peak swe l l ing  temperature o f  625°C i n  8 x dpa/sec I 

The add i t i on  o f  helium allowed the 
P 

A t  low temperatures the  swe l l ing  was iden t i ca l ,  even though the vo id  populat ion was 

Referr ing back t o  Figure'168 note t h a t  a t  1 dpa the neutron induced swe l l ing  i n  

Equations [1]-[5] a l l  p r e d i c t  an extension of the swe l l ing  

copper extends over a range o f  G!50"C, wh i le  a t  3 and 30 dpa the 0.5 MeV Cu' ion-induced 

swe l l ing  covers on ly  100-125°C. 
regime w i t h  increasing displacement ra te ,  so t h i s  observation requires some explanation. 
appears t h a t  the shor t  range o f  the copper ions i s  i n s u f f i c i e n t  t o  overcome the strong i n -  

f luence o f  the f r o n t  surface a t  h igher temperatures. 
there fore  unrepresentative o f  t h a t  which would evolve i n  bu lk  mater ia l  a t  these displacement 

ra tes .  This e f f e c t  precludes the use o f  low energy se l f - i ons  f o r  conf ident i n t e r c o r r e l a t i o n  
studies. 

200 KeV sel f - ions r e l a t i v e  t o  t h a t  of 500 KeV ions as shown i n  Figure 171. 

a t  200 KeV occurs f i r s t  i n  mean vo id  s i ze  and l a t e r  i n  vo id  densi ty.  Note t h a t  a t  500 KeV a 
reduct ion i n  mean vo id  s i ze  occurs above 650"C, a behavior uncharac ter is t i c  o f  bulk-  
representat ive vo id  growth experiments. 

It 

The i o n  induced swe l l ing  p r o f i l e s  are 

Delaplace and coworkers demonstrated the surface-related suppression o f  swe l l ing  o f  

The suppression 

For 3-5 MeV Ni'  i o n  i r rad ia t i ons ,  the argument i s  usua l ly  advanced t h a t  the 

surface in f luence i n  the 0.3-1.0 urn range i s  minimal, and there fore  the descr ip t ion  o f  the 

temperature dependence o f  swe l l ing  i s  n o t  af fected. Figures 172 and 173 demonstrate t h a t  t h i s  

argument i s  no t  necessar i ly  cor rec t .  
MeV Fe' and 46.5 MeV N i +  ions a t  the same displacement r a t e  y i e l d s  i den t i ca l  swe l l ing  behavior 

a t  low temperatures. 

50°C discrepancy i n  the  determination of  T resu l ts .  
P 

surface in f luence a t  %lom3 dpa/sec i n  i o n  i r r a d i a t i o n s  of 300 ser ies  s ta in less  s tee ls  a t  650°C 

and above i s  s t i l l  very strong i n  the 0.6-0.8 wn range, the region where the specimens 

i r r a d i a t e d  a t  4.2 MeV were examined. 

a t  g ra in  boundaries and the f r o n t  surface i n  these experiments a t  650-700°C was W.4 urn. 

beyond the denuded zone and t h a t  reduced swe l l ing  occurs t o  a depth equal t o  twice the denuded 

zone width, as shown i n  Figures 174(a) and 174(b). 

various i r rad ia t i ons ,  sometimes being manifested i n  vo id  s i ze  

i n  perturbat ions o f  vo id  number dens i ty  (28'29) as shown i n  Figure 176. 

Blamires and Worth(26) have shown tha t  the use o f  4.2 

A t  h igh temperatures, however, the swe l l ing  diverges considerably and a 

From t h i s  one may conclude t h a t  the 

Note i n  Figure 175(a) t h a t  the vo id  denuded zone width 

Several s tud ies  (4'27-29) have shown t h a t  the in f luence o f  the surface extends 

The mechanism o f  reduct ion var ies between 

and sometimes 
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FIGURE 170. Demonstration by Shimada and coworkers( 25) that the peak swelling temperature 
may be obscured in simulation experiments if void nucleation is depressed by 
surface effects at high temperatures. 
insensitive to the void density and its dependence on helium content. 

At low temperatures the swelling is 
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FIGURE 171. The v a r i a t i o n  w i t h  i o n  energy a t  25 dpa o f  s w e l l i n g ,  v o i d  d e n s i t y  
and mean v o i d  s i z e  observed i n  low energy Ni '  i o n  i r r a d i a t i o n s  o f  
pure  n i c k e l ( 5 5 ) .  
i n  t h e  mean v o i d  s i z e  and l a t e r  i n  t h e  v o i d  d e n s i t y .  

Note t h a t  t h e  e f f e c t  o f  t h e  s u r f a c e  f i r s t  occurs 
n 
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FIGURE 172. Demonstrat ion by Blamires and Worth t h a t  a t  525°C t h e  s w e l l i n g  behavior  f o r  
sha l l ow  and deep p e n e t r a t i n g  i ons  i s  i d e n t i c a l  (26) .  
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FIGURE 173. The e f f e c t  o f  su r face  i n f l u e n c e  on ion-induced swe l l i ng .  A t  h ighe r  temperatures 
the  da ta  o f  B lamires and Worth(26) show t h a t  t he  e f f e c t  o f  t h e  su r face  depresses 
t h e  s w e l l i n g  a t  4 .2  MeV, y i e l d i n g  a low es t ima te  o f  t he  peak s w e l l i n g  
temperature. 
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FIGURE 174(a).  Demonstration by Johnston and coworkers(**) t h a t  the e f f e c t  of the surface on 
to ta l  swelling extends t o  a depth twice the denuded zone depth. The void 
number dens i t i e s  a r e  r e l a t ive ly  unaffected in the depressed zone, however. 
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7r10-' OPAISEC 

~ s i l W r E 0  DISTANCE TO 
REVRfStNlAllVE 

OF VOID FPtE ZONE 
A1 GEAlH BOUNOARItS 

YESlMOPELANO El AI i 
I I I 

6M 7M I M  5M IW 

TtllPtRIrURt .oc 

HtDL 7702-106.1 

FIGURE 174(b). A factor-of-two c r i t e r ion  f o r  the surface e f f ec t  demonstrated by 
Westmoreland and coworkers(4) in ion i r r ad ia t ion  of nickel.  

-288- 



D
 

9
 

‘H
ld30 030llN

30 

0
 

o
u
 

(
D
o
 

-289- 



0 ’ 1.2F 
e 

e 

FIGURE 176. 

FIGURE 177. 
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D I S T A N C E  FROM G R A I N  BOUNDARY (urn) 

HEDL 761 2-1 68.6 
Sur face  e f f e c t s  on s w e l l i n g .  N o r r i s ( 2 9 )  found t h a t  i n  HVEM 
i r r a d i a t i o n  o f  p u r e  n i c k e l  t h e  s u r f a c e  i n f l u e n c e  was expressed 
p r i m a r i l y  i n  a suppress ion  o f  t h e  v o i d  number d e n s i t y .  

4 

n 

SPEC I MEN 
NOT DEGASSED 
3 . 5  DPA 

DEGASSED - 

DEGASSED 
2 -  3 . 5  DPA 

- 

I 

200 250 300 400 500 600 + T ( O C )  

HEDL 761 2-1 68.3 
E f f e c t  o f  gas atoms on s w e l l i n g  n e a r  s u r f a c e s .  
demonst ra ted  t h a t  t h e  presence o f  gas atoms i n  e l e c t r o n - i r r a d i -  
a t e d  copper  ex tended t h e  range o f  s w e l l i n g  t o  h i g h e r  tempera tures .  
Note  t h a t  t h e  s u r f a c e - i n d u c e d  suppress ion  w i t h o u t  gas i s  a 
permanent f e a t u r e ,  p e r s i s t i n g  a t  l e a s t  t o  14 dpa. 

G l o w i n s k i ( 3 0 )  
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A most conv inc ing  demonstrat ion o f  t h e  e f f e c t  o f  sur faces on v o i d  n u c l e a t i o n  can 
be seen i n  the  work o f  G l o w i n ~ k i ( ~ ~ )  (F igu re  177) where the  i r r a d i a t i o n  o f  t h i n  copper f o i l s  

w i t h  1 MeV e l e c t r o n s  y i e l d e d  a cessa t ion  o f  s w e l l i n g  a t  45OOC i n  degassed f o i l s  a t  i n t e r -  
mediate and h i g h  doses, whereas a specimen a t  i n te rmed ia te  dose which was n o t  degassed 

y i e l d e d  s w e l l i n g  t o  550°C. 
i d e n t i c a l .  

overcome by t h e  presence o f  d i s s o l v e d  gas i n  t h e  second experiment. 

however, t h a t  i n  b u l k  m a t e r i a l  t he  s w e l l i n g  regime may n o t  extend t o  temperatures even h ighe r  

than t h a t  observed i n  F igu re  177. 

A t  low temperature, t h e  behavior  of t h e  two k inds  of f o i l s  was 
The high-temperature i n f l u e n c e  o f  t h e  sur faces on v o i d  n u c l e a t i o n  was o b v i o u s l y  

There i s  no guarantee, 

I t  appears t h a t  t he  suppression o f  v o i d  n u c l e a t i o n  upon gas removal a t  h ighe r  
temperatures i s  r e l a t e d  t o  f a c t o r s  i n  a d d i t i o n  t o  those which determine the  denuded zone 

width.  

i n j e c t e d  304 s t a i n l e s s  s t e e l  was sma l le r  than t h a t  o f  u n i n j e c t e d  s t e e l .  

can be i n f e r r e d  t h a t  a r e l a t i o n s h i p  e x i s t s  between gas con ten t  and denuded zone w id th .  

conc lus ion  over looks t h e  f a c t  t h a t  t h e  denuded w i d t h  was measured from the  specimen su r face  t o  
t h e  equator o f  t h e  neares t  vo id .  The mean v o i d  s i z e  decreases w i t h  he l i um con ten t  as shown i n  

F igu re  178(b ) (25 ) ,  and i n  r e a l i t y  i f  v o i d  n u c l e a t i o n  occurs the  p r o p e r l y  d e f i n e d  denuded w i d t h  

i s  independent o f  he l i um content .  

Shimada and coworkers(36) r e c e n t l y  repo r ted  t h a t  t h e  denuded zone w i d t h  o f  hel ium- 

From t h i s  r e s u l t  i t  

Th is  

F igures 174(b) and 175(b) i n d i c a t e  a n e a r - i d e n t i c a l  and s t r o n g  dependence on 

temperature o f  denuded zone w i d t h  d u r i n g  i o n  bombardment, i n  agreement w i t h  e a r l i e r  e l e c t r o n  
i r r a d i a t i o n  r e s u l t s ( 2 7 ) .  F i g u r e  175(b) a l s o  i n d i c a t e s  t h a t  t h e  denuded width decreases wi th  

i n c r e a s i n g  displacement r a t e .  

LDZ would va ry  w i th  f l u x  t o  t h e  -1/2 power, o t h e r s  (32y33) have p r e d i c t e d  t h a t  LDZ Q@-''~. A t  

650°C t h e  data i n  F igu re  175(b) on 300 s e r i e s  s t a i n l e s s  s t e e l s  suppor t  t h e  @-"* dependence and 
a l l o w s  an es t ima te  t o  be made of t h e  surface a f f e c t e d  depth, L = 2 LDZ, a t  any temperature and 

displacement r a t e .  

conducted w i t h  4 MeV n i c k e l  i ons  a t  a peak d isp lacement  r a t e  o f  5 x 
specimens f rom such i r r a d i a t i o n s  would be e x t r a c t e d  from a depth o f  0.5 t o  0.6 m. 
LS = 2 LDz c r i t e r i o n  would be exceeded a t  750 t o  77OOC and the  TEM measurement o f  t h e  b u l k -  
r e p r e s e n t a t i v e  peak s w e l l i n g  would be prec luded i f  i t  e x i s t e d  above t h i s  temperature range. 

s tep  h e i g h t  measurements, however, such as r e p o r t e d  by R o w c l i f f e  and G e ~ s e l ' ~ ~ ) ,  t hen  t h e  
e f fec t  o f  t h e  su r face  would p e r t u r b  t h e  measurements a t  l ower  temperatures. T h i s  i s  a conse- 
quence o f  t he  f a c t  t h a t  s tep  h e i g h t  measurements a r e  composed o f  t h e  i n t e g r a t e d  s t r a i n s  from 

a l l  depths which i n c l u d e  t h e  reg ions  a f f e c t e d  by  t h e  sur face.  

Whereas Garner and Thomas(27) p r e d i c t e d  t h a t  t h e  denuded w i d t h  

(34) 
S 

As an example, cons ider  t h e  r e c e n t  ORNL i o n  i r r a d i a t i o n  experiments 

The 
dpa/sec. Microscopy 

I f  t h e  temperature dependence f o r  these i r r a d i a t i o n s  were t o  be determined w i t h  

7.3.7 Displacement Gradient  E f f e c t s  

As r e p o r t e d  e a r l i e r  by Garner and G ~ t h r i e ' ~ ~ )  t h e  presence o f  displacement r a t e  

g r a d i e n t s  a long t h e  i o n  t r a j e c t o r y  leads t o  a d i s t o r t i o n  o f  t h e  s w e l l i n g  vs. depth p r o f i l e .  
Th i s  phenomenon was des ignated t h e  " i n t e r n a l  temperature s h i f t "  and was found by  Johnston and 

coworkers(28) t o  have a cons ide rab le  impact on t h e  i n t e r p r e t a t i o n  o f  s tep  h e i g h t  measurements. 

As shown i n  F igu re  179 t h e  s w e l l i n g  vs. depth p r o f i l e  becomes i n c r e a s i n g l y  d i s t o r t e d  a t  temper- 

a tu res  away from t h a t  o f  t h e  peak s w e l l i n g  r a t e .  F i g u r e  180 i n d i c a t e s  t h a t  the i n t e g r a t e d  
d i s t o r t i o n  i s  expressed i n  the  s tep h e i g h t  measurement as a s u b s t a n t i a l  d e v i a t i o n  i n  the  

s w e l l i n g  c a l c u l a t e d  f rom TEM measurements and t h a t  determined by s tep  h e i g h t  measurements. 
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UNSWOLLEN DEPTH, pm 
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 
e- 

l. 2 0 0.2 0.4 0.6 0.8 I .O 
MASS DEPTH, M G - C M - ~  

FIGURE 179. Normalized s w e l l i n g  p r o f i l e s  computed by Johnston(28) showing s w e l l i n g  p r o f i l e  
d i s t o r t i o n  a r i s i n g  from displacement r a t e  g rad ien ts .  

2.0 I I I I I I I I  

550 575 600 625 650 675 700 
BOMBARDMENT TEMP., O C  

FIGURE 180. Ra t ios  of t he  s tep  he igh ts  c a l c u l a t e d  w i t h  and w i t h o u t  t a k i n g  i n t o  account the 
v a r i a t i o n  o f  displacement r a t e  a long  the  i o n  range [Johnston and coworkers(28)].  
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I t  i s  concluded therefore tha t  determinations of the temperature dependence of 
swelling from s tep  height measurements involve substantial  perturbations by displacement 
gradient and surface e f f ec t s ,  and tha t  TEM observations a re  desirable whenever possible. If  
the surface e f f ec t  can be minimized, s tep  heights can be used t o  determine the peak 'swelling 
temperature b u t  not the fu l l  temperature dependence. I f  a complex multiple-peak temperature 
dependence of swelling i s  exhibited by the i r rad ia ted  material ,  s tep  height data may be inade- 
quate to  determine any measure of the temperature dependence of swelling. 

The presence of displacement r a t e  gradients a l so  leads to  swelling r a t e  gradients 
and associated s t r e s s  s t a t e s  t ha t  a r e  la rge  and atypical of the neutron environment. 
been priposed tha t  t h i s  will lead t o  a reduction in ~ w e l l i n g ( ~ ~ - ~ ' ) .  
of dose equivalency between ions and neutrons, and possibly the temperature dependence of 
swelling measured in simulation experiments may be affected.  

