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FOREWORD 

T h i s  r e p o r t  i s  t h e  seventeenth 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 Ana l ys i s  and Fundamental S tud i es  (DAFS), which 
i s  one element o f  t h e  Fus ion Reactor  M a t e r i a l s  Program, conducted i n  suppor t  
o f  t h e  Magnet ic Fus ion Energy Program o f  t h e  U. S. Department o f  Energy 
(DOE). 
t h rough  8. 

. 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). 

The OAFS 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  

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 
Other  elements o f  t h e  M a t e r i a l s  Program are:  

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

f r o i i  a number o f  N a t i o n a l  Labo ra to r i es  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 .  I t was o rgan ized  by 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, O f f i c e  o f  Fus ion  Energy, DOE, and a Task 
Group on Damage Ana l ys i s  and Fundamental Stud ies,  which operates under t h e  
auspices o f  t h a t  Branch. The purpose o f  t h i s  s e r i e s  o f  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  o f  t h a t  e f f o r t  f o r  t h e  use o f  t h e  program 
p a r t i c i p a n t s ,  t h e  f u s i o n  energy program i n  genera l ,  and t h e  DOE. 

P lan 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. 
l a b o r a t o r y  may appear throughout  t h e  r e p o r t .  
annotated f o r  t h e  convenience o f  t h e  reader .  

T h i s  r e p o r t  i s  organized 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 

Thus, t h e  work o f  a g i v e n  
The Table  o f  Contents i s  

T h i s  r e p o r t  has been compi led and e d i t e d  under t h e  guidance of t h e  
Chairman o f  t h e  Task Group on Damage Ana l ys i s  and Fundamental Stud ies,  
0. G. Doran, Hanford Eng ineer ing  Development Labo ra to r y  (HEDL). 
e f f o r t s ,  t hose  o f  t h e  suppo r t i ng  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. 
M a t e r i a l s  and R a d i a t i o n  E f fec ts  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. 
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ruaq  9, 1982, t o  implement j o i n t  u t i l i z a t i o n  and support of t he  

RTNS-11 f a c i l i t y .  Irradiat ions were done on a t o t a l  o f  fourteen 
d i f f e r e n t  experimmts t h i s  quarter. Approximately f i v e  weeks o f  

unscheduled outage occurred due t o  problems with the  50-cm target  

seal .  

CHAPTER 2: DOSIMETRY AND DAMAGE PARAMETERS 

1. Room-Return Neutron F l u x  Measurements a t  RTNS-I1 (ANL) 

Neutron ac t iva t ion  measurements have been used t o  determine the 
neutron flux and energy spectrum i n  the  RTNS-II target  room both 

near the  target  and a t  distances of 5, 1 5 ,  30, 120 and 380 ern 
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t o  be constant throughout the  room; it i s  1% of  the t o t a l  f l u x  a t  
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RTNS-I1 IRRADIATIONS AND OPERATIONS 

C. M. Logan and D. W. He ikk inen  (Lawrence L ivermore Na t i ona l  Labora to ry )  

1 .o Ob jec t i ve  

The o b j e c t i v e s  o f  th is  work are o p e r a t i o n  o f  OFE's RTNS-I1 (a 14-MeV 

neut ron  source f a c i l i t y ) ,  machine development, and suppo r t  o f  the e x p e r i -  
mental program t h a t  u t i l i z e s  t h i s  f a c i l i t y .  Exper imenter se rv i ces  i n c l u d e  

dos imetry  hand l ing ,  schedul ing,  coo rd ina t i on ,  and r e p o r t i n g .  
ded ica ted  to m a t e r i a l s  research f o r  t he  f u s i o n  power program. I t s  p r imary  

use i s  t o  a i d  i n  t h e  development o f  models o f  h igh- energy neu t ron  e f f e c t s .  

Such models a r e  needed i n  i n t e r p r e t i n g  and p r o j e c t i n g  to the f u s i o n  

environment eng inee r i ng  data ob ta ined  i n  o t h e r  neu t ron  spect ra.  

RTNS- I1  i s  

2.0 Summary 

Dur ing t h i s  qua r te r ,  a l e t t e r  o f  understanding between the  U.S. (DOE) and 
Japan (Flonbusho) was signed. This implements j o i n t  u t i l i z a t i o n  and 
suppo r t  o f  t h e  RTNS-I1 f a c i l i t y .  I r r a d i a t i o n s  were done on a t o t a l  o f  

f ou r teen  d i f f e r e n t  experiments. 

outage occu r red  due to problems w i t h  t h e  50-cm t a r g e t  seal.  

Approx imate ly  f i v e  weeks o f  unscheduled 

3.0 Program 

T i t l e :  RTNS- I1  Operat ions (WZJ-16) 
P r i n c i p a l  I n v e s t i g a t o r :  C. M. Logan 

A f f i l i a t i o n :  Lawrence L ivermore Na t i ona l  Labora to ry  

4.0 Relevant OAFS Program Plan Task/Subtask 

TASK II.A.2,3,4. 

TASK II.B.3,4 

TASK II.C.1,2,6,11,18. 
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5.1 I r rad ia t ions-C.M.  Logan, D.W. He ikk inen  and M.W. Guinan (LLNL) 

Dur ing  t h i s  q u a r t e r ,  i r r a d i a t i o n s  were done f o r  t h e  f o l l o w i n g  people:  

P r i n c i p a l  Con tac t  

T. I i d a  (Osaka) 

J. Fowler (LANL) 

H. Vonach (V ienna)  

C. Snead (BNL) 

R. Borg (LLNL) 

M. Singh (LLNL) 

R. Van Konynenburg (LLNL) 
R. J a l b e r t  
R. Hartmann (Nor th rop)  

D. K a l e t t a  ( K a r l s r u h e )  
H. k t s u i  (Nagoya) 

B. Schumacher (LLNL) 

D. He ikk inen  (LLNL) 

G. Woolhouse (Aracor )  

Sample 

F i b e r  O p t i c  Cables, I n s u l a t o r s ,  
D i f f r a c t i o n  Gra t ing ,  T rans i s t o r s ,  

Amorphous Meta ls  

Macor, Saphi re 
Nb 
Superconductor 

Geolog ica l  M a t e r i a l s  

Laser  Glass 

MFTF Magnet I n s u l a t e r s  
T r i t i u m  De tec to r  Development 
IC Chips 

Nb, V, N i  
T ic,  L i 2 0  

Nb dos imetry ,  Th in  Proton Recoi l  
Co un t e  r 

Nb dos imet ry  

S i l i c o n  

5.2 RTNS-I1 Status-C. M. Logan and D. W. He ikk inen  

Dur ing the  f i r s t  f i v e  weeks o f  t h i s  q u a r t e r ,  t h e  50-cm t a r g e t  sea l  con- 

t i n u e d  t o  cause problems. 

s t e e l  s t a t o r .  The s t a i n l e s s  s t e e l  s t a t o r  has been rep l aced  b y  a brass 

s t a t o r  s i m i l a r  to the  one used w i t h  the 23-cm t a r g e t s .  Th is  appears t o  

have s o l v e d  t h e  problem. 

These problems were caused by use o f  a s t a i n l e s s  

I r r a d i a t i o n s  have begun f o r  Japanese s c i e n t i s t s  as p a r t  o f  the  j o i n t  

u t i l i z a t i o n  p l a n  f o r  RTNS-11. 
to oversee the e x p e r i m n t a l  program a t  RTNS-11. I n  a d d i t i o n ,  p o i n t s  o f  

A s t e e r i n g  committee has been e s t a b l i s h e d  

4 



contact  have been appointed f o r  both the Japanese and Uni ted States sides. 

These are shown i n  Table 1. 

TABLE 1 
STEERING COMMITTEE AND POINTS OF CONTACT 

U.S. Japan 

Po in t  o f  Contact 0. b r a n  K. Sumita 

HEDL Osaka 

LLNL Monbus ho 
M. Cohen K. Kawamura 

DO E Tokyo I n s t i t u t e  o f  

Steer ing C o n i t t e e  R. Borchers I.  Kawano 

Tech no 1 o gy 

6.0 Future Work 

The f i r s t  meeting o f  the Steer ing Conunittee w i l l  be he ld  i n  Tokyo dur ing  

Ap r i l  1982. I r r ad i a t i ons  w i l l  be continued o r  are  scheduled f o r  T. I i d a  

(Osaka), H. Matsui (Nagoya), M. Guinan (LLNL), J. Fowler (LANL), 

D. Ka le t ta  (Karlsruhe), R. Hartmann (Northrop), and C. Snead (BNL). 

7.0 Pub1 i ca t i ons  

None 
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ROOM-RETURN NEUTRON FLUX MEASUREMENTS AT RTNS-I1 

L. R. Greenwood (Argonne National Laboratory) 

1.0 Objective 

To characterize the neutron flux and energy spectrum in the RTNS-I1 target 

room. 

2.0  Summary 

Neutron activation measurements have been used to determine the neutron flux 

and energy spectrum in the RTNS-I1 target room both near the target and at 

distances of 5, 15, 30, 120, and 380 cm (the backwall). The room-return 

neutron flux and spectrum appears to be constant throughout the room, but 

increasing from 1% of the total flux at 18 cm to 3% at 30 cm and 31% at 

120 cm. 

3.0 Program 

Title: Dosimetry and Damage Analysis 

Principal Investigator: L. R. Greenwood 

Affiliation: Argonne National Laboratory 

4.0 Relevant DAFS Program Plan Task/St CS - 

Task II.A.2.2 Flux-Spectral Definition in RTNS-I1 

Task II.A.2 High-Energy Neutron Dosimetry 
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5.0 Accomplishments and Status 

A joint experiment(l,*) was conducted with Rockwell International and 

Lawrence Livermore Laboratory (LLL) to characterize the neutron flux and 

energy spectrum at the Rotating Target Neutron Source (RTNS-11). Various 

dosimetry samples were irradiated on arcs at distances of 5, 15, 30, 120, and 

380 cm from the source, the last position corresponding to the back door of 

the target room. 

clearly shows the influence of room-return neutrons. 

neutronics calculations to estimate this room-return effect. Our measure- 

ments, including radiometric measurements at Argonne and LLL, was then used 

to adjust the calculated flux-spectra. 

At distances of 30 cm or greater the neutron activation data 

Clint Logan(3) performed 

The radiometric foil measurements are summarized i n  Table 1. 

values are shown at distances of 30 cm or greater. A large number of measure- 

ments were also made at other angles and at closer distances. The presence of 

room-return neutrons is easily evident i n  the activation rates listed i n  

Table 1. Note that whereas the high threshold ( n ,  2n) reactions decrease 

roughly as the distance squared, the lower threshold ( n ,  p) and ( n ,  a )  

reactions show a much smaller decrease while the thermal (n ,  Y )  reactions are 

nearly constant. 

Only the 0' 

The data in Table 1 was used with the STAYSL code to adjust the spectrum cal- 

culated by Logan. The results are illustrated i n  Figures l and 2. Figure l 

shows the final neutron energy spectrum determined at 120 cm from the target 

at 0" to the beam. The spectra at 30 cm and 380 cm are nearly identical 

10 



TABLE 1 

ACTIVATION RATES FOR RTNS-I1 

Values are time-averaged over a 252-hour period. 
Distances from the source are at 0" to the beam. 

Reaction 30 cm 120 cm 380 cm 

59.9 

96.9 

-- 
385. 

25.5 

116. 

18.0 

116. 

51.5 

41.4 

34.8 

48.9 

313. 

15.1 

379. 

178. 

- 
743. 

851. 

53.8 

81.3 

12.0 

276. 

- 

7.40 

1.17 

7.93 

3 .23  

-- 
2.16 

3.01 

19.2 

0.945 

23 .8  

10.7 

13.1 

46.3 

53.1 

55.5 

83.1 

12.0 

270. 

-- 
1.00 

0.129 

1.16 

0.320 

- 
0.217 

0.281 

1.82 

0.087 

2.21 

1.06 

1.31 

4.75 

5.17 
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RTNS-I1 

P i g .  1. Measured Neutron Spectrum a t  the  RTNS-I1 d-t Neutron 
Source a t  LLL a t  a Distance of 30 cm on the  0' Beam 
Axis. The 14.9-MeV Spike is f r m  the  Source and All 
Lower Energy Neutrons a r e  Due t o  Sca t t e r ing  f rm t h e  
Walls. The Room-Return Energy Spectrum is Constant 
Throughout t h e  Target Room. 

Pig.  2. Neutron Flux Maps for the  RTNS-I1  d- t Source a t  LLL. 
The 14.9-MeV Spike Decreases as the  Distance Squared 
Whereas the Room Return Flux is I so t rop ic .  The Roan 
Return Flux is I n s i g n i f i c a n t  (<1%) at  Distances Less 
Than 18 an. 

1 2  



except for the peak at 14.9 MeV. We thus conclude that the room-return flux 

and spectrum is constant and isotropic throughout the target room. The 

adjusted spectra agree quite well with the calculations by Logan. 

Figure 2 illustrates the flux distribution in the RTNS-I1 target room. 

absolute values are for the small targets. 

as the distance squared. All lower energy fluxes appear to be constant. This 

can be expressed mathematically as follows: 

The 

The 14.9-MeV peak (0") decreases 

1 

R2 @(Total) = 40 (-+ c )  (1) 

where @,, is the 14.9-MeV source strength, R is the distance in centimeters, 

and C is the constant ratio of the room return flux to the source strength. 

We find that C - 3.06 x 
total flux and 14.9 MeV flux is then given by: 

~ m - ~ .  The ratio of the room return flux to the 

4(Return) R2 C 

O(Tota1) 1 + R2C = 

@(Re turn) 

4(14.9 MeV) = R2C - 
( 3 )  

Table 2 lists some values calculated using equations ( 2 )  and (3). Obviously, 

caution must be used at distances close to the target (< 5 cm) since finite 

size effects become important. Also, it should be noted that experimental 

assemblies will peturb the flux-spectrum due to scattering and attenuation of 

the neutrons. 

to the beam since the source is not quite isotropic. However, the neutron 

energy and source strength can easily be adjusted for other angles.(4) At 

The equations also do not hold exactly for angles other than 0' 
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back angels  (> 90") e f f e c t s  must a l s o  be included f o r  the  r o t a t i n g  t a r g e t  

i t s e l f .  

Table 2 

ROOM-RETURN NEUTRON FLUX AT RTNS-I1 

R ,  cm ReturnfTotal Return/l4.9 MeV 

5 7.7 10-4 7.7 10-4 

10 3 .1  10-3 3.1 10-3 

15 6.8 x 10-3 6.9 10-3 

30 0.027 0.028 

60 0.099 0.110 

120 0.31 0.44 

200 0.55 1.22 

380 (wal l )  0.82 4.42 

The room-return f l u x e s  (Table 2 )  and energy spectrum (Figure 1 )  a re  e spec ia l ly  

i n t e r e s t i n g  s ince  they a r e  q u i t e  s i m i l a r  t o  t h e  f i r s t  w a l l  of a fus ion  r eac to r .  

The t o t a l  s teady s t a t e  f l u x  a t  100 c m  is about 108 n/cm2-s producing a f luence  

of 1013 n/cm2 in about 24 hours .  With l a r g e r  t a r g e t s  and extended schedules 

a t  RTNS-I1 it may be poss ib l e  t o  achieve a f luence  of 1014 n/cm2 per  week a t  

100 cm from t h e  source where the r e t u r n  f l u x  is about one-fourth of the  t o t a l .  

This f luence is comparable t o  t h a t  proposed f o r  some experiments a t  near- tern 

fus ion  r eac to r s  (TFTR and JET). By p lac ing  moderators near  t h e  source or 

experiment, t h e  r e tu rn  neutron f l u x  could e a s i l y  be increased and t a i l o r e d  f o r  

fus ion  ma te r i a l s  s tud ie s .  
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7.0 Future Work 

Work is continuing t o  c a l c u l a t e  neutron energy spec t r a  a t  RTNS-I1 and t o  

determine t h e  bes t  values f o r  measured a c t i v a t i o n  cross  sec t ions .  A similar 

j o i n t  experiment with RIES and LLL is now being planned f o r  the  l a r g e r  t a r g e t s  

now being used a t  RTNS-11. 

8.0 Publ ica t ions  

1. L.  R .  Greenwood, Neutron Flux and Spec t r a l  Measurements t o  Character ize 

I r r a d i a t i o n  F a c i l i t i e s  f o r  Fusion Mater ia l s  S tudies ,  Proceedings of the  

Fourth ASTM-EURATOM Symposium on Reactor Dosimetry, March 22-26, 1982, 

National Bureau of Standards, Gaithersburg,  MD. 
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R T N S - I 1  FLUENCE MAPPING AND HELIUM GENERATION CROSS SECTIONS 

0.  W .  Knef f ,  B. M. O l i v e r ,  M. M. Nakata, and H. F a r r a r  I V  (Rockwell  I n t e r n a -  

t i o n a l ,  Energy Systems Group) 

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 h i s  work a re  t o  measure he l i um genera t i on  r a t e s  o f  mate- 

r i a l s  f o r  Magnet ic  Fus ion Reactor  a p p l i c a t i o n s  i n  the -14.8-MeV T(d,n) neu t ron  

environment, t o  c h a r a c t e r i z e  the T(d,n)  neu t ron  f i e l d  o f  the R o t a t i n g  Ta rge t  

Neutron Source- I1  (RTNS- II),  and t o  develop he l i um accumulat ion neu t ron  

dosimeters f o r  t h i s  t e s t  environment. 

2.0 Summary 

Neutron f l u e n c e  contours  have been c a l c u l a t e d  f o r  the h i g h - f l u x  r e g i o n  o f  t h e  

RTNS-I1 sample i r r a d i a t i o n  volume, and t h e  cross s e c t i o n  o f  e lemental  l e a d  has 
been determined f o r  14.8-MeV neutrons.  

3 .0  Program 

T i t l e :  Hel ium Genera t ion  i n  Fus ion Reactor  M a t e r i a l s  

P r i n c i p a l  I n v e s t i g a t o r s :  D .  W .  Knef f  and H. F a r r a r  I V  

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 ,  Energy Systems Group 

4 .0  Re levant  OAFS Program Plan Task/Subtask 

Subtask I I .A .2 .2  F lux- Spec t ra l  D e f i n i t i o n  i n  RTNS-I1 

Subtask I I .A .4 .2  T(d,n) Hel ium Gas Product ion  Data 
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5.0 Accomplishments and Sta tus  

5 .1  RTNS- I1  Neutron Fluence Map 

Neutron f l u e n c e  contours have been c a l c u l a t e d  f o r  t he  h i g h - f l u x  sample i r r a -  

d i a t i o n  r e g i o n  o f  t h e  RTNS- I1  neu t ron  f i e l d .  

f l u e n c e  map generated as p a r t  o f  a j o i n t  Rockwell I n te rna t i ona l - A rgonne  
Na t i ona l  Labora to ry  (ANL)-Lawrence L ivermore Na t i ona l  Labora to ry  (LLNL) 

RTNS- I1  source c h a r a c t e r i z a t i o n  exper iment.  The exper imenta l  i r r a d i a t i o n  

geometry was descr ibed  i n  d e t a i l  i n  a p rev ious  r epo r t ," )  and the  f l uence  

mapping r e s u l t s  ( n o t  p r e v i o u s l y  r e p o r t e d )  have been used i n  t h e  de te rm ina t i on  

o f  t h e  h e l i u m  gene ra t i on  cross s e c t i o n s  f o r  severa l  pure elements and sepa- 

r a t e d  i so topes  i nco rpo ra ted  i n  t he  i r r a d i a t i o n .  ( * )  The f l uence  map and the  

generated contours a r e  presented below. 

They were ob ta ined  from the  

The f l u e n c e  map was de r i ved  f rom the  r a d i o m e t r i c  and he l i um accumulat ion 
dos imet ry  m a t e r i a l s  i r r a d i a t e d  i n  a m i n i a t u r e  (20-mm-diameter by 8-mm- 

t h i c k )  capsule,  mounted 0.76 mm from t h e  f r o n t  f ace  o f  t he  r o t a t i n g  t a r g e t  

assembly. The a c t i v a t i o n  f o i l s  and pure element w i r e  dosimeters were 

segmented a f t e r  t h e  i r r a d i a t i o n  and analyzed, r e s p e c t i v e l y ,  f o r  a c t i v i t y  

l e v e l s  ( a t  ANL and LLNL) and generated hel ium.  

performed by f i r s t  c o n s t r u c t i n g  an average map from t h e  r a d i o m e t r i c  dos imet ry  
da ta ,  assuming a c i r c u l a r  deuteron beam shape. The magnitude o f  a s l i g h t  
capsule o f f s e t  f rom t h e  deuteron beam a x i s  was f i r s t  determined us ing  a s e r i e s  

o f  leas t- squares  f i t s  across the  segmented f o i l  data.  Th is  o f f s e t  ( 1 . 1  mm) 
was then i n c o r p o r a t e d  i n  a m u l t i p l e  r e g r e s s i o n  a n a l y s i s  t o  eva lua te  t he  

cons tan ts  i n  an e m p i r i c a l  model o f  t he  f l u e n c e  p r o f i l e .  

The f l uence  mapping was 

Th i s  e m p i r i c a l  model was then compared w i t h  t he  h e l i  um concen t ra t i on  g rad ien t s  

measured i n  t he  more f i n e l y  segmented pure  element dos imet ry  w i r e s .  

p rev ious  RTNS- I  c h a r a c t e r i z a t i o n  exper iments,  t he  he l ium da ta  revea led  s i g n i f -  

i c a n t  asymmetries i n  t h e  neu t ron  f l u e n c e  p r o f i l e s .  (3'4) I n  t h e  p resen t  case, 

t h e  he l ium measurements demonstrated t h a t  t he  f l uence  p r o f i l e  f o r  t h e  RTNS- I1  

I n  
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i r r a d i a t i o n  was generally symmetric, which i s  a t t r ibu ted  i n  pa r t  t o  the l a rge r  
neutron source spot ( l a rge r  deuteron beam diameter) in close proximity t o  the 
capsule. 
i r r a d i a t i o n .  

No adjustments were made t o  the radiometric fluence map f o r  t h i s  

5 The empirical fluence model derived f o r  t h i s  i r r a d i a t i o n  (9 .3  x 10 
122.6 h beam time) i s  given by the following expression: 

n C ,  

Here R i s  the radia l  dis tance from the neutron source axis ( i n  mm), A Z  i s  the 
axia l  dis tance from the f ront  face of the i r r ad ia t ion  capsule ( m m ) ,  and  0 i s  
t h e  t o t a l  fluence ( i n  u n i t s  of  1017 n/cm ) a t  any given position ( R , A Z )  w i t h i n  
the capsule. The evaluated constants f o r  t h i s  expression a re :  

2 

Co = 10.523 

C 3  = 0.003 
A = 3.816 
B = 12 

C 2  = -0.105 

The capsule distance AZ i s  re la ted  t o  the axial  dis tance from the outside face 
of the ro ta t ing  t a r g e t  assembly ( Z )  by 

Z ( m m )  = A Z ( m m )  t 0.76 mm. 

Note t h a t  t h i s  map has n o t  been adjusted f o r  neutron at tenuation by the 
capsule and i t s  contents ,  and  i s  thus n o t  a "f ree  space" map. The average 
neutron transmission th rough  the e n t i r e  capsule i s  roughly estimated t o  be 
about 88%. 
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The r e l a t i v e  u n c e r t a i n t i e s  i n  t h e  f luence map (due, f o r  example, t o  smal l  

asymnetr ies i n  t h e  f l u e n c e  p r o f i l e )  a re  t5%, r e p r e s e n t i n g  the  r e g i o n  f o r  which 

0 5 2 5 8.4 mm and 0 5 R 5 8 mm. 

the  capsu le  c o n t a i n i n g  the  analyzed dos imet ry  m a t e r i a l s .  

dos ime t ry  m a t e r i a l s  were l o c a t e d  a t  R -9 mm, b u t  have n o t  y e t  been c o r r e l a t e d  

w i t h  t h e  map. 

above r e l a t i v e  u n c e r t a i n t i e s ,  a c t i v a t i o n  coun t ing  u n c e r t a i n t i e s ,  and a i4% 

These l i m i t s  correspond t o  the  volume o f  

Some a d d i t i o n a l  

The abso lu te  f l u e n c e  map u n c e r t a i n t y  i s  *7%, which i n c l u d e s  the  

u n c e r t a i n t y  i n  the  93Nb(n,2n)92mNb cross s e c t i o n  used t o  normal ize  the  map. ( 5 )  

Fluence contours  ( l i n e s  of cons tan t  f l u e n c e )  d e r i v e d  from t h i s  e m p i r i c a l  map 

a r e  shown i n  F i g u r e  1. Th is  f i g u r e  a l s o  i n d i c a t e s  t h e  geometry of t he  capsule 
r e l a t i v e  t o  the  beam a x i s .  

p resen t  ove r  the  smal l  capsule th i ckness  demonstrate the  importance o f  pass i ve  

dos ime t ry  i n  t h i s  t ype  of f a s t  neu t ron  i r r a d i a t i o n  exper iment .  

