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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 i e t h  i n  a s e r i e s  o f  Q u a r t e r l y  Technica l  Progress Repor ts  on Damage Analysis and 
Fundamental Studies (OAFS), which i s  one element o f  t h e  Fusion Reactor  M a t e r i a l s  Program, conducted i n  
suppor t  o f  t h e  Magnetic Fusion Energy Program o f  t h e  U.S.  Department of Energy (DOE). The f i r s t  e i g h t  
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. Other elements of t h e  Fusion M a t e r i a l s  
Program are :  . . Plasma-Mater ia ls  I n t e r a c t i o n  (PMI) . Spec ia l  Purpose M a t e r i a l s  (SPM). 

A 1  l o y  Development f o r  I r r a d i a t i o n  Performance ( A D I P )  

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 r o m  a number o f  N a t i o n a 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 o rgan ized  b y  
t h e  M a t e r i a l s  and R a d i a t i o n  E f f e c t s  Branch, DOEIOff ice o f  Fus ion  Energy, and a Task Group on Damage m a l y -  
SIS and Fundamental Studies, which operates under t h e  auspices 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 work ing  t e c h n i c a l  r e c o r d  of t h a t  e f f o r t  f o r  t h e  use of 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  genera l ,  and t h e  DOE. 

T h i s  r e p o r t  i s  o rgan 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 P l a n  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 f o l l o w e d  r e a d i l y ,  r e l a t i v e  t o  t h a t  Program Plan.  
g i v e n  l a b o r a t o r y  may appear th roughou t  t h e  r e p o r t .  
r i a l s  t o  accommodate work on a t o p i c  n o t  i n c l u d e d  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  b y  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 Fundamental Studies, D. G. Doran, Hanford Eng ineer ing  Development 
L a b o r a t o r y  (HEOL). T h e i r  e f f o r t s ,  those  o f  t h e  s u p p o r t i n g  s t a f f  o f  HEDL, and t h e  many persons who made 
t e c h n i c a l  c o n t r i b u t i o n s  a r e  g r a t e f u l l y  acknowledged. T .  C. Reuther, Fus ion Technologies Branch, i s  t h e  
DOE c o u n t e r p a 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  DAFS program w i t h i n  DOE. 

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 

G. M. Haas, Chief 
Fus ion Technologies Branch 

O f f i c e  o f  Fus ion Enerqy 
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IRRADIATION TEST FACILITIES 
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RTNS-I1 IRRADIATIONS AND OPERATIONS 
0. W. Short and 0. W .  Heikkinen (Lawrence Livermore national Lab0rator.y) 

1 .0  

lhe objectives of t h i s  work are operation of FTE-11 (a 14-MeV neutron source f ac i l i t y ) ,  mchine 
developnent, and support of the expzrimental program that ut i l izes  t h i s  fac i l i ty .  
include dosimetry, handling, scheduling, coordination, and reporting. 
U.S. and Japan and is dedicated t o  m t e r i a l s  research for the fusion power program. 
a id  i n  the developnent of models of high-energy neutron effects.  
projecting t o  t h e  fusion environment, engineering data obtained i n  other spectra. 

Experimenter services 
RTNS-I1 is supported joint ly by the 

Its primry use is t o  
Such models are needed in  interpreting and 

Irradiations were performed on 18 different experiments during th i s  quarter. 
rebuilt  and colunn entrance electrode was replaced on the left mchine. 
the right and l e f t  mchines have been completed. Ion source devel-nt continues. 
appointed Manager of the m S - I 1  effective May 9, 1985 and Dale Heikkinen was appointed Deputy Manager. 

Target a i r  controller was 
The vacuum system modificatims on 

David Short w a s  

T i t l e :  KPNS-I1 Operations (WZJ-16) 
Principal Investigator: D. W. Short 
Affiliation: Lawrence Livenrare National Laboratory 

4.0 Prcqram 

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

. .  5.0 on - D. w. short. D. W. -n and LN&uupa 

During th is  quarter, irradiations (both dedicated and add-on) were done for the following Fople .  

r P or A* ted 

D. Heikkinen (LLNL) A % - dosimtry calibration 

P. cannon (HEDL) 

C. Snead (ENL) and 
M. Guinan (LINL) 

P 

A 

R .  Flukiger (Karlsruhe) and A 

J. S. Huang h M. Guinan (LLNL) A 

M. Guinan (LLNL) 

Thermocouples and ceramicmetal seals - 
Neutron d m g e  

%-@-Ti alloys ( m o  filanents) - 
critical f ie ld ,  current and temperature 

tbpn var i is  multifilarrmtary alloys - 
critical f ie ld ,  current and temperature 

Al,  Cu, Fe, N i S i ,  N i A l  and N i s  - 
defect cluster f o m t i o n  and phase 
transformtion 
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Experimenter P or A* Sample Irradiated 
~ _. 

J. S. Huang h M. Guinan (LLNL) A 

R. Borg 

K. Abe (Tohoku) 

A 

A 

H. Heinisch (HEDL) P 
G. Pells (Harwell) 
F. Clinard (LANL) 
M. Kiritani (Hokkaido) 
R. Ohshim (Osaka) 
f l .  Yoshida (Kyoto) 
K .  Abe (Tohoku) 
H. Matsui (Tohoku) 
H. Kayano (Tohoku) 
H. Kawanishi (Tokyo) 
N. Igata (Tokyo) 
Y. S h i m r a  (Hiroshim) 
N. Yoshida (Kyushu) 

S. Iwasaki (Tohoku) 

S. Iwasaki (Tohoku) 

S. Iwasaki (Tohoku) 

D. ncker (LANL) 

E. Franc0 (ARACOR) 

E. Da1der (La& 

J. McDonald (HmL) 

J. Huang, M. Guinan & 
P. Hahn ( L m )  

J. Huang, M. Guinan & 
P. Hahn (LLNL) 

A 

P 

P 

P 

BN - evaluate cmting for high temperature 
furnace 

K3Fe(CN)6 - K cross sections 
Sc and Mo - induced activity 

Metals - displacement d m g e  & mechanical 
properties. Ceramics - neutron damage - 
irradiated at 90% and 290% 

*7~l(n,~n) - cross section 
Pb(n,Zn) - cross section 
SS & Ni alloy - tensile 
Polymer - mechanical 
Layered synthetic microstructures - 
Neutron damage 

Copper alloys - post irradiation activation 
analysis 

Cargon - Neutron kerm 
Cu+ at 4.2% - in-situ measurements 
of resistivity during irradiation h 
subsequent annealing. 

Cu@ at 300-450% - in-situ measurements 
of resistivity during irradiation & 
subsequent annealing. 

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

Target air controller for the left mchine was rebuilt. 

Accelerator coltum entrance electrode was replaced on the left machine. 

Ion source develomt continues on the right machine. 

Irradiations will be continued for D. Heikkinen (LINL) , H. Heinisch et al., S. Iwasaki (Tohoku) . 
during this period, irradiations for A. Kohym (Tokyo), T. Yoshiie (Hckkaido) and H. Kamishi (Tokyo) will 
be initiated. 

Also 
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--. FISSION RKACWR OOSIHETRY - WIR-RBZ 
I,. R. GreenwDod (Argonne National Laboratory) 

1.0 ObActivs 

TO characterize neutron irradiation experiments in terms of neutron fluence, spectra, and damage parameters 
(dpa, gas pmduction, transmutation). 

2.0 SgwgrV 

msigetry measurements and damage calculations have been completed for the R82 experiment in the removable 
beryllium position in WIR. 
0.1 MeV) resulting in 10.8 dpa and 1448 appn helium in 316 stainless steel. 

The status of all other experiments is swnaarized in Table I. 

m e  naximum neutron fluence was 6 . 5 0 ~ 1 0 ~ ~  ./an2 ( 1 . 0 5 ~ 1 0 ~ ~  n/m2 above 

Table I. Status of Dosimetry ExperrWnts 

ORR - W E  1 
- W E  2 
- W E  4Al 
- W E  4AZ 
- MFE 48 
- TEC 07 
- TRIO-TeSt 
- TRIO-1 
- w Test 
- Jp Test 
- 56, 57 

€ F I R  - CTR 32 
- Cll l  31, 34. 35 
- TZ, RE1 
- T1, CPR 39 
- CrR 40-45 
- Cm 30, 36, 46 
- R82 
- CTR 47-56 
- Jp 1-0 
- Hf Test 

completed 12/79 mega west 
completed 06/81 
Completed 12/01 
completed 11/82 
Completed 04/84 EBR I1 
Cmpleted 07/80 IPNS 
Completed 07/02 
completed 12/83 
Completed 03/04 
Samples Received 03/85 
Irradiations in progress 
completed 04/02 
Completed 04/83 
Completed 09/83 
completed 01/84 
completed 09/04 
completed 03/85 
completed 06/85 
Irradiations in Progress 
Irradiations in Progress 
Planned for 08/85 

- spectral Analysis 
- aDL1 
- REDLZ 
- m 1  
- x287 
- spectral Analysis 
- -1 (Hurley) 
- Hurley 
- Coltman 

Cmpleted 10/80 
Completed 05/81 
samples sent 04/85 
Completed 08/04 
cmpleted 09/01 
Completed 01/02 
Completed 06/82 
Completed 02/83 
Completed 08/83 

3.0 P s x r e  

Title: Dosimetry and oamage Analysis 
Principal Investigator: L. R. Greenwood 
Affiliation: Argonne National Laboratory 

Relevant DAFS P m r a m  Plan TasWSubtasL 

Task 11,A.l Fission Reactor Dosimetry 

4 .0  

5.0 Accomlishments and Status 

msirnetry measurements and damage calculations have been completed for the R82 experiment in the removable 
beryllium position of the High Flux Isotopes Reactor (WIR) at Oak Ridge National Laboratory. 
experiment was irradiated for vies 220-242 f r m  Pebruary 7, 1982 until August 26, 1983 with a total 
exposure of 49253 Mld. 
three RB (removable beryllium) irradiations. 

The 

m e  experiment contained charpy and tensile specimens and is part of a series of 
Results from the RE1 experiment were reported previously.' 
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Dosimeters were loca ted  at  seven d i f f e r e n t  p o s i t i o n s  i n  the RB2 aesemhly. Unfortunaely, s- of t h e  
m n i t o r s  were damaged and o t h e r s  were los t  du r ing  t h e  d i s w s e n b l y .  ml l  dosimetry  sets were recovered from 
t h r e e  p o s i t i o n s  and par t ia l  data from two o t h e r  p o s i t i o n s .  P o l l w i n g  gamm ana lys i s .  s a t u r a t e d  a c t i v i t i e s  
were determined c o r r e c t i n g  for gamma abaorp t ion ,  t h e  i r r a d i a t i o n  history, and burnup. The measured v a l u e s  
are listed i n  Table T I .  

- Table  1 1 .  w a s u r e d  A c t i v i t i e s  for HPIR RBZ 

v a l u e s  a t  100 m With Burnup Cor rec t ions  
Accuracy *2% Unless Noted 

HeiaL c@ - Act iva t ion  Rate, at/dt-s 

59,=4 n,y)a %e( n ,y )  54Pe(n.P) %Ti( n.P) n.2n) 

(XIO-8) (x10-9) ( X 1 0 - l ~ )  ( x 1 0 - l ~ )  ( ~ 1 0 - l ~ )  

21.8 
13.1 

2.7 
-3.2 
-7.8 

1.60 0.48 0 . 6 2  0.92 2.19 

3.19 1.00 1.33 1.89 - 
3.09 1.05 1 . 2 7  1.78 4 . 4 6  
2 . 9 9  - 

- - - 1.42 - 

- - - 
_ _  . - __ - 

%o(n,y)  va lues r s% due to l a r g e  burnup c o r r e c t i o n s .  
bFe(n,y) v a l u e s  -3%. 

me a c t i v i t y  data i n  Table  I1 is w e l l 4 e s c r i b e d  by a quaduat ic  equa t ion  for  t h e  vertical f l u x  g r a d i e n t ,  as 
f o l l o w s :  

(1) 2 f(s) = a  ( 1  + bz  + cz ) 

where a = midplane value ,  b = - 2 . 4 8 ~ 1 0 - ~ ,  c = -9.76~10-*, and z is t h e  h e i g h t  i n  m. 

me midplane va lues  were used t o  a d j u s t  t h e  f lux spectrum us ing  t h e  STAY'SL computer code. me a d j u s t e d  
spectrum was t h e n  used t o  conpute damage par-ters wi th  the SPECTW2 computer code. 
damage Values are listed i n  Table  111. S ince  t h e r e  is no d e t e c t a b l e  spectral g r a d i e n t ,  equa t ion  (1) also 
describes damage g r a d i e n t s .  I n  t h i s  case, t h e  a term i n  equa t ion  ( 1 )  is  any One of t h e  midplane va lues  i n  
Table  111 wi th  t h e  excep t ions  of n i c k e l  and copper. I n  t h e  n i c k e l  case, t h e  thermal  helium p m d u c t i o n  and 
extra damage requires a separate c a l c u l a t i o n .  Th i s  effect is i l l u s t r a t e d  for 316 stainless steel i n  
Table  Iv. 

We have r e c e n t l y  d iscovered a new thermal helium effect for copper.3 
than  i n  t h e  n i c k e l  case s i n c e  a three-stage r e a c t i o n  is r e q u i r e d  from 63cu to 64Zn to 65Zn which then 
produces helium from a t h e m 1  reaction. 
0.037 extra dpa a t  midplane. 

6.0 g f m n - q e z  

1. L. R. Greenwood, Damage Analysis and Fundamental studies puarterly Progress  Report, ME/ER-0046/15, 

The f luence  and 

Harever, this effect is much Smaller 

I n  t h e  present case, t h i s  would add about  1 8 . 1  appo hel ium and 

Pp. 5-9, NO-r 1983. 

2. L. R. Greenwood and R. K. Smither, SPECPER! Neutron Damage Ca lcu la t ions  for Materials I r r a d i a t i o n s ,  
ANWPPPfrM-197, January  1985. 

3. D.  W. Kneff. L. R. G r e e n w o o d .  B. M. O l i v e r .  R .  P. skwronski, and E. L. C a l l i s ,  " R e l i m n  Product ion i n  
Copper by a T h e m 1  Three-Stage React ion,"  P r o c .  I n t .  Conf. on Nucl. D a t a  for Basic and Applied 
Science ,  santa Pe, NW., May 13-17, 1985 ( t o  be publ ished) .  

7.0 Pu tu re  Work 

Analysis is i n  progress for t h e  56 prototype i n  the ORR. Plans  are being  W e  to test the effect of a 
hafnim s h i e l d  i n  t h e  RB pos i t i on  i n  W I R .  
damaged and could  not  be analyzed. W e  are now exp lo r ing  a l t e r n a t e  methods to d e t e m i n e  the e x p s u r e  for 
t h i s  i r r a d i a t i o n .  

The dosimeters  f s a n . t h e  T3 experiment i n  HPIR were s e v e r e l y  
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Table 111. Neutron Fluence and Danaqe Parameters for  RBZ 

va lues  at  midplane; use equat ion  (1) for g r a d i e n t s  

EeucEn Pluence, a o Z 2  n/m' 

Total 
Thermal ( < .5  ev)a 
P a s t  ( >  .1 MeV) 

6.50 
4.15 
1 . 0 5  

A 1  
T i  
V 
cr 

Fe 
rrnb 

Cob 

F a s t  
N i  "Ni 

To ta l  

14.66 
9.34 

10 .34  
9.06 

10.75 
7.90 

12.76 

8 . 8  
19.5 
28.4 

6.93 
4.49 
0 . 2 4  
1.58 
1.40 
2.80 
1.38 

36. 
11,089. 
11,125. 

cue F a s t  7.79 2 .51 

Total 7.83 20.61 
6 5 ~ n  .04 -- 18.10 

Nb 
Ila 
316 SSd 

7.44 
5 .55 

10.76 

0 .51 

1448. 

%l ; l t ip iyxO. iG '  for 2200 ws value. 
%em1 se l f- sh ie ld ing  may be s i g n i f i c a n t  for  Mn and CO. 
'New t h e m 1  e f f e c t  for copper (see text) .  
d ~ e e  Table IV for g r a d i e n t s ;  316 ss - Fe( .645), N i (  .13) ,  cr( . l e ) ,  m( .019),  ~ o (  .026) .  

- Table rV. H e l i u m  and OisDlacenent Danaqe for 316 SS* for RB2 

H e l i u m  inc ludes  5 9 N i  and fast reactions 
DPA i nc ludes  extra thermal  kick (ne/567) 

ne, atxa 

0 1448 
3 1432 
6 1386 
9 1306 
12 1194 
15 1052 
18 880 
Z 1  679 
24 457 

*316SS: Fe( .645),  Ni( .13) ,  Cr( . l e ) ,  Kn( .019),  Mo( .026) 

DE& 

10.76 
10.65 
10.36 

9.85 
9.15 
8.24 
7.16 
5.88 
4.40 

8 . 0  Publicat$?n> 

m papers were presented  at  t h e  I n t e r n a t i o n a l  Conference on Nuclear Mta for Baeic and Applied Science  i n  
Santa  Fe, NU., on my 13-17, 1985. One is listed as reference 3. The o t h e r  is, as follows: 

L. R. Greenwood and R. K. smi the r ,  "New Neutron cmss Sec t ions  for Fusion Wterials S tud ies ,"  to be 
publ ished.  