I t  has 
Consequently, the concept 

7.3.8 The Dose Equivalency Concept 

In the ear ly  stages of the in te rcor re la t ion  e f f o r t ,  i t  was assumed tha t  the 
temperature s h i f t  occurred as a straightforward displacement of the swelling regime in 
temperature, without change in d i s t r ibu t ion ,  range o r  magnitude(41). 
ever,  t ha t  these assumptions were qui te  optimistic and additional data were required f o r  s u b - ,  
s t an t i a t ion .  Any change i n  magnitude of swelling therefore was thought to be contained i n  the 
dose equivalency concept, as shown i n  Figure 181. 
the dose equivalency concept involved only the r e l a t i v e  calculational uncer ta in t ies  of atomic 

I t  was recognized, how- 

The ra t iona le  employed(42) i n  describing 

3.0 I I I 

TEMPERATUGE. OC HLDL 7310-76.16 

FIGURE 181. Schematic i l l u s t r a t i o n  of method used t o  cor re la te  electron and neutron swelling 
r a t e s .  
Reproduced from Laidler(41).  

T2 represents the temperature s h i f t  and T1 the r e l a t ive  dose equivalency. 
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displacements for  various bombarding pa r t i c l e s  and the  fractional surv ivabi l i ty  of the defects 
in each displacement cascade o r  event. 
purely displacement r a t e  considerations the swelling p ro f i l e  might change i n  magnitude o r  
shape. 

No allowance was made fo r  the poss ib i l i t y  t ha t  from 

From the previous sections,  i t  has been shown tha t  the swelling p ro f i l e  can change 
i f  the microstructure evolves d i f f e ren t ly  w i t h  fluence a t  the higher r a t e ,  i f  phase changes 
occur i n  a d i f f e ren t  manner, o r  i f  the ac t iva t ion  energies f o r  diffusion of the various 
elements a re  subs tan t ia l ly  d i f fe ren t .  
in peak swelling temperatures (AT ) and displacement equivalencies based on comparison of 
swelling r a t e  magnitudes (previously designated K - f a ~ t o r s ) ( ~ * ) ,  then the measured K-factor 
must include contributions from three categories of phenomena which determine i t s  magnitude: 

I f  the experimenter opts f o r  measurements of the s h i f t  

P 

a .  Differences i n  the deposited energy and defect production cha rac t e r i s t i c s ,  
a s  well a s  the experimenter's a b i l i t y  t o  ca lcu la te  these parameters. 

b. Contributions which compensate for  those material parameters which v io la te  
the assumptions impl ic i t  i n  a simple temperature s h i f t  model. 

c. Experimental perturbations re la ted  to  displacement gradients,  surface 
e f f ec t s ,  s t r e s s  e f f ec t s  and other unidentified phenomena. 

The evaluation of experimentally determined K-factors therefore requires analysis 
of each of the three categories of contributions.  Although s t r e s s  e f f ec t s  a r e  inherent i n  
the simulation technique and a r e  unavoidable, surface e f f ec t s  can be minimized by conducting 
the experiments a t  the g rea t e s t  depth possible and by increasing the displacement r a t e .  Since 

the ion energies ava i lab le  a r e  usually fixed by the  i r r ad ia t ion  f a c i l i t y ,  the maximum feas ib le  
beam curren t  must be employed. 
advantage t o  advantage by measuring not only the step height b u t  a l so  the peak swelling by TEM 
whenever feas ib le .  
processes invol ved. 

Displacement r a t e  gradient e f f e c t s  can be converted from d i s -  

Comparison of the two measurements y ie lds  additional ins ight  on the 

The only procedure envisioned to  da te  which allows discrimination of category ( b )  
contributions involves the use of very simple a l loys ,  where many of the r e s t r i c t i v e  temper- 
a tu re  s h i f t  assumptions s t i l l  apply. 
best estimate of category ( a )  contributions. 
w i t h  t ha t  of the simple system then y ie lds  an estimate of the category ( b )  contributions.  

Measurement of K-factors f o r  such a system supplies the 
Comparison of K-factors f o r  more complex systems 

7.3.9 Evaluation of Data Derived from Simple Alloys 

The most relevant data f i e l d s  fo r  this purpose a re  those of Westmoreland e t  
and the  ADIP experiment(17), which'will be evaluated i n  re t rospec t  t o  determine whether 

The data of Westmoreland and coworkers(4) (Figure 165) show tha t  the 2.8 MeV Ni' 
data y ie ld  a c l e a r  temperature s h i f t  i n  the to t a l  swelling of s35OC per decade of f lux ,  here- 
a f t e r  designated ATo 
The data a re  judged to  be su f f i c i en t  t o  estimate the temperature s h i f t  since reasonably la rge  
swellings were measured and most data points a r e  non-zero. 

they y ie ld  estimates of the category ( a )  contributions t o  the dose equivalency. 

The swelling r a t e s  were not measured i n  these experiments, however. P '  

On the other hand no conclusions 
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can c o n f i d e n t l y  be developed on whether t h e  d i f f e r e n c e  i n  peak magnitude i s  due t o  a r a t e  
e f f e c t  on i ncuba t ion  o r  represents  d i f f e r e n t  s teady -s ta te  s w e l l i n g  ra tes .  I t  appears, however, 

t h a t  t h e  i ncuba t ion  f l uence  may have been l a r g e r  a t  t h e  h ighe r  temperatures where the  h i g h  dose 

r a t e  experiment was conducted. i o n  energy, TEM examination i s  concentrated 

i n  t h e  0.4 t o  0.6 urn range, and u s i n g  F i g u r e  174(b) and the  2LDz and $-1/2 c r i t e r i a ,  t he  h i g h  
dose r a t e  experiment should n o t  have been per turbed by su r face  e f f e c t s .  
experiment, however, should have e x h i b i t e d  surface p e r t u r b a t i o n s  a t  580°C and above. 

f o r e  t h e  low dose r a t e  experiment j u s t  b a r e l y  escaped being dominated by  su r face  e f f e c t s .  

+ 
For  a 2.8 MeV N i  

The low dose r a t e  
There- 

I n  t h e  A D I P  experiment(17) t h e  ion- induced displacement r a t e s  ranged from 

5 x 10-3 t o  2 x l o - *  dpa/sec, and hel ium was p r e i n j e c t e d ,  b o t h  o f  which prec luded sur face-  
r e l a t e d  compl icat ions.  Because t h e  peak s w e l l i n g  temperatures and r a t e s  per  dpa were the  same 

f o r  a l l  t h r e e  i o n  energ ies employed, 2.8, 3.5 and 5.0 MeV, cons ide rab le  conf idence i s  g i ven  t o  

t h e  experimental technique employed. 

h e i g h t  measurement, displacement g r a d i e n t  e f f e c t s  should n o t  have per turbed t h e  measurements. 

The de te rm ina t ion  o f  t he  K - fac to r  r a t i o  d e s c r i b i n g  t h e  r e l a t i v e  dose equiva lency between N i  
i o n s  and neutrons must a w a i t  t he  measurement o f  neutron-induced s w e l l i n g  a t  h ighe r  f luences.  
Fo r  t h e  present  i t  i s  assumed t h a t  n i c k e l  i o n s  and neutrons have f u l l y  e q u i v a l e n t  damage 

c h a r a c t e r i s t i c s .  
p r e d i c t e d  based on cons ide ra t i ons  o f  s t r e s s  a f f e c t e d  s w e l l i n g  (38). 
y i e l d e d  a K - f a c t o r  r a t i o  o f  K / K  .+ = 6.4 f o r  e lec t rons .  

a t u r e  e l e c t r o n  i r r a d i a t i o n  r e s u l t s  t o  speciAen p r e p a r a t i o n  technisue(17)  i n d i c a t e d  t h a t  t he  
e l e c t r o n  i r r a d i a t i o n  experiment operated j u s t  under the  h i g h  temperature su r face -a f fec ted  

l i m i t ,  however. Ke/KNi+ = 6.4 most probably  represents  t h e  category ( a )  
c o n t r i b u t i o n s ,  which desc r ibe  t h e  i r r a d i a t i o n  environment r a t h e r  than the  m a t e r i a l  response. 
AS shown i n  Table 42, t h e  composi t ion o f  t h e  a l l o y  i s  e s s e n t i a l l y  pure Fey N i  and C r y  a l l  o f  

which have n e a r - i d e n t i c a l  s e l f - d i f f u s i o n  a c t i v a t i o n  energ ies i n  t e r n a r y  a l l o y s ,  63 f 3 Kcal /  

mole. Due t o  t h e  v e r y  l ow  l e v e l  o f  m ino r  elements w i t h  sma l le r  a c t i v a t i o n  energ ies,  t he  ADIP  
a l l o y  r e s u l t s  can be i n t e r p r e t e d  as be ing  r e p r e s e n t a t i v e  o f  a simple a l l o y ,  wherein ATO :35OC 

per  decade i n  f l u x  and Ke/KNi+ = 6.4. 

1 dpa, = 6.4 dpaNi+. 

Since a l l  experiments i n v o l v e d  TEM r a t h e r  than s tep  

- + 

Therefore .it i s  assumed t h a t  KNi+/Kn = 1.0, a l t hough  a va lue  o f  0.5 has been 
The ADIP experiment 

The s e n s i t i v i t y  o f  t h e  h i g h  temper- e N i  

The va lue  o f  

P 
Another way o f  s t a t i n g  t h i s  l a t t e r  r a t i o  i s  t h a t  

TABLE 42 
COMPOSITION OF PHASE I A D I P  ALLOY (WEIGHT PERCENT) 

Fe 

60.1 

N i  C r  C cu S i  Mn N2 0 2  

25.04 14.80 0.01 0.02 0.02 0.005 0.0028 0.0'154 

7.3.10 I n t e r c o r r e l a t i o n  Experiments on Complex A l l o y s  

I n  more complex a l l o y s  t h e  i d e n t i t y  and s t a b i l i t y  o f  t h e  va r ious  phases c o n t r o l  

t h e  d i s t r i b u t i o n  o f  m ino r  elements, many o f  which have a c t i v a t i o n  energ ies f o r  d i f f u s i o n  which 

a r e  g r e a t l y  d i f f e r e n t  from t h a t  o f  Fe, N i  and C r .  Typ i ca l  minor  elements o f  t h i s  na tu re  a r e  

C y  S i ,  A1 and T i .  I t  i s  t h e r e f o r e  expected t h a t  t h e  d e t a i l s  o f  t he  temperature d i s t r i b u t i o n  

of s w e l l i n g  w i l l  change i n  response t o  bo th  t h e  acce le ra ted  displacement r a t e  and p r e - i r r a d i -  

' a t i o n  thermomechanical t reatments.  A consensus has n o t  y e t  developed, however, on how an 
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"equ iva len t "  i r r a d i a t i o n  temperature should be se lec ted  f o r  such a l l o y s .  
on va r ious  exper imenta l  and t h e o r e t i c a l  v iewpo in ts  range from AT" = 35°C pe r  decade, t o  zero, 

and even t o  nega t i ve  values where p r e c i p i t a t i o n  k i n e t i c s  a r e  thought  t o  be t h e  dominant 

concern. 

Suggestions based 

P 

I f  one focuses on t h e  s t rong  temperature dependence o f  p o i n t  d e f e c t  
supersaturat ions,  however, i t  i s  d i f f i c u l t  t o  e n v i s i o n  t h a t  t he  m a t e r i a l  c h a r a c t e r i s t i c s  can 

complete ly  overwhelm and reve rse  t h e  impact o f  t h e  i r r a d i a t i o n - i n d u c e d  p roduc t i on  o f  p o i n t  
defects, a v iewpo in t  which argues f o r  a p o s i t i v e  AT 

f i g u r e  i s  f e l t  t o  b e s t  rep resen t  t h e  i r r a d i a t i o n  environment's c o n t r i b u t i o n ,  v a r i o u s  exper i -  
mental r e s u l t s  suppor t  lower  va lues i n  316 s t a i n l e s s  s t e e l .  

s w e l l i n g  equat ion(19)  f o r  316 s t a i n l e s s  s t e e l  i s  accurate, t he  i o n  data o f  Johnston(18) y i e l d  
a AT o f  o n l y  60°C f o r  an i nc rease  o f  1.7 x l o 4  i n  displacement r a t e ,  w h i l e  the  data o f  

R o w c l i f f e  and G e ~ s e l ( ~ ~ )  y i e l d  a h i g h e r  AT 

displacement r a t e .  

w i t h  respec t  t o  p r e d i c t i o n s  based o n t h e  A D I P  and pure n i c k e l  experiments. 
t h a t  t h e  two experiments proceeded on d i f f e r e n t  heats  o f  m a t e r i a l ,  n e i t h e r  o f  which was i n -  
vo lved i n  t h e  da ta  base from which t h e  s w e l l i n g  equa t ion  was developed. 

The da ta  o f  Rowcli f fe and G e ~ s e l ( ~ ~ )  a r e  t h e  f i r s t  U.S. i o n  da ta  which c o n f i r m  

Although t h e  AT" = 35°C per  decade 
P' P 

I f  t h e  c u r r e n t  neutron-induced 

P 
85"C, f o r  a lower  f a c t o r  o f  5 x l o 3  inc rease  i n  

P '  
Not o n l y  a r e  these numbers i n c o n s i s t e n t  w i t h  each o the r ,  b u t  they a r e  low 

It should be noted 

t h e  double peaked behavior  o f t e n  seen i n  U.S., U.K. and French f u e l  p i n s  made w i t h  316 

s t a i n l e s s  s t e e l .  
f 1 uence 1 eve1 s (45) 

As shown i n  F i g u r e  182, t h e  double peaked behavior  p e r s i s t s  t o  ve ry  h i g h  

n/cm2 E>0.1 MeV), and a r i s e s  f rom a complex (17.2% burnup = 1.2 x 

4 . 4  I I I I I I I I I 
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FIGURE 182. Diameter change p r o f i l e s  o f  U.K. f u e l  p i n  1684 a t  va r ious  burn-up l e v e l s ,  
showing double-peaked s w e l l i n g  behavior  i n  20% CW M316(45). 
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temperature dependence of the steady s ta te  swe l l ing  ra te (46 ) .  The peak swel l ing r a t e  was 
determined t o  be,about 1.45%/102* n 
measured on the M2783 heat o f  316 steel  

a r a t e  subs tan t i a l l y  below the 2.63%/1022 n 
( k  . 

G e l l e ~ ( ~ ~ )  determined a peak electron-induced swe l l ing  r a t e  f o r  the M2783 heat a t  
but  he was unable t o  extend the i r r a d i a t i o n s  t o  s u f f i c i e n t l y  high temper- 

S imi la r  r e s u l t s  have 
This imp l ies  t h a t  Ke/\ 2 (2.6/1.2) 2 2.2 

s1.2 2 O.l%/dpa 
atures t o  observe the dec l ine  o f  the swe l l ing  r a t e  a t  high.temperatures. 

been reported f o r  other heats o f  316 

f o r  t h i s  heat o f  steel .  
r e s u l t  o f  the ADIP  experiment. 

KNi+/Kn sO.5, but found t h a t  the K-factor r a t i o s  appear t o  be d i f f e r e n t  f o r  each a l l o y  c lass.  

e 

Only i f  KNi+/Kn were 0.34 would t h i s  r e s u l t  be consistent w i t h  the 
Korenko and G e l l e ~ ( ~ ' )  have accepted the p o s s i b i l i t y  t h a t  

The v a r i a b i l i t y  i n  a l l o y  response t o  i r r a d i a t i o n  may indeed be d i f f e r e n t  f o r  each 

a l l o y  o r  a l l o y  class. 
dependencies i n  neutron environments than i s  the case f o r  316 s ta in less  s tee l .  

are shown the diameter change p r o f i l e s  observed i n  a U.K. f ue l  p i n  cladding o f  20% CW 
FV548(45). I f  the f luence p r o f i l e  were factored i n t o  the analysis, the double-peaked 
behavior would become even more pronounced. 

temperature response of Nimonic PE16 a t  constant f luence i s  s t rong ly  dependent on the heat 

i d e n t i t y  and p r e i r r a d i a t i o n  thermomechanical treatment. 

For example, some mater ia ls  e x h i b i t  much more complex temperature 

I n  Figure 183 

As shown i n  Figure 184 the complexity o f  the 

1.2 
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I 0.8 

W 
a z 
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0 
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FIGURE 183. Diameter change pro f i l ' es  o f  U.K. f ue l  p i n  1822 a t  various burn-up leve ls ,  
showing pronounced double-peaked swe l l ing  behavior i n  20% CW FV548 (45). 
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FIGURE 184. Neutron-induced s w e l l i n g  o f  severa l  cas ts  o f  PE16 a t  30 dpa, (6 x 1022 
n/cm2, E>O. 1 MeV) (50) .  