The l a r g e  (> f a c t o r  o f  5 )  f luence g r a d i e n t s  
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FIGURE 1. 
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5.2 Helium Generation Cross Section f o r  Lead 

Total helium generation cross sect ion measurements have been completed f o r  
pure element l ead ,  i r r a d i a t e d  i n  the  -14.8-MeV T(d,n)  neutron spectrum of 
RTNS-11. 
Basic Energy Sciences of .the U.S.  Department of Energy, to determine helium 
generation cross sect ions  of a wide var ie ty  of elements and isotopes o f  
i n t e r e s t  t o  the fusion community. 
combining the  helium measurement f o r  each of s ix  samples w i t h  the neutron 
fluence a t  each sample's i r r a d i a t i o n  posi t ion (see Section 5 . 1 ) ,  and averaging 
the  s i x  values. 

These measurements were p a r t  of a program supported by the Office of 

The cross sect ion of lead was determined by 

The f i n a l  cross sect ion value i s  0.62 + 0.05 mb. 

Lead i s  of i n t e r e s t  i n  fusion reac to r  designs as a component of candidate 
blanket mater ia ls .  
compounds ( including PbO, PbF2,  PbS)  ideal  f o r  i r r a d i a t i n g  and measuring 
helium generation i n  the hard-to-handle elements oxygen, f luor ine ,  and  s u l f u r .  
Helium analys is  of these mate r ia l s ,  which were a l so  i r rad ia ted  a t  RTNS-11, i s  
now i n  progress. 

I t s  low helium generation cross sect ion a l so  makes lead 
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7.0 Fu tu re  Work 

The h e l i u m  analyses o f  RTNS- i r rad ia ted m a t e r i a l s  w i l l  cont inue.  RTNS-I1 

analyses a r e  near comple t ion  f o r  L i ,  'L i ,  ' L i ,  C ,  0, F, and t h e  cand idate  

f u s i o n  a l l o y s  316 s t a i n l e s s  s t e e l ,  HT9, and 9CrlMo. 

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

None. 
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HELIUM ACCUMULATION NEUTRON DOSIMETRY FOR THE OMEGA WEST REACTOR 

D. W .  K n e f f ,  6 .  M. O l i v e r ,  H. F a r r a r  I V  (Rockwel l  I n t e r n a t i o n a l ,  Energy 

Systems Group),  and L .  R .  Greenwood (Argonne N a t i o n a l  Labora to ry )  

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

The o b j e c t i v e  o f  t h i s  work i s  t o  app ly  he l i um  accumulat ion p l u s  r a d i o m e t r i c  

neu t r on  dos imet ry  t o  t h e  measurement o f  neu t ron  f l uences  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 a t e r i a l s  t e s t i n g .  

2.0 SumarK  

Neutron energy spectrum u n f o l d i n g  u s i n g  combined he l ium accumulat ion and 

r a d i o m e t r i c  measurements has been demonstrated f o r  t h e  neu t ron  environment o f  
t h e  Omega West Reactor .  

3.0 Program 

T i t l e :  Hel ium Generat ion i n  Fus ion Reactor M a t e r i a l s l D o s i m e t r y  and Damage 

Ana l ys i s  

P r i n c i p a l  I n v e s t i g a t o r s :  0 .  W .  Knef f ,  H. F a r r a r  I V ,  and L .  R .  Greenwood 

A f f i l i a t i o n :  Rockwel l  I n t e r n a t i o n a l  and Argonne N a t i o n a l  Labora to ry  

4.0 Re levan t  OAFS Program Plan Task/Subtask 

Subtask I 1  . A . 1 . 1  F lux- Spec t ra l  D e f i n i t i o n  i n  a T a i l o r e d  F i s s i o n  Reactor 

5.0 Accomplishments and Status 

Hel ium accumulat ion and r a d i o m e t r i c  neu t ron  dos imetry  measurements made f o r  

t h e  Omega West Reactor  (OWR) a t  Los Alamos have been used t o  demonstrate 
combined s p e c t r a l  u n f o l d i n g  i n  a mixed-spectrum r e a c t o r  neu t ron  environment.  
The measurements were made as p a r t  o f  t h e  OWR s p e c t r a l  c h a r a c t e r i z a t i o n  
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exper iment  per formed i n  October 1980. The i r r a d i a t i o n  and the r a d i o m e t r i c  
dos imet ry  r e s u l t s  have been desc r ibed  i n  a p rev ious  r e p o r t .  ( 1 )  

The h e l i u m  accumulat ion dos imet ry  was p rov ided  p r i m a r i l y  by A1-0.7% 6 L i  and 
A1-0.5% B a l l o y  w i r e s  p l u s  pure  element copper w i r e .  ' Samples o f  a l l  t h r e e  

m a t e r i a l s  were i r r a d i a t e d  w i t h i n  gado l i n ium cover f o i l s ,  and a d d i t i o n a l  

samples o f  t h e  a l l o y  w i r e s  p l u s  aluminum were i r r a d i a t e d  w i t h o u t  covers.  

S e l f - s h i e l d i n g  e f f e c t s  were c a l c u l a t e d  t o  be - 0.2% f o r  the  covered m a t e r i a l s  

and -14% f o r  t h e  uncovered m a t e r i a l s .  

per formed f o r  these m a t e r i a l s .  

7.6-hour, 8.0-MW i r r a d i a t i o n  a r e  summarized i n  Table 1. 

A t o t a l  o f  20 he l i um analyses were 

The h e l i u m  concen t ra t i ons  produced by the  

TABLE I 
SUMMARY OF HELIUM GENERATION RESULTS FROM THE 

OMEGA WEST REACTOR SPECTRAL CHARACTERIZATION IRRADIATION 

Average 4He With Respect 
M a t e r i  a1 Cover Atom F r a c t i o n  t o  

A1-0.7% 6 L i  A1 1.32 6 L i  

Gd 1.34 'jti 

A1-0.5% B A1 5.42 1°B 

Gd 5.62 1°B 

c u  Gd 3.66 x 10-l '  cu  

A 1  A1 7.72 x loT1' A1 

S p e c t r a l  u n f o l d i n g  c a l c u l a t i o n s  were per formed us ing  the  u n f o l d i n g  code 
STAY'SL.(2) 

h e l i u m  accumula t ion  data.  The s p e c t r a l  u n f o l d i n g  r e s u l t s  ob ta ined  w i t h  the  
i n c l u s i o n  o f  'L i ,  'OB, and Cu he l i um p r o d u c t i o n  r e a c t i o n  r a t e s  are  shown i n  

F i g u r e  1, and the  r e a c t i o n s  used i n  t h e  u n f o l d i n g  a re  summarized i n  Table 2 .  
ENOF/B-V (n,a) c ross  s e c t i o n s ( 3 )  were used f o r  the  he l i um genera t i on  r e a c t i o n s  

The u n f o l d i n g  r e s u l t s  i n d i c a t e  t h a t  t h e  L i ( n , a )  and Cu(n,a) c ross  s e c t i o n s  

These c a l c u l a t i o n s  were per formed bo th  w i t h  and w i t h o u t  the  

6 
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FIGURE 1. Unfo lded F l u x  Spectrum f o r  t h e  Omega West Reactor a t  8 MW, 
Core Center.  

a r e  c o n s i s t e n t  w i t h  the  ENDF/B-V r a d i o m e t r i c  cross s e c t i o n s .  The 1°B(n,a) 
r e s u l t s  a r e  a l s o  i n  e x c e l l e n t  agreement, b u t  t h i s  a n a l y s i s  does n o t  p r o v i d e  an 

independent c ross  s e c t i o n  t e s t ,  because t h e  'OB concen t ra t i on  o f  t h e  A l - B  

a l l o y  was o r i g i n a l l y  determined r e l a t i v e  t o  t h e  6 L i  c o n t e n t  o f  the  A1-Li 
a l l o y ,  i n  a separate  thermal neu t ron  i r r a d i a t i o n .  

T h i s  OWR exper iment  u t i l i z e d  a l a r g e  number o f  r a d i o m e t r i c  r e a c t i o n s ,  and 

s p e c t r a l  u n f o l d i n g  w i t h o u t  t h e  he l i um  da ta  generated a n e a r l y  i d e n t i c a l  

spectrum. 

t o  demonstrate t h e  combined u n f o l d i n g  and the  cons is tency  o f  t h e  spectrum- 

i n t e g r a t e d  c ross  s e c t i o n s .  

t h e  H igh  F l u x  I so topes  Reactor (HFIR) and the  Oak Ridge Research Reactor  (ORR), 

on t h e  o t h e r  hand, have l i m i t e d  r a d i o m e t r i c  dos imetry ,  due t o  l o n g  i r r a d i a t i o n  

t imes  and burn-up by t h e  h i g h  f l u x e s .  

c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  s p e c t r a l  u n f o l d i n g  f o r  these i r r a d i a t i o n s .  

The he l i um  accumulat ion measurements were i n c l u d e d  here  p r i m a r i l y  

Long- term r e a c t o r  exper iments now i n  progress i n  

Helium accumulat ion i s  expected t o  

6.0 References 

1. L .  R .  Greenwood, " Cha rac te r i za t i on  o f  t h e  Omega West Reactor  (LASL)," 
Damage A n a l y s i s  and Fundamental Stud ies,  Q u a r t e r l y  Progress Repor t  
October-December 1980, DOE/ER-0046/4, V o l .  1, U . S .  Department o f  Energy, 
16 (1981) .  
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TABLE 2 
DOSIMETRY REACTIONS USE0 FOR OUR SPECTRAL UNFOLDING 

Reaction 

6Li  (n,X)helium 

'OB(n ,X )he1 ium 

4 5 ~ c ( n  , y ) 4 6 ~  

59co (n . y )60CO 

58Fe (n , Y ) ~ ' F ~  

1 7 6 ~ u ( n , y ) 1 7 7 ~ u  

197Au(n,y)198Au 

2% (n , f ) 
2 3 8 ~ ( n  , y )239~ 

176Lu(n,y)177Lu ** 
4 5 ~ c ( n , y ) 4 6 ~ c  ** 
'OB(n ,X)helium ** 
6Li  (n,X)helium ** 
5 9 ~ o ( n , y ) 6 0 ~ o  ** 
58Fe(n,y)59Fe ** 
2 3 5 ~ ( n  ,f) *t 

6 3 ~ u ( n , y ) 6 4 ~ u  ** 
237Np(n,y)238Np ** 
Ig7Au (n ,y)lg8Au ** 

(n , y ) 2 3 9 ~  ** 
237Np(n,f) 

*% ( n , f)  

54Fe(n &)54Mn 

58Ni ( n , ~ ) ~ ~ C o  
46Ti(n,p) 46 Sc 

6oNi (n ,~ )~ 'Co  

%(n , a ) 6 0 ~ o  

Cu(n,X)helium 
54Fe(n,a) 5 1  C r  

48Ti (n , P)~'SC 
27Al(n,a) 24 Na 

93Nb(n,2n)92mNb 
55Mn(n,2n) 54 Mn 

" ~ r ( n  ,2n )89~r  

Ener y Range* Average 
$MeV) Deviat ion? 

~ ~~ 

I - 4 -0.1% 
I 10-9 . 4 10-7 +o.o% 
1 - 4 IO-' -5.7% 

I - 1 +1.8% 
I - 2 +4.1% 

1 10-8 - 1 10-7 +4.3% 
1 x 10-8 - 4 x 10-6 

2 10-8 - 2 -4.0% 

8 - 2 -2.4% 
8 - 2 +0.5% 

8 - 3  IO-^ -2.4% 
8 - 1 -0.6% 

8  IO-^ - 3 +3.a 
E x 10-8 - 3 x +1.3% 
8 - 7 -8.3% 
I - 1 +15.2% 

4 - 2 -0.2% 

-1.1% 
+0.5% 1 x lo-' - 2 x 

8 x lo-' - 9 x +7.2% 

8 x - 6 x +l.l% 

0.36 - 5.0 +1.6% 

1.4 - 6.0 -0.1% 
2.0 - 6.7 +1.3% 
2.0 - 6.7 -4.2% 
3 .7  - 9.0 -1.6% 

4.5 - 10 -9.1% 

4.5 - 10 +2.6% 
5.0 - 11 t4.0% 
5.0 - 11 +6.4% 
5 . 5  - 12 t6.1% 

6.0 - 12 -1.3% 

9.0 - 14 t3.3% 
11 - 17 +1.8% 
12 - 18 -4.1% 

;90% response range 
Percentage d e v i a t i o n  o f  measured from ca lcu la ted  
reac t ion  i n t e g r a l  

**Gadolinium cover f o i l  
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2 .  F .  6 .  Perey, Least Squares Dosimetry Unfolding: The Program STAY'SL,  
ORNL/TM-6062, Oak Ridge National Laboratory (1977); as modified by 
L .  R .  Greenwood, Argonne National Laboratory (1979). 

3 .  National Nuclear Data Center, Brookhaven National Laboratory. 

7.0 Future Work 

Mixed-spectrum reac to r  dosimetry development and use wi l l  continue,  w i t h  near- 
term analys is  emphasis on current  O R R  and HFIR experiments. 

8.0 Publications 

A paper e n t i t l e d  "A Review of Helium Accumulation Neutron Dosimetry f o r  Fusion 
Neutron Test  Environments," by D .  W .  Kneff, H .  Farrar  I V ,  and L .  R .  Greenwood, 
was presented a t  the Fourth ASTM-EURATOM Symposium on Reactor Dosimetry, 
Gaithersburg, Maryland, on March 24,  1982, and has been submitted f o r  publ i-  

cat ion i n  the symposium proceedings. 
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COMBINED HELIUM ACCUMULATION AND RADIOMETRIC DOSIMETRY FOR Be(d,n) NEUTRON 
SPECTRA 
L. R. Greenwood (Argonne Na t i ona l  Labo ra to ry ) ,  D. W .  Kne f f ,  and H. F a r r a r  I V  

(Rockwell I n t e r n a t i o n a l ,  Energy Systems Group) 

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

The o b j e c t i v e s  o f  t h i s  work a re  t o  c h a r a c t e r i z e  t he  Be(d,n) neu t ron  env i ron-  

ment and t o  develop he l i um accumulat ion and r a d i o m e t r i c  neu t ron  dosimeters f o r  

r o u t i n e  neu t ron  f l u e n c e  and energy spectrum measurements i n  Be(d,n) and 
L i ( d , n )  neu t ron  f i e l d s .  

2.0 Summary 

Neutron energy spectrum u n f o l d i n g  us ing  combined he l ium accumulat ion and 

r a d i o m e t r i c  measurements has been demonstrated f o r  t he  Be(d,n) neu t ron  

environment.  

3.0 Program 

T i t l e :  Dosimetry and Damage Ana l ys i s lHe l i um Generat ion i n  Fus ion Reactor 

M a t e r i a l s  
P r i n c i p a l  I n v e s t i g a t o r s :  L. R. Greenwood, D. W .  Kne f f ,  and H. F a r r a r  I V  
A f f i l i a t i o n :  Argonne Na t i ona l  Labora to ry  and Rockwel l  I n t e r n a t i o n a l  

4.0 Relevan t  DAFS Program Plan Task/Subtask 

Subtask I I . A . 2 . 1  F lux- Spec t ra l  D e f i n i t i o n  i n  the  Be(d,n) F i e l d  

5.0 Accomplishments and Sta tus  

Combined h e l i u m  accumula t ion- rad iomet r i c  neu t ron  dos imetry  s p e c t r a l  u n f o l d i n g  

has now been performed f o r  t he  Be(d,n) neu t ron  environment produced by 30-MeV 
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deuterons. The object ive of the work was t o  demonstrate the use of the 
measured dosimetry d a t a  from both techniques in spectral  unfolding calcula-  
t ions .  
i za t ion  o f ,  and  routine dosimetry i n ,  the neutron i r r ad i a t ion  f i e l d  of the 
Fusion Materials I r rad ia t ion  Test Fac i l i t y  (FMIT). The calculat ions were 
performed using dosimetry data derived from a Be(d,n) character izat ion experi-  

Such combined spectral  unfolding i s  being developed fo r  the character-  

ment tha t  has been described in  de ta i l  previously. (1) 

Spectral unfolding was performed a t  0' ( r e l a t i v e  t o  the deuteron beam a x i s )  a t  
a distance of 17 mn from the center of the beryllium t a rge t .  
corresponds t o  the f ron t  face of a stack of radiometric dosimetry f o i l s .  
helium analysis  r e s u l t s  from seven A l ,  Fe, and  C u  pure element dosimetry rings 
located near t h i s  f o i l  stack were geometrically extrapolated to the plane of 
the f o i l s .  
and the dosimetry reactions used are  l i s t e d  i n  Table 1. Radiometric cross 
sect ions fo r  neutron energies <. 20 MeV were based on ENOF/B-V,(3) and  cross 
sect ions > 20 MeV were taken from Ref. 4.  ENDF/B-V (n,a)  cross sect ions were 
used f o r  Cu and A1 helium production below the ( n , n a )  thresholds (-12 MeV),  

and the (n , to t a l  helium) s t a t i s t i c a l  model calculat ions of F .  M .  Mann were 
used a t  higher energies . (5)  The Fe(n , to ta l  helium) cross sect ion was taken 
from Arthur and Young. (6) The resu l t ing  unfolded neutron energy spectrum i s  
shown in  Figure 1. 

This location 
The 

The spectral  unfolding code STAY'SL was used fo r  the ana lys i s ,  ( 2 )  

T h e  r e su l t s  demonstrate the f e a s i b i l i t y  of using combined helium accumulation/ 
radiometric spectrum unfolding fo r  b road  fast-neutron energy d i s t r i b u t i o n s .  
I n  the present case,  the helium accumulation materials used in the unfolding 
were based in  p a r t  on the a v a i l a b i l i t y  of energy-dependent to ta l  helium 
production cross sect ion information. The unfolding demonstrates t h e i r  
s imi la r  energy s e n s i t i v i t i e s  (Table 1) .  Future work wil l  inves t iga te  mate- 
r i a l s  with d i f f e r en t  expected energy responses, such a s  g o l d  fo r  higher 
energ ies ,  and emphasis wil l  be placed on materials t ha t  can be analyzed for 
b o t h  ac t iva t ion  y ie lds  and  helium generation ( e . g . ,  Co, Ni, A u ) .  
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TABLE 1 
DOSIMETRY REACTIONS USED FOR Be(d,n) 

NEUTRON SPECTRUM UNFOLDING 

Ener y Range* Average 
Reaction ?MeV ) oevi a t i o n t  

5 9 ~ o ( n  ,Y ) 6 0 ~ o  
l9 7A u n .Y ) .198Au . _  
"Ni (n,p)58Co 

59Co(n ,pI5'Fe 

54%56Fe(n,X) 54 Mn 

- - .  
60Ni(n,p) 60 Co 

27Al(n,a) 24 Na 

54Fe(n,a) 5 1  C r  

Fe(n ,X)heli urn 
A1 (n ,X )he1 i urn 
Cu( n ,X)hel iurn 

lg7Au(n ,2n) lg6Au 

93Nb( n 
59~o(n,2n) 58 co 

"~r (n ,2n)  89 Z r  
58Ni(n,2n) 57 N i  

197Au(n,3n)195Au 
5 9 ~ o ( n , 3 n ) 5 7 ~ o  

197Au(n,4n)194Au 

- 13.5 

- 4.0 

3.0 - 17.5 
3.5 - 25 

6.5 - 19 

7.0 - 19.5 

8.5 - 18.5 

8.5 - 22 
8.5 - 25 

9.0 - 25 

9.0 - 26 

10 - 20 

10.5 - 20 

12 - 23 

13 - 25 

13.5 - 24 

17 - 27 
2 1  - 30 

25 - 32 

-1.9% 

-0.1% 
+6.6% 

-6.8"L 

-2.6% 

+9.1% 

-0.9% 
- 2.7% 

+16.0% 

+0.6% 

-1.9% 

+O .5% 
-12.0% 

-3.8% 

-1.1% 

+15.4% 
-10.2% 
+3.8% 

+ l .  5% 

*90% response range 
?Percentage dev ia t ion  o f  measured from calculated 

reac t i on  i n t e g r a l  
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7.0 Fu tu re  Work 

Since t h i s  Be(d,n) i r r a d i a t i o n  exper iment  i n c l u d e d  a s u f f i c i e n t l y  l a r g e  number 

o f  r a d i o m e t r i c  dos imet ry  r e a c t i o n s  t o  e x t e n s i v e l y  c h a r a c t e r i z e  t h e  neu t ron  

f i e l d ,  the  emphasis on f u r t h e r  he l i um work w i l l  be on i n t e g r a l l y  t e s t i n g  

( n , t o t a l  he l i um)  c ross  s e c t i o n  e v a l u a t i o n s  by  comparison w i t h  the  he l i um 
measurements. 

t o  p r o v i d e  some energy-dependent i n f o r m a t i o n ,  s i n c e  the  neu t ron  energy spec- 
t rum changes r a p i d l y  w i t h  source angle. 

Comparisons made a t  severa l  neu t ron  source angles a re  expected 

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

A paper e n t i t l e d  "A Review o f  Hel ium Accumulat ion Neutron Dosimetry f o r  Fusion 

Neutron T e s t  Environments," by  0. W. Kne f f ,  H. F a r r a r  I V ,  and L .  R. Greenwood, 

was presented a t  t h e  F o u r t h  ASTM-EURATOM Symposium on Reactor  Dosimetry,  
Ga i the rsbu rg ,  Maryland, on March 24, 1982, and has been submi t ted  f o r  p u b l i c a-  

t i o n  i n  t h e  symposium proceedings.  
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NEUTRON DOSIMETRY MEASUREMENTS FOR THE HFIR-CTR32 IRRADIATION 

L. R. Greenwood and R. K. Smither (Argonne National Laboratory) 

1.0 Objective 

To establish the best practicable dosimetry for fission reactors and to 

provide dosimetry and damage analysis for OFE experiments. 

2 .o Summary 

Results are presented for the HFIR-CTR32 irradiation. 

was 4.80 x n/cm2 (1.24 x n/cm2 above 0.1 MeV). The status of all 

other fission reactor dosimetry is summarized in Table I. 

The maximum fluence 

3.0 Program 

Title: Dosimetry and Damage Analysis 

Principal Investigator: L. R. Greenwood 

Affiliation: Argonne National Laboratory 

4.0 Relevant DAFS Program Plan Task/Subtasks - 

Task II.A.l Fission Reactor Dosimetry 

Dosimetry Results for the HFIR-CTR32 Irradiation - 5 .O 

The CTR32 irradiation in the PTP of the High Flux Isotopes Reactor (HFIR) at 

Oak Ridge National Laboratory was conducted from August 17, 1980 to 

December 12, 1980 for a total exposure of 124 days (10,863 Mh'D). dosimeters 

were inserted at 12 vertical heights in the experiment. Six of the dosimetry 
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Table I 

Status of Reactor Experiments 

Pacility/Experiment 

ORR - MFEl 
- WE2 

- MFE4A 
- MFE4B, C 
- TBC07 
- TRIO - Test 

- 

AFIR - CTR32 - 

- CTR30, 31, 34, 35 
- T1, T2, T3 

- RB1, RB2, RB3 

- CTR39, 40, 41 
Omega West - Spectral Analysis 

- HEDL 1 

EBR I1 - X287 

IPNS - LASL 1 (Hurley) - 

Status/Conrments 

Completed 12/79 

Completed 06/81 

Completed 12/81 

Irradiation in Progress 

Completed 07/80 

Irradiations in Progress 

Completed 04/82 

Irradiations in Progress 

Irradiations in Progress 

Irradiations in Progress 

Planning in Progress 

Completed 10/80 

Completed 05/81 

Completed 09/81 

Irradiation 02/82 
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capsules  contained radiometr ic  monitors (Ni,  Cu, 0.1% Co-A1, 80% Mn-Cu, Nb, 

T i ,  and Fe).  The o the r  six capsules  contained helium accumulation monitors 

supplied by Rockwell I n t e r n a t i o n a l  (Fe, Ni, Cu, Nb, T i ) .  

were gamma counted a t  ANL. The helium monitors a s  we l l  a s  some of the radio- 

metr ic  samples were then s e n t  t o  Rockwell f o r  helium a n a l y s i s .  