7 



- HCLIUM PRODUCTIOh I N  COPPER tiY A THERMAL THREE-STAGE REACTION 

0. k'. Knef f  (Rockwell  I n t e r n a t i o n a l ) ,  L. R. Greenwood, and E .  L .  C a l l i s  (Aryonne Nat iona l  Labora to ry )  

1.0 O b j e c t i v e  

The o b j e c t i v e s  o f  t l i i s  work a r e  t o  app ly  r a d i o m e t r i c  p l u s  he l ium accumulat ion neu t ron  dosimetry  t o  t h e  
measurement o f  neu t ron  f luences and energy spec t 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 u s i o n  
m d t e r i a l s  t e s t i n g ,  and t o  measure he l ium genera t ion  r a t e s  o f  m a t e r i a l s  i n  these i r r a d i a t i o n  environments. 

2.0 Summary 
~ 

Tile th ree- s taye  r e a c t i o n  process i n  copper t h a t  has been found t o  produce s i g n i f i c a n t  he l ium concen t ra t ions  
a t  h i q h  thermal  neu t ron  f luences  has been analyzed i n  d e t a i l .  Cross sec t ions  have been deduced f o r  fou r  
r e a c t i o n s  t h a t  a l l o w  us t o  c a l c u l a t e  t h e  t o t a l i 4 H e  p r o d u c t i o n  i n  copper f o r  h i g h- f l u e n c e  i r r a d i a t i o n s  i n  
t h e  High F l u x  I so topes  Reactor (HFIR). 

3.0 Proyram __ 

T i t l e :  
P r i n c i p a l  I n v e s t i g a t o r s :  D. W .  Kneff. H .  F a r r a r  I V ,  and L. R. Greenwood 
A f f i l i a t i o n :  Rockwell I n t e r n a t i o n a l  and Argonne Nat iona l  Labora to ry  

Hel ium Generat ion i n  Fus ion  Reactor  Mate r ia l s /Dos imet ry  and Damage A n a l y s i s  

4.0 Relevant  DAFS Program P lan  Task/Subtask 

Task I I . A . l  F i s s i o n  Reactor Dosimetry 
Task I I .A .4  Gas Generat ion Rates 
Subtask 11.A.5.1 Hel ium Accumulat ion M o n i t o r  Development 

5.0 Accomplishments and S t a t u s  

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

The i n t e r p r e t a t i o n  o f  fus ion  m a t e r i a l s  experiments performed i n  mixed-spectrum f i s s i o n  r e a c t o r s  o f t e n  
depends on c a l c u l a t e d  he l ium p r o d u c t i o n  and d isp lacement  damage r a t e s .  Rockwell I n t e r n a t i o n a l  and Ar5onne 
N a t i o n a l  Labora to ry  (ANL) a re  p a r t i c i p a t i n g  i n  a j o i n t  program t o  measure t o t a l  4He p r o 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  neu t ron  spec t ra  and f luences  used f o r  f u s i o n  m a t e r i a l s  t e s t i n g ,  and t o  use t h e  
r e s u l t s  t o  i n t e g r a l l y  t e s t  h e l i u m  p r o d u c t i o n  c ross  s e c t i o n s  used i n  damage c a l c u l a t i o n s .  Prev ious work has 
shown t h a t  h e l i u m  p r o d u c t i o n  i n  r e a c t o r - i r r a d i a t e d  n i c k e l  can be p r e d i c t e d  t o  w i t h i n  1 X u s i n g  a d e t a i l e d  
c h a r a c t e r i z a t i o n  o f  t h e  i r r a d i a t i o n  environment and c u r r e n t  c r o s s  s e c t i o n  e v a l u a t i o n s . ? l j  

Recent work w i t h  T i ,  Fe, and Cu samples i r r a d i a t e d  i n  t h e  mixed-spectrum r e a c t o r s  HFIR and ORR (Oak Ridge 
Research Reactor)  a t  Oak Ridge and i n  t h e  Exper imenta l  Breeder R a c t o r - I 1  (EBR-11) have shown l a r g e  d i s c r e p-  
anc ies  between he l ium genera t ion  measurements and p r e d i c t i o n s .  (27 For  copper, t h e  r a t i o  o f  m e a s u r p t o - ,  
p r e d i c t e d  h e l i u m  inc reases  s t e e p l y  w i t h  f luence above a thermal  neu t ron  f luence o f  about  1022 n/cm . 
i n c r e a s e  i s  a t t r i  u t e d  predominant ly  t o  a p r e v i o u s l y  unrecognized th ree- s tage  r e a c t i o n  process i n  copper f o r  
thermal  neutron^.?^,^) We have now determined t h e  c ross  s e c t i o n s  f o r  fou r  neutron- induced r e a c t i o n s  i n  
copper t h a t  p r o v i d e  a b a s i s  f o r  c a l c u l a t i n g  t h i s  enhanced hel ium. 

Th is  
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5.2 

Experiments performed i n  ORR and HFIR cover  t h e  neu t ron  f luence range 1.2-15 x 1 O Z 2  n/cm2. 

;f$eroT4j M u l t i p l e  a c t i v a t i o n  w i r es  p r o v i d i n g  l o n g - l i v e d  a c t i v i t i e s  upon a c t i v a t i o n  were i r r a d i a t e d  and 
then  gamma counted us i ng  Ge(L i )  spectroscopy, w i t h  measured a c t i v i t i e s  gene ra l l y  accura te  t o  *1.5%. 
wi res  were segmented t o  determine f l u x  g rad ien ts .  
neu t ron  spec t ra  f o r  each i r r a d i a t i o n  us i ng  t h e  computer code STAYSL.r5 j  Typ ica l  spec t ra  a re  g iven  i n  
Ref. 1. Tlie ad j us ted  thermal ,  resonance, and f a s t  neu t ron  f l u x e s  have es t imated  accurac ies  o f  5-101, 
a l though t h e  u n c e r t a i n t i e s  a re  h i g h l y  c o r r e l a t e d  so t h a t  i n t e g r a l  q u a n t i t i e s  tend  t o  be more accurate.  
impo r t an t  d iscrepancy observed i n  t h e  h igh- f luence a c t i v a t i o n  da ta  was t h e  unexpectedly  low 65Zn a c t i v i t y  
from i r r a d i a t e d  copper samples, which p rov ided  evidence f o r  t h i s  copper th ree- s tage  r e a c t i o n  mechanism. 

Reactor  Cha rac te r i za t i on  and Experimental Measurements 

The r e a c t o r  
pec t r a  and f luence d i s t r i b u t i o n s  were c h a r a c t e r i z e d  u s i n g  t h e  m u l t i p l e - a c t i v a t i o n  dosimetry  tech-  

Lony 
The measured a c t i  i i e s  were used t o  a d j u s t  c a l c u l a t e d  

One 

Tlie neu t ron  f luence and spec t ra l  i n f o rma t i on  from each i r r a d i a t i o n  were used t o  c a l c u l a t e  f a s t  he l ium pro-  
duc t i on  i n  t h e  c o n s t i t u e n t  elements o f  m a t e r i a l s  of i n t e r e s t  f o r  fus ion  r e a c t o r  a p p l i c a t i o n s .  The p r e d i c -  
t i o n s  f o r  H F I R- i r r a d i a t e d  copper, b r a c k e t i n g  t he  f l uence  range o f  fus ion  m a t e r i a l s  exper iments CTR30, CTR31, 
and CTK32, a r  These p r e d i c t i o n s  a re  based on t he  ENDF/B-V Gas Pro- 
duc t i on  f i l e . p s j  The f a s t  neu t ron  f luences a re  -0.8 t imes  t h e  thermal f luences g iven  i n  F i g .  1, and rep re-  
sen t  neu t ron  energ ies  > 0.1 MeV. 

hown as t h e  dashed l i n e  i n  F i gu re  1. 

Hel ium measurements were performed f o r  i n u l t i p l e  copper samples from a t o t a  
HFIR exper iments CTK30, 31, and 32, and OKR experiments MFEZ, 4A2, and 48.1233) The measurements were 
performed u s i n g  i s o t o p e - d i l u t i o n  gas mass spectrometry,( ' )  w i t h  abso lu te  u n c e r t a i n t i e s  of *l-2%. 
r e s u l t s  f o r  HFIR a re  presented i n  F i gu re  1. The ca lcu la ted- to- exper imenta l  he l ium r a t i o s  (C/E) ranged from 
0.63 t o  0.19 f o r  HFIR, w h i l e  t h e  lower- f luence  ORR measurements gave a n e a r l y  cons tan t  C/E r a t i o  of about 
0.64. The HFIR da ta  c l e a r l y  i n d i c a t e  a l a r g e  enhancement i n  he l i um  p roduc t i on  a t  h i g h  f luences. 

o f  20 d i f f e r e n t  l o c a t i o n s  i n  

The 

5.3 Hel ium Produc t ion  Mechanisms 

The r e a c t i o n  channels a f f e c t i n g  he l i um  p roduc t i on  i n  r e a c t o r - i r r a d i a t e d  copper a r e  summarized i n  F i gu re  2 .  
The f a s t  r e a c t i o n s  63Cu(n,ol and 65Cu(n,a) dominate a t  low neu t ron  f luences.  
r e a c t i o n  becomes impo r t an t  a t  h i g h  thernral neu t ron  f luences ( > I O L 2  n/c$): 

The f o l l o w i n g  th ree- s tage  

100 
,..'D ..' 

1 ,  
0 2 4 0 

FLUENCE,xlO"n/cmZ 

FIGURE 1 .  Measured and P red i c t ed  4He Produc t ion  i n  Copper vs. Thermal Fluence f o r  HFIR. The Uashed L i n e  
i s  t h e  Fas t  4He Ca l cu l a t ed  from ENDF/B-V, Where t h e  HFIR Fas t  Fluence ( > O . l  bieVJ i s  -0.8 Times 
t h e  Thennal Fluence. The L i ne  Through t he  Data i s  an Empi r i ca l  F i t  (see D i scuss i on l .  
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( n . a )  

FIGURE 2. Keac t ion  Channels A f f e c t i n g  4He Produc t ion  i n  Copper. 

TABLE 1 

KNOWN NEUTRON CAPTURE CROSS SECTlOllS USEU 1N THE COPPER CALCULATIONS 

Thermal Cross S e c t i o n  Resonance I n t e g r a l  
React ion (barns )  (barns )  

4.5 5.0 ‘%u(n,y~ 64 cu 

6 4 ~ n ( n , , ) 6 5 ~ n  0.76 1.45 

(j5cu( n,r)%u 2.17 2.1Y 

64hi  I n, 1 )6514i 1.52 0 . W  

Several o t h e r  f a s t - n e u t r o n  r e a c t i o n s  a l s o  c o n t r i b u t e  a t  h i u t i  f luences.  b u t  t h e i r  n e t  e f f e c t  i s  n o t  l a r q e .  ~.~~ ~~~ ~~~ ~~ 

Th is  inc ludes ,  f o r  exam l e ,  t h e  2- s tage  r e a c t i o n  process 6 3 C u ( n , r ) 6 4 C U ( 8 - 1 6 4 Z n ( n , ~ ) ~ l N i .  
c h a i n  b ~ C u ~ n , ~ 1 ~ ~ C u ( ~ + 1 ~ ~ ~ i ~ n , ~ 1 ~ ~ N i ( ~ - ~ ~ ~ ~ u ( n , ~ )  produces o n l y  a n e g l i g i b l e  amount o f  %e, b u t  a f f e c t s  t h e  

The r e a c t i o n -  

W U / ~ ~ C U  i s o t o p i c  r a t i o  (see n e x t  s c c t i o n i .  

The accura te  c a l c u l a t i o n  o f  l i e l i um p r o d u c t i o n  th rough  t h e  th ree- s tage  process r e q u i r e s  t h e  knowledge o f  
severa l  r e a c t i o n  c r o s s  sec t ions .  Those t h a t  we cons ider  t o  be wel l- known a re  summarized i n  Table 1. Three 
o f  t h e  r e l e v a n t  thermal r e a c t i o n  c r o s s  s e c t i o n s  a r e  no t  well-known: 
( n , a l l ,  and 65Zn(n,o).  
n o t  wel l- known, b u t  can be c a l c u l a t e d  r e l a t i v  

The f a c t  t h a t  t h e  
lower- f luence  ORR i r r a d i a t i o n s  gave low, cons tan t  /E r a t i o s  i n d i c a t e s  t h a t  t h e  spec t rum- in tegra ted  ElrDF/B-V 
e v a l u a t i o n  f o r  copper i s  l o w  i n  t h i s  energy range.f2.3) Cu(n,o) was t h u s  a f o u r t h  c r o s s  s e c t i o n  t o  be 
measured. 

64Cu(n,r l ,  65Zn(n,absl l ( n , ~ l + ~ n , p l +  
The spec t rum- in tegra ted  (n.0) c r o s s  s e c t i o n s  f o r  f a s t  neu t rons  a re  a l s o  g e n e r a l l y  

o t h e  6 3 C ~ ( n , ~ l  r e a c t i o n  f o r  computat ional  purposes. We 
have done so u s i n g  t h e  computer code THRESHZ, POT w l t h  ’ t h e  r e s u l t s  g i v e n  i n  Table 2. 

5.4 Cross S e c t i o n  Measurements 

The r e a c t i o n  mechanisms summarized i n  F i g u r e  2 can be represen ted  by 16 coupled d i f f e r e n t i a l  equat ions,  whose 
s o l u t i o n s  p r o v i d e  f i n a l  n u c l e a r  species r a t i o s  and 41ie r e a c t i o n  c o n t r i b u t i o n s  f o r  g i v e n  i r r a d i a t i o n  
c o n d i t i o n s .  
equat ions t o  f i n d  t h e  b e s t  f i t  t o  o u r  exper imenta l  data.  

The 6 4 C ~ ( n , ~ 1 6 5 C u  c r o s s  s e c t i o n  was determined f i r s t ,  f rom t h e  p o s t - i r r a d i a t i o n  65Cu/63Cu i s o t o p i c  r a t i o s .  
These r a t i o s  vary s e n s i t i v e l y  w i t h  neu t ron  f luence a t  h i g h  f luences .  They were measured e x p e r i m e n t a l l y  by 
mass spectrometry  f o r  9 copper samples which had been i r r a d i a t e d  t o  d i f f e r e n t  neu t ron  f luences  i n  t h r e e  HFIR 
experiments. The r e s u l t s  were compared w i t h  c a l c u l a t e d  r a t i o s  t o  determine t h e  64Cu(n 1 1  c ross  s e c t i o n  
t h a t  p rov ided  t h e  b e s t  f i t .  
p r o d u c t i o n  and burnup t o  65Cu. 
t h e  l a r g e  c r o s s  s e c t i o n  u n c e r t a i n t y  has a n e g l i g i b l e  e f f e c t  on subsequent c r o s s  s e c t i o n  de te rmina t ions .  

The f o u r  unknown c r o s s  s e c t i o n s  were determined by s u b s t i t u t i n g  a s e r i e s  o f  va lues i n t o  these 

The c a l c u l a t e d  65Cu/63Cu r a t i o s  i n c l u d e d  t h e  e f f e c t s  o f  65Zn decay and 6 4 N i  
Our f i n a l  Cu(n,y) c ross  sec t ion ,  270 * 170 mb, i s  s u f f i c i e n t l y  smal l  t h b t  
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TABLE 2 

(n,al CROSS SECTION KATIOS USED I N  THE 
COPPER CALCULATIONS 

React ion R a t i o ( a )  
~ 

6 3 ~ u ( n , a ) 6 0 ~ o  1 

'j4cu( n ,a )61~o  0.675 

6 5 ~ u ( n , a ~ 6 2 ~ o  0.349 

64Zn(n,a161Ni 2.365 

65Zn(n,a)62Ni 6.714 

66Zn(n,o)63Ni 1.238 

6 4 N i  (n,o)61Fe 0.102 

ia)Rat ios w i t h  r e s p e c t  t o  t h e  r e a c t i o n  
64Cu(n,a), c a l c u l a t e d  us ing  THRESH2, 
k e f .  8 

The 65Zn(n,absl thermal c r o s s  s e c t i o n  was determined by f i t t i n g  t h e  measured 65Zn r e a c t i o n  r a t e s  o f  18 HFIR- 
i r r a d i a t e d  samples. Our adopted va lue,  66 f 8 barns, was then  used i n  t h e  d e t e r m i n a t i o n  o f  t h e  thermal 
65Zn(n,a) and f a s t  C u ( n , d  c ross  s e c t i o n s .  
enha ed he l ium ( th ree- s tage  thermal process p l u s  o t h e r  m u l t i p l e - s t e p  a- producing r e a c t i o n s )  by v a r y i n g  b o t h  
t h e  gkZn(n,a) c ross  s e c t i o n  and t h e  C / E  f a s t  he l ium r a t i o .  Tile C /E  r a t i o  was used t o  c a l c u l a t e  t h e  f r a c -  
t i o n  of t h e  he l ium assoc ia ted  w i t h  t h e  f a s t  r e a c t i o n s .  The h igh- f luence  he l ium measurements i n  HFIR were 
dominated by t h e  th ree- s tage  r e a c t i o n ,  p r o v i d i n g  a r e l a t i v e l y  C/E-independent 65Zn(n,a) c r o s s  s e c t i o n  
measurement. A t  l ower  HFIR f l u e n c e s  t h e  f a s t  he l ium dominated, a l l o w i n g  t h e  d e t e r m i n a t i o n  o f  t h e  C / E  
r a t i o .  Bo th  va lues were determined from t h e  b e s t  f i t  t o  t h e  da ta  over  t h e  t o t a l  range o f  HFIR f luences .  
The ORK d a t a  were n o t  i n c l u d e d  i n  these analyses because t h e  dosimetry  d a t a  i n d i c a t e d  s u f f i c i e n t  d i f fe rences  
i n  t h e  ORR and HFIR spectra t o  produce d i f f e r i n g  f a s t - n e u t r o n  C / E  r a t i o s .  
s e c t i o n  i s  4.7 f 0.5 barns, and t h e  C /E  r a t i o  deduced f o r  f a s t  he l ium p r o d u c t i o n  i s  0.76. 
a HFIR spec t rum- in tegra ted  Cu(n,o) c ross  s e c t i o n  of 313 f 20 ub f o r  f a s t  neutrons.  