7.3.11 Experimental Basis  fo r  t h e  USP Experiment 

From t h e  fo rego ing  d i scuss ions  i t  i s  obvious t h a t  any i n t e r c o r r e l a t i o n  

experiment must proceed wi th  no m a t e r i a l  v a r i a b i l i t y  i n  t h e  va r ious  i r r a d i a t i o n s .  

d e f i n i t i v e  experiment t h e  neutron-induced s w e l l i n g  r a t e  must be w e l l  def ined,  however. 
only m a t e r i a l  f o r  which the re  i s  a con f iden t  d e s c r i p t i o n  o f  t he  neutron-induced s w e l l i n g  r a t e  

behavior(' ') i s  t h e  M2783 hea t  of annealed and cold-worked 316 s t a i n l e s s  s t e e l .  

t h e r e  e x i s t s  a r c h i v e  u n i r r a d i a t e d  m a t e r i a l ,  and the  i r r a d i a t e d  m i c r o s t r u c t u r e s  have been 

examined i n  d e t a i l  

For a 

The 

F o r t u n a t e l y  

(51,521 

The comp lex i t y  o f  t h e  temperature s h i f t  and dose equiva lency phenomena pose many 

I n  o rde r  t o  i n v e s t i -  problems f o r  any i n t e r c o r r e l a t i o n  experiment on t h i s  m a t e r i a l ,  however. 
ga te  t h e  f a c t o r s  which c o n t r o l  t he  response o f  s w e l l i n g  i n  the  d i s p a r a t e  neutron and charged 

p a r t i c l e  environments, t h e  U n i f i e d  S imu la t i on  Program (USP) experiment w i l l  employ " reac to r -  
precondi  t i ~ n e d " ' ~ ~ )  m a t e r i a l  , and w i l l  compare t h e  s w e l l i n g  and m i c r o s t r u c t u r a l  response o f  
both t h e  " v i r g i n "  and "precondi t ioned"  M2783 heats d u r i n g  charged p a r t i c l e  i r r a d i a t i o n .  

c e n t r a l  f e a t u r e  o f  t h e  experiment i s  t h e  p o s s i b i l i t y  t h a t  t h e  s i m u l a t i o n  w i l l  be improved i f  

t h e  charged p a r t i c l e  i r r a d i t i o n  proceeds on a m i c r o s t r u c t u r e  which i s  e x a c t l y  t h a t  produced 

i n - r e a c t o r  a t  "equ iva len t "  temperatures. 

A 

Since the  magnitude of t h e  temperature s h i f t  i s  n o t  known i n  advance, specimens 

p recond i t i oned  .at a s e r i e s  o f  r e a c t o r  i r r a d i a t i o n  temperatures w i l l  be i r r a d i a t e d  w i t h  
charged p a r t i c l e s  over  a range o f  temperatures thought  t o  cover  t h e  p o s s i b l e  temperature 

s h i f t ;  a l l  a r e  p o s i t i v e  and non-zero s h i f t s :  The ma jo r  e f f o r t  w i l l  proceed on annealed M2783 

r a t h e r  than  cold-worked m a t e r i a l  t o  ensure t h e  unhindered e x t r a c t i o n  of m i c r o s t r u c t u r a l  data.  
The s t a r t i n g  f l u e n c e  i s  ' ~ 9  x 

s imulated i s  14 x l o z 3  n/cm2, a f l u e n c e  a l ready  a t t a i n e d  by r e a c t o r  i r r a d i a t i o n  a lone.  

n/cm2 (E>0.1 MeV) w h i l e  the  t a r g e t  neu t ron  f l u e n c e  t o  be 
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The advantages of preconditioning are rather obvious in l ight  of the previous 
discussions. 
growth, i t  i s  best t o  bypass the nucleation stage entirely.  The influence of the surface on 
void incubation i s  also avoided. Any phase changes, elemental segregation or redistribution 
effects are either over o r  well in progress. 
cation densities a t  the start of the charged particle irradiations are identical to  those a t  
the end o f  the neutron irradiation, one partial  b u t  important requirement of the simple 
temperature sh i f t  concept i s  sat isf ied.  If the microstructure subsequently evolves with in- 
creasing charged particle fluence in a manner inconsistent with t h a t  observed for the high 
neutron fluence case, then direct  comparisons of the differences and their  consequences can 
be made. 

Since the temperature sh i f t  for nucleation i s  often different from that o f  void 

Most importantly, however, because the dislo- 

The definition of "equivalent" swelling temperatures will involve both 
quantitative and subjective judgments. In attaining the target swelling, ranging from 2 to  
18%, the irradiation must proceed a t  known swelling rates and yet not develop "uncharacter- 
i s t ic"  microstrucrures. In other words, the dislocation and loop density must remain char- 
ac te r i s t ic  o f  the simulated neutron environment, and no nexcessive" nucleation of voids should 
occur in a manner uncharacteristic of the simulated environment. 

7.3.12 Phase I Experiments 

Anticipating the complexity o f  the temperature dependence of the various USP 

Using step height information gained from the f i r s t  irradiation series,  judgments 
alloys, the program participants have electecPto define in i t i a l ly  only a partial  irradiation 
matrix. 
will then be made on further irradiation conditions. In the Phase I experiment, for example, 
a ful l  temperature dependence of the swelling of v i rg in  SA316 (M2783 heat) a t  100 dpa will be 
obtained in an attempt to determine the location and number of swelling peaks. The fluence 
dep'endence of swelling will then be determined a t  those temperatures which are deemed to  be 
the most important. 
determine the irradiation conditions for  the preconditioned specimens. 

The information gained from these irradiations will then be used to 

A mixture of TEM and step height measurements will be employed in the evaluation 
of the Specimens. 
of swelling, while step heights are unreliable for  such applications. 
thin foil  specimens with 220% swelling i s  subject to large errors,  however. 
measurements reflect  only the additional swelling induced by charged particle bombardment, 
while TEM techniques measure the total  accumulated swelling. 

Microstructural information i s  best gained from specimens with a low level 
Electron microscopy of 

Step height 

The various Phase I irradiations are  described in more detail in the following 
sections. 

Phase I.A. Virgin Annealed M2783 Heat of 316 Stainless Steel. Charged particle 
irradiations are t o  span the full  temperature range of swelling, to doses sufficient t o  reach 
the target levels of swelling. 
mined a t  100 dpa ;  dose dependencies will be established a t  selected temperatures. 
helium will be uniformly deposited to  0.95 mils t o  overcome nucleation and surface related 
problems. The ion irradiations will proceed a t  the maximum feasible ra te ,  ~8 x 

The full  temperature distribution of swelling will be deter- 

Five appm 

dpa/sec, 
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thus m in im iz ing  surface problems. 
w i t h  i r r a d i a t i o n  r e s u l t s  o f  v i r g i n  c o l d  worked M2783 performed e a r l i e r  by G e l l e ~ ' ~ ~ ) .  

a t i o n s  a r e  t o  be performed by GE and HEDL. Jud ic ious  use o f  s tep  h e i g h t  measurements w i l l  be 
employed t o  reduce TEM requirements, p a r t i c u l a r l y  where the  s w e l l i n g  l e v e l s  a r e  too  l a r g e  f o r  

TEM data e x t r a c t i o n .  

Comparison o f  t he  e l e c t r o n  i r r a d i a t i o n  r e s u l t s  w i l l  be made 

I r r a d i -  

Phase I .B .  Precondi t ioned Annealed M2783 Heat. Nominal neutron i r r a d i a t i o n  
temperatures a re  450, 520 and 600°C a t  doses o f  8-9 x l o z 2  n/cm2 (E>0.1 MeV). Charged p a r t i c l e  

i r r a d i a t i o n s  w i l l  proceed a t  f o u r  temperatures f o r  each r e a c t o r  temperature, spanning a AT 
range o f  50 t o  160°C, w i t h  s u f f i c i e n t  dose l e v e l s  t o  determine t h e  s w e l l i n g  r a t e  and t o  reach 

the t a r g e t  s w e l l i n g  l e v e l s .  I r r a d i a t i o n s  a re  t o  be performed by HEDL and the W-ARD/ORNL team 

( 4  MeV Ni'). 

P 

Phase I . C .  Precondi t ioned 20% Cold Worked M2783 Heat. The nominal neutron 

i r r a d i a t i o n  temperature i s  600°C a t  9 x l o z 2  n/cm2 (E>0.1 MeV). 
experiment i s  t o  t e s t  t h e  e f f e c t  o f  p r e c o n d i t i o n i n g  on v o i d  n u c l e a t i o n .  

have a l ready  nuc lea ted  p r i o r  t o  N i  i r r a d i a t i o n  i n  the  Phase 1.6. experiment, t h e  d e n s i t y  of 

vo ids i n  the  c o l d  worked m a t e r i a l  a t  t he  9 x 1022 l e v e l  i s  one o r  more orders o f  magnitude 

below t h a t  found a t  1.4 x l o z 3  n/cm2. Charged p a r t i c l e  i r r a d i a t i o n s  a re  t o  proceed a t  f o u r  
temperatures spanning a AT range o f  50 t o  160"C, w i t h  s u f f i c i e n t  dose l e v e l s  t o  determine 

t h e  s w e l l i n g  r a t e s  and t o  reach t h e  t a r g e t  s w e l l j n g  l e v e l s .  

i r r a d i a t i o n s  . 

The major  purpose o f  t h i s  
Whereas most vo ids  

+ 

P 
GE and HEDL w i l l  per form the  

7.3.13 Phases I 1  and I11 

These p o r t i o n s  o f  t h e  experiment a r e  e x p l o r a t o r y  i n  na tu re  s ince  no 

neutron-induced s w e l l i n g  r a t e s  a r e  a v a i l a b l e  and t h e  m a t e r i a l s  i n v o l v e d  have e x h i b i t e d  

s w e l l i n g  behavior  more complex than t h a t  o f  316. The LS-1 heat  o f  316 s t a i n l e s s  s t e e l  has 

shown pronounced d i f f e r e n c e s  i n  neutron, i o n  and e l e c t r o n  i r r a d i a t i o n s ,  d i f f e rences  which 
appear t o  be r e l a t e d  t o  phase i n s t a b i l i t i e s ( 3 4 y 5 4 ) .  

c o n d i t i o n i n g  on charged p a r t i c l e  i r r a d i a t i o n s  o f  t h i s  m a t e r i a l .  The m a t e r i a l  w i l l  be r e -  
moved from t h e  B-113 capsule i r r a d i a t e d  a t  a temperature o f  540°C t o  a low f l uence  i n  EBR-11. 
ORNL and HEDL w i l l  conduct t h e  i r r a d i a t i o n s .  

Phase I 1  w i l l  exp lo re  t h e  e f f e c t  o f  pre-  

Phase I 1 1  o f  t h e  experiment i n v o l v e s  t h e  i r r a d i a t i o n  o f  p recond i t i oned  STA 

Nimonic PE16 specimens and t h e  comparison o f  s w e l l i n g  r e s u l t s  w i t h  those from p r e v i o u s l y  

conducted v i r g i n  i r r a d i a t i o n s  on the  same hea t  o f  m a t e r i a l .  

a tu res  a r e  550, 600 and 65OoC, w f t h  t h e  neu t ron  f l u e n c e  developed in EBR-I1 i n  t h e  X-223 

(AA-I )  subassembly rang ing  up t o  5 x l o z 2  n/cm2. 
t h e  charged p a r t i c l e  i r r a d i a t i o n s .  

The neu t ron  i r r a d i a t i o n  temper- 

HEDL and t h e  K-ARD/ORNL team w i l l  conduct 

7.3.14 USP Schedules and S ta tus  

U n i f i e d  S imu la t i on  Program schedules and s t a t u s  a r e  shown i n  Table 43. 
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T A B L E  43 

USP SCHEDULE AND STATUS 

I .  M2783 PHASE OF EXPERIMENT 

A. Specimen P r e p a r a t i o n  

1. V i r g i n  SA 316 specimens prepared f rom a r c h i v e  t u b i n g  (GE) 
2. Hel ium i m p l a n t a t i o n  i n  v i r g i n  specimens (GE) 
3. GE f o rwards  v i r g i n  specimens f o r  e l e c t r o n  i r r a d i a t i o n  

a t  HEDL 
4 .  GE fo rwards  v i r g i n  specimens f o r  i o n  i r r a d i a t i o n  a t  ORNL 
5. Th inn ing  o f  HEDL specimens t o  h e l i u m  b e a r i n g  l a y e r  
6. De te rm ina t ion  o f  deo th  deDendence o f  d i s l o c a t i o n  

d e n s i t y  (HEDL) 
7 .  T r a n s f e r  o f  h o t  CW 316 tube  f rom EBR-I1 t o  GE 
8. S e c t i o n i n g  o f  h o t  CW 316 tube  a t  GE 
9. GE fo rwards  113-sec t i on  o f  h o t  CW 316 tube t o  HEDL 

10. P r e p a r a t i o n  o f  h o t  CW 316 specimens f o r  i o n  (GE) and 
e l e c t r o n  s t u d i e s  (HEDL) 

11. GE fo rwards  h o t  CW 316 specimens f o r  i o n  bombardment 
t o  ORNL 

12. T r a n s f e r  o f  h o t  SA 316 tubes  f rom EBR-I1 t o  ORNL 
13. P r e p a r a t i o n  o f  hox SA 316 specimens f rom tubes f o r  b o t h  

14. 
i o n  and e l e c t r o n  i r r a d i a t i o n s  (ORNL and W-ARD) 
Forward h o t  SA 316 specimens f o r  e l e c t r o n  i r r a d i a t i o n  
f rom ORNL t o  HEDL 

6. I r r a d i a t i o n  Schedule 

1 .  T e s t i n g ,  shakedown and c a l i b r a t i o n  o f  i o n  i r r a d i a t i o n  
f a c i  1 i ty  (ORNL) 

2. S t a r t  i o n  i r r a d i a t i o n s ,  SA 316 v i r g i n  f i r s t  (ORNL, W-ARD) 
3. Complete v i r g i n  i r r a d i a t i o n  w i t h  i o n s  (ORNL, W-ARD)- 
4. Complete h o t  i r r a d i a t i o n  w i t h  i o n s  (ORNL, W-ATib) 
5. S t a r t  e l e c t r o n  i r r a d i a t i o n s  on v i r g i n  speci'mens (HEDL) 
6. Complete e l e c t r o n  i r r a d i a t i o n s  on v i r g i n  and h o t  CW 

specimens (HEDL) 
7. Complete e l e c t r o n  i r r a d i a t i o n s  on h o t  annealed specimens 

(HEDL) 

C.  A n a l y s i s  and Documentation 

1 .  Complete TEM a n a l y s i s  on i o n  bombarded v i r g i n  m a t e r i a l  

2. Complete TEM a n a l y s i s  on i o n  bombarded h o t  m a t e r i a l  

3. Complete c o u n t i n g  and a n a l y s i s  o f  a l l  HVEM i r r a d i a t i o n s  

4 .  Complete i n t e r c o r r e l a t i o n  and documentat ion ( a l l  l a b s )  

(W-ARD, GE, ORNL) 

(W-ARD, GE, ORNL) 

(HEDL) 

I. NIMONIC PE16 PORTION OF EXPERIMENT 

1.. HEDL fo rward  a r c h i v e  specimens t o  y-ARD 
2.  Remove PE16 r o d s  f rom A A - I  (HEDL) 
3. Prepare d i s k  specimens a t  HEDL 
4. Forward r o d  specimens t o  W-ARD 
5. W-ARD p repare  s u r f a c e  o f  8 i s k  and fo rward  t o  ORNL 
6 .  HEDL supp ly  documentat ion on B-109 p r e c o n d i t i o n e d  

PE16 HVEM i r r a d i a t i o n s  
7. ORNL completes i o n  i r r a d i a t i o n s  
8.  W-ARD and ORNL complete f u l l  range TEM e v a l u a t i o n  and 

a n a l y s i s  
. 9 .  HEDL completes HVEM i r r a d i a t i o n s  and a n a l y s i s  ( s t a r t  6/30/77 

1 .  HEDL p rov ides  LS-1 specimens t o  ORNL 
2. ORNL completes i o n  i r r a d i a t i o n  and a n a l y s i s  
3. HEDL c m p l e t e s  HVEM i r r a d i a t i o n  and a n a l y s i s  

Schedu1.ed 
Coiii p 1 e t  1 on 

il 

Complett 
Compl e t t  

Compl e t t  
Compl e t t  
Complett 

Conip 1 e tc 
Complett 
Compl e t t  
Compl etc 

Complete 

Complete 
Complete 

* 1/30/77 

* 2/15/77 - 

Compl e t e  
r t  12/15/7f 
* 1/30/77 

3/30/77 
1/15/77 

3130177 

6/30/77 

5130177 

9/ 30177 

9/ 301 77 
12/30/7; 

Compl e t t  
Compl e t t  
De le ted  

Complete 
4/1/77 

Complete 
6/1/77 

9130177 
9130177 

[ I I .  LS-1 PORTION OF EXPERIMENT 

2/29/77 
511 51 7 7  
511 5 / 7 7  

_ _  
Behind schedule,  New s t a r t i n g  d a t e ,  3 /7/77 n 
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1. SODIUM COMPATIBILITY TESTS OF ADVANCED CLADDING ALLOYS 

R .  P. Anantatmula, P. A. White, L. E. Chulos, R .  R .  Rake and J .  L. Bevan 

Hanford Engineer ing Development Laboratory  

1.1 OBJECTIVE 

The o b j e c t i v e  o f  t h i s  a c t i v i t y  i s  t o  compare t h e  c o r r o s i o n  behaviGr i n  l i q u i d  sodium o f  

candidate c ladd ing  a l l o y s .  

t imes, and under c o n d i t i o n s  more n e a r l y  p r o t o t y p i c  o f  an LMFBR core.  