A l l  of the samples 

The radiometr ic  dosimetry r e s u l t s  are given i n  Table 11. 

were applied t o  a l l  of the  r eac t ions ,  although most co r rec t ions  were <10 per- 

cen t .  The 50Co(n,y) and 58Fe(n,y) reac t ions  r equ i re  s i g n i f i c a n t  co r rec t ions ,  

20-30% f o r  cobal t  and 10-20% f o r  i r o n .  I n  the  i ron  case ,  the  l a r g e s t  correc-  

t i o n  is due to  double capture  i n  57Fe. A self- consis tency t e s t  insures  t h a t  

these  burnup co r rec t ions  a r e  q u i t e  accura te  ("2%). T h i s  is a l s o  confirmed by 

t h e  exce l l en t  agreement between the  var ious  thermal neutron r eac t ions .  The 

co r rec t ions  t o  54Mn from the  54Fe(n,p) and 55Mn(n,Zn) reac t ions  a r e  uncer ta in  

s ince  the 54Mn thermal c ross  sec t ion  i s  not known (<lo barns) .  

an average c ross  sec t ion  of 5 barns ,  then the S4Mn correc t ions  have an 

unce r t a in ty  of &%. All other  cor rec ted  a c t i v i t i e s  a r e  accurate  t o  2%. 

Burnup co r rec t ions  

I f  w e  assume 

The STAYSL computer code was used t o  determine f l u x  and s p e c t r a l  va lues .  The 

a c t i v a t i o n  r a t e s  i n  Table I were used t o  ad jus t  a HFIR spectrum ca lcu la t ed  by 

Kam and Swanks.l Excel len t  agreement was found between t h i s  spectrum and our 

dosimetry r e s u l t s  (Table 11). The f i n a l  ad jus ted  spectrum i s  shown i n  

Figure 1. Fluence values a r e  l i s t e d  i n  Table 111. V e r t i c a l  f luence  gra- 

d ien t s  were a l s o  determined from the da ta  i n  Table I and these  g rad ien t s  a r e  

shown i n  Figure 2 .  
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Table I1 

Activation Rates for HFIR-CTR32 

Height, 

og(atom/atom-s) (100 Mw) 

cm 59Co(n y) 58Pe(n y) 54Pe(nip) 46Ti(n ) 55Mn(n,2n) 63Cu(n,a) 
(x 10-4) (X 10-4) (X  10- ) (X lo-i!) ( X  10-13) (x 10-13) 

20.8 

16.7 

12.5 

4.18 

I 

5.56 

1.27 

1.37 

1.70 

4.13 

5.22 

6.44 

-- 
- 
9.43 

1.23 

- 

1.94 

3.11 

- 
4.42 

4.2 7.21 

0.0 -- 
-4.2 7.28 

-8.3 - 

-12.5 5.76 

-16.7 - 
-20.8 4.22 

2.17 6.99 10.46 2.13 

- - 10.34 - 

2.19 6.86 10.23 2.10 

1.87 6.77 

1.75 6.08 8.89 1.83 

- - 7.28 -- 

1.21 3.86 5.66 1.23 

- - 

4.84 

-- 

4.83 

- 

5.11 

- 
2.88 
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Figure 1. Measured neutron spectrum for the HFIR-CTR32 experiment 
at midplane of the PTP. The dotted and dashed lines show 
the standard deviations t o  group fluxes; however, corre- 
lations are very strong 

THERMRL 
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Figure 2. Flueace gradients measured during the HFIR-CTR32 irradiation 
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Tab le  I11 

Neutron F l u e n c e s  f o r  HFIR-CTR32 

F l u e n c e ,  x loz1 n/cm2 

H e i g h t ,  cm T o t a l  Thermal >0.1 MeV 
(fix) (5%) ( f8X ) 

-25 .O 

-20.8 

-16.7 

-12.5 

-8.3 

-4.2 

0.0 

4.2 

8.3 

12.5 

16.7 

20 .8  

22.2 

27.5 

33.6 

39.4 

44.1 

48.0 

48.7 

48.0 

44.4 

39.4 

32.7 

28.1 

9.5 

11.8 

14.0 

16.2 

17.8 

20.5 

21.0 

20.3 

18.7 

15.6 

12.9 

11.8 

5.7 

7 .1  

8.9 

10.6 

12 .1  

12.5 

12 .6  

12.6 

11.8 

10.9 

9.1 

7.4 
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Displacement damage rates were computed using the adjusted spectra and our 

revised displacement damage cross sections which were recently put into the 

NMFE Computer at Lawrence Livermore Laboratory. The spectral-averaged dis-  

placement and helium generation rates are listed in Table IV. 

mental experimental helium values will be measured by Rockwell International 

The experi- 

The nickel two-step, thermal production of helium was computed assuming the 

formulation for HFIR of T. Gabriel (ORNL/TM-6361, 1979). The correctness of 

this procedure is currently being reexamined and the calculations may change 

slightly. However, experimental values will also be provided by Rockwell. 

The thermal neutron capture reaction in nickel also leads to a substantial 

increase in displacement damage, a point which has been neglected in previous 

calculations. 

Hence, thermal neutrons produce a 340 keV 56Fe recoil and a 4757 keV alpha. 

Using the Lindhard energy partition model and a cut-off of 40 eV, one find 

that each thermal capture produces 1763 displacements (1701 from 56Pe and 62 

from the alpha). If we compute the helium production in nickel, then we can 

easily determine this extra number of displacements, as follows: 

The Q-value for the 59Ni(n,~x)~~Fe reaction is 5.097 MeV. 

He (appm in Ni) 

567 DPA (n,a) = 

This equation holds for all thermal irradiations and can be used to correct 

all previous experiments (e.g., in ORR). 

usual calculations for N i  gives 9.71 DPA and 41 appm He. 

neutron capture produces 2897 appm He and an additional 5.11 DPA. 

neglecting this effect would cause us to underpredict the nickel DPA value by 

In the present case at midplane, the 

Double thermal 

H I I ,  
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Table I V  

Damage Parameters f o r  HFIR-CTR32 
H e  i n  appm, DPA - displacements per atom, ( n , r )  included 

Values accura te  to  f10% 

Height,  cm:  20.8 12.5 4.2 

Element DPA He DPA He DPA He 

A1 9.59 4.67 14.26 6.73 16.21 7.45 

T i  6.03 3.09 9.16 4.67 10.39 5.16 

V 6.78 0.15 10.12 0.22 11.49 0.25 

Cr 6.01 1.07 8.99 1.57 10.18 1.73 

Mna 6.62 0.89 9.81 1.29 11.21 1.43 

Fe 5.32 1.82 7.97 2.64 9.01 2.92 

coa 6.73 0.93 9.82 1.35 11.43 1.49 

Nib 7.80 1196. 11.85 1922. 14.82 2938. 

cu 5.18 1.65 7.73 2.39 8.77 2.64 

Nb 5.13 0.35 7.65 0.51 8.66 0.56 

316 SSC 5.70 121. 8.55 194. 9.82 296. 

a(n,y) e f f e c t  is 8.4% f o r  Mn and 27.6% f o r  cobal t :  however, cor rec t ions  f o r  
neutron se l f- sh ie ld ing  e f f e c t s  may be required!  

bNickel inc ludes  thermal neutron capture helium and DPA e f f e c t  ( see  t e x t )  

c316 SS: Cr(16), Mn(2), Fe(70), Ni(lO), Mo(2) 
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53%! In 316 S S  the effect increases the net DPA value by 6 4 % .  In longer 

irradiations, this effect will be even more important, especially if one is 

trying to tailor He/DPA ratios to fusion values! 

- 

It should also be noted that the DPA rates in Table IV include ( n , y )  effects, 

but not  beta-decay. 

values will be calculated. In any case, great caution must be used with the 

(n,y) contributions due to neutron self-shielding effects, especially for Mn 

and Co. 

This omission will be corrected in our files and new 
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7.0 Future Work 

At least 13 additional experiments are now planned or in progress in HFIR (see 

Table I). 

improve our knowledge of the HFIR flux-spectrum and to integrally test our 

helium cross sections. 

Helium data will also be integrated with our radiometric data to 
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THE IMPACT OF THE 59Ni (n ,a )56Fe REACTION ON DAMAGE CALCULATIONS FOR HFIR 

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

1 .o Ob j e c t i  ve 

The o b j e c t  o f  t h i s  e f f o r t  i s  t o  determine the  app rop r i a te  method o f  comparison 

o f  H F I R  and EBR- I1  displacement exposures, and the  e x t r a p o l a t i o n  t o  f us ion  

cond i t i ons  o f  experimental r e s u l t s  der ived  from these reac tors .  

2.0 S u m m n  

Greenwood and Smither have r e c e n t l y  shown t h a t  the c o n t r i b u t i o n  o f  t he  5 9 N i ( n , ~ )  

56Fe r e a c t i o n  t o  displacement damage has been overlooked. When inc luded i n  c a l -  

c u l a t i o n s  o f  HFIR-induced displacement l e v e l s ,  there  a re  subs tan t i a l  consequences. 

The displacement l e v e l  i s  increased measurably and t h e  helium/dpa r a t i o  cor re-  

spondingly reduced. However, t he  a d d i t i o n a l  c o n t r i b u t i o n  t o  t he  damage r a t e  i s  
nonuniform both i n  t ime and space. 

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  Ana lys is  (AKJ) 
P r i n c i p a l  I n v e s t i g a t o r :  D. G. Doran 

A f f i l i a t i o n :  Hanford Engineering Oevelopment Laboratory 

4.0 Relevant OAFS Program Plan Task/Subtask 

I I . C . l  E f f e c t  o f  Ma te r i a l  Parameters on M ic ros t ruc tu re  

II.C.2 
I I .C.4 E f f e c t  o f  S o l i d  Transmutants on M ic ros t ruc tu re  

E f f e c t  o f  Helium on M ic ros t ruc tu re  
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5.0 Accomplishments and S t a t u s  

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

I n  a r e c e n t  r e p o r t  Greenwood and Smi the r  have n o t e d  t h a t  t h e  c u r r e n t l y  employed 
method o f  c a l c u l a t i n g  t h e  d i sp lacement  damage f o r  i r r a d i a t e d  s t e e l s  n e g l e c t  an 

i m p o r t a n t  source o f  d i sp lacement  damage. ( ' )  The p r o d u c t i o n  o f  h e l i u m  i n  n i c k e l  

i n  thermal  r e a c t o r s  i n v o l v e s  t h e  5 9 N i ( n , n ) 5 6 F e  r e a c t i o n  w i t h  an energy r e l e a s e  
o f  5.097 MeV, shared between t h e  56Fe (4.757 MeV) and a lpha  p a r t i c l e  (340 keV) .  

Greenwood c a l c u l a t e s  t h a t  t h i s  l eads  t o  1701 d i sp lacements  f rom 56Fe and 62  

d isp lacements  f rom t h e  a lpha  p a r t i c l e  p e r  r e a c t i o n .  

The d i sp lacements  caused by t h i s  r e a c t i o n  can be c a l c u l a t e d  f r o m  t h e  f o l l o w i n g  

fo rmu la .  ( 1 )  

) 
Mole  F r a c t i o n  

N i c k e l  He (appm) f rom t h e  N i 5 '  r e a c t i o n )  x ( 
56 7 DPA (n,n) = ( 

S i n c e  compar isons have r e c e n t l y  been made o f  t h e  damage genera ted  i n  t h e  DO-heat 
o f  A I S 1  316 s t a i n l e s s  s t e e l  by  i r r a d i a t i o n  i n  t h e  HFIR and E B R - I 1  r e a c t o r s ,  ( 2 - 3 )  

i t  was dec ided  t o  assess t h e  impac t  o f  t h i s  r e a c t i o n  f o r  b o t h  pu re  n i c k e l  and 

t h e  DO-heat (13% n i c k e l ) .  

5.2 C a l c u l a t i o n a l  Assumptions 

The impac t  o f  t h e  "Ni(n,a)  r e a c t i o n  on m e t a l s  i r r a d i a t e d  i n  E B R - I 1  i s  r a t h e r  

sma l l  s i n c e  t h e  low  l e v e l  o f  slow neu t rons  i n  E B R - I 1  does n o t  l e a d  t o  substan-  

t i a l  f o r m a t i o n  o f  5 9 N i  f r o m  5 8 N i .  

The c a l c u l a t i o n  f o r  HFIR c o n c e n t r a t e s  on t h e  PTP p o s i t i o n  w i t h  an assumed d i s -  

placement c r o s s  s e c t i o n  ( e x c l u s i v e  o f  t h e  N i 5 9 ( n , ~ )  r e a c t i o n )  o f  200 ba rns  pe r  

t o t a l  neu t ron .  ( 4 )  

ence 5 and r e p r e s e n t s  t h e  most up- to- da te  d e t e r m i n a t i o n  o f  c r o s s  s e c t i o n s  and 

h e l i u m  l e v e l s .  

c o n c e n t r a t i o n  as a f u n c t i o n  o f  t h e  o r i g i n a l  5 8 N i  c o n c e n t r a t i o n  and f l u e n c e .  

The h e l i u m  l e v e l  as a f u n c t i o n  o f  dose i s  taken f rom R e f e r -  

F i g u r e  1 i s  reproduced from Reference 5 and shows t h e  h e l i u m  
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FIGURE 1 .  Helium Production From 58Ni by Two Thermal Neutron Captures, as 
Reported by Wiffen and Coworkers.(5) The helium i s  given as a 
f ract ion o f  the i n i t i a l  concentration of 5 B N i .  This curve i s  
valid only fo r  the PTP position of HFIR. 
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5.3 R e s u l t s  o f  C a l c u l a t i o n s  

Tab le  1 i s  a c o m p i l a t i o n  o f  t h e  d i sp lacement  c a l c u l a t i o n s  f o r  n i c k e l  and t h e  

DO-heat o f  s t e e l .  

e s s e n t i a l l y  doub les  i n  pu re  n i c k e l  when t h e  5 9 N i ( n , u ) 5 6 F e  r e a c t i o n  i s  i n c l u d e d .  

Fo r  DO-heat A I S I  316 t h e  maximum i n c r e a s e  i n  d i sp lacement  l e v e l  i s  j u s t  o v e r  

12%. 

Note  i n  F i g u r e  2 t h a t  t h e  c a l c u l a t e d  d i sp lacement  l e v e l  

F i g u r e  3 emphasizes t h e  f a c t  t h a t  t h e  percentage c o n t r i b u t i o n  o f  t h e  5 9 N i ( n , a ) 5 6 F e  

r e a c t i o n  changes s t r o n g l y  w i t h  t i m e ,  peak ing  a t  93% around a dose o f  20 dpa, when 

c a l c u l a t e d  w i t h  t h e  c u r r e n t l y  employed d i sp lacement  model. As shown i n  F i g u r e  4 ,  
20 dpa i s  t h e  dose a t  wh ich  t h e  N i S 9  c o n c e n t r a t i o n  peaks. ( 6 )  

t h i s  a d d i t i o n a l  c o n t r i b u t i o n  t o  t h e  d i sp lacement  r a t e  v a r i e s  s t r o n g l y  w i t h  t ime .  

T h i s  means t h a t  

5.4 D i s c u s s i o n  

There a r e  a number o f  r a m i f i c a t i o n s  o f  t h i s  a n a l y s i s  t h a t  a r e  p e r t i n e n t  t o  t h e  

compar ison o f  HFIR and E B R - I 1  d a t a  as w e l l  as t h e  development o f  f i s s i o n - f u s i o n  

c o r r e l a t i o n s .  

( 1 )  I n  t h e  compar ison o f  HFIR and E B R - I 1  s w e l l i n g  d a t a  f o r  A I S I  316, t h e  HFIR 

da ta  shou ld  have t h e i r  quoted doses i n c r e a s e d  %12% i n  t h e  30-50 dpa range. 

S i n c e  t h e  s w e l l i n g  o f  t h i s  s t e e l  i s  dominated by  a l o n g  i n c u b a t i o n - t r a n s i e n t  

regime, t h e  impac t  o f  t h e  a d d i t i o n a l  f l u e n c e  on t h e  p r e d i c t e d  s w e l l i n g  w i l l  

be g r e a t e r  than  12%, however. 

( 2 )  The compar ison o f  d a t a  f r o m  t h e  two r e a c t o r s  assumes t h a t  t h e  i r r a d i a t i o n  

proceeds a t  e s s e n t i a l l y  c o n s t a n t  n e u t r o n  f l u x  and d i sp lacement  r a t e .  Wh i le  

t h e  f o r m e r  i s  r e l a t i v e l y  c o n s t a n t ,  t h e  l a t t e r  now i s  known t o  v a r y  s t r o n g l y  

w i t h  t i m e  i n  HFIR. S i n c e  many o f  t h e  components o f  t h e  m i c r o s t r u c t u r a l /  

m ic rochemica l  e v o l u t i o n  a r e  s e n s i t i v e  t o  d i sp lacement  r a t e ,  t h e r e  i s  bound 

t o  be some a s- y e t  u n i d e n t i f i e d  consequences i n  t h e  s w e l l i n g ,  c r e e p  r a t e ,  

e t c .  
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TABLE 1 
ADDITIONAL DISPLACEMENTS (DPA*) FORME0 DURING IRRADIATION 

IN HFIR-PTP BY THE 59NI(n,a)56FE REACTION 

Total Fluence 
x loz2 n/cm2 

1.0 

1.5 

2.0 

3.0 

4.0 

5.0 

6.0 

8.0 

10.0 

15.0 

20.0 

30.0 

40.0 

50.0 

60.0 

80.0 

Pure Nickel 

DPA - 

2.00 

3.00 

4.00 

6.00 

8.00 

10.00 

12.00 

16.00 

20.00 

30.00 

40.00 

60.00 

80.00 

100.00 

120.00 

160.00 

DPA* - 

0.40 

0.85 

1.42 

2.87 

4.60 

6.51 

8.54 

12.77 

17.07 

27.47 

37 .13  

54.06 

68.34 

80.24 

89.76 

105.40 

Percent 
Increase 

20 

28 

36 

48 

58 

65 

71 

80 

85 

92 

93 

90 

85 

80 

75 

66 

A I S 1  316 

DPA* - 

0.05 

0.11 

0.18 

0.37 

0.60 

0.85 

1.11 

1.66 

2.22 

3.57 

4.83 

7.03 

8.88 

10.43 

11.67 

13.70 

Percent 
Increase 

2.5% 

3.7% 

4.5% 

6.2% 

7.5% 

8.5% 

9.2% 

10.4% 

11.1% 

11.9% 

12.1% 

11.7% 

11.1% 

10.4% 

9.7% 

8.6% 
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FIGURE 2. Comparison of t h e  Displacement Levels Calculated f o r  Pure Nickel 
and AISI 316, Calculated Both W i t h  and Without Inclusion of the  
5 9 N i  ( n , a ) 5 6 F e  Contr ibut ion.  
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PERCENT 
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40 
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FIGURE 3. Percentage Increase i n  Calculated Displacement Level f o r  Pure Nickel 
as  a Function of Fluence i n  HFIR- PTP. To obtain percentage increase  
f o r  AISI 316 mult iply by 0.13, t h e  f r a c t i o n  of n i cke l .  AISI 316 
the re fo re  peaks a t  an increase  of 1 2 . 1 % .  
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FIGURE 4. Time-Dependent C o n c e n t r a t i o n  o f  5 9 N i  Tha t  A r i s e s  D u r i n g  HFIR-PTP 
I r r a d i a t i o n  o f  Pure N i c k e l .  (6 )  
r a t e  o f  a d d i t i o n a l  d isp lacements  w i l l  be p r o p o r t i o n a l  t o  t h e  5 9 N i  
c o n c e n t r a t i o n .  

The t ime-dependent volume-averaged 

( 3 )  

( 4 )  

N o t  o n l y  i s  t h e  d isp lacement  l e v e l  i n  HFIR nonun i fo rm i n  t i m e  b u t  i t  i s  
a l s o  nonun i fo rm s p a t i a l l y .  
p r e c i p i t a t e s  o f  A I S 1  316 (75% i n  y '  and 55% i n  G-phase). 

t h a t  n i c k e l - r i c h  p r e c i p i t a t e s  and t h e i r  immediate sur roundings w i l l  be 
s u b j e c t e d  t o h i g h e r d o s e  l e v e l s  than t h a t  exper ienced by t h e  m a t r i x  con- 

t a i n i n g  l o w e r  n i c k e l  l e v e l s .  

N i c k e l  segregates t o  ve ry  h i g h  l e v e l s  i n  t h e  
T h i s  means 

0 

Since  t h e  r e c o i l i n g  56Fe atom has a mean range o f  4 0 0  A and most p r e c i p i t a t e  

r a d i i  a r e  sma l le r ,  t h e  i r o n  atom i n  genera l  w i l l  come t o  r e s t  o u t s i d e  t h e  

p r e c i p i t a t e .  

w i t h i n  t h e  p r e c i p i t a t e  w i l l  cause t h e  p r e c i p i t a t e  t o  accumulate a n e t  

excess o f  vacancies.  D u r i n g  HFIR i r r a d i a t i o n  t h i s  excess may account  

The h i g h e r  l e v e l  (compared t o  t h e  m a t r i x )  o f  PKA's generated 
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p a r t i a l l y  f o r  t h e  f a c t  t h a t  p r e c i p i t a t e s  a r e  i d e a l  s i t e s  f o r  v o i d  n u c l e a t i o n .  

There w i l l ,  o f  course,  be an n e t  excess o f  i n t e r s t i t i a l s  j u s t  o u t s i d e  t h e  

p r e c i p i t a t e s .  An a n a l y s i s  o f  t h i s  phenomenon i s  now i n  p rog ress .  T h i s  

process may l e a d  t o  a change i n  p r e c i p i t a t e  s t a b i l i t y  i n  v a r i o u s  f i s s i o n  

r e a c t o r s .  

( 5 )  The c o n c l u s i o n s  drawn above a r e  s p e c i f i c  t o  t h e  PTP p o s i t i o n  i n  HFIR. 

more t h e r m a l i z e d  p o s i t i o n s  such as A2, HT-5, t h e  impac t  o f  t h i s  phenomenon 

i s  expected t o  b e  even g r e a t e r .  

I n  

( 6 )  Another  c o n c l u s i o n  o f  t h i s  a n a l y s i s  i s  t h a t  t h e  hel ium/dpa r a t i o  i n  H F I R  
i s  lowered by t h e  c o n t r i b u t i o n  o f  t h e  59N i (n ,u )56Fe  r e a c t i o n .  T h i s  means 

t h a t  t h e  use o f  HFIR, p a r t i c u l a r l y  f o r  pu re  n i c k e l  o r  h i g h  n i c k e l  l e v e l s ,  

more c l o s e l y  approaches t h e  hel ium/dpa l e v e l  t y p i c a l  o f  f u s i o n  s p e c t r a .  

( 7 )  The range  o f  t h e  a l p h a  p a r t i c l e  i s  so l a r g e  (compared t o  t h e  mean d i s t a n c e  

between p r e c i p i t a t e s )  t h a t  t h e  s e g r e g a t i o n  o f  n i c k e l  does n o t  l e a d  t o  any 

s u b s t a n t i a l  s e g r e g a t i o n  o f  t h e  d e p o s i t e d  he l ium.  T h i s  c o n c l u s i o n  i s  d e r i v e d  

f r o m  p r e v i o u s  a n a l y s i s  o f  t h e  " he l i um- ha lo ' '  e f f e c t .  (7-8)  

(8) For  t h e  A D I P  l o n g  range a l l o y s  LRO-15 (20% n i c k e l )  and LRO-16 (31% n i c k e l )  
t h e  impac t  o f  t h e  5 9 N i  d i sp lacement  c o n t r i b u t i o n  w i l l  be l a r g e r  than  t h a t  

o f  A I S 1  316. 

5.5 Conc lus ions  

Greenwood and S m i t h e r  have r e c e n t l y  n o t e d  t h a t  t h e  c o n t r i b u t i o n  o f  t h e  5 9 N i ( n , ~ )  

56Fe  r e a c t i o n  t o  d i sp lacement  damage has been over looked .  When i n c l u d e d  i n  c a l -  

c u l a t i o n s  o f  HFIR- induced d i sp lacement  l e v e l s ,  t h e r e  a r e  s u b s t a n t i a l  consequences. 

The d i sp lacement  l e v e l  i s  i n c r e a s e d  measurably and t h e  hel ium/dpa r a t i o  c o r r e -  

s p o n d i n g l y  reduced. 
b o t h  i n  t i m e  and space however. 

