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FOREWORD 

T h i s  r e p o r t  i s  t h e  t h i r t  
and Fundamental studies TDAFS), which i s  one element of t h e  Fus ion Reactor M a t e r i a l s  Program, conducted 
i n  suppor t  of t h e  Magnetic Fusion Energy Program of t h e  U.S. Department of Energy (DOE). 
r e p o r t s  i n  t h i s  s e r i e s  were numbered DOE/ET-0065/1 through 8. 
Program are:  

t h i r d  i n  a s e r i e s  o f  Q u a r t e r l y  Technical  Progress Reports on m a g e  Analysis 

The f i r s t  e i g h t  
Other elements o f  t h e  Fusion M a t e r i a l s  

. . Plasma-Mater ia ls I n t e r a c t i o n  (PMI) 
A l l o y  Development f o r  I r r a d i a t i o n  Performance (ADIP) . Specia l  Purpose M a t e r i a l s  ( S P M ) .  

The DAFS program element i s  a n a t i o n a l  e f f o r t  composed o f  c o n t r i b u t i o n s  f rom a number o f  Na t iona l  Labora- 
t o r i e s  and o t h e r  government l a b o r a t o r i e s ,  u n i v e r s i t i e s ,  and i n d u s t r i a l  l a b o r a t o r i e s .  It was organ ized by 
t h e  M a t e r i a l s  and Rad ia t i on  E f fec ts  Branch, DOE/Office of Fus ion Energy, and a Task Group on m a g e  Analy- 
sis and mnd-ntal Studies. which operates under t h e  ausDices o f  t h a t  branch. The purpose of t h i s  s e r i e s  
of r e p o r t s  i s  t o  p r o v i d e  a working t e c h n i c a l  reco rd  of t h a t  e f f o r t  f o r  t h e  use o f  t h e  program p a r t i c i p a n t s ,  
t h e  f u s i o n  energy program i n  general ,  and t h e  DOE. 

T h i s  r e p o r t  i s  organ ized a long t o p i c a l  l i n e s  i n  p a r a l l e l  t o  a Program Plan o f  t h e  same t i t l e  so t h a t  a c t i v -  
i t i e s  and accomplishments may be fo l lowed r e a d i l y ,  r e l a t i v e  t o  t h a t  Program Plan. 
g iven l a b o r a t o r y  may appear throughout t h e  r e p o r t .  
r i a l s  t o  accomnodate work on a t o p i c  n o t  i nc luded  i n  t h e  e a r l y  program plan. 
f o r  t h e  convenience o f  t h e  reader.  

T h i s  r e p o r t  has been compi led and e d i t e d  by N. E. Kenny under t h e  guidance o f  t h e  Chairman o f  t h e  Task 
Group on Damage Analysis and Pundamenfa1 studies, 0. 6. Doran, Hanford Engineer ing Development 
Laboratory  (HEDL). 
t e c h n i c a l  c o n t r i b u t i o n s  are  g r a t e f u l l y  acknowledged. 
DOE coun te rpa r t  t o  t h e  Task Group Chairman and has r e s p o n s i b i l i t y  f o r  t h e  OAFS program w i t h i n  OOE. 

Thus, t h e  work of a 
A chap te r  has been added on Reduced A c t i v a t i o n  Mate- 

The Contents i s  annotated 

The i r  e f fo r t s ,  those of t h e  suppor t i ng  s t a f f  of HEDL, and t h e  many persons who made 
1. C. Reuther, Fus ion Technologies Branch, i s  t h e  

6. M. Haas, Ch ie f  
Fusion Technologies aranch 

Off ice of Fus ion Energy 
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CHAPTER 1 

IRRADIATION TEST FACILITIES 
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- 
D. W. Short and D. W. Heikkinen (Lawrence Livermore National Laboratory) 

1.0 

??ne objectives of this work are operaticn of RT~LS-II (a 14-MeV neutron source facility), machine 
develbpnent, and support of the experimental program that utilizes this facility. 
include dosimetry, handling, scheduling, coordination, and reporting. m"3-11 is suFported jointly by the 
U.S. and Japan and is dedicated to materials research for the fusion p"er program. Its primry use is to 
aid in the developrrnt of rradels of high-energy neutron effects. 
projecting to the fusion environment, engineering data obtained in other spectra. 

Experimenter services 

Such msdels are needed in interpreting and 

Irradiations were performed on seven different experiments during this quarter. 
Steering Cmittee Meeting was held February 6-7. 1986 at Fatis-11. 

The sixth U.S.-Japan 

Title: RTNS-I1 operations (WW-16) 
Principal Investigator: D. W. Short 
Affiliation: Lawrence Livermore National Laboratory 

TASK II.A.2,3,4. 
TASK 11.8.3.4 
TASK II.C.1,2,6,11,18. 

5.0 

IXlring this quarter, irradiations (both dedicated and add-on) were h e  for the folbing people. 

ExserimLer P OK A* ted 

K .  Kawanura A LiF-PbF2 - tritium production 
E. Goldberg (LINL) A Al - calibration SWTW 

M. Sugisaki (Kyushu) P Al-Mg-Li - tritium production 
N. ItoWK. Tanimura (Nagoya) P MgR1203, Alp3 .G MgI - volume change 
T. Yoshiie (Hokkaido/ P Metals - displacement damage & mechanical 
H. Kawanishi (Tokyo) properties. Ceramics - neutron damage - 

K .  Miyahara (Tokyo) irradiated at 200% and 450% 
M. Kiritani (Hokkaido) 
A. Kohyam (Tokyo) 
R. &him (Osaka) 

2 



ExTxxim&z P or A* W L e  I.m&iated 
H. Yoshida (Kyoto) 
K. Abe (Tohoku) 
H. Matsui  (Tohoku) 
H. Kayano (Tohoku) 
H. Kawanishi (Tokyo) 
Y. Shimomura (Hiroshim.) 
N. Yoshida (Kyushu) 
S. Ishino (Tokyo) 
H. Takahashi (Hokkaido) 
C. Kinoshita (Kyushu) 
K. m t a  (Nagoya) 
K. Saka (Nagoya) 
M. I s e k i  (Nagoya) 
K. Hirata (Osaka) 
T. Kino (HirhShirM) 
H. Heinisch (HmL) 
F. Clinard (LANL) 

R. Borg (LUG 

L. Hansen (LINL) 

A 

A no - activation prcducts 

N i Z r ,  N i N b  & NiHf - TEN, phase 
t r a n s f o m t i o n  

* P = prinary, A = add-on 

w. Short and D. W. Helkklnen . .  - 5.1 

The Sixth U.S.-Japan Steering C d t t e e  Meeting was held February 6-7, 1986 a t  RlNS-11. 

Both neutron sources operated on a near 24-hour, five-day week schedule. 

I r radia t ions  w i l l  be continued for T. Yoshiie (Hokkaido)/H. Kawanishi (Tokyo) e t  a l . ,  G. G o l d b e r g ( m a n d  
R. Borg (LUG.  Also during t h i s  period, i r radia t ions  for Y. Shirrrmura (Hiroshim) e t  al., M. Guinan/J. 
Huang (LLNL), D. Neff (Rockwe l l )  and C. Smith ( W L )  w i l l  be in i t ia ted .  

Operations w i l l  begin t o  he reduced toward the end of this quarter. 
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CHAPTER 2 

DOSIMETRY AND DAMAGE PARAMETERS 
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E R m I N T H E E S T  REACTOR ( L A N U  
L.  R. Greenwood (Argonne N a t i o n a l  Labora tory)  

1 .O O b j e c t i v e  
To c h a r a c t e r i z e  m a t e r i a l  i r r a d i a t i o n  exper iments  i n  terms of neu t ron  f l u e n c e .  s p e c t r a ,  and damage 

paramete rs  (dpa .  g a s  p r o d u c t i o n ) .  

2.0  Sumnary 

R e s u l t s  a r e  r e p o r t e d  f o r  f u s i o n- f i s s i o n  c o r r e l a t i o n  exper iments  i n  t h e  Omega West Reac tor  (Los Alamos 
N a t i o n a l  L a b o r a t o r y ) .  Thr 
f l u e n c e s  between 5.2-54x10” n/cm2. 

s h o r t  i r p a d i a t i o n s  were performed from August t o  October  1985 w i t h  neu t ron  
The s t a t u s  of a l l  f u s i o n  dos imet ry  is  summarized i n  T a b l e  1 .  

Tab le  1 .  S t a t u s  Of Dosimetry Experiments  

Faci1ity:Experiment Status/Comments 

ORR - MFE 1 
- MFE 2 
- MFE 4 A 1  
- MFE 4A2 
- MFE 4 B  
- MFE 4A3.  482 
- TBC 07 
- TRIO-Test 
- TRIO- I 
- HF Test 
- 56 Test 
- 56, 57 

HFIR - CTR 32 
- CTR 31 ,  3‘1, 35 
- T2, RB1 
- T 1 ,  CTR 39 
- CTR 40-45 
- CTR 30. 36. 46 
- R B 2  
- CTR 47-56 
- J P 1 ,  JP3 
- J P  2-8 
- Hf S p e c t r a l  A n a l y s i s  
- H f  Test 

- HEDLl 
- HEDL2 
- HEDL3 
- LANL 1 

Omega West - S p e c t r a l  A n a l y s i s  

BSR - S p e c t r a l  A n a l y s i s  
EBR I1 - X287 
IPNS - S p e c t r a l  A n a l y s i s  

- LANL 1 (Hur ley)  
- Hurley 
- Coltman 

Completed 12/79 
Completed 06/81 
Completed 12/81 
Completed 1 1  / 8 2  
Completed 04/84 
Samples r e c e i v e d  1 1  185 
Completed 07/80 
Canple ted  07/82 
Completed 12 /83  
Completed 03/84 
Completed 07/85 
I r r a d i a t i o n s  i n  P r o g r e s s  
Completed 04/82 
Completed 04/83 
Completed 09/83 
Completed 01 184 
Completed 09/84 
Ccmpleted 03/85 
Completed 06/85 
I w a d i a t i o n s  i n  P r o g r e s s  
Completed 12/85 
I r r a d i a t i o n s  i n  P r o g r e s s  
Completed 09/85 
Completed 12/85 
Completed 10/80 
Cunpleted 05/81 
Completed 01 186 
Samples r e c e i v e d  03/86 
Completed 08/84 
Planned f o r  05/86 
Completed 09/81 
Completed 01 182 
Completed 06/82 
Completed 02/83 
Completed 08 /83  
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3.0 P,,gran 

T i t l e :  Dosimetry and Damage A n a l y s i s  
P r i n c i p a l  I n v e s t i g a t o r :  L. R .  Greenwood 
A f f i l i a t i o n :  Argonne N a t i o n a l  Labora to ry  

4 .0  Relevant  DAFS Program P l a n  Task/Subtask 

Task II.A.1 F i s s i o n  Reac tor  Dosimetry 

5.0 Accomplishments and S t a t u s  

Dosimetry measurements have been completed f o r  an  ongoing s e r i e s  of exper iments  by Howard Hein i sch /  
HEDL i n  t h e  Omega West Reactor  a t  Los Alamos Nat iona l  Labora to ry . '"  
t e m p e r a t u r e  exper iments  is  t o  compare m a t e r i a l s  damage in t h e  WTi w i t h  t h a t  i n  t h e  1bMeV f l u x  at t h e  
R o t a t i n g  T a r g e t  Neutron Source  I1 a t  Lawrence Livermore Nat iona l  Labora tory .  These f i s s i o n- f u s i o n  
c o r r e l a t i o n s  Can then  be used t o  P e l a t e  damage measured in f i s s i o n  r e a c t o r s  t o  f u t u r e  f u s i o n  r e a c t o r s .  

The t h r e e  p r e s e n t  exper iments  were conducted from August 16-September 12.  1985 far 671.2 M W H ;  
October 15-18, 1985 f o r  173.6 MWH: and on October 21-22, 1985 f o r  64.0 MWH. A l l  t h r e e  exper iments  were 
o p e r a t e d  a t  t h e  f u l l  r e a c t o r  power of 8 MW a t  a n  average  t empera ture  of 90°C. 

The purpose of t h e s e  e l e v a t e d  

Dosimetry packages c o n t a i n i n g  Fe,  N i ,  T i ,  and 0.1% Co-A1 w i r e s  were i n s e r t e d  i n  each  i r r a d i a t i o n  
c a p s u l e .  Fol lowing t h e  i r r a d i a t i o n ,  t h e s e  w i r e s  were ana lyzed  a t  ANL by gamma s p e c t r o s c o p y  and t h e  
measured a c t i v a t i o n  r a t e s  a r e  l i s t e d  i n  Tab le  2. 

Tab le  2 .  A c t i v a t i o n  Ra tes  fo r  Omega West Reac tor  
Values a r e  normalized t o  8 MW; 
u n c e r t a i n t y  k2% 

a c t i v i t y  ( a t o m s / a t m - s e c )  
Reac t ion  FPHa = 83.9 21.6 8.0 

5 9 c o ( n , r ) 6 O c o  (10-9) 2.26 2.30 2.22 

5 u F e ( n .  P ) ~ ' M ~  ( 10-1 ') 2.80 2.86 2.81 

58Fe(n,y)59Fe 6.73 7.31 7.00 

5 8 N i  ( n , ~ ) ~ ' C o  ( 3.56 3.73 3.67 

"Ti ( n ,  pjU6Sc ( 1  0-' 3, 3.67 3.95 3.82 

a F u l l  power h o u r s  a t  8 HW power l e v e l .  

The a c t ' Y t i e s  i n  Tab le  2 wePe used t o  a d j u s t  t h e  n e u t r o n  spectrum measured p r e v i o u s l y  i n  t h e  Omega 
West R e a c t o r t s '  u s i n g  t h e  STAY'SL computer code. The p r e s e n t  r e s u l t s  a r e  i n  good agreement wi th  p r e v i o u s  
measurements. The thermal  f l u x  is about  5% h i g h e r  and t h e  f a s t  f l u x  about  3% lower t h a n  i n  our p r e v i o u s  
measurement. The a d j u s t e d  f l u e n c e s  a r e  l i s t e d  i n  Tab le  3. 

Damage r a t e s  f o r  t h i s  p o s i t i o n  have been r e p o r t e d  p r e v i o u s l y 1 ' 2  and damage f o r  t h e  c u r r e n t  r u n s  can be 
e a s i l y  s c a l e d  a c c o r d i n g  t o  t h e  n e u t r o n  f l u e n c e s .  

F u r t h e r  measurements a r e  i n  p r o g r e s s  i n  t h e  OWR and we expec t  t o  r e c e i v e  dosimeters s h o r t l y .  

6.0 Refe rences  

1 .  L.  R. Greenwood, DamageAnalys I s  and Fundamental S t u d i e s  Q u a r t e r l y  Prowess Report, 
DOE/ER-O046/4, p. 1 5  (1981).  

2 .  L. R. Greenwood, Damage A n a l v s i s  and Fundamental S t u d i e s  P u a r t e r l v  Prom-ess R m ,  
DOE/ER-0046/6. p.  17  ( 1 9 8 1 ) .  
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Table 3. 

Energy 

Total 
Thermalb 

0.5 eV-0.1 MeV 
>0.1 MeV 

Neutron Fluences f o r  Omega West Reactor 
Estimated Uncertainty +lo% 

Neutron Fluence, x 1018n/cm2 
F P H ~  = 83.9 21.6 8.0 

54.2 
22.9 
14.7 
16.6 

14.41 5.18 
6.06 2.16 
3.92 1.41 
4.43 1.60 

aFull power hours (8 MW). 

bThermal flux below 0.5 eV. 

7.0 Future Work 

Analysis is in progress from the MFE4A and 48 spectral-tailoring experiments in ORR. We are planning 
to characterize the new low temperature facility in the BSR. 

8.0 Publications 

The fallowing papers have been submitted to the International Conference on Fusion Reactor Materials 
(ICFRM2) in Chicago, April 13-17, 1986: 

1. L. R. Greenwood, New Ideas in Dosimetry and Damage Calculations f o r  Fusion Materials 
Irradiations. 

2. D. W. Kneff. L. R. Greenwood, 8. M. Oliver, and R. P. Skouranski, Helium Production in HFIR- 
Irradiated Pure Elements. 

3. W. A. Coghlan, F. W. Clinard, Jr. ,  N. Itah, and L. R. Greenwood, Swelling of Spinel after 
Low-Dose Neutron Irradiation. 

Two papers have a l s o  been submitted to the Symposium on the Effects of Radiation on Materials, 
Seattle, June 23-25, 1986: 

4. L. R.  Greenwood, Recent Research in Neutron Dosimetry and Damage Analysis for Materials 
Irradiations. 

5. D. R.  Davidson, R. C. Reedy, L. R. Greenwood, W. F. Sommer. and M. S. Wechsler, Additional 
Measurements of the Radiation Environment at the Los Alamos Spallation Radiation Effects Facility 
at LAMP?. 
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DEVELOPMENT OF THE SPECOMP C 
L. R.  Creenwood-(Argonne Nat-tory) 

1 .O O b j e c t i v e  

To de t e rmine  d isp lacement  damage f o r  a l l o y s ,  i n s u l a t o r s ,  and b r eede r  materials. 

2 . 0  Summary 

A new computer code ,  SPECOMP, ha s  been developed  t o  c a l c u l a t e  d isp lacement  damage fo r  campounds r a t h e r  
t han  j u s t  for pure  e lements  as i s  done i n  o u r  SPECTER code. 
20-408 more damage i n  t h e  cmpound t h a n  would be expec t ed  from a combina t ion  of e lements  u s ing  SPECTER. 
Other a l l o y ,  i n s u l a t o r  and b r eede r  m a t e r i a l s  are now being  s t u d i e d .  

Examples a r e  shown for LiA102 where 'we f i n d  

3.0 

'1.0 

5.0 

Program 

T i t l e :  Dosimetry and Damage Ana lys i s  
P r i n c i p a l  I n v e s t i g a t o r :  L .  R .  Greenwood 
A f f i l i a t i o n :  Argonne Na t iona l  Labora tory  

Relevant  DAFS Program P l an  Task/Subtask 

Task 11.0.1 C a l c u l a t i o n  of Defect  P roduc t i on  Cross  S e c t i o n  

AccomDlishments and S t a t u s  

~ 

A new computer code SPECOMP is being  developed  t o  c a l c u l a t e  r a d i a t i o n  damage for compound materials. 
O u r  SPECTER' code r o u t i n e l y  c a l c u l a t e s  damage f o r  38 pure  e l emen t s ;  however, i t  does  not  hand l e  compounds 
a n d  t h e r e  2re no o t h e r  e x i s t i n g  codes  which f i l l  t h i s  need. Consequent ly ,  w e  have developed SPECOMP. 

F o r t u n a t e l y ,  SPECOMP can make u s e  of t h e  r e c o i l  atom energy  d i s t r i b u t i o n s  i n  SPECTER. Hence, i t  is  
not  nece s sa ry  t o  r e t u r n  t o  t h e  b a s i c  neu t ron  c r o s s  s e c t i o n s  i n  ENDF/B-V and r e c a l c u l a t e  t h e ~ e  d a t a .  T h i s  
g r e a t l y  r educes  t h e  s i z e  and s cope  of t h e  code as well as t h e  e f f o r t  needed t o  develop  t h e  code and t h e  
c o s t  t o  run i t .  

SPECTER a l r e a d y  c o n t a i n 8  r e c o i l  a tm energy  d i s t r i b u t i o n s  f o r  each  e lement  a t  100 neu t ron  e n e r g i e s  on 
a 100- pain t  r e c o i l  energy  g r i d .  SPECOMP o n l y  needs  t o  a c c e s s  t h e s e  d i s t r i b u t i o n s ,  cmbine them a c c o r d i n g  
t o  t h e  a l l o y  or  compound of i n t e r e s t ,  and t o  i n t e g r a t e  over  t h e  a p p r o p r i a t e  secondary  damage f u n c t i o n  f o r  
each  c a n b i n a t i o n  of r e c o i l  atom and m a t r i x  atom. The secondary  d i sp l acemen t  model u s e s  t h e  same r e s c r i p-  
t i o n  as SPECTER. r e l y i n g  on t h e  Lindhard  p a r t i t i o n  of t h e  s t o p p i n g  energy  and t h e  Robinson model.' Hence, 
t h e  SPECOMP code is r e l a t i v e l y  small c o n s i s t i n g  of  s u b r o u t i n e s  which a c c e s s  t h e  SPECTER d a t a  f i l e s ,  
c a l c u l a t e  t h e  a p p r o p r i a t e  secondary  d i sp l acemen t s ,  and i n t e g r a t e  over t h e  r e c o i l  s p e c t r a  a t  each neu t ron  
energy .  

Although t h e  code is s t i l l  undergoing t e s t i n g ,  sample c a l c u l a t i o n s  are shown f o r  a f u s i o n  b r eede r  
m a t e r i a l  L i A 1 0 2  i n  F i g .  1 .  A t  
h i ghe r  e n e r g i e s  t h e  d isp lacement  damage p r e d i c t e d  by SPECOMP is 2040% h i g h e r  t h a n  would be p r e d i c t e d  by 
t a k i n g  a s imp le  ave rage  of t h e  r e s u l t s  from SPECTER.  
f u s i o n  f i r s t  wall or  f a s t  r e a c t o r  s p e c t r a  and 7% h i g h e r  i n  a mixed- spectrum reactor l i k e  HFIR due  t o  t h e  
dominance of t h e  6 L i  damage. 

t h e  p r e d i c t i o n  of P a r k i n  and Coul te r '  ho ld s  up,  namely, t h a t  i n  cases where t h e  mass d i f f e r e n c e s  are small 
SPECOMP w i l l  d i f f e r  o n l y  s l i g h t l y  from a l i n e a r  sum of t h e  e l emen t s  i n  SPECTER. 
t h e  masses i nvo lved  a r e  q u i t e  d i f f e r e n t ,  t h e n  t h e  c a l c u l a t e d  d i sp l acemen t s ,  from SPECOMP may d i f f e r  
s u b s t a n t i a l l y  frm SPECTER. 
5% of t h e  l i n e a r  sum from SPECTER whereas Li20 ,  L i A 1 0 2 .  and TaO d i s a g r e e  by 20-40% ove r  t h e  energy  r ange  
from 0.1 t o  20 MeV. 

A s  can be s e e n  a t  low e n e r g i e s ,  damage is  due  t o  t h e  6 L i ( n , a ) t  r e a c t i o n .  

I n t e g r a l  dpa rates f o r  LiA102 a re  26-28% h ighe r  f o r  a 

Although we have n o t  had t ime t s t u d y  SPECOMP p r e d i c t i o n s  i n  d e t a i l .  i t  is  clear f rm e a r l y  r u n s  t h a t  

On t h e  o t h e r  hand,  when 

I n  t h e  P r e s e n t  c a s e  we f i n d  t h a t  c a l c u l a t i o n s  f o r  S i02  and A1203 a g r e e  w i t h i n  
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Li AIO, 

Fig. 1. Displacement Damage Cross Sections are Compared for LiA102 
using SPECOMP and a Linear C m b  natlon of the Elements in 
SPECTER. Damage is due to the Li(n,a,t) Reaction at Low 
Energles. 

b 

7 .0  Future Work 

We plan to perform calculations for other cmpounds and to release the displacement cross sections for 
routine use in SPECTER. Hence, it w i l l  become easy t o  routinely predict displacement damage in a number of 
compounds (alloys, insulators, breeder materials) of interest to the fusion program, Of course, one major 
remaining problem is that the threshold energies for each species in a compound are not well-known and may 
differ substantially from elemental values. Hence, further research is needed to establish the appropriate 
values for each compound of interest. 

8.0 Publications 

None. 
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MEASUREMENT OF "Nb, '4Nb. A N D 9 5 N b  FROM MO BY 14.5-14.8 MeV NEUTRONS 
L. R .  Greenwood (Argonne Na t iona l  Labo ra to ry )  

1 . O  Objec t i ve  

To develop  n u c l e a r  d a t a  and dos ime t ry  t e chn iques  f o r  high- energy neu t ron  f a c i l i t i e s  and f u s i o n  
r e a c t o r s .  

2 .0  Summary 

Samples of n a t u r a l  M O  and 9 i i M 0  were i r r a d i a t e d  a t  t h e  R o t a t i n g  Ta rge t  Neutron Source  I1 (Lawrence 
t i o n  c r o s s  s e c t i o n s  were de termined  for  t h e  l ong- l ived  i s o t o p e  L'vermore Na t iona l  Labo ra to ry )  and prod 

94Nb (20 ,300  Y )  t o  be bout  56 m b  from "Mo a n d  7.9 mb from n a t u r a l  Mo nea r  14.6 MeV. The cross s e c t i o n  
f o r  t h e  p roduc t i on  of 'lgNb (700 y )  from n a t u r a l  Mo is  about  45 mb. 
t h e  p roduc t i on  of t h e s e  i s o t o p e s  i n  a f u s i o n  r e a c t o r .  

3.0 Program 

These d a t a  can be used t o  c a l c u l a t e  

T i t l e :  Dosimetry and Damage Ana lys i s  
P r i n c i p a l  I n v e s t i g a t o r :  L .  R .  Greenwood 
A f f i l i a t i o n :  Argonne Na t iona l  Labora tory  

4 .0  Relevant  DAFS Program P l a n  TnskISubtask 

Task I I . A . 2  High-Energy Neutron Dosimetry 
Task I I .A.7  MFR Dosimetry 

5.0 AccornDlishments and s- 
l o n g- l i v e d  is t o p e s  i n  

t h e  p r e s  n t  r e p o r t ,  
2 03x10 y ) .  Data are 

53Mn ( 3 . 7 ~ 1 0  8 y). '  

'liNb is a l s o  of 
.G 

also r e p o r t e d  f o r  
i n t e r e s t  i n  f u s i o n  m a t e r i a l 3  S i n c e  t h i s  isomer decays  t o  t h e  l ong- l ived  ground s t a t e  91gNb (700 y ) .  

Enr iched  9 4 M 0  and n a t u r a l  M O  spec imens  were i r r ad ia t ed  a t  t h e  R o t a t i n g  T a r g e t  Neutron Source  I1 a t  
Laurence Livermore Na t iona l  Labora tory  i n  c o l l a b o r a t i o n  w i th  Don Doran and Howard He in i s ch  (Hanford  
Eng inee r ing  Development Labo ra to ry ) .  
specimens were i r r a d i a t e d  f o r  a t o t a l  of 81 days  ove r  a pe r iod  of s even  months. The neu t ron  s p e c t r a  w w e  
c a l c u l a t e d 3  f o r  each sample p o s i t i o n  and t h e  f l u e n c e  was de termined  by mapping t h e  r e sponse  of i r o n  f a i l s  
l o c a t e d  a t  113 d i f f e r e n t  poSit iOnS around t h e  t a r g e t .  T h i s  f l u e n c e  map a l l o w s  u s  t o  de t e rmine  t h e  r e l a t i v e  
f l u e n c e  on our  samples t o  w i t h i n  t58; however, t h e  a b s o l u t e  f l u e n c e  is on ly  known t o  about  +7%. 

ence  of "Nb i n  t h e  i r r a d i a t e d  samples was de termined  by gamma spec t ro scopy .  
Mo and  two "Mo (9281, specimens were counted  a t  s i x  d i f f e r e n t  decay times ove r  a p e r i o  of 16  mo hs  
Such a l o n g  t ime was needed t o  reduce  t h e  background due 0 s h o r t e r - l i v e d  a c t i v i t i e s .  'lmNb and "ZP' 

'5Nb bo th  d u r '  g and a f t e r  t h e  i r r a d i a t i o n .  C o r r e c t i o n s  were also made f o r  t h e  i s o t o p i c  r a t i o s  i n  t h e  
e n r i c h e d  and  "Mo samples t o  s e p a r a t e  r e a c t i o n s  from d i f f e r e n t  i s o t o p e s .  

Due t o  t h e  low- flux levels. and  RTNS I1 o p e r a t i n g  s chedu l e .  t h e  

The p r  The two n a t u r a l  

c t i v i t i e s  were a lso de termined  from t h e s e  counts .  The "7.r a c t i v i t y  had t o  be c o r r e c t e d  f o r  t h e  decay  of 

The r e s u l t i n g  c r o s s  s e c t i o n s  are l i s t e d  i n  Tab l e  1 .  Although t h e r e  are few measurements for  t h e s e  
r e a c t i o n s ,  There  are no r e p o r t e d  a c t i v a t i o n  measure-  
ments for  "Nb a n d  ou r  results p rov ide  t h e  on ly  means of measuring t h e  p roduc t i on  of t h i s  i s o t o p e  i n  Mo. 
A an  example,  assuming a n e u t r o n  wal l  l o a d  of 1 MW/m2 i n  a n  o p e r a t i n g  f u s i o n  reactor ,  t h e  p roduc t i on  of 
"Nb (20 ,300  Y )  i n  M O  would be a u t  1.9 uCi/g a f t e r  1 yea r  or  38 uCi/g after  20 yea r s .  Using o u r  
e s t i m a t e  f o r  t h e  p roduc t i on  of BPgNb (700 y )  g i v e s  35 mCi/g a f t e r  1 y e a r  and 7 Ci /g  a f t e r  20 y e a r s .  Of 
cou r se .  31g b decays  by e l e c t r o n  c a p t u r e  producing  o n l y  low-energy x- rays  and hence  is not  as d i f f i c u l t  t o  
hand l e  as "Nb which ha s  a much l o n g e r  h a l f - l i f e  and 2 h i g h  energy  gammas (702 and 871 keV). 

We s h o u l d  n t e  t h a t  M O  a l s o  produces  o t h e r  l ong- l ived  i s o t o p e s  such  as  9 3 ~ o  (3500 y ) .  93Zr ( 1 . 5 ~ 1 0  6 y ) .  
and 92Nb ( 3 . 7 ~ 1 0  9 Y )  and we P l a n  t o  measure t h e  p roduc t i on  c r o s s  s e c t i o n s  for t h e s e  as well as o t h e r  long- 

he p r e s e n t  results are i n  s a t i s f a c t o r y  agreement.  

l i v e d  i s o t o p e s  i n  o t h e r  m a t e r i a l s  i n  t h e  f u t u r e .  
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Tab le  1 .  Measured Cross S e c t i o n s  (mb) for  Mo 

Neutron Energy, MeV 

Reac t i on  14.55 14.60 14.78 14.80 - +P 

57.2 - 53.1 - 11 
- 7.9 - 7.8 1 2  

16 .3  - 18.3 16  

40.4 - 37.1 - 9 
157. 153. 145. 145. 10 

- 

6.56 6.56 6.24 6.21 * 8 

300 

2 45 

a Major  s o u r c e s  of u n c e r t a i n t y  i n c l u d e  neu t ron  f l u e n c e  (7%) ,  94Nb 
( 1 % ) .  deconvolu t ion  

of (12%) f o r  
b sum r e a c t i o n s  f rm 

Sum of ( n , d  + np + pn)  r e a c t i o n s .  
Sum of ( n , ~ n  + d * np + pn) r e a c t i o n s .  

6.0 References 

1 .  R.  K .  Smi ther  and L .  R .  Greenwood, J. Nucl. Mater. x, 1071-1017, 1984 

2 .  R .  K .  Smi ther  and L. R .  Greenwood, Damage Ana lys i s  and Fundamental S t u d i e s  Q u a r t e r l y  P r o g r e s s  
Repor t ,  DOE/ER-0046/17, pp. 11-13, May 1984. 

~ 

3.  L.  R.  Greenwood, M. W .  Cuinan,  and D .  W .  Kneff .  Damage Ana lys i s  and Fundamental S t u d i e s  Q u a r t e r l y  
P r o g r e s s  Repor t ,  DOE/ER-0046/21, pp. 15-18. May 1985. 

7 .0  Fu tu r e  Work 

F u r t h e r  i r r a d i a t i o n s  a r e  be ing  planned a t  RTNS I1 and we p l a n  t o  measure p roduc t i on  c r o s s  S e c t i o n s  f o r  
many o t h e r  l ong- l ived  i s o t o p e s .  

8 . 0  P u b l i c a t i o n s  

A papep has been d r a f t e d  and w i l l  be submi t t ed  t o  Nuclear  S c i e n c e  and Eng inee r ing .  
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HELIUM PRODUCTION I N  MIXED SPECTRUM REACTOR-IRRADIATED PURE ELEFENTS 

D. W. Kne f f ,  B. M. O l i ve r ,  and R. P. Skowronski (Rockwell I n t e r n a t i o n a l )  

1 .o O b j e c t i v e  

The o b j e c t i v e s  of t h i s  work are  t o  app ly  he l ium accumulat ion neut ron dosimetry t o  t h e  measurement o f  neut ron 
f l uences  and energy spect ra  i n  mixed-spectrum f i s s i o n  r e a c t o r s  u t i l i z e d  f o r  f us ion  m a t e r i a l s  t e s t i n g ,  and t o  
measure he l i um generat ion r a t e s  of m a t e r i a l s  i n  these i r r a d i a t i o n  e n v i r o n w n t s .  

2.0 Summary - 

Helium genera t i on  measurements have been made f o r  severa l  Fe, Cu, T i ,  Nb, Cr, and P t  samples i r r a d i a t e d  i n  
t h e  mixed-spectrum High F l u x  I so tope  Reactor (HFIR) and Oak Ridge Research Reactor (ORR) a t  t h e  Oak Ridge 
Nat iona l  Laboratory .  
comparing t h e  measurements w i t h  he l i um generat ion p r e d i c t i o n s  made by Argonne Na t iona l  Laboratory  u s i n g  
ENOF/B-V c ross  sec t i ons  and ad ius ted  r e a c t o r  sDectra. The comDarisons i n d i c a t e  cbns is tencv between t h e  

The r e s u l t s  have been used t o  i n t e g r a l l y  t e s t  t h e  ENDF/B-V Gas Produc t i on  F i l e ,  by 

he l i um measurements and ENOF/BzV f o r  i r o n ,  but c ross  s e c t i o n  d i s c r e p a n c i e s e x i s t  f o r  he l i um p r o d u c t i o n  by f a s t  
neutrons i n  Cu, T i .  Nb, and C r  ( t h e  l a t t e r  f o r  ORR) .  The Fe. Cu, and T i  work updates and extends p rev ious  
measurements. 

3.0 Program - 

T i t l e :  Hel ium Generat ion i n  Fus ion Reactor M a t e r i a l s  
P r i n c i p a l  I n v e s t i g a t o r s :  D. W. K n e f f  and H. F a r r a r  I V  
A f f i  1 i a t i o n :  Rockwell I n t e r n a t i o n a l  

4.0 Relevant OAFS Program P lan  Task/Subtask 

Task I I . A . 1  F i s s i o n  Reactor Dosimetry 
Task I I .A .4  Gas Generat ion Rates 
Subtask I I .A.5.1 Hel ium Accumulat ion Moni tor  Development 

5.0 Accomplishments and S ta tus  

Hel ium genera t i on  measurements have been made f o r  t h e  pure elements Fe, Cu, T i ,  Nb, C r ,  and P t  i n  t h e  mixed- 
spectrum r e a c t o r s  HFIR and ORR. The r e s u l t s  have been compared w i t h  he l i um p r e d i c t i o n s  i n  o rde r  t o  i n t e -  
g r a l l y  t e s t  he l i um p roduc t ion  c ross  sec t i ons  from t h e  ENDF/B-V Gas Product ion F i l e  i n  t h i s  energy reg ion .  
T h i s  work i s  p a r t  o f  a j o i n t  Rockwell-Argonne Nat iona l  Laboratory  (ANL) program t o  measure t o t a l  he l i um p ro-  
d u c t i o n  r a t e s  over t h e  range o f  f i s s i o n  r e a c t o r  neut ron spec t ra  and f l uences  used f o r  f us ion  m a t e r i a l s  t e s t -  
ing, and t o  use t h e  r e s u l t s  t o  t e s t  he l i um p roduc t ion  c ross  s e c t i o n  eva lua t i ons  used i n  damage c a l c u l a t i o n s .  

Pure element samples were i r r a d i a t e d  i n  HFIR as p a r t  o f  exper iments CTR30, CTR31, CTR32, and t h e  spec t ra l  
c h a r a c t e r i z a t i o n  i r r a d i a t i o n  RB/HF, and i n  ORR as p a r t  o f  exper iments F E Z ,  FFE4A2, and WE4B. Yost  o f  t h e  
samples were i r r a d i a t e d  as bare w i r e  segments, and were used bo th  f o r  he l i um accumulat ion and r a d i o m e t r i c  
dosimetry measurements. 
sent  t o  Roc w e l l ,  where they  were etched, t o  remove any he l i um r e c o i l  e f f e c t s ,  and segmented f o r  

and inc luded  m u l t i p l e  analyses f o r  most sample l o c a t i o n s .  

The i r r a d i a t e d  samples were f i r s t  counted r a d i o m e t r i c a l l y  a t  ANL. They were t h e n  
e ana l -  

y s i s .  The !i He analyses were performed by h i g h - s e n s i t i v i t y  i s o t o p e - d i l u t i o n  gas mass spectrometry,  ?l) 
The abso lu te  u n c e r t a i n t i e s  i n  most o f  t h e  
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analyses were i l - 2 % .  
from t h e  decay of t r i t i u m  o f t e n  found i n  reac to r  environments. 
found t o  be l e s s  than 1 appb (10-9 atom f r a c t i o n )  f o r  Fe, Cu, C r ,  and P t ,  and sonewhat h ighe r  ( - 2  t o  
170 appb) f o r  t h e  CTR and W-E T i  and Nb samples. 

Se lec ted samples from each i r r a d i a t i o n  were a1 o analyzed f o r  3He, which i s  formed 3 The He concen t ra t i ons  wzre g e n z r a l l y  

The analyzed samples are  l i s t e d  i n  Tables 1-5. 
neut ron f luences,  measured he l i um concent ra t ions,  and corn 
Some o f  these measurements have been repor ted  p rev ious l y ,  @-ST bu t  t h e  cor respovd ing he l i i im  p r e d i c t i o n s  
have been updated here f o r  i n t e g r a l  c ross  sec t i on  t e s t i n g  (see below). 
a d d i t i o n a l  sanples o f  these m a t e r i a l s  f rom these i r r a d i a t i o n  experiments. 

These t a b l e s  a l s o  g i v e  the  samples' i r r a d i a t i o n  l o c a t i o n s ,  
r i  ons between t h e  measurements and p r e d i c t i o n s .  

Analyses are  c o n t i n u i n 7  :or some 

The p r e d i c t i o n s  are  based 
t i o n s  by L.  R. Greenwood,( t - l lT us ing  ENDF/B-V cross s e c t i o n  eva luat ions.  
e n t  work i s  t o  i n t e g r a l l y  t e s t  t h e  ENDF/B-V Gas Product ion F i l e ,  some adjustments have been made t o  t h e  
pub l i shed  p r e d i c t i o n s .  These adjustments i n c l u d e  a change from t h e  EIIDF/R-V General Purpose F i l e  used f o r  
K E 2  and I.FE4A2 t o  t h e  Gas Product ion F i l e ,  and a m o d i f i c a t i o n  o f  some r e a c t o r  g r a d i e n t s  used i n  t h e  ca l cu-  
l a t i o n s .  
c u l a t i n g  t h e  he l i um genera t i on  a t  t h e  peak f l u x  p o s i t i o n  i n  t h e  exper imental  volume, and then s c a l i n q  t h e  
hel ium genera t i on  a t  o t h e r  l o c a t i o n s  by t h e  average f l u x  g r a d i e n t  de r i ved  from the  r a d i o m e t r i c  dosimeters.  
However, t h e  r e a c t o r  f l u x  g r a d i e n t s  are  n o t  i d e n t i c a l  f o r  t h e  f a s t  and thermal neu t ron  conponents, w i t h  
he l ium generated i n  most cases by f a s t  neutrons. F o r  t h e  p resen t  work, t h e  hp l i um p r e d i c t i o n s  a t  t h e  v a r i -  
ous sample l o c a t i o n s  were detsnn ined us ing  t h e  c a l c u l a t e d  fas t - neu t ron  g r a d i e n t s  o r ,  where poss ih le ,  r a t i o s  
o f  ANL-measured f a s t - r e a c t i o n  a c t i v a t i o n  data a t  t he  sample l o c a t i o n  The m t d i r e c  g r a d i e n t  data  werP 

were used. 

n r d iomet r i c  dosimetry measurements and c a l c u l a t e d  he l i i im p rgduc t i on  concent ra-  
Since t h e  piirpose o f  t h e  pres-  

The p r e d i c t i o n  of generated hel ium a t  a g iven sample l o c a t i o n  has g e n e r a l l y  been p?rformed hv c a l -  

ob ta ined f o r  t h e  Fe and T i  samples. f o r  which t h e  measured 54Fe(n,pl Sa Mn and 8gTi1n,p)i5Sc r e a c t i o n  r a t e s  
F i n a l  spectrum p l u s  g r a d i e n t  u n c e r t a i n t i e s  are  es t imated t o  he about ? l o%.  