The Cu(n,a) f a s t  he l ium p r o d u c t i o n  was separated from t h e  

Our deduced 65Zn(r1,~1 c ross  
The l a t t e r  g i v e s  

5.5 D iscuss ion  

The c r o s s  s e c t i o n s  d e r i v e d  f rom t h e  exper imenta l  da ta  a r e  summarized i n  Table 3. 
i n c l u d e  t h e  u n c e r t a i n t i e <  assoc ia ted  w i t h  t h e  c ross  s e c t i o n s  and c r o s s  s e c t i o n  r a t i o s  u iven  i n  Tables 1 

The u n c e r t a i n t i e s  do n o t  

and 2, r e s p e c t i v e l y ,  and m a y  be q u i t e  s e n s i t i v e  t t h e  c a p t u r e  cross sec t ions .  However, t h e  p resen t  c r o s s  
s e c t i o n s  p r o v i d e  a c o n s i s t e n t  s e t  f o r  p r e d i c t i n g  8 He genera t ion  f o r  copQer i r r a d i a t e d  t o  h i g h  f luences  i n  
HFIR, based on da ta  ex tend ing  up t o  thermal neu t ron  f luences  of 6 x lozz neutrons/cmz. These c r o s s  s e c t i o n s  
d i f f e r  s i g n i f i c a n t l y  f r o m  t h e  corresponding ENDF/B-V c ross  sec t ions ,  which a r e  a l s o  l i s t e d  i n  Table 3 .  
damage cons idera t ions ,  t h e  th ree- s tage  mechanism produced 1 dpa (d isp lacement  p e r  atom) f o r  each 492 appm of 
hel ium. T h i s  i s  an i n s i g n i f i c a n t  f r a c t i o n  o f  t h e  t o t a l  dpa produced i n  copper a t  t h e  e HFIR f luences,  i n  
c o n t r a s t  t o  t h e  s i g n i f i c a n t  damage produced by 59N i  i n  t h e  n i c k e l  two-stage r e a c t i o n . f l )  

FOP 

TABLE 3 

MEASURED HFIR CROSS SECTIONS 

React ion Energy Measured ENDF/B-V(a) 
~ 

6 4 ~ u ( n , y ) 6 5 ~ u  thermal 270 f 170 b ~6000 b ( b )  

6 6 f 8 b  ( b )  65Zn( n, abs (" thermal  - 
65Ln(n ,d62Ni  thermal  4.7 0.5 b 250 f 150 b ( b )  

Cu(n,a) f a s t  (>O.l  MeV1 313 * 20 lib 238 pb 

[:;Ref. 6 
(,)Measured va lues i n c l u d e  e f f e c t s  from a 7% epi thermal  f l u x  

(n,Y)+(n,p)+(n,a) 
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The f o l l o w i n g  e m p i r i c a l  express ion,  based on t h e  measured h e l i u m  concen t ra t ions ,  can be used t o  es t imate  t h e  
enhanced he l ium produc t ion :  

Enhanced 4He (appml = 0.669 .@ 2.58 

Here @ i s  t h e  thermal neu t ron  f luence i n  u n i t s  o f  1022 n/cmZ. 
than 7%. 
neu t ron  c o n t r i b u t i o n ,  when t h e  l a t t e r  i s  c o r r e c t e d  f o r  t h e  24% u n d e r p r e d i c t i u n  by ENDF/B-V. 

Th is  f i t  has a s tandard  d e v i a t i o n  of l e s s  
The t o t a l  he l ium p r o d u c t i o n  i n  H F I K- i r r a d i a t e d  copper i s  then determined by adding t h e  f a s t -  
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7.0 F u t u r e  Work 

Work i s  i n  progress t o  measure t h e  t o t a l  he l ium p r o d u c t i o n  c r o s s  sec t ions  of 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  experiments. 
t i o n  c r o s s  s e c t i o n  f i l e s  and t o  improve he l ium genera t 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 .  

The r e s u l t s  w i l l  be used t o  t e s t  gas produc- 
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ON ISOTOPIC ALLOYINti TU TAILOR HELIUM PRODUCTIUN RATES I N  M I X E D  SPECTRUM REACTURS 

L. K. Mansur, A. F. R o w c l i f f e ,  M. L. t irossbeck, and R. E. S t o l l e r  (Oak Ridge Nat iona l  Labora to ry )  

l .U U b j e c t i v e  

The purposes o f  t h i s  work a re  t o  inc rease  t h e  understanding o f  mechanisms by which he l ium a f f e c t s  m ic ro-  
s t r u c t u r e  and p r o p e r t i e s ,  t o  a i d  i n  t h e  development of m a t e r i a l s  f o r  fus ion  reac to rs ,  and t o  o b t a i n  data 
from f i s s i o n  r e a c t o r s  i n  regimes of d i r e c t  i n t e r e s t  f o r  f u s i o n  r e a c t o r  a p p l i c a t i o n s .  

2.0 Summary 

I s o t o p i c  a l l o y i n g  i s  examined as a means o f  m a n i p u l a t i n g  t h e  r a t i o  of he l ium t ransmuta t ions  t o  atom 
displaceinents i n  mixed spectrum reac to rs .  
r e l a t i v e  abundances o f  t h e  s t a b l e  i so topes  of n i c k e l  t o  s y s t e m a t i c a l l y  vary t h e  f r a c t i o n  o f  5 8 N i  i n  n i c k e l -  
bear ing  a l l o y s .  The method o f  c a l c u l a t i n g  he l ium p r o d u c t i o n  r a t e s  i s  descr ibed.  Resu l t s  o f  example ca lcu-  
l a t i o n s  f o r  proposed experiments i n  t h e  High F l u x  I s o t o p e  Reactor a r e  discussed. 

The a p p l i c a t i o n  exp lo red  i s  based on a r t i f i c i a l l y  a l t e r i n g  t h e  

3.0 Prpgram 

T i t l e :  R a d i a t i o n  Ef fects  Mechanisms 
P r i n c i p a l  I n v e s t i g a t o r :  L. K. Mansur 
A f f i l i a t i o n :  Oak Ridge Nat iona l  Labora to ry  

4.0 Relevant  DAFS Program PlanISubtask 

Subtask II.C.2 E f f e c t s  o f  Hel ium on M i c r o s t r u c t u r e  
Subtask II.C.8 E f f e c t s  of Hel ium and Displacements on 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  

An impor tan t  aspect o f  research i n t o  t h e  e f f e c t s  of i r r a d i a t i o n  on s t r u c t u r a l  m a t e r i a l s  a t  e l e v a t e d  
temperatures i s  t h e  i n t e r a c t i o n  of t ransmutat ion- produced he l ium w i t h  d isp lacement  damage. 
i n s o l u b l e  i n e r t  gas t y p i c a l l y  produced t o  l e v e l s  o f  a few t e n t h s  appmldpa i n  f a s t  r e a c t o r  i r r a d i a t i o n s  and 
t o  l e v e l s  o f  up t o  tens  o f  appmldpa i n  f u s i o n  r e a c t o r  environments. 
produce s i g n i f i c a n t  changes i n  dimensiondl s t a b i l i t y  and mechanical p r o p e r t i e s  o f  s t r u c t u r a l  m a t e r i a l s  
[1,2], and may s t r o n g l y  a f f e c t  m i c r o s t r u c t u r a l  development and phase s t a b i l i t y  131. 

I n  p lanned f u s i o n  reac to rs ,  t h e  14 MeV component of t h e  (0,T) f u s i o n  neutron spectrum ensures t h e  
s imul taneous p r o d u c t i o n  of displacement damage and h i g h  h e l i u m  concen t ra t ions  i n  m a t e r i a l s  used f o r  
t h e  f i r s t  w a l l ,  t h e  b lanke t  s t r u c t u r e ,  and r e l a t e d  components of a fus ion  reac to r .  U n t i l  a 14 MeV neu t ron  
machine s u i t a b l e  f o r  f u s i o n  m a t e r i a l s  research i s  cons t ruc ted ,  m a t e r i a l s  s c i e n t i s t s  must u t i l i z e  f i s s i o n  
r e a c t o r s  and a c c e l e r a t o r s  t o  i n v e s t i g a t e  r a d i a t i o n  damage e f f e c t s  and t o  develop improved m a t e r i a l s .  I n  
o rder  t o  s tudy t h e  e f f e c t s  of helium, severa l  approaches have been developed and used w i t h  v a r y i n g  degrees 
o f  success. Dua l- ion  beam i r r a d i a t i o n s ,  i n  which a s e l f - i o n  beam of t h e  m a t e r i a l  i n  q u e s t i o n  i s  used t o  
produce d isp lacements and a he l ium i o n  beam i s  used t o  i n j e c t  t h e  gas, p r o v i d e  an e x c e l l e n t  ineans of 
e x p l o r i n g  t h e  i n f l u e n c e  o f  he l ium 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  over  a very wide range o f  He:dpa r a t i o s  [4]. 
Th is  techn ique  i s  a powerfu l  means o f  e x p l o r i n g  r a d i a t i o n  damage mechanisms i n  both s imp le  and complex 
a l l o y s .  
r e a c t o r  m i c r o s t r u c t u r a l  development when t h e  e f f e c t s  of h i g h  damage r a t e ,  i n j e c t e d  i n t e r s t i t i a l s ,  d i f -  
f u s i o n a l  spreading and sur face  p r o x i m i t y  a re  accounted f o r  [SI. However, i n  complex s t r u c t u r a l  a l l o y s ,  t h e  
p r e d i c t i o n  o f  i n - r e a c t o r  behavior  from heavy- ion exper imenta l  data i s  confounded by complex p r e c i p i t a t i o n  
r e a c t i o n s  t h a t  a re  temperature and dose r a t e  dependent. 
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Hel ium i s  an 

I t  has been found t h a t  t h i s  gas may 

For  i w t a l s  and s imp le  b i n a r y  o r  t e r n a r y  a l l o y s  i t  i s  p o s s i b l e  t o  p r e d i c t  inany aspects  o f  i n -  



A second approach t o  t h e  i n v e s t i g a t i o n  of  he l i um e f f e c t s  i s  t o  i n t r o d u c e  he l i um i n t o  t h e  m a t e r i a l  
e i t h e r  by c y c l o t r o n  i n j e c t i o n  o r  by t h e  d i f f u s i o n  of t r i t i u m  f o l l o w e d  by r a d i o a c t i v e  deca.y t o  ?tie. 
h e l i u n - b e a r i n g  i n a t e r i a l s  a r e  subsequent ly  i r r a d i a t e d  i n  a f a s t  r e d c t o r  t o  produce displacement damage. 
These techniques a r e  a p p l i c a b l e  t o  a wide range of  m a t e r i a l s  and have been used t o  e x p l o r e  t h e  i n f l u e n c e  o f  

he l i um on buth  i i i i c r o s t r u c t u r a l  e v o l u t i o n  [SI and on mechanical p r o p e r t i e s  [7,8]. The p r imary  disadvantage 
of t h i s  approach i s  t h a t  t h e  he l i um and displacement damage a r e  n o t  generated s imul taneously .  

A t h i r d  approach t o  s t u d y i n g  he l i um e f f e c t s  which i s  l i m i t e d  t o  n i c k e l - b e a r i n g  a l l o y s ,  i s  t o  i r r a d i a t e  
i n  mixed-spectrum f u s i o n  reac to rs .  Here t h e  f a s t  neut ron comporient o f  t h e  spectrum produces h i g h  l e v e l s  o f  
daliidqe, accocipaiiied by soine t rans i i iu ta t ion  products  i n c l u d i n g  hel ium, w h i l e  t h e  thermal  and ep i the rma l  com- 
ponent o f  t h e  neut ron Spectrum produces h i g h  l e v e l s  o f  he l i um by t h e  two- step r e a c t i o n  [SI 

The 

S 8 N i ( n , u ) S g l ~ i  (n ,a) jbFe . (1) 

Here, however, t he  thelium can achieve l e v e l s  many t i ines t h a t  expected i n  f u s i o n  reac to rs ,  depending on t h e  
dose and on t h e  n i c k e l  con ten t  o f  t h e  s p e c i f i c  a l l o y  i n  quest ion.  Fo r  example, f o r  s t a i n l e s s  s t e e l s  w i t h  
n i c k e l  con ten ts  i n  t h e  range o f  about IS%,  t h e  he l i um c o n c e n t r d t i o n  i s  o f  t h e  o rde r  o f  10,000 appni a t  100 
dpa f o r  i r r a d i a t i o n s  i n  t h e  High F l u x  I s o t o p e  Reactor  a t  Oak Ridge Na t iona l  Laboratory .  Th is  i s  f i v e  t o  
t e n  t imes the  He:dpa r a t i o  expected i n  f u s i o n  reac to rs .  F o r  a l l o y s  t h a t  c o n t a i n  l e s s  n i c k e l ,  t h e  
correspondence i s  b e t t e r .  To i s o l a t e  t h e  e f f e c t s  o f  he l i um 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 s w e l l i n g ,  t h e  
same i qa te r i a l  i s  i r r a d i a t e d  i n  a f a s t  r e a c t o r  where t h e  he l i um p r o d u c t i o n  r a t e  i s  seve ra l  t ens  o f  appm p e r  
dpa. Th is  dpprodcli i s  expensive, s i n c e  i t  r e q u i r e s  two r e a c t o r  i r r a d i a t i o n s ,  and f r e q u e n t l y  t h e  comparison 
o f  data  f rom two r e a c t o r s  i s  compronised by d i f f e r e n c e s  i n  temperature h i s t o r y ,  neut ron spec t ra ,  and damage 
l e v e l s .  

Hel ium generd t ion  r a t e s  i n  n i c k e l - b e a r i n g  a l l o y s  may a l s o  be v a r i e d  d u r i n g  i r r a d i a t i o n  i n  a mixed- 
spectrum r e a c t o r  by u s i n g  t h e  s p e c t r a l  t a i l o r i n g  techn ique  [IO]. Here t h e  l o c a l  neut ron spectrum i s  
mod i f i ed  by su r round ing  t h e  i r r a d i a t i o n  capsule  w i t h  t h e  a p p r o p r i a t e  thermal  neut ron absorbers, and t h e  
nickel two-step t ransmuta t ion  r e a c t i o n s  LEq. ( I ) ]  a r e  c o n t r o l l e d  a t  t h e  r e q u i r e d  ra tes .  Th is  i s  a power fu l  
t echn ique  f o r  i r r a d i a t i n g  n i c k e l - b e a r i n g  a l l o y s  a t  t h e  c o r r e c t  He:dpa r a t i o  f o r  f u s i o n  r e a c t o r  a p p l i c a-  
t i o n s .  To i s o l a t e  s p e c i f i c  phenomena a t t r i b u t a b l e  t o  he l ium,  comparison i r r a d i a t i o n s  a r e  r e q u i r e d  e i t h e r  
i n  t h e  same r e a c t o r  w i t h o u t  thermal  neut ron absorbers ( h i g h e r  he l i um)  o r  i n  a f a s t  r e a c t o r  ( l ower  he l ium).  

The purpose of t he  present  work i s  t o  examine an approach which a l l o w s  t h e  h e l i u m  genera t ion  r a t e  t o  
be v a r i e d  w i d e l y  i n  a l l o y s  o f  i d e n t i c a l  chemical composi t ion,  d u r i n g  s ide- by- s ide i r r a d i a t i o n  i n  a niixed- 
spectrum reac to r .  We term t h e  method i s o t o p i c  a l l o y i n g  and f o r  t h e  p resen t  cons ide r  o n l y  a p p l i c a t i o n s  t o  
n i c k e l - b e a r i n g  a l l o y s ,  a l though  t h i s  k i n d  o f  approach i s  a l s o  a p p l i c a b l e  t o  o t h e r  a l l o y  systems. S ince  
s 8 N i  i s  respons ib le  f o r  h igh- he l ium p roduc t ion ,  t h e  i dea  i s  t o  s y s t e m a t i c a l l y  d e p l e t e  o r  e n r i c h  i t  i n  f a v o r  
o f  o t h e r  s t a b l e  i so topes  o f  n i c k e l ,  w h i l e  m a i n t a i n i n g  t h e  o v e r a l l  n i c k e l  chemical composi t ion constant .  
Th i s  approach w i l l ,  f o r  t h e  f i r s t  t ime,  p e r m i t  i n - r e a c t o r  experiments i n  which t h e  main v a r i a b l e  i s  t h e  
he l i um genera t ion  r a t e ,  t hus  improv ing t h e  q u a l i t y  o f  mechan is t i c  s tud ies.  I t  a l s o  p rov ides  a means o f  
assess ing t h e  response of developmental a l l o y s  t o  h i g h  l e v e l s  o f  displacement damage w i t h  t h e  s imul taneous 
genera t ion  o f  he l iun i  a t  r a t e s  a p p r o p r i a t e  f o r  a f u s i o n  r e a c t o r  experiinent. 

I n  t h e  nex t  s e c t i o n  we present  an a n a l y s i s  f o r  i s o t o p i c  a l l o y i n g  i n  genera l .  F o l l o w i n g  t h i s ,  exdmple 
r e s u l t s  f o r  t h e  High F l u x  I so tope  Keactor  (HFIR) a t  Oak Ridge Na t iona l  Labora to ry  a r e  presented.  Inc luded  
a r e  c a l c u l a t i o n s  c o v e r i n g  severa l  experiments. T h i s  i s  f o l l o w e d  by a d i s c u s s i o n  and summary, where va r ious  
c lasses  o f  experi inerits t h d t  can be i n v e s t i g a t e d  by i s o t o p i c  a l l o y i n g  a r e  suggested. 