The a d d i t i o n a l  c o n t r i b u t i o n  t o  t h e  damage r a t e  i s  nonun i fo rm 
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Future Work 

This ana lys is  w i l l  cont inue t o  assess t h e  imact o f  t h i s  phenomenon on the  
development o f  f i s s i o n- f u s i o n  c o r r e l a t i o n s .  
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SOLID AND GAS TRANSMUTATION PRODUCTION CODE DEVELOPMENT (AKJ ) 

F. M. Mann (Han fo rd  Eng ineer ing  Development L a b o r a t o r y )  

1 .o O b j e c t 1  ve 

The o b j e c t i v e  o f  t h i s  work i s  t o  deve lop and m a i n t a i n  a computer code system 

t o  c a l c u l a t e  t h e  amounts o f  s o l i d  and gas t ransmutan ts  a t  v a r i o u s  f a c i l i t i e s  

used by  OFE e x p e r i m e n t a l i s t s .  

2.0 Summary 

The computer code REAC and i t s  a s s o c i a t e d  l i b r a r i e s  have been expanded and used 

t o  de te rm ine  t r a n s m u t a t i o n s  i n  INTOR, UWMAK-1, FMIT, HFIR and FMIT. 

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  (AKJ) 

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

A f f i l i a t i o n :  Hanford  E n g i n e e r i n g  Development L a b o r a t o r y  

4.0 R e l e v a n t  DAFS Program P l a n  Task/Subtask 

Subtask I I .A .4 .5  Gas Genera t ion  Rates 

Subtask I I .C.4 .1  E f f e c t s  o f  Sol  i d  T ransmuta t ion  Produc ts  on M i c r o s t r u c t u r e  

5.0 Accomplishments and S t a t u s  

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

When m a t e r i a l s  a r e  p l a c e d  i n  n e u t r o n  env i ronments ,  n o t  o n l y  a r e  atoms d i s p l a c e d  

f r o m  t h e i r  s i t e s ,  b u t  t ransmutan ts  a r e  a l s o  produced. 

has been developed t o  c a l c u l a t e  t r a n s m u t a t i o n s  f o r  t h e  v a r i o u s  f a c i l i t i e s  t h a t  

A code system c a l l e d  REAC 
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OFE uses. 

i nc lude  more f a c i l i t i e s ,  more ma te r i a l s ,  and more cross sect ions.  

Th i s  code system ( l )  has now been extended t o  be more use fu l  and t o  

5.2 L i b r a r y  Expansion 

Cross sec t ions  f o r  t h e  s tab le  isotopes o f  T i ,  Mo, and W were obta ined from the 
Livermore ACTL 1 i b r a r y  ( 2 )  and from t h e  HEDL mod i f i ed  THRESH2 code. 

processed and p u t  i n t o  t he  mul t ig roup cross sec t ion  l i b r a r y .  

l i b r a r y  were damage energy cross sec t ions  processed by NJOY. 

These were 

Also p u t  i n t o  t h i s  
( 3 )  

Fluxes f rom INTOR were obta ined from J .  Jung o f  Argonne and t h e  f i r s t  w a l l  spectrum 

was pu t  i n t o  t he  f l u x  l i b r a r y .  
t he  f l u x  above 100 keV f o r  each of t he  f a c i l i t i e s .  

A lso  inc luded i n  t he  l i b r a r y  i s  t he  f r a c t i o n  o f  

PCA (pr ime candidate a l l o y )  a u s t e n i t i c  and HT-9 f e r r i t i c  s t e e l s  were added t o  
t he  m a t e r i a l  l i b r a r y .  Displacement energ ies were added f o r  a l l  t h e  metals now 

i n  t he  l i b r a r y .  

5.3 Code Extension 

To a i d  t he  user, t h e  exposure i s  now g iven  i n  f o u r  u n i t s ,  t o t a l  f l uence  (n/cmz), 

f l uence  above 100 keV (n/cm2), t o t a l  damage energy produced (keV), and f o r  
meta ls  t he  number o f  displacements per  atom (dpa). 

5.4 Typ ica l  Resul ts  

Transmutations as a f u n c t i o n  o f  dpa were ca l cu la ted  f o r  PCA and HT-9 f o r  t h e  
f i r s t  w a l l  o f  INTOR and UWMAK-1 and f o r  FMIT, FFTF, and t h e  PTP p o s i t i o n  o f  

HFIR.  Tables 1 and 2 show the  t ransmutat ion a t  50 dpa. 

I n  general ,  t he  t ransmutat ion o f  INTOR, UWMAK-1, and FMIT a r e  very s i m i l a r .  

The except ions a re  W and Re whose changes r e s u l t  f rom t h e  r e l a t i v e l y  s o f t  

spectrum o f  INTOR causing W(n,y) W ’  ( 8 - )  reac t ions .  FFTF does n o t  cause 

much t ransmutat ion,  w h i l e  H F I R  produces s i g n i f i c a n t l y  d i f f e r e n t  t ransmutat ions 
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TABLE 1 

TRANSMUTATIONS OF PCA AT 50 DPA 

R e l a t i v e  Change ( % )  

Elementa HFIR-PTP FFTF INTOR UWMAK-1 __ FMIT 

Fe 
N i  
C r  
Mn 
Mo 
S i  
T i  
C 

1.4 0.45 -0.23 -0.21 -0.16 
-0.51 -0.25 -1.3 -1.5 -1.5 
-2.5 0.00 -0.13 -0.07 -0.18 

-48. -0.68 13. 13. 8.6 
-1 .a -0.63 -0.64 -0.44 -0.25 
-0.03 0.00 -0.33 -0.36 -0.36 

-0.01 0.00 -0.33 -0.37 -0.41 
-0.11 0.02 t 3 . 8  -3.9 +4.1 

New Elements ( 3 0  ppm i n  a t  least  1 f a c i l i t y )  

H F I  R-PTP ~ FFTF ~. INTOR UWEIAK-1 FMIT 
b E l  emen t 

~ 

H 
He 
Mg 
A1 
v 
co 
cu  
Nb 
Tc 
Ru 

727 460 4300 
4200 240 730 

* 12 
21 

3800 33 666 
431 174 460 

3 6 
12 

154 54 49 
60 20 9 

* 
* * 

* 209+ * 

*Less than 1 ppm 

Probably  s l i g h t l y  underpred ic ted  because o f  l a c k  o f  6 3 N i  
c ross sec t i ons  

t 

4750 4800 
81 1 830 

14 11 
22 24 

600 635 
61 3 1200 

12 14 
29 9 

* * 

* 5 

a L i s t e d  i n  o rde r  o f  o r i g i n a l  number dens i t y  
b L i s t e d  i n  o rde r  o f  mass number 
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TABLE 2 

TRANSMUTATIONS OF HT-9 AT 50 DPA 

Elementa 

Fe 
Cr 
C 
S i  
Mo 
Mn 
Ni 
V 
W 
P 

Relative Change (%) 

HFIR-PTP FFTF INTOR UWMAK-1 __ FMIT 

0.1 -0.01 -0.5 -0.5 -0.3 
-1.5 0.02 -0.1 0.06 -0.03 
-0.01 0.00 -0.3 -0.4 -0.4 
-0.3 0.00 . -0.3 -0.3 -0.3 
-1 .a -0.6 -0.7 -0.4 -0.3 
-25. 0.5 70. 59. 39. 
-0.3 -0.2 -1.4 -1.5 -1.5 
55. 0.5 17. +15. 16. 
-31. -1.1 -17. -1.5 -0.4 
-1 .o -0.005 -0.8 -0.9 -0. a 

New Elements (ppm) 
HFIR-PTP _ _  FFTF INTOR UWMAK-1 FMIT Element 

H 240.0 128 31 00 3300 3300 
He 150 11 590 6 30 690 

9 11 10 Be * * 
* 10 11 9 
* 17 ia 19 
* 118 121 128 

A1 
Ti 
co 21 1 9 21 20 38 

5 Tc 76 24 25 14 
R u  29 9 5 2 
Ta 2 * 8 10 4 
Re 470 16 247 12 1 

b 
- 

* 
* 
* 

14 9 

* 

*Less than 1 ppm 

aListed in order o f  number density 
bListed in order o f  mass 
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t han  a f u s i o n  f i r s t  w a l l  f o r  s e l e c t e d  i s o t o p e s  (e.g. ,  Mn and V).  Note  t h a t  

because o f  t h e  low  N i  c o n t e n t  o f  HT-9, t h e  h e l i u m  p r o d u c t i o n  i n  HFIR f o r  HT-9 

caused by  t h e  5 8 N i ( n , a ) 5 9 N i ( n , a ) 5 6 F e  i s  r e l a t i v e l y  s m a l l .  

6.0 References 

1. F. M. Mann, " S o l i d  and Gas T ransmuta t ion  Code Development," DAFS Q u a r t e r l y  
Progress Report ,  DOE/ER-0046/6, A p r i l - J u n e  1981. 

2. M. A.  Gardner and R. T. Howerton, ACTL: Eva lua ted  Neut ron A c t i v a t i o n  Cross 
S e c t i o n  L i b r a r y  - E v a l u a t i o n  Techniques and Reac t ion  Index,  UCRL-50400, 
Volume 18, Lawrence L i v e r m o r e  L a b o r a t o r y ,  1978. 

3.  F. M. Mann, " C a l c u l a t i o n  o f  Damage Parameters," DAFS Q u a r t e r l y  Progress 
Repor t ,  DOE/ER-D046/6, A p r i l - J u n e  1981. 

7.0 F u t u r e  Work 

Cross s e c t i o n s  f o r  s e l e c t e d  l o n g - l i v e d  i s o t o p e s  f o r  A-56 and f o r  Cu w i l l  be 

added as w e l l  as f l u x e s  f o r  S t a r f i r e  and TASKA ( a  m i r r o r  mach ine) .  
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PRIMARY RECOIL ENERGY SPECTRA FOR THE ( n , y )  REACTION 

R. K. Smither and L.  R. Greenwood (Argonne National Laboratory) 

1 .o Objective 

To develop methods t o  c a l c u l a t e  the  energy spectrum of primary r e c o i l s  

r e s u l t i n g  from gamma ray emission fol lowing neutron capture.  

2 . 0  Summary 

A d e t a i l e d  a n a l y s i s  was made of the  r e c o i l  energy spectrum from mul t ip le  F r a y  

cascades following thermal neutron capture in i ron .  E x p l i c i t  expressions a r e  

given f o r  t h e  primary r e c o i l  energy d i s t r i b u t i o n s  expected from the  emission 

of s i n g l e  gamma rays and double and t r i p l e  cascades.  

t o  our previous approximations where a l l  gammas are assumed t o  be e m i t t e d  in- 

dependently. The n e w  more complete ana lys i s  g ives  the same r e s u l t  f o r  t h e  

average r e c o i l  energy per  neutron capture as the s impler  approximation t h a t  

assumes t h a t  each gamma ray corresponds to  an indiv idual  r e c o i l  event ;  how- 

ever ,  t h e  s p e c t r a l  shapes of t h e  two approximations are q u i t e  d i f f e r e n t  i n  

some cases .  

The r e s u l t s  a r e  compared 

3.0 Program 

T i t l e :  Dosimetry and Damage Analysis 

P r i n c i p a l  Inves t iga to r :  L .  R .  Greenwood 

A f f i l i a t i o n :  Argonne National  Laboratory 
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4.0 Relevant DAFS Program - Plan Task/Subtasks 

Task II.B.l Calculat ion of Defect Production Cross Sections.  

5.0 Accomplishments and S ta tus  

Mathematical expressions a r e  derived t o  generate  the primary r e c o i l  spectrum 

f o r  s i n g l e ,  double, and t r i p l e  gamma cascades assuming t h a t  no appreciable 

r e c o i l  momentum is imparted t o  t h e  captur ing  nucleus by t h e  captured neutron 

(thermal cap tu re ) .  

56Fe(n,y)57Fe and 5 7 F e ( n , ~ ) 5 8 F e ,  and compared with the s i m p l e r  calculation 

where each gamma ray produces a sepa ra t e  r e c o i l  event .  A general  expression 

for t h e  average r e c o i l  energy p e r  neutron capture  event is derived t h a t  can be 

appl ied  t o  gamma cascades wi th  any number of sequent ia l  gamma rays .  

The method of a n a l y s i s  is applied t o  two Fe nuc le i ,  

5.1 Primary Recoil  Energy Spectrum from the  ( n , y )  Reaction 

When a gamma ray i s  emit ted from a nucleus following thermal neutron capture 

the  k i n e t i c  energy of the r e c o i l i n g  nucleus (neglec t ing  En) is given by 

E q .  (1) 

where ET is the gamma ray energy and m i s  the mass of t h e  nucleus. 

gamma rays a r e  emit ted before the nucleus has a chance to  slow down then t h e i r  

momentum add v e c t o r i c a l l y .  The r e c o i l  energy i n  t h i s  case is  given by Eq .  ( 2 )  

If two 

( 2 )  
2 

E, = ~~1 + E$ + ~ E ~ ~ E ~ ~  case 
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where 8 i s  the  angle between t h e  two y-rays. I f  the y-ray angular  d i s t r i b u t i o n  

is i s o t o p i c  t h e  r e s u l t a n t  d i s t r i b u t i o n  of r e c o i l  energ ies  is q u i t e  simple. The 

maximum r e c o i l  energy is given by Eq. ( 3 )  

Er(max) = (Eyl  + Ey2)2/2mc2 

Er(min) = (Eyl  - Ey2)2/2mc2 

( 3 )  

and t h e  minimum r e c o i l  energy is given by Eq. ( 4 )  

( 4  1 

What is of s p e c i a l  i n t e r e s t  is t h a t  the  number of r e c o i l s  per  u n i t  energy 

between these  l i m i t s  is a cons tant  (see Fig. lb). The average value f o r  E, is 

given by Eq. ( 5 )  

This is j u s t  the  sum of t h e  r e c o i l  energ ies  t h a t  would be produced i f  the gamma 

rays  were considered as indiv idual  events .  I f  the neutron capture event is 

followed by a 2-gamma r a y  cascade then t h e  average r e c o i l  energy generated per  

neutron capture is given by (5 ) .  This is a l s o  t h e  average r e c o i l  energy per  

r e c o i l  event i f  the  l i f e t i m e  of the  intermediate  s tate is shor t e r  than t h e  

s topping time (time for r e c o i l i n g  atom t o  lose  63% of i t s  r e c o i l  energy).  If 

t h e  l i f e t i m e  is long compared t o  t h e  s topping t i m e  then the two r e c o i l s  a re  

two sepa ra t e  events and t h e  average r e c o i l  energy per  event is one-half the  

value of the  average r e c o i l  energy per  neutron capture ,  given by Eq. ( 5 ) .  

It is important t o  maintain the  d i s t i n c t i o n  between the average r e c o i l  energy 

p e r  neutron capture ,  Er(n) ,  and t h e  average r e c o i l  energy per r e c o i l  event ,  

Fr ( r .e . ) ,  because the  l a t t e r  can be much smaller  than the  former f o r  ( n , y )  

events  wi th  a high m u l t i p l i c i t y  of gamma rays.  

- 
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F i g .  1. (a)  Recoil  energy spectrum f o r  t h r e e  gamma ra  8 (7 MeV, 2 MeV, and 
1 MeV) considered a s  sepa ra t e  events in the 5 5 Fe(11,~)58Fe r eac t ion .  

(b) The r e c o i l  energy spectrum f o r  a two s t e p  cascade (E 
2 MeV) which has a rec tangular  shape followed by a one s t e p  cascade 
(Ey = 1 MeV) which generated t h e  sp ike  a t  9.3 ev.  
energy spectrum of a three  s t e p  cascade (Ey = 7 MeV, 2 MeV, and 
1 MeV) which r e s y l t s  in a near t r apezo ida l  shape d i s t r i b u t i o n .  
Er(ev) = 9.255 Ey (MeV)2. 
approximation t o  t h e  t r i p l e  cascade case (c) .  

= 7 MeV and 
Y 

(c)  The r e c o i l  

The dashed l i n e s  ind ica t e  the t rapezoida l  
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I f  the  gamma cascade c o n s i s t s  of t h ree  g a m a  rays and t h e  l i f e t i m e s  of t h e  

in te rmedia te  s t a t e s  a r e  s h o r t  then the re  is only one r e c o i l  event per  neutron 

capture and t h e  d i s t r i b u t i o n  of r e c o i l  energ ies  has an almost t rapezoida l  shape 

as is seen i n  Fig. I C .  The upper l i m i t  of the r e c o i l  spectrum, Ea,  can be very 

much more ene rge t i c  then t h e  r e c o i l  energy of any of the gamma rays when they 

a r e  considered as indiv idual  events .  The break poin ts  i n  the  r e c o i l  energy 

d i s t r i b u t i o n  (Fig. I C )  Ea,  Eb, E,, and Ed a r e  given by Eqs. ( 6 ) - ( 9 ) ,  

respec t ive ly :  

Ea = (Eyl + Ey2 + E ~ 3 ) ~ / 2 m c ~  (6 )  

Ed = (Eyl - Ey2 - E ~ 3 ) ~ / 2 m c ~  ( 9 )  

where E y l  2 Ey2 2 Ey3 and E y l  2 (Ey2 + Ey3). 

the curve ( s o l i d  curve i n  Fig. I C )  is given by equat ion (10) between Ea and Eb 

The a c t u a l  shape of 

(Eyl + E 1 2  + Ey3) - (Ermc2)1/2 
I ( r e 1 . )  = (10) 

8 EYlEY2EY3 

and by equat ion (11) between E, and Ed. 

(ErmcZ)1/2 - (Eyl - Ey2  - Ey3) 
I ( r e 1 . )  = 

8 EYlEY2EY3 

The value of I ( r e1 . )  is constant  between Eb and E, with a value given by 

Eq. (12) 

1 
I ( r e 1 . )  = 

4 EYlEY2 
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A somewhat more complicated shape develops when E y l  _< (Ey2 + Ey3) but a 

s i m i l a r  ana lys i s  is poss ib le .  I n  the t r i p l e  cascade case ,  the  average recoi l  

energy per neutron capture is given by E q .  (13) 

(13) 
2 - 

Er(n) = (Ey: + E y i  + Ey3)/2mc2 

The genera l  form f o r  Er(n) f o r  t h e  case of "x" sequen t i a l  gamma rays is 

given by Eq .  (14) 

( 1 4 )  
2 2 2 2 

Zr(n) = (Eyl + E y 2  + Ey3 + . . . + Eyx)/2mc2 

T h i s  is the same average energy t h a t  one would get i f  the l i f e t i m e s  of the 

intermediate  s t a t e s  were long and each gamma ray r e su l t ed  i n  an independent 

r e c o i l  event .  Thus t h e  value of &(n)  is not s e n s i t i v e  to  the  l i f e t i m e s  of 

the  intermediate  s t a t e s  and is only a funct ion  of the  energy d i s t r i b u t i o n  of 

the  emit ted gamma rays.  

The energy d i s t r i b u t i o n  f o r  Er(n)  can be approximated by a t rapezoid a s  

discussed above w i t h  break po in t s  given by E q s .  (6) ,  (7) .  (a), and (91, ( see  

F i g .  I C ) .  I n  most cases  t h i s  is a q u i t e  good approximation and the  value of 

&(n)  ca l cu la t ed  from t h i s  d i s t r i b u t i o n  agrees wi th  t h i s  approximation t o  

wi th in  a few percent f o r  t r i p l e  gamma cascades.  

t rapezoid  approximation is given by E q .  (15) 

The value of Er(n) f o r  t h e  

This agrees wi th  Eq. (13)  t o  wi th in  a few percent  i n  most cases .  Table I gives 

a comparison of the  values of &(n)  as c a l c u l a t e d  from Eq.  (13) and Eq .  (15) 

f o r  the  5 7 F e ( n , ~ ) ~ ~ F e  case .  

i t  is a much e a s i e r  c a l c u l a t i o n  t o  make f o r  the  s p e c t r a l  shape of the primary 

- 

The t rapezoida l  approximation is important because 
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Table I 

Comparison of the Average Recoil Energy Per Neutron Capture Calculated 
With the Trapezoidal Approximation, Eq. (15) With the Exact Calculation 
Using Eq. (13) for a Number of Triple Cascades in the 57Fe(n,y)58Fe 
Reaction. 

Ratio 2 EYl EY2 EY3 Trapezoid Approximation E(Ey/2mc2) 
(rnev) (rnev) (rnev) (ev) (ev) Trap. / E() 

10.0 0.0 0.0 

9.8 0.1 0.1 

9.0 0.5 0.5 

8.0 1.0 1.0 

7.0 2.0 1.0 

6.0 2.0 2.0 

6 -0 3.0 1.0 

5.0 2.5 2.5 

5.0 3.0 2.0 

4.0 3.0 3.0 

4.0 4.0 2.0 

3.33 3.33 3.33 

925.5 

889.2 

755.9 

617 .O 

506.0 

431.3 

431.9 

385.7 

376.4 

339.7 

337.9 

311.6 

925.5 

889.0 

754.3 

610.8 

499.8 

402.2 

425.7 

347.1 

351.7 

314.7 

333.2 

308.4 

1.000 

1.000 

1.002 

1.010 

1.012 

1.061 

1.015 

1.111 

1.070 

1.079 

1.014 

1.010 
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r e c o i l  spectrum, and w i l l  be used below i n  t h e  d e t a i l e d  ca l cu la t ions  of the Fe 

cases .  

The r e c o i l  spectrum of 57Fe(n,Y)58Fe reac t ion  was ca l cu la t ed  i n  d e t a i l  t ak ing  

i n t o  account a l l  t h e  known information about the  l e v e l  scheme, gamma decay 

p a t t e r n  observed following neutron capture and t h e  l i f e t i m e s  of the  low lying 

s t a t e 6 . l  Recoi l  energy s p e c t r a  were ca l cu la t ed  sepa ra t e ly  for the  s i n g l e  gamma 

r e c o i l  even t s ,  t h e  double gamma r e c o i l  events  and t h e  t r i p l e  gamma r e c o i l  

events ,  s ee  Fig.  Za, Zb, and 3c ,  r e spec t ive ly .  The sum of these three  spec t r a  

i s  shown i n  Fig. 3a. It is q u i t e  d i f f e r e n t  than the  r e c o i l  energy spectrum 

t h a t  is c a l c u l a t e d  assuming t h a t  each gamma ray leads t o  a separa te  r e c o i l  

event .  This pure s i n g l e  spectrum is shown i n  Fig. 3b. The average Er(n) was 

ca l cu la t ed  for t h e  r e c o i l  energy spectrum shown i n  Fig. 3a and compared t o  t h e  

value obtained from the  observed (n,Y) spectrum using Eq.  (14) as a check on 

t h e  t r apezo ida l  approximation. The two values 461ev and 456ev f o r  t h e  curve 

i n  Fig. 3a and Eq. (14) ,  r e spec t ive ly ,  agree wi th in  1%. A 40ev energy cu to f f  

i s  used i n  both c a l c u l a t i o n s .  

- 

Although the  value of &(n)  is the same f o r  the  two cases the s p e c t r a l  

d i s t r i b u t i o n  of r e c o i l  energ ies  is  q u i t e  d i f f e r e n t  ( see  Fig. 3a and 3b). This 

means t h a t  t o  t h e  ex tent  t h a t  displacement damage is a funct ion  of r e c o i l  

energy t h e  two s p e c t r a  could lead t o  d i f f e r e n t  amounts of displacement damage. 

I n  Fe the  f r a c t i o n  of the  r e c o i l  energy t h a t  ends up a s  displacement damage 

energy v a r i e s  from 0.884 a t  E, = 40ev t o  0.817 a t  930ev (Lindhard Model). 

This is not a l a r g e  d i f f e rence  but it w i l l  have some e f f e c t .  A s  an example 
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Fig. 2 .  Recoil energy spectra for  57Fe(n,y)58Fe for  cascade case where 
(a) i s  the spectrum for s ing le  gamma events, ( b )  two step cas- 
cades, and ( c )  three s t e p  cascades. 

63 



1 
0 -  

2- . 
0 z 
w 
> O  

(r 
-1 
Ll 
CtL 

rrj- 

0 
0 

81.5 

L 

.. 

I I I I 
I 

a 

0.0 ab. 0 

i 
.o 200.0 

T 

b 

.o 6Ob. 0 loia.0 
RECOIL ENERGY, eV 

Fig.  3. Recoil  energy s p e c t r a  f o r  the  57Fe(n,y)58Fe r eac t ion  where 
( a )  i s  the sum o f  ca l cu la t ed  cascade spec t r a  f o r  the  s ing le  
events and t h e  two s t e p  cascade and the  three  s t e p  cascades,  
shown i n  f i g u r e  Za, 2b, and 2c, r e spec t ive ly ,  and spectrum 
(b)  is t h e  r e c o i l  spectrum when a l l  gamma rays a r e  t r ea t ed  a s  
indiv idual  r e c o i l  events .  
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of t h i s  e f f e c t  one can c a l c u l a t e  the  average r e c o i l  energy per  r e c o i l  event ,  

Er(r .e . ) .  

g a m a  cascade case and &(r .e . )  = 272ev f o r  t h e  pure s i n g l e s  case (also with a 

40ev cu to f f  on the  r e c o i l  energy).  

f o r  t h e  mul t ip le  cascade and s i n g l e s  cascade, r e spec t ive ly .  

d i f f e rence  is only about 1%. 