Comparisons between t h e  measured and p r e d i c t e d  he l ium genera t i on  i n  t h e  analyzed s a i o l e s  a re  g iven i n  t h e  
l a s t  column o f  Tables 1-5, where they  are  expressed as r a t i o s  o f  t h e  ca l c i r l a ted  ( p r e d i c t e d )  t o  ex?er inent.al  
va lues (C/L).  
i n t e g r a t e d  ENDF/B-V cross sec t i ons  f o r  t he  neutron energy s i e c t r a  seen by t h e  samples, and an i n d i c a t o r  o f  
any h igh- f l uence  e f f e c t s  on he l i um generat ion ra tes .  
stage r e a c t i o n  w i t h  thermal neutrons. I Examination o f  Table 6 i n d i c a t e s  t h a t  t h e  ENDF/R-V c ross  sec t i ons ,  
coupled w i t h  t h e  unfolded neu t ron  energy spectra, p rov ide  g e n e r a l l y  good agreement ( w i t h i n  t h e  + l o% Yncc?r- 
t a i n t i e s l  f o r  Fe (ORR and HFIR) and C r  1HFIR on ly ) .  However, t h e  comparisons f o r  Cu, T i ,  Nh, and C r  ( O S 2 1  
i n d i c a t e  s i g n i f i c a n t  d iscrepanc ies  i n  t h e  ENDF/S-V c ross  s e c t i o n s  f o r  he l i um p roduc t i on  hy f a s t  neut rons.  

The average r a t i o s  a re  summarized i n  Table 5. The C/E  r a t i o s  p r o v i d e  a t e s t  o f  t h e  spectrum- 

(See, f o r  example, Ref. 5 and 12 f o r  t h e  copper t h r e e -  

For  i r o n  (Tah le  11, t h e  HFIR C / E  values e x h i h i t  a decreas ing t r e n d  w i t h  i nc reas inq  ne i r t ron f luence. 
suggests a smal l ,  n o n l i n e a r  increase i n  he l ium p roduc t ion  w i t h  neut ron f l u e n c e  a t  h i g h  f luences, due t o  
burnup and mu1 t i p l e - s t e p  reac t i ons .  
i n g  ENDF/B-V fas t - neu t ron  c ross  sec t i ons .  
h ighe r  than the  3RR values. 
t h e  c a l c u l a t i o n s .  

Th is  

The lower- f luence C / E  values thus p rov ide  a b e t t e r  comparison f o r  t e s t -  

T h i s  d i f f e r e n c e  i s  a t t r i b u t e d  t o  soec t ra l  d i f f e r e n c e s  t h a t  are  n o t  r e f l e c t e d  i n  
A t  t h e  l ower  f luences, t h e  H i I R  C / E  va lues a re  s y s t e m a t i c a l l v  

Helium p roduc t i on  i n  copper f o r  t h e  repo r ted  experiments (Tab le  2) i s  dominated by f a s t  neutrons hecaiise o f  
t h e  r e l a t i v e l y  low neut ron f luences. C p y g c t i o n s  t o  t h e  c a l c u l a t i o n s  f o r  he l i um p roduc t ion  i n  H F I R  by thP 
thermal three- stage mechanism i n  copper 
bare samples. 
c ross sec t i ons (15 )  f o r  t he  three- stage r 5 a c t i o n  are  s o e c i f i c a l l y  f o r  t he  H i I R  soectrum. However, they a r -  
es t imated t o  be -3-6% o f  t h e  f a s t  c o n t r i b u t i o n  f o r  #E2 and M'E4A2, and -7-9% f o r  W%43. 
a small i nc rease  i n  t h e  C / E  values. 
0.04), HFIR-RB (0.58 f 0.021, and H i I R - P T P  10.76 * 0.05, Ref. 12) have systemat ic d i f f e r e n c e s ,  which a re  
again a t t r i b u t e d  t o  spec t ra l  d i f f e r e n c e s  between t h e  i r r a d i a t i o n  environments t h a t  a re  n o t  r e f l e c t e l  i n  t h e  
c a l c u l a t i o n s .  The same assumption i s  made about t h e  sys temat ic  d i f f e r e n c e s  observed between t h e  C / i  va lues 
from ORR and H i I R  f o r  Nb (Tables 4 and 61, and f o r  bare and Hf-covered T i  from the  HFIR-RB p o s i t i o n  
(Tab les  3 and 61. 

were n e g l i g i b l e  f o r  t h e  Hf- covered samples and 3 4 %  f o r  t h e  
N three- stage c o n t r i b u t i o n s  have been i n c l u d e d  i n  t h e  ORR c a l c u l a t i o n s ,  because ou r  measured 

T h i s  would produce 
The average C/E  values measured f o r  t h e  copper samples fro-n ORR 10.65 t 

The chromium C/E  values (Tab le  5)  show l a r g e  d iscrepanc ies  between the  ORR- and HFIR- i r rad ia ted  samples. 
Only one r e a c t o r  l o c a t i o n  has been analyzed t o  date  f o r  each reac to r ,  and f l r r t h e r  measurements are  
requ i red .  A d d i t i o n a l  work i s  i n  progress. 

There i s  no ENDF/R-V hel ium p roduc t ion  e v a l u a t i o n  f o r  p l a t i n u m  (Tab le  5),  which was analyzed as an encapsu- 
l a t i n g  m a t e r i a l  f o r  se lec ted  samyles. 
p roduc t i on  c ross  sect ion.  

The he l i um measurement r e s u l t s  conf i rm i t s  r e l a t i v e l y  s m a l l  he l i um 
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HELIUM PRODUCTION MEASUREMNTS FOR REACTOR- IRRADIATED I R O N  

Exper iment 

TABLE 1 

Sample 

Core 

(cm) 
He igh t  ( a )  

To ta l  
Fluence 

( 1  022 n/cm2) 

0 RR-t.FE4A2 

ORR-MFE4B 

HFIR-CTR32 

Hr‘ IR-CTR31 

HFIR-CTR30 

Fe-5B 
Fe-88 
Fe-Ll  
Fe-M2 
Fe-48 
Fe- 1 B 

Fe-38 
Fe-40 

Fe-25 
Fe-3 
Fe-E8 

Fe-1 
Fe-3 
Fe-5 

Fe-1 
Fe-3 
Fe-5 

- 6.27 i n n e r  
- 6.27 o u t e r  
-10.96 i n n e r  
-11.43 o u t e r  
-14.69 o u t e r  
-14.84 i n n e r  

-14.53 i n n e r  
-14.53 o u t e r  

+17.61 
t 4.41 
- 7.38 

t21.07 
+ 4.41 
-12.26 

t21.07 
t 4.41 
-12.26 

1.76 
1.88 
1.72 
1.83 
1.76 
1.64 

1.71 
1.77 

3.48 
4.81 
4.60 

5.57 
9.67 
8.30 

11.05 
19.16 
16.45 

4He Concent ra t ion (appm)(b) 

Measured Calcu l  a t e d l  C )  

1.62 1.58 (d)  
1.80 1.65 ( d )  
1.56 1.55 
1.65 1.61 
1.58 1.55 ( d )  
1.54 1.47 ( d )  

1.60 1.60 
1.58 1.59 

2.24 2.37 
3.12 3.25 ( d )  
2.99 3.14 

3.66 3.68 ( d )  
6.76 6.39 (d)  
5.73 5.64 I d )  

8.17 7.64 
14.69 12.95 
12.36 10.99 

(a 'Oistance above co re  midplane-6 
(b)Atomic p a r t s  p e r  m i l l i o n  (10 atom f r a c t i o n )  
( d ) L .  ( C )  R. Greenwood, Refs. 7-10 

Rev is ion  o f  p r e v i o u s l y  r e p o r t e d  values (see t e x t )  

TABLE 2. HELIilM PRODUCTION MEASUREMENTS FOR REACTOR-IRRAOIATED COPPER 

Exper iment Sample 

ORR-WE2 cu-1 
cu-2 
cu-4 
cu-3 

ORR-FFE4A2 Cu-Y4 
cu-5 
Cu-8 
cu-4 
cu-1 

ORR-MFE4B Cu-3 
cu-4 

HFIR-RB/HF Cu-72 
IHf-covered) Cu-75 

cu-77 

HFIR-RB/HF Cu-83 
( bare 1 cu-85 

cu-87 

co re  

(cm) 

t14.67 
+ 7.84 
+ 1.13 
- 5.81 

- 3.65 i n n e r  - 5.40 i n n e r  
- 5.41 o u t e r  
-13.82 o u t e r  
-13.97 i n n e r  

-13.64 i n n e r  
-13.64 o u t e r  

+20.24 - 3.88 
-13.41 

t11.51 - 3.73 
-12.62 

He igh t  l a )  
Neut n F l u  nce 

( 1 0 3  n/cms) 
Thermal To ta l  

0.31 1.18 
0.38 1.42 
0.42 1.58 
0.45 1.68 

0.45 1.75 
0.45 1.76 
0.49 1.88 
0.47 1.78 
0.43 1.66 

0.54 1.76 
0.58 1.81 

0.0091 0.095 
0.0162 0.170 
0.0127 0.132 

0.139 0.384 
0.158 0.435 
0.127 0.351 

4He Concent ra t ion (appm) ( b, 

Measured C a l c u l a t e d l c )  

1.24 0176 ( d )  
1.52 0.91 I d )  .~ 
1.68 1 i 0 2  i d i  
1.82 1.08 ( d )  

1.97 1.35 ( d )  
2.02 1.36 (d)  
2.16 1.44 ( d )  
2.03 1.37 ( d )  
1.88 1.29 ( d )  

2.03 1.45 (d)  
1.99 1.38 ( d )  

0.072 0.039 
0.117 0.070 
0.0% 0.055 

0.113 0.069 ( e l  
0.136 o;O79 (4 
0.110 0.063 ( e )  

Ca lcu la ted  
Measured 

I C/E ) 

0.98 
0.92 
0.99 
0.98 
0.98 
0.96 

1.00 
1.01 

1.06 
1.04 
1.05 

1.01 
0.95 
0.98 

0.94 
0.88 
0.89 

Ca lcu la ted  
Measured 

( W E )  

0.61 
0.60 
0.61 
0.59 

0.69 
0.67 
0.67 
0.67 
0.69 

0.71 
0.69 

0.54 
0.60 
0.57 

0.61 
0.58 
0.57 

;;{Distance above co re  midplane-6 
Atomic p a r t s  p e r  m i l l i o n  ( 1 0  

("L. R. Greenwood, Refs. 6,7.9,11 
(d )Rev is ion  of p r e v i o u s l y  repo r ted  values (see t e x t )  ; omi ts  thermal three- stage r e a c t i o n  c o n t r i b u t i o n  
( e ) P r e d i c t i o n  i nc ludes  0.002-0.003 appm thermal c o n t r i b u t i o n  

atom f r a c t i o n )  
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TABLE 3. HELIUM PROOUCTION MEASUREFENTS FOR REACTOR-IRRAOIATEO TITANIUM 

Exper iment Sample 

0 RR-Mr- E 2 

ORR-FFE4A2 

ORR-MCE4B 

H i  IR-CTR32 

HFIR-CTR31 

H i  IR-CTR30 

T i - 1  
T i  -2 
T i  -3 

Ti-M5 
T i - 5  
T i  -8 
Ti-V5 
T i  -4 
T i - 1  

T i  -3 
T i  -4 

T i  -3 

T i  -1 
T i  - 3 
T i - 5  

T i - 1  
T i  -3 
T i  - 5 

HiIR-RB/HF T i 4 2  
I bare 1 T i  -84 

T i  -86 
T i - 88  

Core 

lcml  
H e i g h t l a )  

t14.67 
t 7.84 
- 5.81 

- 3.02 i n n e r  - 4.22 i n n e r  
- 4.22 o u t e r  
-12.23 i n n e r  
-12.62 o u t e r  
-12.78 i n n e r  

-11.73 i n n e r  
-11.73 o u t e r  

f 4.57 

t21.23 
+ 4.57 
-12.10 

+21.23 
+ 4.57 
-12.10 

- 0.08 
-12.78 
-19.76 

t20.72 
- 0.07 
- 7.69 
-18.81 

Tota l  
Fluence 

(1022 n/cm2) 

1.18 
1.42 
1.68 

1.75 
1.76 
1.88 
1.70 
1.81 
1.69 

1.84 
1.89 

4.80 

5.51 
9.65 
8.34 

10.92 
19.14 
16.53 

0.174 
0.136 
0.086 

0.233 
0.446 
0.408 
0.241 

4He Concent ra t ion (appm)Ib) 
Measured Calcu l  a ted l  C) 

0.78 
0.94 
1.09 

1.75 I d )  
2.11 I d )  
2.49 ( d )  

1.16 2.73 
1.16 2.74 Id1  
1.23 2.89 I d )  
1.12 2.66 
1.18 2.79 I d )  
1.13 2.64 I d )  

1.20 
1.20 

2.96 
2.96 

2.17 5.52 I d 1  

2.52 6.04 (d)  
4.29 10.49 I d )  
3.90 9.46 ( d l  

5.27 12.27 
8.49 21.44 
7.67 18.67 

0.086 0.210 
0.064 0.160 
0.046 0.114 

0.068 0.132 
0.106 0.234 
0.096 0.209 
0.067 0.130 

l a ) O i s t a n c e  above core midplane_6 
(b)Atomic  p a r t s  p e r  m i l l i o n  I 1 0  
"'L. R. Greenwood, Refs. 6-11 
I d ) R e v i s i o n  o f  p r e v i o u s l y  repo r ted  values (see t e x t )  

atom f r a c t i o n )  

TABLE 4. HELI'JM PROOUCTION MEASUREMEdTS FOR REACTOR- IRRAOIATEO NIOBIUM 

Experiment 

ORR-Mr-E2 

ORR-WE4A2 

HiIR-CTR32 

"FIR-CTR31 

H i  IR-CTR30 

Sample 

N b-1 
Nb-2 
N b-3 

Nbl-1 
N bl -4 

Nb-3 

Nb-1 
N b-3 
N b-5 

Nb-1 
N b-3 
N b-5 

- 

4He Concent ra t ion 1appm)I b, Core T o t a l  
He ight  (a)  Fluence 

(cm) 11022 n/cm21 Measured Cal c u l  a t e d ( c )  

t1517 1 . 1 5  0.286 0.165 
t 8.54 
- 5.11 

.. .~ 
1.40 
1.67 

-13.38 i n n e r  1.68 
-13.22 o u t e r  1.80 

0.335 0.202 
0.400 0.241 

0.511 0.286 
0.544 0.296 

+ 4.73 4.79 0.78 0.59 

t21.39 5.44 0.90 0.66 
f 4.73 9.64 1.54 1.18 
-11.94 8.38 1.43 1.02 

t21.39 10.79 1.93 1.32 
f 4.73 19.11 3.09 2.33 
-11.94 16.60 2.69 2.03 

See Table 3 f o r  f oo tno tes .  

Ca lcu la ted  
Measured 

IC iE )  

2.24 
2.24 
2.28 

2.36 
2.36 
2.35 
2.37 
2.36 
2.34 

2.47 
2.47 

2.54 

2.40 
2.45 
2.42 

2.33 
2.52 
2.43 

2.44 
2.50 
2.50 

1.93 
2.21 
2.17 
1 .93 

Ca lcu la ted  
Measured 

I C/E I 

0.58 
0.60 
0.60 

0.56 
0.54 

0.75 

0.73 
0.76 
0.71 

0.68 
0.75 
0.75 
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TABLE 5. HELIUM PRODUCTION MEASUREKNTS FOR REACTOR-IRRADIATED CHROMIUM AND PLATINUM 

Ca lcu la ted  
l leasured 4He Concent ra t ion (appm)( b, Core To ta l  

He igh t (a )  Fluence 
M a t e r i a l  Experiment (cm) (1022 n/cm2) Measured Cal c u l  a t e d ( c 1  (C/E) 

Chromium ORR-FFE4A2 - 3.02 o u t e r  1.87 0.701 0.96 1.37 

HFIR-RB/HF - 8.89 0.155 0.049 0.052 1.06 
(Hf -cove r e d )  

P la t i num ORR-WE4A2 - 3.02 o u t e r  1.87 0.0041 -_  _. 

HC IR-CTR30 -16.34 14.13 
-24.67 7.39 

0.032 
0.015 

( a )  ,,,Distance above co re  midDlane 
'" 'Atomic p a r t s  p e r  m i l l i o n  ( l o - '  atom f r a c t i o n )  
("L. R. Greenwood, Refs. 7,10,11 

TABLE 6. SUFMARY OF CALCULATION/EXPERIMENT (C/E) VALUES F3R ANALYZED MATERIALS 

M a t e r i  a1 - Reactor C/E Value Comnents 

I r o n  ORR 0.98 f 0.03 
HFIR-PTP 0.98 t 0.07 PTP p o s i t i o n ;  some f luence dependence observed 

F a s t  neu t ron  calc. ,  thermal e f f e c t  adds -3-9% 
Hf-covered samples, RB p o s i t i o n ;  f a s t  neutrons HFIR-RE 
Bare samples, RE p o s i t i o n ;  f a s t  neut rons 

Copper ORR 

0.59 f 0.02 

T i  t a n i  um ORR 2.35 * 0.08 
HFIR-PTP 2.44 f 0.07 PTP o o s i t i o n  r ~ -  - - 

2.48 f 0.03 
2.06 + 0.15 

Hf-covered samples, RE p o s i t i o n  
Bare samples, RE p o s i t i o n  

HFIR-RB 

N i  ob i  um ORR 0.58 f 0.03 
HFIR-PTP 0.73 f 0.03 PTP p o s i t i o n  

Chromium ORR 1.37 S i n g l e  comparison on ly  
HFIR-RE 1.06 Hf-covered RE p o s i t i o n ;  s i n g l e  comparison o n l y  
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I n  general ,  t h e  r e s u l t s  demonstrate t h e  a b i l i t y  t o  use energy-spectrum and he l i um genera t i on  measurements i n  
mixed-spectrum r e a c t o r s  t o  t e s t  spect rum- in tegrated he l i um p roduc t i on  c ross  s e c t i o n  eva lua t i ons .  They p o i n t  
o u t  t h e  r sence o f  d iscrepanc ies  i n  some ENDFIB-V cross sect ions,  and our p rev ious  work has a l s o  demon- 
strated(y2! t h e  presence of unexpected h igh- f luence e f fec ts  t h a t  can c o n t r i b u t e  s i g n i f i c a n t l y  t o  he l i um 
product ion.  The h igh- f luence e f f e c t s  can be used advantageously, such as by doping copper a l l o y s  w i t h  z i n c  
(an i n t e r m e d i a t e  product  of t h e  copper three- stage r e a c t i o n ) ,  t o  s imula te  f u s i o n  r e a c t o r  he1 ium genera t i on  
i n  mixed-spectrum f i s s i o n  reactors .  The c ross  s e c t i o n  d i sc repanc ies  p o i n t  o u t  t h e  importance o f  performing 
d i r e c t  he l i um measurements f o r  a l l  m a t e r i a l s  o f  i n t e r e s t  i n  f u s i o n  t e s t  environments, over t h e  f u l l  range o f  
a p p l i c a b l e  neut ron f luences.  
e f fec ts  and t e s t s  f o r  he l ium p r e d i c t i o n s .  The combinat ion of measurements and p r e d i c t i o n s  can then be used 
t o  p rov ide  accurate  he l i um est imates f o r  m a t e r i a l s  i r r a d i a t i o n s .  

The measurements p rov ide  d i r e c t  data  f o r  t h e  i n t e r p r e t a t i o n  of n a t e r i a l s  
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7.0 Fu tu re  Work 

Work i s  c o n t i n u i n g  t o  i n t e g r a l l y  t e s t  he l ium generat ion p r e d i c t i o n s  f o r  new m a t e r i a l s  t h a t  have been, and 
w i l l  be, i r r a d i a t e d  i n  mixed-spectrum r e a c t o r  exper lments.  
i nc lude  A l ,  V, Zn, and Mo. 
generat ion p r e d i c t i o n s  f o r  f u s i o n  m a t e r i a l s  i r r a d i a t i o n s .  

Hel ium prodt ic t ion measurements i n  progress 
Comparisons between the  r e s u l t s  and c a l c u l a t i o n s  w i l l  be used t o  i np rove  he l i um 
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d u c t i o n  i n  HF IR- I r rad ia ted  Pure Elements," presented a t  t h e  Second I n t e r n a t i o n a l  Conference on Fus ion Reac- 
t o r  Ma te r ia l s ,  Chicago, A p r i l  1986 and submi t ted f o r  p u b l i c a t i o n  i n  J .  Nucl .  l a t e r .  

D. W .  Kneff ,  6 .  M. O l i v e r ,  H. F a r r a r  I V  (Rockwel l ) ,  and L.  R .  Greenwood (ANL), "Helium Product ion i n  Pure 
Elements, Isotopes, and A l l o y  S t e e l s  by 14.8-11eV Neutrons," Nucl .  Sc i .  Eng., - 92, 491 (1986). 
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PROSPECTS FOR REDUCED A C T I V A T I O N  ALLOYS 
0 .  G .  Doran (Han fo rd  E n g i n e e r i n g  Deve lopment  Labo ra to ry ) ,  A .  F. R o w c l i f f e  (Oak Ridge Na t i ona l  
Labo ra to ry ) ,  and F. M .  Mann (Hanford Eng ineer ing Development Laboratory)  

1.0 Ob jec t i ve  

The o b j e c t i v e  of t h i s  work i s  t o  rev iew t h e  s t a t u s  o f  e f f o r t s  t o  reduce t h e  a c t i v a t i o n  of f i r s t  w a l l  
m a t e r i a l s  t o  q u a l i f y  them f o r  near- sur face waste d i sposa l .  

2.0 Summary 

A d e s c r i p t i o n  i s  g i ven  o f  t he  framework w i t h i n  which t h e  development of a l l o y s  e x h i b i t i n g  reduced 
a c t i v a t i o n  i s  be ing pursued i n  t h e  U . S .  The c u r r e n t  s t a t u s  and f u t u r e  prospects  of t h i s  e f f o r t  i s  
b r i e f l y  reviewed. The goa l  i s  t o  reduce a c t i v a t i o n  t o  a l e v e l  p r e c l u d i n g  t h e  need f o r  geo log i c  
d i sposa l  i n  o rde r  t o  h e l p  make fus ion  power env i ronmenta l ly  and economical ly a t t r a c t i v e .  I n i t i a l  
e f f o r t s  a t  reduc ing a c t i v a t i o n  a re  aimed a t  r e p l a c i n g  problem elements -- e s p e c i a l l y  Nb, Mo, and N i - -  
w i t h  more benign elements i n  analogues of s t r u c t u r a l  a l l o y s  such as T i-modi f ied  316 s t a i n l e s s  s t e e l ,  
t h e  f e r r i t i c f m a r t e n s i t i c  s t e e l s  c o n t a i n i n g  9-12% C r ,  and t h e  lower C r  (2%) f e r r i t i c l b a i n i t i c  s t e e l s .  
The i n t r i n s i c a l l y  low a c t i v a t i o n  vanadium a l l o y s  a re  a l so  under study;  these a r e  n o t  common s t r u c t u r a l  
ma te r i a l s ,  so a da ta  base i s  on l y  s low ly  accumulating. Al though t h i s  work i s  a t  an e a r l y  stage, i t  
p rov ides  evidence f o r  opt imism t h a t  t h e  goa l  can be met. 

3.0 Program 

T i t l e :  I r r a d i a t i o n  Ef fec ts  Ana lys i s  
P r i n c i p a l  I n v e s t i g a t o r :  D .  6. Doran 
A f f i l i a t i o n :  Westinghouse Hanford Company 

4 . 0  

No t asks  on reduced a c t i v a t i o n  were i d e n t i f i e d  i n  t h e  o r i g i n a l  OAFS Program Plan. 

5.0 Accomplishments and S ta tus  

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

The purpose of t h i s  r e p o r t  i s  two- fold.  One i s  t o  examine the  framework w i t h i n  which t h e  development 
of a l l o y s  e x h i b i t i n g  reduced a c t i v a t i o n  i s  be ing  pursued. The second i s  t o  survey t h e  c u r r e n t  s t a t u s  
and f u t u r e  prospects  of t h i s  development e f f o r t .  

The U.S. Magnetic Fusion M a t e r i a l s  Program has adopted as a major o b j e c t i v e  t h e  r e d u c t i o n  o f  t h e  
a c t i v a t i o n  o f  fus ion r e a c t o r  components. The genera l  o b j e c t i v e  i s ,  o f  course, t o  h e l p  make f u s i o n  
power env i ronmen ta l l y  and economical ly a t t r a c t i v e ,  hence i nc reas ing  bo th  p u b l i c  and u t i l i t y  acceptance. 
More s p e c i f i c a l l y ,  reduced a c t i v a t i o n  can (1 )  decrease t h e  c o s t  and environmental  impact of d i spos ing  
o f  a c t i v a t e d  wastes ,  ( 2 )  s i m p l i f y  maintenance and o t h e r  t asks  r e q u i r i n g  hand l i ng  o f  i r r a d i a t e d  
m a t e r i a l s ,  ( 3 )  decrease personnel exposures, ( 4 )  decrease t h e  consequences o f  c e r t a i n  t y p e s  o f  
acc idents ,  and ( 5 )  i nc rease  t h e  p o t e n t i a l  f o r  r e c y c l i n g  of c r i t i c a l  o r  expensive m a t e r i a l s .  Cur rent  
t h i n k i n g  i s  t h a t  t h e  g r e a t e s t  impact can be made i n  t he  area of waste management.[l] The minimum goa l  
i s  t o  reduce a c t i v a t i o n  t o  a l e v e l  c o n s i s t e n t  w i t h  near- surface b u r i a l ,  t hus  p r e c l u d i n g  t h e  need f o r  
geo log i c  d i sposa l .  We w i l l  n o t  d iscuss t h e  o t h e r  p o t e n t i a l  b e n e f i t s  f u r t h e r ,  except t o  p o i n t  o u t  t h a t  
t h e  r o l e  of h a l f - l i f e  and t y p e  of r a d i o a c t i v e  emissions i s  d i f f e r e n t  f o r  each, hence each leads t o  
d i f f e r e n t  r e s t r i c t i o n s  on m a t e r i a l  composit ions.[2] 

5.2 M a t e r i a l s  Design Guide l ines 

The m a t e r i a l s  des igner  needs q u a n t i t a t i v e  g u i d e l i n e s  on acceptab le  c o n s t i t u e n t s .  To p r o v i d e  these 
requ i res ,  f i r s t  of a l l ,  p r e d i c t i o n s  of t h e  r a d i o a c t i v i t y  induced i n  a l l  p o t e n t i a l  r e a c t o r  m a t e r i a l s  f o r  
t h e  range of neut ron f i e l d s  each may encounter i n  a f us ion  device.  Al though many such c a l c u l a t i o n s  
have been performed, t h e r e  i s  s t i l l  a need t o  reduce u n c e r t a i n t i e s  i n  some cases (as i l l u s t r a t e d  below) 
and t o  broaden t h e  range of f l ux- spec t ra  examined. Secondly, a bas i s  i s  needed f o r  d e c i d i n g  on 

Relevant OAFS Proqram Plan Task/Subtask 
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acceptab le  l e v e l s  of a c t i v a t i o n .  The U.S.  Nuclear Regula tory  Commission (NRC) has e s t a b l i s h e d  
concen t ra t i on  l i m i t s  (Ci/m3) f o r  severa l  r a d i o n u c l i d e s  o f  importance i n  waste streams from f i s s i o n  
r e a c t o r s  and medical  a p p l i c a t i o n s ,  v i z . ,  t h e  l o n g - l i v e d  Ni-59, Nb-94, Tc- 99 ,  and C - 1 4  and t h e  s h o r t e r -  
l i v e d  Co- 60 ,  Ni-63,  and H-3. These l i m i t s ,  pub l ished i n  t h e  U.S. Code of Federal Regula t ions 
(10CFR61), d e f i n e  whether a m a t e r i a l  c o n t a i n i n g  one o r  more o f  them q u a l i f i e s  f o r  near- sur face b u r i a l .  
The r o l e  of t he  NRC i s  t o  r e g u l a t e  ope ra t i ons  so as t o  ensure t h a t  standards are  m e t .  The standards 
themselves are  s e t  by t h e  U . S .  Environmental  P r o t e c t i o n  Agency (EPA). The EPA i s  c u r r e n t l y  p repar ing  a 
standard on " low l e v e l  waste" ( i r r a d i a t e d  metals a t  any l e v e l  of a c t i v a t i o n  a re  low l e v e l  wastes by 
EPA d e f i n i t i o n )  which w i l l  probably be expressed i n  terms of personnel exposures. I t  i s  expected t h a t  
they w i l l  be c o n s i s t e n t  w i t h  those used by the  NRC i n  p repar ing  10CFR61. 

Using reasoning s i m i l a r  t o  t h a t  of t he  NRC, t h e  10CFR61 l i s t  has been augmented [3,4] t o  cover o the r  
r a d i o n u c l i d e s  impor tant  f o r  f u s i o n  a p p l i c a t i o n s .  Some o f  these a re  g i ven  i n  Table 1, along w i t h  the  
compos i t ion  l i m i t s  they imply f o r  two conceptual  r e a c t o r  f i r s t  w a l l  spectra.  The STARFIRE and M A R S  
spect ra  were chosen because the  former, be ing water cooled, has a s i g n i f i c a n t  number o f  low energy 
neutrons t h a t  a re  absent i n  the  l a t t e r .  The s i x- year  exposure corresponds t o  21.6 MW-yla2 i n  S T A R F I R E  
and 25.8 MW-y/mz i n  MARS; t he  c o o l i n g  p e r i o d  i s  n e g l i g i b l e  f o r  t h e  rad io i so topes  l i s t e d .  Several  
p o i n t s  can be made w i t h  re fe rence  t o  Table 1. Comparison w i t h  e a r l i e r  c a l c u l a t i o n s  [4,5] f o r  a s h o r t e r  
exposu re  shows t h a t  N i ,  Nb, and Mo a c t i v a t i o n  i s  roughly  p r o p o r t i o n a l  10 t h e  f luence ( a c t u a l l y  
increases somewhat l e s s  r a p i d l y  than t h e  f l uence  because of bu rnou t ) .  Tungsten a c t i v a t i o n ,  on t he  
o t h e r  hand, v a r i e s  as t h e  s i x t h  power o f  t h e  f l uence  as a r e s u l t  o f  t h e  s i x  neut rons t h a t  must be 
absorbed t o  produce I r - 192 .  The dependence o f  a c t i v a t i o n  on t he  f i r s t  w a l l  neut ron spectruin can be 
l a r g e  i f  (n,gamma) r e a c t i o n s  dominate, because t h e  cross s e c t i o n  i s  g e n e r a l l y  h igh  a t  low neut ron 
energy. Th is  dependence i s  enhanced i n  the  case o f  tungsten by the  h igh s e n s i t i v i t y  t o  f l uence .  

TABLE 1 
RECENT A C T I V A T I O N  CALCULATIONS WITH EXPANOEO D A T A  BASE 

Element Product 

N C- 1 4  

N i  Ni-59 
Ni-63 

Nb Nb-94 

Mo Nb-94 
MO-93 

W I r- 19 2* 
Pt-193 

( S i x  Years, 3000 Day Cool ing)  
D isposa l  Acceptable Concen. 

Half1 i f e  L i m i t  L i m i t / A c t i v a t i o n  
MARS  ears) ( ~ i / m 3 ) 1  STARFIRE - 

5,730 80 -150 wppm -190 wppm 

76,000 220 .024 ,041 
100 7000 ,0044 ,021 

20,000 0 .2  2 ppm 2 ppm 

20,000 0.2 280 ppm 120 ppm 
3,500 30 es t .2  270 ppm 500 ppm 

2 4 1  1 est .3  > O . Z  ppm4 
50 2x105est.3 0.04 >>1 

1. 10CFR61 Class C 
2. Es t imated by Kennedy [31 
3. Est imated by authors  
4 .  Could be low by a f a c t o r  o f  1000 o r  more--cross sec t i ons  must be evaluated. 

Var ies  as ( f luence)6.  

The r e s u l t s  i n  Table 1 were obta ined w i t h  a g r e a t l y  expanded da ta  base : 6 ]  and r e l a t i v e l y  f i n e  t ime 
steps i n  order  t o  achieve completeness. To c r e a t e  such a da ta  base requ i red  t h e  es t ima t ion  o f  many 
cross sect ions.  The new emergence of tungsten as a p o t e n t i a l  a c t i v a t i o n - l i m i t e d  element i s  presented 
here p r i m a r i l y  t o  i l l u s t r a t e  why a d d i t i o n a l  c a l c u l a t i o n s  were deemed necessary. The next  s tep  w i t h  
tungsten, and severa l  o t h e r  elements, i s  t o  rev iew t h e  r e l e v a n t  nuc lea r  data  and pe r fo rm eva lua t i ons  
where necessary, then r e c a l c u l a t e  t h e  a c t i v a t i o n .  The est imated d i sposa l  l i m i t  w i l l  a lso  be reviewed 
p r i o p  t o  proposing any new compos i t ion  r e s t r i c t i o n s .  

I t  i s  impor tant  a t  present  t h a t  compos i t ion  l i m i t s  such as those i n  Table 1 be used on ly  as g u i d e l i n e s  
i n  s e l e c t i n g  cand idate  m a t e r i a l s  f o r  study.[7] The l i m i t s  depend, of course, on the  assumed component 
l i f e t i m e .  The a c t u a l  concen t ra t i on  of r a d i o a c t i v i t y  a t  t h e  t ime  of d i sposa l  w i l l  depend on t h e  
d i l u t i o n  t h a t  r e s u l t s  from t h e  manner of decommissioning. (On t h e  o t h e r  hand, d i l u t i o n  i s  no t  a 
panacea because the  t o t a l  volume of waste may become unacceptable.) Furthermore, t h e  f i e l d  o f  low 
l e v e l  waste d i sposa l  i s  i n  a s t a t e  of evo lu t i on .  For example, s imple  near-surface b u r i a l  i n  t renches 
i s  y i e l d i n g  t o  engineered s t r u c t u r e s ,  hence acceptab le  concent ra t ions,  p a r t i c u l a r l y  o f  a c t i v a t e d  
metals,  may change. And of course t h e r e  are  w ide ly  d i f f e r i n g  o p i n i o n s  on what t h e  p u b l i c  pe rcep t ion  of 
radwastes w i l l  be i n  t h e  next  century .  
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The approach i n  t h e  U.S.,  there fore ,  i s  t o  develop t h e  da ta  base necessary fo r  f u t u r e  dec i s ions .  Th is  
i nc ludes  e v a l u a t i n g  t h e  p o t e n t i a l  f o r  reduc ing  t h e  a c t i v a t i o n  of m a t e r i a l s  through elemental  t a i l o r i n g ,  
i s o t o p i c  t a i l o r i n g ,  and i m p u r i t y  c o n t r o l .  

5.3 Reduced A c t i v a t i o n  A l l o y  Studies 

The fus ion  r e a c t o r  s t r u c t u r e  t h a t  w i l l  achieve t h e  h ighes t  l e v e l  o f  r a d i o a c t i v i t y  i s  t h e  i n n e r  b lanke t  
reg ion ,  e s p e c i a l l y  the  f i r s t  w a l l .  Therefore  i n i t i a l  e f f o r t s  a t  reduc ing a c t i v a t i o n  a re  on p o t e n t i a l  
f i r s t  w a l l  a l l o y s .  The s t r a i g h t f o r w a r d  approach be ing taken i s  t o  t r y  t o  rep lace  t h e  problem elements 
w i t h  more benign elements i n  those s t r u c t u r a l  a l l o y s  f o r  which t h e r e  i s  an ex tens i ve  data  base. These 
a re  t h e  a u s t e n i t i c  s t e e l s  such as T i - mod i f i ed  316, t h e  f e r r i t i c l m a r t e n s i t i c  s t e e l s  con ta in ing  9-12% Cr, 
and the  lower Cr f e r r i t i c / b a i n i t i c  s t e e l s .  A p a r a l l e l  e f f o r t  i s  t h e  examinat ion o f  t he  i n t r i n s i c a l l y  
low a c t i v a t i o n  vanadium a l l o y s .  

5.3.1 Reduced A c t i v a t i o n  A u s t e n i t i c s  

I n  t h e  a u s t e n i t i c s ,  t he  immediate o b j e c t i v e  i s  t o  decrease t h e  major c o n s t i t u e n t  n i c k e l  to ,  a t  most, a 
minor c o n s t i t u e n t .  There i s  a cons iderab le  commercial h i s t o r y  o f  r e p l a c i n g  n i c k e l  w i t h  manganese i n  
s t a i n l e s s  s t e e l s  i n  order  t o  conserve n i c k e l .  S ince  Hn i s  on ly  about h a l f  as e f f e c t i v e  as N i  i n  
s t a b i l i z i n g  t h e  FCC a u s t e n i t e  phase, i t  i s  necessary t o  compensate by i nc reas ing  t h e  concen t ra t i on  o f  
o the r  s t a b i l i z e r s  such as N or C .  Ni t rogen  i s  by f a r  t h e  most e f f e c t i v e  s o l u t e  s t rengthener ,  i n h i b i t s  
the  format ion of d e l t a  f e r r i t e ,  and s t r o n g l y  depresses t h e  mar tens i te  t r a n s i t i o n  temperature.  The 
s u b s t i t u t i o n  o f  M n  f o r  N i  increases t h e  s o l u b i l i t y  o f  N i n  aus ten i te ,  thus making p o s s i b l e  t h e  
development of h igh- n i t rogen  s t e e l s  w i t h  enhanced s t r e n g t h  such as t h e  A I S 1  200 s e r i e s  s t a i n l e s s  
s t e e l s .  S tee ls  based on t h e  200 s e r i e s  have been developed t h a t  have good s t r e n g t h  and toughness a t  
c ryogenic  temperatures.  S i m i l a r  p r o p e r t i e s  can be a c h i e v e d  i n  l o w  n i t r o g e n  s t e e l s  i f  t h e  Cr 
concen t ra t i on  i s  reduced t o  a few percent  and t h e  C concen t ra t i on  increased. These m a t e r i a l s  f i n d  
a p p l i c a t i o n  as s t r u c t u r a l  components i n  superconduct ing magnets and a good t e c h n o l o g i c a l  base e x i s t s  
for mel t i ng ,  f a b r i c a t i n g ,  machining and weld ing these h i g h  M n  a l l o y s .  [E] 

The commercial M n  s t e e l s  do no t  necessa r i l y  p rov ide  a sound bas is  fo r  t h e  development o f  low a c t i v a t i o n  
a l l o y s .  They were n o t  designed f o r  phase s t a b i l i t y  and mechanical s t r e n g t h  a t  e leva ted  temperatures. 
The n i t r o g e n  l e v e l s  of most of them cons ide rab ly  exceed t h e  c u r r e n t  g u i d e l i n e s .  Furthermore, i n  t h e  
l o w e r  n i t r o g e n  a l l o y s ,  t h e  Cr concen t ra t i on  i s  t o o  low t o  confer adequate c o r r o s i o n  res i s tance .  
Nevertheless.  i n  order  t o  Drovide some i n s i a h t  i n t o  t h e  r a d i a t i o n  resoonse of these s tee ls .  a l i m i t e d  
number o f  commercial a l l o y s  (see Table 2) i r e  be ing i r r a d i a t e d  i n  t h e  FFTF. 
d u c t i l i t y  measurements w i l l  be made on TEM d i s k  specimens. 