1.2 SUMMARY 

The pr ime candidate a l l o y s  w i l l  be t e s t e d  a t  l onger  exposure 

E l e c t r o n  microprobe a n a l y s i s  o f  samples from Run 38, STCL-4 i n d i c a t e d  the  general 

su r face  d e p l e t i o n  o f  N i ,  C r ,  Al., T i ,  S i  and Mn and enrichment o f  Fe and Mo near t h e  su r face .  

Corros ion r a t e s  obta ined from the  we igh t  l o s s  data o f  samples from Run 46, STCL-4 

i n d i c a t e d  a l l o y  D21 t o  have t h e  l owes t  c o r r o s i o n  r a t e ,  s i m i l a r  t o  D25 o f  Run 3, STCL-4, 

fo l lowed by D68 and D9. The c o r r o s i o n  r a t e  o f  D68 i s  even lower  than t h a t  o f  t h e  re fe rence  

A I S 1  316. 

O p t i c a l  me ta l l og raphy  o f  as-received developmental a l l o y s  D9, 021 and D68 o f  Run 4, 

The STCL-4 revealed t h e  presence o f  carb ides and anneal ing tw ins  i n  a l l o y s  D21 and D68. 
s t r u c t u r e  o f  a l l o y  D9 cons is ted  o f  deformat ion bands and a few ca rb ide  p r e c i p i t a t e s  s i m i l a r  
t o  as-received D11. 

1.3 ACCOMPLISHMENTS AND STATUS 

1.3.1 I n t r o d u c t i o n  

E l e c t r o n  microprobe a n a l y s i s  o f  a l l o y  samples from Run 36, STCL-4 has been 
Corros ion r a t e s  have been eva lua ted  f rom t h e  we igh t  loss data o f  2,500-hour completed. 

sodium-exposed developmental a l l o y s  D9, D21 and 068. O p t i c a l  meta l lography has been per-  
formed on as-received a l l o y s  D9, D21 and D68. 

1 .3.2 Experimental Procedure 

The sodium c o m p a t i b i l i t y  t e s t s  on t h e  developmental a l l o y s  D9, D21 and D68 have 

been c a r r i e d  o u t  i n  STCL-4. The t e s t  c o n d i t i o n s  were the  same as those f o r  Run 3, STCL-4. 
The exper imenta l  methods and da ta  a c q u i s i t i o n  procedures have been desc r ibed  elsewhere (1  1 . 

1.3.3 Resul ts  and Discuss ion 

1.3.3.1 E l e c t r o n  Microprobe Data o f  Run 3B, STCL-4 A l l o y s .  The v a r i a t i o n  i n  

composi t ion (weight  percent)  w i t h  respec t  t o  t h e  d i s t a n c e  (urn) f rom the  exposed su r face  i n  
t h e  dep le ted  zone i s  p l o t t e d  f o r  each element compr is ing the  a l l o y .  

The composi t ion p r o f i l e s  o f  a l l o y  D l1  a r e  shown i n  F igu res  185 and 186. 

Dep le t i on  o f  N i ,  S i  and Mn a t  t he  su r face  can be noted from the f i g u r e s .  

w e l l  w i t h  the  scanning e l e c t r o n  microscopy (SEM) data repo r ted  e a r l i e r ( ' )  f o r  t h i s  a l l o y .  
Th is  r e s u l t  agrees 

I t  
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1.3.3.2 Corros ion Data o f  Run 48, STCL-4. Th is  was a 2,000-hour r u n  which 
i nc luded  samples of developmental a l l o y s  D9, D21 and D68 and the  re fe rence  A I S I  316. 
samples have been r e i n s e r t e d  i n  t h e  l oop  from Run 4A, which concluded a f t e r  500 hours. 

t e s t  c o n d i t i o n s  f o r  Run 48 were i d e n t i c a l  t o  those f o r  Run 4A, i .e . ,  700°C, 1 ppm oxygen and 

6 m/s sodium v e l o c i t y .  

These 
The 

The cumulat ive 2,500-hour c o r r o s i o n  data a r e  g i ven  i n  Table 44. Equ iva len t  

y e a r l y  c o r r o s i o n  r a t e s  have been computed and l i s t e d  i n  the  t a b l e  along w i t h  the  downstream 
p o s i t i o n  parameter f o r  each sample. A l l  t h e  a l l o y s  t e s t e d  d i s p l a y  the  downstream e f f e c t .  

The average c o k x i o n  r a t e s  computed f rom Table 44 a r e  l i s t e d  i n  Table 45 f o r  each a l l o y .  

Once again, t h e  data i n  Table 45 p o i n t  o u t  t h a t  t h e  c o r r o s i o n  r a t e  o f  an a l l o y  exposed t o  
l i a u i d  sodium does n o t  depend on i t s  n i c k e l  con ten t .  

. TABLE 44 

CUMULATIVE (2,500 HOURS) CORROSION DATA OF ADVANCED CLADDING ALLOYS 
OF RUN 4, STCL-4, 7OO0C, 1 'ppm OXYGEN, 6 m/s SODIUM VELOCITY 

Equ iva len t  Corros ion Rate 

M a t e r i a l  L/D , W(ug/mm2) Mic rons /y r  

A I S I  316 25.00 35.30 15.5 
D9 30.67 40.60 17.8 
D21 36.30 18.00 7.9 
D68 41.95 29.29 12.8 
A I S I  316 53.24 31.28 13.7 
D9 58.96 38.12 16.7 
D2 1 64.58 15.07 6.6 
D68 70.27 28.34 12.4 
A I S I  316 81.51 30.34 13.3 
D9 87.26 34.05 14.9 
021 92.90 12.80 5.6 
D68 98.53 25.09 11 .o 
A I S I  316 109.65 22.83 10.0 

Ma t e r i  a1 

A I S I  316 
D9 
D21 
068 

TABLE 45 

AVERAGE VALUES OF CUMULATIVE CORROSION DATA SAMPLES OF RUN 4, STCL-4 

W t %  N i  

12 
14.5 
25 
45 

Equ iva len t  Corros ion Rate 
M i c r o n s l y r  

13.1 
16.5 
6.7 

12.1 

As f o r  Run 3 data, l e a s t  squares a n a l y s i s  has been performed on the Run 4 data. 

The da ta  were f i t t e d  t o  a l i n e a r  equat ion,  R = a1 t + b l ,  and a l o g a r i t h m i c  equation, 

l o g  R = a2 l og  t + b2, where R i s  t h e  we igh t  l o s s  i n  ug/nnn2, t i s  the  t e s t  t ime  i n  1,000- 

hour u n i t s ,  al(pg/mm2 The va lues of t he  
constants ,  aI, bl, a2, and b2 a long w i t h  t h e i r  s tandard e r r o r  est imates a r e  g i ven  i n  Table 

46. 

i n  Table 46. 

103 hours), bl(ug/nnn*), a2 and b2 a r e  constants .  

Equ iva len t  y e a r l y  c o r r o s i o n  r a t e s  have been computed from the  equat ions and a l s o  l i s t e d  
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TABLE 46 

LEAST-SQUARES ANALYSIS OF CORROSION DATA 
OF CLADDING ALLOYS OF RUNS 4A AND 46, STCL-4 

a2 b2 

0.75 1.17 
t0.07 tO.02 

0.62 1.33 
t0 .04 kO.01 

0.90 0.82 
kO.09 k0.03 

0.72 1.15 
k0.03 20.01 

Equation R = a l t  + bl 

Equ iva len t  Corros ion 

__ 

Equ iva len t  Corros ion 
i n  One Year, 

urn 

9.4 

10.3 

5.8 

8.4 

12.0 
51.33 k2.40 

I A I S I  316 j 10.49 1 
D9 16.70 -4.35 17.7 

21.03 24.32 

L I I I 

Although t h e  l i n e a r  r a t e  o f  A I S I  316 (12 um/yr) i s  l e s s  than t h a t  p r e d i c t e d  by 
the  Bagnall-Jacobs c o r r e l a t i o n ( 3 ) ,  i t  i s  h ighe r  than the va lue  obta ined f o r  Run 3, STCL-4 ( 2 )  . 
As mentioned e a r l i e r ,  t h e  c o r r o s i o n  r a t e  o f  A I S I  316 i s  s t e a d i l y  i nc reas ing  w i t h  i nc reas ing  

s e r v i c e  l i f e  o f  t h e  loop.  

t he  same as t h a t  repo r ted  f o r  d l l o y  D25 o f  Run 3, STCL-4. Th is  i s  perhaps n o t  s u r p r i s i n g  

s ince  b o t h  t h e  a l l o y s  have s i m i l a r  composi t ions and heat  t reatments.  
i s  t h e  h i g h e s t  o f  a l l  t h e  a l l o y s  s tud ied  i n  Run 4.  
t h e  same as f o r  a l l o y  Dl1 o f  Run 3, STCL-4, which a l s o  has undergone t h e  same heat  t reatment  

as D9. The decrease i n  l o g a r i t h m i c  r a t e  i s  due t o  a f a i r l y  l a r g e  r e d u c t i o n  i n  c o r r o s i o n  r a t e  

a f t e r  t h e  f i r s t  500 hours o f  exposure. 
o f  a l l o y  D68 a r e  both l e s s  than t h a t  f o r  re fe rence  A I S I  316. 

The c o r r o s i o n  r a t e  o f  a l l o y  D21 i s  the  l owes t  and i s  approx imate ly  

The l i n e a r  r a t e  o f  D9 
However, t he  l o g a r i t h m i c  r a t e  i s  about 

The l i n e a r  as w e l l  as the  l o g a r i t h m i c  c o r r o s i o n  r a t e  

1 . 3 . 3 . 3  PJetalloqraphy o f  As-received Alloys D9, D21 and D68. Optical  

metal lograpt ly  was performed on l o n g i t u d i n a l  sec t i ons  o f  as-received developmental a l l o y s  

D9, 021 and D68. 
i n  Table 47. 

The m i c r o s t r u c t u r e  o f  a l l o y  D9 (F igu re  191) c o n s i s t s  o f  a few ca rb ide  (MC) p r e c i p i t a t e s  w i t h  

deformat ion bands runn ing  across t h e  g ra ins .  

o f  D11 repo r ted  e a r l i e r " ) ,  which had rece ived  t h e  same heat  t reatment .  The ca rb ides  can be 
seen i n  t h e  form o f  s h o r t  s t r i n g e r s .  As seen i n  F i g u r e  192, t he  s t r u c t u r e  o f  D25 shows more 

ex tens i ve  ca rb ide  p r e c i p i t a t i o n  ( i n  t h e  form o f  s t r i n g e r s  o f  g lobu les )  than i n  D9 and the  

g r a i n  s t r u c t u r e  resembles t h a t  o f  a s o l u t i o n  annealed and aged m a t e r i a l .  A few anneal ing 

tw ins  can d l s o  be noted i n  t h e  s t r u c t u r e .  
be a t t r i b u t e d  t o  t h e  much h ighe r  t i t a n i u m  con ten t  o f  a l l o y  D21. 

q u i t e  s i m i l a r  t o  t h a t  o f  D25 which has s i m i l a r  composi t ion and had rece ived  t h e  same heat  

t rea tmen t ( * ) .  O p t i c a l  micrographs o f  as-received D68 a re  g i ven  i n  F iau re  193. 

see g l o b u l a r  o r  b locky  p r e c i p i t a t e s  o f  ca rb ides  t h a t  a r e  i n te rmed ia te  i n  number between t h a t  
o f  D9 and D21. 

aged m a t e r i a l ,  w i t h  a few i n n e a l i n g  tw ins .  

The a l l o y s  have been heat  t r e a t e d  accord ing t o  t h e  heat  t reatments l i s t e d  
The observed m i c r o s t r u c t u r e s  have been i l l u s t r a t e d  i n  F igures 191, 192 and 193. 

T h i s  s t r u c t u r e  i s  e s s e n t i a l l y  s i m i l a r  t o  t h a t  

The increase i n  c a r b i d e  p r e c i p i t a t i o n  can perhaps 
The m i c r o s t r u c t u r e  o f  D21 i s  

Here again we 

S i m i l a r  t o  021, t h e  g r a i n  s t r u c t u r e  i s  t y p i c a l  o f  a s o l u t i o n  annealed and 
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FIGURE 191. 

30 pm ( b )  t I 

Optical micrographs o f  as-received D9. 
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FIGURE 192. O p t i c a l  micrographs o f  as- rece ived D21. 
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FIGURE 193. Opt ica l  micrographs o f  as-received D68. 
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TABLE 47 

THERMOMECHANICAL TREATMENTS FOR ALLOYS D9, D21 AND D68 

A1 1 oy 

D9 

Thermomec han i ca 1 Treatment -- 
11OO0C/.25 h r / a i r  cooled and 25% c o l d  work 

D21 

068 

1.3.4 Conclusions 

1O5O0C/.5 h r / a i r  cooled and 7OO0C/24 h r / a i r  
cooled 

1 O5O0C/. 5 h r / a i  r cool  ed and 8OO0C/2 h r /  
furnace cooled t o  625"C/12 h r / a i r  cooled 

The corroded sur faces o f  a l l o y s  D11, D25 and D66 a r e  g e n e r a l l y  dep le ted  o f  N i ,  

C r y  A l ,  T i ,  S i  and Mn and enr iched w i t h  Fe and Mo. The as-received a l l o y s  D9, D21 and D68 

conta ined s t r i n g e r s  o f  carb ides,  t h e  amount dependent upon t h e  amount o f  t i t a n i u m  i n  the 
a l l o y .  

heat t reatments and s i m i l a r  composit ions. 

s w e l l i n g  p r o p e r t i e s ,  and absence o f  sigma phase i n  l ong  term thermal ag ing t e s t s ;  a l l o y s  D21 

and D25 seem t o  be s t r o n g  candidates f o r  c l a d d i n g  purposes. Although a l l o y s  D9 and D68 have 
good sodium c o r r o s i o n  c h a r a c t e r i s t i c s ,  a d d i t i o n a l  sodium t e s t i n g  and o p t i c a l  meta l lography 

o f  sodium exposed m a t e r i a l s  i s  needed t o  f i r m l y  e s t a b l i s h  the  v i a b i l i t y  o f  these a l l o y s  f o r  

c ladd ing  a p p l i c a t i o n s .  

1.4 EXPECTED ACHIEVEMENTS I N  THE NEXT REPORTING PERIOD 

The s t r u c t u r e s  a r e  s i m i l a r  t o  those observed f o r  Run 3, STCL-4 a l l o y s  o f  the same 

Based on the  e x i s t i n g  2,500-hour data, e x c e l l e n t  

1. Complete o p t i c a l  meta l lography,  scanning e l e c t r o n  microscopy and e l e c t r o n  microprobe 

a n a l y s i s  o f  sodium-exposed a l l o y s  D9, D21 and D68. 

S t a r t  Run 5, STCL-4 w i t h  new samples o f  D9, D66 and D68 on S t r i n g e r  I, and 2. 
developmental a l l o y  sheet samples on S t r i n g e r  11, and con t inue  t e s t i n g .  