In Be the  same r e c o i l  energ ies  g ive  a 2.4% e f f e c t .  

- 
This l e a d s  to  Er( r .e . )  - 416ev (with 40ev c u t o f f )  f o r  the  mul t ip le  

The Lindhard funct ion  is 0.837 and 0.846 

In t h i s  case  the  

For l i g h t e r  nuc le i  t h e  d i f f e rence  w i l l  be l a r g e r .  

The 40 ev  cutof f  on r e c o i l  energ ies  is used t o  keep t h e  l a r g e  number of low 

energy r e c o i l s  t h a t  are not s t rong enough to  d i sp lace  an atom from d i s t o r t i n g  

these  numbers. 

complex, with high l e v e l  d e n s i t i e s  and many decay paths.  

These s p e c t r a  a r e  t y p i c a l  of cases  where the l e v e l  scheme is 

A similar a n a l y s i s  made f o r  t h e  56Fe(n,y)57Fe reac t ion  where the f i n a l  l e v e l  

scheme 57Pe has a l e v e l  dens i ty  t h a t  is much lower and where a few s t rong 

gamma ray t r a n s i t i o n s  dominate the  decay p a t t e r n .  In t h i s  case t h e  r e c o i l  

energy spectrum does not  change very much when the  mul t ip le  gamma cascades a r e  

taken i n t o  account (see F i g .  4 ) .  There is some f i l l i n g  in between t h e  s t rong  

r e c o i l  peaks but not much e l s e  happens. 

mation, is again q u i t e  s i m i l a r  f o r  the  two cases.  

complex decay case and 409ev f o r  the  s i n g l e s  case  us ing  Eq. (11). 

the r e c o i l  energy per  r e c o i l  event ,  is again d i f f e r e n t  in t h e  two cases but  

not by a l a r g e  f a c t o r .  

t o  415ev f o r  t h e  a l l  s i n g l e s  case.  

in r e c o i l  energy. 

The &., us ing  t r apezo ida l  approxi- 

The &(n )  is 412ev f o r  the  

The Er( r .e . ) ,  

The Er ( r . e . )  f o r  t h e  complex case is 449ev a s  compared 

In both cases  we have used a 40ev cutof f  

65  



2 L . O  a 5 4 . 0  

a 

zob. 0 

b 

I I I 
600.0 800.0 1000.0 rob. 0 

RECOIL ENERGY, e V  

Fig .  4 .  Recoil  energy spectra for  the 56Fe(n,y)57Fe reaction.  ( a )  Cal- 
culated with cascades.  ( b )  Calculated assuming that each gamma 
ray leads to a separate r e c o i l  event .  
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The above analysis has assumed that the gamma rays were emitted isotropically. 

The effect of an angular correlation between sequential Y-rays was examined 

and found to have only a small effect. This is because the Y-Y angular COK- 

KehtiOns contain only even Legendre polynomials. This means that they are 

symmetric with respect to e = 90' and for every case where there is alignment 

Of the two momentum vectors there is a corresponding case where the momentum 

vectors are in the opposite direction so the average value Er remains 
unchanged. There is some effect on the recoil energy spectrum for an indi- 

vidual cascade but even this tends to wash out when the recoil energy spectra 

from many cascades are added together. 

In summary, the approximation presently used in OUK damage calculations where 

the &(n) per neutron capture is calculated from the weighted average of the 

recoil energies assuming each gamma ray produces its own recoil event is the 

correct one to use even when the lifetimes of the intermediate states are 

short, and the multiple gamma cascades give only one recoil event per primary 

gamma ray. However, the calculation of the spectral shape of the recoil spec- 

trum can be in considerable error unless the more complex analysis is used. 

The spectral 

mation to the spectral shape of recoils from a triple cascade is a trapezoid, 

with break points given by E q s .  (6)-(9). 

shape of a two step cascade is a rectangle while a good approxi- 
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7.0 Future Work 

Displacement damage energies and recoil spectra from the (n, I) reaction will 

be generated for many elements of interest to the fusion program. Similar 

calculations will also be performed for beta decay displacement damage. 

Displacment cross sections for 36 elements have recently been sent to Lawrence 

Livermore Laboratory for inclusion in the NMFE computer system. 

code SPECTPV has been included to process the new data from ENDF/B-V. 

need only supply a neutron spectrum. The code then computes spectral-averaged 

displacements, PKA distributions, and gas production rates. 

A new computer 

Users 

8.0 Publications 

1. A paper entitled, "Neutron Source Characterization and Radiation Damage 

Calculations for Materials Studies", was presented at the "International 

Conference on Neutron Irradiation Effects" at Argonne National Laboratory 

on November 9-12, 1981. The paper will be published in the Journal of 

Nuclear Materials. 

2. A paper entitled "Displacement Damage Calculations Using ENDF/B-V Cross 

Sections Including Thermal Neutron Capture and Beta Decay Effects", was 

presented at the Fourth ASTM-Euratom symposium on Reactor Dosimetry", 

March 22-26, 1982, National Bureau of Standards, Gaithersburg, MD. This 

paper will be published as part of the proceedings of this meeting. 
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ON THE USE OF THRESHOLDS I N  DAMAGE ENERGY CALCULATIONS 

Mark T. Robinson and Ordean 5. Oen (Oak Ridge N a t i o n a l  L a b o r a t o r y )  

1.0 O b j e c t i v e  

The purpose o f  t h i s  s tudy i s  t o  c o n s t r u c t  a t o m i s t i c  numer ica l  models o f  t h e  

development o f  c o l l i s i o n  cascades i n  s o l i d s  and t o  app ly  them t o  s t u d i e s  o f  

r a d i a t i o n  damage p r o d u c t i o n ,  s p u t t e r i n g ,  and plasma p a r t i c l e  b a c k s c a t t e r i n g ,  

i n  t h e  c o n t e x t  o f  f u s i o n  f i r s t  w a l l  m i t e r i a l s  development. 

2.0 Summary 

It i s  p o i n t e d  o u t  t h a t  t h e r e  i s  an i n c o n s i s t e n c y  i n  t h e  use o f  a d i s p l a c e -  

ment t h r e s h o l d  wi th t h e  damage energy model t h a t  i s  p a r t  o f  t h e  s tandard 

p rocedure  f o r  exp ress ing  r a d i a t i o n  e f f e c t s  exposures. A s imple  c o r r e c t i o n  

t o  t h e  model i s  p resen ted  and i t s  consequences a re  d iscussed b r i e f l y .  

3.0 Program 

T i t l e :  Oamaqe A n a l y s i s  and Dos imet ry  
P r i n c i p a l  I n v e s t i g a t o r :  M. T. Robinson 

A f f i l i a t i o n :  Oak Ridge Nat iona l  Labora to ry  

4.0 Re levan t  DAFS and P M I  Program Plan Task/Suhtask 

Subtask I1  .R. 2.3 Cascade P r o d u c t i o n  Methodology 
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5.0 Accompl i shemen ts  and S t a t u s  

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

r e q u i r e  a w t h o d  of e s t i m a t i n g  exposu res  wh i ch  a l l o w s  t h e  compar i son  o f  

o b s e r v a t i o n s  made i n  a v a r i e t y  o f  d i f f e r e n t  r a d i a t i o n  env i r onmen ts .  A 

w i d e l y  used s t a n d a r d  p r o c e d u r e  has been deve loped  f o r  t h i s  pu rpose  [ l -31 .  

T h i s  i s  based i n  p a r t  on an a n a l y s i s  by L i n d h a r d ,  e t  a l .  [4], o f  t h e  

e n e r j y  l o s s  p r o c e s s e s  i n v o l v e d  i n  a t o m i c  s l o w i n q  down and i n  p a r t  on a 
m o d i f i c a t i o n  o f  t h e  s i m p l e  c o l l i s i o n  cascade t h e o r y  o r i g i n a t e d  hy K i n c h i n  

and  ?ease [5]. It i s  t h e  pu rpose  o f  t h i s  commun i ca t i on  t o  p o i n t  o u t  an 

i n c o n s i s t e n c y  between t h e  two  p a r t s  o f  t h e  m d e l ,  t o  p r e s e n t  an a p p r o x i -  

mate  c o r r e c t i o n  o f  i t , and t o  d i s c u s s  i t s  consequences b r i e f l y .  

F o r t u n a t e l y ,  t h e  c o r r e c t i o n  r e q u i r e d  i s  o f  such a c h a r a c t e r  as t o  e n t a i l  

no  m a j o r  chanqes i n  c u r r e n t  p r a c t i c e .  

A s  e n e r g e t i c  r e c o i l  atoms s l o w  down i n  s o l i d s ,  t h e y  expend p a r t  o f  t h e i r  

k i n e t i c  enerciy i n  e x c i t i n g  e l e c t r o n s  and o n l y  t h e  rema inde r ,  t h e  so-  

c a l l e d  damage ene rgy  [6], i s  a v a i l a b l e  f o r  p r o d u c i n g  d e f e c t s  by a t o m i c  

d i s p l a c e m e n t .  L i n d h a r d ,  e t  a l .  [4], c a l c u l a t e d  t h e  p a r t i t i o n  o f  t h e  

i n i t i a l  k i n e t i c  e n e r g y  o f  t h e  p r i m a r y  d i s p l a c e d  a tom i n  a monatomic medium 

i n t o  t h e s e  two  fo rms,  as a l l  t h e  knocked- on atoms i n  t h e  cascade s l o w  down 

t o  r e s t .  T h e i r  r e s u l t s  may be r e p r e s e n t e d  by 

F ( E )  = E C1 + kL R ( E / E , ) I - ~  , (1) 

where  E i s  t h e  i n i t i a l  k i n e t i c  e n e r q y  of t h e  p r i m a r y  r e c o i l  and i i s  t h e  

r e s u l t i n g  ave rage  damage energy.  The p a r a m e t e r s  a r e  

= [0.133743 amu112] Z 213 /M  112 , 

2 2  E L  = 22 e /al2 = C86.93 eV] Z 7 / 3  , 
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= C33.13 pm] Z- 113 ( 4 )  

Here, Z and M are  t h e  a tomic  number and mass o f  t h e  p a r t i c l e s  o f  t h e  

medium, e and m a re  t h e  charge and mass o f  t h e  e l e c t r o n ,  and a. i s  t h e  

r a d i u s  o f  t h e  f i r s t  Bohr o r b i t  o f  hydrogen (52.9 pm). The remain ing func-  

t i o n  i n  Eq. ( 1 )  i s  [6,71 

( 5 )  g ( c )  = E t 0.40244 c 3 I 4  t 3.4008 E 116 

It i s  i m p o r t a n t  t o  emphasize t h a t  t h e  s l o w i n g  down model emhorlied i n  Eqs. 

(1- 5 )  cons ide rs  o n l y  t h e  average behav io r  o f  cascades. Furthermore,  t h e  

i n i t i a l  energy o f  t h e  p r imary  r e c o i l  i s  assumed t o  be comp le te l y  

d i s s i p a t e d :  t h e r e  i s  no d isp lacement  t h r e s h o l d  energy i n v o l v e d .  

The s imp le  cascade t h e o r y  o r i q i n a t e d  by K i n c h i n  and Pease [5] and extended 

l a t e r  by o t h e r s  [8,9] cons ide rs  t h a t  t h e r e  i s  a sharp d isp lacement  t h r e s -  

h o l d  energy Ed. I f  a l a t t i c e  atom o r i g i n a l l y  a t  r e s t  rece ives  a k i n e t i c  

energy E < Ed, it may move away f rom i t s  o r i q i n a l  l a t t i c e  s i t e  b r i e f l y ,  

b u t  i s  c o n s t r a i n e d  t o  r e t u r n  t o  i t  e v e n t u a l l y  by r e s t o r i n q  f o r c e s  i n  t h e  

c r y s t a l .  
be a b l e  t o  r e t u r n  t o  i t s  o r i q i n a l  l o c a t i o n ,  b u t  w i l l  remain permanent ly 

d i sp laced .  I n  a d d i t i o n ,  however, i t i s  recogn ized t h a t  i f  a r e c o i l i n q  

atom w i t h  energy Ed < E < 2 Ed d i s p l a c e s  another,  t h e r e  i s  no ne t  i n c r e a s e  

i n  t h e  number o f  m v i n q  p a r t i c l e s ,  s i n c e  t h e  f i n a l  energy o f  t h e  p r o j e c -  

t i l e  w i l l  be < Ed and it w i l l  S imply rep lace  t h e  t a r g e t  atom on i t s  l a t -  
t i c e  s i t e .  Thus, i n  t h e  absence o f  energy losses  by e l e c t r o n  e x c i t a t i o n ,  

t h e  Kinchin-Pease model p r e d i c t s  t h a t  t h e  average numher o f  d i s p l a c e d  

atoms i n  a cascade w i l l  be a p p r o x i m a t e l y  [8,10] 

I f  t h e  atom r e c e i v e s  an energy E > Ed, i n  c o n t r a s t ,  it w i l l  no t  
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0 O < E < E d  

v (E)  = 1 Ed  < E < 2 E d / ~  . 
K E / ~ E ~  2 E d / ~  c E < - 

The p a r a m e t e r  K a l l o w s  f o r  t h e  n a t u r e  o f  t h e  a t o m i c  s t o p p i n q  c r o s s  s e c t i o n .  

B o t h  a n a l y t i c a l  t h e o r y  [SI and compute r  s i m u l a t i o n s  [ll]  s u q q e s t  a v a l u e  

n e a r  0.8. E q u a t i o n  ( 6 )  i s  a p p r o x i m a t e  i n  t h a t  K a c t u a l l y  v a r i e s  w i t h  

e n e r q y  [8,121, d e c r e a s i n q  f rom u n i t y  a t  2 Ed t o  t h e  a s y m p t o t i c  v a l u e  used 

i n  Eq. ( 6 ) .  

The s t a n d a r d  p r o c e d u r e  f o r  e s t i m a t i n q  t h e  number o f  d i s p l a c e m e n t s  i n  an 

i r r a d i a t i o n  [l-31 u n i t e s  t h e  t w o  mode ls  o u t l i n e d  above by r e p l a c i n q  E, 

w h e r e v e r  i t o c c u r s  i n  Eq. ( 6 ) ,  by E^, as e v a l u a t e d  f r o m  Eqs. ( 1- 5 ) .  It 

s h o u l d  he n o t e d  t h a t  ?, n o t  E, t h e n  appea rs  i n  t h e  l i m i t s  of  E q .  ( 6 ) ,  a 

p o i n t  n o t  a lways  n o t i c e d  ( s ee  [3,13] ,  f o r  example ) .  B u t  t h i s  scheme i n -  

v o l v e s  an i n c o n s i s t e n c y :  a p a r t  o f  t h e  i n e l a s t i c  e n e r g y  l o s s e s  d i s c o u n t e d  

i n  Eq. (1) o c c u r s  o n l y  a f t e r  t h e  r e c o i l i n q  atoms have s l owed  down be low  

L = 2 E d / ~  , ( 7 )  

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

t o  Eq. ( 6 ) .  W h i l e  e l e c t r o n  e x c i t a t i o n s  a r e  r e l a t i v e l y  l e s s  i m p o r t a n t  a t  

l o w  r e c o i l  e n e r g i e s  t h a n  a t  h i q h ,  Eq. (1) n e v e r t h e l e s s  p r e d i c t s  s i q n i f i -  

c a n t  i n e l a s t i c  l o s s e s  a t  e n e r g i e s  be l ow  L. F o r  i n s t a n c e ,  16.5% o f  t h e  

e n e r q y  o f  an a luminum atom o f  54 eV k i n e t i c  e n e r q y  i s  r eckoned  by  

Eqs. (1-5) t o  he l o s t  i n e l a s t i c a l l y .  Such an amount appears  t o  r e q u i r e  a 

s i g n i f i c a n t  c o r r e c t i o n  t o  c u r r e n t  s t a n d a r d  p r o c e d u r e s .  

The c o r r e c t i o n  t o  t h e  s t a n d a r d  model f o r  i n e l a s t i c  e n e r q y  l o s s e s  o c c u r r i n q  

b e l o w  t h e  e n e r q y  L may be e s t i m a t e d  i n  t h e  f o l l o w i n q  s i m p l e  manner.  L e t  P I  
he t h e  c o r r e c t e d  mean damaqe enerqy .  Then, t h e  a v e r a q e  number o f  d i s p l a c e d  

atoms i s  i l / L ,  as l o n q  as El > L. 

f r o m  L, each o f  them e x p e r i e n c e s  an i n e l a s t i c  e n e r q y  l o s s  L - E ( L ) ;  s i n c e  

A 

As t h e s e  p a r t i c l e s  s l o w  down t o  r e s t  
A 
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t h i s  l o s s  cannot i n f l u e n c e  t h e  f i n a l  number o f  d isp lacements ,  it must be 
added back i n t o  t h e  damage energy. Hence, 

wh ich may be so lved  t o  y i e l d  

t 1 ( E )  = [ L / i ( L ) ]  e ( E )  L < E < - ,  

which i s  t o  be used i n  Eq .  (6) i n s t e a d  o f  Eq .  (1). 

There a r e  severa l  i n t e r e s t i n g  p o i n t s  t o  be made about Eq. (8). F i r s t ,  t h e  
c o r r e c t i o n  f a c t o r  i s  a constant ,  independent o f  t h e  p r i m a r y  r e c o i l  energy. 

Thus, as l o n g  as t h e  p r i m a r y  r e c o i l  spectrum i s  no t  dominated by p a r t i c l e s  

h a v i n g  Ed < E < L,  t h e  spectrum-averaged damage energy (or ,  e q u i v a l e n t l y ,  

t h e  damage energy c ross  s e c t i o n )  i s  m u l t i p l i e d  by t h e  same f a c t o r .  

Fur thermore,  i f  t h e  o b j e c t i v e  i s  t o  compare d i f f e r e n t  r a d i a t i o n  e n v i r o n-  
ments w i t h  respec t  t o  t h e i r  a b i l i t i e s  t o  produce r a d i a t i o n  e f f e c t s ,  s ince  

t h e  same c o r r e c t i o n  f a c t o r  i s  used f o r  a l l ,  p r e c i s e l y  t h e  same p r e d i c t i o n  

i s  made as i n  t h e  c u r r e n t  s tandard procedure. 

Second, as t h e  k i n e t i c  energy o f  a r e c o i l  approaches L,  t h e  m o d i f i e d  mean 
damage energy E 1 ( E )  approaches L a lso ,  u n l i k e  E ( E )  which approaches the 

l e s s e r  va lue  e ( L ) .  Thus, i n  t rea tmen ts  u s i n q  t h e  m o d i f i e d  q u a n t i t y ,  i t i s  

no l o n g e r  necessary t o  use t h e  damage energy i n  d e f i n i t i o n s  o f  t h e  segment 
l i m i t s  as was t h e  case before .  

A A 

Another  way o f  l o o k i n g  a t  Eq. (8) i s  t o  n o t e  t h a t  i t i s  e q u i v a l e n t  t o  

c o r r e c t i n g  t h e  t h r e s h o l d  energy L f o r  i n e l a s t i c  losses.  That i s ,  t h e  

number o f  d e f e c t s  i s  t o  be e v a l u a t e d  u s i n g  n o t  L,  bu t  f ( L )  i ns tead ,  i n  con- 

j u n c t i o n  w i t h  t h e  o r i g i n a l  damage energy, Eq .  (1). I n  t h i s  f o r m u l a t i o n  

a l s o ,  t h e  k i n e t i c  energy appears i n  t h e  exp ress ions  f o r  t h e  l i m i t s .  
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F i n a l l y ,  t h e  approx imate n a t u r e  o f  t h e  c o r r e c t i o n  procedure must be noted.  

I f  a t h r e s h o l d  were a c t u a l l y  i n t r o d u c e d  i n t o  t h e  i n t e g r o d i f f e r e n t i a l  

e q u a t i o n  so lved  by L indhard,  e t  a l .  [4], it would be necessary t o  a l t e r  t h e  

boundary c o n d i t i o n s  and t h e r e  i s  l i t t l e  doubt t h a t  t h e  form of t h e  s o l u t i o n  

would be a l t e r e d  as w e l l ,  e s p e c i a l l y  i n  t h e  v i c i n i t y  o f  t h e  t h r e s h o l d  

energy. 

To complete t h e  c o r r e c t i o n  o f  Eq. (1) f o r  t h r e s h o l d  e f f e c t s ,  it i s  

necessary t o  i n c l u d e  i n  t h e  model p a r t i c l e s  w i t h  i n i t i a l  enerq ies  below L. 

T h i s  i s  done by add ing t o  Eq. ( 8 )  t h e  f o l l o w i n g  

0 

L 
c 1 ( E )  = 

O < E < E d  

E d < E < L  

F i n a l l y ,  i f  s p e c t r a l  ave rag ing  i s  requ i red ,  t h e  

<n E,> = L[  n ( T )  dT + [ t ( L ) I - l  n 
L m 

Ed L 

(9) 

r e v i s e d  model y i e l d s  

which i s  t o  be c o m a r e d  t o  t h e  conven t iona l  r e s u l t  

m 

<n i> = I n ( T )  ? ( T )  dT . 
0 

I n  both  cases, n ( T )  i s  e i t h e r  a no rma l i zed  p r imary  r e c o i l  enerqy spectrum, 

a p r i m a r y  r e c o i l  p r o d u c t i o n  cross s e c t i o n ,  o r  some s i m i l a r  w e i g h t i n q  

f u n c t i o n .  

A l though  t h e  c o r r e c t e d  damage enerqy model has been d iscussed here  i n  terms 

o f  a d isp lacement  m d e l  o f  t h e  Kinchin-Pease t y p e  [5], it i s  as e a s i l y  

a p p l i e d  t o  d isp lacement  models of t h e  Snyder-Neufeld t y p e  [I41 i n  which a 
d i s p l a c e d  atom must overcome an energy b a r r i e r  b e f o r e  movinq away f rom i t s  

l a t t i c e  s i t e .  An atom r e c e i v i n g  enerqy E i n  a c o l l i s i o n ,  commences t o  m v e  
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w i t h  k i n e t i c  energy E - Ed. 

framework by r e d e f i n i n q  L: i t  i s  o n l y  necessary t o  r e p l a c e  t h e  f a c t o r  2 i n  

Eq. (7)  by 3 [12]. 

Models o f  t h i s  t y p e  a re  i n c l u d e d  i n  t h e  above 

The c o r r e c t e d  damage energy model o f  Eqs. (8,9) i s  e a s i l y  i n c l u d e d  i n  com- 

p u t a t i o n s .  To i l l u s t r a t e  t h i s ,  t h e  well- known machine proqram E- DEP- 1 [ 1 5 ]  

was m o d i f i e d  t o  i n c l u d e  t h e  c o r r e c t i o n s .  F o l l o w i n q  Doran and K u l c i n s k i  

[16], t h e  program a l r e a d y  eva lua ted  t h e  second i n t e q r a l  o f  Eq. (lo), so 
t h a t  i t  was o n l y  r e q u i r e d  t o  i n c l u d e  t h e  c o r r e c t i o n  f a c t o r  deduced i n  

Eq. (8 )  above and t h e  f i r s t  i n t e q r a l  i n  Eq. (10). The e f f e c t s  o f  t h e  

changes i n  t h e  model a r e  i l l u s t r a t e d  i n  Fiq.  1, which shows t h e  t o t a l  

damage energy depos i ted  i n  aluminum by 4.8 MeV A1 i o n s  as a f u n c t i o n  o f  

t h e  va lues of L and o f  Ed. The curves show, r e s p e c t i v e l y ,  t h e  second 

i n t e g r a l  o f  Eq. (10) w i t h o u t  t h e  c o r r e c t i o n ,  t h e  same i n t e q r a l  w i t h  t h e  

CORRECTED INTEGRAL WITH TWESHOLD 

- 

4.8 MeV AI -AI 
E-DEP-1 (VERSION XI) - 

0 10 20 30 40 50 60 70 
L. CASCADE MULTIPLICATION THRESHOLD (eV) 

F i g .  1. The i n f l u e n c e  o f  a t h r e s h o l d  energy on t h e  damaqe energy i s  shown 

as c a l c u l a t e d  w i t h  t h e  code E- DEP- 1 [14] f o r  4.8-MeV A1 i o n s  

i n c i d e n t  on A l .  The t h r e e  curves a re  e x p l a i n e d  i n  t h e  t e x t .  
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c o r r e c t i o n ,  and t h e  r e s u l t  o f  t he  complete model w i t h  Ed = L/2. 

r i s e  i n  t h e  c o r r e c t e d  mean damaqe enerq ies  f o r  very  small  t h r e s h o l d s  

r e f l e c t s  t h e  very  weak dependence o f  Eq. (5 ) .  Both c o r r e c t e d  curves 

show q u i t e  t h e  o p p o s i t e  dependence on 1 t h a t  i s  d i s p l a y e d  by t h e  

u n c o r r e c t e d  curve.  Furthermore,  away f rom t h e  smal l  t h r e s h o l d  r e g i o n ,  

b o t h  c o r r e c t e d  curves a re  much l e s s  s e n s i t i v e  t o  t h e  t h r e s h o l d  va lue than 

i s  t h e  uncor rec ted  curve.  