Swel l ing ,  h i r d e n i n g  and 

The p o s s i b i l i t y  of deve lop ing a new set  of Hn s t e e l s  f o r  f i r s t  w a l l  and b lanke t  a p p l i c a t i o n s  i s  be ing  
exp lored i n  t h e  U.S.  fus ion m a t e r i a l s  program. A s t r a t e g y  f o r  t h e  development o f  low a c t i v a t i o n  
a u s t e n i t i c s  has been descr ibed by Klueh and Bloom.[9] E x i s t i n g  phase diagrams and the  S c h a e f f l e r  
diagram p rov ide  t h e  i n i t i a l  bas i s  for s e l e c t i n g  composi t ions i n  a s t a b l e  a u s t e n i t e  reg ion.  Th is  leads 
t o  C r  concen t ra t i ons  rang ing  from 10 t o  20 %, Mn f rom 15 t o  20 % and C from 0 . 1  t o  0.4 % ( a l l o w i n g  f o r  
the  cons ide rab le  u n c e r t a i n t y  i n  t h e  m u l t i p l y i n g  f a c t o r  f o r  Mn). The f i r s t  s t e p  i s  t o  f i n d  composi t ions 
t h a t  remain a u s t e n i t i c  a f t e r  c o l d  working o r  ag ing t o  8OO'C. T h i s  w i l l  be fo l lowed by approp r ia te  
a l l o y i n g  t o  e l i m i n a t e  unwanted i n t e r m e t a l l i c  phases and t o  promote s t reng then ing  through ca rb ide  and 
phosphide d i spe rs ions .  

TABLE 2 
COMPOSITION OF COMHERCiAL-Fe-Cr-Mn AUSTENITIC 

STAINLESS STEELS (WT%) 

Des igna t ion  Vendor &@N-iSi&tbUt44! - 
N i t r o n i c  32 ARMCO 18 12 1.5 0.6 0.2 0.2 -- 0.4 0.1 0.02 

18/18 Plux CARTECH 18 18 0.5 0.6 1.1 1.0 -- 0.4 0.1 0.02 

ARCR 0033 CREUSOT-MARREL 10 18 0.7 0.6 -- -- -- 0.6 0.2 -- 
EP-838 U . S . S . R .  12 14 4.2 0.4 0.9 0.1 0.1 0.02 -- 
NMF-3 CREUSOT-MARREL 4 19 0.2 0.7  -- -- -- 0.09 0.60 0.02 

Nonmagne 30 KOBE 2 14 2.0 0.3 -- -- -- 0.02 0.60 0.02 
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I n  p a r a l l e l  w i t h  t h i s  work on t h e  phys i ca l  m e t a l l u r g y  of t he  Fe-Cr-Mn-C system, t h e  compos i t iona l  
dependence of s w e l l i n g  i n  t h e  Fe-Cr-Hn system i s  be ing i n v e s t i g a t e d  by Garner e t  a l . [ lO]  I t  i S  w e l l  
es tab l i shed  t h a t  maximum s w e l l i n g  res i s tance ,  cha rac te r i zed  by a l ong  incuba t ion  pe r iod ,  i s  e x h i b i t e d  
i n  t h e  Fe-Cr-Ni system f o r  N i  i n  t h e  35-45 % range and C r  he ld  below 15 %., i .e. ,  t h e  I n v a r  r e g i o n  i n  
which many p h y s i c a l  p r o p e r t i e s  e x h i b i t  anomalous behavior.  Since Fe-Cr-Mn a l s o  e x h l b i t s  anomalous 
p r o p e r t i e s  a t  35 % Mn, t h e  compos i t ion  range from 15 t o  35 % Hn i s  be ing exp lored.  E a r l y  r e s u l t s  from 
i r r a d i a t i o n s  i n  FFTF i n d i c a t e  t h a t  t h i s  system i s  prone t o  phase i n s t a b i l i t i e s  n o t  observed i n  the  
cor responding Fe-Cr-Ni system. Dens i t y  changes depend on ly  weakly on compos i t ion  and appear t o  be due 
t o  f e r r i t e  f o r m a t i o n  and segregat ion- induced changes i n  t h e  l a t t i c e  parameter, as w e l l  as v o i d  
s w e l l i n g .  

Some e x p l o r a t o r y  i r r a d i a t i o n s  a re  i n  progress t o  determine t h e  e f f e c t s  of va r ious  s o l u t e s  on t h e  
s w e l l i n g  r e s i s t a n c e . [ l l ]  

A major impediment t o  t h e  successfu l  development o f  manganese s t e e l s  f o r  f u s i o n  a p p l i c a t i o n s  may be t h e  
ease w i t h  which Mn i s  t ranspor ted  across surfaces. The h i g h  evaporat ion r a t e  a t  600'C has f r u s t r a t e d  
t h e  performance o f  heavy- ion i r r a d i a t i o n s  o f  Fe-Cr-Mn a l l o y s .  Corros ion s t u d i e s  on these a l l o y s  
i n d i c a t e  h igh  t r a n s p o r t  r a t e s  o f  Hn i n t o  l i q u i d  meta ls . [ l2 ]  

The p r o s p e c t s  f o r  d e v e l o p i n g  r e d u c e d - a c t i v a t i o n  a u s t e n i t i c  s t e e l s  a r e  s t i l l  v e r y  unce r ta in .  
S u b s t a n t i a l  p rogress has been made i n  d e f i n i n g  a r e g i o n  i n  t h e  Fe-Cr-Mn-C system w i t h i n  which t h e  
a u s t e n i t e  phase i s  s t a b l e  under c o l d  working o r  shor t- term ag ing a t  8OO'C.[13] Such a r e g i o n  would 
p r o v i d e  a promis ing bas is  f o r  an a l l o y  w i t h  s w e l l i n g  r e s i s t a n c e  and mechanical p r o p e r t i e s  a t  l e a s t  
equ iva len t  t o  t h e  c u r r e n t  n i cke l- bear ing  PCA. On t h e  o t h e r  hand, no i n t r i n s i c a l l y  l ow- swe l l i ng  r e g i o n  
has been found f o r  t h e  Fe-Cr-Hn system. The s u b s t i t u t i o n  o f  Hn f o r  N i  increases c o r r o s i o n  r a t e s  i n  
l i q u i d  metals,  thus narrowing t h e  temperature range of a p p l i c a t i o n .  The e f f e c t s  o f  t h e  s u b s t i t u t i o n  on 
c o r r o s i o n  r a t e s  i n  water a re  unknown t o  t h e  authors .  

5.3.2 Reduced A c t i v a t i o n  F e r r i t i c l M a r t e n s i t i c l B a i n i t i c  Stee ls  

The b a i n i t i c  and m a r t e n s i t i c  s t e e l s  c o n t a i n i n g  between 2-112 and 12 w t %  C r  possess some d i s t i n c t  
advantages over t h e  a u s t e n i t i c  s t a i n l e s s  s t e e l s ,  such as t h e i r  e x c e l l e n t  r e s i s t a n c e  t o  v o i d  swe l l i ng ,  
lower  c o r r o s i o n  r a t e s  i n  l i q u i d  meta ls  and h ighe r  thermal s t r e s s  res i s tance .  A f u r t h e r  advantage i s  
t h a t  a much g r e a t e r  range of m e t a l l u r g i c a l  o p t i o n s  i s  a v a i l a b l e  f o r  t r y i n g  t o  achieve w e l l  balanced 
composi t ions e x h i b i t i n g  reduced a c t i v a t i o n .  As w i t h  t h e  a u s t e n i t i c s ,  t h e  i n i t i a l  approach i s  t o  
d e v e l o p  a l l o y s  which do n o t  r e l y  on t h e  presence o f  Cu, N, N i ,  Nb o r  no f o r  t h e i r  eng ineer ing 
p r o p e r t i e s .  N e i t h e r  Cu nor  N a re  e s s e n t i a l  elements. Al though smal l  amounts o f  N i  (-0.5 wt%) a re  
sometimes used t o  e l i m i n a t e  d e l t a - f e r r i t e  i n  h igh  Cr s tee ls ,  o the r  elements such as Mn o r  C can be 
used. Niobium i s  an impor tant  i n g r e d i e n t  o f  a t  l e a s t  one f e r r i t i c  s t e e l  (Mod 9Cr-lMo Nb-V), b u t  i t s  
f u n c t i o n  cou ld  p o s s i b l y  be served by Ta o r  T i .  The main cha l lenge fac ing  t h e  a l l o y  des igner  i s  t o  
r e p l a c e  Mo s a t i s f a c t o r i l y .  I t  i s  an i m p o r t a n t  e lemen t  i n  t h a t  i t  confers  h a r d e n a b i l i t y  and 
s t reng then ing ,  both  f rom s o l i d  s o l u t i o n  e f f e c t s  and from ca rb ide  p r e c i p i t a t i o n .  Fo r tuna te l y ,  bo th  V 
and W a re  p o t e n t i a l  s u b s t i t u t e s  f o r  MO -- bo th  elements a re  carb ide formers and bo th  r e s t r i c t  t h e  
gamma-phase f i e l d .  However, t h e r e  are  s i g n i f i c a n t  d i f f e rences  between W and V i n  t h e i r  i n f l u e n c e  on 
h a r d e n a b i l i t y ,  t h e i r  e f f e c t i v e n e s s  as f e r r i t e  s t a b i l i z e r s ,  t h e i r  r o l e  i n  ca rb ide  forming reac t i ons ,  and 
t h e i r  d i f f u s i v i t y .  And, as noted e a r l i e r ,  W may be l e s s  benign r a d i o a c t i v e l y  than p r e v i o u s l y  thought .  

The emphasis i n  the  U.S. Fusion M a t e r i a l s  Program i s  on HT-9 (12% Cr),  r e f l e c t i n g  i n  p a r t  t h e  ex tens ive 
i r r a d i a t i o n  exper ience gained w i t h  t h i s  a l l o y  i n  t h e  L i q u i d  Meta l  Reactor Cladding and Duct  Program. 
However, f o r  f u s i o n  a p p l i c a t i o n s ,  i t  i s  n o t  c l e a r  t h a t  C r  contents  as h i g h  as 12 w t %  a re  necessary; 
indeed, lower  C r  s t e e l s  may w e l l  have some a t t r a c t i v e  p r o p e r t i e s  such as lower  DBTTs and b e t t e r  
w e l d a b i l i t y .  Consequently, t h e  U.S. program t o  develop reduced a c t i v a t i o n  m a t e r i a l s  encompasses a wide 
compos i t ion  f i e l d .  Chromium contents  rang ing  frm 2-112 t o  12 w t %  a re  be ing explored. produc ing 
s t r u c t u r e s  r a n g i n g  f r o m  f u l l y  b a i n i t i c  t o  f u l l y  m a r t e n s i t i c ,  i n c l u d i n g  duplex f e r r i t e - c o n t a i n i n g  
s t r u c t u r e s .  A c e n t r a l  t h r u s t  o f  t h e  program i s  t o  exp lo re  t h e  me ta l l u rgy  o f  bo th  b a i n i t i c  (2-112 w t %  
Cr) and m a r t e n s i t i c  ( 9  w t %  Cr) s t e e l s  i n  which a) vanadium i s  v a r i e d  between 0.25 and 1.5 wt%,  and b )  
vanadium i s  f i x e d  a t  0.25 w t %  w h i l e  tungsten i s  v a r i e d  between 1.0 and 2.5 w t % .  I n  t h e  12 w t %  C r  
c l a s s ,  vanad ium i s  a l s o  f i x e d  a t  0.25 w t X  and t u n g s t e n  v a r i e d  between 1.0 and 2.5 w t % ;  Mn 
concen t ra t i ons  up t o  6.0 w t X  a re  requ i red  t o  suppress d e l t a - f e r r i t e  format ion.  

The c u r r e n t  program seeks t o  develop a l l o y s  analogous t o  the  commercial 2-114 C r  - lMo, 9Cr - 1Mo 
VN-b and 12Cr-1Mo W-V i n  terms o f  t e n s i l e  p r o p e r t i e s ,  DBTT c h a r a c t e r i s t i c s  and long- term t h e r m a l  
s t a b i l i t y .  The work i s  a t  an e a r l y  stage. Based upon tempering and m i c r o s t r u c t u r a l  s tud ies ,  an 
i n i t i a l  survey of t e n s i l e  p r o p e r t i e s ,  and some d a t a  on t h e  e f f e c t s  o f  low dose neut ron i r r a d i a t i o n  on 
p r e c i p i t a t i o n  s t rengthen ing,  severa l  a l l o y s  a t  each C r  l e v e l  have been i d e n t i f i e d  w i t h  p r o p e r t i e s  
approaching those o f  t h e  cor responding no-bear ing convent iona l  a l l o y s .  The c u r r e n t  s t a t u s  o f  these 
e f f o r t s  i s  reviewed by Klueh, Gel les ,  and Lechtenberg.[ l4]  From these i n i t i a l  r e s u l t s ,  t h e  prospects  
appear t o  be favo rab le  f o r  t h e  development of b a i n i t i c l m a r t e n s i t i c  s t e e l s  t h a t  do no t  r e l y  on t h e  
presence o f  Cu, N i ,  Mo, Nb o r  N f o r  t h e i r  p r o p e r t i e s .  

Once t h e  i n i t i a l  s e r i e s  o f  o p t i m i z a t i o n s  i s  complete and a f i r m  m e t a l l u r g i c a l  bas i s  es tab l ished,  l a r g e r  
h e a t s  o f  m a t e r i a l  w i l l  be obta ined t o  address t h e  areas of w e l d a b i l i t y ,  c o r r o s i o n  behav ior  and 
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r a d i a t i o n  response i n  p a r a l l e l .  The c o r r e c t i o n  of se r i ous  problems i n  any one o f  these areas w i l l  
p robab ly  a f f e c t  performance i n  t he  o the r  two. As f o r  r a d i a t i o n  e f f e c t s ,  s w e l l i n g  i s  u n l i k e l y  t o  be a 
major problem, b u t  t h e  e f f e c t s  of r a d i a t i o n  on hardening a t  temperatures C450.C and on segregat ion and 
p r e c i p i t a t i o n  a t  h ighe r  temperatures may be s i g n i f i c a n t .  These phenomena can l ead  t o  major changes i n  
f r a c t u r e  mode and t o  reduc t i ons  i n  toughness. Other impor tant  phenomena a re  thermal and r a d i a t i o n -  
enhanced coarsening of t h e  m i c r o s t r u c t u r e  l ead ing  t o  s i g n i f i c a n t  reduc t i ons  i n  creep s t reng th .  A t  
p resent ,  our l i m i t e d  unders tand ing of these phenomena can on l y  p rov ide  minimal guidance i n  deve lop ing 
r a d i a t i o n  damage- resistant composi t ions and m ic ros t ruc tu res .  The successful  develooment o f  reduced 
a c t i v a t i o n  a l l o y s  depends h e a v i l y  on c u r r e n t  e f f o r t s  t o  r e l a t e  p rope r t y  changes to' compos i t ion  and 
m i c r o s t r u c t u r e  i n  t h e  convent iona l  a l l o y s .  

The e f f e c t s  of he l ium on t h e  performance o f  f e r r i t i c  s t e e l s  i s  l a r g e l y  unknown. T h i s  area i s  be ing  
approached by u s i n g  N i - d o p i n g ,  i n c l u d i n g  i s o t o p i c  t a i l o r i n g ,  t o  g e n e r a t e  h e l i u m  d u r i n g  HFIR 
i r r a d i a t i o n s  i n  order  t o  s tudy t h e  e f f e c t s  o f  he l ium on v o i d  swe l l i ng ,  t e n s i l e  and Charpy i m  a c t  
proper t ies . [ l5 ,16]  The iso topes 58Ni and 5 9 N i  a re  u t i l i z e d  t o  produce he l ium and t h e  i so tope  g o N i  
(which does n o t  produce he l ium)  i s  used f o r  c o n t r o l  purposes. I f  t h i s  work shows t h a t  convent iona l  
f e r r i t i c  s t e e l s  a re  suscep t i b le  t o  he l i um e f f e c t s ,  then s i m i l a r  s t r a t e g i e s  f o r  e x p l o r i n g  he l ium e f f e c t s  
w i l l  have t o  be app l i ed  t o  t h e  reduced a c t i v a t i o n  s tee l s .  

5.3.3 Vanadium A l l o y s  

From t h e  p o i n t  o f  v iew of reduced a c t i v a t i o n ,  a l l o y s  systems based on vanadium have a d i s t i n c t  
advantage over t h e  f e r r i t i c  and a u s t e n i t i c  s t e e l s .  Usefu l  a l l o y s  a l ready e x i s t  based upon t e r n a r y  and 
b i n a r y  systems of V w i t h  C r ,  T i  and S i  -- a l l  elements t h a t  have favorab le  a c t i v a t i o n  c h a r a c t e r i s t i c s  
w i t h  respec t  t o  waste requirements,  hence need n o t  be replaced. The major problem i s  w i t h  i m p u r i t y  
c o n t r o l ,  p a r t i c u l a r l y  w i t h  regard  t o  Nb, which must be r e s t r i c t e d  t o  l e v e l s  of t h e  o rde r  of 1 appm. 
(Th i s  r e s t r i c t i o n  app l i es  equa l ly ,  of course, t o  f e r r i t i c  and a u s t e n i t i c  s t a i n l e s s  s t e e l s . )  

Vanadium a l l o y s  have severa l  o the r  advantages over s t a i n l e s s  s tee l s .  The h ighe r  thermal c o n d u c t i v i t y  
and lower thermal expansion c o e f f i c i e n t  a l lows vanadium a l l o y s  t o  accommodate h ighe r  thermal heat  
f l uxes .  The t e n s i l e  and creep s t reng ths  of vanadium a l l o y s  a re  r e t a i n e d  a t  much h ighe r  temperatures 
and o f f e r  t he  p o t e n t i a l  f o r  ope ra t i on  a t  temperatures i n  t he  r e g i o n  of 700'C. I n  common w i t h  many BCC 
m a t e r i a l s ,  vanadium a l l o y s  possess good r e s i s t a n c e  t o  v o i d  s w e l l i n g .  F i n a l l y ,  nuc lea r  h e a t i n g  and 
hydrogen and he l i um genera t i on  r a t e s  a re  a l l  s u b s t a n t i a l l y  lower than i n  s t a i n l e s s  s tee l s .  

The U.S. program i s  c u r r e n t l y  devo t i ng  some 15-20% of i t s  a l l o y  development e f f o r t s  t o  e x p l o r e  f u r t h e r  
t h e  p o t e n t i a l  advantages of t he  vanadium a l l o y s .  Useful d a t a  e x i s t s  on a l l o y s  t h a t  were s t u d i e d  d u r i n g  
t h e  1960's f o r  breeder r e a c t o r  app l i ca t i ons ;  these a l l o y s ,  V - l S C r - S T i ,  V -ZOT i ,  VANSTAR 7, t oge the r  w i t h  
V -3T i - lS i  (developed by KFK Kar l s ruhe ) ,  form the  s t a r t i n g  p o i n t  of t h e  c u r r e n t  program. Because o f  
l i m i t e d  resources,  four  main areas are  r e c e i v i n g  a t t e n t i o n :  a) t h e  e f fec t s  o f  neut ron i r r a d i a t i o n  on 
t e n s i l e  and s w e l l i n g  p rope r t i es ,  b)  c o r r o s i o n  and i n t e r s t i t i a l  mass t r a n s f e r  i n  L i  and Pb-Li ,  c )  t h e  
i n f l u e n c e  of C, N, 0 and 5 on mechanical p r o p e r t i e s ,  and d)  i o n - i r t a d i a t i o n  s t u d i e s  t o  e x p l o r e  t h e  
e f f e c t s  o f  va r i ous  i n t e r s t i t i a l  and s u b s t i t u t i o n a l  so lu tes ,  and helium, on m i c r o s t r u c t u r a l  e v o l u t i o n  
and swe l l i ng .  Because vanadium a l l o y s  have p o t e n t i a l  advantages f o r  a p p l i c a t i o n  i n  h igh  heat  f l u x  
components, some e f f o r t  i s  a l so  be ing devoted t o  water c o r r o s i o n  s tud ies .  

Recent  r a d i a t i o n  e f f e c t s  s t u d i e s  of vanadium a l l o y s  have bene f i t ed  from seve ra l  improvements i n  
techn ique.  The encapsu la t ion  of vanadium a l l o y s  i n  l i t h i u m - f i l l e d  TZM capsules has been shown t o  
prevent  t h e  p i ck- up  of i n t e r s t i t i a l  elements C and N a t  temperatures up t o  750'C. The a p p l i c a t i o n  of 
t h e  " t r i t i u m  t r i c k "  [ 1 7 ]  has a l l o w e d  l i m i t e d  s t u d i e s  o f  h e l i u m  e f f e c t s  i n  vanadium a l l o y s .  
Temperature- cont ro l led  f a c i l i t i e s  i n  FFTFIMOTA, which can achieve 30 dpa pe r  year  a t  temperatures 
>390'C, have been u t i l i z e d .  The e x p l o r a t i o n  of r a d i a t i o n  e f f e c t s  a t  low temperature and low doses w i l l  
r e q u i r e  t h e  use of t he  s p e c t r a l l y - t a i l o r e d  f a c i l i t i e s  which a re  now be ing planned f o r  t h e  HFIR RB* 
pos i t ions . [18]  Measurements 
a t  neut ron doses up t o  40 dpa, bo th  w i t h  and w i t h o u t  hel ium, have conf i rmed t h e  s w e l l i n g  r e s i s t a n c e  of 
t h r e e  o f  t h e  four  a l l o y s  (VANSTAR 7 i s  t he  except ion) .  

Two p o t e n t i a l  a reas  of i r r a d i a t i o n  embr i t t l emen t  have been i d e n t i f i e d .  P o s t - i r r a d i a t i o n  t e n s i l e  
t e s t i n g  showed t h a t  one of t h e  a l l o y s ,  V-15Cr-STi, was s u s c e p t i b l e  t o  a b r i t t l e ,  c leavage- type f a i l u r e  
a t  - 4 O O ' C  f o l l o w i n g  i r r a d i a t i o n  t o  10 dpa. A second t ype  of low d u c t i l i t y  f a i l u r e ,  he l ium- ass is ted 
i n t e r g r a n u l a r  embr i t t lement ,  was observed i n  t h e  same a l l o y  f o l l o w i n g  i r r a d i a t i o n  t o  40  dpa a t  
temperatures >500'C. No i n d i c a t i o n s  o f  these phenomena were observed i n  t h e  V-20Ti and V-3Ti-1Si 
a l l o y s  which remained d u c t i l e  a t  a l l  temperatures.  However, VANSTAR 7 showed s igns of bo th  phenomena 
a t  520'C. C l e a r l y  i t  i s  impor tant  t o  understand t h e  embr i t t l emen t  mechanisms and t o  determine which 
reg ions  of t h e  V - C r - T i  compos i t ion  space a re  suscep t i b le  t o  them. I m p u r i t y  con ten t  and the rmo-  
mechanical t reatments  a re  a l s o  impor tant  v a r i a b l e s  y e t  t o  be s tud ied.  The d u c t i l e  behav ior  of t h e  v- 
20Ti and V-3Ti-1Si a l l o y s  a t  40 dpa i s  very encouraging and i n d i c a t e s  t h a t  embr i t t l emen t  phenomena can 
be delayed t o  h ighe r  f luences o r  even e l im ina ted  through man ipu la t i on  o f  a l l o y  composi t ion.  

Recent r e s u l t s  from the  i r r a d i a t i o n  program a r e  reviewed by Braski.[19] 
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C o r r o s i o n  measurements i n  b o t h  c a p s u l e s  and i n  fo rced  c i r c u l a t i o n  loops have demonstrated t h e  
r e s i s t a n c e  of vanadium t o  bo th  d i s s o l u t i o n  and p e n e t r a t i o n  by L i .  However, a major concern rega rd ing  
t h e  a p p l i c a b i l i t y  o f  vanadium a l l o y s  in  f u s i o n  systems centers  on t h e  mass t r a n s f e r  o f  t he  elements C 
and N i  i n  a b i - m e t a l l i c  system. (Oxygen i s  no t  considered t o  be a p o t e n t i a l  source of embr i t t l emen t  
s ince  i t  tends t o  t r a n s f e r  from vanacium i n t o  t h e  l i t h i u m . ]  C and N l e v e l s  of t he  order  o f  2000-4000 
appm can r a i s e  t h e  DBTT f o r  vanadium up t o  room temperature.  Furthermore, c o r r o s i o n  r a t e s  can be 
increased by the  fo rma t ion  o f  non-adherent carb ide or n i t r i d e  l aye rs .  Present i n d i c a t i o n s  a re  t h a t ,  i n  
order  t o  ma in ta in  adequate c o r r o s i o n  performance and mechanical i n t e g r i t y ,  C and N concen t ra t i ons  i n  a 
L i  coo lan t  would have t o  be main ta ined a t  l e v e l s  on t h e  order  of 5-10 appm. Current  exper iments are  
aimed a t  o b t a i n i n g  more i n f o r m a t i o n  on t h e  thermodynamics and k i n e t i c s  of i n t e r s t i t i a l  mass t r a n s f e r ,  
t h e  i n f l u e n c e  o f  c o o l a n t  v e l o c i t y  and t e m p e r a t u r e  g r a d i e n t ,  and on e f fec ts  r e l a t e d  t o  a l l o y  
composi t ion.  Work i s  a l so  i n  progress on c o r r o s i o n  e f f e c t s  i n  Pb-17Li. 

Corros ion s tud ies  i n  p ressu r i zed  water a t  288'C i n d i c a t e  t h a t ,  p rov ided the  C r  content  i s  h igh  enough 
t o  a l l ow  the  fo rma t ion  o f  a passive ox ide l a y e r ,  c o r r o s i o n  r a t e s  a re  s u f f i c i e n t l y  low f o r  vanadium 
a l l o y s  t o  be u t i l i z e d  i n  water- cooled components.[ZO] 

flany areas of vanadium a l l o y  me ta l l u rgy  remain t o  be examined, e.y. f a b r i c a t i o n  and welding, hydrogen 
c o m p a t i b i l i t y ,  crack growth, c reep- rupture ,  i r r a d i a t i o n  creep dnd r a d i a t i o n  e f f e c t s  a t  temperatures 
<400'C. I t  i s  c l e a r  already t h a t  none o f  t he  f o u r  p r i n c i p a l  a l l o y s  has t h e  optimum combinat ion of 
p r o p e r t i e s  needed t o  meet t h e  v a r i e d  requirements o f  t h e  f u s i o n  f i r s t  w a l l  and b lanke t  environment. I n  
t h i s  regard, a rev iew o f  t h e  e f f e c t s  o f  s u b s t i t u t i o n a l  so lu tes  and i n t e r s t i t i a l  i m p u r i t i e s  on the  
mechanical p r o p e r t i e s  o f  vanadium a l l o y s ,  and o f  p o s s i b l e  new d i r e c t i o n s  f o r  a l l o y  development, has 
been prepared by D ie rcks  and Loomis.[2l] The prospects  appear favo rab le  f o r  produc ing a l l o y s  w i t h  good 
s w e l l i n g  res i s tance ,  super io r  h igh  s t r e n g t h  and adequate toughness, from s t a r t i n g  s tock w i t h  adequate 
c o n t r o l  o f  Nb i m p u r i t y  t o  meet t h e  requirements fo r  near-surface b u r i a l .  I m p u r i t y  c o n t r o l  du r ing  
f a b r i c a t i o n  and weld ing w i l l  pose problems which can probably be overcome w i t h  c u r r e n t  technology. The 
major o b j e c t i o n  t o  the  use of vanadium i s  the  d i f f i c u l t y  o f  p reven t ing  contaminat ion by i n t e r s t i t i a l  
mass t r a n s f e r  i n  l i q u i d  metal  systems. Th is  problem cou ld  poss ib l y  be a l l e v i a t e d  t o  some ex ten t  
through a l l o y  development. However, t he  p r i n c i p a l  s o l u t i o n  t o  t h e  problem l i e s  i n  deve lop ing an 
adequate i m p u r i t y  c o n t r o l  system, a s i t u a t i o n  somewhat analogous t o  t h a t  f a c i n g  t h e  breeder program i n  
t h e  1960's i n  rega rd  t o  c o n t r o l l i n g  oxygen l e v e l s  i n  l a r g e  sodium systems. 

5 . 4  Conclusions 

Stud ies  o f  low a c t i v a t i o n  a l l o y s  a re  a t  an e a r l y  stage i n  t h e  U S  fus ion  m a t e r i a l s  program. Emphasis i s  
on unders tand ing the  necessary elemental  t a i l o r i n g  o f  commercial i ron-based a l l o y s  and on b u i l d i n g  a 
foundat ion o f  knowledge o f  vanadium a l l o y s .  

The on ly  low a c t i v a t i o n  s u b s t i t u t e  f o r  N i  i n  the  a u s t e n i t i c  s t e e l s  i d e n t i f i e d  t o  da te  i s  Mn. The h igh  
m o b i l i t y  o f  t h i s ,  element suggests t h a t  Mn s tee ls ,  i n  the  absence o f  p r o t e c t i v e  coat ings,  w i l l  be more 
r e s t r i c t e d  i n  t h e i r  a p p l i c a t i o n  than the  n i c k e l - b e a r i n g  s t e e l s .  

The prospects  a re  favorab le  f o r  a reduced a c t i v a t i o n  f e r r i t i c l m a r t e n s i t i c  a l l o y  t h a t  i s  as good as the  
c u r r e n t  l ead ing  " h i g h - a c t i v a t i o n "  candidates.  However, l i t t l e  i s  known about how these a l l o y s  w i l l  
respond t o  h igh  he l i um l e v e l s .  E a r l y  da ta  on HT-9 shows t h a t  vo ids  a re  nuc leated i n  the  presence of 
h i g h  he l i um p roduc t ion  r a t e s .  A f u r t h e r  p o t e n t i a l  comp l i ca t i on  i s  t h a t  tungsten may prove t o  be  an 
u n s a t i s f a c t o r y  s u b s t i t u t e  f o r  Mo, al though vanadium may be used instead. 

The vanadium a l l o y s  perhaps remain the  most a t t r a c t i v e  f o r  t h e  long term, p a r t i c u l a r l y  if t h e  c u r r e n t  
view t h a t  t h e  Nb i m p u r i t y  can be adequately c o n t r o l l e d  i s  c o r r e c t .  Th is  apparent a t t r a c t i v e n e s s  may 
d imin ish,  o f  course, as t h e  s l i m  da ta  base i s  expanded. 

Only when the  c u r r e n t  scoping s tud ies  a re  f u r t h e r  advanced and a c t u a l  a l l o y  des ign has begun w i l l  i t  be 
necessary t o  f i r m  up the  g u i d e l i n e s  on compos i t iona l  l i m i t s .  I n  t h e  meantime, more i n f o r m a t i o n  i s  
needed t o  make t h e  g u i d e l i n e s  meaningful. Th i s  i nc ludes  r e a c t o r  decommissioning scenar ios,  i n c l u d i n g  
waste management and r e c y c l i n g ,  and c l a s s i f i c a t i o n s  fo r  and l i m i t a t i o n s  on waste d isposa l  t h a t  w i l l  be 
a p p l i c a b l e  i n  t h e  fu tu re .  

5.5 MnLw ledgmen ts  

The au tho rs  g r a t e f u l l y  acknowledge ass is tance w i t h  t h i s  overv iew from numerous ICFRM-2 au tho rs  i n  
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SWELLING OF Fe-Mn AND Fe-Cr-Mn ALLOYS AT H I G H  NEUTRON FLUENCE 

F. A.  Garner and H. R. Brager (Hanford Engineer ing Development Laboratory)  

1 .o O b j e c t i v e  

The o b j e c t  o f  t h i s  e f f o r t  i s  t o  assess t h e  s u i t a b i l i t y  of a u s t e n i t i c  Fe-Cr-Mn a l l o y s  as low a c t i v a t i o n  
cand idates f o r  f us ion  r e a c t o r  m a t e r i a l s .  

2.0 Sumnary 

S w e l l i n g  da ta  on n e u t r o n- i r r a d i a t e d  s imple  Fe-Cr-Mn and Fe-Mn a l l o y s ,  as w e l l  as comnercial  Fe-Cr-Mn base 
a l l o y s  a r e  now becoming a v a i l a b l e  a t  exposure l e v e l s  approaching 50 dpa. 
t h e  * l%/dpa found a t  lower  exposures, probably  due t o  t h e  ex tens i ve  format ion of f e r r i t i c  phases. 
expected, c o n e r c i a l  a l l o y s  s w e l l  l e s s  than t h e  s imple  a l l o y s .  

The s w e l l i n g  r a t e  decreases from 
As 

3.0 Program 

T i t l e :  I r r a d i a t i o n  E f f e c t s  Analys is  
P r i n c i p a l  I n v e s t i g a t o r :  0. G. Doran 
A f f i l i a t i o n :  Hanford Engineer ing Development Lahoratory  

4.0 Relevant OAFS Program P lan  Task/Subtask 

Subtask II.C.1. E f f e c t  of M a t e r i a l  Parameters on M i c r o s t r u c t u r e  

5.0  Accomplishments and S ta tus  

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

I n  an e a r l i e r  r e p o r t ( l )  i t  was shown t h a t  Fe-Mn b i n a r y  and Fe-Cr-Mn t e r n a r y  a l l o y s  appear t o  S w e l l  i n  a 
temperature- independent fash ion  a t  * l%/dpa a f t e r  an i n c u b a t i o n  p e r i o d  on t h e  o rde r  of 10 d a. (See 
F i a u r e  l a ) .  Thus t h e  behav ior  o f  these a l l o v s  i s  s i m i l a r  t o  t h a t  o f  t h e  Fe-Cr-Ni system( 29 . I t  was a l s o  
shown, however, t h a t  u n l i k e  t h e  Fe-Cr-Ni sy i t em t h e  Fe-Cr-Mn system i s  much more p&ne t o  phase separat ion,  
produc ing a l a r g e  amount o f  f e r r i t e  as t h e  i r r a d i a t i o n  proceeds. 

One consequence o f  such a behav ior  i s  a r e d u c t i o n  i n  t h e  a u s t e n i t e  f r a c t i o n  o f  t h e  a l l o y  ma t r i x ,  l e a d i n g  
i n e v i t a b l y  t o  a r e d u c t i o n  i n  bulk-averaged s w e l l i n g  r a t e  as t h e  lower s w e l l i n g  f e r r i t e  phase increases i n  
volume. 
f o r  most o f  t h e  b i n a r y  and t e r n a r y  a l l o y s  and most o f  t h e  commercial a l l o y s .  Some ve ry  l i m i t e d  da ta  a re  
a l s o  a v a i l a b l e  a t  420'C and 46 dpa f o r  t h e  s imple  a l l o y s .  

Oens i ty  change da ta  f rom t h e  FFTF-MOTA i r r a d i a t i o n  program a r e  now a v a i l a b l e  a t  49.8 dpa and 52OOC 

5.2 Resu l t s  a t  520°C 

F i g u r e  l b  conf i rms our expec ta t i on  t h a t  a t  l e a s t  a t  52OOC t h e  s w e l l i n g  r a t e  w i l l  f a l l  as t h e  i r r a d i a t i o n  
proceeds i n  t h e  range 14 t o  49.8 dpa. 
g iven manganese l e v e l  as t h e  chromium l e v e l  decreases. 
increases i n  t h i s  exposure i n t e r v a l  however. 

The r e s u l t i n g  tendency toward s a t u r a t i o n  appears t o  i nc rease  f o r  a 
We have n o t  as y e t  shown t h a t  t h e  f e r r i t e  f r a c t i o n  
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Figure 1 also shows that reductions in swelling can be accomplished via solute modification and/or thermal 
mechanical treatment; commercial alloy AMCR 0033 is shown as an example. 
commercial alloys at 49.8 dpa is given in Table I. 

Swelling data f o r  the other 

0 6 1 0 1 6 2 0 2 5 a  
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SWELLING 
% 

I 1 r 1 
0- Fe-1DCr-BMn- - F e - l O C r - m n  

Fe-15Cr-15Mn 
Fe-15Cr-ZOMn 
FedCr-3JMn - 

M -  

16 - 

12 - Fe-Kr-15Mn 
- 

8 -  - 
AMCR OW 

60 

4 -  

40 
0 -  

0 20 
DISPLACEMENTS PER ATOM 

( b )  ( a  ) 
FIGURE 1. (a) Swelling at 9-14 dpa of Fe-Cr-Mn and Fe-Mn alloys at 420 and 520°C in FFTF-MOTA, 

(b) Swelling of these alloys at 520°C and higher fluence. 
AMCR 003 i s  also shown for comparison. 

The swellinq of commercial alloy 

Table I. Swelling of Commercial Alloys at 49.8 dpa and 520°C 

Alloy Condition Swelling 

Nitronic 32 
18/18 Plus 
AMCR 0033 
AMCR 0033 
AMCR 0033 
NMF 3 
NONMAG 30 
NONMAG 30 
NONMAG 30 

cw 
cw 
cw 
CWA 
SAA 
cw cw 
CWA 
SAA 

3.5 
2.2 
1.9 
2.5 
4.4 
0.1 
1 .o 
0.42 
2.87 

CW = cold-worked 
CWA = cold-worked and aged 
SAA = solution annealed and aged 
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5.3 Results at 420°C and 46 dpa 

At present, data on the complete set of simple alloys are available only at 9 dpa.(3) 
have swelling data for annealed Fe-1OCr-ZOMn (5.8%) and Fe-15Cr-15Mn (3.2%). At 9 dpa the corresponding 
values were 0.4% and 0.3% respectively. 
occurs even more quickly than at 520'C. 
martensitic transformation may have occurred. This possibility will be explored during the next reporting 
period. 

At 46 dpa we now 

It therefore appears that at 420OC the saturation of swelling 
In this case, we must consider the additional possibility that a 

5.4 Conclusions 

Fe-Cr-Mn alloys are subject to phase decomposition during neutron irradiation, producing large fractions o f  
ferrite phases. 
swelling rate. Commercial allors were found to swell less than simple Fe-Mn binary and Fe-Cr-Mn ternary 
a1 loys. 

The reduction o f  the austenite fraction is thought to cause a decrease in the bulk 

6.0 References 

1. F .  A. Garner, 0. S.  Gelles, ti. 
OOE/ER-0046/24, pp. 22-29. 

2 .  F. A. Garner, J .  - Nucl. Mater., 

3. F. A. Garner. H. R .  Braoer. 0. 

R .  Brager and 3. M. McCarthy, DAFS Quarterly Progress Report 

122 & 123 (1984) pp. 459-471. 

S .  Gelles and J. M. McCarthv. "Neutron Irradiation of Fe-Mn. Fe-Cr-Mn 
and Fe-Cr-Ni'Alloys and-an'Explanation of Their DifferencLs'in Swelling Behavior," to be p;blished in 
J .  Nuclear Materials, also HEDL-SA-3403. 

7.0 Future Work 

Density change data will continue to be collected and microscopy will proceed on selected specimens. 

8.0 Publications 

F .  A. Garner, H. R .  Brager, 0. S .  Gelles and J .  M. McCarthy, "Neutron Irradiation of Fe-Mn, Fe-Cr-Mn and 
Fe-Cr-Ni Alloys and an Explanation of Their Differences in Swelling Behavior," to be published in J .  
Nuclear Materials, also HEDL-SA-3403. 
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ELECTRON IRRADIATION STUDIES OF Fe-Cr-Mn AND Fe-Cr-Ni ALLOYS 

H. Takahashi, H. Itoh and S. Ohnuki (Hokkaido University) 
F. A. Garner (Hanford Engineering Development Laboratory) 
B. Hu (Beijing University of Iron and Steel Technology) 

1 .o Objective 

The object of this effort is to utilize both HVEM and neutron irradiation to characterize the response of 
Fe-Cr-Mn alloys in anticipated fusion environments. 

2 .o Summary 

Study of the elemental segregation that occurs at grain boundaries during electron irradiation confirms 
that iron and chromium segregate at microstructural sinks in Fe-Cr-Mn alloys while nickel segregates in 
Fe-Cr-Ni alloys. This accounts partially for the difference in phase stability in the two alloy systems. 
An example is shown that indicates that solute additions can be used to suppress the segregation process. 

3.0 Program 

Title: Irradiation Effects Analysis 
Principal Investigator: D. G .  Doran 
Affiliation: Hanford Engineering Development Laboratory 

4.0 Relevant DAFS Program Plan Task/Subtask 

Subtask 1I.C.I. Effect of Material Parameters on Microstructure 

5.0 Accomplishments and Status 

5.1 Introduction 

A joint study involving Hokkaido University and Hanford Engineering Development Laboratory is currently in 
progress and involves the use of HVEM irradiation t o  study the microstructural evolution of Fe-Cr-Mn alloys. 
The first results of these studies will be published shortly and involves not only information on the com- 
positional dependence of swelling and microstructural development but also on the helium dependence of 
these processes. 

In addition, however, these studies concentrate on the segregation behavior of these alloys. A feature of 
these studies is therefore the conduct of irradiations that straddle a grain boundary. Examination of the 
elemental profiles that develop near grain boundaries then supplies valuable information on the role of 
various elements in the diffusion processes involved in void growth, irradiation creep and phase stability. 