5.2 A n a l y s i s  

5.2.1 General 
~ 

I t  i s  s u f f i c i e n t  f o r  present  purposes t o  cons ide r  t h a t  each i s o t o p e  (may produce he l i um by bo th  thermal  
and ep i thermal  neut ron r e a c t i o n s  on t h e  one hand and by f a s t  neu t ron  r e a c t i o n s  on t h e  o t h e r  hand. 
Therefore we may w r i t e  

n = nt + nf = 11 (pk + s l ) q l r a  , 
e i  

*Equat ion ( 2 )  i s  a s i m p l i f i c a t i o n  of  t he  more general  form c o n t a i n i n g  m u l t i p l e  neu t ron  groups, n = 

1 r 2 pe,mqere, where now P ~ , , ~  i s  t h e  h e l i u m  genera t ing  f u n c t i o n  f o r  i s o t o p e  i o f  element e a p p l i c a b l e  t o  
m i i  
neut ron energy group In. 

i i  i 
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where n i s  t he  number o f  he l i um atoms pe r  atom o f  a l l o y ,  and t denotes t ime.  

y 1 peqQre  and nf = ), 1 s e q e r e  a r e  t h e  f r a c t i o n a l  he l i um l e v e l s  produced by ther lndl  and f a s t  r e a c t i o n s ,  
e i  a i  
r espec t i ve l y .  
t h e  cumula t ive  number %f he l i um atoms produced pe r  i n i t i a l  atom of i so tope  i o f  element a a t  t ime  t. 
Expressions f o r  these he l i um genera t i ng  f u n c t i o n s  t y p i c a l l y  are  obta ined e i t h e r  by d e r i v a t i o n  cons ide r i ng  
the  phys ics  o f  t he  p a r t i c u l a r  nuc lea r  reac t i ons  i n  ques t i on  o r  by e m p i r i c a l  f i t s  t o  measured he l i um produc- 
t i o n  data. The symbol q; i s  t he  i n i t i a l  f r a c t i o n  of atoms O f  i so tope  i o f  element e t o  a l l  atoms o f  e l e -  

ment 9. i n  t he  a l l o y ,  and r, i s  t he  atom f r a c t i o n  of element a i n  t h e  a l l o y ,  so  t h a t  1 qe = 

The q u a n t i t i e s  qe are of p r imary  i n t e r e s t  here. 

w i l l ,  no t  s imply  accep t i ng  the  n a t u r a l l y  o c c u r r i n g  d i s t r i b u t i o n  of s t a b l e  iso topes.  
be accomplished by combining more than one i s o t o p i c  m i x t u r e  o f  element 9.. 
o f  t he  n a t u r a l l y  Occur r ing  m ix tu re  dnd one o r  more m ix tu res  en r i ched  o r  dep le ted  i n  an i s o t o p e  o f . i n t e r e s t .  
The m ix tu res  are  combined i n  var ious p r o p o r t i o n s  t o  achieve sys temat ic  v a r i a t i o n s .  I n  general ,  q: i s  g iven 

The q u a n t i t i e s  nt  = 

i i  i i  

Hence p and s e  are t h e  he l i um genera t i ng  f u n c t i o n s  f o r  thermal and f a s t  reac t i ons  g i v i n g  

i 1 re  = 1. 

The c rux  of i s o t o p i c  a l l o y i n g  i s  t o  manipu la te  qe  a t  

i 9. 

i i 

Th is  man ipu la t i on  may 
For  example, we might  make use 

by 

i Here a .  i s  t h e  atom f r a c t i o n  of  i so tope  i i n  the  i s o t o p i c  m i x t u r e  j o f  element a .  S i m i l a r l y ,  b .  i s  

t h e  atom f r a c t i o n  t h a t  i so tope  m ix tu re  j comprises o f  t o t a l  atoms of element p. o f  t h e  a l l o y .  
1 aj,e = 

t i o n s ,  t h e  necessary conversions are  made p r i o r  t o  us ing  Eqs. (2)  and ( 3 ) .  

cons ider  t h a t  t he  s p e c i f i c a t i o n s  w ~ , ~  
i n  m i x t u r e  j o f  element e ,  t h e  we ight  f r a c t i o n  of i so tope  m i x t u r e  j t o  t o t a l  element a ,  and t h e  weight  

f r a c t i o n  o f  element e t o  t h e  t o t a l  

de f i ne  the  f o l l o w i n g  q u a n t i t i e s :  

J . 2  J,a 
Again, 

1 b j , e  = 1. 

The above i s  c a s t  a l l  i n  terms o f  atom f rac t i ons .  When s p e c i f i c a t i o n s  are  i n  terms,of we ight  f r ac-  
Ins tead  o f  a .  J.9. b .  J p t  and re, 

i x ~ , ~  and ye  now denote r e s p e c t i v e l y  t h e  weight  f r a c t i o n  of i so tope  i 

L e t t i n g  m i  denote t h e  atomic mass o f  i so tope  i o f  element a ,  we a l l o y .  

and 

- 
The q u a n t i t y  m. 
atomic mass o f  i so topes of element e i n  t h e  a l l o y  and ;is t he  average atomic mass of a l l  i so topes  o f  d l l  
elements i n  t h e  a l l o y .  

i s  t he  average atomic mass o f  i so topes  o f  element 9. i n  m i x t u r e  j ,  me i s  t h e  average 
J'p. 

From these we o b t a i n  a{,t, b .  and re f o r  use i n  Eqs. ( 2 )  and (3 )  as fo l lows,  
J , f i  
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5.2.2 A l l o y s  Conta in ing N icke l  

I n  many s t r u c t u r a l  m a t e r i a l s  f o r  a p p l i c a t i o n s ,  where t h e  e f f e c t s  o f  he l i um are  of i n t e r e s t ,  t h e  main 
a l l o y i n g  c o n s t i t u e n t s  are  Fe, C r ,  N i ,  Mn, Mo, T i ,  Nb, V ,  A l ,  Cu, and V. Fo r  these, because the  f a s t  
neut ron c ross- sec t i ons  are  low, he l i um p roduc t i on  f rom f a s t  neut ron r e a c t i o n s  i s  adequately represented by 
the  s imple express ion n e g l e c t i n g  i s o t o p i c  d e p l e t i o n  

(1U)  
i _  i 

’L - “a,Hemt ’ 
i where oesHe i s  t he  spect ra l- averaged he l ium p roduc t i on  c ross- sec t i on  o f  i so tope  i o f  element a f o r  one-step 

(n,.) r e a c t i o n s  and 4 i s  t h e  t o t a l  neut ron f l u x .  

thermal neut ron reac t i ons  i s  taken t o  be n e g l i g i b l e  f o r  a l l  i so topes  except f o r  58N i . * *  Thus, a l l  pi i n  

Eq. ( 2 )  a re  neg lec ted,  except p58. 

Product ion  o f  he l i um from 5 8 N i  proceeds w i t h  h i g h  c ross- sec t i ons  v i a  t h e  two- step r e a c t i o n  desc r i bed  
by Eq. (1 ) .  
decay L12,13]. 
of 5 8 N i  remain ing i s  g iven by e4ymt 
i n t e r v a l  between t’ and t ’+ d t - .  t h e r e f o r e ,  t h e  f r a c t i o n  
f r a c t i o n  o f  these p e r s i s t i n g  u n t i l  t ime  t i s  e-T’(t-t*). Here oT i s  t h e  t o t a l  neut ron abso rp t i on  c ross-  
s e c t i o n  o f  5 g N i .  The f r a c t i o n  of  5 9 N i  e x i s t i n g  a t  f l uence  +t, des ignated as f’, i s  t h e r e f o r e  t h e  i n t e g r a l  
of these incrementa l  c o n t r i b u t i o n s  

i The cor respond ing f u n c t i o n  p, f o r  he l i um p roduc t i on  from 

v. 
There fo re  nt becomes pi8qS8r .. 

N i  N i  N i  N i  

Tne f u n c t i o n  p;: f o r  t h i s  case i s  obta ined from t h e  c l a s s i c a l  equat ions  o f  n u c l i d e  bu i l dup  and 

I n  t he  t i ine 
aymdt* s 9 N i  atoms w i l l  be formed, w h i l e  t h e  

Fo r  t h e  i n t e r e s t e d  rqader,  t h e  equat ions  a r e  ob ta ined  as fo l l ows .  A t  t ime t *  t h e  f r a c t i o n  
, where a i s  t h e  spect ra l- averaged ( n , y )  cross- sect ion .  

Y 

l e a d i n g  t o  

S i m i l a r l y ,  if f’ i s  t he  f r a c t i o n  of 5 g N i  e x i s t i n g  a t  f luence $ t - ,  then f ‘oT$dt* i s  t h e  f r a c t i o n  o f  5 9 N i  
t h a t  i s  t rans formed t o  o the r  species i n  t h e  f l u e n c e  i n t e r v a l  between m t *  and +t’ + +dt’. 
t i v e  f r a c t i o n  o f  5 9 N i  t rans formed a t  f luence $ t ,  des ignated as f, i s  

Thus t h e  cumula- 

--(I ct)  - o y ( i  - e  4 T m t  o T ( l  - e Y 
f -  

“T - “Y 

The q u a n t i t y  p i ?  i s  s imply  t h e  f r a c t i o n  o f  t rans formed 5 9 N i  t h a t  has taken t h e  (n,.) route ,  i.e., 

Recent ly ,  some evidence has been presented t h a t  iso topes o f  Cu may l ead  t o  smal l  bu t  n o n- n e g l i g i b l e  ** 
he l i um p roduc t i on  i n  a thermal neut ron th ree- s tep  r e a c t i o n  [ll]. 
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where fl i s  the spectra l- averaged (n,.) c ross - sec t i on  o f  5 9 N i .  a 

Refore d e s c r i b i n g  r e s u l t s  f o r  he l ium bu i l dup  i n  s p e c i f i c  a l l o y s ,  i t  i s  use fu l  t o  record  some proper -  

On t h e  o the r  1 t i e s  o f  these f unc t i ons .  

hand as O t  + 0 ,  f + o 
species,  5 9 N i ,  i s  l i n e a r  w i t h  f luence a t  low f luences  and t h a t  t h e  concen t ra t i on  o f  t h e  product  species,  a 
o r  56Fe, i s  l i n e a r  i n  t h e  t a r g e t  species and i n  f luence,  so t h a t  a t  low f luences t h e  he l i um  concen t ra t i on  
i s  quad ra t i c  w i t h  f luence.  

For  h igh  f luence,  i.e., $ t  >> a, f approaches u n i t y  as expected. 
T 

a ( $ t ) 2 / 2 .  Th is  behavior  r e s u l t s  from t h e  f a c t  t h a t  t h e  concen t ra t i on  o f  t a r g e t  
T Y .  

The d e r i v a t i v e  o f  f ‘  w i t h  respect  t o  oT$t ,  des ignated as f’* and g iven by 

i s  a l s o  use fu l .  
f. Thus t h i s  f luence determines t he  maxiinum va lue  of 5 9 N i  a t t a i n a b l e  and s imu l taneous ly  g ives t h e  p o i n t  
beyond which he l ium accumulat ion i s  l ess  than  l i n e a r  w i t h  f l uence  and p r i o r  t o  which he l ium accumulat ion i S  
g rea te r  than l i n e a r  w i t h  f luence.  

The f l uence  where f-’= 0 g ives t h e  naxiinum i n  f’. It a l s o  g ives t he  i n f l e c t i o n  p o i n t  i n  

S e t t i n g  f ”=  0 y i e l d s  t h i s  f l uence  as 

For  example, us i ng  spectra l- averaged c ross- sec t ions  app rop r i a t e  t o  t he  H F I K  PTP p o s i t i o n  C141 g ives ( @ ) *  z 
9.4 x l oz6  n/m2 t o t a l  f luence.  Table 1 gives t he  spec t ra l - averaged c ross- sec t ions .  

Table 1 

Spectra l- averaged t o t a l  c ross- sec t ions  f o r  t h e  HFIR PTP C131. 

Cross- sect ion Value (barns)  

a 
ay 

UT 
a 

1.615 
4.292 

34.00 

The func t ions  f, f - ,  and f‘- are  p l o t t e d  i n  F i gu re  1 f o r  t h e  H F I R  PTP spectra l- averaged c ross- sec t ions .  
F i gu re  l ( a )  i s  shown f. Th i s  i s  t he  shape o f  t h e  He accumulat ion f unc t i on  by slow neutron r eac t i ons  t h a t  
a r i s e s  i n  a l l  subsequent c a l c u l a t i o n s  f o r  s p e c i f i c  a l l o ys .  A t  a t o t a l  f l uence  o f  2 x l o z 8  n/m2 t h e  he l ium 
accumulat ion i s  on ly  a few percen t  from s a t u r a t i o n  ( u n i t y ) .  To o b t a i n  t he  he l ium accumulated per  i n i t i a l  
atom o f  5 8 N i ,  t h i s  f u n c t i o n  need on ly  be m u l t i p l i e d  by oa!oT or 0.126 f o r  t h e  present  values. F i gu re  l ( b )  
shows f’. Th is  g ives d i r e c t l y  t h e  f r a c t i o n  o f  5 9 N i  t o  i n i t i a l  5 8 N i  a t  any f luence.  
s e c t i o n  values, t h e  peak va lue  o f  5 9 N i  i s  about 4% a t  t h e  va lue  o f  (@)* .  F i gu re  l ( c )  shows t h e  behav io r  
o f  f”. 

I n  

For  t h e  c u r r e n t  cross-  

5.3 A p p l i c a t i o n s  

We have r e c e n t l y  ob ta ined  a spec ia l  i s o t o p i c  m i x t u re  o f  n i c k e l  t h a t  i s  h i g h l y  enr i ched  i n  6 o N i  (99.65%). 
The atomic composi t ion o f  t h i s  m i x t u re  i s  g iven  i n  Table 2 t oge the r  w i t h  t h a t  o f  n a t u r a l l y  occu r r i ng  
n i c k e l .  
Na t iona l  Labora to ry  and i s  i n c l uded  i n  t h e  tab le .  Using these i so topes ,  we envisage pursu ing  two broad 
ca tego r i es  o f  experiments us i ng  t h e  HFIK t a r g e t  r eg i on  i r r a d i a t i o n  f a c i l i t i e s .  

1. Experiments which a re  fo rmu la ted  on t h e  bas is  o f  r a d i a t i o n  e f f e c t s  theory  and imechanisms, and 

2. Experiments designed t o  assess t he  response o f  n i c k e l - b e a r i n g  s t r u c t u r a l  a l l o y s  t o  t h e  h i gh  l e v e l s  

A batch o f  5 8 N i  o f  s i m i l a r  p u r i t y  has a l s o  been ob ta ined  from t h e  Operat ions D i v i s i o n  of Oak Ridge 

which address fundamental aspects of he l i um  e f f e c t s  i n  n i c k e l - b e a r i n g  a l l o ys .  

o f  displacement damage and he l ium expected i n  a f u s i o n  r eac to r  environinent. 
these  aspects o f  t h e  fus ion  neutron environment i s  c r u c i a l  t o  a l l o y  development a c t i v i t i e s  i n v o l v i n g  a 
wide range o f  phys ica l  and mechanical p rope r t y  measurements. 

The a b i l i t y  t o  reproduce 
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Fig .  1. The Cumulat ive f r a c t i o n  
( f )  o f  5 9 N i  t o  i n i t i a l  5 8 N i  t ransformed t o  o the r  spec ies  (a ) ,  t he  ins tantaneous f r a c t i o n  ( f - )  o f  5 3 N i  ( b ) ,  
and ( f" )  i t s  d e r i v a t i v e  ( c ) .  

The f u n c t i o n s  f, f* ,  and f" versus f luence f o r  a wide range of f luence.  

Table 2 

I s o t o p i c  composi t ions (%)  of n i c k e l  i so tope  mix tures .  

M i x t u r e  5 8 N i  9 6 1 N i  6 2 N i  6 4 N i  

Na tu ra l  68.3 26.1 1.1 3.6 0.9 
Spec ia l  6 o N i  U.29 99.65 0.03 0.03 <U.OOM 
Spec ia l  5 8 N i  99.875 U.093 O.UU5 0.008 - 0.019 

Both o f  these types of exper iments,  mechan is t ic  and scoping, Could a l s o  be c a r r i e d  o u t  w i t h  m a t e r i a l s  
t h a t  do n o t  normal ly  c o n t a i n  n i c k e l ,  bu t  t o  which n i c k e l  i s  added t o  i nc rease  he l im  product ion .  
becomes a d d i t i o n a l l y  necessary t o  determine t h e  e f fec t s  of t h e  n i c k e l  a d d i t i o n  on t h e  bas i c  p h y s i c a l  
m e t a l l u r g y  o f  t he  a l l o y  system. 
fo l l ow ing .  

of Fe-35Ni-15Cr and Fe-15Ni-15Cr a l l o y s  w i t h  d i f f e r e n t  l e v e l s  o f  5 8 N i .  
i s  as f o l l ows .  
t h a t  s w e l l i n g  began l a t e r  and was lower a t  any dose i n  t h e  Fe-35Ni-15Cr a l l o y ,  thus  con f i rm ing  e a r l i e r  
observat ions  C161. 