The r a p i d  

A l though  t h e  c o r r e c t e d  damaqe enerqy w i l l  o f t e n  lead  t o  exposure c o r r e l a -  

t i o n s  which are e s s e n t i a l l y  t h e  same as those based on t h e  uncor rec ted  

q u a n t i t y ,  t h i s  w i l l  no t  always he t h e  case. It may be expected t h a t  t h e  

c o r r e c t i o n s  w i l l  be p a r t i c u l a r l y  s i g n i f i c a n t  i n  those s i t u a t i o n s  where t h e  

t a r g e t  r e c o i l  energy spectrum i s  dominated by low enerqy p a r t i c l e s .  

I r r a d i a t i o n s  by l i g h t  i o n s  p r o v i d e  t h e  most i m p o r t a n t  o f  these s i t u a t i o n s .  

Here, where many t a r q e t  r e c o i l s  w i l l  be produced w i t h  i n t i a l  enerq ies  be-  

tween Ed and L, t h e  c o r r e c t i o n s  o u t l i n e d  here may prove t o  be e s s e n t i a l .  

5.1 Acknowledgements 

It i s  a p l e a s u r e  t o  acknowledqe many s t i m u l a t i n q  d i s c u s s i o n s  o f  t h i s  t o p i c  

w i t h  

6.0 

c11 

[21  

c31 

T. S. Noqgle. 

References 

M. J. Norqe t t ,  M. T. Robinson, and I. M. Torrens,  Nucl. Engin. 
Des ign - 33 (1975) 50. 

D. G. Doran, J. R. Bee le r ,  Jr., M. D. Dudey, and M. J.  F luss ,  
"Report  o f  t h e  work ing  group on d isp lacement  m d e l s  and 
procedures f o r  damage c a l c u l a t i o n s " ,  U.S.A.E.C. Report HEDL-TME 
73-76 (December 1973). 

"Standard Recommended P r a c t i c e  f o r  Neutron R a d i a t i o n  Damaqe 
S i m u l a t i o n  by Charged- Par t i c le  I r r a d i a t i o n " ,  ANSI/ASTM E 521-77, 
pp. 983-1001 (1 9 7 7 ) .  

76 



J. Lindhard,  V. N ie lsen,  M. S c h a r f f ,  and P. V. Thomsen, Kql .  
Dan. Vidensk. Selsk.  Mat.- fys. Medd. - 33 (1963) no. 10. 

G. H. K i n c h i n  and R. S. Pease, Rep. Progr .  Phys. 18 (1955) 1. 

M. T. Robinson i n  Nuc lear  Fus ion Reactors  ( B r i t i s h  Nuc lear  
Enerqy Soc ie ty ,  London, 1970), p. 364. 

Equa t ion  ( 9 )  o f  Reference 3 omi ts  t h e  l i n e a r  te rm i n  Eq. ( 5 )  o f  
t h e  p resen t  t e x t .  

M. T. Robinson, P h i l .  Mag. - 12 (1965) 741. 

P. Sigmund, Radia t .  E f f .  - 1 (1969) 15. 

Equat ion (17)  o f  re fe rence  3 i n c o r r e c t l y  omi ts  t h e  f a c t o r  K 

which appeazs i n  Eqs. (6, 7) o f  t h e  p resen t  t e x t  and uses E 
i n s t e a d  o f  E i n  t h e  express ions f o r  t h e  l i m i t s .  

M. T. Robinson and I. M. Torrens,  Phys. Rev. - B 9 (1974) 5008. 

- 
- 

M. T. Robinson i n  Rad ia t i on- Induced  Voids i n  Meta ls ,  e d i t e d  by 
J .  W. C o r b e t t  and L. C. I a n i e l l o  (U.S.A.E.C., CONF-710601, 19721, 
p. 397. 

R. S. Averback, R. Benedek, and K. L. Merkle,  Phys. Rev. 
- 18 (1978) 4156. 

W. S. Snyder and J. Neufeld,  Phys. Rev. - 97 (1955) 1636. 

I. Manning and G. P. M u e l l e r ,  Computer Phys. Comm. - 1 (1974) 

0. G. Doran and G. L. K u l c i n s k i ,  Rad ia t .  E f f .  9 (1971) 284. - 

85. 

77 



CHANNELING I N  H I G H  ENERGY DISPLACEMENT CASCADES 

H. L. H e i n i s c h  (Han fo rd  E n g i n e e r i n g  Development L a b o r a t o r y )  

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

The o b j e c t i v e  o f  t h i s  work i s  t o  deve lop  computer models f o r  t h e  s i m u l a t i o n  o f  

h i g h  energy cascades wh ich  w i l l  be used t o  genera te  d e f e c t  p r o d u c t i o n  f u n c t i o n s  

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

2.0 Summary 

High energy cascades genera ted  w i t h  t h e  MARLOWE code were ana lyzed  u s i n g  computer 
g raph i cs  t o  determine how f r e q u e n t l y  c h a n n e l i n g  even ts  occur. 

c h a n n e l i n g  on cascade c o n f i g u r a t i o n s  were determined i n  p a r t  by compar ing cas-  

cades produced i n  c r y s t a l l i n e  and amorphous media. Channel ing even ts  do o c c u r  

f r e q u e n t l y  i n  h i g h  energy cascades, b u t  t h e y  have l i t t l e  e f f e c t  on t h e  o v e r a l l  

s i z e  and shape o f  t h e  cascades. 

The e f f e c t s  of 

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  (AKJ) 

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

A f f i l i a t i o n :  Han fo rd  E n g i n e e r i n g  Development L a b o r a t o r y  

4.0 Re levan t  DAFS Program P lan  Task/Subtask 

Subtask I I .B.2 .3  Cascade P r o d u c t i o n  Methodology 

5.0 Accomplishments and S t a t u s  

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

Somewhere i n  t h e  energy range o f  10-50 keV f o r  most  m e t a l s ,  d i sp lacement  cascades 

undergo a t r a n s i t i o n  f r o m  h a v i n g  e s s e n t i a l l y  a s i n g l e  damage area t o  h a v i n g  
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m u l t i p l e ,  w ide ly  spaced damage regions, known commonly a s  subcascades. 

ex is tence of subcascades i s  exper imenta l ly  i n f e r r e d  from transmission e lec t ron  

microscope observat ions; a t  very low doses they appear a s  a c o l l e c t i o n  o f  

damage regions spaced much more c l o s e l y  than the  average spacing o f  pr imary 

events,(') o r  a t  h igher  doses, they are  manifested a s  a h igher  dens i ty  o f  

damage regions than t h e  dens i ty  o f  pr imary events. ( * )  
t h e  subcascade phenomenon can be seen i n  images o f  d isordered regions produced 

by i r r a d i a t i o n  i n  ordered a l l oys .  ( 3 )  These d isordered regions a l s o  bear a 

remarkable resemblance t o  the  con f i gu ra t i ons  o f  defects produced i n  displacement 

The 

Dramatic evidence f o r  

cascades generated w i t h  the  computer code MARLOWE. (4)  

The product ion o f  subcascades i s ,  i n  general, a man i fes ta t i on  o f  the  increase i n  
the mean f r e e  path between energet ic  c o l l i s i o n s  w i t h  increas ing  energy o f  the  

p r o j e c t i l e  atom. 

t i o n  o f  cascades i s  channeling. 
s imu la t ions  of cascades, b u t  attempts a t  experimental observat ions o f  i t  have 

been genera l l y  negat ive o r  inconc lus ive  ( f o r  example, Reference 3) .  
when an energet ic  pr imary o r  secondary knock-on atom i s  g iven a t r a j e c t o r y  

between two atomic planes such t h a t  r e l a t i v e l y  low energy c o l l i s i o n s  tend t o  

conf ine  the  t r a j e c t o r y  t o  t h a t  plane over a f a i r l y  l a r g e  distance, w i t h  a l oss  

o f  on ly  a small p o r t i o n  o f  the  p r o j e c t i l e ' s  energy. Thus, upon de-channeling, 

the  p r o j e c t i l e  can produce a damage reg ion  w ide ly  separated from the  r e s t  o f  
the  cascade. 

Another phenomenon which may have an i n f l uence  on the  conf igura-  

Th is  phenomenon has been observed i n  computer 

I t occurs 

The quest ion ar ises ,  then, as t o  how important  t h e  channel ing phenomenon i s  t o  

the  product ion o f  subcascades, espec ia l l y  i n  h igher  energy cascades where op- 

p o r t u n i t i e s  f o r  channel ing events are  more numerous. 

i n d i c a t e  t h a t  channel ing occurs, though r a r e l y ,  i n  cascades o f  30 keV o r  less .  

I n  these lower energy cascades, t h e  appearance o f  channel ing i s  r a t h e r  dramatic, 
s ince  normal ly on ly  a s ing le ,  f a i r l y  compact damage reg ion  i s  produced. I n  

cascades w i t h  100 's  o f  keV o f  energy, damage i s  produced i n  subcascades which 

may o r  may n o t  be the  r e s u l t  o f  channel ing events. 

Computer s imulat ions 
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5.2 Computat ions and R e s u l t s  

Cascades o f  200 and 500 keV i n  Cu, produced w i t h  MARLOWE ( t h e r m a l  d isp lacements  
n o t  i n c l u d e d ) ,  were ana lyzed  t o  d e t e n i n e  t h e  c o n t r i b u t i o n  o f  c h a n n e l i n g  t o  t h e  
cascade c o n f i g u r a t i o n .  The a c t u a l  t r a j e c t o r i e s  o f  e n e r g e t i c  p r o j e c t i l e s  c o u l d  

n o t  be  determined,  b u t  t h e  apparen t  t r a j e c t o r i e s  c o u l d  o f t e n  be i n f e r r e d  f r o m  
" d e b r i s "  (an occas iona l  F renke l  p a i r )  a long  t h e i r  pa ths  ( F i g u r e  1 )  o r  f rom t h e  

r e l a t i v e  shape and p o s i t i o n  o f  t h e  damage r e g i o n s  ( F i g u r e  2 ) .  The d i r e c t i o n s  

o f  t h e  t r a j e c t o r i e s  were de te rm ined  f o r  even ts  between separated damage r e g i o n s ,  

and c l a s s i f i e d  as b e i n g  c h a n n e l i n g  o r  non- channel ing d i r e c t i o n s .  

The measurements were per formed u s i n g  i n t e r a c t i v e  th ree- d imens iona l  computer 

g raph ics .  The cascades were r o t a t e d  u n t i l  t h e  observe r  was l o o k i n g  d i r e c t l y  
a l o n g  t h e  d i r e c t i o n  o f  t h e  t r a j e c t o r y ,  then t h e  ang les  o f  r o t a t i o n  were reco rded  
T h i s  techn ique  was judged t o  produce r e s u l t s  w i t h  an u n c e r t a i n t y  o f  a t  l e a s t  
12". Whi le  t h e  measurement techn iques  c o u l d  b e  r e f i n e d ,  t h e r e  i s  s t i l l  a good 
dea l  o f  s u b j e c t i v i t y  i n v o l v e d  i n  i n f e r r i n g  t h e  p r e c i s e  t r a j e c t o r y  f r o m  d e b r i s  

a l o n g  t h e  pa th .  

The t r a j e c t o r y  d i r e c t i o n s  f o r  74 even ts  i n  40 cascades were reduced t o  t h e  

fundamental  t r i a n g l e  f o r  t h e  f c c  l a t t i c e .  D i r e c t i o n s  i n  t h e  c h a n n e l i n g  p lanes  

( l o o ) ,  (110) ,  (111) l i e  a l o n g  t h e  b o r d e r  o f  t h e  fundamental  t r i a n g l e  and on t h e  

l i n e  f r o m  <110> t o  <211>. O f  t h e  events  measured, 68% have d i r e c t i o n s  w i t h i n  
2" o f  a c h a n n e l i n g  d i r e c t i o n .  If  d i r e c t i o n s  were chosen a t  random, abou t  41% 

o f  a l l  d i r e c t i o n s  would  be i n  t h i s  ca tegory .  Thus, i t  seems t h a t  c h a n n e l i n g  

even ts  occur  f r e q u e n t l y  i n  h i g h  energy cascades, b u t  they  a r e  n o t  t h e  e x c l u s i v e  

mechanism by  wh ich  w i d e l y  separa ted  damage r e g i o n s  a r e  produced. 

How c h a n n e l i n g  even ts  i n f l u e n c e  t h e  c o n f i g u r a t i o n s  o f  h i g h  energy cascades was 

i n v e s t i g a t e d  by  compar ing h i g h  energy cascades produced i n  c r y s t a l l i n e  and 

amorphous copper. The MARLOWE code models an amorphous m a t e r i a l  by  p e r f o r m i n g  

a random r o t a t i o n  o f  t h e  l a t t i c e  a f t e r  each c o l l i s i o n .  W h i l e  t h i s  procedure 

does n o t  r i g o r o u s l y  r e p r e s e n t  t h e  amorphous c o n d i t i o n ,  n e v e r t h e l e s s  t h e  symmetry 

which a l l o w s  channe l ing  i s  dest royed.  

phous 200 keV cascades were compared. 

Samples o f  twenty  c r y s t a l l i n e  and amor- 

80 



. 
I . 

. 

FIGURE 1. 200-keV Cascade i n  Copper, Vacancies Only, A f t e r  Recombination. 
Cube edge i s  170 l a t t i c e  parameters. 
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FIGURE 2. 200-keV Cascade i n  Copper, Vacancies Only, A f t e r  Recombinat ion.  
Cube edge i s  211 l a t t i c e  parameters .  
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The vacancy d i s t r i b u t i o n s  were compared a f t e r  some recombinat ion t o  s imulate 

quenching o f  t h e  cascade. The maximum ex ten t  along t h e  i n i t i a l  r e c o i l  d i r e c t i o n ,  

as w e l l  as the aspect r a t i o ,  i .e. ,  t he  r a t i o  o f  t he  maximum leng th  t o  t he  average 
maximum w id th  o f  a cascade, were measured f o r  each vacancy d i s t r i b u t i o n .  

sa fes t  conclus ion on the bas is  o f  t he  small sample s i z e  i s  t h a t  t he  d i f f e rences  

a re  s l i g h t ,  a l though t h e  c r y s t a l l i n e  cascades have s l i g h t l y  l a r g e r  average values 

of both maximum ex ten t  and aspect r a t i o .  

The 

F igure  3 shows one o f  the amorphous cascades. 

i n  i t s  general na ture  from the c r y s t a l l i n e  cascades (F igures 1 and 2) .  
an i nspec t i on  o f  a l l  cascades i n  both se ts  a l lows one t o  d i s t i n g u i s h  a d i f f e r e n c e  

i n  charac ter  between t h e  amorphous and c r y s t a l l i n e  cases. 

case the re  i s  a tendency f o r  more c l e a r l y  separated damage regions, t he  r e s u l t  

o f  channel ing events. 

I t  i s  v i r t u a l l y  i n d i s t i n g u i s h a b l e  

However, 

I n  t h e  c r y s t a l l i n e  

5 . 3  Conclusions 

Channeling events do occur f r equen t l y  i n  h igh  energy cascades. T h e i r  leng ths  

a r e  seldom much l a r g e r  than t h e  average dimensions o f  cascades i n  which chan- 

n e l i n g  does n o t  occur. 

phenomenon w i t h  respect  t o  cascade s izes  a t  h igh  energies. Channeling may be 

impor tan t  i n  t h a t  i t  produces somewhat more c l e a r l y  separated damage regions. 
Thus, i f  channel ing i s  suppressed, t h e  behavior  of t he  defects  subsequent t o  

t h e  c o l l i s i o n a l  phase o f  t he  cascade (recombinat ion, c l u s t e r i n g ,  e tc . )  may be 

in f luenced.  
cascades a f t e r  shor t- term annealing. 

Hence, channel ing does n o t  appear t o  be an impor tan t  

Th i s  could be tes ted  by comparing the  c r y s t a l l i n e  and amorphous 

As t o  why channel ing i n  h igh  energy cascades has n o t  been exper imenta l l y  con- 

f i rmed, t h e  f o l l o w i n g  observat ions a re  p e r t i n e n t :  n o t  a l l  separated damage 
reg ions  i n  a cascade a r e  a r e s u l t  of channeling. There tend t o  be few e x t r a -  

o r d i n a r i l y  l ong  channel ing events. 

t o  be v i s i b l e  i n  a TEM, and a channel ing event does n o t  always l i e  along a l i n e  

connect ing two major  (hence v i s i b l e )  damage regions. 

A minimum s i z e  i s  r equ i red  f o r  damage reg ions  
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FIGURE 3. 200-keV Cascades i n  Amorphous Copper, Vacancies Only, A f t e r  
Recombinat ion.  Cube edge i s  192 l a t t i c e  parameters.  
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7.0 Future Work 

Future work w i l l  be concerned w i t h  shor t- term anneal ing o f  h igh  energy cascades 

and determinat ion o f  de fec t  product ion func t i ons  (see the  o the r  c o n t r i b u t i o n  i n  

t h i s  repo r t ) .  
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CASCADE QUENCHING AND SHORT-TERM ANNEALING 

H. L .  H e i n i s c h  (Han fo rd  Eng ineer ing  Development L a b o r a t o r y )  

1 .o Ob j e c  ti ve 

The o b j e c t i v e  o f  t h i s  work i s  t o  deve lop  computer models f o r  t h e  s i m u l a t i o n  o f  

h i g h  energy cascades wh ich  w i l l  be used t o  genera te  d e f e c t  p r o d u c t i o n  f u n c t i o n s  

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

2.0 Summary 

D e f e c t  p r o d u c t i o n  i n  h i g h  energy d i sp lacement  cascades has been modeled u s i n g  

t h e  computer code MARLOWE t o  genera te  t h e  cascades and t h e  s t o c h a s t i c  computer 
code ALSOME t o  s i m u l a t e  t h e  cascade quenching and shor t- te rm a n n e a l i n g  of 

i s o l a t e d  cascades. The quench ing i s  accompl ished by  u s i n g  ALSOME w i t h  exag- 

g e r a t e d  va lues  f o r  d e f e c t  m o b i l i t i e s  and c r i t i c a l  r e a c t i o n  d i s t a n c e s  f o r  

r e c o m b i n a t i o n  and c l u s t e r i n g ,  wh ich a r e  i n  e f f e c t  u n t i l  t h e  number o f  d e f e c t  

p a i r s  i s  equal  t o  t h e  v a l u e  de te rm ined  f r o m  r e s i s t i v i t y  exper iments  a t  4K. 
Then normal m o b i l i t i e s  and r e a c t i o n  d i s t a n c e s  a r e  used d u r i n g  s h o r t - t e r m  

a n n e a l i n g  t o  a p o i n t  r e p r e s e n t a t i v e  o f  Stage 111 recovery .  The number o f  f r e e  
i n t e r s t i t i a l s  a f t e r  s h o r t - t e r m  a n n e a l i n g  i s  f a i r l y  i n s e n s i t i v e  t o  t h e  quench 

model, b u t  t h e  number o f  f r e e  vacanc ies  depends s t r o n g l y  on t h e  c l u s t e r i n g  
c r i t e r i a  used d u r i n g  t h e  quench. 

cascades a r e  i n  good agreement w i t h  some exper imen ta l  r e s u l t s .  

P r e l i m i n a r y  r e s u l t s  f o r  30-keV copper  
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5.0 Accomplishments and Status 

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

E a r l i e r  s imu la t ions  (l) o f  shor t- te rm anneal ing o f  displacement cascades were 

done w i t h  the s tochas t i c  cascade anneal ing s imu la t i on  code SCAS, opera t ing  on 

cascades generated w i t h  t he  MARLOWE MARLOWE models on l y  t he  c o l l i -  

s iona l  phase o f  cascade development, which occurs i n  about sec. In t he  

prev ious work, t o  account f o r  t h e  recombinat ion which occurs a s  t he  energet ic  
cascade reg ion  q u i c k l y  comes t o  thermal e q u i l i b r i u m  w i t h  t h e  remainder o f  the 

c r y s t a l  (cascade quenching), t he  c l o s e s t  de fec t  p a i r s  i n  t he  MARLOWE cascades 

were recombined u n t i l  the "experimental value" o f  de fec ts  remaining a t  4K was 

reached. ( l )  

The r e s u l t s  o f  t h i s  procedure were annealed cascades which conta ined many more 
f r e e l y  m ig ra t i ng  de fec ts ,  both vacancy and i n t e r s t i t i a l ,  than has been i n f e r r e d  

code. 

The cascades were then shor t- term annealed w i t h  t he  code SCAS. 

f rom experimental  measurements. (3-5) 

The l e a s t  phys ica l  p a r t  o f  those e a r l i e r  cascade s imu la t ions  i s  undoubtedly t he  
s imu la t i on  o f  quenching by simple s t a t i c  recombinat ion i n  a h i g h l y  energe t ic  

cascade. Cascade quenching can on l y  be p rope r l y  s imulated by f u l l y  dynamical 

cascade models. However, f o r  cascade energies h igh  enough t o  be o f  i n t e r e s t ,  

such an approach may n o t  p resen t l y  be computa t iona l l y  f eas ib le .  And, even i f  
f e a s i b l e ,  the dynamical s imu la t ions  a r e  n o t  p r a c t i c a l  f o r  generat ing s t a t i s t i -  
c a l l y  s i g n i f i c a n t  numbers o f  h igh  energy cascades. Therefore, some s i m p l i f i e d  

parametr ic model o f  cascade quenching must be developed t o  b r i dge  the  gap 
between MARLOWE and shor t- term anneal ing i n  a p h y s i c a l l y  reasonable way. 

So f a r ,  t h i s  parametr ic model has cons is ted  o f  t he  simple recombinat ion o f  

p a i r s  i n  a s t a t i c ,  MARLOWE-generated cascade. 

r e a l i s t i c  quench model, a k i n e t i c  recombinat ion model us ing  t h e  shor t- term 

anneal ing code has been devised. The anneal ing code has been mod i f i ed  t o  pre-  

process the  cascades w i t h  quenching values f o r  t h e  parameters, and then t o  

anneal them w i t h  normal parameter values. The anneal ing s imu la t ion  code, now 

known as ALSOME, i s  an expanded ve rs ion  o f  t he  SCAS code. 
features,  b u t  r e t a i n s  t he  o r i g i n a l  a lgor i thm. 

As a f i r s t  s tep toward a more 

I t  has many more 
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I n  ALSOME a m o b i l e  d e f e c t  i s  chosen a t  random, based on i t s  r e l a t i v e  jump 

f requency,  and i t s  p o s i t i o n  i s  changed by  one l a t t i c e  parameter i n  a randomly 

chosen d i r e c t i o n .  I t s  env i ronment  i s  then searched f o r  p o s s i b l e  i n t e r a c t i o n s  

w i t h  o t h e r  d e f e c t s ,  based on c r i t i c a l  r e a c t i o n  d i s t a n c e s  f o r  v a r i o u s  t ypes  of 

i n t e r a c t i o n s  (e.g., c l u s t e r i n g  o r  r e c o m b i n a t i o n ) .  The i n t e r a c t i o n s ,  i f  any, 

a r e  performed, and a n o t h e r  d e f e c t  i s  randomly chosen, e t c .  

scheme i n  ALSOME u t i l i z e s  t h i s  same jumping and r e a c t i n g  a l g o r i t h m ,  however, 

t h e  va lues  o f  t h e  jump and r e a c t i o n  parameters a r e  s e t  t o  produce d e f e c t  

b e h a v i o r  more r e p r e s e n t a t i v e  o f  t h a t  o c c u r i n g  d u r i n g  t h e  quench. 

t h e  m o b i l e  d e f e c t  spec ies  ( s i n g l e ,  d i - ,  tri- and t e t r a -  vacanc ies ,  s i n g l e ,  d i -  

and tri- i n t e r s t i t i a l s )  a r e  c o n s i d e r e d  t o  be e q u a l l y  m o b i l e  d u r i n g  t h e  quench, 

and c r i t i c a l  r e a c t i o n  d i s t a n c e s  a r e  exaggerated.  