Our interest in the segregation behavior has been increased recently with the realization that Fe-Cr-Mn 
alloys tend to decompose into ferrite and retained austenite in a manner which suggests that iron is the 
slowest diffusing element in Fe-Cr-Mn simple ternary austenitic alloys.(l) In Fe-Cr-Ni alloys nickel is 
known to be the slowest diffusing c mponent b u t  is also known t o  increase the effective vacancy diffusivity 
when its concentration is raised.(?P 

31 



In this report the results of segregation studies are presented which confirm that while manganese can be 
substituted for nickel to stabilize iron-based austenitic alloys, its effects on diffusion and segregation 
are different from those of nickel. 

5.2 Experimental Details 

Electron irradiations were performed at 1000 KeV in th 
rate in the center of the irradiated area was Q x 
The temperature range studied was 573-773K. 
viewed edge-on was selected to traverse the irradiated area. 

The elemental composition were measured using a 200 KeV TEM/STEM electron microscope equipped with an 
energy dispersive x-ray spectroscope. 
x-rays for the major elements. 

In this first group of studies, three alloys were employed, the compositions of which are shown in Table 
I. There is one nickel-stabilized alloy (Fe-15Cr-30Ni) and two Fe-Cr-Mn alloys. 
simple ternary, Fe-lSCr-ZOMn, and the second is a solute-bearing alloy Fe-15Cr-15Mn with additions of C, N, 
W ,  V ,  Si and P. 

H 1300 H EM at Hokkaido University. 

For the segregation portion of the study a grain boundary 

The mean dose 
dpa sec- Y and the maximum dose was 15 dpa. 

The compositions were determined from the intensities of the K a  

The first of these is a 

5.3 Results 

Figures 1 and 2 show that nickel indeed segregates at grain boundaries in Fe-lSCr-30Ni. with the amount o f  
segregation increasing with temperature. 
expected to segregate via the Inverse Kirkendall mechanism. 

Since nickel is the slower diffusing component it would be 

c, rm 2000 
(nm 1 zm 1m B 

FIGURE 1 .  The profiles of solute (Cr,Ni) concen- 
tration as a function of distance from 
the grain boundary for Fe-15Cr-30Ni 
electron-irradiated to 15 dpa at 
573-673 K. 

B (nm) 

FIGURE 2. The profiles of solute (Cr,Ni) concen- 
tration as a function of distance from 
the grain boundary for Fe-15Cr-30Ni 
electron-irradiated to 15 dpa at 
723-773 K. 
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I n  Fe-15Cr-EOMn, however, Mn in qeneral flows away from the boundary, as shown in Fiqure 3, confirminq tile 
earlier suggestion that manganese-stabilized alloys might exhibit suhstantially different phase stability 
compared to that of nickel-stabilized alloys. Segregation of iron at the expen 
structura? sinks thus leads to extensive ferrite formation i n  Fe-Cr-!In alloys.( 

Figures 4 and 5 show that segreqation in general is reduced i n  the solute-modified manganese alloy compared 
to that of the ternary manganese-stabilized alloy. 

of manganese at micro- 7 7  

FIGURE 3 .  The profiles of solute (Cr,Mn) concentration as a function o f  distance from grain boundary for 
Fe-15Cr-2OMn electron-irradiated to 15 dpa at 623-773 K .  
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Z o o 0  

FIGURE 4. The profiles of solute (Cr,Ni) concen- 
tration as a function of distance from 
the grain boundary for Fe-15Cr-15Mn 
(W,V) electron-irradiated to 15 dpa at 
623-773 K .  

31 623K I i 

I I I 
zoo0 I m ,  G lax zoo0 e (nm) 

FIGURE 5 .  The profiles of minor alloying elements 
( W , V )  concentration as a function of 
distance from the grain boundary for 
Fe-lSCr-lSMn(W,V) electron-irradiated 
at 623-773 K. 

5.4 Discussion 

The early results of the neutron irradiation studies(l) indicate that Fe-Cr-Mn alloys in general have a 
greater tendency toward phase decomposition. 
and segregational characteristics of nickel and manganese in iron-based austenitics. 
the contention that manqanese and nickel flow in opposite directions along point-defect gradients qenerated 
in the vicinity o f  microstructural sinks. 
this process such that some potential exists t o  desiqn a viable reduced activation austenitic alloy. 

Part of this tendency arises from the different diffusional 
This study supports 

It also appears, however, that solute additions can influence 
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5.5 Conclusions 

While both manganese and nickel can be used to stabilize the austenitic phase their diffusional and 
segregation behaviors are different. 
Fe-Cr-Mn alloys for fusion service. 

These differences must be understood prior to the development of 

6.0 References 

1. F.  A. Garner, H.  17. Brager, 0. 5. Gelles and J. M. McCarthy, OAFS Quarterly Report DOE/ER-0046/24, 
February 1986, pp. 22-29. 

2. F. A.  Garner and W. G. Wolfer, J .  Nucl. Mater. 122&123 (1984) pp. 459-471. 

7.0 Future Work 

Irradiations o f  Fe-Cr-Mn allays with either neutrons or electrons will continue. 

8.0 Pub1 ications 

"The Behavior of Solute Segregation and Void Formation in Fe-Cr-Mn Steel Under Electron Irradiation" will 
be submitted by these authors to the 13th International Symposium on Effects of Radiation on Materials, to 
be held in Seattle on June 23-25, 1986. 

Table 1. Compositional analysis of alloys used. (wt%) 

A1 Joy Nominal 
Designation Composition Fe Ni Cr Mn C 0 N W V S i P  

E2 1 Fe-15Cr-30Ni Ea1 29.6 15.3 - 0.004 0.017 0.002 - - - 

R70 Fe-15Cr-POMn 65 - 15 20 - - - - - - - 

R88 Fe-lSCr-lSMn(W,V) Ea1 0.5 15 15 0.30 - 0.30 2.0 2.0 0.4 0.05 
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CHAPTER 4 

FUNDAMENTAL MECHANICAL BEHAVIOR 
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MICROSTRUCTURE-MECHANICAL PROPERTY VARIATIONS IN m - 9  

G. E. Lucas, R. Haiti, C. Elliott and G. R. Odette (University of California, Santa Barbara) 

1.0 Objective 

This research is directed at determining microstructure-property-property correlations f o r  c lravage  
fracture in HT-9. Such correlations can he used to assess the potential far operating fusion rPaCtor 
Structures in temperature regimes corresponding to lower shelf toughness. 

Microstructure and mechanical property specimens of the ESR Heat of  HT-9 were subjected to a set of heat 
treatments. These consisted of combinations of five austenitizing temperatures (950-12OO0C) and f i v e  
tempering conditions (650-780°C). The prior austenite grain (PAG) size and lath packet size were found to 
increase with increasing austenitization temperature. Five different carbide types were identified. They 
appear to be largely MZ3C6 and perhaps M6C and Mo2C. Large blocky carbides at PAG boundaries appeared 
only at low austenitization temperatures, and fine needlelike carbides in the matrix were absent at the 
higher tempering temperatures. Elongated lath and boundary carbides increased slightly in size at higher 
tempering temperatures. Lower shelf toughness showed a slight minimum at an austenitization temperature 
of 1050°C and increased with increasing tempering temperature and time. Yield strength, ultimate tensile 
strength and ductility all showed a peak for an austenitization temperature of 1050°C. Values of critical 
microcleavage fracture stress (&) also showed a peak with austenitizing temperature. This may indicate a 
change in the controlling microstructural feature. Fracture surfaces exhibited largely cleavage facets 
with ductile tear ridges at PAG and lath packet boundaries. These tear ridges may contribute to the 
magnitude of 0" 

f 

f '  

3.0 

Title: Damage Analysis and Fundamental Studies for Fusion Reactor Materials 
Principal Investigators: G. R. Odette and G. E. Lucas 
Affiliation: Department of Chemical and Nuclear Engineering, University of California, Santa Barbara 

4.0 Relevant DAFS Program Plan Task/Subtask 

Subtask II.C.14 Fracture Model Development 

5 . 0  Accomplishments and Status 

5.1 Introduction 

Martensitic and duplex stainless steels are consi red attractive candidate alloys for fusion reactor 
Structures. However, their tendency to fail by brittle Cleavage fracture at low temperatures and the 
potential for irradiation to raise the trmsition temperature delineating this cleavage regime from a 
regime of ductile fracture have been identified 8 8  major problems to he resolved. We have previously 
suggested that it may be possible to operate fusion reactor structures in the cleavage fracture regime.'.' 
Demonstration of this requires that 1) irradiation and other environmental factors do not significantly 
degrade lower shelf toughness, 2) fracture occurs at stresses associated with general yield, and 3)  
sufficient ductility is retained. 
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Ensuring the irradiation insensitivity of lower shelf toughness requires understanding the basic 
mechanisms of cleavage fracture, at least in terms of appropriate microstructure-property relations. We 
have previously demonstrated3 that the Ritchie-Knott-Rice (RKR) model for cleavage fracture5 appeared to 
be consistent with the microstructure and the mechanical response of the ESR Heat of "-9. The RKR model 
postulates that cleavage fracture occurs when the applied stress ahead of a sharp crack exceeds a critical 
stress Ui over a critical distance P*. Both & and P* appear to he sensitive only to the large scale 
microstructure. The work reported here is part of a subsequent effort to further verify the applicability 
of the RKR model for HT-9 and to develop a better understanding of the relationships between @ and i* and 
the microstructure. 

f 

f 

5 . 2  Experimental Procedure 

Standard Charpy-V-Notch specimens were cut with a TL orientation (notch parallel to the rolling direction) 
from HT-9 plate described elsewhere.3 Specimens were encapsulated in quartz tubes, which were then 
evacuated and backfilled with helium. Five specimens each were conditioned at 25 different heat 
treatments. Each heat treatment consisted of austenitizing at one of 5 temperatures for lh, air cooling, 
tempering at one of 5 tempering conditions, and air coaling again. Because of the encapsulation, the 
cooling time was slightly longer than a normal air cool (i.e. t - 125s for a temperature decrease from 
800OC to 5OO0C). The five austenitizing temperatures (T > were 950, 1000, 1050, 1100, and 1200°C. The 
five tempering conditions are shown below in Table 1. 

~ Table 1 

Tempering Conditions 

Temperature, T Time, t PT = T(OK)(log t(h) + 2 0 )  

("C) (h) (x1~-3) 

650 

650 
715 
135 

780 

1 

56 
1 

0.5 

1 

18.5 

20 

20 

20 

21 

These were selected to provide an interesting range of tempering parameters, PT, as well as providing a 
range of conditions for a single tempering parameter (PT - 20). 
Following heat treatment, small microstructural specimens were cut from the CVN specimens and examined. 
Prior austenite grain (PAG) sizes and lath packet sizes were determined by optical metallography. 
Specimens were prepared either by chemically etching with 10:5:85 HF:HN03:Hz0 or by electrolytically 
etching with 65:65:15:15 H20:HC1:HC&l3Oz:HN03 at 1.5-1.75 volts for 45s. Lath structure and carbides were 
examined by thin-foil TEM. Discs were prepared by twin jet polishing in an 8% perchloric acid-in- 
methanol solution at -35°C. Finally, PAG. lath packet, and lath size and carbides were examined by TEM 
and AEM using carbide extraction replicas and two stage surface replicas. Extraction replicas were 
prepared by 1) etching the surface as described above, 2) vapor depositing a layer of carbon on the 
surface, and 3) separating the replica from the surface in a solution of 10% HC1 in methanol. Two-stage 
surface replicas were prepared by standard acetate tape procedures applied to an etched surface. Chromium 
was used to shadow the replica. 

A variety of mechanical tests were applied to the heat treated CVN specimens. Rockwell hardnesses were 
first taken. Two CVN specimens were then fatigue pre-cracked to obtain crack length to width ratios in 
the range 0.45-0.55. These were tested on an instrumented pendulum machine at .7¶ m/s at -101OC and 
-112'C, and the data were analyzed to obtain dynamic fracture toughness values KId under linear elastic 
(lower shelf) or nearly linear elastic conditions. 

One blunt notch CVN specimen was tested on the instrumented pendulum machine at room temperature; and two 
blunt notch CVN's, at -101OC. The room temperature data provided a measure of dynamic yield stress, and 
the low temperature data could be used to obtain estimates of & (procedures are described later). For 
some conditions, yield stress and other flow properties were &so determined from miniature round bar 
specimens machined from broken CVN specimen halves. The gage section diameter of these specimens was 
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1.52 mm, and the other dimensions were in proportion to the threaded round bar specimen described in ASTH 
Standard E 8 .  

Finally, fracture surfaces were studied by SEM using stereographic techniques. In some instances, 
fracture surfaces were examined by an oblique sectioning technique to obtain a direct correlation between 
surface topography and subsurface cracking and/or microstructure. To obtain oblique section fractographs, 
1) the fracture surface is coated with an acid resistant lacquer, 2) the specimen is cut on a slow speed 
cut-off wheel such that the sectioned surface makes an oblique angle with the fracture surface, 3) the 
sectioned surface is ground, polished and etched, 4) the lacquer is diasolved, and 5) the resulting 
specimen is examined at the fracture/section interface on an SEM. 

5.3 Microstructural Results 

PAG sizes were determined from optic21 micrographs by a combination of Hilliard's circular test procedure 
(ASTH Standard E112-80), the linear intercept method and direct microstructural measurements. Results 
obtained with different techniques were comparable. The PAC size increases 
with increasing T from about 25 pm at 950°C to 330 pm at 12OO0C. These results are consistent with data 
reported by LechtAberg and Heifriche and Dahbs.' 

The data are shown in Fig. 1. 

Lath packet sizes (d ) were determined largely from two stage surface replicas, and where possible from 
optical micrographs. 'The former was found to provide more reliable data. To date, lath packet-sizes have 
only been determined for two tempering conditions -- 65OoC for lh and 78OoC for lh -- over the full range 
of T ' 8 .  Typical T E M  micrographs are shown in Fig. 2, and a plot of the data is given in Fig. 3. The lath 
pack& size, like the PAG size, increases with increasing austenitizing temperature from about 10 p at 
950OC to 95 w at 12OO0C. Tempering appeared to have no effect on lath packet size. The ratio of PAG 
size to lath packet size is of the order 3:l in all cases. 

Lath width measurements were made largely on TEM micrographs obtained from thin foils. A representative 
example is shown in Fig. 4. A complete set of measurements was attempted for specimens austenitized at 
all temperatures and tempered at conditions of 650°C/lh, 650°C/56h and 780°C/lb. Lath width measurements 
were somewhat more difficult to obtain than packet sizes or PAC sizes for a variety of reasons: good thin 
foil images are more difficult to obtain, the laths exhibited a range of widths, and lath orientation 
within a given region strongly affected image quality and size. However, based on multiple measurements, 
it appears that lath size in all cases was of the order 0.8 pm with an average range of f0.3 W. Hence, 
lath width was not strongly affected hy T or tempering conditions. Since the lath boundaries were 
highly decorated with carbides in all cases: it appears that lath boundary carbides largely prevent any 
lath coarsening during tempering for the tempering conditions investigated. Since lath packet size 
increases with T the number of laths per packet increases with T as well. 

Y '  Y 

Same carhide analysis has also been perfomed to date. Results have largely been obtained from inspection 
of carbide extraction replicas. Analyses are ongoing, so results reported here should be considered 
preliminary. Five general carbide types were observed, classed according to their morphology and 
location. Representative micrographs illustrating some of the features described below are shown in Figs. 
5 and 6. Large carbides (type 1) were present largely on PAG boundaries for T 's of 950 and 1000°C. 
These large carbides were not found on PAG boundaries at higher T I s ,  but a few e h t e d  randomly at T = 
1O5OpC. They became smaller and fewer 
in number at increasing T . Smaller elongated carbides (type 2) were found along PAG boundaries for all 
five T ' 8 .  These carbide% decreased slightly in size and fractional grain boundary coverage as T 
increadd. Their sizes are of the order 0 . 0 6 ~  x 0.2pm. Carbides an lath packet boundaries (also type 2y 
were smaller and hlackier than those on PAG boundaries. At T = 1200°C the PAG boundary and lath packet 
boundary carbides were nearly the same size. Although blocAer than PAG boundary carbides, the lath 
packet boundary carbides become more elongated with increasing T . Their size was of the order 0.04p x 
0.16pm. The first ty)(e (type 3) was a coarse blocky carbide 
which was found throughout the material austenitized at 95OOC. The nunher of these blocky carbides 
decreased rapidly with increasing T . At T = 12OO0C, these carbides were rare. Their size was of the 
order 0.06pm x 0.06~m. The seconx type 8f lath carbides (type 4) were small and elongated. These 
carbides hecame smaller, more numerous, more elongated, and more strongly oriented with increasing T 
temperature. approximately 0.02pm x 0.14pm at 12OO0C, and 0.04pm x 0.2p at 95O0CY 
Finally, very small, needlelike carbides (type 5) were found distributed throughout the matrix at all 
T Is. Their sizes were on the order of 0 . 0 4 ~  x 0.0lpm. 

They were slightly elongated, with sizes in the range lpm 2 3.5pm. 

Two types of lath carbides were present. 

Their sizes were 

Y 

For a given T a number of changes in carbide characteristics occurred in going from a low (PT.= 18.5) to 
a high (P 21) tempering parameter. Most notably, the fine, needlelike precipitates (type 5) 
present in The 650'Ctlh tempered material (at all T Is) were no longer present in the 780°C/lh tempered 

Y 
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Fig. L. nepresenrarive itn micrograpns 01 rwo-srage SurIace replicas LaKen rrom rne 650'C-lh tempered 
material austenitized at a) 950'C and b) 1200°C. 
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taken from materia l  a u s t e n i t i z e d  a t  12OO0C 
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Fig. 5. Represenrarlve ~ c n  micrograpns 01 ~ a r u i u r  C X L L ~ C L I U U  I C ~ L I C G ~  ~ i ~ u a ~ ~ a t i n g  a) elongated, b) 
blocky carbides at lath and lath packet boundaries in material austenitized at Y50°C and 
tempered at 650% for  lh. 
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material (again at a l l  T I s ) .  Qualitatively, the general carbide density appeared to decrease and carbide 
size to increase sligb&y as the tempering temperature increased. Again analyses are in progress to 
quantify this. 

Carbide identification efforts have proceeded using both electron diffraction and X-ray energy dispersive 
analysis. To date results have been largely obtained for the material tempered at 65OoC for lh. Electron 
diffraction has revealed the presence of carbides with lattice parameters of approximately 1.05 nm and 
1.12 nm. The lattice parameter of 1.05 nm corresponds to the lattice parameter expected for MzsCs 
carbides. The lattice parameter of 1.12 nm is similar to the lattice parameter of M,C carbides. At this 
point in the analysis, it is still not certain that M,C carbides are present. In order to obtain 
verification of the presence of M6C carbides, carbides have been extracted from the matrix and the powder 
collected for examination with an X-ray diffractometer. The large (type 1) carbides as well as the PAC 
boundary and lath packet boundary carbides (type 2) appear to be MZ3C,. The intralath carbides (types 3 
and 4) have lattice parameters of 1.05 and 1.12 nm. In general the smaller, more elongated carbides (type 
4) have a lattice parameter of 1.05 nm and are identified as Mz3C6. The blockier carbides (type 3) in 
many cases have a lattice parameter of 1.12 run. The very small carbides (type 5)  have not been analyzed 
for lattice parameter yet. 

A representative sample of carbides from the material austenitized at 950, 1050 and 12OO0C and tempered 
650'C for lh have been analyzed by X-ray energy dispersive analysis. Tables 2, 3, and 4 summarize results 
from the three conditions. The large PAG boundary carbides (type 1) present in the material austenitized 
at 95OoC were 64 atom% Cr and 29 atom% Fe. These carbides were of similar composition at several 
locations in the specimen. The large carbides reported in Table 3 far the material austenitized at 1050'C 
(type 1) were located within the laths and were found to be of two distinct compositions. In one location 
the large carbides were 32% Cr, 479 Fe, and 12% Ho; while in another location they were composed of 57% 
Cr, 369 Fe, and 3% Mo. The small intralath carbides (types 3 and 4) were found to have various 
compositions. In the T = 950°C material, the elongated carbides (type 4) had a composition o f  62% Cr, 

In 
the T As can be 
seen In Tables 3 and 4, the composition varied from 30 to 60% Cr, 20 to 45% Fe, and 2 to 20% Mo. However, 
in a given location, the compositions were similar. The type 5 carbides have widely different 
compositions, suggesting there may in fact be two kinds of type 5 carbides. Most of these a r e  probably 
MopC, but we have yet to confirm this. 

23% Fe,and 4% Ma, while Y the blocky (type 3) carbides had a composition of 29% Cr, 41% Fe, and 15% Mo. 
= 1050 and 12OO0C conditions, the type 3 and 4 carhide composition varied with location. 

T e  

Average Composition of Carbides in Ty = 95OoC Material 
(At %) 

Large, Type 1 63.70 29.12 3.61 0.93 0.55 1.81 0.29 

(M23c6) 

Small, Elongated 62.17 22.94 4.25 2.41 3.03 4 .06  1.08 

Type 4, (M23Ce) 

Small, Blocky, 29.08 41.47 14.91 2.15 5.97 0.28 5.54 
Type 3 ,  (M6c) 
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Average Composition of Carbides in Ty = 105OOC Material 
(At X )  

Large, Type 1 32.52 46.64 12.42 4.30 1.47 0.66 1.98 
51.36 35.61 3.43 1.08 0.36 2.09 0 

Small, Type 3 61.25 25.29 5.91 1.44 1.06 1.86 0.68 
& 4  40.90 31.68 16.15 4.17 4.11 0.45 2.52 

48.16 30.26 11.80 3.30 2.80 1.17 2.51 

Average Composition of Carbides in T = 1200°C Material 
(At H )  

Type Cr 

Small Blocky, 33.95 
Type 3 69.17 

Small Long, 33.74 
Type 4 40.12 

64.44 

Very Small, 40.12 
Type 5 78.96 

Fe MO W Ni V tin 

33.66 22.60 3.08 2.92 0.43 3.34 
22.31 4.36 0.83 0.68 2.57 0.08 

45.26 13.81 2.72 1.61 0 2.85 

32.82 8.54 1.29 5.61 1.61 4.00 
26.99 2.41 0.75 0.54 4.42 0.46 

9.89 41.80 5.12 0 0.62 1.87 
9.39 4.42 0.92 0.29 6.02 0 

5.4 Mechanical Property Results 

Rockwell C hardness data obtained from specimens at all heat treatments are shown in Fig. 7. As shown in 
Fig. 7a, the hardness is little changed by austenitizing temperature, although there does appear to be a 
slight increase in hardness in going from a T of 950'C to 1050°C. The hardness is more strongly affected 
by tempering condition, and this is better illustrated in Fig. 7b where a typical tempering response is 
indicated; i.e. the material becomes softer at higher tempering parameters, and the hardness is 
approximately the same for the same PT. This may he the result of the loss of the small needlelike 
carbides as well as a reduction in the matrix dislocation population due to recovery processes and a lass 
of interstitial carbon from solution as large carbides continue to grow. 

The yield strengths of heat treated materials have only been determined to date for a tempering condition 
of 650'C-lh. Yield strengths were determined from both uniaxial tension and CVN tests at room temperature 
and 100°C. The uniaxial tensile data are summarized in Fig. 8. Both strength and ductility appear to 
show slight maxima (note the expanded scale) for a T of 1050°C. It is not clear at this time what 
microstructural changes are responsible for this, bur the ultimate tensile strength (UTS) data are 
consistent with the hardness data trend. Moreover, the dynamic yield strengths determined from the C W  
test show the same trend. As discussed below, the static uniaxial and dynamic yield strengths are 
consistent with one another when appropriately normalized. 

The dynamic fracture toughness values (K determined at low temperatures from PCCV tests are summarized 
in Figs. 9 and 10. For points plotted %re, the load-time traces indicated linear elastic failure and 
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Fig. 7. Rockvell C hardness as a function of a) austenitizing temperature for 5 tempering conditions, 
and b )  tempering parameter for a y-T of 1050OC. 
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F i g .  8. 

Ty (‘0 

Uniaxial tensile data for HT-9 tempered 6 5 0 O C  for lh. 

values of K were similar for the two temperatures, so K values are probably representative of 
lower shelf &namic toughness. For each tempering condition, KId aoes not appear to vary considerably with 
T , although in most cases the data suggest a slight minimum at T = 1O5O0C, (coincident with the 
sxrengthlhardness peak). There may be competing effects leading to thJ relative insensitivity of KId to 
T . For instance, based on our previous investigation, it might he expected that K would decrease 
mirkedly with increasing T , since the lath packet size increases by about ten times $$om T = 950° to 
12OO0C and since previous York suggests K sh&ld also be 
proportional to a critical distance e* wk$ch may scalg with PAC size. There may als:%e other micro- 
structural dependencies that have not been accounted for. For instance, it is known that carbide size can 
scale with ferrite grain and lath packet size in bainitic structures, and hence the 1 1 5  dependence of q 
may actually be a correlated dependence on carbide size. Same phenomenological evide&e of the carbide 
size dependence of K is shown in Fig. 10, where K increases with P which alters neither the PAC size 
nor the lath packet size but does change the carbided size. Sorting t h s  out will take further analysis. 

a & a llfl or the lower shelf. However, K f 

Id 

We attempted to make some estimates of & in the following way. Using the K analysis of Wullaert et 
a1.,8 can be evaluated from f P 

q = (an [l + - 1 (K 12 .89  0 ) 2 I + l)ayd 
P P  yd 

where 

K = dynamic fracture toughness measured in a blunt notched CVN test under linear elastic 
conditions 

p = notch radius of a CVN specimen (5  .25 m) 

a = dynamic yield strength at the temperature and strain rate of the CVN test. 
yd 
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F i g .  9. Variation of dynamic fracture toughness with T Y f o r  different tempering conditions. 
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Fig. 10. Variation o f  dynamic fracture toughness with tempering parameter 

Values of K were determined from the low temperature instrumented CVN tests described earlier. Values of 
0 We fit yield strength data obtained on as-received material 
t h e d  over a range of strain rates to 102s-') and temperatures ( - 1 0 0 O C  to 50°C) to the following 
simple empirical expression 

were ogtained in the following way. 

( 2 )  
CI = 10 (3.056 - 9.18110-~T) ;0.0167 
Y 

where a is in MPa, T in OK, and in s - l  
Y 

This is different than the expression we have provided pre~iously,~ hut it provides a better fit to our 
data in the strain rate-temperature regime of interest here. It was then assumed that the strain 
rateltemperature dependence of the yield strength of the heat-treated material was the same as for the as 
received material; i.e. only the absolute value of CI .at a particular strain rate and temperature 
differed. This is based on our observations of sirnil& e-T dependence of o for a range of steels.' 
Hence, a value of 0 (1) was obtained as an average of thy static tensile yield and 
elevated temperature%VN dynamic yield adjusted to the test conditions at which K was obtained by using 

to be used in eq. 

P 

Values of so obtained are plotted against T in Fig. 11. Like hardness and yield stregnth, the 
calculated values of 04 show a peak at T Also shown in Fig. 11 is a curve (dashed) depicting 
the variation of oft if it were a fuoczion of lath packet size alone; that is previous studies1o'" f including our own' suggest that 9 7 C / r  where C - 200 M P a s  and d Clearly 
there are some uncertainties associated %ith the methodology by whpch we have calculated and the 
differences between the two CU~VCB in Fig. 11 may be reduced when we evaluate ok by more rigorous 
empirical methods. the value of C - 280 MF'afi is derived from data on steels that are more 
highly tempered than the ones we consider here. However, the shape of the curve indicates that a 1 / 6  
dependence is not followed entirely. Again, the value & may be controlled by carbide size rather thag f lath packet size. Models proposed to describe such a mechanism have heen proposed by Smith1= for mild 
steels containing lamellar carbides and by Curry13 for spheroidized carbide steels. They are generally 
of the f o m  

= 1050%. f .  
is the lath packet size. 

f Uoreover, 
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Fig. 11. Variation of calculated values of vs. T 

where C is a constant of the order 1.5, E is the Young's modulus, z is the carbide size, and y the 
effective surface energy. KnottP1 has discussed a model similar to this for martensitic steels. 'More 
recently Bowen and Knott" have provided experimental data on lath martensitic A5338 steel heat treated to 
various grain sizes that suggests the micromechanism of cleavage fracture is the nucleation and 
propagation of microcracks from autotempered carbides on or within prior austenite grain boundaries. If 
such is the case for HT-9, the variation in & with T in the range 95OoC to 105OoC might be explained in 
the following way. As the HT-9 is austenitized at &easing temperatures, the large hlocky carbides at 
the PAG boundaries decrease in size and density; if these are the primary sites for microcracks, eq. (4) 
predicts should increase as T increases from 950 to 1O5O0C, in agreement with data in Fig. 11. 
However, as discussed previously d e  changes in carbide size for T 
decreases with increasing T . 

Y P 

f 

> 1050'C are not large, although 
This may be a result of changes in y ! Lnd this is addressed below. 

5.5 Fractographic Analysis 

Oblique section fractography has permitted us to look at the association between the fracture surface and 
the subsurface microstructure. Wc have most frequently observed an association between secondary surface 
cracks (cracks out of the crack plane) and subsurface microcracks and carbide particles at PAG boundaries. 
A representative micrograph is given in Fig. 12. Occasional association between microcracks and lath 
boundary or lath carbides has been observed, but with much less frequency. Such observations support a 
dependence of & on a boundary carbide-micro crack in^ mechanism. f 

SEI( fractography of the fracture surfaces themselves has been conducted for a number of materials. 
Typical micrographs are shown in Fig. 13. The fracture surface is largely covered with cleavage facets of 
the order of the lath size. However, thin strips of ductile tearing were also found. Oblique section 
fractography showed these to he coincident with lath packet boundaries and PAG boundaries. As reported 
previ~usly,~ we have also observed microvoids which appear to have propagated through one or more laths 
and have arrested when they intersect a boundary between regions of high misorientation (e.8. lath packet 
boundary). Together, this suggests that microcracks are arrested at high angle boundaries and ductile 
tearing is required for further advancement. The tearing ridges at PAG boundaries were thicker and higher 
than those at lath packet boundaries. The ridges were nearly continuous along the boundaries, and could 
also be used to estimate sizes of lath packets and PAG's. Table 5 provides a comparison of size estimates 
of these two features obtained from tear ridge measurements on fractographs and from TEM of surface 
replicas. Agreement is quite good. 

51 



Fig. 12. Representative micrograph showing the association between a microcrack (C) and a PAG carbide 
(P) observed in oblique section SEM. 

T Y 
(OC) Feature 

950 FAG 
Lath Packet 

Lath Packet 
1000 PAG 

1050 PAG 
Lath Packet 

1100 PAG 
Lath Packet 

1200 PAG 
Lath Packet 

Size (vm)* 

Analysis Analysis 

22f5 29% 
8f3 9f1 

30f10 40f10 
16f3 16f6 
86f7 14fl 
29f4 28f9 

TF.M Fractographic 

176f39 175f20 
40f15 50f10 
325f40 t 294f50 
95f15 85f15 

' 

4 
Limits indicate range of sizes not standard deviations; numbers are based on approximately 50 
measurements. 
'Determined from optical micrographs 
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F i g .  13. Representative fractographs of heat treated HT-9 showing a) cleavage facets within a lath 
packet, and ductile tear ridges at b) lath packet boundaries, and c) a prior austenite grain 
boundary. 
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Tempering T 
Y 

("C) Temp Time 
("C) (b) 

Tear Ridge Height (vm) I Material 

PAG Lath Packet 
Boundary Boundary 

950 - 
1050 - 
1200 - 
1050 - 
1050 - 
1200 - 
1050 - 

950 - 
1000 - 
1050 - 
1100 - 
1200 - 

650 - 1 
650 - 1 
650 - 1 

650 - 56 
715 - 1 
715 - 1 
735 - 0.5 
780 - 1 
780 - 1 
780 - 1 
780 - 1 
780 - 1 

77 12 

86 12 
165 18 

93 13 
36 7 
46 9 
89 14 
103 15 
135 17 

Ratio of PAG/Lath 
Boundary Ridge Heights 

3.1 
5.7 
8.0 

6.1 
7.1 
9.2 

7.2 
5.1 
5.2 
6.5 
6.8 
7.9 

5.6 Conclusion 

While we are still in the process of collecting information, the data thus far suggest that both carbide 
size and tear ridge height play a major role in the micromechanisms of cleavage fracture. As mentioned 
previously, increases from 950% to 1050°C in the 
material tempered at 65OOC for lh is qualitatively consistent wixh a decrease in the size and density of 
large PAG carbides; that is, eq. (4) predicts an inverse dependence of o* on large carbide size. The 

boundary Carbides ax critical microcrack nucleation sites in this T - 15 J/mZ. 
This is larger than the chemical free surface energy (2-4 J/m2), and'the increase may be reyated to the 
ductile tearing that occurs in the formation of tear ridges. If this is the case, y should be 
proportional to the total boundary length times ridge height per unit area of fracture surfge. That is 

the increase in q from 2800 MPa to 3300 UPa as T 

decrease in q as T increases from 1050 to 1200°C may he due to a decrease f .  ~n y . If the largest PAG 
regime, z -'.Em and y 

where A = fracture surface area 

d = PAG size 

d = lath packet size 

h 

h 

g 

P 

8 

P 

= tear ridge height at PAG boundaries 

= tear ridge height at lath packet boundaries 

Using values of h 
last term in paregthesis'in eq. ( 5 )  are 2.6 for T 
for material tempered at 6 5 0 Y  for lh. 
size) at T 

Y f 

and h given in Table 6 and values of d and d given in Figs. 1 and 3, values of the 
= 1O5O0C and 0.64 for T = 1200°C 

This sugg&ts the ratio of fiy (and thus o* for const& carbide 
= 950°C! 1.8 fgr T 

= 1200°C vs. 1O5O0C should he - 0.6 which is consistent witR o* values i& Fig. 11. 
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If the RKR modeisfor cleavage fracture were to apply strictly to this system, the lower shelf toughness 
should vary as K - E*. If E* were of the order of the PAG size, as has been suggested in previous 

then using values of Ok and P* obtained here for the material tempered at 650% for lh, one 
would expect a continuous 5-fold increase in K measured in the lower shelf regime as T increased from 
95O0C to 12OO0C.* As previously shown in Fig. v. this is cearly not the case. The varishn of KId with 
T is modest with an approximate minimum at T = 1O5O0C. Moreover, one might expect, based on arguments 
a h ? ,  that for a given T , a s  the material ix tempered to higher P ‘ s ,  the value of would decrease, 
because carbide size in&;eases and tear ridge heights are relatively uninfluenced. Since tempering 
should not affect F 3  if E* - d , KId should decrease with increasing PT. Again, referring to Fig. 10, this 
is the opposite of what weg have observed experimentally. Consequently, it appears that a strict 
proportionality between P* and d nay not hold for the range of microstructures we have investigated. 
Indeed, P: may he a parametric cdhvenience which reflects the statistical nature of the cleavage fracture 
process. That is, assume cleavage fracture occurs when a critical microcrack nncleation/propagation event 
is triggered ahead of the crack tip. If, for instance, cracked carbides provide the nucleation sites, a 
whole range of combinations of carbide size and applied tensile stress can trigger the event. For a 
stress field which varies strongly with position ahead of a sharp crack, cleavage occurs when the first 
critical combination of stress and carbide size is achieved. This statistical approach has been evaluated 
by a number of authors.16-20 Curry16 demonstrated that the statistical approach was equivalent to the RKR 
model when the plastic zone ahead of the crack is larger than the critical distance. However, Evans” and 
Saario e t  a 1 . ’ $  have derived expressions for cleavage fracture that are not equivalent to the RKR model. 
At this time we do not have sufficient data to evaluate these alternate models completely, but we will do 
so in future work. 
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7.0 Future Work 

We will continue to obtain microstructural and mechanical property data on heat treated materials. and we 
will use the data to more fully evaluate micromechanistic models for cleavage fracture. 
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APPLICATION OF HYUKOGEN EMBKITTLEMENT MOUELS TU THE CRACK GROWTH BEHAVIdR OF FUSION REACTdK P l A l E K I A L S  

Russel 1 H. Jones ( P a c i f i c  Northwest Laboratory)  

1.0 Ohjec t i ve  

The purpose o f  t h i s  eva lua t i on  was t o  apply e x i s t i n g  m d e l s  o f  hydroyen induced crack growth t o  examine t h e  
p o t e n t i a l  e f f e c t  o f  hydrogen on fus ion reactor.  ma tp r ia l s .  Hydrogen from t h e  p l a s m ,  cathod ic  c o r r o s i o n  a n d  
nuc lea r  r e a c t i o n s  w i t h i n  a m a t e r i a l  was exa:nined. The i n i t i a l  a ~ a l y s i s  was l i m i t e d  t o  HT-9 but  o the r  fus ion 
reac to r  m a t e r i a l s  such as vanadium a l l o y s  w i l l  be the  sub jec t  o f  f i r t u r e  eva luat ions.  

2.u Summar). 

Hydrogen induced crack growth ra tes  of HT-Y have been est imated f o r  t h r e e  sources of hydrogen: V ie  plasma, 
nuc lea r  r e a c t i o n  and aqueous cor ros ion.  Est imdtes of crack growth r a t e s  were de r i ved  us ing  hydrogen 
embr i t t lement  nwde s uhich descr ibe the  temperature and hydrogen a c t i v i t y  dependence of .cracking. 
growth r a t e  o f  IO-' c i / s  a t  a reac to r  ope rd t i ng  temperature of 40OoC was ohta ined f o r  a s teady- s ta te  hydro-  
gen concen t ra t i on  of U.5 appm r e s u l t i n g  from (n,p) reac t i ons .  w h i l e  a mrch slower Crack growth r a t e  was 
g red ic ted  f o r  t h e  same s teady- sta te  hydrogen concen t ra t i on  w i t h  an a l t e r n a t e  model. These c a l c u l a t i o n s  have 
shown t h e  need f o r  f u r t h e r  research t o  assess the  e f f e c t  of te inperature on crack growth. Other sources of 
hydrogen g i ve  very slow hydrogen induced crack growth r a t e s  a t  reac to r  ope ra t i qg  temperatures w h i l e  s i g n i f i -  
cant hydroyen induced crack growth ra tes  are  p o s s i b l e  a t  lower tempgratures. For ins tance,  hydroyen from an 
aqueous c o r r o s i o n  r e a c t i o n  cou ld  produce a crack growth r a t e  of 10- cm/s a t  25OC which co i i ld  he s i g n i f i c a n t  
du r iny  extended downtime. A l s o ,  a non- equ i l i b r i um hydrogen uptake from t h e  plasma cou ld  occur from sur fdce 
r e a c t i o n  c o n t r o l l e d  e f f e c t s ,  and a CrdCk growth r a t e  o f  10'' cm/s was est imated for t h i s  c o n d i t i o n  a t  a 
te inperat i r re of 75°C. Rased on t h i s  ana lys is ,  hydrogen induced crack growth i s  not considered s i g n i f i c a n t  
f o r  HT-9 d u r i n g  r e a c t o r  ope ra t i on  but may he a problem d u r i n y  extended downtine if t h e  temperature decreases 
t o  a value less  than 1 0 0 O C .  

A c r a c k  

3.0 Program 

T i t l e :  Mechanical P roper t i es  
P r i n c i p a l  I n v e s t i g a t o r :  R. e. Jones 
A f f  i 1 i a t i  on: P a c i f i c  Northwest Laboratory 

4.0 Relevant DAFS Program Plan Task/Subtask 

Subtask 1I.C.Y Ef fec ts  of Hydrogen on F rac tu re  

5.0 - Accomplishments and Sta tus  

5.1 Background 

Hydrogen induced crack growth of m d t e r i a l s  can r e s u l t  from both  ex te rna l  gaseous o r  ca thod ic  hydrogen and 
from i n t e r n a l  d i sso l ved  hydrogen. I n  a fus ion r e a c t o r  t h e r e  a re  severa l  p o t e n t i a l  sources of hydrogen o r  
hydrogen iso topes i n c l u d i n g  d i r e c t  i n j e c t i o n  from t h e  plasma. t r i t i u m  gas i n  t h e  breed ing hlanket,  nuc lea r  
(n,p) r e a c t i o n s  w i t h i n  t h e  m a t e r i a l  or, f o r  water- cooled systems, cathod ic  reduc t ion  from an aqueous c o r r o -  
s i o n  reac t i on .  
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Hydrogen has been shown t o  induce c rack ing  i n  a wide v a r i e t y  o f  ma te r ia l s ,  i n c l u d i n g  f e r r i t i c  s t e e l s ,  
a u s t e n i t i c  s t a i n l e s s  s tee ls ,  n icke l- based a l l o y s  and aluminum a l l o y s .  The mechanism by which hydrogen 
cduses c rdck iny  i s  genera l l y  thought t o  be t h e  c o l l e c t i o n  o f  hydrogen a t  p a r t i c l e - m a t r i x  i n t e r f a c e s ,  g r a i n  
boundaries ahead of t h e  crack t i p  o r  o the r  defects. 
t h e  crack t i p  i s  not we l l  es tab l i shed ,  but f o r  ex te rna l  hydrogen i t  may be anywhere from a few hundred ang- 
stroms t o  a few micometers L11. E a r l i e r  work by Wi l l iams and Nelson [21 and recent ana lys i s  by Pasco, 
S ierddzk i  and F i c a l o r a  [3] considered t h e  hydroyen e f f e c t  t o  be p r i m a r i l y  a sur face chemis t ry  c o n t r o l l e d  
process. 