3. Complete a d e t a i l e d  r e p o r t  on the  sodium c o m p a t i b i l i t y  o f  developmental a l l o y s  
s tud ied  so f a r .  
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2. CORROSION OF CANDIDATE ALLOYS UNDER HIGH HEAT INPUT CONDITIONS -_...- -- 
* 

S. A .  Sh ie l s ,  C .  Bagnall and R .  E .  Witkowski 
Westinghouse Advanced Reactors Division 

2.1 OBJECTIVE 

The objectives of this work a re :  ( a )  t o  measure the corrosion r a t e s  of candidate alloys 
under h i g h  heat i n p u t  conditions u t i l i z i n g  the ITF; ( b ) , t o  determine the e f f e c t  of system 
s t ruc tura l  materials on the measured corrosion r a t e s ;  and ( c )  t o  characterize sodium 
exposure-induced chemical and s t ruc tura l  changes w i t h i n  the t e s t  a l loys .  

2 .2  SUMMARY 

The corrosion r a t e s  of Nimonic PE16, Inconel 706 and a l loy  A-286 d i d  not change 
s igni f icant ly  over a period of 6,000 hours, suggesting tha t  the equilibrium corrosion r a t e  
had been reached ear ly  i n  t h e  cumulative exposure period. 
dropped s l i g h t l y  between four and s i x  thousand hours. 
was expected to  show negligible corrosion, corroded a t  a r a t e  equivalent t o  6um/yr (0.24 
mpy) a t  an L/D position of 100. 

The corrosion r a t e  of Type 316 SS 
Molybdenum-coated Nimonic PE16, which 

. 

Studies of the  corroded surfaces of Type 316 SS and Nimonic PE16 were performed. 
PE16 surface,  while s t i l l  covered w i t h  molybdenum-rich modules, was almost t o t a l l y  depleted 
of nickel and chromium a f t e r  6,000 hours, suggesting t h a t  the surface is  f e r r i t i c .  

2 .3  ACCOMPLISHMENTS AND STATUS 

The 

2.3.1 _Corrosion Measurements: Run #ITF-11 

Run #ITF-lI, a 2,000 hour r u n  a t  700°C, was completed a t  the end of October. 
Certain specimens accumulated u p  t o  6,000 hours exposure a t  the end of this r u n  while o thers  
reached 2,000 and 4,000 hours to ta l  exposure time. 
Table 48, loop operating conditions i n  Table 49, and corrosion data in Table 50. 

The specimen loading sequence is g i v e n  in 

Data from the 6,000 hour exposure specimens a r e  compared w i t h  e a r l i e r  2,000 and 
4,000 hour data from the same specimens i n  Table 51. Note tha t  a t h i r d  mandrel was inserted 
immediately downstream of mandrel No. 1. T h i s  has resulted in an overall increase in L/D f o r  
the specimen assembly which has moved the  downstream samples even fur ther  downstream. This 
gives r i s e  t o  a s l i g h t l y  smaller value f o r  the slope of the l i n e ,  however the e f f ec t  on the 
zero L / D  extrapolation is  minimal. 

The Nimonic PE16, A-286 and Inconel 706 a l loys  do not show any s igni f icant  change 
in corrosion behavior with time as shown i n  Table 51 and graphically i n  Figure 194. The 
corrosion r a t e  of the Type 316 SS continues t o  f a l l .  How much of the decrease is  due t o  

* 
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TABLE 48 

SPECIMEN LOADING SEQUENCE 
I 
I Mandrel # 3 ( l )  Mandrel #1 1 Mandrel #2"' 1 
I 

X-14 M-813 
X-27 M-813 
75-M1 Ma-coated PE16 
75-M2 Mo-coated PE16 
E-87 T316SS 
E-100 T316SS 

E-26 T316SS 
E-43 T316SS 

E-62 T316SS 
E-103 T316SS 
57-4 A-286 
57-5 A-286 
80-4 Inconel  706 
80-5 Inconel  706 

57-1 A-286 
57-2 A-286 
80-1 Inconel  706 
80-2 Inconel  706 

57-7 A-286 J/ 
57-8 A-286 

75-1 PE16 
75-2 PE16 
57-3 A-286 80-7 Inconel  706 
80-3 Inconel  706 180-8 Inconel  706 

1 75-4 PE16 v 
F1 ow 75-5 PE16 

E-105 T316SS 
57-6 A-286 

Specimen Loca t ion  Area AW 
Number (cm) L/D ( cm2) (ms 1 

75-7 PE16 
75-8 PE16 
89-16 330SS 
89-35 330SS 

Corros ion Rate/Year 

(mg/dm2) (um) ( m i l s )  

80-6 Inconel  706 

ii:;7(2) 330SS 
PE16 

(1 )  P r e v i o u s l y  exposed i n  ITF Run #9 and ITF Run #10 
(2 )  P r e v i o u s l y  exposed i n  ITF Run #10 
( 3 )  New Specimens 

TABLE 49 

LOOP OPERATING CONDITIONS 
(RUN #ITF-11) 

F1 ow Vel o c i  t y  

Oxygen 0.95 ppm av. 
Ourat i o n  

4.76 m/s 

TABLE 50 
RUN #ITF-11 CORROSION DATA 

I T316SS 

E-26 5.6 20.4 1.90 20.73 1573 19.7 0.77 
E-43 6.6 25.4 1.90 18.63 1414 17.7 0.70 
E-62 106.2 357.7 1.92 14.64 1099 13.7 0.54 
E-1 03 107.4 364.0 2.32 15.69 975 12.2 0.48 
E-105 114.8 400.5 2.32 12.49 777 9.7 0.38 

I A-286 
57-1 7.6 30.4 1.94 24.32 1808 22.8 0.90 
57-2 8.6 35.4 1.97 . 23.40 1721 21.7 0.86 
57-3 14.0 60.7 1.94 20.01 1487 18.8 0.74 
57-4 108.5 369.0 1.94 9.53 708 8.9 0.35 
57-5 109.5 374.0 1.95 9.58 709 9.0 0.35 
57-6 115.8 405.5 1.94 6.77 503 6.4 0.25 
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Specimen Loca t i on Area AW . 
Number (cm) LID ( cm2) (mg) 

Nimonic PE16 

75-1 119.0 50.7 1.85 23.79 1854 22.6 0.89 
75-2 191 .o 54.4 1.84 22.85 1791 21.8 0.86 
75-3 14.0 70.7 1.85 22.53 1756 21.4 0.84 
75-4 112.5 389.0 1.85 10.39 81 0 9.9 0.39 
75-5 113.5 394.9 1.85 9.10 709 8.7 0.34 
75-6 118.1 416.7 1.85 8.59 670 8.2 0.32 

Corrosion Ratelyear 

(mg/dm2) (urn) ( m i l s )  

6. Cumulative Exposure Time 4,069.4 hours 

A1 l o y  330SS 
89-22 17.0 
89-27 118.9 

M-813 
X-14 21.8 
X-27 22.9 

Mo-Coated PE16 
75-M1 23.9 
75-M2 I 24.9 

T316SS 

E-87 25.9 
E-100 ' 26.9 

A-286 
57-7 27.9 
57-8 29.0 

Inconel 706 
80-7 30.0 
80-8 31 .O 

Nimonic PE16 
75-7 32.0 
75-8 33.0 

A1 l o y  330SS 
89-16 34.0 
89-35 35.0 

75.7 
420.5 

86.9 
91.9 

96.9 
101.9 

106.9 
111.9 

116.9 
121.9 

126.9 
131.9 

136.9 
141.9 

146.9 
151.9 

1.92 
1.89 

1.87 
1.88 

1.86 
1.86 

1.92 
1.90 

1.95 
1.95 

1.95 
1.93 

1.86 
1.85 

1.89 
1.88 

39.71 
25.74 

1 7.. 03 
15.30 

2.89 
2.64 

7.17 
.7.04 

7.22 
6.92 

8.31 
8.52 

7.02 
6.98 

22.68 
22.18 

4455 
2934 

387 0 
3462 

661 
604 

1588 
1576 

1575 
1510 

1813 
1878 

1605 
1605 

51 05 
501 9 

55.7 
36.7 

48.4 
43.3 

6.3* 
5.7* 

19.3 
19.7 

19.9 
19.1 

22.5 
23.3 

19.6 
19.6 

63.8 
62.7 

2.20 
1.44 

1.90 
1.70 

0.25* 
0.23* 

0.70 
0.78 

0.78 
0.75 

0.89 
0.92 

0.77 
0.77 

2.50 
2.50 

* Densi ty  o f  molybdenum taken as 1030 kg/m3. n 
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FIGURE 194. C o r r o s i o n  r a t e s  o f  advanced alloys vs .  exposure t i m e  a t  700°C ( I T F  Runs'9, 10, 1 1 ) .  
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TABLE 51 

CORROSION RATES AS A FUNCTION OF EXPOSURE TIME 

Time a t  0 L/D , a t  75 LID Downstream 
r 

Cumulative Corrosion Rate Corrosion Rate 

Run No. (Hours) m/.v umly S1 ope 

T316SS 

27.2 (22.6)* 24.1 (20.1)* -7.2 x 10-4 

-5.9 10-4 

2009 
401 7 22.1 (20)* 19.8 (19.4)* 

ITF-11 6078 19.4 (18.4)* 17.5 (16.7)* 
-6.5 x 

ITF-9 
ITF-10 

Inconel 706 
ITF-9 2009 
ITF-10 401 7 
ITF-11 6078 

29.7 
33.0 
33.5 

A-286 _- 
ITF-9 . 2009 25.4 
ITF-10 401 7 24.9 
ITF-11 6078 23.6 

23.6 
25.7 
25.4 

19.4 
19.6 
19.1 

-1.3 x 10-3 
-1.5 x 10-3 
-1.4 x 10-3 

-1.5 x 10-3 
-1.4 x 10-3 
-1.3 x 10-3 

Nimonic PE16 
ITF-9 2009 24.9 20.3 -1.2 10-3 
ITF-10 401 7 25.7 20.8 -1.2 x 10-3 
ITF-11 6078 26.2 21.6 -1.2 x 10-3 

A1 loy 330 
ITF-10 2009 65.8 60.7 -4.5 10-4 

55.9 -5.3 10-4 ITF-11 4069 61 .O 

* Bracketed value normalized t o  1 ppm 02. 

uncer ta in t ies  i n  oxygen level The  values fo r  Type 316 SS 
a re  a l so  shown normalized t o  1 ppm oxygen u s i n g  the average oxygen leve ls  reported f o r  each 
r u n .  

measurements cannot be resolved. 

The corrosion r a t e  of a l loy  330 has decreased only s l i g h t l y  between 2,000 hours 
and 4,000 hours from an extrapolated zero L I D  value of 66 t o  61 um/y. 
will be performed on this a l loy .  

No fur ther  700°C t e s t s  

The middle mandrel held a selection of a l loys  a l l  o f  which were previously 
Two new materials were included, M-813 and molybdenum-coated PE16. unexposed. 

located a t  about 90 L/Ds corrodes a t  a r a t e  of $46 um/y. 
allow extrapolation to  zero LID. 

a l loy  330, the zero LID value m i g h t  be expected t o  be about 50-55 pm/y. 

Alloy M-813, 
Insuf f ic ien t  data were ava i lab le  t o  

Assuming tha t  the downstream slope is s imi la r  t o  tha t  fo r  

The molybdenum-coated PE16 corroded a t  a r a t e  of about 6 um/y a t  L/D = 100 
which was -tiigher than an t ic ipa ted .  
we igh t  change a f t e r  500 hours. 
stream position discussed i n  the previous quar te r ly  i s  Val i d ( ’ ) ,  t h e n  the molybdenum-coated 

Preliminary t e s t s  i n  WHIRL-1 had shown v i r tua l ly  no 
I f  the  re la t ionship  between enhancement fac tor  and down- 

materia 
between 

will  show a steep downstream slope which could p u t  the zero L/D value anywhere 
1 2  and 25, Ftmly. 
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The o t h e r  samples from t h i s  mandrel were Type 316 SS, A-286, Inconel  706 and 

Nimonic PE16. When the  values g iven i n  Table 50 were compared w i t h  the i n t e r p o l a t e d  values 

from Run #ITF-9, they were found t o  be m a r g i n a l l y  h ighe r .  Th i s  may s imply  be a r e s u l t  o f  run -  

to - run  s c a t t e r ,  o r  due t o  the  f a c t  t h a t  t h e  new specimens a re  l oca ted  downstream o f  p r e v i o u s l y  

exposed m a t e r i a l .  Conceivably the  sodium reaching t h e  new specimens i s  l e s s  sa tu ra ted  than 
i t  would be had a l l  o f  t he  upstream specimens been new. 

2.3.2 Cor ros ion  Measurements: Run #ITF-12 

The s t a r t  up o f  Run #ITF-12 has been delayed u n t i l  t h e  beginning o f  January 

Specimens were n o t  rece ived  u n t i l  mid- 

Advantage was taken o f  t h e  unscheduled downtime t o  make some minor  m o d i f i c a t  

because o f  the u n a v a i l a b i l i t y  o f  new specimens. 

December. ons 

t o  the  f a c i l i t y .  

( ~ 5  m/s) i n s e r t  f o r  t he  ITF secondary heater .  

exposed a t  550°C. 

These m o d i f i c a t i o n s  i nc luded  t h e  des ign and f a b r i c a t i o n  of a h i g h  v e l o c i t y  

Th is  w i l l  a l l o w  about f o u r  specimens t o  be 

Several changes i n  specimen i n v e n t o r y  w i l l  be made f o r  t h i s  run.  A l l o y s  A-286 

and 330 w i l l  be dropped f rom t h e  700°C exposure program. The Nimonic PE16 and the  Inconel  

706 w i l l  be exposed f o r  an a d d i t i o n a l  2,000 hours. New m a t e r i a l  w i l l  i n c l u d e  double aged 

Inconel  706 (as  opposed t o  t h e  s o l u t i o n  annealed m a t e r i a l  c u r r e n t l y  under t e s t ) ,  c a s t  M-813 

( t h e  c u r r e n t  i n a t e r i a l  i s  a powder p roduc t )  and a s e l e c t i o n  of s i m i l a r  metal e l e c t r o n  beam 

we1 dinents . 
2.3.3 Scanning E l e c t r o n  Microscopy (SEM) o f  Specimens f rom ITF Runs 9. 10 and 11 

SEM c h a r a c t e r i z a t i o n  o f  Type 316 SS and Nimonic PE16 exposed t o  f l o w i n g  sodium i n  

runs 9, 10 and 11 has been completed. A t o t a l  sodium exposure t ime  o f  6,000 hours a t  a 

temperature of 700°C was r e a l i z e d .  

hand1 i n g  techniques, as p r e v i o u s l y  d e t a i l e d ,  were used throughout  t h i s  s t u d y ( 2 ) .  

SEM ins t rumen t  ope ra t i on  parameters and specimen 

2.3.3.1 T.ype 316 SS. The sodium corroded surface features o f  t h i s  a l l o y  revealed 

two d i s t i n c t  d i f f e r e n c e s  f rom t h e  s t r u c t u r e s  observed on specimens exposed i n  WHIRL-1 f o r  
6,000 F i r s t ,  a s  shown i n  F igu re  195, t he re  was no evidence o f  t h e  c h a r a c t e r i s t i c  

Mo-r ich nodules. A comparison o f  t h e  two 6,000 hour x - ray  spec t ra  i n d i c a t e d  t h a t  t he  su r face  

o f  t he  ITF specimen conta ined about 55% l e s s  chromium, w h i l e  n i c k e l  i n  bo th  cases was a t  back- 

ground l e v e l  (:l%). The approximate su r face  composit ions f o r  t he  ITF and WHIRL-1 specimens 

may t h e r e f o r e  be est imated as 96Fe-3Cr-1Ni and 93Fe-5.5Cr-1 (+)Ni  r e s p e c t i v e l y .  

The corroded su r face  was no t ,  however, f ea tu re less .  I s o l a t e d  areas covered w i t h  

steps o r  s w i r l s ,  resembling i n  many cases contoured t e r r a c i n g ,  were observed s c a t t e r e d  across 

t h e  su r face  o f  t h e  columnar, f e r r i t e  g ra ins .  

Berkey and whit lo^'^), who suggested t h a t  t hey  were formed by an atomic d i s s o l u t i o n  sodium 

c o r r o s i o n  process which was dependent on t h e  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  o f  t he  g ra ins .  

the present  case, t he  "s teps"  appeared t o  be 100-200 nm h igh ;  t h a t  i s ,  a b lock  o f  b.c.c. 

s t r u c t u r e  many atomic planes t h i c k .  