The quenching 

I n  p a r t i c u l a r ,  

There a r e  e s s e n t i a l l y  f o u r  a d j u s t a b l e  parameters p r e s e n t l y  i n  t h i s  quenching 
scheme: t h e  recomb ina t ion ,  i n t e r s t i t i a l  c l u s t e r i n g ,  vacancy c l u s t e r i n g ,  and 

t h e  t i m e  d u r a t i o n  o f  t h e  quench. Accord ing  t o  arguments based on thermal  

c o n d u c t i o n , ( 6 )  a l o c a l i z e d  cascade r e g i o n  w i t h  a w e l l - d e f i n e d  tempera tu re  
much h i g h e r  t h a n  i t s  su r round ings  e x i s t s  on t h e  o r d e r  o f  lo - ’ ’  sec. Time i s  

measured i n  ALSOME i n  terms o f  t h e  number o f  jumps o f  a s i n g l e  i n t e r s t i t i a l .  

The quench t i m e  was f i x e d  a t  100 jumps, c o n s i s t e n t  w i t h  t h e  sec. t i m e  

frame. S e n s i t i v i t y  s t u d i e s  were then  per formed on t h e  i n t e r s t i t i a l  and vacancy 

c l u s t e r i n g  and r e c o m b i n a t i o n  parameters.  

5 .2  R e s u l t s  

The average b e h a v i o r  o f  t e n  30-keV cascades i n  Cu was determined as a f u n c t i o n  

o f  quench ing parameter  va lues .  The cascades a r e  t r e a t e d  as i s o l a t e d  cascades, 

and a volume i s  p r e s c r i b e d  abou t  each cascade such t h a t  once a d e f e c t  e x i t s  

t h i s  volume i t  does n o t  r e t u r n .  S h o r t - t e r m  a n n e a l i n g  s i m u l a t i o n s  t e r m i n a t e  

when no m o b i l e  d e f e c t s  remain  w i t h i n  t h i s  volume. The a n n e a l i n g  occurs  i n  two 

d i s t i n c t  phases: f i r s t  t h e  m i g r a t i o n  o f  i n t e r s t i t i a l  d e f e c t s  which a r e  o r d e r s  

o f  magni tude more m o b i l e  t h a n  vacanc ies ,  then  t h e  m i g r a t i o n  o f  t h e  m o b i l e  vacancy 

d e f e c t s  wh ich  remain.  

number o f  F renke l  p a i r s  and t h e  numbers and t ypes  o f  m o b i l e  and s t a t i o n a r y  

Throughout t h e  annea l ing ,  ALSOME r e p o r t s  on t h e  t o t a l  
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de fec t  c lus te rs .  

o f  the  quench, a f t e r  i n t e r s t i t i a l  migrat ion,  and a t  the  te rminat ion  o f  shor t-  

term annealing. 

I n  p a r t i c u l a r ,  t h e  s t a t e  o f  t h e  system i s  noted a t  the  end 

Th is  i s  a semi-empirical approach t o  modeling de fec t  behavior,  thus quenching 

parameter values w i l l  be chosen so the  r e s u l t s  produce t h e  bes t  match t o  a v a i l -  

ab le  experimental in format ion.  S p e c i f i c a l l y ,  t h e  number o f  de fec t  p a i r s  

remaining a f t e r  the  quench should be equal t o  t h e  value ex t rac ted  from r e s i s -  

t i v i t y  data on low temperature i r r a d i a t e d  Cu. (The recombination occuring 
dur ing  the  quenching phase should be on ly  s l i g h t l y  a f f e c t e d  by t h e  l a t t i c e  

temperature, hence t h e  r e s i s t i v i t y  measurements f o r  cascades produced a t  low 

temperatures where defects a re  immobile should g i v e  a reasonable value f o r  
the  number o f  p a i r s  remaining a f t e r  the  quench.) 

The numbers o f  f r e e l y  m ig ra t i ng  i n t e r s t i t i a l  and vacancy defects (i .e., those 
n o t  c l u s t e r i n g  o r  recombining w i t h i n  t h e i r  own cascade) have been i n f e r r e d  from 
experiments. (3 -5 )  
cascade reg ion  dur ing  shor t- term annealing. 

about 15% o f  t h e  i n i t i a l  i n t e r s t i t i a l s  ( a t  1.170K) a r e  f ree , (3 )  w h i l e  about 4% 

o f  vacancies i n  f i s s i o n  neutron i r r a d i a t e d  Cu3Au (4)  ( a t  %470K) are  f ree .  

I n  the  s imu la t ion  these are  t h e  defects which escape t h e  

For f i s s i o n  neutron i r r a d i a t e d  Cu 

The amount o f  recombination dur ing  the  quench i s  most s t rong ly  in f luenced by 
the  value o f  t h e  recombinat ion radius.  C lus te r i ng  tends t o  d imin ish  the  amount 
o f  recombinat ion dur ing  quenching and dur ing  shor t- term anneal ing as  we l l  as 

the  numbers o f  f r e e  defects. 

The vacancy c l u s t e r i n g  scheme i s  mod i f ied  so t h a t  t h e  vacancy c l u s t e r s  a r e  

considered t o  be loops, and an ad jus tab le  f a c t o r  exaggerates the  loop r a d i i .  
The number o f  f r e e  vacancies i s  f a i r l y  s e n s i t i v e  t o  vacancy c l u s t e r i n g .  

vacancy c l u s t e r i n g  i s  too  e f f i c i e n t ,  then no vacancies become f r e e l y  m ig ra t i ng  

because they a r e  a l l  i n  l a r g e  c lus te rs .  The f r e e  vacancies which remain a f t e r  

shor t- term anneal ing o f t e n  tend t o  o r i g i n a t e  from small c l u s t e r s  which are  

reduced t o  mobi le  s i z e  by recombination. 

I f  
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The number o f  f r e e  i n t e r s t i t i a l s  i s  f a i r l y  i n s e n s i t i v e  t o  t h e  quenching para-  

meters.  Extreme enhancement o f  i n t e r s t i t i a l  c l u s t e r i n g  d u r i n g  t h e  quench 

reduces t h e  f r a c t i o n  o f  m o b i l e  i n t e r s t i t i a l s  f rom a maximum o f  about  35% t o  

a minimum o f  abou t  20%. 

t h e  number o f  f r e e  vacancies,  s i n c e  fewer  f r e e  i n t e r s t i t i a l s  a r e  a v a i l a b l e  t o  

c r e a t e  m o b i l e  vacancy c l u s t e r s .  

Enhanced i n t e r s t i t i a l  c l u s t e r i n g  a l s o  tends t o  decrease 

The s e n s i t i v i t y  o f  f r e e  vacanc ies  t o  c l u s t e r i n g  and t h e  i n s e n s i t i v i t y  o f  f r e e  

i n t e r s t i t i a l s  t o  c l u s t e r i n g  a r e  a r e s u l t  o f  t h e  s p a t i a l  c o n f i g u r a t i o n  o f  t h e  

d e f e c t s  i n  t h e  cascade. The vacancies,  i n  c l o s e  j u x t a p o s i t i o n  w i t h i n  t h e  

cascade core ,  a r e  e a s i l y  c l u s t e r e d .  The i n t e r s t i t i a l s  t e n d  t o  be i n  a d i f f u s e  

c l o u d  abou t  t h e  vacanc ies ,  w i t h  a c e r t a i n  percentage o f  them w i d e l y  d i s b u r s e d  

a t  t h e  p e r i p h e r y  o f  t h e  cascade. A f r a c t i o n  o f  these  w i l l  a lways e x i t  t h e  

cascade volume r e g a r d l e s s  o f  what i s  o c c u r i n g  w i t h i n  t h e  more dense r e g i o n s .  

The quenching parameter va lues  wh ich  a r e  t h e  b e s t  a t  p r e s e n t  have s i n g l e  p o i n t  
d e f e c t  c r i t i c a l  r e a c t i o n  d i s t a n c e s  f o r  r e c o m b i n a t i o n  o f  3.3 a ( l a t t i c e  para-  
m e t e r s ) ,  f o r  i n t e r s t i t i a l  c l u s t e r i n g  o f  3.3 - a, and f o r  vacancy c l u s t e r i n g  o f  

1.3 - a. The r e s u l t s ,  averaged o v e r  t e n  30-keV cascades, a r e  shown i n  T a b l e  1. 

The t i m e s  - r = l O O ,  5 x l o 5 ,  lo1 ’  a r e  i n  u n i t s  o f  jumps o f  a s i n g l e  i n t e r s t i t i a l  

and r e f e r  t o  t h e  end o f  t h e  quench, t h e  end o f  i n t e r s t i t i a l  m i g r a t i o n  and t h e  

end o f  t h e  s i m u l a t i o n  r e s p e c t i v e l y .  

TABLE 1 

SHORT-TERM ANNEALING OF 30-KEV CASCADES I N  CU 

D e f e c t  P a i r s  M o b i l e  F r a c t i o n  

T = l o o  ~ 5 x 1 0 ~  7=101’ Vacancies I n t e r s t i t i a l  s 

S i m u l a t i o n  97 86 79 5% 20% 

Exper imen ta l  96 ( 1 )  - - 4% ( 4 )  15% ( 3 )  
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There a r e  no d i r e c t  experimental values f o r  the  number o f  de fec t  p a i r s  remaining 

a f t e r  shor t- term anneal ing o f  i s o l a t e d  cascades. However, anneal ing experiments 

on low f luence, low temperature i r r a d i a t e d  copper, w i t h  pr imary cascade-producing 

i r r a d i a t i o n  such as ions  o r  h igh  energy neutrons should prov ide  t h i s  in fo rmat ion  
f o r  interacting cascades. 
i n t e r s t i t i a l s .  Those which have escaped t h e i r  own cascade w i l l  have i n t e r a c t e d  

w i t h  another. 
cascade recombine w i t h  vacancies o f  o the r  cascades, then t h e  s imu la t ion  p r e d i c t s  

a Stage I recovery o f  about 32%. 
w i t h  400 keV A r  ions  and d-Be neutrons a t  6K i n d i c a t e  a Stage I recovery o f  
32-36%. Thus, good agreement i s  obtained i f  one assumes a l l  the  f r e e  i n t e r -  

s t i t i a l s  eventua l ly  r e s u l t  i n  recombinations. 
defects, w i t h i n  t h i s  model, w i l l  be es tab l ished when ALSOME i s  used t o  s imulate 
i n t e r a c t i n g  cascades. 

A f t e r  Stage I recovery, there  should be few mobi le 

I f  one assumes t h a t  most o f  the  i n t e r s t i t i a l s  which escape a 

Recovery measurements ( 7 )  f o r  Cu i r r a d i a t e d  

The d i s p o s i t i o n  o f  the  f r e e  

5.3 Conclusions 

The ALSOME anneal ing code, run i n  two stages t o  model cascade quenching and 
shor t- term annealing, opera t ing  on 30 keV Cu cascades d i r e c t l y  from t h e  MARLOWE 
code, g ives  r e s u l t s  which are  i n  good agreement w i t h  q u a n t i t i e s  ex t rac ted  from 

experimental measurements f o r  the  number o f  de fec t  p a i r s  and mobi le defects a t  

var ious  stages o f  cascade development. 
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7.0 Future Work 

The energy dependence o f  t h e  quenching and short- term annealing wi l l  be 

i nves t iga t ed .  Short- term annealing o f  i n t e r a c t i n g  cascades wi l l  be modeled. 
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14-MEV NEUTRON IRRADIAT ION OF COPPER ALLOYS 
S. J. Z i n k l e  and G. L. Ku l c insk i  ( U n i v e r s i t y  o f  Wisconsin-Madison) 

1 .o Ob jec t i ves  

The ob jec t i ves  o f  t h i s  experiment are: 1 )  t o  determine de fec t  s u r v i v a b i l i t y  

i n  copper a l l o y s  i r r a d i a t e d  a t  room temperature w i t h  14-MeV neutrons and the 

i n f l u e n c e  o f  so lu te  add i t ions ,  and 2) t o  determine whether r e s i s t i v i t y  

measurements can prov ide use fu l  i n fo rma t i on  on de fec t  s u r v i v a b i l i t y  when 

used i n  con junc t ion  w i t h  TEM. 

2 .o Sumnary 

R e s i s t i v i t y  models found i n  I e l i t e r a t u r e  have been s tud ied  i n  an a 

t o  analyze the r e s i s t i v i t y  r e s u l t s  o f  Cu and Cu a l l o y s  i r r a d i a t e d  w i t h  14 

MeV neutrons a t  room temperature. The unsaturable t r a p  model (UTM) has been 

found t o  g i ve  reasonable r e s u l t s  i n  the present study. Using the UTM, we 

have est imated t h a t  a t  l e a s t  12% o f  t he  de fec ts  o r i g i n a l l y  created surv ive  

the cascade event. 

The e f f e c t  o f  c l u s t e r i n g  on r e s i s t i v i t y  has a l so  been reviewed. It i s  found 

tha t ,  t o  a f i r s t  approximation, the r e s i s t i v i t y  o f  a small c l u s t e r  ( d  < 30 A) 
may be equated t o  the sum o f  the r e s i s t i v i t i e s  o f  the i n d i v i d u a l  defects.  
More r e f i n e d  c a l c u l a t i o n s  w i l l  r e q u i r e  d e t a i l e d  TEM r e s u l t s  f o r  de fec t  

c l u s t e r s  which are approaching the r e s o l u t i o n  l i m i t  o f  the e l e c t r o n  micro- 

scope. 

3.0 Program 

T i t l e :  Rad ia t ion  E f f e c t s  t o  Reactor Ma te r i a l s  

P r i n c i p a l  I nves t i ga to rs :  G. L. Ku l c insk 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 
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4.0 Re levan t  DAFS Program Task/Subtask 

Subtask II.B.3.2 Exper imenta l  C h a r a c t e r i z a t i o n  o f  P r imary  Damage S t a t e ;  

S t u d i e s  o f  Me ta ls  

Subtask I I .C.6.3 E f f e c t s  o f  Damage Rate and Cascade S t r u c t u r e  o f  M i c r o -  

s t r u c t u r e ;  Low-EnergylHigh-Energy Neutron C o r r e l a t i o n s  

14-MeV Neutron Damage C o r r e l a t i o n  Subtask I I .C.16.1 

5 .O Accompl i shments and S t a t u s  

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

E l e c t r i c a l  r e s i s t i v i t y  measurements a r e  one o f  t h e  o l d e s t  methods used t o  
s tudy d e f e c t  c o n c e n t r a t i o n s  i n  meta ls .  Var ious  t h e o r e t i c a l  models can be 

and n e u t r o n ( 4 )  i r r a d i a t i o n - i n d u c e d  r e s i s t i v i t y  changes. 
been a p p l i e d  t o  t h e  r e s i s t i v i t y  r e s u l t s  o b t a i n e d  f rom a room temperature ,  14 

found  i n  t h e  l i t e r a t u r e  which have been used t o  e x p l a i n  b o t h  e l e c t r o n  (1-3) 

These models have 

MeV neu t ron  i r r a d i a t i o n  o f  Cu and Cu a l l o y s .  ( 5 )  

The t h r e e  e l e c t r o n  r e s i s t i v i t y  models ment ioned above a r e  a l l  v a r i a t i o n s  o f  

a model f i r s t  proposed by Walker,( ')  known as t h e  u n s a t u r a b l e  t r a p  model 
(UTM). 

i n t e r s t i t i a l  i s  m o b i l e  and can go t o  one o f  severa l  t r a p p i n g  s i t e s :  ( 1 )  a 

s a t u r a b l e  t r a p ,  i . e .  a t r a p  which once occup ied cannot  accommodate any new 

i n t e r s t i t i a l s .  I m p u r i t i e s  may be cons ide red  as s a t u r a b l e  t r a p s .  ( 2 )  Un- 

s a t u r a b l e  t r a p s ,  i .e .  a t r a p  which can accep t  i n t e r s t i t i a l s  w i t h o u t  l i m i t  

w i t h o u t  changing i t s  p r o b a b i l i t y  f o r  subsequent i n t e r s t i t i a l  c a p t u r e .  

l o c a t i o n s  and g r a i n  boundar ies  a r e  examples o f  u n s a t u r a b l e  t r a p s .  

n i h i l a t i o n  w i t h  a vacancy. 

I n  t h i s  model, i t  i s  assumed t h a t  t h e  vacancy i s  immobi le,  w h i l e  t h e  

D i s -  

( 3 )  An- 
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5.2 Results 

Fo l lowing the  ana lys is  o f  Dworschak e t  al.") us ing the  UTM, the f o l l o w i n g  

equations are obtained 

This may be w r i t t e n  i n  the form 

where f i s  the f r a c t i o n  of i n t e r s t i t i a l s  escaping co r re la ted  recombination, 

ad i s  the displacement cross sect ion, p; i s  the r e s i s t i v i t y  increment per 

u n i t  concentrat ion ( i .e .  100%) o f  Frenkel defects,  rt and rv are the capture 

r a d i i  o f  spher ica l  capture volumes o f  impur i t y  t raps  and vacancies, respect-  
i v e l y ,  f o r  m ig ra t i ng  i n t e r s t i t i a l s ,  Ct  i s  the concentrat ion o f  i m p u r i t i e s  

( a t / a t ) ,  and AP i s  the r a d i a t i o n  induced res idua l  r e s i s t i v i t y  increase. 

may be seen from Eq. ( 2 )  t h a t  the  asymptotic value of the r e s i s t i v i t y  change 

a t  l a r g e  f luences scales as fi, i n  agreement w i t h  repor ted experimental 

It 

r e s u l t s .  (5) 

A l i n e a r  r e l a t i o n  may be obtained by p l o t t i n g  the quan t i t y  @/AP vs. Ap, as 
t shown i n  F igure  1. The i n t e r c e p t  o f  t h i s  curve i s  given by l / fadpF,  and the  

slope i s  equal t o  ( l / f o d p ~ ) ( l / 2 C t p ~ ( r t / r V ) ) .  A least- squares f i t  t o  the 
data y i e l d s  the r e l a t i o n  

-26 3 
f a d p i  = 9.0 x IO n-cm 
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' IGURE 1. P l o t  o f  t h e  14 MeV neu t ron  f l u e n c e  d i v i d e d  by t h e  r a d i a t i o n - i n -  
duced r e s i s t i v i t y  change as a f u n c t i o n  o f  t h e  amount o f  r a d i a t i o n -  
induce r e s i s t i v i t  chang5 f o r  pure copper i r r a d i a t e d  t o  a t o t a l  
f l u e n c e  o f  3 x 1017 n/cm a t  room temperature .  

The q u a n t i t y  P: depends on t h e  amount of c l u s t e r i n g  which has occurred.  To 
o b t a i n  a l o w e r  l i m i t  f o r  t h e  f r a c t i o n  o f  d e f e c t s  escaping c o r r e l a t e d  re-  

combinat ion,  pF may be taken t o  be equal t o  t h e  i s o l a t e d  Frenke l  p a i r  spe- 

c i f i c  r e s i s t i v i t y ,  ( 6 )  pFeP. = 2.0 x 10- 6 a-cm/%F.P.. 

l a t e r ,  t h e  e f f e c t  o f  c l u s t e r i n g  i s  smal l  f o r  c l u s t e r s  s m a l l e r  t h a n  - 30 A 

and TEM a n a l y s i s  of copper i r r a d i a t e d  under i d e n t i c a l  c o n d i t i o n s ( 7 )  has 

shown t h a t  most o f  t h e  c l u s t e r s  a r e  s m a l l e r  than  30 A. 

c ross  s e c t i o n  o f  ud = 3690 barns ( * )  then g i v e s  f 2 12.1% . 

t 

As w i l l  be shown 

Using a d isp lacement  

These d e f e c t s  may then  aggregate t o  form c l u s t e r s  and loops.  

i n  good agreement w i t h  t h e  r e s u l t s  found by Brager  e t  a1.,(6) who found t h a t  

the number o f  de fec ts  s u r v i v i n g  t h e  cascade was a t  l e a s t  9.7%. 

T h i s  va lue  i s  
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5.3 Discussion 

The good agreement between the ana lys is  o f  the r e s i s t i v i t y  r e s u l t s  us ing the 

unsaturable t r a p  model and Brager’s(’) r e s u l t s  i s  somewhat s u r p r i s i n g  and 
may be co inc iden ta l .  
no e f f e c t  o f  c l u s t e r i n g  on the r e s i s t i v i t y  r e s u l t s .  Stage I11 i n  copper 

begins a t  o r  s l i g h t l y  below room temperature, and so vacancies should be 

considered t o  be mobi le dur ing  i r r a d i a t i o n .  Unfor tunate ly ,  i t  i s  d i f f i c u l t  

t o  ob ta in  a q u a n t i t a t i v e  est imate o f  the e f f e c t  o f  vacancy m o b i l i t y  on the 
r e s u l t s .  A t  room temperature, the d i f f u s i v i t y  o f  an i n t e r s t i t i a l  i n  copper 

i s  much g rea te r  than f o r  a vacancy ( f a c t o r  o f  lo8) so i t  may be assumed t h a t  
the vacancy i s  r e l a t i v e l y  s ta t i ona ry  compared t o  the i n t e r s t i t i a l .  Since 

the mechanisin o f  d i f f u s i o n  f o r  vacancies and i n t e r s t i t i a l s  i s  s i m i l a r  and 
TEM observat ions o f  14-MeV neutron- i  r r a d i a t e d  copper show approximately the 

same c l u s t e r  d i s t r i b u t i o n s  f o r  both vacancies and i n t e r s t i t i a l s , ( ’ )  i t  i s  

be l ieved t h a t  i t  i s  a good approximation t o  replace Dworschak’s d e f i n i t i o n  

o f  f ( f  = f r a c t i o n  o f  i n t e r s t i t i a l s  escaping c o r r e l a t e d  recombinat ion) w i t h  

f = f r a c t i o n  o f  de fec ts  escaping c o r r e l a t e d  recombination. 

The UTM was developed assuming immobile vacancies and 

Theore t ica l  s tud ies  o f  small vacancy and i n t e r s t i t i a l  c l u s t e r s  have shown 

t h a t  there  i s  only  a weak e f f e c t  o f  c l u s t e r i n g  on r e s i s t i v i t y  r e s u l t s .  
However, i f  these c l u s t e r s  co l lapse i n t o  d i s l o c a t i o n  loops, then the r e s i s -  
t i v i t y  c o n t r i b u t i o n  per de fec t  can be g r e a t l y  reduced f o r  l a r g e  loops. The 
study o f  t he  r e s i s t i v i t y  c o n t r i b u t i o n  o f  d i s l oca t i ons  i s  an o l d  and d i f f i -  

c u l t  problem which has only  recen t l y  been solved t h e o r e t i c a l l y  w i t h  s a t i s -  
f a c t o r y  r e s u l t s .  (12) 

mation t o  model the r e s i s t i v i t y  increase due t o  a d i s l o c a t i o n  loop as the  
r e s i s t i v i t y  due t o  a d i s l o c a t i o n  l i n e  o f  l eng th  2nR ( R  equals the rad ius  o f  

the loop)  p lus  the r e s i s t i v i t y  due t o  the s tack ing  f a u l t ,  as app l i cab le .  
The reason t h i s  approximation i s  reasonable i s  because most o f  the r e s i s -  

t i v i t y  increase i n  d i s l oca t i ons  i s  due t o  s c a t t e r i n g  from the d i s l o c a t i o n  

core. 

( 1 0 , l l )  

There i s  evidence (6,13) t h a t  i t  i s  a good approxi-  

Therefore, the r e s i s t i v i t y  i s  - not  s e n s i t i v e  t o  d i s l o c a t i o n  arrange- 
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ments. Tab le  1 g i v e s  t h e  s p e c i f i c  r e s i s t i v i t y  o f  d i s l o c a t i o n s  and s t a c k i n g  

f a u l t s  f o r  copper a long  w i t h  two o t h e r  r e p r e s e n t a t i v e  meta ls  f o r  comparison. 

F o r  a p e r f e c t  d i s l o c a t i o n  loop  o f  d iameter  d ,  t h e  r e s i s t i v i t y  i s  g i ven  by 

3 where N = number o f  loops/cm . 

The r e s i s t i v i t y  o f  a c l u s t e r  o f  t h e  same s i z e  i s  

2 nd b 
' c l u s t e r  = P ~ . ~ .  5 

where b = burgers  v e c t o r  = a 0 / n  

= atomic volume o f  d e f e c t  

= 4/a0 = atomic d e n s i t y  o f  copper. 