The d i s tance  t h a t  t h e  hydrogen concent ra tes  ahead of 

Temperature and hydrogen a c t i v i t y  are  two parameters on which t h e  crack growth r a t e  i s  s t r o n g l y  dependent. 
V a t e r i a l  parameters such as y i e l d  s t rength ,  hydrogen d i f f u s i v i t y ,  hydrogen t r a p  d e n s i t i e s  and s t reng th ,  and 
g r a i n  boundary chemis t ry  are  a l s o  important.  The purpose of t h i s  paper i s  t o  use e x i s t i n g  models o f  hydro-  
gen induced crack growth t o  es t ima te  t h e  temperature and hydrogen a c t i v i t y  dependence of t h e  crack growth 
r a t e  f o r  hydrogen from t h e  plasma, nuc lea r  reac t i ons  and aqueous c o r r o s i o n  react ions.  MT-9 i s  used as t h e  
base m a t e r i a l ,  and t h e  m a t e r i a l  parameters are not  v a r i e d  except t h a t  t h e  y i e l d  s t r e n g t h  i s  assumed t o  be 
t h a t  f o l l o w i n g  r a d i a t i o n  har3ening. 

5.2 Hydrogen induced crack growth r a t e s  

5.2.1 Ex te rna l  gaseous hydrogen 

Hydrogen uptake i s  genera l l y  recognized as a surface c o n t r o l l e d  process which may i n v o l v e  severa l  surface 
r e a c t i o n  steps. 
which i s  i n te rmed ia te  between gaseous hydrogen and t h e  chemisorbed s ta te .  Th is  p recu rso r  d i s s o c i a t e s  i n t o  
atomic hydrogen, which i s  then absorbed i n t o  the  ma te r ia l .  Several observat ions of crack growth of h i g h -  
s t r e n g t h  s t e e l  i n  gaseous hydrogen have been i n t e r p r e t e d  as be ing c o n t r o l l e d  by t h e  adso rp t i on  r a t e  of 
hydrogen [1-3,7.81. W i l l i ams  and Nelson [21 modeled t h e  crack growth ra te- temperature  dependence of 413U 
steel i n  gaseous hydrogen w i t h  a gas phase adso rp t i on  iso therm f o r  hydrogen adsorp t i on  on i ron .  S i m o n s ,  
Pao and Wei [ 7 ]  found a s i m i l a r  temperature dependence and low- temperature a c t i v a t i o n  energy f o r  a 4340 
s t e e l  i n  gaseous hydrogen and concluded t h a t  t h e  r a t e - l i m i t i n g  step was sur face r e a c t i o n  c o n t r o l l e d .  
Ganglo f f  and Wei [ E ]  found t h a t  t h e  temperature dependence o f  t h e  low- temperature crack growth r a t e  of a 
maraging s t e e l  was s i m i l a r  t o  t h a t  observed by o thers  [2,7]; however, t hey  concluded t h a t  t h e  crack growth 
r a t e  was c o n t r o l l e d  by shor t- range d i f f u s i o n  o f  hydrogen o r  t h e  k i n e t i c s  of a hydrogen- iron embr i t t l emen t  
r e a c t i o n  assoc ia ted w i t h  e i t h e r  near- surface o r  sub-surface hydrogen. Pasco, S ieradzk i  and F i c a l o r a  C31 
were ah le  t o  model the  low- temperature r e g i m  observed by Ganglof f  and Wei us ing  a surface adso rp t i on -  
deso rp t i on  k i n e t i c  model. 
found f o r  s t e e l s  are  g iven i n  F igu re  1. 

Most hydrogen adsorpt ion s tud ies  suggest t h e  ex i s tence  of a molecu lar  p recu rso r  s t a t e  C4-61 

Examples of t h e  two types o f  crack growth r a t e  versus temperature r e l a t i o n s h i p s  

Wi l l i ams  and Nelson [21 found t h a t  t h e  temperature and pressure dependence of t h e  crack growth r a t e  of 4340 
s t e e l  cou ld  be accu ra te l y  descr ihed by t h e  f o l l o w i n g  hydrogen adsorp t i on  isotherm: 

- 2 = a Plr2 (1-8) exp(-Em(e)/RT) 

where a i s  r e l a t e d  t o  t h e  condensat ion c o e f f i c i e n t ,  P i s  t h e  pressure. e t h e  f r a c t i o n  of f i n a l  adso rp t i on  
s i t e s ,  E,,, t h e  energy o f  m i g r a t i o n  o f  an adatom from an i n i t i a l  p h y s i s o r p t i o n  s i t e  t o  a f i n a l  chemisorpt ion 
s i t e ,  R i s  t h e  gas constant  and T i s  t h e  temperature. I n s e r t i n g  t h e  approp r ia te  r e l a t i o n s h i p  f o r  

and t h e  assumption t h a t  t h e  crack growth r a t e  i s  equal t o  t h e  adso rp t i on  r a t e  a t  a g iven coverage, equa- 
t i o n  l can be s i m p l i f i e d  t o  t h e  f o l l o w i n g  two expressions f o r  t h e  low- temperature reg ine  (curve l ) ,  equat ion 
2, and t h e  high- temperature r e g i m  (curve 1). equat ion 3. i n  F igu re  1: 

eXP ( -AH-Em/HT) da = p3/2 T-1/2 
d t 4  

where C3 and C4 a re  constants,  and AH i s  t h e  heat of adso rp t i on  of hydrogen. 
t h a t  t h e  measured pressure dependence was cons is ten t  w i t h  those expressed by equat ions 2 and 3. 
i n  t h e  hydrogen pressure increased t h e  crack growth r a t e  and s h i f t e d  t h e  peak i n  t h e  crack growth r a t e  
curves t o  h i g h e r  temperatures. 

Wi l l iams and Nelson a l s o  found 
An i nc rease  
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Equations Z and 3 are  the re fo re  approp r ia te  f o r  assessing the  crack growth ra tes  of a fus ion r e a c t o r  f i r s t  
wa l l  exposed t o  a hydrogen gas. To adopt i t s  use f o r  e v a l u a t i n g  t h e  e f f e c t  of a hydrogen plasma on t h e  
crack growth r a t e  i t  i s  i iecessary t o  r e l a t e  t h e  hydrogen f l u x  imping ing on a t i r s t  w a l l  t o  an equ iva len t  
hydrogen gds pressure which would g i ve  t h e  sa Such a comparison has been 
inade by Ashby C9l where a hydrogen f l u x  of  10' H/cm -s was equal t o  a pressure o f  la-' Pa. Therefore,  as  a 
f i r s t  es t imate t h i s  pressure wds lured t o  represent the  e f fec t  of a hydrogen plasma on t h e  crack growth r a t e  
o f  HJ-9, and iusing t h e  paraineters l i s t e d  i n  Table 1 t h e  crack growth r a t e  versus temperature r e l a t i o n s h i p  
j i v e n  i n  F igu re  2 resu l ted .  
s u f f i c i e n t l y  low so as  t o  have no e f f e c t  on the  crack growth r a t e  of HT-q based on t h i s  aga lys i s .  
muin crack growth c a l c u l a t e d  w i t h  equat ions 2 and 3 f o r  a pressure of 10- 
occurs a t  a temperature o f  -125'C. A t  25°C the  crack growth r a t e  i s  and a t  200'C i t  i s  10- cm/s. 

c o l l j s i o n  r a t e  w i t h  t h e  surface. 

It i s  c l e a r  from t h i s  c a l c u l a t i o n  t h a t  t h e  hydrogen a c t i v i t y  of t h e  plasma i s  

cm/s. ayf i t  
The maxi- 

Pa i s  1.6 x 10- 

The e x c e l l e n t  f i t between t h e  crdck growth r a t e  of 4340 s t e e l  and t h e  adso rp t i on  iso therm r e l a t i o n s h i p  used 
hy I l i l l i a m s  and Nelson E21 on ly  demonstrates t h a t  adsorpt ion i s  t h e  r a t e - l i m i t i n g  s tep  hut does not prove 
t h a t  surface hydrogen causes cracking. Hydrogen-induced crack growth i s  thought t o  r e s u l t  from hydrogen, 
which d i f f u s e s  t o  some po in t  ahead o f  t he  crack t ip .  Nelson. W i l l i ams  and Tetelman [ l o ]  i l l u s t r a t e d  t h i s  hy 
measuring t h e  crack growth r a t e  o f  4340 s tee l  i n  atomic hydrogen produced w i t h  a hot f i l amen t  i n  hydrogen 
gas. The crack growth r a t e s  increased by several  orders  of magnitude, and t h e  a c t i v a t i o n  energy o f  t h e  low- 
temperature regime increased t o  a va lue equal t o  the  heat of s o l u t i o n  o f  hydrogen i n  i ron .  Nelson e t  a l .  
concluded t h a t  t h e  slow step i n  crack growth i n  ,nnlecular hydrogen i s  t h e  m i g r a t i o n  of adsorbed molecu lar  
hydrogen t o  a d i s s o c i a t i o n  s i t e  on t h e  s t e e l  surface. I f  atomic hydrogen i s  t h e  adsorbing species, then t h e  
r a t e - l i m i t i n g  s tep i s  c o n t r o l l e d  by t h e  heat of s o l u t i o n  of hydrogen i n  s t e e l .  This r e s u l t  i n d i c a t e s  t h a t  
t h e  surface hydrogen concen t ra t i on  was not t h e  cause of c r a c k i n g  but merely t h e  supply of hydrogen t o  
(defects w i t h i n  t h e  ma te r ia l .  

Since hydrogen froin t h e  plasma i s  e i t h e r  neu t ra l  o r  i o n i c  atomic hydrogen, it i s  p o s s i b l e  t h a t  i t s  e f f e c t  on 
c rack ing  w i l l  be g rea te r  than t h a t  o f  molecular hydrogen a t  an equ iva len t  pressure. Using t h e  r e s u l t s  o f  
Nelson e t  a l .  ClOl, t h e  pressure used i n  t h e i r  i o n i z e d  hydrogen t e s t ,  10" Pa, r e s u l t s  i n  t h e  crack growth 
r a t e  versus temperdture r e l a t i o n s h i p  j i v e n  i n  F igu re  3 .  The data of Nelson e t  a l .  was i n s u f f i c i e n t  t o  
desc r ibe  t h e  h iyh- temperature  regiine i n  atomic hydrogen; the re fo re ,  i t  i s  not  p o s s i b l e  t o  determine t h e  
temperature of t h e  maximuin crqck growth r d t e  and t h e  crack growth ra tes  a t  h igh  temperatures. Al though s i g-  
n i f i c a n t  crack growth ra tes  de! a s i b l e  i n  atomic hydrogen a t  temperatures below 100°C. atomic hydrogen 
would not be present a t  low temfefatures when t h e  reac to r  i s  shut o f f .  
gen froin t h e  plasma has s u f f i c i e n t  energy t o  he i n j e c t e d  i n t o  the f i r s t  wa l l .  
e l i i n i n a t e  t h e  r a t e  l i m i t i n g  hydrogen d i s s o l u t i o n  s tep observed by Nelson e t  a l .  i n  t h e i r  i o n i z e d  hydrogen 
experi inent. Therefore,  the r e s u l t s  given i n  F igu re  3 may under- pred ic t  t h e  crack yrowth r a t e  r e s u l t i n g  from 
i n j e c t e d  hydrogen. 

It i s  impor tant  t o  note t h a t  hydro-  
I n j e c t i o n  o f  hydrogen would 

The adso rp t i on  r a t e  r e l a t i o n s h i p  fo r  crack growth proposed by Wi l l iams and Nelson cons iders  t h e  crack moving 
forward i n  a cont inuous process governed by t h e  adsorpt ion ra te .  Gerherich, L ivne and Chen [11 have p r e -  
sented a model t h a t  hlends the  adsorpt ion r a t e  concept w i t h  t h e  t r a n s p o r t  of hydrogen t o  a l o c a t i o n  ahead of 
t h e  crack t i p .  Gerher ich e t  a l .  modeled the  hydrogen e f fec t  assuming a temperature dependence as given by 
ci i rve #2 i n  F igu re  1 where To i s  a f u n c t i o n  o f  t he  hydrogen pressure and coverage on t h e  surface. They a l s o  
assumed t h a t  c rack ing  was  c o n t r o l l e d  by sub-si i r face hydrogen which was supp l i ed  by sur face adsorhed hydrogen 
and was c o n t r o l l e d  by t h e  t r a p p i n g  of hydrogen a t  defec ts .  Each incremental  crack advance occur red when a 
c r i t i c a l  coverage r e s u l t e d  a t  t h e  emhr i t t lement  s i t e  which was 500'6. beneath t h e  surface. The crack growth 
r a t e  was descr ibed hy Gerber ich e t  a l .  3s f o l l ows :  

2 4DOexp ( - f f f /KT)  

XCK 

oy riH ( T - T ~  ) 
1-exp KTTo 

da . 
dt  
_. ( 4 )  

w i t h  t h e  d e f i n i t i o n s  dnd values f o r  t he  parameters g iven i n  Table 1. The c r i t i c a l  parameter i n  equat ion 4 
i s  To because as T approaches T t h e  crack growth r a t e  decreases r a p i d l y  towards zero. Gerber ich e t  a l .  
es t imated the  value o f  To as a ?unct ion of hydrogen surface coverage as given by t h e  curves i n  F igu re  4. 
i s  apparent from t h i s  data t h a t  f o r  t he  two r i t i c a l  surface coverages i n  F igu re  4 t h e  value o f  To i s  we l l  
below room temperature f o r  a pressure of lo- '  Pa, which i s  cons is ten t  w i t h  t h e  conc lus ion reached u s i n g  
equat ions 2 and 3 as g iven by t h e  r e s u l t s  i n  F igu re  2. 

The ana lys i s  by Gerber ich et a l .  assumes an e q u i l i b r i u m  adsorp t i on  process between molecu lar  hydrogen gas 
and a surface. Th is  e q u i l i b r i u m  between t h e  surface coverage of hydrogen and t h e  hydrogen pressure can he 
a l t e r e d  and a q u a s i e q u i l i b r i u m  es tah l i shed  hy a l t e r a t i o n s  i n  t h e  surface chemis t ry  o r  s t r u c t u r e .  
i s  given i n  F igu re  5 where t h e  surface hydrogen coverage was found by Baer and Jones [lll t o  he a func t i on  
of t h e  surface s u l f u r  coverage. 
hy s p u t t e r  c lean ing  t h e  surface i n  a vacuum of 10-' Pa was s u h s t a n t i a l l y  g rea te r  than expected f o r  t h e  

It 

An example 

Also, t h e  coverag of hydrogen obta ined w i t h  a very c lean  sur face obta ined 
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hydrogen pressure o f  Pa used i n  t h i s  e x p e r i w n t .  Therefore,  it i s  p o s s i b l e  t h a t  a q u a s i e q u i l i b r i u m  
sur face coverage o f  hydrogen cou ld  occur  on a fus ion  f i r s t  w a l l  because of i t ' s  surface chemistry.  Assuminy 
a q u a s i e q u i l i b r i u m  coveraye of hydrogen which r e s u l t s  i n  a hydrogen coverage of 0.15 and a To of 4U0°K, 
equat ion 4 r e s u l t e d  i n  t h e  crack growth r a t e  versus temperature r e l a t i o n s h i p  g iven i n  F igu re  6. This cond i-  
t i o n  represents  t h e  worst p o s s i b l e  cas where t h e  q u a s i e q u i l i b r i u m  surface coverage r e s u l t s  i n  a To,of 4UU"K 
and a maximum crack growth r a t e  of IO-' cm/s a t  about 50'C. 
l i k e l y  t h a t  hydrogen from t h e  plasma w i l l  cause crack growth o f  HT-9 because t h e  crack growth r a t e  at. reac-  
t o r  ope ra t i ng  c o n d i t i o n s  when plasma hydrogen i s  present i s  ex t remely  slow. 

Even w i t h  these extreme c o n d i t i o n s  i t  i s  not  

5.2.2 Externa l  ca thod ic  hydrogen 

S t r u c t u r a l  m a t e r i a l s  i n  a water cooled fus ion  r e a c t o r  w i l l  undoubtedly be chosen because o f  t h e i r  slow co r-  
ros ion  r a t e s  i n  reac to r  coo lants ;  however, even a t  very low c o r r o s i o n  r a t e s  t h e r e  are  f i n i t e  anodic and 
cathod ic  cu r ren t  dens i t i es .  The reduc t ion  o f  hydrogen a t  a cathode can be descr ibed by t h e  f o l l o w i n g  
equat ions: 

H+ + e- + H~~~ (51 

Hydrogen adsorbs as atomic hydrogen i n  a ca thod ic  r e a c t i o n  whereas yaseous hydrogen adsorbs as molecu lar  
hydrogen and d i s s o c i a t e s  on t h e  m a t e r i a l  surface. Therefore, t h e  a c t i v a t i o n  energy f o r  crack growth would 
he expected t o  d i f f e r  from t h a t  observed w i t h  gaseous hydrogen where t h e  a c t i v a t i o n  eneryy i n  t h e  low- 
temperdture regime i s  r e l a t e d  t o  the  m i g r a t i o n  o f  molecu lar  hydrogen on the  sur face t o  a d i s s o c i a t i o n  s i t e .  

The r a t e  of hydroyen reduc t ion  can he descr ibed hy t h e  Ta fe l  equat ion: 

where $H i s  t h e  hydrogen o v e r p o t e n t i a l ,  6 i s  t h e  Tafel  slope, i 
gen on t h ?  ma te r ia l  of i n t e r e s t  and i i s  t h e  c o r r o s i o n  cu r ren t  l e n s i t y .  Values of 0.1, 5 x 111- Alcm and 
10- 
f o r  HT-9 i n  h igh temperature water. 
hydrogen i s  g iven by t h e  Nernst equat ion under e q u i l i b r i u m  c o n d i t i o n s ;  however, McCright [12] has shown t h a t  
t h e  Nernst equat ion does not  accu ra te l y  descr ibe t h e  r e l a t i o n s h i p  between e l e c t r o d e  p o t e n t i a l  and hydrogen 
pressure. Therefore, t h e  exper imental  r e l a t i o n s h i p  between hydrogen o v e r p o t e n t i a l  and hydrogen pressure 
g iven by McCright was used t o  es t imate t h e  hydrogen pressure as g iven by t h e  f o l l o w i n g  r e l a t i o n s h i p :  

i s  t h e  exchange cu r ren t  d e n s i t  f o r  p d r o -  

W c m  were assumed f o r  6, io and i, respec t i ve l y ,  which r e s u l t s  i n  a hydrogen o v e r p o t e n t i a l  of 0.03 mV 

Y 
6 

The r e l a t i o n s h i p  between an e l e c t r o d e  p o t e n t i a l  and t h e  a c t i v i t y  of 

3 For the  cond i t i ons  given above, a hydrogen pressure of 4.5 x 10- Pa was est imated. The ca thod ic  hydrogen 
induced crack growth r a t e  was then est imated us ing  equat ions 2 and 3 and the  c a l c u l a t e d  hydrogen pressure. 

It was assumed t h a t  t h e  deso rp t i on  process of hydrogen from an e l e c t r o d e  i n  e q u i l i b r i u m  w i t h  an aqueous 
environment i s  t h e  same as a surface i n  e q u i l i b r i u m  w i t h  a gas. This i s  a reasonable assumption because t h e  
deso rp t i on  process on both  surfaces i nvo lves  t h e  recombinat ion o f  atomic hydrogen on t h e  su r face  t o  form 
molecu lar  hydrogen. I n  gas phase e q u i l i b r i u m ,  t h e  molecu lar  hydrogen on t h e  sur face i s  i n  e q u i l i b r i u m  w i t h  
molecu lar  hydrogen i n  t h e  yas phase w h i l e  i n  the  aqueous hydrogen case, t h e  molecu lar  hydroyen on t h e  sur-  
face i s  i n  e q u i l i b r i u m  w i t h  molecu lar  hydrogen i n  t h e  gas phase conta ined i n  bubbles on t h e  surface. There 
may be a small d i f f e rence  between these two e q u i l i b r i u m  s ta tes ,  but f o r  t h e  purpose o f  t h i s  c a l c u l a t i o n  it 
i s  assumed t h a t  t hey  are  t h e  same. 

Hydrogen adsorp t i on  i n  t h e  aqueous case was assumed t o  d i f f e r  from t h a t  i n  gaseous hydrogen because i t  
adsorbs i n  t h e  atomic s t a t e  i n  t h e  aqueous case and molecu lar  s t a t e  i n  t h e  gas phase case. Therefore, t h e  
a c t i v a t i o n  energy f o r  crack growth i n  t h e  low- temperature regime was taken as t h a t  of 29 kJ/mol found by 
Nelson, Wi l l iams and Tetelman [ l o ]  f o r  crack growth i n  atomic hydrogen. With these assumptions, t h e  ca lcu-  
l a t e d  crack growth r a t e  versus temperature r e l a t i o n s h i p  g iven i n  F igu re  7 resu l ted .  Also shown i n  F igu re  7 
i s  exper imental  crack growth r a t e  data f o r  HT-9 t e s t e d  i n  1N H$04 a t  t h e  c o r r o s i o n  p o t e n t i a l  and a 
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temqerature of 25'C. The c a l c u l a t e d  and experi inental  datd are  i n  c lo se  dgreeinent w i t h  t he  l one r  qH 11' rh? 
1N H2Sd4 dccount iny  f o r  t he  f a s t e r  crack growth ra tes  i n  the  exper imental  t e s t .  A c i d i f i c a t i o n  of t he  era.. 
cheinistry can occur because of hyd ra t i on  of m t a l  ions v r i t h in  the  crack s o l u t i o n  and Crack t r d n s i i o r t  proc-  
esses d s  repu r ted  by Turnbu l l  [13]. Therefore,  i t  i s  p o s s i b l e  t h a t  t he  crack growth r a t e  i n  water w i t h  a p; !  
of 7 cuu ld  s h i f t  towards the  exper imental  datd because of crack t i p  a c i d i f i c a t i o n .  

The c a l c u l a t e d  crack yrowth r a t e  r e s u l t s  f o r  HT-9 i n  a water coo lant  are s i n i l a r  t o  those ohtain'ed f o r  j ase -  
011s hydrogen from t h e  plasmd. S i g n ' f i c a n t  crack growth r a t e s  occur on ly  around room temperature,  where 
crack LJ wth r a t e s  of a out 6 x IO-' cm/s (1.8 cmly r )  co l l ld  r e s u l t  w h i l e  a c r a c k  growth r a t e  irf 
2 x l U - F 8  cm/s ( 6  x lU-' cm/yr) r e s u l t s  a t  reac to r  ope ra t i ng  temperat i i res.  Therefore. t h e  crack growth r a t e  
o f  HT-9 induced hy c o r r o s i o n  i n  an aqueous coo lant  i s  not expected t o  he a prohlein except f o r  r e a c t o r  sh: l t -  
down pe r iods  where t h e  temperature decreases below 1110'C. 

5.2.3 I n t e r n a l  hydrogen 

Hydrogen yenerated by nuc lear  reac t i ons  i s  forined as i n t e r n a l  hydrogen which can d i f f u s e  t o  t r a p  S i tes  Such 
as  g r a i n  boundaries and p a r t i c l e - m a t r i x  i n t e r f a c e s  and caiise hydrogen indilced crack ing.  
e f fec t  of i n t e r n a l  hydroyen on the  f r a c t i i r e  of m a t e r i a l s  can done (with a constant load t e s t  vrhere t h e  t iw  
t o  f a i l u r e  r e l a t e s  t o  t h e  t i m e  fo r  hydrogen t o  d i f f u s e  t o  i n t e r n a l  defects o r  i n t e r f a c e r .  
e x i s t s  i n  the  ma te r ia l ,  i n t e r n a l  nyrlrogen w i l l  concent ra te  ahead o f  t h e  crack t i p  becdiise o f  t h e  h y d r o s t a t i c  
s t r e s s  s ta te .  Hydrogen w i l l  d i f f i r s e  t o  g r a i n  boundaries and p a r t i c l e - m a t r i x  i n t e r f a c e s  by an e q u i l i b r i u m  
sey reya t ion  process s i m i l a r  t o  elements such as S, P,  etc. Shin and Meshi i  [14j hdve est imated t h e  e f f e c t  
of hydrogen segregat ion t o  t h e  g ra in  boundaries o f  i r o n  and concluded t h a t  a monolayer of hydrogen cou ld  
seyreyate t o  t h e  g r a i n  boundaries and t h a t  t h i s  q u a n t i t y  reduced the  f r a c t u r e  s t r e s s  of i r o n  hy a f a c t o r  of 
2 r e l a t i v e  t o  t h e  f r a c t u r e  s t ress  r e s u l t i n g  froln t h e  presence of on ly  S a t  t he  g r a i n  boundaries. 

TeSt iny f o r  t ' le 

When d crack 

Gerber ic l i ,  Chen and S t .  John [15] have m d e l e d  t h e  hydroyen-stress f i e l d  i n t e r a c t i o n s  t o  develop a k i n e t i c  
inode1 of Crack growth fo r  i n t e r n a l  hydrogen. They assumed t h a t  the  stage I I  crack yrowth k i n e t i c s  which a r e  
n e a r l y  s t r e s s - i n t e n s i t y  independent are c o n t r o l  l ed  p r i m a r i l y  by t h e  p l a s t i c  s t r e s s  f i e l d .  The crdck growtl i 
r a t e  r e l a t i o n s h i p  proposed by Gerber ich e t  a l .  i s  g iven by equat ion 9 below: 

( 9 )  

where the  d e f i n i t i o n  and numerical  values given i n  Tahle 1. To account f o r  s t rong  hydrogen t rapp ing ,  which 
i s  expected i n  HT-Y, t h e  expression given by E l l e rb rock  C161 f o r  OA was s u b s t i t u t e d  fo r  flA i n  equat ion 9 t o  
g i ve  t h e  f o l l o w i n g  expression: 

The crack yrowth r a t e  versus temperature r e l a t i o n s h i p  given i n  F ig i r re  8 was determined Irs ing eqirat ion 10 f o r  
var ious values of Co rang ing from 0.0005 t o  5 appm w i t h  a s i n g l e  value of CCH of 10 appm. 

The v a r i a b l e  C i n  equat ion 10 i s  t h e  i n i t i a l  hydrogen concen t ra t i on  e x i s t i n g  i n  t h e  m a t e r i a l  which i s  i n  
e q u i l i b r i u m  wi?h ex te rna l  hydrogen. 
w i l l  reach a steady s t a t e  which i s  a f unc t i on  of i t s  generat ion ra te ,  t r a n s p o r t  r a t e  and ex te rna l  pressure. 
S t o l t z ,  Baskes and Look [I71 have eva luated t h e  s teady- s ta te  hydrogen concen t ra t i on  i n  a f u s i o n  f i r s t  w a l l  
s t r u c t u r e  made of HT-Y f o r  var ious sur face reac t i ons  and f o r  cond i t i ons  of hydrogen generat ion by (n,p) 
r e a c t i o n  and d i r e c t  i n j e c t i o n  from the  plasma. They found a very sinall temperature dependence between 473 
and 673'K f o r  s teady- s ta te  hydrogen concent ra t ions rang ing f rom 0.0005 appm t o  0.5 appm; t h e r e f o r e ,  it was 
assumed as d f i r s t  approximat ion t h a t  Co i s  temperature independent. 
c e n t r a t i o n  o f  0.5 appm r e s u l t e d  when they assumed t h a t  surface recombinat ion o f  hydrogen was the  r a t e -  
l i m i t i n g  step i n  t h e  desorpt ion of hydrogen. For i n j e c t e d  hydrogen t h e  s teady- sta te  concen t ra t i on  was 
0.5 appm hydrogen and fo r  (n,p) hydrogen it was 0.01 appm hydrogen. Crack growth r a t e s  f o r  these steady- 
s t a t e  hydroyen concen t ra t i ons  are  given i n  F igu re  8 based on equat ion 10, and i t  can be seen t h a t  t h e  crack 
yrowth ra tes  increase w i t h  i nc reas ing  tgmperature and reach a p la teau  a t  about 290°C. 
p r e d i c t s  a Crack growth r a t e  of 2 x 10- cm/s f o r  a hydrogen concen t ra t i on  o f  0.5 appm and 2 x 10'' cm/s f o r  
a hydrogen concen t ra t i on  of 0.05 appm. Even t e lowest hydrogen concen t ra t i on  c a l c u l a t e d  by S t o l t z  e t  a l .  
cou ld  r e s u l t  i n  a crack growth r a t e  of 2 x lo-' cm/s, which corresponds t o  60 cm/yr. As t h i s  r a t e  would be 
i n t o l e r a b l e  i n  a f u s i o n  reac to r  design, exper imental  v e r i f i c a t i o n  of t h i s  r e s u l t  i s  impor tant .  

However, i n  a f us ion  r e a c t o r  f i r s t  w a l l ,  t he  hydrogen concen t ra t i on  

The h ighest  Steady-state hydruyen con- 

This r e l a t i  nsh ip  
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I n  a recent  ana l ys i s ,  k r b e r i c h ,  L ivne and Chen [l] evaluated t h e  temperature dependence of hydrogen induced 
crack growth f o r  i n t e r n a l  hydrogen i n  a manner s i m i l a r  t o  t h a t  f o r  ex te rna l  gaseous hydrogen. This l a t e r  
a n a l y s i s  g ives  d maximum crack growth r a t e  a t  around room temperature w i t h  a r a p i d l y  decreasing Crack growtn 
r a t e  w i t h  i n c r e a s i n g  temperature. The e f fec t  of a s teady- s ta te  hydrogen concen t ra t i on  cou ld  not  be r e a d i l y  
assessed w i t h  t h i s  r e l a t i o n s h i p ;  however, t l i e  parameters used by t ie rber ich  e t  a l .  i n  h i s  ana l ys i s  were s i m i -  
l a r  t o  those used t o  d e r i v e  the  curves i n  F igu re  8 so t h a t  t h e  HT-9 should have comparable behavior.  
Gerher ich e t  a l . ' s  ana l ys i s  i s  co r rec t ,  t h e  e f fec t  of (n,p) generated hydrogen would be s i m i l a r  t o  t h a t  f o r  
ex te rna l  gaseous and cathod ic  hydrogen where t h e r e  i s  a temperature l i m i t  above which t h e  crack growth r a t e  
decreases very r a p i d l y .  F o r  an i n t e r n a l  hydrogen concen t ra t i on  of 200 appm as evaluated by t ie rber ich  
e t  a l . ,  t h i s  upper temperature l i m i t  i s  equal t o  about 50°C. L i m i t e d  exper imental  data f o r  4340 s t e e l  was 
cons i s ten t  w i t h  t h e  t h e o r e t i c a l  ana lys is .  

I f  

While k r h e r i c h  e t  a l .  took precaut ions t o  prevent hydrogen loss dur ing  crack growth t e s t i n g ,  t h e r e  i s  a 
p o s s i b i l i t y  t h a t  hydrogen loss  d i d  occur a long t h e  crack w a l l s  which were uncoated. Also, i n  a fus ion reac-  
t o r ,  hydrogen w i l l  he cont inuous ly  generated so t h a t  a s teady- sta te  concen t ra t i on  develops wh i l e  Co would 
decrease i n  t h e  t e s t s  by Gerber ich e t  a l .  if hydrogen l o s s  occurred. C lea r l y ,  c l a r i f i c a t i o n  of t h e  tempera- 
t i i r e  dependence of t he  crack growth r a t e  induced by i n t e r n a l  hydrogen i s  needed f o r  candidate fus ion  reac to r  
ma te r i  a i  s .  
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7.0 Fu tu re  Work 

The temperature dependence of hydrogen induced crack growth of HT-9 a t  temperatures above 25°C w i l l  be 
examined expe r imen ta l l y .  
expe r imen ta l l y  and t h e o r e t i c a l l y .  A p p l i c a t i o n  of hydroyen embr i t t lement  models t o  vanadium a l l o y s  w i l l  be 
evaluated. 

Also, t h e  e f f e c t  o f  hydrogen on t h e  f a t i g u e  crack growth of HT-9 w i l l  be examined 

8.0 h b l i c a t i o n S  
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Parameter 

c 3  

c4 

'm 

-AH 

UY 

00 

DO 

oeff 

- 
"H 

XCK 

Ql a t t  i c e  

a4 

Hb 

HS 

R 

00 

CO 

d 

'CR 

TABLE 1 

D e f i n i t i o n  

Constant 

Constant 

Surface m i g r a t i o n  energy 

Heat of adsorpt ion of hydrogen 

Y ie ld  s t reng th  

Hydrogen d i f f u s i v i t y  (Eq. 4)  

Hydrogen d i f f u s i v i t y  (Eq. 10) 

A c t i v a t i o n  energy f o r  hydrogen 
d i f f u s i v i t y  

Part  i a  1 mo Tar volume 
o f  hydrogen i n  metal 

Oistance of hydroyen 
embri t t  1 ement s i t e  
from cracK sur face 

Uistance of hydrogen 
embr i t t lement  s i t e  
from crack sur face 

A c t i v a t i o n  energy f o r  d i f f u s i o n  
o f  unt rapped hydrogen 

Constant 

B ind ing eneryy between 
hydrogen and a t r a p  

Heat of s o l u t i o n  o f  hydrogen 

Constant 

Hydrogen sur face coverage a t  To 

Grain s i z e  

I n i t i a l  hydroyen Concent ra t ion 

C r i t i c a l  hydrogen concen t ra t i on  
f o r  crack advance 

Value 

1.05 cm2/s-M1/z 

2.1 x C ~ ~ - K ~ / ~ / N ~ / ~ - S  

16.6 kJ/mol 

-40.6 kJ/rnol 

1660 MPa 

3 x 10-5 m'/s 

1.2 x 10-7 m2/s 

35.4 kJ/mol 

5 x IO-* m ( e x t e r n a l )  

1.38 x m ( i n t e r n a l )  

7 kJ/mol 

5 x lo- '  K 

96 kJ/mol 

27 kJ/mol 

5.6 kJ/mol 

0.15 

m 

5 x 10-4 t o  5 appm 

10 appm 
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I I I 
1 IT 

FIGURE 1. Schematic of crack growth r a t e  - 1/T  r e l a t i o n s h i p s  for s t e e l s  i n  yaseous hydrogen. 
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FIGURE 2. C a l c u l a t e d  crack growth - 1 / T  r e l a t i o n s h i p  f o r  HT-9 i n  low pressure hydrogen 
approximating plasma hydrogen w i th  molecular  hydrogen. 
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FIGURE 3.  Ca lcu la ted  crack growth r a t e  - 1 /T  r e l a t i o n s h i p  ( low temperature r e g i w  on l y )  f o r  HT-9 
i n  low pressure  i on i zed  hydrogen from t h e  plasma. 
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FIGURE 4. C r i t i c a l  temperature versus hydrogen pressure  f o r  two c r i t i c a l  coverage values. 
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FIGURE 5. Surface hydrogen coverage on 4340 s t e e l  as a funct ion  of sur face  s u l f u r  coverage. 
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FIGURE 6. C a l c u l a t e d  crack yrowth r a t e  - 1/T r e l a t i o n s h i p  for  HT-9 w i t h  n o n- e q u i l i b r i u m  
s u r f a c e  hydrogen coveraye. 
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Calcu la ted crack growth r a t e  - 1/T r e l a t i o n s h i p  f o r  HT-9 i n  ca thod i c  hydrogen. 
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F I G U R E  8. c a l c u l a t e d  crack growth r a t e  - 1 / T  r e l a t i o n s h i p  f o r  HT-9 w i t h  v a r i a b l e  steady S ta te  
i n t e r n a l  hydroyen concent r a t  ions. 
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THE RELATIONSHIP BETWEEN J-INTEGRAL AND CRACK TIP OPENING DISPLACEMENT 

R. L. Simons and W. J. M i l l s  (Hanford Engineer ing Development Labora to ry )  

1.0 Ob jec t i ve  

( J I r )  and t h e  c r i t i c a l  crack t i p  opening d i s p l a c e r e n t  (CTOD,). 
The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  demonstrate t h e  r e l a t i o n s h i p  between t h e  c r i t i c a l  J - i n t e g r a l  va lue 

2.0 

S i l i c o n e  r e p l i c a s  o f  t h e  crack ex tens ion i n  compact t e n s i o n  (CT) specimens made o f  55304 and SS316 
were used t o  determine t h e  c r i t i c a l  crack t i p  opening displacement (CTOO,). These values were used t o  t e s t  
t h e  r e l a t i o n s h i p  between J ~ ~ l o  and CTOD,. The bes t  p r o p o r t i o n a l i t y  constant  i s  -2. Reasonable agreement 
between measured and calculateiSCTOD, u s i n g  We l l s '  equat ion was found. 

3.0 

T i t l e :  I r r a d i a t i o n  E f f e c t s  Ana lys i s  (AKJ) 

P r i n c i p a l  I n v e s t i g a t o r :  0 .  6 .  Doran 

A f f i l i a t i o n :  Hanford Eng ineer ing  Development Laboratory  

4.0 Relevant OAFS P lan  TaskISubtask 

Subtask I I .C.14 Models o f  Flow and F r a c t u r e  

5.0 Accomplishments and S ta tus  

5 . 1  I n t r o d u c t i o n  

E l a s t i c  p l a s t i c  f r a c t u r e  toughness concepts a re  be ing  used t o  c h a r a c t e r i z e  t h e  f r a c t u r e  response of 
m a t e r i a l s  t h a t  e x h i b i t  app rec iab le  p l a s t i c i t y  p r i o r  t o  f a i l u r e .  Both  t h e  3 - i n t e g r a l  and crack t i p  opening 
displacement (CTOD) methods a re  used as f r a c t u r e  c r i t e r i a  when widespread p l a s t i c  deformat ion i s  p resen t  i n  
a m a t e r i a l .  W e l l s ( l )  i n t roduced  t h e  CTOD concept as a measure o f  crack t i p  deformat ion p r i o r  t o  s t a b l e  
crack propagat ion.  Extens ive development of t h e  J - i n t e g r a l  approach t o  f r a c t u r e  was done by Rice. (2) 
Standard p r a c t i c e s  have been w r i t t e n  f o r  both  approaches. I n  t h e  U n i t e d  Sta tes  t h e  J - i n t e g r a l  method i s  
genera l l y  favored and i t  i s  descr ibed by t h e  ASTM Standard E 813-81.(2) Outside t h e  U n i t e d  S ta tes  t h e  CTOD 
method i s  used e x t e n s i v e l y  (see f o r  example B r i t i s h  Standard BS 5762:1979). 