I t  then  

Examples of these var ious types of exper iments a r e  o u t l i n e d  i n  t h e  

The f i r s t  example i s  based on an exper iment t o  i n v e s t i g a t e  the  onset of swe l l i ng .  It u t i l i z e s  a se t  
The background t o  t h i s  experiment 

I n  e a r l i e r  work 1151, we compared s w e l l i n g  i n  these a l l o y s  under i o n  i r r a d i a t i o n .  We found 

The behav ior  was understood i n  terms of a r e c e n t l y  developed t h e o r e t i c a l  concept - t h a t  
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s w e l l i n g  i s  t r i g g e r e d  when a c r i t i c a l  number o f  gas atoms i s  accumulated i n  a c a v i t y  C171. It was found 
t h d t  t h e  35Ni a l l o y  r e q u i r e d  a much l a r g e r  c r i t i c a l  number o f  gas atoms and cor respond ing ly  had a l a r g e r  
c r i t i c a l  c a v i t y  r a d i u s  than t h e  1 5 N i  a l l o y .  To f u r t h e r  t e s t  t h e  theory ,  we propose t o  i r r a d i a t e  both t h e  
35Ni and 1 5 N i  a l l o y  i n  H F I R  i n  severa l  vers ions possessing i d e n t i c a l  chemical composi t ions bu t  where t h e  
f r a c t i o n  o f  5 8 N i  i s  v a r i e d  by i s o t o p i c  a l l o y i n g .  The idea i s  t h a t  t h e  r e q u i r e d  c r i t i c a l  number of gas 
atoms t o  i n i t i a t e  s w e l l i n g  would remain i d e n t i c a l  i n  a l l o y s  o f  t h e  same chemical composi t ion,  b u t  t h a t  t h e  
c r i t i c a l  number would be achieved a t  d i f f e r e n t  f luences,  depending on t h e  he l ium p r o d u c t i o n  r a t e  d i c t a t e d  
by i s o t o p i c  a l l o y i n g .  Thus, t h e  onset o f  s w e l l i n g  w i l l  be determined by t h e  i n i t i a l  5 8 N i  l e v e l  if t h e  
theory  i s  c o r r e c t .  

The he l ium accumulat ion i n  t h e  Fe-35Ni- l5Cr a l l o y  i s  shown i n  F i g u r e  2. F i g u r e  2 ( a )  g i ves  r e s u l t s  f o r  
q i y  rang ing  f rom 0.6113 ( n a t u r a l  n i c k e l )  t o  0.071 (1 p a r t  n a t u r a l  n i c k e l  and 9 p a r t s  s p e c i a l  6 0 N i  i n i x tu re ) .  

F i g u r e  2 ( b )  shows t h e  r e s u l t s  f o r  468 = 0.0029 (1.e.. a l l  n i c k e l  i s  f rom t h e  spec ia l  6 o N i  m ix tu re ) .  

g i ves  t h e  miniinum ach ievab le  he l ium l e v e l  i n  t h i s  a l l o y  i n  t h e  HFIR PTP reg ion.  Fas t  neutron r e a c t i o n s  
l e a d  t o  a s i o n i f i c a n t  f r a c t i o n  o f  t h e  he l ium i n  F iu .  21b) (-40%). We see t h a t  inore than  a f a c t o r  o f  50 

T h i s  

d i f f e r e n c e  i n  he l ium l e v e l s  i s  achievable (more than  li) i f ’ q s 8  k 1, as i n  t h e  spec ia l  58N1 in i x tu re ) .  
Correspondingly ,  we expect a l a r g e  d i f f e r e n c e  i n  t h e  f luences a t  which t h e  accumulat ion o f  t h e  c r i t i c a l  
number o f  gas atoms i s  achieved. 

OlSPLICLMLNTE 1eoa1 
240 

, x m s ,  

Fig.  2. C a l c u l a t e d  he l ium accumulat ion i n  t h e  a l l o y  Fe-35Ni-15Cr i n  t h e  H F I R  PTP versus f luence and 
displacements. 

shows t h e  r e s u l t s  f o r  q;: o f  0.0029. The displacement s c a l e  a p p l i e s  o n l y  t o  t h e  upper curve i n  p a r t  (a),  

because of t h e  a d d i t i o n a l  displacements produced by t h e  56Fe r e c o i l s .  

P a r t  (a )  shows t h e  r e s u l t s  f o r  qgy o f  0.683 ( n a t u r a l  n i c k e l )  0.343 and 0.071, and p a r t  (b )  

A r e l a t e d  experiment would examine t h e  i n f l u e n c e  o f  t h e  Heldpa r a t i o  on c a v i t y  dens i t y .  The r e s u l t s  
o f  many dual and t r i p l e  i o n  i r r a d i a t i o n  s t u d i e s  and a l i m i t e d  amount o f  f i s s i o n  r e a c t o r  data i n d ’ c a t e  t h a t  
t h e  c a v i t y  d e n s i t y  may e x h i b i t  a s imp le  power dependence on t h e  He/dpa r a t i o :  i.e. N a (Heldpa)’, where p 
i s  i n  t h e  range o f  0.25 t o  2 [18]. De te rmin ing  t h e  a p p r o p r i a t e  va lue o f  p f o r  t h e  muEh longer  i r r a d i a t i o n  
t imes i n  r e a c t o r s  would inc rease  t h e  use fu lness  o f  t h e  l a r g e  f i s s i o n  r e a c t o r  s w e l l i n g  da ta  base f o r  p re-  
d i c t i n g  s w e l l i n g  i n  a f u s i o n  r e a c t o r  environment. For  low values o f  p, t h e  h i g h e r  f u s i o n  Heldpa r a t i o  
would be expected ma in ly  t o  reduce t h e  amount o f  t i m e  r e q u i r e d  f o r  bubbles t o  a c q u i r e  t h e  c r i t i c a l  number 
o f  gas atoms and hence reduce t h e  t i m e  i n t e r v a l  t o  t h e  onset of b i a s- d r i v e n  s w e l l i n g .  For  h i g h  values o f  
p. on t h e  o t h e r  hand, t h e  inc reased  c a v i t y  d e n s i t y  c o u l d  extend t h e  i n c u b a t i o n  t i m e  by p a r t i t i o n i n g  t h e  
he l ium t o  many more c a v i t i e s  and by i n c r e a s i n g  t h e  o v e r a l l  p o i n t  d e f e c t  s i n k  s t reng th .  These con- 
s i d e r a t i o n s  have been exp lo red  p r e v i o u s l y  [19], where t h e  p o t e n t i a l  f o r  a peak i n  s w e l l i n g  vs Heldpa r a t i o  
f o r  values o f  t h e  Heldpa r a t i o  was i n d i c a t e d  near t h e  nominal l e v e l  expected i n  a f u s i o n  r e a c t o r  f i r s t  
wa l l .  
p r o v i d e  t h e  data necessary t o  determine t h e  va lue o f  p. 

I n  s t r i v i n g  t o  t a i l o r  t h e  Heldpa r a t i o  by i s o t o p i c  a l l o y i n g ,  t h e  a d d i t i o n a l  damage caused by (n,a) 
r e a c t i o n s  must be considered,  as has been p o i n t e d  out  by Greenwood, et .  a l .  1141. I n  p a r t i c u l a r  i t  has 
been shown t h a t  t h e  56Fe r e c o i l s  from t h e  second s t e p  o f  t h e  r e a c t i o n  of equa t ion  (1)  may cause a s i g n i f i -  
cant  number o f  displacements. The damage has a one-to-one correspondence w i t h  t h e  he l ium produced; f o r  

By v a r y i n g  t h e  amount o f  s 8 N i  i n  an a l l o y ,  He/dpa r a t i o s  can be ob ta ined  t h a t  b racke t  t h i s  va lue and 
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every 5 6 7  appm He one a d d i t i o n a l  dpa i s  produced. Thus f o r  t h e  35Ni a l l o y  o f  F igu re  2 (a ) ,  a t  a f l uence  of 
1 x IOz8 n/inL (-198 dpa) t h e  a d d i t i o n a l  damage would be approx imate ly  42 dpa, g i v i n g  a t o t a l  damage l e v e l  
of -24U dpa. On t h e  o t h e r  hand t h e  e f f e c t  i s  smal l  i n  a l l o y s  c o n t a i n i n g  on l y  a few percent  n i c k e l .  

Another example i s  t h e  a p p l i c a t i o n  of  i s o t o p i c  t a i l o r i n g  t o  s tudy  t h e  mechanisms i n v o l v e d  i n  h igh -  
temperature i n t e r g r a n u l a r  e inbr i t t lement  - a rad ia t i on- induced  phenomenon which a f f l i c t s  a wide range o f  fcc 
s t r u c t u r a l  a l l o y s  1201. Present evidence suggests t h a t  m a t r i x  hardening,  g r a i n  boundary segregat ion ,  
p r e c i p i t a t i o n ,  and bubble fo rmat ion  a l l  c o n t r i b u t e  i n  some measure t o  i n t e r g r a n u l a r  sepa ra t i on  a t  low duc- 
t i l i t y  l eve l s .  However, i t  i s  no t  poss ib le ,  i n  a s i n g l e  r e a c t o r  experiment, t o  d e f i n e  t h e  r e l a t i v e  impor- 
tance of these phenomena; progress i n  improv ing  a l l o y  p r o p e r t i e s  has consequent ly been very l i m i t e d .  W i th  
i s o t o p i c  a l l o y i n g  i t  becomes poss ib le ,  i n  p r i n c i p l e ,  t o  vary  he l i um genera t ion  independent ly  o f  t h e  o t h e r  
m i c r o s t r u c t u r a l  changes which occur d u r i n g  i r r a d i a t i o n .  F i g u r e  3 shows t h e  he l ium p roduc t i on  i n  HFIK f o r  
t h r e e  chemica l ly  i d e n t i c a l  heats of 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  des ignated PCA, based upon 14 w t  % Cr--16 
w t  % N i  w i t h  q;! values o f  0.683 ( n a t u r a l  N i ) ,  U.071 ( 1  p a r t  n a t u r a l  N i  and 3 p a r t s  6 o N i  spec ia l  m i x t u r e ) ,  

and U.0029 ( a l l  6 o N i  spec ia l  m ix tu re ) .  
t u n i t y  t o  study t h e  defor ina t ion  behav ior  o f  m e t a l l u r g i c a l l y  i d e n t i c a l  heats i r r a d i a t e d  under i d e n t i c a l  con- 
d i t i o n s ,  t h e  inain v a r i a b l e  be ing  t h e  t h r e e  d i f f e r e n t  l e v e l s  of helium. Extensions o f  t h i s  approach t o  a 
f u r t h e r  se t  of a l l o y s  modi f ied  w i t h  t i t a n i u m  would he lp  t o  reso l ve  some long- stand ing quest ions  rega rd ing  
t h e  r o l e  of T I C  p a r t i c l e s  i n  improv ing  res i s tance  t o  i n t e r g r a n u l a r  f d i l u r e .  

Thus, i r r a d i a t i o n  i n  t h e  H F I K  t a r g e t  r eg ion  p rov ides  t h e  oppor- 
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0.173. The displaceinent  s c a l e  a p p l i e s  on l y  t o  t h e  upper curve  because of t h e  a d d i t i o n a l  d isplacements p ro-  
duced by t h e  56Fe r e c o i l s .  

Ca l cu la ted  he l i um accumulat ion i n  t h e  300 s e r i e s  s t a i n l e s s  s t e e l  PCA f o r  q i a  o f  1, 0.683, and 

Other exper iments u s i n g  t h e  i s o t o p i c  t a i l o r i n g  method may be v i s u a l i z e d  i n  a l l o y s  t h a t  normal ly  con- 
t a i n  l i t t l e  o r  no n i c k e l .  To achieve l e v e l s  of  He:dpa r a t i o  i n  t h e  range o f  i n t e r e s t  f o r  f u s i o n  a p p l i -  
c a t i o n s  requ i res  a few atomic percent  n i c k e l .  However, t h e  e f f ec t s  of n i c k e l  a d d i t i o n s  on t h e  phys i ca l  
m e t a l l u r g y  o f  t h e  a l l o y  system need t o  be i d e n t i f i e d  and accounted f o r .  
t h e  a l l o y  doped w i t h  5 8 N i  f o r  maximum he l i um gene ra t i on  and i n  a d d i t i o n  t o  prepare c o n t r o l  heats  (a )  doped 
w i t h  6 o N i  and (b )  w i t h o u t  any n i c k e l  added. 
he l i um e f f e c t s  f rom t h e  compos i t iona l  e f f ec t s  on a l l o y  s t r u c t u r e  and p rope r t i es .  

An example of t h i s  t ype  of experiment i s  w i t h  t h e  12Cr-1MoVW f e r r i t i c  s t e e l  HT-9, which i s  o f  i n t e r e s t  
f o r  fus ion  r e a c t o r  a p p l i c a t i o n s .  Th i s  a l l o y  normal ly  con ta ins  -0.5 w t  % N i .  F i g u r e  4 shows t h e  he l i um 
gene ra t i on  f o r  a l l o y s  w i t h  q;: = 1.0 and 0.683. 

n i c k e l  w i t h  5 e N i  r a i s e s  t h e  he l i um concen t ra t i on  by 50% t o  -400 a t .  ppm. 
(by doping w i t h  0.5 w t  % 6 0 N i ) ,  t h e  concen t ra t i on  o f  he l i um a t  100 dpa drops t o  -SO a t .  ppm. 
i r r a d i a t i o n  of these a l l o y s  i n  H F I R  p rov ides  a means of i n v e s t i g a t i n g  mechanisms assoc ia ted w i t h  t h e  migra-  
t i o n ,  t r app ing ,  and p r e c i p i t a t i o n  o f  he l ium and t h e  e f f e c t s  o f  he l i um on v o i d  n u c l e a t i o n  and on t h e  
mechanical behav ior  o f  t h e  tempered mar tens i t e  s t r u c t u r e .  To assess t h e  response of t h i s  a l l o y  t o  t h e  
he l i um concen t ra t i ons  expected i n  a f u s i o n  reac to r ,  i t  i s  necessary t o  i nc rease  t h e  5 8 N i  concen t ra t i on  t o  
-1.5 w t  % t o  produce -12UO a t .  ppm a t  100 dpa. To t h i s  end, we have a l ready  c a r r i e d  ou t  an ex tens i ve  
i n v e s t i g a t i o n  o f  t h e  e f f e c t  o f  adding n a t u r a l  n i c k e l  concen t ra t i ons  i n  t h e  range 1 t o  2 w t  % on t h e  tem- 
p e r i n g  response, t e n s i l e ,  and impact p r o p e r t i e s ,  and long- term thermal s t a b i l i t y  o f  bo th  9Cr and 12Cr 

One way t o  do t h i s  i s  t o  prepare  

I r r d d i a t i o n  of  t h e  t h r e e  a l l o y s  would a l l o w  u n f o l d i n g  o f  t h e  

For  an i r r a d i a t i o n  dose o f  100 dpa, r e p l a c i n g  t h e  n a t u r a l  

Side-by- side 
When 5 8 N i  i s  max imal ly  dep le ted  

20 



1"W 

B I  

- 
E I !  
m - 
5 
2 : , e  
T 

1 5  

O L  

FLUEUCf  ,lo" m 1, 

Fig.  4. C a l c u l a t e d  he l ium accumulat ion i n  t h e  a l l o y  HT-9 f o r  q;? o f  1 and 0.683. 

m a r t e n s i t i c  s t e e l s  C211. With  t h i s  knowledge o f  t he  phys i ca l  me ta l l u rgy  of t he  n ickel- doped s tee l s ,  we 
should be ab le  t o  separate t h e  i r r a d i a t i o n - i n d u c e d  p rope r t y  changes due t o  n i c k e l  from those  assoc ia ted  
w i t h  hel ium generat ion.  

5.4 Re la ted  Experiinents 

Recent ly  a r e l a t e d  idea  t o  t h a t  presented here has been proposed [22,23]. 
reproduce t h e  He:dpa r a t i o  app rop r i a t e  t o  a f u s i o n  r eac to r  i n  a f i s s i o n  r e a c t o r  us i ng  n i c k e l - b e a r i n g  a l l o y s  
doped w i t h  5 9 N i .  The approach d i f f e r s  from t h a t  descr ibed  i n  t h e  p resen t  paper, and i s  more complex and 
expensive. 
approach o f  de Raedt, t h e  5 9 N i  would be generated by f i r s t  i r r a d i a t i n g  e i t h e r  t h e  specimen o r  n i c k e l  
feedstock i n  a thermal neutron f l u x .  The p r e - i r r a d i a t e d  specimens, or  new specimens prepared from t h e  
n i c k e l  c o n t a i n i n g  5 9 N i ,  would then be i r r a d i a t e d  i n  a harder  neutron spectrum t o  produce hel ium. 
method suggested by Simons, t he  n i c k e l  con ta i n i ng  5 9 N i  would be used t o  prepare specimens t h a t  cou ld  be 
then i r r a d i a t e d  i n  a mixed-spectrum r e a c t o r  (HFIR) o r  a fas t- spec t rum r e a c t o r  (FFTF) .  
doping i n  a l l o y s  t o  be i r r a d i a t e d  i n  a mixed-spectrum r e a c t o r  i s  t h a t  t h e  low he l ium p roduc t i on  r a t e  phase 
e a r l y  i n  dose [see our d iscuss ion  f o l l o w i n g  Eq. (15) ,  and Fig.  11, where 5 9 N i  i s  being b u i l t  up, cou ld  be 
e l im ina ted .  F a s t - r e a c t o r  i r r a d i a t i o n s  would be accomplished i n  r e l a t i v e l y  s o f t  spectrum l o c a t i o n s  t o  
induce t h e  necessary he l ium t ransmuta t ion  r a tes  i n  t h e  59N i - con ta i n i ng  a l l o ys .  To make t h e  most use of 
t h i s  approach t he  5 9 N i ,  an uns tab le  i so tope  w i t h  a h a l f - l i f e  o f  about 7.5 x lo4 years,  should be separated 
from t h e  remain ing n i c k e l  t o  a l l ow  f l e x i b l e  admixtures f o r  a l l o y i n g .  Handl ing,  separa t ion ,  and a l l o y  
m e l t i n g  us i ng  r a d i o a c t i v e  m a t e r i a l s  a re  needed t o  use t h i s  method. 
a l l o y ,  then Eq. ( 2 )  con ta ins  a corresponding new te rm o f  t h e  form pigq{qrNi. 

e T 

The use o f  N i  i so topes  i s  on l y  one example of i s o t o p i c  a l l o y i n g  t o  enhance he l ium genera t ion  d u r i n g  
i r r a d i a t i o n .  C l i n a r d  [24] has po in ted  ou t  t h a t  i s o t o p i c  t a i l o r i n g  w i t h  o the r  elements may be used t o  s tudy 
t h e  e f f e c t s  of he l ium and hydrogen genera t ion  on t h e  behavior  of ceramics d u r i n g  i r r a d i a t i o n s .  Doping w i t h  
" 0  would enhance he l i um  genera t ion  i n  a mixed-spectrum reac to r  by t h e  thermal neu t ron  r e a c t i o n  
"O(n,a)'YC, w h i l e  t h e  a d d i t i o n  o f  14N would generate hydrogen th rough  t he  14N(n,p)14C reac t i on .  I n  these 
cases, however, t h e  r e a c t i o n  p roduc t  may be a f o r e i g n  element i n  t h e  m a t e r i a l ,  u n l i k e  t h e  56Fe i n  Fe-Ni-Cr 
base a l l oys .  