These s t r u c t u r e s  were noted p r e v i o u s l y  by 

I n  

2.3.3.2 Nimonic PE16. The OD su r face  morphology and e l e c t r o n  e x c i t e d  x - ray  

(EDAX) spectrum generated from a l O O X  r a s t e r e d  area i s  shown i n  F i g u r e  196. 

c o r a l - l i k e  c o r r o s i o n  fea tu res  and micron s i z e  holes p r e v i o u s l y  noted f o r  t h i s  a l l o y  a f t e r  a 

2.000 hour r u n  ( # l b )  i n  t h e  - W-RL WHIRL-1 sodium loop  f a c i l i t y  a r e  c l e a r l y  ~ i s i b l e ' ~ ) ' .  

The nodular ,  

The 
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(A) Na EXPOSED, 6000 Hr., 7OOOC 

NOTE: Ni NOT 
DETECTED 
ABOVE 
BAC KG R 0 U N D 

9STERED AREA) 

FIGURE 195. Surface morphology and chemistry o f  Type 316 SS exposed t o  
sodium a t  700°C ( I T F  Runs 9 ,  10, 11) .  
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1-1 501cm H I O P ~  

( A )  Na EXPOSED 6000 Hr., 7OOOC 

I I I  I 

Mo Cr Fe 
4- 

(B) E L E C T R O N  E X C I T E D  X - R A Y  SPECTRUM 
(100 X RASTERED A R E A )  

FIGURE 196. Surface morphology and chemist ry  o f  Nimonic PE16 exposed t o  
sodium a t  700°C (ITF Runs 9, 10, 11) .  
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EDAX spectrum c l e a r l y  shows t h a t ,  w h i l e  an enhancement o f  t he  Mo i s  most ev iden t  when compared 
w i t h  a s i m i l a r  spectrum generated f rom t h e  as-received m a t e r i a l ,  t he  elements T i ,  C r  and N i  

a re  s i g n i f i c a n t l y  depleted.  

background s i g n a l .  

average surface,elemental composit ion, a more d e t a i l e d  "spot"  a n a l y s i s  prov ides an i n d i c a t i o n  
o f  t h e  composit ion o f  i n d i v i d u a l  f ea tu res .  

I n  f a c t ,  t h e  T i  and N i  peaks a r e  no l onger  de tec tab le  above the  

While t h e  spectrum generated from a l O O X  r a s t e r e d  area presents  an 

F igu re  197 presents  a d e t a i l e d  a n a l y s i s  o f  t he  nodular ,  c o r a l - l i k e  fea tu res  and 

i l l u s t r a t e s  the  marked d i f f e r e n c e  i n  Mo composi t ion when compared w i t h  the m a t r i x  m a t e r i a l .  

Although the  c o r r o s i o n - r e s i s t a n t  nodules were again found t o  be r i c h  i n  Mo, u n l i k e  the 

specimen exposed i n  WHIRL-1 (Run # l b ) ( 5 )  N i  concen t ra t i on  was below t h e  d e t e c t i o n  l i m i t  ( < I % ) .  

2.3.4 Discuss ion 

'Exposures up t o  6,000 hours show t h a t  t he  a l l o y s  t e s t e d  must be c lose  t o  t h e i r  

e q u i l i b r i u m  c o r r o s i o n  c o n d i t i o n s .  
p e r i o d  were smal l ,  v a r y i n g  between 1 and 4 u m / y .  

changed s l i g h t l y  s ince  t h e  i n i t i a t i o n  o f  t he  t e s t s  and i s  now Type 316 SS, A-286, Nimonic 
PE16, Inconel  706, w i t h  a l l o y s  such as M-813, a l l o y  330 and Inconel  718 showing ve ry  h i a h  
c o r r o s i o n  r a t e s .  The commercial a l l o y s  Inconel  706 and Nimonic PE16 w i l l  be exposed a f u r t h e r  
2,000 hours be fo re  being phased o u t  o f  t h i s  p o r t i o n  o f  t he  t e s t  program. 

I t  has become e v i d e n t  d u r i n g  t h e  course o f  t he  sodium c o m p a t i b i l i t y  t a s k  t h a t  

Overa l l  changes i n  c o r r o s i o n  r a t e  over  the  6,000 hour t ime  
The o rde r  o f  c o r r o s i o n  r e s i s t a n c e  has 

m i c r o s t r u c t u r e  appears t o  p l a y  an impor tan t  r o l e  i n  dec id ing  t h e  manner i n  which a m a t e r i a l  

corrodes. 
recognized. Acco rd ing l y  new Inconel  706 and M-813 specimens, more t y p i c a l  o f  t h e  m a t e r i a l s  

proposed f o r  use, w i l l  be exposed i n  t h e  n e x t  s e r i e s  o f  runs. 

The importance o f  t e s t i n g  m a t e r i a l  w i t h  t h e  c o r r e c t  m i c r o s t r u c t u r e  i s  now w e l l  

It was p o i n t e d  o u t  i n  s e c t i o n  2.3.1 t h a t  specimens exposed f o r  2,000 hours i n  
Run #ITF-11 corrode a t  r a t e s  s l i g h t l y  h ighe r  than t h e  o r i g i n a l  2,000 hours data from r u n  

#ITF-9 would p r e d i c t .  The p o s s i b i l i t y  t h a t  these specimens were being i n f l u e n c e d  by the  
behavior  o f  t he  pre-exposed upstream specimens was suggested. It should a l s o  be recognized, 

however, t h a t  t h i s  may s imply  rep resen t  specimen-to-specimen s c a t t e r  and t h a t  the cumulat ive 

data t o  6,000 hours a r e  s t a t i s t i c a l l y  r a t h e r  l i m i t e d  hav ing a l l  been generated on the same 
specimens. 

2.3.5 Work i n  Progress 

Specimens f o r  Run #ITF-12 have been prepared and loaded i n t o  ITF. 

The r u n  w i l l  be a 2,000 hour r u n  t e r m i n a t i n g  i n  March-Apr i l  
S t a r t  up 

procedures have been i n i t i a t e d .  

1977. 

D e t a i l e d  SEM and e l e c t r o n  probe a n a l y s i s  i s  now being planned i n  o rde r  t o  s tudy 

Meta l lography the  p o s s i b l e  e f f e c t s  of l o c a l i z e d  chemis t r y  v a r i a t i o n  on c o r r o s i o n  behavior .  
on Run #ITF-11 samples has s t a r t e d .  

2.4 EXPECTED ACHIEVEMENTS I N  THE NEXT REPORTING P E R I O D  

Run #ITF-12 w i l l  be c l o s e  t o  complet ion a t  t he  end o f  t he  r e p o r t i n g  pe r iod .  

A n a l y t i c a l  work on se lec ted  samples w i l l  be completed. A l l  meta l lography on Run #ITF-11 

specimens w i  11 be completed. 
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(A) Na EXPOSED, 6000 Hr.,  7 O O O C  

FIGURE 197. Detailed SEM analysis o f  node 
formation present on sodium-exposed 
Nimonic PE16 (ITF Runs 9, 10, 11). 

1 1 1  I 
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(B) SPOT ANALYSIS. M A T R I X  
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4- 

Mo Cr Fe 
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C o n t r i b u t i o n s  w i l l  be made t o  the  f i r s t  d r a f t s  o f  two papers; one cover ing the  
-, : c o r r o s i o n  r a t e  data and the  o t h e r  t h e  s t r u c t u r a l  i n f o r m a t i o n .  
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3. CORROSION STUDIES OF ADVANCED CLADDING ALLOYS 

A. R. Keeton, R. E. Witkowski and Edgar Berkey 

Westinghouse Research Labora to r ies  

3.1 OBJECTIVE 

The o b j e c t  o f  t h i s  work i s  t o  determine c o r r o s i o n  r a t e s  o f  candidate m a t e r i a l s  i n  sodium 
a t  s p e c i f i e d  c o n d i t i o n s  o f  t ime, temperature, sodium f l o w  r a t e  and oxygen l e v e l ,  and t o  

c h a r a c t e r i z e  sodium exposure'-induced chemical and s t r u c t u r a l  changes w i t h i n  t h e  t e s t  a1 l o y s .  

3.2 SUMMARY 

M o d i f i c a t i o n s  o f  WHIRL-1 were completed and a 90-hour check r u n  was conducted t o  t e s t  

e f f e c t i v e n e s s  o f  m o d i f i c a t i o n s .  

ho lde r  between the  main hea te r  d ischarge and t h e  o r i g i n a l  specimen ho lde r  and the  i s o l a t i o n  
o f  t h e  vanadium w i r e  e q u i l i b r a t i o n  dev ice (VWED) on a separate economizer. 

These m o d i f i c a t i o n s  i nc luded  the  a d d i t i o n  o f  a new specimen 

The a d d i t i o n  o f  a new specimen ho lde r  a l l o w s  double the  number o f  specimens t o  be t e s t e d  

a t  one t ime  and prov ides a g r e a t e r  h y d r a u l i c  L/D range f o r  t h e  specimens. 

t h e  VWED on a separate economizer a l l o w s  o p e r a t i o n  o f  t h i s  u n i t  w i t h o u t  d i s t u r b i n g  the oxygen 

and hydrogen meters and prov ides thermal p r o t e c t i o n  f o r  t he  VWED c o n t r o l  va lves.  The check 
r u n  v e r i f i e d  t h a t  a l l  t e s t  parameters, i n c l u d i n g  sodium f l o w  v e l o c i t y ,  can be met f o r  t he  

nex t  s e r i e s  o f  c o r r o s i o n  t e s t s .  

The i s o l a t i o n  o f  

3.3 ACCOMPLISHMENTS AND STATUS 

Operat ion o f  t h e  vanadium w i r e  e q u i l i b r a t i o n  dev i ce  (VWED) p r e v i o u s l y  r e q u i r e d  i s o l a t i o n  
o f  t h e  oxygen and hydrogen meters i n  WHIRL-1 t o  p r e v e n t  e x c e s s i v e  t e m p e r a t u r e s  a t  t h e s e  

meters. 
t h e  VWED. I n  a d d i t i o n ,  v a l v i n g  these meters i n  and o u t  o f  t h e  system prov ided g r e a t e r  

o p p o r t u n i t y  f o r  damaging a meter. Also, because o f  t h e  l o c a t i o n  o f  t he  VWED c o n t r o l  va lves 

and t h e  h i g h  o p e r a t i n g  temperature o f  t h e  VWED (75D°C), a m a l f u n c t i o n  occurred t w i c e  d u r i n g  

t h e  pas t  10,000 hours o f  l oop  opera t i on  i n  which a va l ve  cou ld  n o t  be opened because o f  s e l f -  
we1 d i  ng . 

Th is  was undes i rab le  because oxygen and hydrogen m o n i t o r i n g  i s  u s e f u l  w h i l e  o p e r a t i n g  

For these reasons, WHIRL-1 was m o d i f i e d  as shown i n  F i g u r e  198 t o  i s o l a t e  the  VWED on a 

separate economizer. 

economizer t o  p reven t  exposure t o  excess ive temperatures. 

Contro l  va lves LMV-6 and 7 a r e  l o c a t e d  on the  l oop  s i d e  o f  t h e  

Corros ion r a t e  a n a l y s i s  o f  prev ious t e s t s  i n  WHIRL-1 i n d i c a t e d  the  d e s i r a b i l i t y  o f  hav ing 

each t e s t  c o n t a i n  more t e s t  specimens over  a w ide r  h y d r a u l i c  L/D range f o r  more accurate 

eva lua t i on .  

hea te r  d ischarge and t h e  o r i g i n a l  specimen h o l d e r  as shown i n  F i g u r e  199. 

ho lde rs  a re  i d e n t i c a l  except f o r  t h e  mechanical end c losu re ,  thus doub l i ng  the  number o f  

specimens f o r  each t e s t .  
105 f o r  t h e  f i r s t  specimen ho lde r  and 168 t o  241 f o r  t he  second specimen ho lde r .  

Th i s  was accomplished by t h e  a d d i t i o n  o f  a new specimen h o l d e r  between the  main 

The two specimen 

The h y d r a u l i c  L/D range i s  a l s o  extended w i t h  L/D va lues o f  32 t o  
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WHIRL- 1 
Sodium System 1. VaporTrap 

2. Expansion Tank 
3. Cold Test Station 
4. Vanadium Wire Device 
5. Cold Trap 
6. Sodium Cooler 
7. Main  Economizer 
8. Cold Trap Economizer 

10. SumpTank 
11. EM Pump 

LMV-6 

12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 

FIGURE 198. WHIRL-1 Sodium system as m o d i f i e d .  

22. 

Ma in  Dra in  
Fi l ter  
F i l l  Valve 
Aux. Dra in  
Hot Test Station 
10 KW Ma in  Heater 
Hydrogen Meter 
Oxygen Meter 
Sample Station 
Meter Economizer 
Vanadium Wi re  Economizer 
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' D w ~ ,  6401 A08 

* 

Main 
Heater 

!I 
Specimen Holder # 1 (New) 

1 7  

Specimen Holder #2  (Original) 

FIGURE 199. Schematic arrangement f o r  specimen ho lde rs  i n  WHIRL-1 h o t  t e s t  s t a t i o n .  

. 
meet program requirements. 
s e r i e s  o f  t e s t s  scheduled f o r  WHIRL-1: 

A check-out t e s t  was conducted a f t e r  t h e  l o o p  m o d i f i c a t i o n s  t o  i n s u r e  t h a t  WHIRL-1 cou ld  
Operat ing c o n d i t i o n s  were t h e  same as r e q u i r e d  f o r  t he  nex t  

Specimen temperature (bo th  specimen ho lde rs )  600°C ?J 5 

Cold l e g  temperature 425°C 5 

Sodium f low by test specimens 5-6 m / s  

Sodium oxygen l e v e l  1 ppm f . 2  

The t e s t  system was operated f o r  90 hours and met a l l  o f  t h e  t e s t  o b j e c t i v e s .  

EXPECTED ACHIEVEMENTS I N  THE NEXT REPORTING PERIOD 

Tes t  Run #3, a 4,000 hour t e s t  o f  m a t e r i a l s  M-813, Nimonic PE16, Inconel  706, 330 SS and 

3.4 

316 S S ,  i n c l u d i n g  weldments, w i l l  be i n i t i a t e d .  
we igh t  change a n a l y s i s  w i l l  be accomplished. 

An In te rmed ia te  shutdown a t  2,000 hours f o r  

SEM and e l e c t r o n  probe 'measurements w i l l  be completed on Inconel  706 and 310 and 330 S S  

exposed t o  sodium f o r  6,000 hours a t  700°C i n  ITF; 'SIMS and Auger spectroscopy s t u d i e s  w i l l  
be i n i t i a t e d  on se lec ted  m a t e r i a l s .  
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A1 1 oy 

Type 304SS 
Type 310SS 
Alloy 330 

4. THE INFLUENCE OF THERMAL AGING AND SODIUM CORROSION ON THE STABILITY 
OF AIS1 TYPE 310s AND ALLOY 330 AT 7OOOC 

w/o WPP" 

Fe Cr N i  Mo Mn Si Cu C N / S  P i  

71 18 8 I - 2.0 1.0 I 800 1 30 451 
52.90 24.97 19.34 0.3 1.58 0.47 0.32 680* 200 280 

I 

41.95 18.87 36.03 - 1.54 1.28 0.23 580 j 220 

4.1 OBJECTIVE 

(Not provided 

4.2 SUMMARY 

C .  Bagnal1,l and R.  E .  Witkowski2 
lWestinghouse Advanced Reactors Division 

2Westinghouse Research Laboratories 

(Not provided) 

4.3 ACCOMPLISHMENTS AND STATUS 

4.3.1 Introduction 

S ta in less  s t e e l s  AIS1 310 and 330 were developed principally f o r  operation i n  an 
a i r  environment a t  temperatures LIP t o  1150°C. 
SS (Table 52),  the higher chromium level provides grea te r  oxidation res i s tance ,  while the in- 
crease i n  nickel reduces the d i f f e ren t i a l  thermal expansion between a l loy  and oxide and so 
reduces spall ing under cyc l ic  conditions. 

In comparison t o  the composition of Type 304 

TABLE 52 
COMPARISON BETWEEN TYPE 304 SS AND THE ADVANCED CLADDING 

CANDIDATE ALLOYS, TYPE 310 SS AND ALLOY 330 

* Type 310 SS normally contains 2500 ppmC. The low carbon version, Type 310S, w i t h  800 ppm 
max C i s  c loser  t o  the above composition. 