Prev ious work(3) has suggested t h a t  J i s  r e l a t e d  t o  CTOD and y i e l d  s t r e n g t h  as 

J:, = muys (CTOD,) (1) 

The va lue of m f o r  a non- s t ra in  hardening m a t e r i a l  under p lane s t r e s s  c o n d i t i o n s  shou ld  approach u n i t y .  
For m a t e r i a l s  t h a t  e x h i b i t  s u b s t a n t i a l  s t r a i n  hardening, t h e  va lue of m i s  expected t o  be much l a r g e r .  
E m p i r i c a l l y  deduced va lves o f  m have ranged between 1 and 2 .  (4 - ' )  

I n  t h i s  work, J I ~  f r a c t u r e  toughness data  and c r i t i c a l  crack t i p  opening displacement (CTOD,) da ta  a re  
c o r r e l a t e d  f o r  l o w  s t reng th ,  h i g h  work hardenable m a t e r i a l s  i n  an a t tempt  t o  e s t a b l i s h  a r e l a t i o n s h i p  
between these two f r a c t u r e  c r i t e r i a .  
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5.2 M a t e r i a l  S e l e c t i o n  and Tes t i ng  

The m a t e r i a l s  used i n  t h i s  work were s o l u t i o n  annealed Type 316 and Type 304 z t a i n l e s s  s tee l s .  T e s t i n g  
was done a t  room temperature.  The y i e l d  s t reng ths  and u l t i m a t e  s t reng ths  were 40.8 and 82.5 k s i  f o r  316 SS 
and 32.9 and 89.9 k s i  f o r  304 S S .  The J R  valves were determined u s i n g  deeply cracked Cr specimens. The 
f r a c t u r e  toughness behavior was determined by t h e  mul t ip le- spec imen JR-curve technique. S p e c i f i c a l l y ,  
compact specimens were loaded t o  var ious displacements produc ing d i f f e r e n t  amounts o f  c rack  extension, na, 
and then unloaded. A f t e r  unloading, each specimen was heat  t i n t e d  t o  d i s c o l o r  t h e  crack growth r e g i o n  and 
subsequent ly broke open so t h a t  amount of crack ex tens ion  cou ld  be measured. The va lue of J f o r  each 
specimen was determined f rom t h e  load versus l o a d - l i n e  displacement curve by t h e  f o l l o w i n g  equat ion:  (2)  

where: A = area under load versus l o a d - l i n e  displacement curve 

b = unbroken l igament  s i z e  

a = [ ( 2 a l b ) 2  + Z(2a lb)  + 2]+ - (2a/b  + 1) 

a = crack  l e n g t h  

B = specimen th i ckness  

The JR-curves were cons t ruc ted  by p l o t t i n g  values of J as a f u n c t i o n  of &a. The i n i t i a t i o n  Jc va lue was 
then  taken t o  be t h a t  va lue  where a least- squares reg ress ion  l i n e  through the  crack ex tens ion  data  p o i n t s  
i n t e r e s e c t e d  the  s t r e t c h  zone l i n e  f o r  low s t rength ,  h igh s t ra in- ha rden ing  m a t e r i a l s :  (’) 

J = 4 o f ( ~ a ]  

where: o f  = f l o w  s t r e n g t h  = ) (oys  + o u t s )  

o y s  = 0.2% o f f s e t  y i e l d  s t r e n g t h  

o u t s  = u l t i m a t e  t e n s i l e  s t r e n g t h  

The J l C  values are  shown on Tab le  I .  The d e t a i l s  of t he  exper imental  work w i l l  be repo r ted  a t  a l a t e r  
t ime.  

Crack opening r e p l i c a s  were made a f t e r  t he  CT specimens were t e s t e d  and heat t i n t e d  by i n f i l t r a t i n g  t h e  
crack  w i t h  a c a t a l y t i c a l l y  hardening s i l i c o n e  rubber commonly used t o  make den ta l  impress ions.  T h i s  
techn ique was f i r s t  developed by Robinson and Tetelman.(4) The s i l i c o n e  rubber i s  poured i n t o  t h e  notch 
w i t h  dams on each s i d e  o f  t h e  CT specimen and a l lowed t o  harden. The specimen was then  broken i n  h a l f  and 
t h e  r e p l i c a  was removed and sect ioned i n t o  qua r te rs .  The w id th  o f  t he  r e p l i c a  was measured w i t h  a 
t r a v e l i n g  d i f f e r e n c e  microscope r e l a t i v e  t o  t he  end o f  t he  precrack l i n e  t r a v e l i n g  back i n t o  t h e  precrack 
r e g i o n  -100 m i l s  and out  t o  t h e  end of t h e  crack t i p .  Reference 8 g i v e s  cons iderab le  d e t a i l  on t h e  
p r e p a r a t i o n  o f  s i l i c o n e  r e p l i c a s  o f  t he  crack.  

5.3 Resu l ts  and Discuss ion 

F igu re  1 shows r e s u l t s  o f  r e p l i c a  th i ckness  versus d i s t a n c e  from t h e  precrack t i p  f o r  a 316 s t a i n l e s s  
specimen. The curve shows t h r e e  c h a r a c t e r i s t i c  reg ions:  t h e  precrack  r e g i o n  a t  nega t i ve  x values,  t he  
b l u n t i n g  r e g i o n  ( o r  s t r e t c h  zone) o u t  t o  about 20 m i l s  and t h e  crack ex tens ion  r e g i o n  beyond -20 m i l s .  The 
curves are  l i n e a r  l e a s t  squares f i t  t o  t h e  data.  The CTOD, at. t h e  precrack  t i p  i s  t he  d i f f e rence  between 
t h e  two curves a t  x = 0. I n  t h i s  case (specimen 1993) t h e  average o f  t h r e e  s e c t i o n  measurements i s  0.035 2 
0.014 inches. The u n c e r t a i n t y  i s  t h e  one standard d e v i a t i o n  o f  t h e  t h r e e  measurements. The weighted 
average c r i t i c a l  CTOD f o r  SS316 i s  0.030 t 0.006 inches and f o r  SS304 i s  0.048 2 0.013 inches. The 
measured CTOD, f o r  s i x  specimens a re  shown i n  Tab le  1. 

I t  i s  noted t h a t  t he  55304 specimens 1952 and 1954 showed very l i t t i e  crack ex tens ion  w h i l e  1955 showed 
Specimen 1955 a l s o  showed t w i c e  as l a r g e  of 

The consequences o f  t h i s  behav ior  o f  1955 i s  a l a r g e r  u n c e r t a i n t y  
crack ex tens ion  comparable t o  t h e  SS316 specimens (-100 m i l s ) .  
CTOD, as t h e  o t h e r  two SS304 specimens. 
i n  t h e  SS304 data  than  t h e  55316 data .  
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The measured CTOD were compared t o  c a l c u l a t e d  values based on t h e  We l l s ' ( g )  equa t i on  

CTOO = & ~ L L  0.45 W-a - e Y s F ]  

where W = specimen w i d t h  

a = precrack  l eng th  

YLL = f i n a l  l oad  l i n e  displacement 

y = cons tan t  (2.5 f o r  deep ly  cracked specimens) 

o y s  = y i e l d  s t r e n g t h  

Y = Poisson 's  r a t i o  (Y = 0.3) 

E = e l a s t i c  modulus (2.90 x 104 k s i )  

The c r i t i c a l  c a l c u l a t e d  CTOD was determined by an R curve techn ique ( i .e. ,  c a l c u l a t e d  CTOO versus Aa). The 
c r i t i c a l  CTOD was taken a t  t he  Aa determined a t  t h e  i n t e r s e c t i o n  o f  t h e  JR curve and b l u n t i n g  l i n e .  These 
values a long w i t h  t h e  measured J l c  a re  shown i n  Tab le  1. The CTOD R curves are  shown i n  F igu res  2 and 3. 
A comparison of measured and c a l c u l a t e d  c r i t i c a l  CTOD's a re  shown i n  F igu re  4. They show f a i r l y  good 
agreement w i t h i n  exper imental  u n c e r t a i n t i e s .  E l a s t i c  r e l a x a t i o n  e f fec t s  have n o t  been made f o r  i n  t he  
measured values.  

E v a l u a t i o n  o f  t he  r e l a t i o n s h i p  between J rC and CTOOc (Eq. 3) i s  shown by p l o t t i n g  J l c f  ys  versus 
CTOO, i n  F igu re  5. The two l i n e s  drawn correspond t o  d i f f e r e n t  values o f  m. The m=l l i n e  corresponds t o  
an e l a s t i c  m a t e r i a l  w i t h  no work hardening, The m=2 t ime  best  f i t s  t h e  SS316 and SS304 data. The maximum 
m t h a t  would f a l l  w i t h i n  t h e  55304 e r r o r  ba rs  i s  m.2.5. M i l l s ( 7 )  found t h a t  m=2 bes t  f i t  seve ra l  low and 
i n te rmed ia te  s t r e n g t h  s t e e l s .  The i n d i v i d u a l  measurements a re  shown i n  F igu re  5 as A's. 

Stee l s  w i t h  s i g n i f i c a n t  work h a r d e n a b i l i t y  r e q u i r e  m>l. The y i e l d  s t reng ths  o f  SS304 and 55316 a re  
33 k s i  and 40 k s i ,  r e s p e c t i v e l y .  The SS304 shows a h ighe r  work harden ing c o e f f i c i e n t  t han  SS316 (0.56 and 
0.32, r e s p e c t i v e l y ) ,  and thus  a cor responding ly  h ighe r  va lue o f  m i s  expected. These r e s u l t s  a re  i n  
q u a l i t a t i v e  agreement w i t h  t h e  e v a l u a t i o n  o f  Paranjpe and Banejee( l0)  who found m t o  increase l i n e a r i l y  
w i t h  t he  s t r a i n  harden ing exponent up t o  rn.1.5. However, t h e  i nc rease  was a t  a lower r a t e  f o r  harden ing 
exponents >0.2. 

5.4 Conclusions 

C r i t i c a l  crack t i p  opening displacement (CTOO,) were measured f rom s i l i c o n e  r e p l i c a s  of cracked 
compact t e n s i o n  specimens made of SS304 and SS316. .Measured CTOD, and c a l c u l a t e d  CTOD, based on We l l s '  
equat ion were i n  c lose  agreement. The r e l a t i o n s h i p  between J I ~  and CTOD, i s  p r o p o r t i o n a l  t o  a constant  
t imes y i e l d  s t r e s s .  The bes t  constant  (m) appears t o  be equal t o  2 .  
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Future  Work 

A d d i t i o n a l  CTOD measurements w i l l  be made t o  improve t h e  measurement s t a t i s t i c s .  A p p l i c a t i o n  t o  
o the r  low and i n te rmed ia te  s t r e n g t h  s t e e l s  i s  planned t o  expand t h e  da ta  base. 

8.0 P u b l i c a t i o n s  

None. 

TABLE 1 

CTOD DATA FOR 55316 AN0 SS304 

Measured 
Mean 

CTOD, CTOD, Ca lcu la ted  J I C  
S tee l  Specimen No. ( inches)  ( i nches )  CTOD ( k s i  i nch )  __ 
55316 2000 0.025fO .005 
1993 0.03520.014 0.03020.006 0.041 

1985 0.035fO.006 
2.27?0.17 

55304 1954 0.04220.006 
1952 0.03620.004 0.04820.013 0.044 2.96'0.29 
1955 0.071*0.005 
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FIGURE 1 .  CTOD As A Function Of Crack Depth In 316 S t a i n l e s s  S t e e l  Specimen Number 1993. 
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FIGURE 2 .  Calculated CTOD I n  316 S t a i n l e s s  S t e e l  By R Curve Analys i s .  
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FIGURE 3. Calculated CTOD In 304 Stainless Steel By R Curve Analysis. 
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FIGURE 4. Comparison O f  Calculated And Measured CTOD,. 
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FIGURE 5 .  E v a l u a t i o n  Of  The Constant Of P u r p e r t i m a t i l i t y  Between Jlc And CTODc. 
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CHAPTER 5 

RADIATION EFFECTS MECHANISMS 
AND CORRELATIONS 
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OWRIRTNS-I1 LOW EXPOSURE SPECTRAL EFFECTS EXPERIMENT 

H .  L .  Heinisch, 5. 0. Atkin and C. Martinez (Hanford Engineering Development Laboratory) 

1 .o Objective 

The objective of this experiment is to determine the effect of the neutron spectrum on radiation-induced 
changes i n  mechanical properties for metals irradiated with fusion and fission neutrons. 

2.0 Summary 

The status of the OWRIRTNS-I1 Low Exposure Spectral Effects Experiment is reviewed. Irradiations in 
RTNS-I1 and OUR at 90°C and 29O'C have been completed. The results of tensile tests on AIS1 316 stain- 
less steel, A302B pressure vessel steel and pure copper are reported here. The radiation-induced changes 
in yield strength as a function of neutron dose in each spectrum are compared. The data for 316 stain- 
less steel correlate well on the basis of displacements per atom (dpa], while those for copper and R302B 
do not. In copper the ratio of fission dpa to fusion dpa for a given yield stress change is about three 
to one. In A3028 pressure vessel steel the fission to fusion ratio is more than three at lower fluences, 
but the fission and fusion yield stress data appear to coalesce or intersect at the higher fluences. 

3.0 

Title: Irradiation Effects Analysis 
Principal Investigator: D .  6 .  Doran 
Affi 1 iat ion: Uestinghouse Hanford Company 

4 .O Relevant OAFS Program Plan TaskISubtask 

Subtask II.B.3.2 
Subtask I1 .C.6.3 Effects of Damage Rate and Cascade Structure on Microstructure; Low-EnergylHigh 

Subtask II.C.16.1 14-MeV Neutron Damage Correlation 

Experimental Characterization of Primary Damage State; Studies of Metals 

Energy Neutron Correlations 

5 .O Accomplishments and Status 

5.1 Introduction 

This is a report of the first results from an experiment to determine quantitative differences in the 
effects of RTNS-I1 and fission reactor neutrons on the changes in tensile properties and microstructure 
of metals irradiated to exposures < 0.1 displacements per atom (dpa). Irradiations were performed at the 
RTNS-I1 and at the Omega West Reactor (OUR) at Los Alamos National Laboratory. The materials irradiated 
represent several categories of pure metals and engineering alloys. Results of tensile tests of some of 
the irradiated materials are resented here. Details of the experiment and some early results have been 
described in previous report~al-~). 

Oata from previous experiments comparing the effects on tensile properties of fusion neutrons and fission 
reactor neutrons in copper(4) and stainless steel (5) indicate the existence of spectral effects that 
cannot be accounted for simply on the basis of displacements per atom (dpa).(6) The earlier fission and 
fusion irradiations were conducted at different temperatures (65'C and 25'C respectively), so  in 
correlating the data some assumption must be made regarding the magnitude of any temperature dependence. 
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The e a r l i e r  exper iments a t t a i n e d  very low f luences i n  RTNS- I  (<0.001 dpa).  One of t he  goa ls  o f  t he  
present  experiment i s  t o  extend the  i n v e s t i g a t i o n  of s p e c t r a l  e f f e c t s  t o  a h ighe r  f l uence  range, w h i l e  
having t h e  same i r r a d i a t i o n  temperature i n  each spectrum. A more general  goa l  i s  t o  p r o v i d e  data f o r  a 
sys temat ic  study of s p e c t r a l  e f f e c t s  w i t h  respect  t o  t h e  ca tegor ies  o f  pure meta ls  and s t r u c t u r a l  a l l o y s ,  
a u s t e n i t i c  and f e r r i t i c  ma te r ia l s ,  and annealed and c o l d  worked cond i t i ons .  The r e s u l t s  o f  t e n s i l e  t e s t s  
on A I S I  316 s t a i n l e s s  s t e e l ,  A3020 pressure vessel  s t e e l  and pure copper w i l l  be discussed i n  t h i s  r e p o r t  

5.2 M a t e r i a l s  

An impor tan t  concern i n  the  s e l e c t i o n  o f  m a t e r i a l s  f o r  t h i s  experiment was t h a t  the  expected r e l a t i v e  
change i n  y i e l d  s t r e n g t h  a t  low exposures would be l a r g e  enough t h a t  the  i r r a d i a t i o n  e f f e c t s  cou ld  be 
e a s i l y  d i s t i n g u i s h e d .  High s t reng th  f e r r i t i c  a l l o y s  f o r  example. were omi t ted;  f e r r i t i c  m a t e r i a l s  are  
represented by pure i r o n  and pressure vessel  s t e e l .  Another concern i n  m a t e r i a l s  s e l e c t i o n  was t o  take  
advantage of t h e  e x i s t i n g  body of r a d i a t i o n  e f f e c t s  data.  Table 1 summarizes the  m a t e r i a l s  and t h e i r  
o r e - i r r a d i a t i o n  c o n d i t i o n s .  

TABLE 1 

MATERIALS FOR LOW EXPOSURE SPECTRAL EFFECTS EXPERIMENT 

M a t e r i a l  Composit ion Heat Treatment ASTM Gra in  S ize  

cu 99.999% cu 450 C, 15  min 7 

Fe 99.99 % Fe 800 C ( U H V ) ,  2 h 8 

A i r  Cooled 

30 oom 0 Furnace Cooled 
20 ppm N 
12 ppm C 

A I S I  316 
( N - l o t )  

AISI 316 
( N- l o t )  

A3020 

16.45wt% C r  1000 C,  10 min 
13.48 N i  A i r  Cooled 

2.48 no 
1.59 Mn 
0.48 S i  
0.15 o t h e r  
balance Fe 

20% c o l d  worked 

6 

6.5 

8 

0.18 N i  
0.11 C r  
0.13 other 
balance Fe 

5.3 I r r a d i a t i o n  Temperatures 

One o f  t h e  aims o f  t h i s  experiment i s  t o  study temperature e f f e c t s .  I r r a d i a t i o n s  were done a t  9O'C and 
290'C i n  b o t h  OUR and RTNS-11. In a d d i t i o n ,  some copper and 316 s t a i n l e s s  s t e e l  specimens were i r r a -  
d i a t e d  i n  R T N S - I 1  a t  25'C. 

The cho ice of temperatures was l i m i t e d  t o  those t h a t  cou ld  e a s i l y  be mainta ined i n  t h e  a v a i l a b l e  i r r a d i a -  
t i o n  f a c i l i t i e s .  The lower  temperature, 90.C. was e s s e n t i a l l y  d i c t a t e d  by t h e  OUR coo lan t  temperature,  
t he  gamma hea t ing  r a t e ,  and t h e  c a p a b i l i t i e s  of t h e  I n - c o r e  Reactor Furnace b u i l t  a t  Lawrence L ivermore 
N a t i o n a l  Labora to ry .  The h i g h  i r r a d i a t i o n  temperature,  290.C. was chosen as one a t  which de fec ts  become 
s i g n i f i c a n t l y  more mobi le,  y e t  not  so h igh  t h a t  t h e  r e s i d u a l  damage i n  a l l  t h e  m a t e r i a l s  i s  n e g l i g i b l e  a t  
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these low f luences. With respect  t o  d e f e c t  k i n e t i c s ,  290'C can be considered a r e l a t i v e l y  h igh  tempera- 
i u r e  f o r  copper, lower f o r  316 s t a i n l e s s  s t e e l ,  and in te rmed ia te  f o r  i r o n  and A3026 s t e e l .  A l a r g e  data  
base e x i s t s  f o r  A3026 a t  290'C, which makes t h i s  a d e s i r a b l e  temperature.  The two temperatures,  9O'C and 
290.C. are  comfor tab ly  w i t h i n  t h e  opera t i ng  range of t h e  Dual- temperature,  Vacuum- insu la ted (DTVI )  
furnace used f o r  t h e  RTNS-I1 i r r a d i a t i o n s .  

5 . 4  I r r a d i a t i o n s  

T e n s i l e  specimens were i r r a d i a t e d  u s i n g  the  HEDL dual- temperature,  vacuum- insulated furnace i n  two j o i n t  
USIJapan R T N S - I 1  runs, R - 1  t o  a peak f l u e n c e  o f  2.4 x 10 l8  n l c d  and R-2 t o  a peak f l uence  o f  8.8 x 1Ol8 
nfcm2. The neut ron f l u x  decreases r a p i d l y  w i t h  d i s tance  from t h e  source, so specimens w i t h  doses (and 
dose r a t e s )  rang ing  over two o rde rs  o f  magnitude were obta ined i n  each run.  Specimens of copper and 
annealed A I S I  316 s t a i n l e s s  s t e e l  were a l s o  i r r a d i a t e d  a t  room temperature t o  f l uences  from 7 x 101' t o  
1.3 x T e n s i l e  specimens f o r  t h i s  experiment are  
a l s o  inc luded i n  t h e  j o i n t  JapanIUS long- term i r r a d i a t i o n  ( t o  1 x l O I 9  n/cm2) now underway a t  R T N S - I 1  
i i s i ng  t h e  Japanese dua l- temperature  furnace a t  2OO'C and 450'C. 

nlcm2 i n  a Japanese-sponsored R T N S - I 1  i r r a d i a t i o n .  

The e i g h t  planned OWR i r r a d i a t i o n s  have been completed, t o  four  f luences each a t  9O'C and 29O'C. The 
h ighes t  OWR f luence, 1.3 x IOzo n/cm2, i s  s l i g h t l y  h ighe r  i n  dpa than the  h ighes t  R T N S - I 1  dose. So f a r ,  
t e n s i l e  specimens from on ly  s i x  of t h e  OUR i r r a d i a t i o n s  have been tes ted .  

T h e  OWR i r r a d i a t i o n s  use the  In-Core Reactor Furnace developed a t  Lawrence Livermore N a t i o n a l  Laboratory  
s p e c i f i c a l l y  f o r  OWR i r r a d i a t i o n s .  Temperatures o f  t he  specimens a re  main ta ined by ba lanc ing  nuc lear  
heat ing,  coo lan t  f l ow  through the  furnace, and r e s i s t a n c e  h e a t i n g  near the  specimens. I n  t h e  lower 
i r r a d i a t i o n  temperature r e g i o n  ( i n c l u d i n g  9O'C) t h e  furnace u t i l i z e s  the  r e a c t o r  c o o l a n t  w a t e r  t o  
m a i n t a i n  t h e  r e q u i r e d  temperature, wh i l e  a t  t h e  h ighe r  temperatures a f l o w  of he l ium gas i s  used. The 
r e s i s t a n c e  heater  w i t h i n  the  furnace p rov ides  p r e c i s e  c o n t r o l  of t h e  temperatures.  

The t e n s i l e  specimens a re  contained i n  h e l i u m - f i l l e d  aluminum capsules developed a t  HEDL t h a t  were 
designed t o  p r o v i d e  w e l l - c o n t r o l l e d  specimen temperatures by m in im iz ing  temperature g r a d i e n t s  caused by 
nuc lea r  hea t ing .  One capsule contained thermocouples d i r e c t l y  welded t o  specimens so t h a t  a c o r r e l a t i o n  
among t h e  furnace, capsule, and specimen temperatures cou ld  be determined. Measurements w i t h  t h i s  
capsule i n  t h e  r e a c t o r  showed t h a t  temperatures can be c o n t r o l l e d  d u r i n g  a run t o  w i t h i n  Z'C, and t h a t  
the abso lu te  specimen temperatures can be determined t o  w i t h i n  f i v e  degrees a t  both  9O'C and 290'C. The 
dos imet rv  i n  t h e  OUR caosules cons is ted of w i res  o f  Fe. N i .  T i  and 0.1%-Co-AI. s u m l i e d  and analvzed bv 
L.R. Greenwood a t  Argonne N a t i o n a l  Laboratory .  
an es t imated u n c e r t a i n t y  o f  10%. 

The n e i t r o h  f l uences  determined fSom t h e  dosimetky have 

5.5 Tens i l e  T e s t i n g  

F l a t ,  m i n i a t u r e  t e n s i l e  specimens were prepared from each m a t e r i a l .  The specimens a re  12.7 x 2.54 x 
0.254 mm o v e r a l l ,  w i t h  a gauge s e c t i o n  o f  5.10 x 1.03 x 0.254 mm. The specimens were punched from sheets 
of m a t e r i a l ,  po l i shed  t o  remove bu r rs ,  engraved w i t h  i d e n t i f i c a t i o n ,  and hea t  t r e a t e d  as i n d i c a t e d  i n  
Table 1. The A3028 specimens were punched from sheets t h a t  were s l i c e d  from a bar  of m a t e r i a l .  Conse- 
quen t l y ,  they do no t  have th icknesses t h a t  a re  as un i fo rm as those punched f r o m  r o l l e d  sheet s tock .  Even 
w i t h  un i fo rm ly  r o l l e d  sheet s tock,  t h e  a c t s  o f  punching and p o l i s h i n g  can c r e a t e  a d i s p e r s i o n  i n  t h e  
th icknesses of specimens from t h e  same sheet.  This d i s p e r s i o n  i s  a t r a d e- o f f  f o r  t h e  ease o f  p repar ing  
l a r g e  batches o f  specimens inexpens ive l y  i n  a s h o r t  t ime.  The th i ckness  o f  each specimen i s  measured 
w i t h  an e l e c t r o n i c  th i ckness  probe p r i o r  t o  t e s t i n g .  The l a r g e s t  s i n g l e  source o f  d e v i a t i o n  i n  the  
t e n s i l e  da ta  i s  u n c e r t a i n t y  i n  t h e  values of t h e  c ross- sec t i ona l  areas o f  t h e  gauge sec t i ons  t h a t  a re  
used t o  c a l c u l a t e  t h e  t e n s i l e  s t resses.  

$I T e n s i l e  t e s t s  were performed a t  room temperature u s i n g  a h o r i z o n t a l  t e n s i l e  frame designed s p e c i f i c a l l  
f o r  m i n i a t u r e  specimens.(7) A l l  t e s t s  were performed w i t h  a f ree- runn ing  cross-head speed o f  2.5 x 10- 
m l s .  The load and displacement t e s t  data  a re  c o l l e c t e d  i n  bo th  d i g i t a l  and analog form. The 0.2% o f f s e t  
y i e l d  s t ress ,  u l t i m a t e  t e n s i l e  s t r e n g t h  and un i fo rm e longa t ion  a r e  determined by computer f rom t h e  
d i g i t a l  data .  Anomalies are  reso lved  by g r a p h i c a l  a n a l y s i s  of t h e  analog data. Con t ro l  specimens of 
AISI 304 s t a i n l e s s  s t e e l  a re  r e g u l a r l y  tes ted ;  r e s u l t s  f a l l  w i t h i n  a 2-sigma band of f 6% f o r  bo th  y i e l d  
s t r e s s  and u l t i m a t e  t e n s i l e  s t reng th .  
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M i n i a t u r e  t e n s i l e  specimens have been shown t o  g i v e  v a l i d  bu l k  p rope r t y  measurements as determined from 
s tandard s i z e  specimens.(8) E f f e c t s  o f  g r a i n  s i z e  a re  a c r i t i c a l  issue. The " r u l e  of thumb" r e q u i r e s  a 
minimum o f  t e n  g r a i n s  across t h e  sma l l es t  gauge dimension, b u t  appa ren t l y  v a l i d  r e s u l t s  have been 
obta ined i n  s t a i n l e s s  s t e e l  w i t h  as few as 2-3 g ra ins . (g )  The l a r g e s t  g r a i n  s i z e  o f  t he  m a t e r i a l s  t e s t e d  
here ( f o r  316  s t a i n l e s s  s t e e l ;  see Table 1 )  corresponds t o  an average o f  5 g r a i n s  across t h e  specimen 
th i ckness .  

5.6 Resu l ts  

The d a t a  presented here  c o n s i s t  o f  t h e  rad ia t i on- induced  changes i n  0.2% o f f s e t  y i e l d  s t r e s s  as a 
f u n c t i o n  o f  neut ron f luence. Curves have been f i t t e d  t o  t h e  data  i n  most o f  t h e  f i gu res ,  p r i m a r i l y  t o  
i l l u s t r a t e  t h e  t rends  i n  t h e  data. Funct ions l i n e a r  i n  t h e  square r o o t  of t h e  f l uence  and i n  t h e  f o u r t h  
r o o t  o f  t h e  f l u e n c e  were f i t t e d .  I n  general ,  t h e  d i f f e rence  i n  f i t between t h e  square r o o t  and f o u r t h  
r o o t  f u n c t i o n s  i s  smal l .  Models of i r r a d i a t i o n  s t reng then ing  p r e d i c t  d i f f e r e n t  f l uence  dependencies of 
t he  y i e l d  s t r e s s  change, depending on t h e  mechanisms i n  e f fec t .  Al though no a t tempt  i s  made here  t o  
determine t h e  mechanisms i n  each case, t he  f luence dependencies o f  t h e  b e s t - f i t t i n g  curves a re  noted. 

I n  F ig .  1 t h e  change i n  y i e l d  s t r e s s  of RTNS-I1 i r r a d i a t e d  copper i s  d i sp layed  a t  t h r e e  temperatures,  25, 
90, and 29O'C. Data f rom both  R - 1  and R-2 are  inc luded;  doses i n  R-2 were obta ined a t  one- fou r th  t h e  dose 
r a t e  i n  R-1. The u n c e r t a i n t y  of each data  p o i n t  i s  es t imated t o  be f 5% o f  t he  abso lu te  y i e l d  s t ress ,  o r  
about t 1 0  MPa. A t  9O'C 
s t reng then ing  of up t o  3 t imes t h e  u n i r r a d i a t e d  A t  290'C 
t h e r e  i s  minimal e f f e c t  of t he  i r r a d i a t i o n  i n  t h i s  f luence range, b u t  t h e  t r e n d  i n  t h e  da ta  shows a 
s l i g h t  i n c r e a s e  a t  t h e  h i g h e r  f l u e n c e s ,  i n d i c a t i n g  p e r h a p s  t h e  o n s e t  o f  m o r e  s u b s t a n t i a l  
r ad ia t i on- induced  s t reng then ing  a t  even h ighe r  f luences. 

T h i s  i s  i n d i c a t e d  by e r r o r  bars  drawn on one p o i n t  near t h e  midd le  of t h e  data .  
y i e l d  s t r e s s  takes p lace  a t  these f luences.  

The curve a t  9O'C i n  F i g  1 i s  f i t t e d  t o  t h e  data  o f  R-1 only,  and i t  i s  l i n e a r  w i t h  t h e  f o u r t h  r o o t  of 
t h e  f luence.  The y i e l d  
s t r e s s  da ta  f rom t h e  25'C i r r a d i a t i o n ,  hav ing about t h e  same dose r a t e  as R-1, a re  a t  t he  upper edge of 
t h e  s c a t t e r  o f  t h e  da ta  a t  9O'C. They are, however, u n i f o r m l y  h ighe r  than t h e  9O'C values by about 1 5  
MPa, i n d i c a t i n g  e i t h e r  an i r r a d i a t i o n  temperature e f fec t  or some unexpected sys temat ic  d i f f e r e n c e .  

F igu re  2 shows t h e  change i n  y i e l d  s t r e s s  as a f u n c t i o n  o f  f l uence  f o r  s o l u t i o n  annealed 316  SS i r r a -  
d i a t e d  a t  t h e  RTNS-I1 a t  25.C. 9O'C and 29O'C. The u n c e r t a i n t y ,  i n d i c a t e d  by e r r o r  bars  on a s i n g l e  
p o i n t ,  i s  es t imated t o  be f 5% o f  t h e  abso lu te  y i e l d  s t ress ,  o r  about f 17 MPa a t  t h e  midd le  of t h e  
range. A t  these f l uences  t h e  maximum change i n  t h e  y i e l d  s t r e s s  i s  about 50% of t h e  va lue o f  t h e  y i e l d  
s t r e s s  o f  t h e  u n i r r a d i a t e d  m a t e r i a l .  

The o t h e r  l i n e s  i n  F i g  1 are  n o t  f i t t e d ,  b u t  s imply  show t h e  t r e n d  of t h e  data .  

There i s  no sepa ra t i on  between t h e  se ts  of data  taken from R - 1  and R-2 a t  e i t h e r  temperature. As w i t h  
copper, t h e  y i e l d  s t r e s s  change increases more r a p i d l y  w i t h  f luence a t  90.C. w h i l e  t he  y i e l d  s t r e s s  
change a t  29O'C i s  minimal.  However, f o r  316 SS a t  29O'C t h e r e  i s  a s i g n i f i c a n t  increase i n  y i e l d  s t r e s s  
a t  t h e  h i g h e r  f luences.  The curves i n  F i g  2, l i n e a r  i n  t h e  f o u r t h  r o o t  of t h e  f luence, were f i t t e d  t o  
t he  combined R - 1  and R-2 data  a t  each temperature. The da ta  a t  25'C are  u n i f o r m l y  h i g h e r  than t h e  9O'C 
data, b u t  l i e  w i t h i n  t h e i r  s c a t t e r .  The evidence f o r  a temperature e f f e c t  i n  t h i s  range i s  l e s s  compel- 
l i n g  f o r  316 SS than f o r  copper. 

The change i n  y i e l d  s t r e s s  as a f u n c t i o n  of neut ron f luence f o r  A3020 pressure  vessel  s t e e l  i r r a d i a t e d  i n  
RTNS-I1 i s  shown i n  F igu re  3. The 5% u n c e r t a i n t y  f o r  A3020 i s  about f 30 MPa and i s  i n d i c a t e d  by e r r o r  
bars  on a s i n g l e  p o i n t .  W i t h i n  t h i s  f luence.range t h e  maximum change i n  y i e l d  s t r e s s  i s  about 30% of 
t h e  y i e l d  s t r e s s  of t h e  u n i r r a d i a t e d  m a t e r i a l .  The 9O'C and 29O'C da ta  d i ve rge  beyond t h e  s c a t t e r  o f  t h e  
data  o n l y  a t  t h e  h ighe r  f luences. The data  f o r  A302B were b e t t e r  f i t  by curves l i n e a r  i n  t h e  square r o o t  
of t he  f luence.  

I n  Figs.  1-3 t h e  da ta  f rom R - 1  and R- 2 a re  shown as separate s e t s  of p o i n t s  a t  each temperature. 
Fluences i n  t h e  R-1 i r r a d i a t i o n  were achieved a t  a r a t e  4 t imes  h i g h e r  t han  f o r  R-2. I n  copper ( F i g  1) 
t h e  data  from R-2 l i e  un i f o rm ly  below those from R-1 .  A t  t h e  lower  f l uences  t h e  d i f f e rences  a r e  w i t h i n  
t h e  u n c e r t a i n t y  i n  t h e  data, b u t  a t  t h e  h ighe r  end some divergence i s  n o t i c e a b l e  a t  both 9O'C and 29O'C. 
I n  316 SS and A3020 t h e r e  i s  no d i sce rnab le  d i f f e r e n c e  between t h e  R - 1  and R-2 da ta  a t  e i t h e r  tempera- 
t u r e .  
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I n  F igs .  4- 8 t h e  changes i n  y i e l d  s t r e s s  due t o  i r r a d i a t i o n  i n  R T N S - I 1  and OWR a r e  p l o t t e d  as a f u n c t i o n  
o f  dpa u s i n g  s p e c t r a l  averaged displacement c ross  s e c t i o n s  c a l c u l a t e d  w i t h  t h e  NJOY n u c l e a r  d a t a  
code.(1b) The displacement c ross sec t i ons  f o r  copper a re  293 b and 3699 b f o r  OWR and RTNS-I1 respec- 
t i v e l y .  For  A I S 1  316 s t a i n l e s s  s t e e l  they a r e  230 b and 2782 b, and f o r  A3020 pressure vesse l  s t e e l  they 
are  222 b and 2810 b f o r  OUR and RTNS-I1 r e s p e c t i v e l y .  The cross sec t i ons  a r e  c a l c u l a t e d  on t h e  b a s i s  of 
t o t a l  neutrons; i n  OUR 31% o f  t h e  neutrons have energies g r e a t e r  than  0 .1  MeV. 

F igu re  4 con ta ins  y i e l d  s t r e s s  data  f o r  copper a t  9O'C. The l i n e s  are  f i t t e d  t o  t h e  R - 1  and OWR data  
po in ts ,  and a re  l i n e a r  i n  t h e  f o u r t h  r o o t  of dpa. The y i e l d  s t r e s s  changes r e s u l t i n g  from t h e  two 
spect ra  c l e a r l y  do not  c o r r e l a t e  on t h e  bas is  of dpa. The f i s s i o n  r e a c t o r  neutrons r e q u i r e  about 2.9 
t imes more dpa t o  produce t h e  same s t reng then ing  i n  copper as t h e  D-T neutrons. I f  t h e  R-2 data  alone 
a re  compared t o  OWR, a f a c t o r  o f  on ly  1.8 i s  obtained. Data has no t  y e t  been obta ined f rom copper 
specimens i r r a d i a t e d  i n  OUR a t  29O'C. 

F igs .  5 and 6 show y i e l d  s t r e s s  changes f o r  s o l u t i o n  annealed 316 SS a t  9O'C and 29O.C. r e s p e c t i v e l y ,  
p l o t t e d  as a f u n c t i o n  o f  dpa. A t  9O'C t h e  RTNS-I1 data  and t h e  OWR data  c o r r e l a t e  very  w e l l  i n  t h i s  
f luence range. A t  29O'C t h e r e  a re  data  a t  on l y  two OWR f luences. Whi le t h e  OWR data tend t o  f a l l  
s l i g h t l y  below t h e  RTNS- I1  data, l i t t l e  can be concluded u n t i l  t h e  h i g h e r  f l u e n c e  OWR data  a re  obta ined.  
The curves i n  F i g  5 and 6 a r e  f i t t e d  t o  t h e  data  a t  both  temperatures, and they vary  l i n e a r l y  w i t h  t h e  
f o u r t h  r o o t  o f  dpa. 

Figs.  7 and 8 show da ta  f o r  A3028 pressure vessel  s t e e l  a t  9O'C and 29O'C r e s p e c t i v e l y .  A t  9O'C t h e  OWR 
and RTNS-I1 d a t a  do not c o r r e l a t e  on t h e  b a s i s  o f  dpa i n  t h i s  f l u e n c e  range. The data  a r e  f i t t e d  b e s t  by 
curves t h a t  vary w i t h  t h e  square r o o t  o f  dpa. The curves, i f  extended, i n t e r s e c t  a t  about t h e  h ighes t  
f luence p o i n t  i n  t h e  OUR data.  A t  29O'C the  da ta  a t  t h e  two OUR f l uences  f a l l  among t h e  RTNS-I1 data .  

5 . 7  D iscuss ion 

E f f e c t s  o f  t h e  i r r a d i a t i o n  temperature a re  observed i n  t h e  R T N S - I 1  i r r a d i a t i o n s  of a l l  t h r e e  m a t e r i a l s  
i n v e s t i g a t e d  here. I n  copper t h e  D-T neutrons r e q u i r e  about 25% g r e a t e r  f l u e n c e  a t  9O'C t o  achieve t h e  
same s t reng then ing  as a t  25'C. The d i f f e r e n c e  i n  behav ior  a t  25'C and 9O'C can be a t t r i b u t e d  t o  t h e  
s e n s i t i v i t y  of d e f e c t  m i g r a t i o n  t o  these temperatures.  The l a c k  o f  i r r a d i a t i o n  s t reng then ing  i n  copper 
a t  29O'C i s  probably  due t o  t h e  i n s t a b i l i t y  of c l u s t e r s  a t  t h i s  temperature. T h i s  temperature  i s  w i t h i n  
"Stage V"  o f  r e s i s t i v i t y  recovery exper iments on copper, (11) which i s  u s u a l l y  a t t r i b u t e d  t o  t h e  breakup 
of vacancy c l u s t e r s .  

I n  316 SS any d i f f e r e n c e s  i n  behav ior  a t  25'C and 9O'C a re  l o s t  i n  t h e  s c a t t e r  of t h e  data. An i r r a d i a -  
t i o n  temperature e f f e c t  i s  no t  a n t i c i p a t e d  i n  316 SS a t  t h i s  temperature range. In 316 SS t h e r e  i s  
apparent ly  much l e s s  i r r a d i a t i o n  s t reng then ing  a t  29O'C than a t  9O'C. However, if t h e  R-2 da ta  a t  29O'C 
i n  F i g  2 a re  d i sp laced  t o  t h e  l e f t  by about an o rde r  o f  magnitude i n  f luence, they f a l l  on t h e  curve 
f i t t e d  t o  t h e  9O'C data. Thus, a t  29O'C t h e  onset of i r r a d i a t i o n  s t reng then ing  i s  delayed, b u t  t hen  
proceeds a t  t h e  same r a t e  per  u n i t  f l u e n c e  as a t  9O'C. T h i s  behav ior  can be confirmed when t h e  h i g h e r  
f l uence  29O'C da ta  f rom OUR a re  ava i l ab le .  

I n  A3028 t h e  l a r g e  s c a t t e r  i n  t h e  da ta  prec ludes t h e  c l e a r  i d e n t i f i c a t i o n  of i r r a d i a t i o n  temperature  
e f fec ts ,  a l though t h e  f i t t e d  curves i n  F i g  3 a r e  an a t tempt  t o  separate  t h e  9O'C and 29O'C data.  A t  t h e  
h ighe r  temperature t h e  onset o f  i r r a d i a t i o n  s t reng then ing  i s  apparen t l y  a l s o  delayed i n  A302B. 