The purpose would be t o  

The 5 9 N i  would be ob ta ined  by f i r s t  i r r a d i a t i n g  n i c k e l  i n  a mixed-spectrum reac to r .  I n  t h e  

I n  t h e  

An advantage of 5 9 N i  

When s 9 N i  i s  added i n i t i a l l y  t o  dn 
Here pgq = (1 - 

-5 +t )oa/oT and q;? designates t h e  f r a c t i o n  t h a t  5 9 N i  i n i t i a l l y  comprises o f  t o t a l  n i c k e l .  

5.5 Conclus ions 

I s o t o p i c  a l l o y i n g  us i ng  n a t u r a l l y  occu r r i ng  s t a b l e  i so topes  i s  a means t o  manipulate t h e  r a t i o  of 
he l ium t r ansmu ta t i on  t o  atom displacement r a tes  i n  mixed-spectrum reac to rs .  The a p p l i c a t i o n  examined i s  t o  
n i c ke l - bea r i ng  a l l o y s  where t h e  two- step r e a c t i o n  of Eq. ( 1 )  produces up t o  about 0.13 he l ium atoms t o  
each i n i t i a l  atom o f  5 8 N i .  The method proposed i s  t o  s y s t e m a t i c a l l y  vary t h e  f r a c t i o n  of 5 8 N i  t o  t o t a l  N i ,  
by admixtures of n a t u r a l l y  occu r r i ng  n i c k e l  w i t h  spec ia l  m ix tu res  dep le ted  o r  enr i ched  i n  5 8 N i .  
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A method i s  desc r ibed  t o  c a l c u l a t e  h e l i u m  l e v e l s  produced by neu t ron  t ransmuta t ion  r e a c t i o n s  i n  any 
m a t e r i a l .  T h i s  i s  a p p l i e d  t o  n i c k e l  bear ing  a l l o y s  i n  mixed-spectrum reac to rs .  
l a t i o n s  a re  descr ibed  f o r  i r r a d i a t i o n s  i n  t h e  High F l u x  I s o t o p e  Reactor a t  Oak Ridge Nat iona l  Laboratory .  

Three types of experiments can be i d e n t i f i e d  where i s o t o p i c  a l l o y i n g  would be u s e f u l  f o r  research i n  
r a d i a t i o n  e f fec ts .  These r e l a t e  t o  s t u d i e s  of mechanisms, t o  a p p l i e d  research f o r  f u s i o n  r e a c t o r  a p p l i c a-  
t i o n s ,  and t o  novel experiments t o  encompass a l l o y s  t h a t  do no t  norma l l y  c o n t a i n  n i c k e l .  
experi inent addresses t h e  p h y s i c a l  bases o f  he l ium e f f e c t s  and may be formulated based on t h e  theory  of 
r a d i a t i o n  e f fec ts .  The second t y p e  aims t o  c h a r a c t e r i z e  he l ium e f f e c t s  i n  parameter regimes and m a t e r i a l s  
o f  d i r e c t  i n t e r e s t  f o r  f u s i o n  r e a c t o r  a p p l i c a t i o n s .  The novel experiments i n v o l v e  i n t r o d u c i n g  n i c k e l  t o  
produce he l ium i n  m a t e r i a l s  t h a t  do no t  nor ina l ly  c o n t a i n  n i c k e l .  Both i s o t o p i c  c o n t r o l s  c o n t a i n i n g  t h e  
same f r a c t i o n  of n i c k e l  bu t  dep le ted  i n  5 8 N i ,  and compos i t i ona l  c o n t r o l s  c o n t a i n i n g  no n i c k e l  a r e  t o  be 
i r r a d i a t e d  s i inu l taneously .  
o f  n i c k e l  on t h e  p h y s i c a l  m e t a l l u r g y  o f  t h e  a l l o y  systems. 

Resu l t s  o f  example ca lcu-  

The f i r s t  t ype  of 

Thus t h e  e f f e c t s  of he l ium on t h e  m a t e r i a l  should be separable from t h e  e f f e c t s  
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7.0 Fu tu re  Work 

Two i so tope  mix tu res  enr i ched  i n  5 8 N i  and 6 o N i  have been urucured from t h e  ORNL IsotoDes Program and 
p l ann ing  i s  underway for t h e  experiments descr ibed  i n  t h e ' t e x t .  
descr ibed  i n  a f u t u r e  r epo r t .  

D e t a i l s  of t h e  expeGiments will be 
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CHAPTER 3 

REDUCED ACTIVATION MATERIALS 
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ACTIVATION CALCULATIONS WITH A N  EXPANOEO CROSS-SECTION LIBRARY 

D. 6. Doran and F. M. Mann (Hanford Eng ineer ing  Development Labora to ry )  

1.0 O b j e c t i v e  

The o b j e c t i v e  of t h i s  work i s  t o  c a l c u l a t e  w i t h  reasonable accuracy and completeness t h e  a c t i v a t i o n  and 
t ransmuta t ions  t h a t  elements i n  f u s i o n  r e a c t o r  f i r s t  w a l l  components w i l l  experience. 

2.0 Summary 

The a c t i v a t i o n  of a number of elements has been c a l c u l a t e d  f o r  10  and 40 MW-yln? a t  a STARFIRE f i r s t  
w a l l  l o c a t i o n  The r e s u l t s  f o r  
c r i t i c a l  r a d i o i s o t o p e s  ( those  t h a t  l ead  t o  c o n c e n t r a t i o n  l i m i t s  t o  meet l ow l e v e l  radwaste c r i t e r i a )  
a r e  c o n s i s t e n t  a t  t h e  lower  f l u e n c e  w i t h  e a r l i e r  work , and found t o  inc rease  n e a r l y  l i n e a r l y  w i t h  
f luence. 

u s i n g  a g r e a t l y  expanded c r o s s - s e c t i o n  l i b r a r y  and m u l t i p l e  t i m e  s teps.  

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  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 :  0. G. Doran 
A f f i l i a t i o n :  Hanford Eng ineer ing  Development Labora to ry  

4.0 Relevant  Program Plan TasklSubtask 

No tasks  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 t f j t i v a t i o n  o f  elements a t  a f u s i o n  r e a c t o r  f i r s t  w a l l  have been c a l c u l a t e d  a t  t h i s  l a b o r a t o r y  by 
Mann , and a t  o t h e r  l a b o r a t o r i e s .  These c a l c u l a t i o n s  a r e  g e n e r a l l y  incomplete because t h e i r  
assoc ia ted  c ross  s e c t i o n  1 i b r a r i e s  a r e  incomplete,  m u l t i - s t e p  r e a c t i o n s  may be excluded o r  t r e a t e d  o n l y  
c r u d e l y ,  and h i g h  f luence e f f e c t s  may be i n f e r r e d  i n c o r r e c t l y  f rom low f l u e n c e  r e s u l t s .  Each of these  
problem areas i s  be ing  addressed i n  t h e  p resen t  work. A f u r t h e r  c o m p l i c a t i o n  i s  accoun t ing  adequate ly  
f o r  t h e  sen T h i s  q u e s t i o n  was addressed i n  a p rev ious  

t h e  STARFIRE spectrum was g e n e r a l l y  t h e  most severe, because t h e  low energy t a i l  produced by t h e  water  
c o o l a n t ,  combined w i t h  l l v  (n,gamma) c ross  sec t ions ,  r e s u l t e d  i n  l a r g e  spect ra l- averaged c ross  
sec t ions .  Therefore,  t h e  STARFIRE f i r s t  w a l l  spectrum was s e l e c t e d  f o r  t h e  present  study. 

An expanded c ross  s e c t i o n  l i b r a r y  has been c rea ted  by Mann f o r  use w i t h  h i s  REAC code.(3) I t  c o n t a i n s  
c ross  sec t ions  f o r  a t  l e a s t  14 r e a c t i o n s  f o r  each of 337 isotopes--6000 r e a c t i o n s  i n  a l l .  The goal  was 
completeness. T h i s  p o i n t  
i s  emphasized because i t  i s  e a s i l y  f o r g o t t e n  when v iew ing  t a b l e s  o f  numbers generated by t h e  code. We 
propose t o  eva lua te  o n l y  those c ross  sec t ions ,  if any, t h a t  l e a d  t o  unacceptable u n c e r t a i n t i e s  i n  t h e  
c a l c u l a t e d  a c t i v a t i o n  o f  c r i t i c a l  r a d i o i s o t o p e s .  A c r i t i c a l  r a d i o i s o t o p e  i s  de f ined  as one t h a t  may 
l e a d  t o  a c o n c e n t r a t i o n  l iq i \  on an element i n  o rder  t o  s a t i s f y  c r i t e r i a  f o r  l ow  l e v e l  radwaste, 
r e c y c l i n g ,  maintenance, e tc .  

i v i t y  of t h e  r e s u l t s  t o  t h e  neu t ron  spectrum. 
p u b l i c a t i o n  rij i n  . which ' t h e  a c t i v a t i o n  i n  severa l  conceptual r e a c t o r s  was compared. It was found t h a t  

I n  o r d e r  t o  achieve it, many r e a c t i o n  c ross  s e c t i o n s  had t o  be approximated. 
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Tne c a l c u l a t i o n s  were c a r r i e d  t o  40 MW-yln?, an e a r l y  l i f e t i m e  goa l  of  t h e  f u s i o n  program f o r  f i r s t  
w a l l  m a t e r i a l s .  The development of m a t e r i a l s  t h a t  can t o l e r a t e  ext remely  h i g h  doses i s  s t i l l  cons idered 
a d e s i r a b l e  goa l  i n  l i g h t  o f  t h e  t r e n d  toward h igher  w a l l  load ings.  Composi t ion changes due t o  
t ransmuta t ions  can become extens ive;  t h e y  a r e  c a l c u l a t e d  i n  R E A C  a long w i t h  t h e  a c t i v a t i o n .  

The c a l c u l a t i o n s  were performed i n  s teps o f  1 MW-yln?, o r  0.277 years, a t  3.6 MW/n?  w a l l  load ing.  
Decay was f o l l o w e d  a f t e r  10 dnd 4 0  MW-ylm2. For  some r e a c t i o n s  [ n o t a b l y  (n,gamma)] hav ing  l a r g e  cross 
sec t ions ,  

T h i s  i s  a progress r e p o r t  o f  a reexamina t ion  o f  t h e  elements s t u d i e d  by Mann t o  determine t h e  
e f f e c t s  o f  t h e  e x t e n d e d  c r o s s  s e c t i o n  l i b r a r y ,  m u l t i p l e  t i m e  s t e p s ,  and h i g h e r  f l u e n c e .  The 
c a l c u l a t i o n s  have been completed and a r e  s t i l l  be ing  analyzed, b u t  some genera l  r e s u l t s  o f  i n t e r e s t  
have been ob ta ined .  

even t h i s  s t e p  s i z e  i s  t o o  l a r g e  t o  y i e l d  h i g h  accuracy. 

5.2 Resu l t s  

The r e s u l t s  ob ta ined  t o  da te  can be summarized as f o l l o w s :  

1. The a c t i v a t e d  i so topes  r e s u l t i n g  from t h e  i r r a d i a t i o n  of a s i n g l e  element o f  a tomic  number 2 
ranged from Z-8 t o  2 + 6 .  An example i s  shown i n  F ig .  1. 

S i g n i f i c a n t  I s o t o p e  P r o d u c t i o n  When Pure I r o n  i s  I r r a d i a t e d  t o  40 MW-yr/m2 a t  STARFIRE F i r s t  Wal l  
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2. The a c t i v a t i o n  o f  l o n g - l i v e d  r a d i o i s o t o p e s  was g e n e r a l l y  c o n s i s t e n t  w i t h  Ref.1. No 
s i g n i f i c a n t  new a c t i v i t i e s  were revea led  f o r  t h e  major  components o f  common s t r u c t u r a l  m a t e r i a l s .  

3. The l o n g- l i v e d  a c t i  i t y  o f  an element a f t e r  40 MW-yln? was o f t e n  l e s s  than 4 t i m e s  t h e  
a c t i v i t y  a f t e r  10 MW-yfn? due t o  burnout  e f f e c t s .  There a r e  n o t a b l e  except ions;  e.g., f o r  Ta t h e  
f a c t o r  was 1000. For the  elements i d e n t i f i e d  i n  Ref. 1 as hav ing  c o n c e n t r a t i o n  l i m i t s  under 
Class C waste c r i t e r i a ,  t h e  f a c t o r  ranges between 1.2 and 6, as i s  shown i n  Table 1. 

4 .  New a c t i v a t i o n  va lues f o r  Co, l r ,  Sn, H f ,  and may lead  t o  c o n c e n t r a t i o n  l i m i t s  t o  s a t i s f y  
c l a s s  C waste c r i t e r i a  a f t e r  bo th  10 and 40 MW-ylm . T i t a n i u m  and Ta may a l s o  have l i m i t s  a f t e r  
t h e  h igher  f luence.  

5.  The a c t i v a t i o n  a f t e r  s h o r t - t o- i n t e r m e d i a t e  decay t i m e s  of V ,  l r ,  Nb, and Sn was much h igher  
than  found i n  Ref.1. T h i s  may be s i g n i f i c a n t  when t h e  p o t e n t i a l  f o r  r e c y c l i n g  m a t e r i a l s  i s  
examined. 

6. Transmutat ion r a t e s  can be very  h i g h  i n  t h e  STARF E spec rum. An exposure o f  40 MW-yln? i n  

t ransmutes over  h a l f  o f  W and Co and about one- quar ter  of  Mn, Nb, and Hf.  A t  10 MY-ylm?, Ta and 
W a re  about t w o - t h i r d s  and one- quar ter  transmuted; Co, Mn, and H f  a re  i n  t h e  5-10% range. High 1 
elements (above Mo) g e n e r a l l y  t ransmute t o  h i g h e r  1 elements th rough  (n,gamma) r e a c t i o n s ,  whereas 
lower  1 elements g e n e r a l l y  produce t r a n s m u t a t i o n  products  hav ing  b o t h  h i g h e r  and lower  2 .  

S T A R F I R E ,  c o r r e s p o n d i n g  t o  a f l u e n c e  o f  6.4 x 10% n fcm i , e s s e n t i a l l y  e l i m i n a t e s  Ta, and 
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TABLE 1 

COMPARISON OF A C T I V A T I O N  OF CRITICAL ISOTOPES AT TWO EXPOSURES 

ORIGINAL ACTIVATED 
ELEMENT ISOTOPE 40 MW-y/lO MW-y* 

N 
A1 

C- 1 4  
A1-26 

3.6 
3.8 

N i  Ni-63 3.8 
cu Ni-63 6.0 
Nb Nb-94 1 .2  
MO MO-93 2.7 

Nb-91 2.8 
Tc-99 3.5 

Pb Pb-205 3.6 

*Rat io  o f  ac i v a t i o n  a t  40 MW-yln? t o  t h a t  
a t  10  MW-yfm 3 '  
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7 .0  Fu tu re  Work 

A n a l y s i s  o f  t h e  R E A C  runs  w i l 1  be completed and r e s u l t s  r e p o r t e d  q u a n t i t a t i v e l y  f o r  bo th  a c t i v a t i o n  and 
t ransmutd t ion .  

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

1. F. M. Mann, H. L. Hein isch,  and D. G. Doran. "HEOL Reduced A c t i v a t i o n  Ana lys is :  S ta tus  Repor t" ,  
Trans. ANS - 49 ,  66 (1985). 

2. H. L. He in isch ,  F. M. Mann, and D. G. Doran, " Spec t ra l  Dependence o f  A c t i v a t i o n  a t  Fus ion Reactor  
F i r s t  Wal ls" ,  t o  be pub l i shed  i n  Fus ion Technology. 

3 .  D. G .  Doran, H. L. He in isch ,  and F. M. Mann, '"Reduced A c t i v a t i o n  Gu ide l ines  i n  Perspec t i ve" ,  i n  
Proceedings o f  F i r s t  I n t e r n a t i o n a l  Conf. on Fus ion Reactor  M a t e r i a l s ,  Tokyo, Dec. 1984; t o  be pub l i shed  
i n  J. Nucl.  Mat. 

4 .  F. M. Mann, 0. E. Lessor, and J.S. P i n t l e r ,  " REAC Nuclear  Data L i b r a r i e s " ,  i n  Proceedings o f  
I n t e r n a t i o n a l  Conf. on Nuclear  Data f o r  Pure and App l ied  Sciences, Santa Fe, N.  H . ,  May 1985; t o  be 
pub l i shed  i n  R a d i a t i o n  E f f e c t s .  