The  following discussion compares the behavior of these two candidate duct 
materials in and out of a sodium environment a t  700°C. 

4.3.2 _Type 310s S ta in less  Steel 

The composition of this 20% cold worked tubing led t o  an extremely unstable 
The  transformations tha t  took place i n  both sodium and vacuum microstructure a t  700°C. 

environments a f t e r  exposure periods u p  t o  6,000 hours a r e  described below. 

The as-received microstructure of Type 310s is shown i n  Figure 200. With a l i g h t  
etch a t  low magnification, the abnormally high density of inclusions may be observed in the 
transverse and longitudinal sec t ions .  
apparent "inclusions" were i n  f a c t  cas t ing  defects (shrinkage porosity) drawn out during 

Further examination revealed tha t  some of these 
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tube f a b r i c a t i o n .  
e f f e c t s  o f  c o l d  working. 

tw ins  were ev iden t .  

A t  h ighe r  m a g n i f i c a t i o n ,  t he  f u l l y  etched m i c r o s t r u c t u r e  revealed the  

Prominent deformat ion bands and many examples o f  bent  anneal ing 

The e f f e c t  o f  a 500-hour sodium exposure i n  WHIRL-1 i s  shown i n  F i g u r e  201. With 
the  m a t r i x  s l i g h t l y  defocused, the  s t r u c t u r a l  changes induced by sodium a t  the O.D. can be 

d iscerned.  S e l e c t i v e  removal o f  c e r t a i n  elements w i t h i n  the  su r face  g r a i n  boundaries a r e  

measured t o  a depth o f  a10 wn. 
should n o t  be confused w i t h  t h e  complete l e a c h i n g  o u t  o f  g r a i n  boundaries noted i n  Inconel  718 

and t o  a l e s s e r  e x t e n t  i n  Nimonic PE16. 

examples o f  c a s t i n g  de fec ts .  

Th i s  c o r r o s i o n  behavior ,  a l s o  observed i n  Type 316 S S ,  

Also  v i s i b l e  i n  t h i s  micrograph a r e  the  many 

A t  h ighe r  m a g n i f i c a t i o n  [F igu re  201 ( b ) ] ,  t he  e a r l y  e f f e c t s  o f  exposure a t  700°C 

may be observed. The i n i t i a l  a u s t e n i t i c  s t r u c t u r e  has begun an unusual t rans fo rma t ion  t o  

sigma. The o r i g i n a l  g ra ins ,  surrounded by broadening boundaries can be seen " d i s s o l v i n g "  

i n t o  l a r g e  i s l a n d s  o f  sigma, l e a v i n g  behind a new a u s t e n i t i c  m a t r i x .  

A f t e r  2,000 hours exposure ( F i g u r e  202). t h e  most s t r i k i n g  f e a t u r e  i s  the e x t e n t  
and degree o f  sigma fo rma t ion  throughout  t h e  s t r u c t u r e ;  between 25 and 28 volume percent  i s  
occupied by t h i s  phase. 

The m i c r o s t r u c t u r e s  were double etched, f i r s t  w i t h  G l y c e r g i a  then  w i t h  

Murakami's s o l u t i o n * ,  used by many i n v e s t i g a t o r s  a t tempt ing  t o  d i s t i n g u i s h  carb ide,  f e r r i t e  

and sigma by c o l o r  (dark,  y e l l o w  and b l u e  r e s p e c t i v e l y ) .  
t h i s  technique i s  u n r e l i a b l e  s i n c e  t h e  c o l o r  o f  t h e  ( o x i d i z e d )  p a r t i c l e  i s  dependent on etch-  

a p p l i c a t i o n  techniaue and the  exact  chemical composi t ion o f  t he  phase. 

used t o  advantage i n  t h e  p resen t  s tudy s i n c e  i t  p e r m i t t e d  a c l e a r  p i c t u r e  o f  t he  depth t o  

which composi t ion was i n f l u e n c e d  by c o r r o s i o n .  
sodium exposure may be d i s t i n g u i s h e d ;  s e l e c t i v e  removal o f  c e r t a i n  a l l o y  elements f rom g r a i n  
boundaries a t  t h e  sur face,  some r e d i s s o l u t i o n  o f  sicma i n  the m a t r i x  immediately below t h e  

sur face,  and t h e  " c o l o r i n g "  o f  t h e  zone i n  which a l l o y  m o d i f i c a t i o n  has occurred.  

about  40 pm wide was d i s t i n g u i s h e d  by a b l u e  c o l o r a t i o n  o f  t h e  sigma w i t h  Murakami's etch. 
I n  F i g u r e  202(b), a t  h i g h e r  m a g n i f i c a t i o n ,  t h e  t r a n s i t i o n  o f  "b lue "  t o  " ye l l ow"  sigma i s  n o t  

abrupt  b u t  takes p lace  over  a r e g i o n  i n  which p a r t i c l e s  c l e a r l y  have a "cored" composi t ion;  

t h a t  i s ,  a chemical g r a d i e n t  f rom edge t o  cen te r .  

However, phase i d e n t i f i c a t i o n  by 

The l a t t e r  f a c t  was 

I n  F i g u r e  202(a), the  va r ious  e f f e c t s  o f  

Th is  zone, 

The w i d t h  of t h i s  zone o f  d e p l e t i o n  i s  o f  i n t e r e s t ,  s i n c e  t h e  d i f f u s i o n  r a t e  o f  

t h e  c o r r o d i n g  species ( c h i e f l y ,  C r y  N i  and Mn) may be c a l c u l a t e d .  
d i f f u s i o n  p r o f i l e ,  X ,  i s  g i ven  approx imate ly  by  t h e  express ion:  

The t o t a l  depth o f  a 

x = 2m D l  

where D i s  t h e  d i f f u s i o n  c o e f f i c i e n t  o f  t h e  d i f f u s i n g  species and t i s  t h e  t ime.  Hence, the  

d i f f u s i v i t y  of t h e  c o r r o d i n g  e lement(s)  i s  approx imate ly  5.5 x 
t o  C r  d i f f u s i o n  i n  Types 316 S S  a t  700°C 

cm2sec-I. I n  comparison 
cm2sec-1), and N i  cm2sec-1) t h i s  

*- 
lOgK2FeCN+lOgKOH i n  100 m l  H20 
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FIGURE 201. Twenty percent  CW Type 310s s t a i n l e s s  s t e e l :  700°C/500 hour 
sodium exposure (WHIRL-1 ). 
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r e s u l t  i s  somewhat h igh .  

a s t r o n g  i n f l u e n c e  on t h e  d i f f u s i v i t y  o f  s u b s t i t i o n a l  elements, and t h i s  may account f o r  t he  

h ighe r  r a t e  i n  Type 310 SS. 

However, t h e  n i c k e l  con ten t  o f  an a l l o y  has been shown t o  have 

I t  should be noted t h a t  t he  "ye l l ow"  phase was i d e n t i f i e d  as sigma and n o t  

f e r r i t e  i n  two ways. 
y e l l o w  p a r t i c l e s  were u n i f o r m l y  and r a p i d l y  a t tached  [See F i g u r e  204(a). 

w i t h  sigma, b u t  has no e f f e c t  on f e r r i t e .  Secondly, severa l  specimens were t e s t e d  w i t h  a 

s t r o n g  magnet; a l l  showed minimal response. U n l i k e  f e r r i t e ,  sigma i s  n o t  a magnetic phase. 

F i r s t ,  t h e  specimen was etched i n  10% chromic ac id ;  b o t h  b l u e  and 
Th is  reagent  r e a c t s  

I t  i s  a l s o  ev iden t  t h a t  carbon d e p l e t i o n  has occurred a t  t he  sodium exposed 

surface. 
t he re  a r e  i n  general many more ca rb ides  p resen t  i n  t h e  vacuum aged m a t e r i a l ,  some c l e a r l y  

formed a long the  deformat ion bands o f  t h e  o r i g i n a l  s t r u c t u r e .  

markedly absent i n  t h e  depleted zone of t h e  sodium exposed specimen. 

I n  comparing F igures 202(c) and 202(d) w i t h  202(a) and 202(b), i t  w i l l  be noted t h a t  

Carbides, however, a r e  

A more complete development o f  t he  m i c r o s t r u c t u r e  was observed i n  a specimen aged 

a t  700°C f o r  4,000 hours ( F i g u r e  203). 
m a t r i x  p r e c i p i t a t i o n ,  a l b e i t  a t  t h e  expense o f  a r e l a t i v e l y  severe a t t a c k  on t h e  sigma 

i s l a n d s .  Carbides were observed, growing on t h e  deformat ion bands of t he  o r i g i n a l  c o l d  

worked s t r u c t u r e  [F igu re  203(c)].  

m a t r i x  transforma,t ion a t  about 500 hours, and t h i s  would be a n t i c i p a t e d .  
p a r a l l e l  c a r b i d e  s t r i n g e r s  w i t h i n  t h e  more h e a v i l y  deformed g ra ins ,  prevented the growth o f  
sigma i n  these  con f ined  areas. 

D i l u t e  chromic a c i d  e tch  was used t o  enhance o t h e r  

I t i s  c l e a r  t h a t  ca rb ide  n u c l e a t i o n  occurred before t h e  

The format ion o f  t h e  

The t u b i n g  no l onger  has a formal g r a i n  s t r u c t u r e ,  b u t  more c l o s e l y  resembles t h e  

products  ob ta ined  f rom a e u t e c h t o i d  r e a c t i o n  i n  which t h e  o r i g i n a l  p o l y c r y s t a l l i n e  s i n g l e  

phase g i v e s  way t o  an i n t e g r a l  m i x t u r e  o f  two new s o l i d s .  
i s  o c c u r r i n g  w i t h i n  a m i s c i b i l i t y  gap i n  which t h e  o r i g i n a l  s o l i d  undergoes an o r d e r i n g  

r e a c t i o n  as one new second phase (sigma), i s  produced. 

I n  t h i s  case, however, t he  r e a c t i o n  

The e f f e c t  of 6,000 hour  sodium exposure i n  WHIRL-1 i s  i l l u s t r a t e d  i n  F i g u r e  204. 
A t  low m a g n i f i c a t i o n ,  i t  can be seen t h a t  c o r r o s i o n  has occurred on b o t h  the  O.D. and 1.0. o f  

t h e  tube. A comparison o f  t he  w a l l  dimensions o f  F i g u r e  203(a) and F i g u r e  204(a) ( t aken  a t  
t h e  same microscope s e t t i n g s )  p rov ides  a usefu l  check on t h e  c o r r o s i o n  measurements c a l c u l a t e d  
from specimen we igh t  l oss .  The average w a l l  t h i n n i n g  was est imated a t  7.42%. For a 250 

w a l l  tube, t h i s  amounts t o  19 um i n  6,000 hours, o r  27 ,,m/y. The me ta l l og raph ic  specimen was 
exposed a t  L/D = 60, and gave a c a l c u l a t e d  c o r r o s i o n  r a t e  o f  27 um/y, i n  agreement w i t h  the  

above value. 

The dep le ted  zone depth a f t e r  6,000 hours i n  sodium has increased considerably .  
I n  F i g u r e  204(b), t h e  40 pm "b lue"  zone observed a f t e r  2,000 hours [see F i g u r e  202(a)], i s  

now e s s e n t i a l l y  f r e e  o f  p r e c i p i t a t e .  

a f t e r  t rea tmen t  w i t h  Murakami's e t c h  extended f o r  an a d d i t i o n a l  30 urn. Using Equat ion [ l ] ,  
w i t h  t h e  va lue  o f  D c a l c u l a t e d  a f t e r  2,000 hours, t h e  p r e d i c t e d  depth, X ,  a f t e r  6,000 hours i s  

equal t o  69 um, i n  e x c e l l e n t  agreement w i t h  t h e  measured va lue.  

Behind t h i s  s u r f a c e  band, sigma w i t h  a b l u e  c o l o r a t i o n  
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The con t inu ing  process o f  sigma d i s s o l u t i o n  w i t h i n  the  depleted zone may be 
As c o r r o s i o n  progresses t h e  n e t  composit ion o f  t h i s  zone i s  observed i n  F igu re  204(c) .  

moving f u r t h e r  and f u r t h e r  away f rom a two-phase r e g i o n  (i .e., away from the  m i s c i b i l i t y  gap) 

and a p o l y c r y s t a l l i n e  s t r u c t u r e  i s  beginn ing t o  r e t u r n .  

The fea tu res  o f  t he  sodium corroded su r face  as observed i n  the scanning e l e c t r o n  

microscope a r e  i ’ l l u s t r a t e d  i n  F i g u r e  205. 
es tab l i shed  a f t e r  2,000 hours, w i t h  b locky,  somewhat angular  reg ions  i n te rspe rsed  w i t h  

smoother, sha l l ow  areas i n  which s l i g h t  g r a i n  boundary e t c h i n g  has occurred. 
exposure t ime, t h e  development o f  small  micron-s ized angular  ho les  was noted. 

were spa rse l y  s c a t t e r e d  across the  sur face,  and a l though  these were angular  i n  cha rac te r ,  
suggesting t h e  complete removal o f  a p r e c i p i t a t e  o r  p a r t i c l e ,  t h e r e  was no evidence f o r  t he  
presence o f  any second phase over  t h e  su r face  examined. 

A g e n e r a l l y  un i fo rm p a t t e r n  o f  a t t a c k  was 

With i nc reas ing  

These holes 

Some s i g n i f i c a n t  changes i n  su r face  composi t ion were monitored, as shown 

g r a p h i c a l l y  i n  F igu re  205. 

t o  0.300 over t h e  6,000 hour exposure pe r iod .  
a change i n  chromium f rom t h e  i n i t i a l  25% t o  about  10%. 
t o  0.113, i n d i c a t e s  a drop f rom 19% t o  about  8.5%. 

cha rac te r  o f  t h e  m a t e r i a l  a t  t h e  tube su r face  has been a lmost  e n t i r e l y  l o s t  as  a r e s u l t  o f  

t h e  sodium exposure. 

The most notewor thy was t h e  change i n  the  Cr-Fe r a t i o  f rom 0.725 

I n  terms o f  concen t ra t i on ,  t h i s  would rep resen t  

It i s  ev iden t  t h a t  t h e  o r i g i n a l  a u s t e n i t i c  
The change i n  the  Ni:Fe r a t i o ,  0.250 

A comparison o f  x - ray  microprobe t r a c e s  taken i n  a r a d i a l  d i r e c t i o n  across the  
tube w a l l  o f  4,000 hours aged and 6,000 hours sodium exposed specimen conf i rmed q u a l i t a t i v e l y  

t h a t  t he  elements C r y  N i  and Mn have been depleted.  

su r face  g r a d i e n t  was noted f o r  s i l i c o n .  Th is  i s  shown schemat i ca l l y  i n  F i g u r e  206. 
these data a r e  n o t  q u a n t i t a t i v e ;  severa l  a l l o y  s tandard specimens a r e  r e q u i r e d  t o  a l l o w  f o r  
t h e  change i n  i ns t rumen t  response t o  a m ino r  c o n s t i t u e n t ,  i n  an a l l o y  whose bas i c  composi t ion 

i s  i t s e l f  changing. 
sample, t h e  s i l i c o n  concen t ra t i on  was reduced t o  about  h a l f  i t s  i n i t i a l  l e v e l  w i t h  d e p l e t i o n  

extending back i n t o  t h e  b u l k  f o r  about 50-70 pm. Th is  p r o f i l e  corresponds wi th  t h e  depleted 
zone observed i n  the  m i c r o s t r u c t u r e  [F igu re  204(b) ]  and may account f o r  t h e  composi t ional  

d i f f e r e n c e  i n d i c a t e d  by t h e  r e a c t i o n  o f  sigma phase w i t h  Murakami’s e t ch .  The “peaks,” most 

e v i d e n t  on t h e  vacuum aged p r o f i l e ,  appeared t o  c o i n c i d e  w i t h  t h e  c a s t i n g  de fec ts  noted 

e a r l i e r ,  suggest ing t h a t  t h e  holes themselves o r  t h e  area around the  ho les  conta ined a 
s i l i c a t e  o r  s i m i l a r  compound. 