The change i n  y i e l d  s t r e s s  o f  f i s s i o n  and f u s i o n  neut ron i r r a d i a t e d  s o l u t i o n  annealed 316 SS c o r r e l a t e s  
w e l l  on t h e  bas is  o f  dpa. There i s  no evidence o f  a d d i t i o n a l  s p e c t r a l  e f f e c t s  o r  r a t e  e f fec ts  i n  t h e  
da ta  presented here. T h i s  i s  i n  c o n t r a s t  t o  t h e  da ta  o f  Vandervoort. e t  a l . , (5)  i n  which fus ion  neut rons 
were observed t o  have about 1.7 t imes t h e  s t reng then ing  e f f e c t  o f  t h e  f i s s i o n  neut rons. (6)  The d i f -  
ference i n  s t reng then ing  observed i n  t h e i r  r e s u l t s  cannot be accounted fo r  on t h e  b a s i s  of t h e  d i f f e r e n t  
i r r a d i a t i o n  temperatures (25'C and 65'C fo r  f u s i o n  and f i s s i o n  neutrons r e s p e c t i v e l y ) ,  s i n c e  t h e  p resen t  
experiment shows no temperature e f fec ts  on t h e  y i e l d  s t r e s s  i n  t h e  range from 25'C t o  9O'C (see F i g  2). 

I n  annealed copper D-T f u s i o n  neutrons from RTNS-I1 were found t o  be more e f f e c t i v e  than  f i s s i o n  r e a c t o r  
neutrons i n  r a d i a t i o n  s t reng then ing  a t  9O'C. OUR r e q u i r e s  1.8-2.9 t imes mare dpa t o  produce t h e  same 
y i e l d  s t r e s s  change as i n  RTNS-11. depending on t h e  damage r a t e .  T h i s  i s  comparable t o  t h e  v a l u e  o f  2.3 
determined by M i t c h e l l  e t  a l . , (4)  i n  t h e  e a r l i e r  work comparing room temperature RTNS-I i r r a d i a t i o n s  and 
65'C f i s s i o n  r e a c t o r  i r r a d i a t i o n s .  



There i s  evidence i n  t h e  9O'C copper data  t h a t  t h e  damage r a t e  may have an e f f e c t  on r a d i a t i o n  
s t rengthen ing,  s i n c e  t h e  y i e l d  s t r e s s  changes f o r  R-2 a re  un i formly  10% l e s s  than those from R - I ,  which 
has four  t imes t h e  damage r a t e  a t  each f luence.  The damage r a t e  i s  d i f f e r e n t  f o r  each specimen i n  the  
R T N S - I 1  i r r a d i a t i o n s ,  v a r y i n g  from 3 x t o  3 x 10-9 dpals,  w h i l e  i n  OWR a l l  specimens were exposed 
a t  5 x dpals.  Thus, comparing R - 1  and R-2, the  h ighe r  r a t e  a t  each exposure leads t o  more 
s t rengthen ing,  w h i l e  t h e  much h ighe r  r a t e  o f  OW r e s u l t s  i n  much l e s s  s t rengthen ing.  Any #model t h a t  
accounts f o r  t h e  observed d i f f e rences  i n  y i e l d  s t r e s s  c h a n g a  on the  bas is  o f  r a t e  e f f e c t s  would have t o  
e x p l a i n  t h i s  behav ior .  

I n  A3028 t h e  R T N S - I 1  and OWR da ta  a l so  a re  not  c o r r e l a t e d  on t h e  bas is  o f  dpa, bu t  the  s i t u a t i o n  i s  
somewhat d i f f e r e n t  than i n  copper (see F i g  7 ) .  A t  t h e  lower  f luence values t h e  RTNS-I1 neutrons a re  more 
than t h r e e  t imes as e f f e c t i v e  a t  s t reng then ing  as t h e  OWR neutrons. However, the data  f o r  t he  two 
spec t ra  appear t o  i n t e r s e c t  o r  coalesce a t  h ighe r  f l u e n c e  values. Data a t  h ighe r  f l uences  i s  needed, bu t  
u n f o r t u n a t e l y  t h e r e  a re  no A3028 specimens i r r a d i a t e d  t o  h ighe r  f luences i n  RTNS-11.  There are,  howeve 
a d d i t i o n a l  un tes ted  specimens t h a t  may h e l p  d e f i n e  t h e  behav ior  i n  the l i m i t e d  f l uence  rdnge a v a i l a b l b  
There i s  no evidence for  r a t e  e f fec ts  i n  t h e  R T N S - I 1  data  f o r  A3028. 

5 .8 Conclusions 

1 .  I r r a d i a t i o n - i n d u c e d  changes i n  y i e l d  s t r e s s  from f i s s i o n  and f u s i o n  neutrons can be c o r r e l a t e d  on 
the  bas is  of dpa i n  annealed AIS1 316 s t a i n l e s s  s t e e l .  There i s  no evidence f o r  i r r a d i a t i o n  
temperature e f f e c t s  below 90.C. and no evidence f o r  damage r a t e  e f fec ts .  

2. Dpa i s  n o t  an e f f e c t i v e  c o r r e l a t i o n  parameter f o r  i r r a d i d t i o n- i n d u c e d  y i e l d  s t r e s s  changes i n  
annealed copper. There are  measurable temperature e f fec ts ,  as w e l l  as p o s s i b l e  r a t e  e f f e c t s ,  a t  
temperatures below 9O'C. 

3. Dpa i s  no t  an e f f e c t i v e  c o r r e l a t i o n  parameter f o r  i r r a d i a t i o n- i n d u c e d  y i e l d  s t r e s s  changes i n  A3028 
pressure vessel  s t e e l  i n  t h e  f l u e n c e  range inves t i ga ted .  There i s  evidence t h a t  dpa may c o r r e l a t e  
t h e  y i e l d  s t r e s s  changes a t  doses above 0.03 dpa. There i s  no evidence f o r  damage r a t e  e f f e c t s  i n  
t h e  fus ion  neut ron data. 
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7 .o Pub1 i c a t i o n s  

A r e p o r t  on t h i s  work w i l l  be presented a t  t h e  Second I n t e r n a t i o n a l  Conference on Fus ion Reactor Mate- 
r i a l s  i n  Chicago, A p r i l  13-17, 1986. 

8.0 Fu tu re  Work 

T e n s i l e  t e s t s  w i l l  be done on specimens now a v a i l a b l e  from t h e  29O'C i r r a d i a t i o n s  i n  OWR and on specimens 
from t h e  ~~~~~~~~C RTNS-I1 i r r a d i a t i o n  soon t o  be completed. A d d i t i o n a l  i n f o r m a t i o n  w i l l  be ob ta ined  
from microscopy and r e s i s t i v i t y  measurements. 
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APPLICATIONS OF A COMPOSITE MODEL OF MICROSTRUCTURAL EVOLUTION 

R.  E. S t o l l e r  (Oak Ridge Nat iona l  Laboratory)  and G. R. Odette ( U n i v e r s i t y  o f  C a l i f o r n i a ,  Santa Barbara) 

1.0 Ob jec t i ve  

To develop comprehensive models 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  i n  a u s t e n i t i c  s t a i n l e s s  s t e e l s  under f a s t  
neut ron i r r a d i a t i o n  and t o  apply such models t o  t h e  problem of e x t r a p o l a t i n g  t h e  f i s s i o n  r e a c t o r  data  base 
t o  p r e d i c t  s w e l l i n g  under fus ion r e a c t o r  cond i t i ons .  

2.0 Summary 

Near- term f u s i o n  reac to rs  w i l l  have t o  be designed u s i n g  r a d i a t i o n  e f f e c t s  da ta  f rom exper iments conducted 
i n  f a s t  f i s s i o n  reactors .  These f a s t  reac to rs  generate atomic displacements a t  a r a t e  s i m i l a r  t o  t h a t  
expected i n  a DT f u s i o n  reac to r  f i r s t  w a l l .  
s t a i n l e s s  s t e e l  f i r s t  w a l l  w i l l  exceed t h a t  i n  f a s t  r e a c t o r  fue l  c l a d d i n g  by about a f a c t o r  of 30. Hence, 
t h e  use of t he  f a s t  r e a c t o r  data  w i l l  i n v o l v e  some e x t r a p o l a t i o n .  A major goal o f  t h i s  work i s  t o  develop 
t h e o r e t i c a l  models of m i c r o s t r u c t u r a l  e v o l u t i o n  to a i d  i n  t h i s  e x t r a p o l a t i o n .  

I n  t h e  present  work a d e t a i l e d  rate- theory- based model 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  under f a s t  neut ron i r r a -  
d i a t i o n  has been developed. 
i n  which Frank f a u l t e d  loops nucleate,  grow and u n f a u l t  t o  p rov ide  a source f o r  network d i s l o c a t i o n s  w h i l e  
t h e  d i s l o c a t i o n  network can be s imul taneous ly  a n n i h i l a t e d  by a c l i m b l g l i d e  process. 
model compare very  favorab ly  w i t h  t h e  observed dose and temperature dependence o f  these key m i c r o s t r u c t u r a l  
features over a broad range. 
w i t h  a p r e v i o u s l y  developed m d e l  o f  c a v i t y  e v o l u t i o n  and good agreement has been obta ined between t h e  p re-  
d i c t i o n s  o f  t h e  composite model and f a s t  reac to r  s w e l l i n g  data. The r e s u l t s  from t h e  composite model a l s o  
revea l  t h a t  t h e  va r ious  components o f  t h e  i r r a d i a t i o n- i n d u c e d  m i c r o s t r u c t u r e  evo lve i n  a h i g h l y  coupled 
manner. 
models. Hence, i t s  va lue as a t o o l  i n  data  ana lys i s  and e x t r a p o l a t i o n  i s  enhanced. 

However, t h e  transmutant he l i um p roduc t ion  i n  an a u s t e n i t i c  

The prominent new aspect o f  t h i s  model i s  a t reatment  of d i s l o c a t i o n  e v o l u t i o n  

The p r e d i c t i o n s  o f  t h i s  

I n  add i t i on ,  t h i s  new d e s c r i p t i o n  o f  d i s l o c a t i o n  e v o l u t i o n  has been coupled 

The p r e d i c t i o n s  o f  t h e  composite model a re  more s e n s i t i v e  t o  pa ramet r i c  v a r i a t i o n s  than  more s imple  

3.0 Program 

T i t l e :  Rad ia t i on  Ef fec ts  Mechanisms 
P r i n c i p a l  I n v e s t i g a t o r s :  L. K. Mansur and R. E. S t o l l e r  
A f f i l i a t i o n :  Oak Ridge Na t iona l  Laboratory  

T i t l e :  Damage Ana lys i s  and Fundamental Stud ies  f o r  Fus ion Reactor M a t e r i a l s  Development 
P r i n c i p a l  I n v e s t i g a t o r s :  G. R. Odette and G. E. Lucas 
A f f i l i a t i o n :  U n i v e r s i t y  o f  C a l i f o r n i a ,  Santa Barbara 

4.0 Relevant OAFS Program Plan T a s k h b t a s k  

Subtask II.C.1.2 E f f e c t s  o f  M a t e r i a l  Parameters on M i c r o s t r u c t u r e  - Model ing and Analys is  
Subtask II.C.16.1 Composite C o r r e l a t i o n  Models and Experiments - C o r r e l a t i o n  Model Development 
Subtask II.C.18.3 R e l a t i n g  Low and High Exposure M i c r o s t r u c t u r e s  - Mode l i ng  and Analys is  

5.0 Accomplishments and Sta tus  

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

Dur ing t h e  l a s t  10 t o  15 years,  a l a r g e  amount of r a d i a t i o n  e f fec ts  da ta  has been produced. The focus of 
much o f  t h i s  exper imental  e f f o r t  has been t o  i nc rease  our understanding of vo id  s w e l l i n g  and m i c r o s t r u c t u r a l  
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e v o l u t i o n  i n  a u s t e n i t i c  s t a i n l e s s  s t e e l s .  Almost a l l  of these exper iments have been c a r r i e d  out  i n  f a s t  
f i s s i o n  reac to rs  where t h e  damage r a t e  i s  s i m i l a r  t o  t h a t  which w i l l  occur i n  t h e  f i r s t  w a l l  o f  a fus ion 
reac to r  fue led by deuter ium and t r i t i u m  (DT).  
reac t i ons  i n  an a u s t e n i t i c  s t a i n l e s s  s t e e l  fus ion reac to r  f i r s t  w a l l  w i l l  be about 30 t imes g rea te r  than t h e  
value obta ined i n  fas t  r e a c t o r  i r r a d i a t i o n s .  Th is  d i f f e rence  i s  most conven ien t l y  expressed as t he  r a t i o  of 
t ransmutant he l ium t o  atomic displacements (He/dpa r a t i o ) .  The He/dpa r a t i o  i s  about 0.35 appm He/dpa i n  
t h e  Experimental Breeder Reactor - I1  (ERR-!!) and w i l l  be ahout 10 appm He/dpa i n  a DT f u s i o n  r e a c t o r  f i r s t  
w a l l .  Therefore,  t h e  use o f  t h i s  f a s t  reac to r  data  t o  design near- term fus ion reac to rs  w i l l  r e q u i r e  some 
e x t r a p o l a t i o n .  

One purpose o f  t h e  work discussed below i s  t o  a i d  t h i s  e x t r a p o l a t i o n  of f as t  reac to r  s w e l l i n g  data  hy deve- 
l o p i n g  t h e o r e t i c a l  models 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  under f a s t  neut ron i r r a d i a t i o n .  These models can be 
used i n  t h e  ana lys i s  o f  i r r a d i a t i o n  exper iments t o  i d e n t i f y  key mechanisms and parameters f o r  f u r t h e r  study. 
The use of f as t  r e a c t o r  data t o  c a l i b r a t e  such models a l s o  pe rm i t s  them t o  be used i n  a p r e d i c t i v e  fash ion.  
E a r l i e r  work has i nvo lved  t h e  use of m r e  simple c a v i t y  e v o l u t i o n  models i n  j u s t  t h i s  way ( 1 4 ) .  A major 
l i m i t a t i o n  o f  t h e  work j u s t  re ferenced was t h e  neg lec t  o f  t h e  dose dependence of m i c r o s t r u c t u r a l  features 
o the r  than t h e  c a v i t i e s .  
s e l f - c o n s i s t e n t  manner t h e  t i m e  dependence o f  t h e  major m i c r o s t r u c t u r a l  f ea tu res  observed i n  i r r a d i a t e d  
s t a i n l e s s  s t e e l s ;  c a v i t i e s ,  Frank f a u l t e d  d i s l o c a t i o n  loops and network d i s l o c a t i o n s .  The in f l uence  o f  
second phase p r e c i p i t a t e  p a r t i c l e s  i s  i nc luded  t o  a l i m i t e d  degree as descr ibed p r e v i o u s l y  (4). Although 
t h e  model does no t  y e t  i nc lude  any e x p l i c i t  t reatment  o f  microchemical  evo lu t i on ,  t h e  s p e c i f i c  values of t h e  
var ious ra te- theory  parameters used t o  c a l i b r a t e  t h e  model can approx imate ly  account f o r  t h i s  e v o l u t i o n .  
The major approximat ion i n  t h i s  case i s  t h a t  t h e  value o f  parameters which can be a l t e r e d  by microchemical  
e v o l u t i o n  (e.g. p o i n t  d e f e c t  b iases and d i f f u s i v i t i e s )  a re  e s s e n t i a l l y  time-averaged. 

Unfor tunate ly ,  t h e  p roduc t ion  o f  he l ium by t ransmuta t i on  

The present  work represents  an e f f o r t  t o  remove t h i s  l i m i t a t i o n  by genera t i ng  i n  a 

5.2 Model D e s c r i p t i o n  

Because t h e  d e t a i l s  o f  t h e  model are  discussed elsewhere ( 5 , 6 ) ,  on ly  a summary d e s c r i p t i o n  of t h e  model's 
f ea tu res  w i l l  be g iven here. The present  work i s  an ex tens ion of t h e  c a v i t y  e v o l u t i o n  models referenced 
above ( 1 4 ) .  That work helped t o  e s t a b l i s h  a genera l l y  accepted sequence o f  events which leads t o  v o i d  f o r -  
mat ion i n  i r r a d i a t e d  s t a i n l e s s  s t e e l s .  Voids a re  b e l i e v e d  t o  form as t h e  r e s u l t  o f  g a s- s t a b i l i z e d  hubbles 
reach ing a c r i t i c a l  s i z e  heyond which a d d i t i o n a l  gas i s  no t  requ i red  f o r  growth. T h i s  c r i t i c a l  s i z e  i s  
determined p r i m a r i l y  by t h e  m a t r i x  f r e e  sur face energy, t h e  temperature and t h e  vacancy ~ u p e r s a t u r a t i o n ' ~ ' ~ .  
References 4 and 7 desc r ibe  t h e  aspects of t h e  model which concern c a v i t y  e v o l u t i o n  i n  d e t a i l .  

The f a m i l i a r  r a t e  theo ry  approach (4,ll) i s  used t o  compute t h e  s i n k  s t reng ths  of t h e  va r ious  extended 
de fec ts  and t h e  p o i n t  de fec t  concent ra t ions.  
i n t e r s t i t i a l s  are  computed a t  quas i- s teady- sta te .  
The t e t r a - i n t e r s t i t i a l  i s  assumed t o  be a s t a b l e  nucleus f o r  Frank f a u l t e d  l oop  growth. The model i nc ludes  
the  f o l l o w i n g  extended de fec ts :  bubbles, voids,  t r a n s i e n t  vacancy c l u s t e r s  i n  t h e  form of microvo ids ,  
subgra in  s t r u c t u r e ,  Frank f a u l t e d  loops and network d i s l o c a t i o n s .  The f a u l t e d  loops and network d i s l o c a-  
t i o n s  are  assigned a h i a s  f o r  i n t e r s t i t i a l s ;  a l l  o t h e r  s i n k s  a re  unbiased. 

The cons ide ra t i on  o f  small i n t e r s t i t i a l  c l u s t e r s  mod i f i es  t h e  convent iona l  equat ions f o r  t h e  vacancy and 
i n t e r s t i t i a l  concen t ra t i ons  by i n c l u d i n g  terms which r e f l e c t  t h e i r  l o s s  due t o  impingement upon such 
c l u s t e r s .  The equat ions f o r  t h e  d i -  and t r i - i n t e r s t i t i a l  c l u s t e r s  r e f l e c t  growth and shr inkage by r e a c t i o n s  
'd,ith t h e  mono-defects (5,6). The equat ion d e s c r i b i n g  t h e  t e t r a - i n t e r s t i t i a l  popu la t i on  p rov ides  a t r a n -  
s i t i o n  between t h e  d i s c r e t e  c l u s t e r  regime and t h e  Frank f a u l t e d  l oop  regime. Th is  " h y b r i d "  equat ion 
descr ibes s i n g l e  atom t r a n s i t i o n s  between t h e  t r i -  and t e t r a - i n t e r s t i t i a l  bu t  uses an e f f e c t i v e  t r a n s i t i o n  
t ime  t o  desc r ibe  losses t o  t h e  l a r g e r  l oop  popu la t i on ,  

The concen t ra t i on  of vacancies and mono-, d i - ,  t r i -  and t e t r a -  
Only t h e  mono-defects a re  cons idered t o  be mob i l e  (12) .  

The 63,v terms i n  Eq. (1) are  impingement r a t e s  of t he  mono-defects on t h e  j - t h  c l u s t e r  s i z e  (5,6).  
T~ t e rm i n  Eq. ( 1 )  i s  t h e  l i f e t i m e  o f  a t e t r a - i n t e r s t i t i a l  aga ins t  growth t o  t h e  s i z e  o f  t h e  f i rs t  loop  s i z e  
c lass,  r If r4  i s  t h e  rad ius  of t h e  t e t r a - i n t e r s t i t i a l ,  

The 

1' 

i n  which d r e / d t  i s  t h e  l oop  growth ra te .  The loop  popu la t i on  i s  descr ibed by equat ions of t h e  form: 
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e where Nf i s  t h e  number o f  loops i n  a g iven s i z e  c l a s s  w i t h  rad ius  Pi and t h e  T~ are  computed w i t h  
app rop r ia te  l i m i t s  us ing  Eq. (2 ) .  

Equat ion (1) has been shown t o  p rov ide  an adequate boundary c o n d i t i o n  between t h e  two reg ions i n  which 
a l t e r n a t e  mathematical d e s c r i p t i o n s  o f  i n t e r s t i t i a l  l oop  growth (5.6) a re  used. The use of t h e  d i s c r e t e  
c l u s t e r i n g  d e s c r i p t i o n  would r e q u i r e  g rea te r  than lo4 equat ions t o  descr ibe t h e  loop popula t ion.  
d e s c r i p t i o n  r e q u i r e s  about 20. 

The model f o r  t h e  e v o l u t i o n  o f  t h e  network d i s l o c a t i o n s  i nc ludes  f o u r  components, two of which are  on ly  
a c t i v e  under i r r a d i a t i o n  w h i l e  t h e  o t h e r  two a re  t h e r m a l l y  ac t i va ted .  
temperature c l imb  source term due t o  Bardeen-Herring sources and an a n n i h i l a t i o n  te rm due t o  s t ress- ass i s ted  
d i r e c t i o n a l  d i f f u s i o n  o f  vacancies. 
have been developed i n  t h e  study o f  creep (13,14). The Bardeen-Herring sources f o r  network d i s l o c a t i o n s  are  
s i m i l a r  t o  Frank-Read sources except t h a t  t h e  l a t t e r  are  g l i d e  d r i v e n  w h i l e  t h e  former a re  c l imb  d r i v e n  
(15). 
Bardeen-Herr ing sources (5.6): 

The h y b r i d  

The thermal components a re  a h i g h  

The development o f  these components owes much t o  s i m i l a r  models which 

A s imple geometr ica l  argument leads t o  a network d i s l o c a t i o n  (P,) generat ion r a t e  from 

RtPf = 2nva c l  'D (4) 

i n  which v:l i s  t h e  d i s l o c a t i o n  c l i m b  v e l o c i t y  i n  t h e  presence of a back s t r e s s  due t o  pinned d i s l o c a t i o n s  

(16 ,17 )  and SD i s  thermal t h e  source dens i t y  (5,6). 
segments w i t h  oppos i te  Burgers vectors  c l imb  toge the r .  
dcl, t h e  c h a r a c t e r i s t i c  t i m e  f o r  t h i s  process i s :  

Network d i s l o c a t i o n s  can a l s o  be a n n i h i l a t e d  when 
If t h e  average c l imb  d i s tance  t o  a n n i h i l a t i o n  i s  

dC 1 
'th =F * 

c l  
( 5 )  

Th is  c l i m b  d i s tance  i s  assumed t o  be equal t o  t h e  mean spacing of network d i s l o c a t i o n s  so t h a t  
d 
d f i l o c a t i 8 n s .  
t h a t  t h e  l oop  u n f a u l t s  upon c o n t a c t i n g  another l oop  or network d i s l o c a t i o n .  
rad ius  

= (TP  ) ' I 2 .  Under i r r a d i a t i o n  t h e  u n f a u l t i n g  of Frank loops p rov ides  an a d d i t i o n a l  source o f  network 
The model assumes t h a t  t h e  maximum f a u l t e d  l o o p  s i z e  i s  governed by t h e  geometric c o n s t r a i n t  

Th is  leads t o  an u n f a u l t i n g  

i n  agreement with obse rva t i on  (18). In Eq. (6) P i s  t h e  t o t a l  d i s l o c a t i o n  dens i t y .  The r a t e  a t  which 
loops u n f a u l t  (?;Af) i s  c a l c u l a t e d  us ing  an equatfon analogous t o  Eq. ( 2 ) .  F i n a l l y ,  b i a s  d r i v e n  c l imb  
under i r r a d i a t i o n  can a l s o  l ead  t o  t h e  a n n i h i l a t i o n  o f  network d i s l o c a t i o n s .  
case i s :  

The c l imb  v e l o c i t y  i n  t h i s  

,irr cl = 1 CZ;OiCi - ZCDv(Cv - C:)l . ( 7 )  

The c h a r a c t e r i s t i c  t ime  f o r  t h i s  process i s  g i ven  by analogy w i t h  Eq. (5)  and t h e  two l i f e t i m e s  a re  added 
u s i n g  an e l e c t r i c a l  res i s tance  analog: 

Th is  leads t o  t h e  r a t e  equat ion d e s c r i b i n g  t h e  e v o l u t i o n  o f  t h e  d i s l o c a t i o n  
network as 
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5.3 Model C a l i b r a t i o n  and P r e d i c t i o n s  

Such a complex m i c r o s t r u c t u r a l  model i nc ludes  a number o f  phys i ca l  parameters. Un fo r tuna te l y ,  values f o r  
many of t h e  requ i red  parameters a re  not  w e l l  known o r  have on ly  been measured i n  pure ma te r ia l s .  Because o f  
t h i s  u n c e r t a i n t y  about parameter values, t h e  p r e d i c t i o n s  of even a w e l l  c a l i b r a t e d  model may not  be based on 
a unique set  of parameter values. One goal 
of t he  present work was t o  t r y  t o  l i m i t  t h e  range o f  p o s s i b l e  parameter choices by i n c l u d i n g  a d d i t i o n a l  phy- 
s i c a l  mechanisms i n  a w e l l  understood, s imple model. Th is  has proven t o  be successfu l .  A f u l l  d e s c r i p t i o n  
of t h e  model c a l i b r a t i o n  can be found i n  References 5 and 6, a couple o f  examples o f  t h i s  work w i l l  be g iven 
here. The pr imary  m a t e r i a l  parameters used a re  l i s t e d  i n  Table 1. 

Other combinat ions o f  parameters can g i ve  very s i m i l a r  r e s u l t s .  

Table 1. M a t e r i a l  Parameters 

vacancy m i g r a t i o n  energy, E~ 

f 

1.4 eV 
V 

1.6 eV Vacancy format ion energy, E 

I n t e r s t i t i a l  m i g r a t i o n  energy, E; 

Network d i s l o c a t i o n l i n t e r s t i t i a l  b ias,  27 1.25 

Frank f a u l t e d  l o o p l i n t e r s t i t i a l  b ias ,  2; 

Free surface energy, y 

V 

0.85 eV 

1.5 

3.24 - 1.4 x lo-’ T ( T )  J/m2 

The thermal d i s l o c a t i o n  e v o l u t i o n  model was f i r s t  c a l i b r a t e d  by p r e d i c t i n g  t h e  recovery of 20% cold-worked 
m a t e r i a l  wi th t h e  dose r a t e  set  t o  zero. Using reasonable values o f  model parameters, very  good agreement 
was ohta ined w i t h  d i s l o c a t i o n  d e n s i t i e s  i n  20% cold-worked and aged AISI 316 s t a i n l e s s  s t e e l  (5,6.19,20). 
The s e n s i t i v i t y  o f  t h e  model p r e d i c t i o n s  t o  t h e  thermal d i s l o c a t i o n  e v o l u t i o n  model w i l l  be discussed below. 
Then t h e  s w e l l i n g  p r e d i c t i o n s  o f  t h e  model were c a l i b r a t e d  u s i n g  s w e l l i n g  da ta  f rom i r r a d i a t i o n s  i n  t h e  
ERR-I1 o f  several  heats  of AISI 316 s t a i n l e s s  s t e e l  which had been developed f o r  t h e  f i r s t  core  of t h e  Fast 
F lux  Test F a c i l i t y  (FFTF) (21,22). 
o f  heat- to- heat  v a r i a t i o n s .  F igu re  1 compares t h e  p r e d i c t e d  s w e l l i n g  and t h e  f i r s t  co re  data  a t  an i n t e r -  
mediate and h igh  f luence.  The model p r e d i c t s  both  s i m i l a r  i n c u b a t i o n  t imes (F ig .  l a )  and peak s w e l l i n g  
ra tes .  
d e n s i t y  w i t h  f a s t  r e a c t o r  data  from severa l  sources (18,20,2K!7). Here aga in  t h e  agreement i s  very  good. 

An example of a new parametr ic  dependence i n  t h e  model i s  shown i n  Fig.  4, &c. Here t h e  i n f l uence  of t h e  
i n t e r s t i t i a l  m i g r a t i o n  energy on t h e  swe l l i ng ,  nekwork d i s l o c a t i o n  d e n s i t y  and peak f a u l t e d  l oop  d e n s i t y  i s  
shown. The r e s u l t s  of t h e  simple v o i d  s w e l l i n g  theo ry  
a re  not  s e n s i t i v e  t o  t h i s  parameter (28) and a much lower  value (<0.5 eV) which r e f l e c k s  masurements on 
pure m a t e r i a l s  i s  no rma l l y  used (14.29). 
t h e  l oop  popu la t i on .  The loop  e v o l u t i o n  i n  t u r n  i n f l u e n c e s  t h e  network d i s l o c a t i o n  d e n s i t y  and t h e  pre-  
d i c t e d  swe l l i ng .  
m i c r o s t r u c t u r a l  features.  The h ighe r  i n t e r s t i t i a l  m i g r a t i o n  energy i s  a l s o  c o n s i s t e n t  w i t h  recen t  measure- 
ments o f  t h i s  parameter i n  a u s t e n i t i c  s t a i n l e s s  s t e e l s  (30,31). 

These so- ca l l ed  FFTF f i r s t  core heats  were chosen t o  min imize t h e  e f f e c t  

F igu re  2 and Fig.  3 compare t h e  p r e d i c t e d  network d i s l o c a t i o n  d e n s i t y  and peak Frank f a u l t e d  l oop  

The curves l a b e l e d  as t h e  base case use Ei = 0.85. 

However t h e  present  model i s  s e n s i t i v e  t o  Ei v i a  i t s  e f f e c t  on 

An a n a l y s i s  o f  Fig.  4, a-c revea ls  t h e  complex coup l i ng  of t h e  e v o l u t i o n  of these t h r e e  

Our ing t h e  c a l i b r a t i o n ,  tp model was a l s o  used t o  compare a l t e r n a t e  d e s c r i p t i o n s  o f  t h e  f a u l t e d  
l o o p l i n t e r s t i t i a l  b ias ,  2.. I f  i n t e r s t i t i a l  abso rp t i on  a t  f a u l t e d  loops i s  d i f f u s i o n  l i m i t e d ,  a s i z e  depen- 
dent b i a s  i s  obta ined (321 w h i l e  if t h e  abso rp t i on  i s  r e a c t i o n  r a t e  l i m i t e d  a constant  l o o p  b i a s  would 
r e s u l t .  
l o o p  d e n s i t y  are  shown i n  Fig.  5. The s i z e  dependent used b i a s  was t h a t  of Wol fer  and Ashkin (32). 
maximum va lue o f  Zi(ra) was 3.5 f o r  t h e  sma l les t  loops and i t  a s y m p t o t i c a l l y  approached t h e  network 
dislocationfinterstitial b i a s  a t  l a r g e  s izes.  The r e s u l t s  fo r  a constant  l oop  b i a s  i n  Fig.  5 r e f l e c t  t h e  
base case va lue o f  1.50. 
temperatures ( c f .  F ig .  3). 
i r r a d i a t i o n  performed by Yo0 and S t i e g l e r  (33). 

The temperature dependence o f  t h e  p r e d i c t e d  f a u l t e d  l oop  d e n s i t y  a t  50 and 100 dpa and t h e  peak 
The 

The p r e d i c t i o n s  u s i n g  t h e  s i z e  dependent b i a s  a re  c l e a r l y  t o o  h igh  a t  t h e  h ighe r  
T h i s  r e s u l t  i s  i n  agreement with an a n a l y s i s  o f  l o o p  growth d u r i n g  e l e c t r o n  
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Although t h e  thermal d i s l o c a t i o n  e v o l u t i o n  model was c a l i b r a t e d  independent ly,  t h e  p r e d i c t i o n s  of t h e  
comprehensive model f o r  f a s t  neutron i r r a d i a t i o n  a re  s e n s i t i v e  t o  t h e  thermal d i s l o c a t i o n  model parameters. 
T h i s  s e n s i t i v i t y  i s  shown i n  Fig.  6 where t h e  thermal source dens i t y ,  S , has been v a r i e d  from t h e  nominal 
va lue which was determined d u r i n g  c a l i b r a t i o n  (5.6). For temperatures !$eater than 550°C t h e  curves l abe led  
"Low S and High So" i n  Fig.  6 were c a l c u l a t e d  w i t h  a 10% decrease and inc rease  i n  t h i s  parameter. 
550T grid below t h e  va lue was v a r i e d  by a f a c t o r  o f  10. A t  t h e  lower  temperatures t h e  r e s u l t s  a re  insen-  
s i t i v e  t o  t h i s  v a r i a t i o n .  Th is  i s  t h e  temperature regime i n  which l i t t l e  thermal recovery occurs. However 
a t  about 575425'C t h e  p r e d i c t i o n s  are  q u i t e  s e n s i t i v e  t o  So. 
m i c r o s t r u c t u r e  of t h e  m a t e r i a l  begins t o  recover i n  t h e  absence o f  i r r a d i a t i o n .  Th is  occurs l a r g e l y  due t o  
increased thermal vacancy d i f f u s i o n .  Under i r r a d i a t i o n  t h e  vacancy supersa tu ra t i on  decreases i n  t h i s  tem- 
p e r a t u r e  range f o r  t h e  same reason. Hence t h e  behav ior  o f  t h e  m a t e r i a l  under i r r a d i a t i o n  begins t o  appear 
more l i k e  t h e  thermal 'behav ior  and t h e  s e n s i t i v i t y  o f  t h e  model p r e d i c t i o n s  i n  t h i s  t r a n s i t i o n  regime i s  not  
s u r p r i s i n g .  
p o s i t i o n  ( 2 0 ) .  Therefore  t h e  p r e d i c t i o n s  o f  t h e  present  model a t  t h e  h ighe r  temperatures r e f l e c t  t h e  spec i-  
f i c  heat (DO) which was used t o  c a l i b r a t e  t h e  thermal d i s l o c a t i o n  e v o l u t i o n  model. 
p r e d i c t e d  s w e l l i n g  i n  F ig .  6 t o  t h e  network d i s l o c a t i o n  d e n s i t y  may e x p l a i n  i n  p a r t  t h e  observat ions t h a t  
s w e l l i n g  i s  f a i r l y  heterogeneous i n  cold-worked m a t e r i a l s .  

For 

Th is  i s  a temperature range i n  which t h e  

The temperature range over which t h i s  t r a n s i t i o n  occurs i s  known t o  he dependent on a l l o y  com- 

The s e n s i t i v i t y  o f  t h e  

5.4 Model E x t r a p o l a t i o n  t o  Fusion Condi t ions 

The c a l i b r a t e d  model has been used t o  p r e d i c t  s w e l l i n g  i n  a DT fus ion r e a c t o r  f i r s t  w a l l .  
were made f o r  an increased He/dpa r a t i o  o f  10 appm He/dpa. 
l i t e r a t u r e  on he l i um e f f e c t s  i s  t h a t  h ighe r  Heldpa r a t i o s  promote c a v i t y  format ion (34,35). 
he approx imate ly  descr ibed by a s imple power dependence o f  t h e  c a v i t y  dens i t y ,  Nc, on t h e  He/dpa r a t i o  

The p r e d i c t i o n s  
The most s y s t e m a t i c a l l y  observed t r e n d  i n  t h e  

The e f f e c t  can 

Nca(He/dpa)' , (10) 

where p i s  t y p i c a l l y  i n  t h e  range o f  0.5-1 (34). 
t h e  f a s t  r e a c t o r  values u s i n g  Eq. (10) w i t h  values o f  p r e f l e c t i n g  weak (p = 0.2) t o  f a i r l y  s t rong  (p = 0.8) 
dependence on t h e  Heldpa r a t i o .  

F igu re  7 shows t h e  p r e d i c t e d  s w e l l i n g  and network d i s l o c a t i o n  d e n s i t y  f o r  an i n t e r m e d i a t e  va lue of p. p = 
0.5. The general  t rends  inc lude  d reduced incuba t ion  t i m e  a t  a l l  temperatures and enhanced s w e l l i n g  a t  both  
low and h i g h  temperatures a t  h igh  doses f o r  t h e  fus ion case. A t  i n te rmed ia te  temperatures and h igh  doses 
t h e  p r e d i c t e d  s w e l l i n g  f o r  f u s i o n  i s  l ess  than t h e  f a s t  r e a c t o r  va lue due t o  a reduced s w e l l i n g  r a t e .  The 
d i s l o c a t i o n  d e n s i t y  i s  genera l l y  somewhat lower  than f o r  t h e  f i i s i on  Heldpa r a t i o .  There i s  some support  f o r  
t h i s  p r e d i c t i o n  i n  t h e  repo r ted  d i s l o c a t i o n  d e n s i t i e s  f o r  one heat o f  A I S 1  316 s t a i n l e s s  s t e e l  which has 
been i r r a d i a t e d  i n  both  t h e  ERR-I1 (-0.35 appm Heldpa) and t h e  High F lux  Iso tope Reactor (-70 appm He/dpa) 
(36). The d e t a i l s  o f  t h e  heha- 
v i o r  are  complex due t o  t h e  i n t e r a c t i o n s  between t h e  var ious de fec t  types hu t  t h e  t rends  observed i n  F i g .  6 
a re  maintained. 

The reduced i n c u b a t i o n  t imes and enhanced low temperature s w e l l i n g  have p o t e n t i a l l y  s i g n i f i c a n t  i m p l i c a t i o n s  
f o r  fus ion r e a c t o r  designs. Only a very l i m i t e d  amount o f  d imensional  i n s t a b i l i t y  can be accommodated i n  
t y p i c a l  r e a c t o r  designs (37,38) hence t h e  i n c u b a t i o n  t i m e  i s  perhaps a parameter of more eng ineer ing s i g n i -  
f i c a n c e  than t h e  peak s w e l l i n g  ra te .  Fur ther ,  recent  conceptual designs u s i n g  a u s t e n i t i c  s t a i n l e s s  s t e e l s  
have tended t o  move toward lower  ope ra t i ng  temperatures (37.38). 

Here we have sca led t h e  i n i t i a l  bubble d e n s i t i e s  up from 

The e x p l i c i t  dependence o f  s w e l l i n g  on c a v i t y  d e n s i t y  i s  shown i n  F ig .  8. 

5.5 Summary 

The use o f  a comprehensive ra te- theory  model 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  under f a s t  neutron i r r a d i a t i o n  has 
been descr ibed. The new fea tu res  o f  t h i s  model i n c l u d e  an e x p l i c i t  t reatment  o f  t h e  dose dependence of both  
Frank f a u l t e d  loops and network d i s l o c a t i o n s .  
a n a l y t i c a l  t o o l  f o r  data  a n a l y s i s  and t h e  e v a l u a t i o n  of va r ious  t h e o r e t i c a l  concepts, e.g. t h e  comparison o f  
r a t e  l i m i t e d  and d i f f u s i o n  l i m i t e d  p o i n t  defect  abso rb t i on  a t  Frank f a u l t e d  loops g iven above. Recause t h e  
model i nc ludes  a d d i t i o n a l  p h y s i c a l  mechanisms, i t  i s  m r e  s e n s i t i v e  t o  a r b i t r a r y  parameter changes. The 
dependence of t h e  model p r e d i c t i o n s  on t h e  i n t e r s t i t i a l  m i g r a t i o n  energy i s  one example of t h i s  s e n s i t i v i t y .  
Th is  " s t i f f n e s s "  i s  b e l i e v e d  t o  be p h y s i c a l l y  meaningful .  

The new model was c a l i b r a t e d  u s i n g  a w e l l  d e f i n e d  set  of f a s t  r e a c t o r  s w e l l i n g  data. The c a l i b r a t e d  model 
was then used t o  p r e d i c t  s w e l l i n g  i n  an a u s t e n i t i c  s t a i n l e s s  s t e e l  f u s i o n  r e a c t o r  f i r s t  wa l l .  The p r e d i c -  
t i o n s  i n d i c a t e  t h a t  f a s t  r e a c t o r  s w e l l i n g  da ta  may not p r o v i d e  an adequate rep resen ta t i on  of s w e l l i n g  i n  a 
f u s i o n  reac to r .  S p e c i f i c a l l y ,  low temperature s w e l l i n g  i s  enhanced and i n c u b a t i o n  t imes are  reduced a t  a l l  
r e l e v a n t  temperatures f o r  fus ion r e a c t o r  cond i t i ons .  
t h e o r e t i c a l  and exper imenta l  work t o  improve our unders tand ing of he l ium e f f e c t s  i n  a f a s t  neut ron i r r a -  
d i a t i o n  environment. A r e c e n t l y  proposed set  of exper iments i n v o l v i n g  t h e  use of i s o t o p i c a l l y  t a i l o r e d  
a l l o y s  t o  o b t a i n  a range of He/dpa r a t i o s  i n  a s i n g l e  r e a c t o r  should be p a r t i c u l a r l y  use fu l  (39,40). 