5 .  E .  T. Cheng, J .  A. B l i n k ,  8. A.  Engholm, F. M .  Mann, and A .  M. White, " U n c e r t a i n t i e s  i n  Fus ion 
Nuclear  Waste C a l c u l a t i o n s " ,  Trans. ANS - 49. 67  (1985). 
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CHAPTER 4 

RADIATION EFFECTS MECHANISMS 
AND CORRELATIONS 
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THE llICKOSTRUCTUKAL EVOLUTION OF HEAVY-ION-IRRADIATED HT-9 FEKRITIC STEEL EXAMINED I N  CROSS SECTIOII 

J . J .  K a i ,  G.L. K u l c i n s k i  and R.A.  Dodd ( U n i v e r s i t y  o f  i l i scons in- f lad ison)  

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

The purpose of  t h i s  study i s  t o  understand the m i c r o s t r u c t u r a l i m i c r o c h e m i c a i  r v o l u t i o n  o f  HT-9 f e r r i t i c  
s tee l  under heavy i o n  i r r a d i a t i o n .  

2.0 Summary 

A s e t  of i r r a d i a t e d  HT-9 specimen were exaniinea by us ing  a newly developed c ross- sec t i on  technique. The 

specimens were i r r a d i a t e d  w i t h  14 MeV N i C 3  i o n s  i n  the  temperature range from 300°C t o  600°C and t o  the  peak 
damage l e v e l  o f  200 dpa. 

A f t e r  i r r a d i a t i o n  a t  300'C/400'C, the  m i c r o s t r u c t u r e  cons i s ted  o f  a h i gh  dens i t y  o f  d i s l o c a t i o n  l oops .  
A f t e r  500°C i r r a d i a t i o n ,  a few l a r g e  d i s l o c a t i o n  loops and a group of new p r e c i p i t a t e s ,  which were i d e n t i -  
f i e d  as c h i  phase were the  major m i c r o s t r u c t u r a l  fea tures .  A f t e r  i r r a d i a t i o n  a t  600"C, no s i g n i f i c a n t  
damage was found which i n d i c a t e d  t h a t  thermal e f f e c t s  dominated the  m i c r o s t r u c t u r a l  e v o l u t i o n  a t  t h i s  
teinperature and above. 

3 .o Program 

T i t l e :  Kad ia t i on  E f f e c t s  t o  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 :  G.L. K u l c i n s k i  and R.A.  Oodd 
A f f i l i a t i o n :  U n i v e r s i t y  o f  Wisconsin-Madison 

4 .O Relevant  OAFS Program Task/Subtask 

Subtask II.C.l.l Phase S t a b i l i t y  Mechanics 
Subtask I I .C .6 .1  E f fec t  o f  Uamage Rate on Ib l i c ros t ruc tura l  E v o l u t i o n  

5.0 Accomplishments and Sta tus  

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

I n  t h i s  study,  a s e t  o f  HT-9 specimens t h a t  were i r r a d i a t e d  w i t h  14 MeV N i + 3  i o n s  a t  temperatures of 300'C, 
400'C. 500"C, and 600°C up t o  a peak damage l e v e l  of 200 dpa were examined i n  c ross- sect ion .  The cross-  

s e c t i o n  techn ique has been descr ibed p rev ious l y .1  
n ique was improved from about  50% up t o  nea r l y  100%. 
technique were descr ibed i n  Reference 2. 

W i th  some changes, the  success percentage of  t h i s  tech- 
The procedures o f  t h i s  newly improved c ross- sec t i on  

The advantage o f  examining an i o n  i r r a d i a t e d  specimen i n  c ross- sec t i on  i s  t h a t  the  whole range of the  damage 
and the c o n t r o l  r eg ion  can be seen i n  one specimen, so t h a t  the e f f e c t s  of r a d i a t i o n .  dose r a t e ,  and dose 
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I ^̂ . 

FIGURE 1. The dpa and d e p o s i t i o n  VS. depth curves o f  14 MeV N i  io!. ,,. - -, >-.. 

l e v e l  can be viewed simultaneously.  kurtnermore, the 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  the damage r e g i o n  and the  
c o n t r o l  r e g i o n  can be d i r e c t l y  compared. 

5.2 Exper imental  Procedures 

The i r r a d i a t i o n  exper iments were performed i n  a tandem Van de G r a  
i o n  source.'l The i r r a d i a t i o n  temperatures were accurate  t o  f 5'C. 

lozo, 8 x 10.- 
a t  the damag 

S type nega t i ve  

Three dose l e v e l s  were achieved: 3 x 
.. 

?spec t i  v e l y  

The TEM anal 

Re - 5.3 

.ff Acce le ra to r3  w i t h  a SNIC 

'", and 15 x 102" ionstm2 which a re  e q u i v a l e n t  t o  about 40 dpa, 100 dpa and 200 dpa r( 
e peak and about 10 dpa, 25 dpa and 50 dpa r e s p e c t i v e l y  a t  the 1 vm depth. 

yses were performed i n  a JEOL 200 C X I I  TEMISCAN microscope. 

su l  t S  

. .  I? 
The c a l c u l a t e d  apa ana i o n  depos i t i on  d l s t r i b u t i o n  versus depth curves of 14 MeV N i"  i o n s  i n j e c t e d  i n t o  HT- 
9 are  shown i n  F igu re  1. F igu res  2 and 3 show the  TEM m i c r o s t r u c t u r e s  o f  HT-9 specimens i r r a d i a t e d  a t  300'C 

o f  b lack spo lese 
b lack  spots  ie t o  

f o r  t o t a l  i o  #i t y  

the p resen t  

n f luences o f  3 x lo2' ions/rn2 and 8 x 10'' ionslm2, r e s p e c t i v e l y .  A very h i g h  number dens 
t s  i s  the major m i c r o s t r u c t u r a l  feature .  From the en la rged  micrograph, i t  i s  c l e a r  t h a t  t h  
are  a c t u a l l y  smal l  d i s l o c a t i o n  loops. The nature  of these loops has n o t  been i d e n t i f i e d  du 
lack  of AMG po le  p iece on the JEOL 2OOCX TEM. 

The average s i z e  o f  the l oops  seems independent o f  t he  dose l e v e l  and i s  about 10 nm i n  diameter.  The 
number dens i t y  o f  the loops sa tu ra tes  a t  h igher  dose l e v e l s .  

F igu res  4 and 5 show the m i c r o s t r u c t u r e s  of specimens i r r a d i a t e d  a t  400'C and t o t a l  f luences o f  3 x 1 

ionslrn' and 8 x lo2' ionslm2. r e s p e c t i v e l y .  The bas i c  s t r u c t u r e  I n  the i r r a d i a t e d  r e g i o n s  i s  very s i  
t o  the  300'C case, except  t h a t  the d i s l o c a t i o n  loops have l a r g e r  average s i z e  o f  about 30 nm. J u s t  a _.̂  ,,,no,. ---- ..- _i_^ ^C *,.- 1 --.- 1 .  2.2 . ~ ~ r _. 1 . . . .. . .  _ .  

020 

m i l a r  
s i n  

~iir JUV L tax, ~iir > I L ~  UI ~ r i r  iuups I S inuepenuenr OT m e  oose leve l  ana tne numoer a e n s i t y  o f  t ne  l o o p s  
sa tu ra tes  a t  h ighe r  dose l e v e l s .  

I n  the en la rged  p o r t i o n  of F igu re  5 ,  i t  can be c l e a r l y  seen t h a t  t h e r e  a re  some very smal l  ( 5  - 10 nm i n  
d iameter )  b lack  spots which a re  b e l i e v e d  t o  be a new type of p r e c i p i t a t e .  Th is  new phase has n o t  y e t  been 
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FIGURE 2. I E l 4  microstructures o f  HT-9 i r r a d i a t e d  a t  300°C. 3 x 10'" ions/rn'. 

4MP I , Di 
FIt iURC 3 .  TE:I imicrost ructures of H I - 9  i r r a d i d t e d  a t  300°C. 8 x loL" i o n s l d .  
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FIGURE 4. TEM m i c r o s t r u c t u r e s  o f  HT-9 i r r a d i a t e d  a t  400'C. 3 x 10'' ionslm'. 

FIGURE 5. TEM micros t ruc tures  o f  HT-9 i r r a d i a t e d  a t  400"C, 8 x 10'' ions/rn'. 
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i d e n t i f i e d  d e  t o  the smal l  s ize. However, L i t t l e  a s tar5  have found Cr- enr iched a' phase i n  neut ron i r r a -  
d i a t e d  iron-chromium a l l o y s  c o n t a i n i n g  110% C r  which i s  very s i m i l a r  t o  the new phase found i n  HT-9 i r r a d i -  

a t e d  a t  400'C. Therefore,  the  new phase i s  b e l i e v e d  M be the  a' phase. F igu re  6 shows the b r i g h t  and dark 
f i e l d  images o f  a p o r t i o n  o f  the damage reg ion .  It s h w s  t h a t  the  sma l l  p r e c i p i t a t e s  a re  c o r r e l a t e d  w i t h  
the  loops to some ex ten t .  

F igu res  7. 8 and 9 show the  m i c r o s t r u c t u r e  o f  specimens i r r a d i a t e d  a t  500'C and t o t a l  i o n  f luences of 3 x 

iozo, 8 x iozo and 14 x iozo ions/m2. r e s p e c t i v e l y .  AS descr ibed p rev ious ly ,6  the m i c r o s t r u c t u r e  c o n s i s t s  
o f  the r a d i a t i o n  induced c h i  phase, some l a r g e  loops  (average diameter 80 nm) and d i s l o c a t i o n  segments. 

The number dens i t y  o f  loops and the d i s l o c a t i o n  dens i t y  a r e  independent o f  the dose l e v e l .  However, the  
number dens i t y  and the  average diameters o f  c h i  phase do vary w i t h  d i f f e r e n t  doses. F i g u r e  10 show the  
v a r i a t i o n  o f  the number dens i t y  and the average diameter versus the dose l e v e l s .  

F i g u r e  11 shows the m i c r o s t r u c t u r e  o f  specimen i r r a d i a t e d  a t  600'C and a t o t a l  i o n  f l uence  o f  3 x 10" 
ionslm2. A t  t h i s  temperature. the re  i s  no d i f f e r e n c e  between the  i r r a d i a t e d  r e g i o n  and the c o n t r o l  reg ion .  
T h i s  i n d i c a t e s  t h a t  thermal e f f e c t s  dominate the  m i c r o s t r u c t u r a l  e v o l u t i o n .  Therefore,  any i r r a d i a t i o n  a t  
600'C o r  above may n o t  be p r a c t i c a l  i n  t h i s  study. 

5.4 Discuss ion 

One s i g n i f i c a n t  r e s u l t  o f  t h i s  study i s  t h a t  no c a v i t y  fo rmat ion  has been found i n  any o f  the  specimens. 
Th is  i n d i c a t e s  t h a t  HT-9 i s  a h i g h l y  s w e l l i n g  r e s i s t a n t  m a t e r i a l :  w i t h o u t  gas p re imp lan ta t i on .  e.g., h e l i -  
um, s i n g l e  i o n  i r r a d i a t i o n  does n o t  produce any c a v i t i e s  up to the  damage l e v e l  o f  200 dpa. I n  a f u t u r e  re-  
por t ,  the authors  w i l l  p resen t  the r e s u l t s  o f  c a v i t y  fo rmat ion  i n  heavy i o n  i r r a d i a t e d  HT-9 w i t h  100 appm 
p re imp lan ted  helium. 

The c h i  phase formed i n  500' i r r a d i a t i o n s  i s  summarized i n  F igu re  10. The s i z e  o f  the p r e c i p i t a t e  i nc reases  
w i t h  dose and the number dens i t y  decreases w i t h  dose. Th is  I n d i c a t e s  t h a t  the c h i  phase i s  induced by i r r a -  
d i a t i o n  and con t inuous ly  grows t o  l a r g e r  p a r t i c l e s  w i t h  i r r a d i a t i o n .  

The q u a l i t a t i v e  r e s u l t s  o f  l oop  a n a l y s i s  r e v e a l s  t h a t  the  s i z e  i nc reases  w i t h  temperature.  

r e p o r t e d  an oppos i te  e f f e c t  i n  a m a t e r i a l  s i m i l a r  t o  HT-9 (excep t  w i t h  a smal l  amount of Nb con ten t ) ,  b u t  
t h i s  m igh t  be due t o  the mistaken i d e n t i f i c a t i o n  of c h i  phase as d i s l o c a t i o n  loops. 

The p r e c i p i t a t e s  found a f t e r  the  400'C i r r a d i a t i o n s  were too smal l  to i d e n t i f y .  However. G e l l e s  a Thomas' 

r e p o r t e d  a' phase i n  a study of neut ron i r r a d i a t e d  HT-9. as does L i t t l e  Stoter. '  Both of these s t u d i e s  
s t r o n g l y  suggested t h a t  the new phase found i n  400'C i r r a d i a t i o n s  were the  a' phase. 
i d e n t i f y  t h i s  phase unambiguously. 

L i t t l e  e t  al. '  

More work i s  needed t o  
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7.0 Future Work 

The HT-9 specimens i r r a d i a t e d  w i t h  14 MeV N i + 3  i o n s  and 100 appm He p re imp lan ted  a r e  be ing examined. 
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EFFECTS OF CAVITATION ON DAMAGE CALCULATIONS I N  ION- IRRADIATED P7 ALLOY 

R.L. S inde la r ,  S.N. Farrens, and G.L. K u l c i n s k i  ( U n i v e r s i t y  o f  Wisconsin-Madison) 

1.0 Ob jec t i ves  

To i n v e s t i g a t e  the  e f f e c t  of vo ids  on the  depth-dependent damage energy i n  i o n - i r r a d i a t e d  metals.  Correc-  
t i o n s  t o  the dose a t  the s w e l l i n g  peak w i l l  be used to o b t a i n  the  s w e l l i n g  r a t e  o f  i o n - i r r a d i a t e d  316- type 
s t a i n l e s s  s t e e l s .  

2.0 Summary 

Samples o f  the P7*a l loy  were i o n - i r r a d i a t e d  t o  f o u r  f luence l e v e l s  up t o  a peak dose l e v e l  o f  100 dpa a t  
650°C. 
vo ids  on the depth-dependent damage produced du r ing  14 MeV n i c k e l  i o n  i r r a d i a t i o n .  
o f  damage produced from the o r i g i n a l  f o i l  sur face f o r  the t a r g e t  c o n t a i n i n g  vo ids  was modeled as a f i r s t -  
o rde r  c o r r e c t i o n  to the damage p r o f i l e .  
dependent decrease i n  the damage r a t e  a t  the peak s w e l l i n g  depth. Cor rec t i ons  a p p l i e d  t o  the  dose a t  t h e  
peak s w e l l i n g  depth y i e l d  s w e l l i n g  r a t e s  approaching 0.7%/dpa. 

The depth-dependent v o i d  parameters e x t r a c t e d  i n  c ross s e c t i o n  were used t o  model t h e  e f f e c t  o f  
An i nc rease  i n  t h e  range 

A second-order e f fec t ,  v o i d  s t r a g g l i n g ,  was shown t o  cause a t ime- 

3 .O Program 

T i t l e :  R a d i a t i o n  E f f e c t s  t o  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 :  G.L. K u l c i n s k i  and R.A. Dodd 
A f f i l i a t i o n :  U n i v e r s i t y  o f  Wisconsin-Madison 

4.0 

Sub 

5.0 

5.1 

l%/dpa  p o s t - t r a n s i e n t  s w e l l i n g  r a t e . l s 2  

ga rd less  o f  d i f f e r e n c e s  i n  major and minor s o l u t e  COntent.3*4 i r r a d i a t i o n  t e m p e r a t ~ r e , ~ ' ~ ' '  i n  

of c o l d  work Wolfer and Garner'' have r e c e n t l y  d iscussed the i n s e n s i t i v i  

A l l  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  seem t o  e x h i b i t  t h i s  

8 o r  he l ium content. '  .. . . . .. ~~~~ ~~1 . ~ ~ ~ . .  . ..._ *.__ y l _ . _ _  -_*^ *-.. - _.___^I 

response r e -  

i i t i a l  degree 

t y  of t h e  
swel i i n a  r a t e  KO cnese paramerers ana nave p r e u l c r r u  a L U ~ ~ L O I I L  w e t  I brig r a ~ c  I V I  a ~ y ~ ~ ~ i i i  V I  l a r g e  vo ids  

01' cm-2. T h i s  micro-  and d 

s t r u c  
achieVcu, cllc a, ,uJ  a w 5 1 1 a  a *  clls , -= Am,UvU. -.- ..I._ ~ . - "  ;hewn s w e l l i n g  r a t e s  of 

l%/dpa f o r  a m i c r o s t r u c t u r e  which had been seeded w i t h  vo ids .  

A f t e r  t h i s  d e n s i t y  i s  

12 

- 
, i s l o c a t i o n s  which have s ink  s t r e n g t h  p a r i t y"  and a t o t a l  s l n k  s t r e n g t h  o f  5 x 1 

t u r e  appears t o  occur a t  t he  2-10% s w e l l i n g  l e v e l  i n  n e u t r o n- i r r a d i a t e d  316 SS.' 
..̂ A *ha .,,̂ ,, r,.,^,,r I+ +he ..L , v , A n .  ""FM nC 2 , &  cc ha"- < 

*P7 i s  e s s e n t i a l l y  a h i g h  p u r i t y  316 s t a i n l e s s  s t e e l  prepared a t  Oak Ridge Na t iona l  Laboratory .  
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On the  o the r  hand. many i o n  i r r a d i a t i o n  s tud ies  o f  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 shown a s w e l l i n g  r a t e  o f  

on ly  0.2-0.4%/dpa. 13-15 Garner' has a t t r i b u t e d  t h i s  reduced r a t e  t o  the a c t i o n  o f  the  i n j e c t e d  i n t e r s t i -  

t i a l s  on v o i d  swe l l i ng .  T h i s  hypothes is  i s  based on work by Johnston16 who observed anomalous subsurface 

s w e l l i n g  i n  4 FleV n i c k e l - i o n- i r r a d i a t e d  304 S S ,  and Whi t ley17 who observed O.E%/dpa s w e l l i n g  a t  near- surface 
depths i n  14 MeV n i c k e l - i o n- i r r a d i a t e d  n i c k e l .  
w i l l  approach l%/dpa  i f  data i s  e x t r a c t e d  a t  depths o the r  than those o f  the bombarding i o n  range. 

reported' '  no anomalous subsurface swe l l i ng ,  however, i n  samples of the P7 a l l o y  i r r a d i a t e d  a t  650'C. 
a d d i t i o n ,  suppression e f f e c t s  on v o i d  s w e l l i n g  i n  the P7 a l l o y  a r e  n o t  observed a t  temperatures 
> 550'C.19,20 
s w e l l i n g  l e v e l s  o f  35% and doses t o  100 dpa. 