I n  a d d i t i o n ,  however, a s i g n i f i c a n t  

A t  p resen t  

However, a c l e a r  t r e n d  i s  ev iden t .  A t  t he  su r face  o f  t he  sodium corroded 

4.3.3 A l l o y  330 

The as-received s t r u c t u r e  o f  a l l o y  330 [F igu re  207(a)] d i f f e r e d  i n  severa l  

respec ts  from Type 310 SS. 

o f  c o l d  work, fewer i n c l u s i o n s  and o n l y  occasional  spher i ca l  p o r o s i t y .  The g e n e r a l l y  i r r e g u l a r  

g r a i n  s t r u c t u r e  (as opposed t o  po lygonized)  and t h e  presence o f  second phase p a r t i c l e s  

s c a t t e r e d  throughout  the  m a t r i x  suggest t h a t  t h e  anneal ing t reatment  (1065OC/l hr/WQ) was n o t  

s u f f i c i e n t  t o  r e t u r n  t h e  m a t e r i a l  t o  a ;ingle phase c o n d i t i o n ,  and t h a t  o n l y  p a r t i a l  

r e c r y s t a l l i z a t i o n  occurred. 

Although of s i m i l a r  g r a i n  s i z e  (ASTM 7-8), t h e r e  was l e s s  evidence 

n 

I 
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FIGURE 207. Microstructural development o f  a l l o y  330 a t  700OC. 
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A f t e r  500 hour ag ing a t  700°C [F igu re  207(b)],  t he  s t r u c t u r e  conta ined a d d i t i o n a l  

random p r e c i p i t a t i o n ;  t h i s  i s  most probably  carb ide.  However, a f t e r  2,000 hours [F igu re  207(c) ]  

these small  spher i ca l  carb ides were observed t o  be conforming t o  a d i s t i n c t  s t r u c t u r a l  

p a t t e r n ,  apparen t l y  deco ra t i ng  o r i g i n a l  g r a i n  boundaries, present  p r i o r  t o  the s o l u t i o n  

anneal. 
o c c u r r i n g  on the  new g r a i n  boundaries. Furthermore, a considerable number o f  these 

boundaries appeared t o  have d i s s o l v e d  o r  were no l onger  reso lved  i n  the  microscope. 

e f f e c t  was a1;o noted i n  t h e  specimen aged f o r  4,000 hours, as shown i n  F igu re  207(d). 

Coupled w i t h  t h i s  phenomenon was t h e  f a c t  t h a t  t h e r e  was no obvious p r e c i p i t a t i o n  

Th is  

The s t r u c t u r a l  changes due t o  sodium exposure a r e  a l s o  ve ry  d i f f e r e n t  from Type 

310 SS. 
appears t o  be l each ing  g r a i n  boundaries and channel ing i t s  way t o  a depth o f  50-60 pm below 

t h e  sur face.  The development o f  t h i s  a t t a c k  i s  'shown i n  F igures 208 and 209. 

surface "pot -ho les"  w i t h  f i n e  h a i r - 1  i n e  o r  c r a c k - l i k e  g r a i n  boundaries l ead ing  down f rom the  
sur face,  o r  l a t e r a l l y  away f rom c o r r o s i o n  "caverns" w e l l  w i t h i n  t h e  tube w a l l .  

a t t a c k  i s  m o r p h o l o g i c a l l y  s i m i l a r  i n  many respec ts  t o  t h a t  o f  Type 310, however, t he  

increased development o f  ho les i s  very  ev iden t .  

t w i c e  t h a t  o f  Type 310 (36 vs. 19%), s e l e c t i v e  revova l  o f  t h i s  element i n  p a r t i c u l a r  reduced 
i t s  concen t ra t i on  t o  about  10% a f t e r  6,000 hours exposure i n  WHIRL-1. An even more severe 
d e p l e t i o n  was noted a f t e r  o n l y  4,000 hours exposure i n  t h e  h i g h  dT/dL environment of ITF 

( F i g u r e  210) where N i  was est imated t o  be a t  about  t h e  2% l e v e l .  

U n l i k e  t h e  m i ld ,  general su r face  a t t a c k  observed on the  l a t t e r  a l l o y ,  t he  sodium 

There a r e  many 

The su r face  

Although t h e  i n i t i a l  N i  con ten t  was almost 

Undoubtedly, t he  f o r m a t i o n  o f  a l a b y r i n t h i a n  su r face  s t r u c t u r e  enhances the mass 

t r a n s f e r  process s i n c e  t h e  sodium-wetted su r face  i s  increased and smal l ,  p a r t i a l l y  i s o l a t e d ,  

volumes o f  meta l  a r e  more r e a d i l y  dep le ted  o f  t h e i r  a l l o y  c o n s t i t u e n t s .  

The reason f o r  t he  development o f  such holes i n  a g i ven  m a t e r i a l  i s  unc lea r ,  b u t  
when they do form, meta l  l o s s  occurs l a r g e l y  f rom below t h e  s u r f a c e  and i s  n o t  r e f l e c t e d  as 

w a l l  t h i n n i n g .  

WHIRL-1, f o r  example, prov ided the  s u r p r i s i n g  r e s u l t  o f  a c o r r o s i o n  r a t e  e q u i v a l e n t  t o  o n l y  

8.9 m l y ,  as compared w i t h  35 m / y  

specimen l o c a t i o n  o f  L/D = 66. 

t h e  tube sur face.  

Dimensional measurements made on Lhe specimen exposed f o r  6,000 hours i n  

c a l c u l a t e d  f rom we igh t  change measurements a t  t h i s  
Almost 75% o f  t h e  we igh t  l o s s  has t h e r e f o r e  occurred below 

4.3.4 Discuss ion 

I n  e a r l i e r  ag ing s t u d i e s  o f  Type 310 SS, White and LeMay(') observed an e n t i r e l y  

d i f f e r e n t  t r a n s f o r m a t i o n  sequence from t h a t  observed i n  t h e  advanced a l l o y  tub ing .  

annealed m a t e r i a l ,  c o n t a i n i n g  0 . l l C  and 0.75Si, t h e y  noted s l u g g i s h  q r a i n  boundary ca rb ide  
fo rma t ion  a t  65OOC w i t h  very l i t t l e  sigma i d e n t i f i e d  a f t e r  900 hours. 

g ranu la r  ca rb ide  p r e c i p i t a t i o n  was heavier ,  and some i n t r a g r a n u l a r  sigma was observed, b u t  

up t o  900 hours, t he re  was no evidence o f  widespread i n t e r m e t a l l i c  format ion.  

A comprehensive mechanical p r o p e r t y l a g i n g  program o f  a low carbon heat  o f  Type 

The behavior  o f  c o l d  worked and annealed specimens was i n v e s t i g a t e d  over  t h e  

I n  

A t  75OoC, i n t e r -  

310 SS ve ry  s i m i l a r  t o  t h e  advanced c l a d d i n g  m a t e r i a l  (O.O7C, 0.46Si) was conducted by 
Emmanuel"). 

540-930°C temperature range f o r  pe r iods  up t o  1,000 hours. 

from t h e  aus ten i te ,  t h a t  i t  forms more r a p i d l y  and over  a w ide r  temperature range i n  c o l d  

worked than i n  annealed m a t e r i a l  and t h a t  impact s t r e n g t h  was t h e  most s e n s i t i v e  i n d i c a t o r  

He found t h a t  sigma forms d i r e c t l y  
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I 
DATA FROM ELECTRON EXCITED X-RAY 
SPECTRA, OBTAINED FROM 100 X RASTERED 
AREAS, STANDARDIZED WITH Fe AT 4000 
COUNTS. 
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FIGURE 209. Surface features and c.ompositiona1 changes in alloy 330 exposed to sodium a t  
7o0°c ( W H I R L - 1 ) .  
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AREA, STANDARDIZED WITH Fe AT 4000 COUNTS. 
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5 r m  

F I G U R E  210. S u r f a c e  f ea tu res  -and c o n i p o s i t i o n  o f  alloy 330 a f t e r  exposure in ITF. 



fo r  the presence of sigma. 
described as "heavy" a n d  grea te r  than 8%, was n o t  reported to  the leve ls  of ~ 2 5 %  as measured 
in the  present advanced cladding material .  
and transformation of aus ten i te  a f t e r  500 hours a t  700°C. 

However, the  amount of sigma formation a t  700°C, although 

No mention was made of any widespread breakdown 

. Dulis a n d  S m i t h ( 3 )  examined s t ruc tures  i n  a s e r i e s  of annealed a;stenitic s t e e l s ,  
including AIS1 Type 310 ( O . O 7 C ,  0.58Si) and Type 314 (25Cr, 20Ni, 0.18C, 2.3Si). After aging 
a t  70O0C/3,0O0 hours, they measured 10% sigma in the Type 310 specimen, with a s t ruc ture  very 
close t o  the (cold ,worked) cladding material a f t e r  2,000 hours a t  the same temperature. 
higher s i l i con  a l loy  produced the same amount of sigma in 1,000 hour/76O0C, b u t  the pa r t i c l e s  
were in general much la rger .  

The 

Foley and K r i ~ o b o k ( ~ )  developed Cr-Ni-% sigma p lo ts  f o r  annealed and cold worked 
They a l so  produced a companion s e t  of t r i a x i a l  commercial a l loys  a t  650"C, 800°C and  900°C. 

figures showing the variation of Charpy impact values w i t h  composition a f t e r  100 and 3,000 
hours aging. A curve showing the e f f ec t  of sigma on impact values i s  reproduced in Fiaure 
211. 

(impact data 
was observed even a f t e r  100 hours aging. 
probably due t o  carbide formation. 
given sigma time to  form), was almost ce r t a in ly  the r e su l t  of the presence of t h i s  l a t t e r  
phase. 

The f igure  demonstrates t ha t  about 5% sigma i s  required t o  "embrit t le" the s tee l  
15 f t - l b ) .  The authors p o i n t  out t ha t  s ign i f icant ' loss  of impact properties 

This could not be a t t r i bu ted  t o  sigma, b u t  was 
Subsequent additional de te r iora t ion ,  however ( h a v i n g  

Foley and Krivobok a l so  indicated t h a t  s i l i con  enhanced the formation of s igma,  
and, f o r  t h e i r  th ree  t e s t  temperatures, demonstrated the e f f e c t  of changing the s i l i con  
content from 0.2% t o  0.7%. 

However, sigma formation i s  a l so  strongly affected by carbon concentration. Since 
carbon a c t s  i n  the  opposite sense t o  s i l i con ,  some net e f f e c t  of these two elements should be 
taken in to  account. 
compiled i n  Table 53, a p lo t  of sigma versus 'the Si:C r a t i o  was constructed (Figure 2 1 2 ) .  

W i t h  a r a t i o  of 6 o r  l e s s ,  the amount of sigma produced appears t o  be low a t  about 3%. 

This was attempted w i t h  the data presently available.  From the r e su l t s  

TABLE 53 
SIGMA, CARBON AND SILICON DATA FOR 25Cr-20Ni STEELS 

I n i t i a l  Alloy 
Reference 

This Program 

Aging 
I Carbon 

w/o 

0.068 
0.110 
0.070 
0.070 
0:180 
0.050 
0.050 

cw 
A 
cw 
A 
A 
cw 
cw 

0.46 

2000 700 25 

1000 700 %lo 
3000 700 1 o+ 
1000 760 1 o+ 
3000 67 5 3 
3000 67 5 10 

900 750 3-5* 

* 
Estimated 

The foregoing discussion and review of l i t e r a t u r e  data suggests t ha t  w i t h  

su i t ab le  compositional adjustments, the amount of sigma phase formed a t  7OOOC could be 
controlled t o  a to le rab le  level i n  Type 310 SS. 
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(25-30)Cr, (20-35)Ni (Charpy Keyhole Specs, Ref. 4 ) .  
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FIGURE 212. Sigma fo rma t ion  i n  25Cr-20Ni s t e e l  as a f u n c t i o n  o f  S i : C  r a t i o .  
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Although sigma formation i s  not normally anticipated in a l loy  330, 
K r i ~ o b o k ' ~ )  showed tha t  t h i s  was a l so  dependent on s i l i con  content. If  the s i  
h i g h  enough (%3%),  the sigma will  form in t h i s  a l loy  a l so ,  to about 3 o r  4%, w 
1 imi ted temperature range (600-675°C). 

Foley and 
icon level i s  
t h i n  a very 

The presence o f ,  o r  tendency t o  form sigma in e i t h e r  a l loy  i s  not, however, the 
major issue f o r  consideration f o r  reac tor  application of these two a l loys .  
330 holds over rype 310 SS i n  view of i t s  superior swelling properties,  i s  c lear ly  l o s t  when 
sodium corrosion behavior i s  taken in to  account. 
h i g h  level a t  700°C; t h i s  would not only a f f e c t  the mechanical i n t eg r i ty  of a component, b u t  
i t  a l so  gives r i s e  to concern fo r  the volume o f  radioactive corrosion product released t o  
the sodium system. 

The edge a l loy  

Eoth a l loys  a re  corroding a t  a prohibit ively 

Corrosion s tudies  a r e  continuing a t  W-RL on a l loy  330 a t  600°C i n  the hope tha t  
the corrosion r a t e  wil: f a l l  t o  a to le rab le  level a t  t h i s  lower temperature. 

4.4 EXPECTED ACHIEVEMENTS IN THE NEXT REPORTING PERIOD 

(Not  provided) 
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CHAPTER I V .  

STATUS OF E B R - I 1  I R R A D I A T I O N  TESTS 
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1. STATUS OF EBR-II IRRADIATION TESTS 

The s t a tus  o f  advanced a l loy  i r rad ia t ion  t e s t s  i n  EBR-11, a s  o f  the end o f  

December, 1976, i s  shown in Table 54. 
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I .  

Experiment 

AA- I a 

I 
W 
ul 
W 

Status: 12/30/76* 

Subassembly Reactor Accumulated Es t .  Peak Fluence, 
General D e s c r i p t i o n  Designat ion P o s i t i o n  MWD l oz2  n/cm2 (E>0.1 MeV) Remarks 

Swell  i ng i n  Commerci a1 A1 1 oys x-l57C 4D2 21,398 5.28 I r r a d i a t i o n  completed 

TABLE 54 

STATUS OF EBR-I1 IRRA3IATION TESTS 

AA- I Swell i n g  i n  Candidate X-223C 2F1 26,297 7.41 Next d ischarge end o f  Run 87 
Commercial A l l o y s  

AA- I I a  

AA- I Ib  

A A - I I c  

A A - I 1 1  

AA- I V  

AA-V 

X-260B 4D3 17,078 4.22 Discharge a t  end o f  Run 87 

Mechanical P roper t i es  o f  X-269 4C2 8,324 2.06 1 s t  d ischarge end o f  Run 89 
Candidate Commercial A l l o y s  

X-263 4E2 19,737 4 -87 1 s t  d ischarge end o f  Run 87 

Planned f o r  INCOT p o s i t i o n ,  
Run 89 

In-Reactor Stress-Rupture, - - 0 0 

A A - I 1  Backup - - 0 0 Backup t e s t  

A A - V I 1 1  Backup - - 0 0 Backup t e s t  

Candidate A l l o y s  

A A - V I  

AA-V I I 

AA-V I I I a  

AA-V1llb 

A A - V I I I C  

A A - I X  

AA- X 

AA- X I 

A A - X I  I 

! 

Swe l l i ng  i n  M o d i f i e d  - - 0 0 Run 89 i n s e r t i o n  scheduled (Ser ies  C) A l l o y s  

Swell  i n g  i n  Candidate 2F1 16,863 4.75 Next d ischarge end o f  Run 87 
Developmental A1 1 oys X-223C 

X-295 - 0 0 Run 87B i n s e r t i o n  scheduled 

Mechanical P r o p e r t i e s  o f  X-261 B - 0 0 Run 89 i n s e r t i o n  scheduled 

A1 1 oys X-296 - 0 0 Run 878 i n s e r t i o n  scheduled 
Candidate Developmental 

Fundamental Studies on Void X-216B 2D1 9,550 2.68 I r r a d i a t i o n  compl e ted  
Nuc lea t i on  and A l l o y  S t a b i l i t y  
Mechanical P r o p e r t i e s  o f  Sol id x-287 
Sol u t i  on Developmental A1 1 oys 

Composit ional Synergisms 

Swe l l i ng  i n  Mcdi f ied (Ser ies  B) x-223c . 2F1 5,440 1.55 
Devel opmental A1 1 oys 

- Run 87A i n s e r t i o n  scheduled 0 0 

1 s t  d ischarge end o f  Run 92 Swe l l i ng  Suppression Through X-216D 2D1 13,934 3.93 

1 s t  d ischarge end o f  Run 87 
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