The more complex model has been shown t o  p rov ide  a powerful  

These r e s u l t s  h i g h l i g h t  t h e  need f o r  a d d i t i o n a l  

9 3  
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Comparison of model p r e d i c t i o n s  of f a u l t e d  loop d e n s i t y  us ing constant f a u l t e d  l o o p / i n t e r s t i t i a l  
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" M i c r o s t r u c t u r a l  E v o l u t i o n  i n  an A u s t e n i t i c  S ta in less  Stee l  Fusion Reactor F i r s t  Wall," R. E. S t o l l e r  and 
G. R. Odette, presented a t  t h e  Second I n t e r n a t i o n a l  Conference on Fus ion Reactor M a t e r i a l s ,  Chicago, 
I l l i n o i s ,  A p r i l  13-17, 1986, t o  he pub l ished i n  t h e  Journa l  o f  Nuclear Ma te r ia l s .  
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ION-INDUCE0 SPINODAL-LIKE COMPOSITIONAL MICRO-OSCILLATIONS IN Fe-35Ni AND ITS CONSEQUENCES ON PHASE 
W l L l l Y  

R.  A .  Dodd ( U n i v e r s i t y  o f  Wisconsin-Madison) and 
F. A. Garner (Hanford Engineer ing Development Labora to ry )  

1 .o O b j e c t i v e  

The o b j e c t  o f  t h i s  e f f o r t  i s  t o  determine t h e  o r i g i n  and consequences o f  t h e  r a d i a t i o n- i n d u c e d  m ic ro -  
o s c i l l a t i o n s  i n  compos i t ion  observed i n  Fe-Ni-Cr a l l o y s  i n  t h e  I n v a r  regime. 

2.0 Sumnary - 

When Fe-35Ni i s  i r r a d i a t e d  w i t h  5 MeV N i +  n i c k e l  ions a t  625, 675 o r  7 2 5 Y  s p i n o d a l - l i k e  m i c r o - o s c i l l a t i o n s  
i n  compos i t ion  develop s i m i l a r  t o  those observed i n  Fe-35Ni-7Cr e a r l i e r  a t  675OC. 
t h e  i r r a d i a t i o n  temperature, however, t h e  low n i c k e l  areas (< 28%) o f  Fe-35Ni t rans fo rm t o  a c e l l u l a r  f o rm 
o f  mar tens i te .  
n i c k e l  areas. 

Upon c o o l i n g  down from 

Th is  t r a n s f o r m a t i o n  a l l ows  t h e  v i sua l i za t i on- of  t h e  spac ing and r e l a t i o n s h i p  of t h e  low 

3.0 Program 

T i t l e :  I r r a d i a t i o n  E f fec ts  Ana lys i s  
P r i n c i p a l  I n v e s t i g a t o r :  0. G. Doran 
A f f i l i a t i o n :  Hanford Engineer ing Development Labora to ry  

4.0 Ke levant  DAFS Proaram Plm Task/Subtask 

Subtask I I . C . l .  E f f e c t  o f  M a t e r i a l  Parameters on M i c r o s t r u c t u r e  

5.0 Accomplishments and Sta tus  

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

I n  e a r l i e r  r e p o r t s  i t  was shown t h a t  Fe-Ni-Cr a l l o y s  i n  t h e  I n v a r  compos i t iona l  regime decompose i n  a 
sp ino 1 
i ons .  8-ij' The na tu re  o f  these o s c i l l a t i o n s  can be assessed i n  terms o f  t h e i r  impact on mechanical pro-  
p e r t i e s  or by t h e  use o f  EOX m ic ro- ana lys i s  b u t  h e r e t o f o r e  t h e y  c o u l d  n o t  be observed d i r e c t l y  s ince  Fe, C r  
and N i  a re  i n d i s t i n g u i s h a b l e  u s i n g  convent iona l  e l e c t i o n  d i f f r a c t i o n  o r  abso rp t i on  con t ras t .  

One i n s i g h t  gained f rom t h e  e a r l i e r  s t u d i e s  i s  t h a t  chromium appears t o  p a r t i c i p a t e  i n  t h e  decomposi t ion 
process as if i t  were o n l y  a su r roga te  f o r  i r o n .  Not o n l y  were i t s  p r o f i l e s  s i m i l a r  t o  t h a t  of i r o n  b u t  
t h e r e  was no impact o f  chromium on t h e  rad ia t i on- induced  changes i n  y i e l d  s t reng th .  
t h e  micro- o c i l l a t i o n s  developed i n  i o n - i r r a d i a t e d  Fe-Ni a l l o y s  (Fe-35Ni and Fe-45Ni) i n  t h e  absence of 
chromium.(2f In t h i s  r e p o r t  t h e  r e s u l t s  o f  t h e  cont inued s tudy  of Fe-35Ni a f t e r  N i +  i o n  i r r a d i a t i o n  t o  
117 dpa a t  625'C. 675OC and 725OC are  presented. 

i k e  manner a t  temperatures i n  t h e  450 t o  67YC ranqe when i r r a d i a t e d  w i t h  e i t h e r  neutrons o r  

It was a l s o  shown t h a t  
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5.2 Results 

Since the compositional oscillations are effectively invisible in Fe-Cr-Ni specimens, one must determine 
their properties by blindly probing the composition along linear traces. A two dimensional matrix of such 
a probe is shown in Ref en e 5 for neutron-irradiated Fe-35.5Ni-7.5Cr. The random-direction linear traces 
used in earlier studiesTr-4f showed that there is an irregularity in the profiles that Suggests a 
not-completely periodic nature of the oscillations. 

Figures 1 and 2 show that the oscillations can be either quite pronounced or not quite SO pronounced about 
a given reference point, depending on both the starting point and the crystalline vector traversed. 
in Figure 1 that the maximum and minimum nickel concent ations observed are that of FeNi and Fe3Ni. the 
same limits observed in neutron-irradiated specimens.(l! Once again, there appears to be an irregular 
structure in the compositional profile superimposed on the somewhat regular major oscillations. The reason 
for this irregularity became apparent in the Fe-35Ni specimen in a way that does not occur in Fe-45Ni or 
various Fe-Ni-Cr alloys. 
regions have formed in a cellular fashion. 
illustrated in Figure 4, showing extensive twinning within the martensite. 
also shows almost out-of-contrast dislocation tangles within the martensite in another grain which does not 
place the martensite in a strongly diffracting condition. 
tion was found to be less than 29% nickel. 
transformed. 
Figures 3 and 4. 

Note 

Figure 3 contains a micrograph which shows that relatively irregular martensitic 
There is a large amount of internal strain in these regions as 

The lower portion of Figure 3 

In each of the martensitic regions the composi- 
In every case checked, the low nickel areas were found to have 

The foil thickness ranges from 100 to 150 nm in The mean size of these regions is -200 nm: 

A survey of other ion-irradiated specimens (Fe-45Ni and Fe-7Cr-XNi, Fe-15Cr-XNi where x = 30, 35, 45) showed 
no evidence of martensite formation. 
found t o  have developed cellular martensite, but the size and mean spacings of the martensitic regions 
increased with temperature. 

However, the Fe-35Ni specimens irradiated at 675 and 725°C were also 

Figure 3 also demonstrates in another way the effect of composition on the martensitic transformation. 
grain boundary shown in Figure 3 has has been subjected to substantial segregation of nickel. 
to a zone of %0.8 pm on each side of the boundary which is free of martensite. Figure 5 shows that at 
another grain boundary the nickel concentration in the denuded zone is higher than the average of the bulk 
(35%) and also shows some indication of compositional variations parallel to the boundary. These 
variations become more pronounced as the distance from the boundary increases. 

The 
This leads 

5.3 Discussion 

A s  one raises either the chromium or nickel content of Fe-Cr-Ni alloys the martensitic start temperature 
( M S )  is depressed. For unirradiated chromium-free Fe-35Ni and Fe-45Ni Ms is below room temperature and 
the transformation should not occur. 
place small volumes below Ms at room temperature, Fe-35Ni decomposes enough such that substantial micro- 
volumes o f  material have an Ms above room temDerature. 
occurs the transformation then takes place. 

While Fe-45Ni does not decompose sufficiently during irradiation to 

When the experiment is terminated and cooling 

This transformation may or may not be complete in these micrographs but it preserves in the microstructure 
a visible record of the micro-oscillations in composition. 
local irregularity as well as the relatively periodic nature of the fluctuations. 

It also demonstrates the origin of both the 

Several ideas are suggested by this finding. 
tures below that o f  room temperature, it does not man that such a transformation cannot be induced to 
study spatial relationships in the composition profiles. Plans are now being laid to cool Fe-Cr-Ni 
specimens using dry ice or various liquid gases. 
completed. Second, it may be possible to visualize the high nickel (4545%) regions as well. Note in 
Figure 6 that low temperature irradiations with neutrons (and possibly electrons in an HVEM for our 
purposes) can be used to cause ordered FeNi to form. This will occur first in those regions with 250% 
nickel. This phase can also be imaged using diffraction contrast. The possibility of HVEM irradiations of 
neutron-irradiated specimens at Argonne National Laboratory is now being explored. Finally, a similar 
process should occur in neutron-irradiated Fe-35Ni. T 0 specimens, one irradiated at 5 2 O O C  to 14 dpa and 
another irradiated at 6flO'C t o  14 dpa are a~ailable.(~Y These specimen developed density increases of 
4 . 5 % .  indic ting that decomposition has occurred but has not yet reached the maximum level observed 

prepared for examination. 

First, even though chromium-bearing alloys have MS tempera- 

This will be done when all other examinations have been 

earlier,(1,2 9 where density increases of ~ 1 . 0  percent are obtained. These specimens are now being 

99 



r-----l 

<oh> 

a0 
-DD -am -im o im am 00 

DISTANCE FROM STARTINO miw inm) 
-I- 

a0 -DD -100 -im o im am DD 
DISTANCE mom STARTINO WIM lnml 

Not-=, 

FIGURE 1. Composi t ional  t r a c e s  a lona d e f i n e d  c r y s t a l -  FIGURE 2. Another example o f  compos i t i ona l  t r a c e s  
l o g r a p h i c  d i r e c t i o n s  i n  Fe-35Ni a f te<N i+  
i r r a d i a t i o n  t o  117 dpa a t  625OC. 

generated i n '  t h e  i o n - i r r a d i a t e d  Fe-35Ni 
specimens shown i n  F i g u r e  1. 
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FIGURE 3 .  Micrograph showing formation of cellular martensite in Fe-35Ni after irradiation at 625’C. 
Note denuding of martensite along grain boundary where nickel segregates. 
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FIGURE 4. High magnification micrograph o f  cellular martensite region. 
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FIGURE 5. Compositional trace across the denuded zone, and two traces parallel t o  the grain bolrndary. 
grain boundary studied here is different from that shown in Figure 3. 

The 

FIGURE 6. Critical temp r tures for the order-disorder transformation of NiFe and Ni3Fe in the Fe-XNi 
alloy system. 76 7 
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5.4 Conclusions 

Radiation-induced spinodal-like oscillations in composition in Fe-35Ni lead to the formation of cellular 
martensite in low nickel regions during cooling to room temperature. 
relationships of the transformed martensite allows us  t o  visualize the size, spacing and nature of the 
compositional oscillations that develop during irradiation. 

Examination o f  the spatial 
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7.0 Future Work 

Both  i o n  and neutron-irradiated Fe-Cr-Ni and Fe-Ni soecimens will continue to be examined. 

8.0 Publications 

None. 
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STABILITY DURING THERMAL ANNEALING OF MICRO-OSCILLATIONS DEVELOPED IN Fe-35.5Ni-7.5Cr DURING NEUTRON 
IRRADIATION 

F .  A. Garner and J. M. McCarthy (Hanford Engineering Development Laboratory) 

1.0 Objective 

The ob.iect of this effort is to determine the nature of the mechanisms by which alloys decompose during 
irradiation. 

2.0 Sumnary 

Compositional micro-oscillations which form in Fe-35.5Ni-7.5Cr during neutron irradiation at 5 9 3 T  are 
stable during thermal annealing at 6OO0C for 24 hours. 
whether the oscillations represent a srable or metastable state, since they cannot be relaxed easily by the 
limited thermal diffusion available at the temperatures of their formation. 

For all practical purposes it does not matter 

3 . 0  Pragram 

Title: Irradiation Effects Analysis 
Principal Investigator: D. G. Doran 
Affiliation: Hanford Engineering Devejopment Laboratory 

4.0 Relevant OAFS Program Plan Task/Subtask 

Subtask II.C.1. Effect of Material Parameters on Microstructure 

5.0 - Accomplishments and Status 

5.1 Introduction 

The micro-oscillations in composition that develop durin 
consequences on vaid swelling and mechanical propertie~.?~-~! The mechanisms by which these oscillations 
develop has not yet been established, however. 

ir adiation of lnvar alloys are known to have 

The first requirement is to determine whether this phenomenon is merely an irradiation-accelerated version 
of a naturally occurring but sluggish process or whether radiation-produced point defects are iiece s ry for  
the continued maintenance of the oscillations. The first of several experiments described earliert'lj 
which attempt to address this question is now complete. 

A TEM specimen of Fe-35.5Ni-7.5Cr irradiated in EBR-I1 to 38 dpa at 593'C was annealed in vacuum at 600°C 
for 24 hours. This time was chosen to simulate a typical reactor down-time, addressing the question of 
whether the oscillations are unstable enough to dissolve during periods of reduced neutron flux or whether 
they are "frozen-in" due to the low level of diffusion at 600OC. The specimen was then rethinned to avoid 
potential surface effects on microsegregation and its relaxation upon annealing. 
examined prior to annealing and shown to have developed substantial oscillations in c o m p o ~ i t i o n . 7 ~ ~ ~ ~ ~ ~  

This specimen d be n 
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5.2 Results 

After annealing the specimen was reexamined using the EDX techniques employed in earlier studies. 
in Figure 1, the oscillations are preserved after annealing. 
are quite similar to those of the pre-annealing examination, as shown in Figures 2 and 3. 

As shown 
The compositional profiles shown in Figure 1 

5.3 Discussion 

One may question whether 24 hours is a sufficient annealing time by which to judge the stability20r 
metastability of the oscillations. 

5 3.3 x 10 hours. 
in 24 hours. 

We now face a dilemma; to answer the question about the stability at 6OO0C we must anneal for at least 
lo5 hours or we must raise the t m erature of the anneal to 75D-8OO0C. If a miscibility gap exists as 
suggested by Tanji and coworkers~6~ we will exceed it at some temperature and thus not be addressing the 
question of stability at 60OOC. 
to temperature, we also may not be able to distinquish between relaxation to the new longer wavelength or 
partial dissolution of the oscillations. 

We can partially solve the dilemma by redefining the question. 
natural but accelerated consequence of an inherent tendency toward segregation, an unstable state main- 
tained by irradiation or a radiation-produced unstable state that for all practical purposes is stable due 
to the low diffusion coefficient inherent in the absence of radiation? 
possibility, the first and latter choices are still possibilities allowed by the results of this 
experiment. 

If we estimate the relaxation time by solving the equation x = 2Dt 
assuming x = 500 nm(14)and the diffusivity 0 % 10-l' cm sec at 600'C we find that t = 1.2 x 10 9 sec = 

This means that we would nof expect to have relaxed the compositional profiles very much 

Since the wavelength of the decomposition process appears to be sensitive 

Is the micro-oscillation development a 

While we can now dismiss the second 
! 

Other studies now in progress are designed to address this question further. 

5.4 Conclusions 

Micro-oscillations developed in Fe-35.5Ni-7.5Cr during neutron irradiation at 6OO0C cannot be relaxed by 
annealing at 600°C for 24 hours. For all practical purposes it does not matter whether the oscillations 
represent a stable or unstable state, since they cannot be relaxed easily by the limited thermal diffusion 
available at the temperatures of their formation. The time required to form these oscillations has been 
determined by other studies to be on the order of thousands of hours and the developing oscillations are 
most likely "frozen-in" during periods of thermal annealing during reactor outages. 
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7 .O Future Work 

EDX and annealing experiments will continue on Fe-35Ni and Fe-45Ni binary alloys irradiated at 4211, 520 and 
600Y in FFTF. 

8.0 

None. 

P u bl i cat i on2 
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HEDL l U 6 U l . 7  
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FIGURE 1. Random direction compositional trace taken after annealing of Fe-35.5Ni-7.5Cr at 600°C for 
24 hours. 
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FIGURE 2. Compositional trace along <loo> direc- 
tion i n  the pre-annealed condition. 

FIGURE 3.  Another compositional trace in the 
pre-annealed condition. 
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CHAPTER 6 

FUNDAMENTAL STUDIES OF 
SPECIAL PURPOSE MATERIALS 
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SWELLING OF COPPER-ALUMINUM AND COPPER-NICKEL RLLOYS IN FFTF-MOTA AT 450°C 

F. A. Garner and H. R .  Brager (Hanford Engineering Oevelopment Laboratory) 

1.0 Objective 

The object of this effort is to provide data on the response of copper alloys to neutron irradiation in 
order to determine damage mechanisms and to provide model-based predictions of the behavior of copper 
alloys in fusion environments. 

2.0 Summary 

Pure copper appears to swell with an S-shaped behavior at 45OoC, tending to saturate at higher fluence 
levels. 
sient regime and thereby a reduction in swelling at low to moderate fast neutron exposures. The addition 
of these elements also leads to an increase in the saturation level o f  swelling, however, resulting in an 
increase in swelling relative to that of pure copper at high fluence. 

The addition of solutes such as aluminum and nickel at 5 weight percent leads to an extended tran- 

3.0 

Title: Irradiation Effects Analysis (AKJ) 
Principal Investigator: D. G. Doran 
Affiliation: Hanford Engineering Development Laboratory 

4.0 Relevant DAFS Program Plan Task/Subtask 

Subtask II.C.l. Effects of Material Parameters on Microstructure 

5.0 Accomplishments and Status 

5.1 Introduction 

In an earlier report the 
irradiation in FFTF-MOTA.fyP AS shown in Figure 1 the higher swelling alloys often exhibit an S-shaped 
behavior with accumulating fluence. Also included in the same irradiation experiment were CU-SA1 and 
Cu-5Ni (weight percent). 
fundamental study of the compositional dependence of swelling during neutron irradiation. 

lling at 450-C was described for various copper alloys during neutron 

Density change data are now becoming available for these two alloys as part of a 

5.2 Results 

The density change data for these alloys are incomplete at present (see Table 
demonstrate the major impact of nickel and aluminum on swelling. 
are often 2 or 3 separate specimens, providing s m e  idea of the variability of swelling. 

I) but are sufficient to 
Note that at the higher fluences there 
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FIGURE 1. Swelling observed in pure copper and several copper-base alloys after irradiation i n  FFTF-MOTA 
at -45OOC. 
fluence were derived from TEM disks. 

The data at 16.2 dpa were derived from miniature tensile specimens, those at higher 

InuLC I 

Percent Swelling of Annealed Copper Alloys at d5O0C in FFTF 

16.2 dpa 47.2 dpa 63.3 dpa 

Cu (MARZ) 6.5 23.3. 22.2 31.3, 30.1, 33.2 

Cu-5 Ni 2.15 _- 27.7, 31.8 

CU-SA1 -- -- 46.8, 45.8, 39.4 

These data ape plotted in Figure 2. 
of accelerated swelling, the lack of low fluence data on Cu-5A1 do not allow the unqualified assumption of 
delayed swelling. 
of pure copper. 
copper. 

Whereas CU-5Ni clearly exhibits a delay in swelling prior to the onset 

In both cases, however, the swelling at 63.3 dpa is comparable to or greater than that 
It also appears that the saturation level of both alloys will be greater than that of pure 
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FIGURE 2. Comparison o f  Swe l l i ng  o f  Cu-5Al and Cu-5Ni w i t h  t h a t  o f  Pure Copper and Cu-O.lAg. 

5.3 D iscuss ion  

B r i m h a l l  and K i ss i nge r (2 )  have shown t h a t  a d d i t i o n  o f  e i t h e r  2 o r  20 atomic percen t  n i c k e l  suppresses 
v o i d  s w e l l i n g  i n  copper a f t e r  neu t ron  i r r a d i a t i o n  a t  285'C t o  7.01 dpa. ,The a d d l t i o i  of n i c k e l  t o  copper 
a l so  suppresses v o i d  fo rmat ion  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 ( 3 - 8  and i o n  i r r a d i a t i o n .  9-70) Aluminum 
a d d i t i o n s  (1-7 atomic pe rcen t )  have a l so  be n sho n t o  l ead  t o  r educ t i ons  i n  s w e l l i n g  o f  copper d u r i n g  
neut ron  i r r a d i a t i o n  i n  t h e  range 250-35O0C.?11,12Y Eased on these  observat ions,  i t  appears reasonable t o  
assume t h a t  a de lay  o f  s w e l l i n g  w i l l  occur  a t  45OoC, as shown i n  F igu re  2. 
shown f o r  Cu-1.8Ni-0.3Be (weight  pe rcen t )  i n  F i gu re  l b .  

A s i m i l a r  de lay  of s w e l l i n g  i s  

5.4 Conclusions 

The a d d i t i o n  o f  elements such a$ N i ,  A1 and Be can de lay  t h e  onset  of s w e l l i n g  i n  copper, b u t  a t  h i ghe r  
f l uences  t h i s  may l e a d  t o  an increased amount o f  s w e l l i n g  r e l a t i v e  t o  t h a t  o f  pure  copper. 
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7.0 F u t u r e  Work 

Dens i t y  change measurements on Cu-5Ni and CU-SA1 w i l l  cont inue.  Data a t  100 dpa w i l l  be a v a i l a b l e  l a t e r  i n  
CY1986. 

8.0 P u b l i c a t i o n s  

None. 
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THE EFFECTS OF LOW DOSES OF 14 MeV NEUTRONS ON THE TENSILE PROPERTIES OF VARIOUS COMMERCIAL COPPER ALLOYS 

H. L. Heinisch and C. Martinez (Hanford Engineering Development Laboratory) 

1 .o Objective 

The objective of this experiment is to determine the effect of 14 MeV neutrons on radiation-induced 
changes in mechanical properties of representative commercial copper alloys, and to compare the effects 
o f  14 MeV and fission reactor neutrons. 

2.0 Summary 

Miniature tensile specimens of high purity copper and five copper alloys were irradiated with 0-T fusion 
neutrons in the RTNS-I1 to fluences up to 2.5 x 1018 nIcm2 at 9O'C and 290'C. The series of alloys 
includes solution-strengthened, precipitate strengthened and dispersion strengthened alloys. TO compare 
fission and fusion neutron effects, some of the alloys were also irradiated at the same temperatures to 
similar damage levels in the Omega West Reactor. Tensile tests were performed at room temperature, and 
the radiation-induced changes in tensile properties are examined as functions of fluence and displace- 
ments per atom (dpa). All  the alloys sustain less irradiation-induced strengthening than pure copper. 
In contragt to pure copper, the effects of fission and fusion neutrons on the yield stress changes i n  the 
copper alloys correlate well on the basis of dpa. 

3.0 

Title: Irradiation Effects Analysis 
Principal Investigator: 0. G. Doran 
Affiliation: Westinghouse Hanford Company 

4 . 0  Relevant DAFS Program Plan Task/Subtask 

Subtask 11.6.3.2 Experimental Characterization of Primary Damage State; Studies of Metals 
Subtask II.C.6.3 Effects of Damage Rate and Cascade Structure on Microstructure; Low-EnergyfHigh 

Subtask II.C.16.1 14-MeV Neutron Damage Correlation 
Energy Neutron Correlations 

5.0 Accomplishments and Status 

5.1 Introduction 

Copper alloys are being considered for service in fusion reactors, especially in magnet and high heat 
flux applications. Over the years many studies o f  irradiation effects in copper and copper alloys have 
been done, most oriented toward understanding some fundamental aspects of irradiation effects. Interest 
in copper alloys as potential fusion reactor materials has spurred interest in further experiments; some 
of which are discussed in a recent review ( * ) .  

The objectives of the present experiment are to determine the effects of D-T fusion neutrons on the 
tensile properties of some commercial copper alloys and to investigate the correlation of low dose fusion 
and fission neutron effects. The alloys tested here are some of the same alloys being irradiated to high 
fluences in the Fast Flux Test Facility ( 2 ) .  In pure copper it has been found(3) that displacements per 
atom (dpa) is not an effective correlation parameter for low dose fission and fusion effects on tensile 
properties. We are interested to see if this extends to the commercial copper alloys as well. 
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5.2 Irradiations 

Flat miniature tensile specimens were irradiated at the Rotating Target Neutron Source (RTNS-11) at 
Lawrence Livermore National Laboratory, currently the highest source of D-T fusion neutrons available. 
Irradiation tem eratures were 9O'C and 29O.C. and the copper specimens were exposed to neutron fluences 
up to 2.5 x loll n/cm2. Companion irradiations to similar damage levels were performed at 9O'C and 29O'C 
to four fluences from 5.2 x lo1* to 1.3 x lozo total n/crn2 in the Omega West Reactor (DWR) at Los Alamos 
National Laboratory. Damage rates are a minimum of 30 times higher in OWR than in the highest fluence 
RTNS-I1 copper alloy specimens. Tensile tests were performed on the specimens at room temperature. The 
specimens were included in irradiations for the Low Exposure Spectral Effects Experiment, described 
elswhere in the proceedings of this conference ( 3 ) .  Details of the RTNS-I1 and OM irradiations and the 
tensile testing are contained in that paper. 

The materials consist of Marz-grade copper and five commercial copper alloys listed in Table 1. As 
indicated in the table, the materials represent several categories of alloys, including 
solution-strengthened, precipitation-strengthened, and dispersion-strengthened alloys. 

TABLE 1 

COPPER ALLOYS 

Alloy 

Cu [ MARZ) 

Solution-strengthened 

CuAgP 

Precipitation-strengthened 

CuNiEe (;HT) 

CuBeNi (AT) 

MZC 

Dispersion-strengthened 

Cu-A125 

Composition (wt%l 

Cu (99.999%) 

CU -0.3 Ag -0.06 P -0.08 Mg 

Cu -1.8 Ni -0.3 Be 

Cu -1.8 Ni -0.3 Be 

Cu -0.9 Cr -0.1 Zr -0.05 ng 

Cu -0.25 A1 [as Al2O3) 

Condition 

annealed 
(15 m at 450'C) 

20% CW and aged 
(1 h at 427'C)  

20% CW and aged 
( 3  h at 480'C) 

annealed 
(15 m at 955'C) 

and aged 
( 3  h at 48O'C) 

90% CW and aged 
(30  m at 475'C) 

annealed 
(1 h at 982'C) 

5 . 3  Results 

Figure 1 shows the 0.2% offset yield stress as a function of D-T fusion neutron fluence for copper and 
the copper alloys. A curve linear in the fourth root of the fluence is fitted to the pure copper data. 
For the alloys the lines were drawn simply t o  show the trends in the data. Figure 1 illustrates the 
large range in strengths of the materials considered in this study. Because of the range of values in 
this figure, the amount o f  irradiation hardening appears small, even for annealed copper. The copper, 
however, increases in yield strength by a factor of three in this fluence range. 

I n  Fig 2 the yield stress is plotted as a function of fluence for RTNS-I1 irradiations at 29O'C. 
is little strengthening of pure copper in this fluence range. 
yield stress with fluence, while the other alloys either remain relatively unaffected or they soften. 

There 
Only CuBeNi(A1) shows a modest increase in 
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I n  F igs  3 and 4 t he  i r r a d i a t i o n- i n d u c e d  change i n  y i e l d  s t r e s s  i s  shown as a f u n c t i o n  of neutron f l uence  
f o r  t h e  copper a l l o y s  i n  conpar ison t o  pure copper. The data  and f i t t e d  curve f o r  pure copper a re  
p l o t t e d  f o r  re ference i n  both f i g u r e s .  The i r r a d i a t i o n- i n d u c e d  changes i n  y i e l d  s t r e s s  of t h e  h igh  
s t r e n g t h  a l l o y s  a re  smal l  d i f f e r e n c e s  o f  l a r g e  numbers, w i t h  maximum changes i n  t h i s  f l uence  range be ing 
as l i t t l e  as 15% o f  t h e  abso lu te  y i e l d  s t r e s s  ( f o r  t h e  CuBeNi a l l o y s ) .  U n c e r t a i n t i e s  i n  t h e  measurement 
of y i e l d  s t r e s s  a re  a percentage of t h e  y i e l d  s t r e s s  value. Hence, t h e  l a r g e r  the  y i e l d  s t r e s s ,  t he  
g r e a t e r  t h e  abso lu te  u n c e r t a i n t y  i n  t h e  de te rm ina t ion  o f  t h e  change i n  y i e l d  s t r e s s .  T h i s  i s  i n d i c a t e d  
by e r r o r  bars  on se lec ted  p o i n t s  i n  F igs  3 ar,d 4 rep resen t ing  an u n c e r t a i n t y  o f  25% i n  t h e  abso lu te  y i e l d  
s t r e s s  measurement. 

Al though u n c e r t a i n t i e s  a re  l a r g e  i n  t h e  data  f o r  t he  p r e c i p i t a t i o n  strengthened a l l o y s ,  F i g  3 .  t h e r e  a re  
sys temat ic  d i f fe rences between them and the  data  f o r  pure copper t h a t  imply  a d i f f e rence  i n  behav ior .  
MZC c l e a r l y  sus ta ins  l e s s  i r r a d i a t i o n- i n d u c e d  s t reng then ing  than  pure capper a t  these f luences.  The 
y i e l d  s t r e s s  changes i n  the  a l l o y s  appear t o  have about the same f luence dependence as pure copper, bu t  
s h i f t e d  t o  h ighe r  f luences f o r  t h e  same amount o f  change. 

The so lu t i on- s t reng thened  a l l o y  CuAgP, F i g  4 ,  i n i t i a l l y  undergoes l e s s  s t reng then ing  than  pure copper. 
bu t  i t  appears t o  s t rengthen a t  a f a s t e r  r a t e .  The d ispers ion- st rengthened a l l o y  CuA125 a l s o  shows less  
change than pure copper. 

The l o a d - d i s p l a c e m e n t  c u r v e s  generated du r ing  t h e  t e s t s  on pure copper d i f f e r  q u a l i t a t i v e l y  w i t h  
i n c r e a s i n g  neut ron f l uence .  For specimens i r r a d i a t e d  a t  9O'C i n  RTNS-I1 t h e  t o t a l  e l o n g a t i o n  decreases 
as t h e  y i e l d  s t r e s s  increases. A t  t h e  h ighes t  f l uence  the  e longa t ion  i s  about h a l f  of t h e  u n i r r a d i a t e d  
va lue.  I n  a d d i t i o n ,  f o r  f luences above about 4 x lo1' nIcm2 i n  RTNS-I1 a t  9O'C t h e  curves d i s p l a y  a y i e l d  
p o i n t  phenomenon. The e longa t ion  of t h e  OWR- irradiated specimens i s  a l s o  l ess  (by a h a l f  t o  a t h i r d )  
than f o r  u n i r r a d i a t e d  specimens, bu t  t h e r e  i s  cons iderab le  s c a t t e r .  Y i e l d  p o i n t s  a l s o  occur,  b u t  a t  
f luences where t h e  i r r a d i a t i o n  s t reng then ing  i s  comparable t o  t h a t  i n  t h e  R T N S - I 1  specimens t h a t  d i s p l a y  
y i e l d  p o i n t s .  That i s ,  i n  pure copper t h e  appearance o f  y i e l d  p o i n t s  corresponds t o  a minimum l e v e l  o f  
i r r a d i a t i o n  s t rengthen ing,  independent of t h e  spectrum. A t  29O'C t h e r e  were no y i e l d  p o i n t s  and l i t t l e  
change i n  t o t a l  e longa t ion  i n  e i t h e r  spectrum. 

For t h e  a l l o y s  t h e  load-displacement curves show no y i e l d  p o i n t s  a t  e i t h e r  temperature or i n  e i t h e r  
spectrum. I n  t h e  a l l o y s  t h e  amounts of e longa t ion  a re  much l e s s  than  i n  pure copper, and t h e  e l o n g a t i o n  
tends t o  decrease w i t h  i n c r e a s i n g  f luence.  E longa t ions  w i l l  be discussed q u a n t i t a t i v e l y  i n  a f u t u r e  
r e p o r t .  

Three o f  t h e  copper a l l o y s ,  CuBeNi(AT1, M Z C ,  and CuA125 were a l s o  i r r a d i a t e d  i n  OUR a long w i t h  pure 
copper. F igu re  5 shows t h e  change i n  y i e l d  s t r e s s  as a f u n c t i o n  o f  OUR t o t a l  neut ron f l uence  a t  9O'C f o r  
these m a t e r i a l s .  As w i t h  t h e  D-T f u s i o n  neutrons. the  MZC and CuA125 show s i g n i f i c a n t l y  l e s s  s t rengthen-  
i n g  than  pure copper i n  t h e  f i s s i o n  r e a c t o r  i r r a d i a t i o n s .  The CuBeNi(AT), on t h e  o t h e r  hand, responded 
about t h e  same as copper i n  t h e  f i s s i o n  spectrum. 

I n  F igs  6- 9  t h e  i r r a d i a t i o n  e f fec ts  on t h e  y i e l d  s t r e s s  of pure copper and t h e  a l l o y s  i r r a d i a t e d  i n  
R T N S - I 1  and OWR a re  compared. The changes i n  y i e l d  s t r e s s  a re  p l o t t e d  as a functon of d isplacements per 
atom (dpa). The dpa values were determined u s i n g  spectral- averaged displacement c rass sec t i ons  obta ined 
w i t h  the  NJOY nuc lea r  da ta  code(4) .  Cross sec t i ons  f o r  pure copper were used i n  a l l  cases; t h e  values 
a re  293 b and 3699 b f o r  OWR and RTNS-11, r e s p e c t i v e l y .  E r r o r  bars  i n  the  f i g u r e s  denote an est imated 
u n c e r t a i n t y  of 25% i n  t h e  abso lu te  y i e l d  s t r e s s  measurements. I n  pure copper, F ig .  6 ,  t h r e e  t imes as many 
dpa a re  needed i n  OWR t o  produce t h e  same y i e l d  s t r e s s  change as i n  RTNS-11. However, i n  a l l  t h r e e  
a l l o y s ,  CuBeNi(AT), CuA125, and MZC, t h e  e f f e c t s  o f  f i s s i o n  and f u s i o n  neutrons on t h e  y i e l d  s t r e s s  
c o r r e l a t e  w e l l  on the  b a s i s  of dpa i n  t h e  f l u e n c e  reg ions  where t h e  data  ove r lap .  

5.4 D iscuss ion and Conclusions 

I n  RTNS- I1  .and OUR a t  9O'C and 29O'C t h e  rad ia t i on- induced  changes i n  0.2% o f f s e t  y i e l d  s t r e s s  i n  t h e  
copper a l l o y s  a r e  l ess  t han  those i n  pure copper i r r a d i a t e d  t o  t h e  same f l uence .  The decreased i r r a d i a -  
t i o n  s t reng then ing  i n  t h e  a l l o y s  i s  probably  a r e s u l t  o f  t h e  increased concen t ra t i on  o f  de fec t  s i n k s  i n  
t h e  a l l o y s .  Even a t  9O'C, p o i n t  d e f e c t s  i n  copper a re  cons iderab ly  mobi le  and would tend t o  i n t e r a c t  
w i t h  the  e x i s t i n g  s inks  a t  t h e  expense of fo rming a d d i t i o n a l  c l u s t e r s .  One should expect t o  see t h e  same 
phenomenon i n  cold-worked pure copper. I t  i s  a l s o  p o s s i b l e  t h a t  l e s s  s t reng then ing  occurs because o f  
cascade- induced  d i s s o l u t i o n  of p r e c i p i t a t e s ,  a l though t h i s  e f f e c t  may be q u i t e  smal l  a t  such low 
f l uences .  Examinat ion of t h e  m i c r o s t r u c t u r e s  may r e v e a l  i n f o r m a t i o n  p e r t i n e n t  t o  t h i s  phenomenon. 
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The i r r a d i a t i o n s  a t  290'C had r e l a t i v e l y  l i t t l e  e f f e c t  on t h e  pure copper o r  the  a l l o y s .  Some so f ten ing  
occurred, most d r a m a t i c a l l y  i n  t h e  c o l d  worked a l l o y s ,  CuBcNi(l l2HT) and CuAgP. A t  290'C t h e  e f f e c t s  o f  
temperature e v i d e n t l y  dominate over i r r a d i a t i o n  e f fec ts .  For pure copper 29O'C i s  w i t h i n  t h e  range of 
S tage  V r e c o v e r y  temperatures i n  anneal ing exper iments(5).  d u r i n g  which the  operant  mechanism i s  
d i s s o l u t i o n  o f  vacancy c l u s t e r s .  I n  t h e  RTNS- I1  a l l  specimens were h e l d  a t  temperature o s t e n s i b l y  on l y  
w h i l e  the  neut ron source was operat ing,  which was about 2900 hours ( i d e a l l y  i n  120 h. s h i f t s )  spread over 
about 7 months. I n  p r a c t i c e ,  t h e r e  were severa l  t imes as long as an hour when the  beam was o f f  w h i l e  the  
furnace was a t  temperature.  I n  OUR, where f luences a re  determined by t ime  r a t h e r  than p o s i t i o n ,  t h e  
h ighes t  f l u e n c e  run  was done f o r  200 hours i n  5 e i g h t  hour s h i f t s  p e r  week. The I n - c o r e  Reactor Furnace 
takes about 15 min t o  heat  up and coo l  down a t  t he  beg inn ing and end o f  each s h i f t .  

U n l i k e  i n  pure copper, t h e  y i e l d  s t r e s s  changes i n  the  copper a l l o y s  f o r  f i s s i o n  and f u s i o n  neut ron 
i r r a d i a t i o n s  can be c o r r e l a t e d  w e l l  on the  bas is  o f  dpa. No c l e a r  evidence was found f o r  t h e  ex i s tence  
o f  a d d i t i o n a l  sDec t ra l  e f f e c t s .  
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7 .O P u b l i c a t i o n s  
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8.0 Future  Work 

T e n s i l e  t e s t s  w i l l  be done on specimens now a v a i l a b l e  f rom t h e  290'C i r r a d i a t i o n s  i n  OUR and on specimens 
from t h e  2001450'C RTNS-I1 i r r a d i a t i o n  soon t o  be comDleted. 
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FIGURE 1. The 0.2% o f f s e t  y i e l d  s t r e s s  as a f unc t i on  o f  1 4  MeV neut ron  f l uence  f o r  h i gh  p u r i t y  copper 
and commercial copper a l l o y s  i r r a d i a t e d  a t  9O'C i n  RTNS-11. 

800 I I 

CuBeNI I l l2  HTJ 

6odL 
1 A CuBeNlIATI 

m 
- 

n 
z 
ui 
a 

n 
Ly 

I 
I C~AIZL~ 

I- 
v) 

- 

A 

> - 

rn A CuAgP 
ANNEALED Cu 

0 
rn n " " 0 

I I 

118 



FIGURE 3. 
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The change i n  y i e l d  s t r e s s  as a f u n c t i o n  of 14 MeV neut ron f l u e n c e  f o r  pure Cu, CuBeNi i n  two 
cond i t i ons ,  and MZC.  The e r r o r  ba r  rep resen ts  an u n c e r t a i n t y  o f  + 5 %  i n  t h e  va lue Of t h e  
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CuA125. The e r r o r  b a r  rep resen ts  an u n c e r t a i n t y  o f  25% i n  t h e  va lue o f  t h e  abso lu te  y i e l d  
s t r e s s  o f  CuA125. 
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FIGURE 5 .  The change i n  y i e l d  s t r e s s  as a funct ion  of t o t a l  neutron f l u e n c e  for  pure  copper and copper 
a l l o y s  i r r a d i a t e d  i n  t h e  Omega West Reactor  a t  9O'C. 
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FIGURE 6 .  The change i n  y i e l d  s t r e s s  as a f u n c t i o n  of dpa for annealed pure  copper i r r a d i a t e d  i n  RTNS-11. 
and OUR a t  9O'C.  
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The change i n  yield stress as a function of dpa for CuBeNi (AT) irradiated at 9O'C in R T N S - I 1  
and OWR. 
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The change in yield stress as a function of dpa f o r  alumina dispersion-strengthened copper 
(CuA125) irradiated at 9O'C in RTNS- I1  and OWR. 
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DPA 

F I G U R E  9 .  The change i n  y i e l d  s t r e s s  as a func t ion  of dpa f o r  HZC copper a l l o y  i r r a d i a t e d  a t  9 O ' C  i n  
RTNS-I1 and OWR. 
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