Mansur and yoo21 have a l s o  suggested t h a t  a lower  s w e l l i n g  r a t e  fo r  heavy i o n  bombardment s t u d i e s  wou ld  oc- 
cu r  i f  the i n j e c t e d  i o n  species caused a l a r g e  d e p l e t i o n  i n  v o i d  growth r a t e s  near the peak o f  p o i n t  d e f e c t  
product ion.  
vacancy m i g r a t i o n  energy. Using a n e t  b i a s  of 0.8 and a vacancy m i g r a t i o n  energy of 1.1 eV as suggested by 

Garner and Wolfer.22 a long  w i t h  the t o t a l  s ink  s t r e n g t h  o f  4 x 10" cm-' f o r  the  i r r a d i a t e d  P7 m ic ros t ruc-  
ture,  i t  i s  seen from F igu res  9 and 10 i n  Ref. 2 1  t h a t  the re  i s  l e s s  than a 5% decrease i n  the v o i d  growth 
r a t e  due t o  the  a c t i o n  o f  the i n j e c t e d  i n t e r s t i t i a l s .  D i f f u s i o n a l  spreading o f  the  p o i n t  de fec ts  down the  

defect  generat ion g rad ien ts  can a l s o  l e a d  t o  a decrease i n  the  s w e l l i n g  rate.21 

mean f r e e  path, A ,  i s  1/6, where S i s  t he  t o t a l  s ink  s t reng th .  Fo r  our s i n k  s t r e n g t h  o f  4 x do crn-', i t  
i s  es t ima ted  t h a t  the  escape o f  p o i n t  defects  f rom the  damage peak would be n e g l i g i b l e  (i.e., < 500 A). 

Garner concludes t h a t  s w e l l i n g  r a t e s  under i o n  i r r a d i a t i o n  
We have 

I n  

Yet  the r e s u l t s  o f  our s w e l l i n g  r a t e  study (see F i g u r e  1 )  show o n l y  a 0.4%/dpa r a t e  f o r  

T h i s  e f f e c t  on v o i d  growth i s  impor tan t  i n  systems w i t h  a l ow  b ias ,  low s ink  s t reng th ,  and h i g h  

However, t he  a b s o r p t i o n  

Another poss ib le  exp lana t i on  f o r  the s w e l l i n g  r a t e  discrepancy l i e s  w i t h i n  the  dose va lues a s c r i b e d  t o  the  
s w e l l i n g  p r o f i l e  i n  i o n - i r r a d i a t e d  ta rge ts .  Us ing t r a n s p o r t  theory  f o r  the d i s t r i b u t i o n  o f  depos i ted  

energy. Wolfer and Benchikh-LehocineZ3 have cons idered the e f f e c t  o f  dens i t y  changes on the  damage energy 
p r o f i l e .  They d i d  n o t  model the d i s c r e t e  na tu re  of v o i d  fo rma t ion  b u t  r a t h e r  they homogenized the  s w e l l i n g  
a t  a p a r t i c u l a r  depth i n t o  a uni form dens i t y  decrease a t  t h a t  depth. E f f e c t s  of a d i s c r e t e  d i s t r i b u t i o n  of 
vo ids  on the  depos i ted energy (damage) has been addressed by Odet te  e t  a l .24 I n  the  p resen t  study, we have 

a p p l i e d  the model of Ddet teZ4 t o  es t imate  the accumulated dose a t  a p a r t i c u l a r  mass depth (e.g., t he  peak 
s w e l l i n g  depth) d u r i n g  the  14 MeV n i c k e l  i o n  i r r a d i a t i o n  o f  the  P7 a l l o y .  

5.2 Exper imental  

The i r r a d i a t i o n  parameters o f  the P7 a l l o y  a re  g iven i n  Table 1. 

a t i o n  and p o s t - i r r a d i a t i o n  a n a l y s i s  a re  g iven i n  an e a r l i e r  r epo r t ."  
14-MeV N i  i o n s  on the  vo id- f ree  P7 t a r g e t .  
i r r a d i a t e d  t o  peak damage l e v e l s  o f  10 and 40 dpa. 
sec t i oned  f o i l s .  The depth-dependent v o i d  parameters o f  the i r r a d i a t e d  P7 samples a re  con ta ined  i n  the  

e a r l i e r  r e p o r t .  

D e t a i l s  o f  the 14 MeV heavy- ion i r r a d i -  

F igu re  2 shows the  damage p r o f i l e  f o r  

No v o i d  suppression e f f e c t s  a re  observed i n  these cross-  
F i g u r e  3 d i sp lays  the  through- range TEM micrographs of samples 

18 

5.3 Model o f  Damage P r o f i l e  i n  a Target  w i t h  Voids 

F o l l o w i n g  the n o t a t i o n  of Odette e t  a1.24 we l e t  ~ ( y )  be the  d i s tance  w i t h i n  vo ids  through which the  bom- 
bard ing p a r t i c l e  has passed upon reach ing depth y .  
a s o l i d  t a r g e t  would pene t ra te  a d i s tance  y i n  vo id- con ta in ing  m a t e r i a l  where 

That i s ,  a charged p a r t i c l e  t h a t  pene t ra tes  a depth x i n  

y = x + A(Y) ( 1 )  

The average value o f  A(y) .  <A(y)>, can be c a l c u l a t e d  from the volume f r a c t i o n  o f  vo ids ,  @ ( y ) ,  by 

where y '  i s  the  i n t e g r a t i o n  v a r i a b l e  and S i s  t he  l o c a l  swe l l i ng .  def ined by the  r a t i o  of v o i d  volume t o  
o r i g i n a l  volume. 

40 



P I  SWELLING -14 MeV Ni I O N  IRRADIATION 
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FItiURE 1. Swelling rate in 14 MeV ion-irradiated P7 al loy.  

0 p 12 

\ 

FIGURE 2.  Damage (dpa)  vs.  distance from the irradiated surface calculated using the Brice code. The 
damage efficiency ( K )  used i s  0.8.  Ed = 40 eV. 
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FIGURE 3 .  14-MeV N i  i o n - i r r a d i a t e d  P7  t o  peak doses of 10 and 40 dpa for 0.8 and 3.3 x 1OI6 ionslcrn-' 
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TAOLE 1 

PARAMETEKS FOR A 14-IHeV N i - I O N  I R R A D I A T I O N  OF P7 
DISPLACEMENT EFFICIENCY K = 0.8, Ed = 40 eV, Tirr = 650°C 

dpa a t  1 um 

2.3 

10 

1 I* 

25 

Peak dpa 

20 

40 

68* 

100 

Fluence ( ions/cm2) 

0.8 x 1016 

3.3 x 1016 

8.3 x 1016 

5 . 6  x lo1'* 

*Uamage r a t e  a t  lum f rom surgace i s  1.6 x 
were i r r a d i d t e d  a t  0.8 x 10 

dpals, at-She peak i t  i s  6.4 x dpals; the  o t h e r  samples 
dpals  a t  1 urn and 3.2 x 10 dpals  a t  the peak damage reg ion .  

Heavy i o n  i r r a d i d t i o n  damage i s  c rea ted  by a u n i d i r e c t i o n a l  beam o f  p r o j e c t i l e s  and thus i s  s u b j e c t  t o  S t d -  
t i s t i c a l  f l u c t u a t i o n s  i n  the  energy o f  the p a r t i c l e s  a t  a c e r t a i n  depth based on the  number o f  a tomic c o l l i -  

s ions  ( p r i o r  h i s t o r y 1  the  p a r t i c l e s  have undergone. T h i s  e f f e c t  i s  well-known as Bragg ~ t r a g g l i n g ~ ~  and i s  
the i n t r i n s i c  s t r a g g l i n g  assoc ia ted  w i t h  energy deposi ted i n  a s o l i d  t a r g e t .  I n  a vo id- con ta in ing  t a r g e t ,  
the  d is tance  t r a v e l e d  through vo ids by p a r t i c l e s  reach ing  depth y w i l l  vary as a r e s u l t  o f  the S t a t i s t i c a l  

f l u c t u a t i o n s  i n  the number and s izes  of vo ids  a p a r t i c l e  encounters. 
s t r a g g l i n g "  and c r e a t e s  an a d d i t i o n a l  spread i n  t h e  energy d i s t r i b u t i o n  of the p a r t i c l e s  a t  depth y which i s  

superimposed on the spread due t o  i n t r i n s i c  s t r a g g l i n g .  
t h e  bombarding i o n s  and vo ids  can be g iven  by 

Th is  e f f e c t  i s  termedz4 " v o i d -  

The average number of i n t e r a c t i o n s ,  <nv>, between 

<nv> = <A(y l>/D (3 I 
Not ing  t h a t  where D i s  a c h a r a c t e r i s t i c  v o i d  leng th ,  e q u i v a l e n t  t o  l e n g t h  o f  the  average t r a c k  of the  vo id.  

the average chord  l e n g t h  of a sphere o f  r a d i u s  R i s  g i v e n  by 413 R, we w i l l  use 

D = 213 Dave 

where Dave i s  the average v o i d  diameter.  

Nex t  we w i l l  approximate the  d i s t r i b u t i o n  of the  number of v o i d s  t h a t  the  p a r t i c l e  h i t s  as a Poisson 

Thus <nv> i s  equal t o  on2, the var iance o f  the  number o f  vo ids encountered. Now the  

s tandard  d e v i a t i o n  i n  the  t o t a l  through vo ids t r a v e r s e d  upon reach ing  depth y can be g i v e n  by ai, 

( 4 1  

D q = m .  ( 5 1  

Dur ing  the  i r r a d i a t i o n  o f  a h i g h- s w e l l i n g  m a t e r i a l .  b o t h  <A(y)> and D w i l l  i nc rease  w i t h  depth. 
v o i d- s t r a g g l i n g  phenomenon w i l l  c rea te  an i n c r e a s i n g  energy spread a t  a g iven  mass depth as the  i r r a d i a t i o n  
oroceeds. 

Thus the 

24 The energy d e p o s i t i o n  a t  y i s  now w r i t t e n  as: 

where f (R)  i s  the  p r o b a b i l i t y  d i s t r i b u t i o n  f u n c t i o n  which descr ibes  i n t r i n s i c  s t r a g g l i n g 2 7 s 2 8  and SA(R-y+Al 

i s  the  depos i ted  (damage) energy f o r  a p a r t i c l e  w i t h  energy E(R-y+A) where R-y+A i s  the r e s i d u a l  s o l i d  range 
of  the p a r t i c l e .  P ( A 1  i s  the  p r o b a b i l i t y  d i s t r i b u t i o n  f u n c t i o n  which descr ibes  the  vo id- induced s t r a g g l i n g ,  
w i t h  Amin g i ven  by 
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A .  = [  m i  n 
Y - R ,  Y>R 

Equat ion  (61  neg lec t s  the  i n f l uence  of secondary atom energy t r a n s p o r t  and does n o t  c o r r e c t  f o r  secondary 
energy p a r t i t i o n .  We have used a f i r s t - o r d e r  es t ima te  f o r  P I A 1  as a normal ized Gaussian d i s t r i b u t i o n  w i t h  
parameters < A >  g iven by Eq. ( 2 1  and uA g iven by Eq. (51. 

5.4 Upa P r o f i l e  i n  P7 w i t h  Voids 

The f a c t o r  l - @ ( y l  i n  Eq. ( 6 1  does n o t  Change the dpa value a t  depth y s i nce  the  dpa u n i t  i s  de f ined f o r  
s o l i 0  m a t e r i a l .  Also, us ing  the  B r i c e  code (see F igu re  21 t o  c a l c u l a t e  the dpa p r o f i l e  w i t h  i n t r i n s i c  
s t r a g g l i n g  f o r  vo id- f ree  m a t e r i a l ,  we can reduce Eq. (61 t o  s imply 

(71 

t o  c a l c u l a t e  the ins tantaneous dpa r a t e  a t  y i n  the  P7 t a r g e t  w i t h  vo ids .  

5.5 Resu l t s  __ 

We have a p p l i e d  a s imple  f i r s t - o r d e r  es t imate  t o  the  v o i d- s t r a g g l i n g  phenomenon by us ing  a s i n g l e  s e t  of 
parameters, <A> and oA fo r  P(A).  F igu re  4 d i s p l a y s  the depth-dependent ins tantaneous dpa r a t e  i n  the  P7 

t a r g e t  f o r  cases: 

1. < A >  = 0.3 urn, = 0.2 um 2. <A> = 0.2 urn, nA = 0.14 um 

3. 

These parameters, v a l i d  a t  the  peak s w e l l i n g  depth, were computed f rom the  v o i d  parameters of  t h e  P7 samples 

g iven i n  our e a r l i e r  repor t ."  dote the f i n i t e  decrease i n  dpa r a t e  w i t h  i n c r e a s i n g  <A> and oA. 
decrease, termed second-order v o i d  s t r a g g l i n g  e f f e c t s .  w i l l  cause a decrease i n  t h e  dpa r a t e  t o  occur w i t h  
t i m e  (dose) a t  a g iven mass depth f o r  the  h igh- swe l l i ng  P7 a l l o y .  

<A> = 0.07 urn, uA = 0.08 um 4. < A >  = 0.02 urn, oA = 0.03 urn. 

Th i s  

5.6 D iscuss ion 

Cons ide ra t i on  of  these e f f e c t s  of c a v i t a t i o n  on the  dpa r a t e  o f  the  P7 samples i r r a d i a t e d  a t  650'C has l e d  
t o  the c o r r e c t i o n  o f  the s w e l l i n g  versus dpa curve  shown i n  F igu re  1. 
m o d i f i e d  t o  account  f o r  the  r e a l  decrease i n  dpa a t  a g iven mass depth (e.g., s w e l l i n g  peak). The accumu- 
l a t e d  dose l e v e l s  a re  determined by i n t e g r a t i o n  o f  the damage r a t e s  g i ven  i n  F i g u r e  4. 
F i g u r e  5 t h a t  t h e  second-order e f f e c t s  become i m p o r t a n t  a t  s w e l l i n g  l e v e l s  o f  20%. 
are respons ib le  f o r  the l a r g e  value of the v o i d- s t r a g g l i n g  parameter a t  these s w e l l i n g  l e v e l s .  
c o r r e c t e d  s w e l l i n g  r a t e  of  the  P7 a l l o y  approaches 0.7%/dpa a f t e r  a t r a n s i e n t  dose o f  50 dpa and s w e l l i n g  
l e v e l s  - 10%. 

F igu re  5 d i s p l a y s  the  curve  which i s  

It i s  seen f rom 
The l a r g e  - 200 nm vo ids  

The 

A l though severa l  p o s s i b l e  mechanisms18 may account f o r  t h e  s w e l l i n g  r a t e  discrepancy o f  heavy i o n  data w i t h  
neut ron data, the v o i d  s i z e  and dens i t y  d i s t r i b u t i o n  14 MeV N i  i o n - i r r a d i a t e d  P7 n e c e s s i t a t e  t h e  c o r r e c t i o n  
o f  the  accumulated dose a t  the  peak s w e l l i n g  depth. 
l a t e d  dose have shown t h a t  the v o i d- s t r u g g l i n g  phenomenon a c t s  t o  reduce the  dpa va lue  a t  a g i ven  mass 
depth. 
g iven mass depth. 

Simple f i r s t - o r d e r  c o r r e c t i o n s  a p p l i e d  t o  t h e  accumu- 

More accura te  c a l c u l a t i o n s  a re  needed however t o  g i ve  a b e t t e r  es t ima te  o f  the  accumulated dose a t  a 
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l! 
A = 0.02 pm 

oA= 0.03pm 

1 ' I . t .  

1 2 3 4  
DEPTH (pm) 

1 2 3 4  
DEPTH (pm) 

1 2 3 4 
DEPTH (pm) 

FIGURE 4.  Dpa r a t e  i n  P7 w i t h  vo ids .  Damage p r o f i l e  c a l c u l a t e d  f rom Eq. (7) w i t h  a cons tan t  P ( i ) .  
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FIGURE 5. S w e l l i n g  r a t e  o f  P7 w i t h  dose l e v e l s  c o r r e c t e d  t o  account  f o r  v o i d- s t r a g g l i n g  e f f e c t s .  INote t h a t  
the dose l e v e l  c o r r e c t i o n  inc reases  w i t h  s w e l l i n g .  

5.7 Conclus ions 

Simple c o n s i d e r a t i o n  o f  c a v i t a t i o n  on the  dpa p r o f i l e  t o  account  f o r  v o i d- s t r a g g l i n g  e f f e c t s  has l e d  t o  the  
c o r r e c t i o n  o f  the  s w e l l i n g  r a t e  determined f o r  14 MeV N i  i o n - i r r a d i a t e d  P7. P o s t- t r a n s i e n t  r a t e s  were 
0.7%/dpa, which approach those observed dur ing  f a s t  neut ron i r r a d i a t i o n .  
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