P F . ~ .  = s p e c i f i c  r e s i s t i v i t y  o f  Frenke l  d e f e c t  

nd 

NCu 
3 

TABLE 1 
EXPERIMENTALLY MEASURED AND THEORETICAL VALUES OF R E S I S T I V I T Y  

FOR STACKING FAULTS AND DISLOCATIONS 

Reference 3 
p d / ~  m-l9 n-cm I pSF/a c10-l~ o-cm 2 I 

A1 Au cu A1 Au - -___ cu - 
14 
15 

--- _ _ _  1.3 f 0.1 1.5 f 0.3 2.6 12 

2.5-10, 90-100 --- 1.0 2 0.2 --- --- --- 
60 4.0 1.8 --- --- --- 

- _-  

a = s t a c k i n g  f a u l t  d e n s i t y  [cm2/cm31 

E = d i s l o c a t i o n  d e n s i t y  [cm/cm3] 
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'loop - 4pd 1 - 
'cluster bPF.D.a* 

For an i n t e r s t i t i a l  c lus te r  ( p F a D  
ra t io  equals unity for d = 10 A .  

ploop/pc1 uster - 

= 1.4  x 0-cm/% defects)( ') t h i s  
A 25 A diameter perfect loop has a r a t i o  

- 41%. For a vacancy cluster  ( P F . D .  = 0.6 x 
a-cm/% de fec t ) , ( 6 )  a 25 A diameter loop has a r a t i o  q o o p / P c ~ u s t e r  = 1. 

For a faulted dislocation loop of diameter d ,  the  r e s i s t i v i t y  is  given by 

and therefore 

'loop - 'S.F. 4pd  1 
'CI uster - = + b p a *  F.D. 

For an i n t e r s t i t i a l  loop with b = a o / G  and YS.F = 10 x 
ra t io  becomes 

Q-cm2 t h i s  

0.7 d = 5 0 A  
'loop = 

L 
'cluster 1 d = 2 5 A  

I t  i s  therefore seen tha t  f o r  a c lus te r  d i s t r i b u t i o n  containing b o t h  f a u l t e d  

and unfaulted loops i t  i s  a reasonable f i r s t  approximation to neglect the 
e f f ec t  of clustering i f  the c lus te r  dis t r ibut ion i s  small ( 5  25 A ) .  This 
condition i s  s a t i s f i ed  in the present experiment. However, to obtain more 

accurate r e su l t s ,  i t  i s  necessary to obtain from TEM analysis (1) the per- 
centage of faulted and unfaulted loops, and (2 )  the detailed c lus te r  d i s t r i -  
b u t i o n .  These parameters are d i f f i c u l t  t o  determine for experiments similar 
t o  the present one since the c lus te r  size i s  approaching the resolution 
l i m i t  of the electron microscope. 

99 



There i s  a l s o  some q u e s t i o n  about  what i s  t h e  c r i t i c a l  s i z e  r e q u i r e d  t o  

cause c o l l a p s e  o f  a c l u s t e r  i n t o  a d i s l o c a t i o n  l o o p .  T h e o r e t i c a l  e s t i m a t e s  

range f rom six(6.16) t o  400 d e f e c t s .  ( 1 7 )  

e l a s t i c  cont inuum model and found t h a t  a p l a t e - l i k e  c l u s t e r  would c o l l a p s e  

i n t o  a l o o p  f o r  a c l u s t e r  s i z e s  g r e a t e r  than  22 vacancies.  

B u l l o u g h  and P e r r i n ( 1 8 )  used an 

5.4 Conc lus ions  

The u n s a t u r a b l e  t r a p  r e s i s t i v i t y  model has been a p p l i e d  t o  a room tempera- 

t u r e  14 MeV n e u t r o n  i r r a d i a t i o n  o f  copper w i th  s a t i s f a c t o r y  r e s u l t s .  

e s t i m a t e d  t h a t  a t  l e a s t  12% o f  t h e  d e f e c t s  c r e a t e d  by  t h e  i r r a d i a t i o n  sur-  

v i v e  t h e  cascade e v e n t  and m i g r a t e  t o  form c l u s t e r s .  

m i n a t i o n  o f  t h e  d e f e c t  s u r v i v a l  f r a c t i o n  r e q u i r e s  more d e t a i l e d  TEM work. 
It appears t h a t  r e s i s t i v i t y  measurements can be a use fu l  t o o l  f o r  determi-  

n i n g  d e f e c t  s u r v i v a b i l i t y  when used i n  c o n j u n c t i o n  w i t h  TEM measurements. 

I t  i s  

A more a c c u r a t e  d e t e r -  

6 .O References 

1. R. M. Walker i n  " R a d i a t i o n  Damage t o  S o l i d s , "  Proceedings o f  t h e  I n t e r -  
n a t i o n a l  School o f  Phys ics ,  ( E n r i c o  Ferm i )  Course X V I I I  , ed. by D. S. 
m n g t o n ,  p. 594, (1962).  

F. Oworschak e t  a l . ,  J .  Phys ics  F, - 5, 400 (1975) .  2. 

3. R. Poerschke and H. Wol lenberger ,  J .  Nucl .  Mat., 74, 48 (1978) .  

4. J. A. Horak and T. H. B l e w i t t ,  Phys. S t a t .  Sol.,  9, 721 (1972).  

5. S. J .  Z i n k l e  and G. L. K u l c i n s k i ,  "14-MeV Neut ron I r r a d i a t i o n  o f  Copper 
A1 l o y s  ," DAFS Q u a r t e r l y  Progress Repor t  (August-December 1981) .  

6. R. C. B i r t c h e r  and T. H. B l e w i t t ,  J .  Nucl .  Mat., 98, 63 (1981) .  

7. 

_ _ _  
_ _ _ _  

_ _ _  

H. R. B rager  e t  a l . ,  "Damage Development and Hardening i n  14 MeV 
Neut ron I r r a d i a t i o n  o f  Copper A l l o y s  a t  25'C," paper p resen ted  a t  t h e  
2nd T o p i c a l  Mee t ing  on Fus ion  Reactor  M a t e r i a l s ,  August  9-12, 1981, 
S e a t t l e ,  WA. Proceedings to be p u b l i s h e d  i n  J .  Nucl .  Mat.. 

100 



8. D. G. Doran and N. J. Graves, "Displacement Cross-Sections and PKA 
Spectra: 
(December 1976). 

Tables and Appl icat ions,"  USERDA Report HEDL-TME 76-70 

9. J. B. M i t c h e l l  e t  a l . .  "DT Fusion Neutron Radiat ion Strenothenina o f  
Copper and Niobium," Radiat ion E f f e c t s  and T r i t i u m  T e c h n o i o i  fo; 
Fusion Reactors, J. S. Watson and F. W. Wiff en (Eds.), Gat l inburg,  TN, 
T19751, Vol. 11, p. 172. 

10. J. W. Mar t i n  and R. Paetsch, J. Physics F, - 3, 907 (1973). 

11. J. W. Mart in ,  J. Physics F, - 2, 842 (1972). 

12. R. A. Brown, J .  Physics F, - 7, 1283 (1977). 

13. J. G. Rider  and C. T. B. Foxon, Ph i l .  Mag - 9  - 13. 289 (1966). 

14. J. Poldk, Phys. S ta t .  Sol., - 11, 673 (1965). 

15. R. A. Brown, Phys. Rev., - 156, 692 (1967). 

16. E. J. Savino and R. C. Per r in ,  J. Physics F, - 4, 1889 (1974). 

17. J. A. S i g l e r  and D. Kuhlmann-Wilsdorf. The Nature o f  Small Defect  
C lus ters ,  Report o f  a Consultants Symposium he ld  a t  AERE, Harwell, J u l y  
V - 6, 1966. AERE Report R-5269, ed. by M. J. Makin, p. 125. 

18. R. Bul lough and R. C. Per r in ,  Radiat ion Damage i n  Reactor Mater ia ls ,  
Vol. 11, Vienna IAEA,  (1969), p. 233. 

7 .O Future Work 

R e s i s t i v i t y  r e s u l t s  from copper a l l o y s  i r r a d i a t e d  t o  a f luence o f  3 x 1017 

n/cm2 w i l l  be examined i n  an attempt t o  determine defec t  s u r v i v a b i l i t y .  
Micro-hardness and TEM inves t i ga t i ons  o f  the  copper and copper a l l o y s  w i l l  

be undertaken a t  HEDL. 
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YIELD STRENGTH-MICROHARDNESS -- COMPARISONS - I N  14-MeV NEUTRON-IRRADIATED - 
__ VANADIUM - AND TITANIUM 
E. R. B r a d l e y  ( P a c i f i c  Nor thwest  L a b o r a t o r y )  

1.0 O b j e c t i v e  

The purpose o f  t h i s  s t u d y  i s  t o  determine t h e  e f f e c t s  o f  14-MeV neu t ron  i r r a -  

d i a t i o n  on t h e  s t r e n g t h  and m i c r o s t r u c t u r e  o f  m a t e r i a l s  whose p r o p e r t i e s  a re  

s e n s i t i v e  t o  i n t e r s t i t i a l  i m p u r i t i e s .  The u l t i m a t e  a p p l i c a t i o n  o f  t h i s  work 

i s  t o  i d e n t i f y  p o t e n t i a l  m a t e r i a l  i m p u r i t y  l i m i t s  f o r  t h e  s u c c e s s f u l  opera-  

t i o n  o f  f u s i o n  r e a c t o r s .  

Summary .___ 2.0 

Y i e l d  s t r e n g t h  and microhardness measurements have been made on vanadium and 

t i t a n i u m  specimens f o l l o w i n g  i r r a d i a t i o n  a t  25OC w i t h  14-MeV neu t rons .  F i v e  
, were examined. 22 ,-2 f l u e n c e  l e v e l s ,  r a n g i n g  f rom 1 x t o  2 x 10 

The y i e l d  s t r e n g t h  i n  b o t h  m a t e r i a l s  i n c r e a s e d  wi th  i r r a d i a t i o n  and a p p r o x i-  
m a t e l y  f o l l o w e d  a ( 6 t ) O e 5  f l u e n c e  dependence. Microhardness measurements in  
t h e  vanadium i n c r e a s e d  w i t h  i r r a d i a t i o n  t o  6 x 10 21 m-2 and remained c o n s t a n t  

t h e r e a f t e r .  No s i g n i f i c a n t  microhardness i n c r e a s e  was observed i n  t h e  t i t a -  

n i u m  u n t i l  t h e  h i g h e s t  f l u e n c e  l e v e l  ( 2  x l o z 2  m-2), where a sma l l  i n c r e a s e  
was noted.  These r e s u l t s  suggest  t h a t  y i e l d  s t r e n g t h -m i c r o h a r d n e s s  c o r r e l a -  
t i o n s  in  i r r a d i a t e d  m e t a l s  may be l i m i t e d  t o  s p e c i f i c  m a t e r i a l s  and n e u t r o n  

f l uences .  The flow c h a r a c t e r i s t i c s  o f  i r r a d i a t e d  m e t a l s  were found  t o  be 
i m p o r t a n t  i n  i n t e r p r e t i n g  microhardness data .  

3.0 Program 

T i t l e :  Mechanical  P r o p e r t i e s  

P r i n c i p a l  I n v e s t i g a t o r :  R. H. Jones 

A f f i l i a t i o n :  P a c i f i c  Nor thwest  L a b o r a t o r y  
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4.0  - Relevan t  DAFS Program Plan Task/Subtask 

Subtask I I .C .6  E f f e c t s  o f  Damage Rate and Cascades on M i c r o s t r u c t u r e s  
Subtask I I . C . l l  E f f e c t s  o f  Cascades and F l u x  on Flow 

Subtask II .C.18 R e l a t i n g  Low- and High-Exposure M i c r o s t r u c t u r e s  

5.0 Accomplishments and Sta tus  

I n  t r o d u c t i m  _-__ 5 . 1  

The e f f e c t s  o f  h igh-energy n e u t r o n  i r r a d i a t i o n  cn t h e  w c h a n i c a l  p r o p e r t i e s  

o f  p o t e n t i a l  f u s i o n  r e a c t o r  m a t e r i a l s  a r e  i m p o r t a n t  f o r  t h e  design and opera-  

t i o n  o f  f u s i o n  r e a c t o r s .  Since t h e  i r r a d i a t i o n  volumes f o r  h igh- energy neu- 
t r o n s  a r e  s m a l l ,  m i n i a t u r e  specimens have been used t o  measure mechanical  
p r o p e r t i e s .  T e n s i l e  t e s t s  cn i r r a d i a t e d  w i r e  ( ” * )  and s h e e t ( 3 )  specimens 

have been used t o  s u c c e s s f u l l y  determine t h e  e f f e c t s  o f  h igh- energy n e u t r o n  
i r r a d i a t i o n  on t h e  y i e l d  s t r e n g t h  o f  me ta ls  and a l l o y s .  Microhardness da ta  

a r e  a l s o  b e i n g  used t o  o b t a i n  mechanical  p r o p e r t y  da ta  f r o m  s m a l l  specimens, 

and c o r r e l a t i o n s  between microhardness and t e n s i l e  p r o p e r t i e s  have been 
r e p o r t e d  f o r  some m a t e r i a l s .  ( 4 9 5 )  

mechanical  p r o p e r t y  da ta  f rom m i n i a t u r e  specimens i s  needed t o  assure the  
r e l i a b i l i t y  o f  t h e  c o r r e l a t i o n s  f o r  d i f f e r e n t  m a t e r i a l s  and i r r a d i a t i o n  con- 

d i  t i  ons . 

A d d i t i o n a l  i n f o r m a t i o n  on c o r r e l a t i n g  

T h i s  r e p o r t  p r e s e n t s  y i e l d  s t r e n g t h  and microhardness da ta  f o r  vanadium and 

t i t a n i u m  as a f u n c t i o n  o f  14-MeV n e u t r o n  f l u e n c e .  Except f o r  t h e  h i g h e s t  

f l uence  l e v e l ,  y i e l d  s t r e n g t h  d a t a  have been p resen ted  and d i scussed  p r e v i -  

o u s l y ; ( 2 )  consequent ly ,  t h e  r e l a t i o n s h i p s  between y i e l d  s t r e n g t h  and m i c r o-  

hardness i n  vanadium and t i t a n i u m  a re  emphasized i n  t h i s  r e p o r t .  

5.2 Exper imen ta l  Procedures __ - 

The 0.5-mn d iameter  t i t a n i u m  w i r e  and 0.1-mn t h i c k  t i t a n i u m  f o i l  were o b t a i n e d  

f rom A. D. MaKay, I n c . ;  M a t e r i a l s  Research C o r p o r a t i o n  s u p p l i e d  t h e  0.5-mm 
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diameter  vanadium w i r e ;  and t h e  vanadium f o i l  m a t e r i a l  was p repared  f rom 

w i r e  s t o c k  b y  c r o s s - r o l l i n g  t o  about 0.1 mm. Chemical a n a l y s i s  o f  t h e  w i r e  
m a t e r i a l s  i n d i c a t e d  a t o t a l  i n t e r s t i t i a l  i m p u r i t y  c o n t e n t  o f  500 wt-ppm f o r  

t h e  t i t a n i u m  and 1300 wt-ppm f o r  t h e  vanadium. 
r i t y  i n  b o t h  m a t e r i a l s ;  wi th c o n c e n t r a t i o n s  o f  400 and 920 wt-ppm, respec-  

t i v e l y ,  f o r  t i t a n i u m  and vanadium. 

Oxygen was t h e  p r i m a r y  impu- 

Vanadium and t i t a n i u m  w i r e s  were annealed i n  vacuum Pa) f o r  1 h r ,  
s t r a i g h t e n e d  b y  a sma l l  amount o f  p l a s t i c  deformat ion,  and annealed f o r  an 

a d d i t i o n a l  hour  p r i o r  t o  i r r a d i a t i o n .  Anneal ing temperatures f o r  t h e  vana- 

dium and t i t a n i u m  specimens were 1223K and 873K, r e s p e c t i v e l y .  These pro-  
cedures produced an equiaxed g r a i n  s i z e  o f  about  25 urn i n  t h e  vanadium and 
10 i n  t h e  t i t a n i u m .  The same annea l ing  t r e a t m e n t  was used on t h e  f o i l  

m a t e r i a l s .  

The f o i l  and w i r e  specimens were p laced  i n  a d j a c e n t  p lanes w i t h i n  1 .5 -m 
t h i c k  capsules and were i r r a d i a t e d  a t  25-C w i t h  14-MeV neu t rons  ob ta ined  f rom 

the  RTNS I1 a t  LLNL.(a) The specimen f l u e n c e  was determined b y  t h e  average 
read ings  f r o m  n i o b i u m  dosimeters t h a t  were l o c a t e d  a t  t h e  f r o n t  and back o f  

t h e  capsules.  The p o s i t i o n  o f  t h e  capsules r e l a t i v e  t o  t h e  n e u t r c n  source 
was p e r i o d i c a l l y  r e v e r s e d  d u r i n g  t h e  i r r a d i a t i o n  t o  m in im ize  d i f f e r e n c e s  i n  

f l u e n c e  between t h e  f o i l  and w i r e  specimens. The average f l u e n c e  f o r  these  
exper iments  ranged f rom 1 x 1021 t o  2 x 10 22 .-2 

Autorad iographs were used t o  l o c a t e  t h e  p o s i t i o n  o f  t h e  n e u t r o n  beam on t h e  

specimens a f t e r  i r r a d i a t i o n ,  and gage s e c t i o n s  (0.25 b y  5 mn) were produced 

b y  e l e c t r o p o l i s h i n g  t h e  w i r e  specimens a t  t h i s  l o c a t i o n .  The minimum diam- 

e t e r  a long  t h e  gage s e c t i o n s  was measured w i t h  an o p t i c a l  microscope equipped 

with a c a l i b r a t e d  eyepiece. The average o f  f i v e  measurements around t h e  c i r -  

cumference o f  t h e  specimen was used t o  c a l c u l a t e  t e n s i l e  p r o p e r t i e s .  

_I__ 

( a )  RTNS I 1  - R o t a t i n g  Target  Neutron Source 11. LLNL - Lawrence L ive rmore  
Na t ion  a1 Labora to ry .  
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Flow s t ress  determinations were made by uniaxially s t ra ining the wire speci- 
mens in an Instron tens i le  tes t ing machine. The s t ra in  r a t e  was 3 x 

mens were held in s p l i t  grips,  and the displacement of the grips was measured 
by a linear variable differentia1 transformer ( L V D T ) .  The average tens i le  
properties of a given material and fluence were determined from s ix  t o  eight 
specimens. 

s-', and  the t e s t s  were conducted a t  room temperature. The speci- 

Microhardness measurements were made on 3-mn diameter transmission electron 
microscope (TEM) discs using a TUKON microhardness tes t ing machine with a 
Vickers diamnd point indenter (100-9 load).  Measurements were taken from 
the central portion of the discs t o  avoid edge e f f ec t s ,  and average micro- 
hardness values for a given material and fluence were determined from a t  
l eas t  eight measurements. 

5.3 Results - 

The tens i le  and microhardness data  for the  vanadium a n d  titanium specimens 
i n  Table 1 represent the average and standard deviations of the respective 
measurements for each fluence level .  Except for the upper yield point in 
the vanadium specimens, the  standard deviations are less than 10%. The upper 
yield point was sensi t ive  t o  the alignment of the  grips,  which is  ref lected 
by the higher standard deviations. The microhardness numbers were converted 
t o  flow s t r e s s ,  u f ,  using the relation ( 4 )  

u f  = 3.27 OPH (1) 

2 where DPH i s  the Vickers hardness number in k g l m n  . 

5.3.1 V a n  adi um 

No consistent correlation between yield strength and microhardness was 
observed in t h e  i r radiated vanadium. The measured yield strength increase 
and  t h e  increase calculated from the microhardness data are plotted as a 
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TABLE 1 

SUMMARY OF TENSILE AND MICROHARDNESS DATA 

Neutron 
F1 uence, 

m-2 

1.3 x 1021 
2.9 x 1021 

I_- 

M a t e r i a l  

Vanadium 0 

21 5.6 x 10 
8.3 x 1021 
2.0 x 

T i  tan ium 0 

1.3  x 1021 
2.9 x 1021 
5.6 x 1021 
5.7 x 1 O 2 l  
8 .3 x 1021 
2.0 x 

T e n s i l e  -I M i  c r o h a r  dness - 
UYS, LYS, ( a )  UTS, DPH, O f  3 

MP a MP a kglmm2 MP a 
I_- 

MP a __ 
470 *80 340 *30 400 *30 150 *2.7 490 *9 
495 *15 350 *30 390 *20 - - 
545 *75 400 125 410 *30 164 *6.8 536 *22 
555 i l l 0  430 *15 - 175 *6.6 572 *21 
590 *90 445 *30 - 175 i 5 . 8  572 *19 

630 *50(b) 520 *30(b) - 174 *8.3 569 *27 
220 *lo 320 a20 134 12.6 438 *9 
230 *10 315 *15 136 *2.6 445 *9 
250 115 335 *15 136 *3.8 445 *12 
260 *15 320 *15 135 *4.0 441 *13 
270 *15 330 *15 - - 
290 *lo 340 *lo 137 *4.4 448 *14 
300 *20 335 *15 142 t 6 . 3  464 *21 

.__I_____ 

( a )  0.2% y i e l d  s t r e n g t h  f o r  t i t a n i u m .  
( b )  U n i r r a d i a t e d  t e n s i l e  p r o p e r t i e s  UYS = 490 *60 MPa and LYS = 375 *25 MPa. 

f u n c t i o n  o f  f l u e n c e  i n  F i g u r e  1. The lower  y i e l d  s t r e n g t h  inc reased  c o n t i n u-  
o u s l y  w i t h  i r r a d i a t i o n ,  and t h e  d a t a  a p p r o x i m a t e l y  f o l l o w e d  a ( 6 t ) O e 5  f l u e n c e  

dependence. The s t r e n g t h  inc reases  t h a t  were c a l c u l a t e d  f rom t h e  microhard-  

ness d a t a  showed r e a s o n a b l e  agreement w i t h  t h e  t e n s i l e  d a t a  up t o  a f l u e n c e  

o f  6 x 10 21 m-2, above wh ich  t h e  microhardness s a t u r a t e d  and t h e  y i e l d  

s t r e n g t h  c o n t i n u e d  t o  i n c r e a s e  wi th  f l u e n c e .  These r e s u l t s  i n d i c a t e  t h a t  

y i e l d  s t rength- microhardness c o r r e l a t i o n s  i n  vanadium i r r a d i a t e d  a t  25'C a r e  

l i m i t e d  t o  a r e l a t i v e l y  s m a l l  n e u t r o n  f l u e n c e  range.  

21 ,-2 . The s a t u r a t i o n  i n  microhardness f o r  f l u e n c e s  above 6 x 10 i s  p r o b a b l y  

a s s o c i a t e d  w i t h  t h e  change i n  flow c h a r a c t e r i s t i c s  t h a t  was observed i n  t h e  

i r r a d i a t e d  specimens. The load- e longa t ion  curves f o r  t h e  u n i r r a d i a t e d  w i r e s  
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F I G U R E  1. Comparison of Measured Yield S t r e n g t h  Increase and Calculated 
Increase Based on Microhardness Data f o r  I r r a d i a t e d  Vanadium 

cons is ted  of  upper a n d  lower y i e l d  reg ions ,  a region o f  uniform s t r a i n  w i t h  

i t s  assoc ia ted  s t r a i n  hardening, and f i n a l l y ,  p l a s t i c  i n s t a b i l i t y  t h a t  led  
to  d u c t i l e  f a i l u r e .  Reductions in area were about 80% a t  f r a c t u r e .  The pre- 
dominant e f f e c t  of neutron i r r a d i a t i o n  was t o  reduce or e l iminate  t h e  homoge- 
neous flow portion of t h e  curves. 
above, p l a s t i c  i n s t a b i l i t y  occurred immediately a f t e r  y ie ld ing .  
f a i l u r e s  were observed with no change i n  t h e  reduction in area a t  f r a c t u r e .  

A t  f luence l eve l s  of 6 x 10 21 m-* a n d  

Ductile 

Similar flow behavior has been observed in f i s s i o n  neut ron- ir radia ted  vana- 
and vanadium a l l o y s ( 7 )  and was explained by d i s loca t ion  channel- 

ing. The i rradiat ion- produced obs tac les  t o  d i s loca t ion  g l ide  a r e  swept from 
the  l a t t i c e  by t h e  i n i t i a l  movement of  d i s l o c a t i o n s .  Further deformation is 
loca l i zed  in these  s o f t e r  regions of the  l a t t i c e ,  and p l a s t i c  i n s t a b i l i t y  

occurs immediately a f t e r  y i e ld ing .  L i t t l e  or no s t r a i n  hardening i s  observed 
under these  condi t ions .  
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5.3.2 T i  t a n  ium 

No d i r e c t  c o r r e l a t i o n  between y i e l d  s t r e n g t h  and microhardness was found  i n  

t h e  t i t a n i u m  specimens (see F i g u r e  2 ) .  The y i e l d  s t r e n g t h  inc reased  c o n t i n u-  
o u s l y  w i t h  i r r a d i a t i o n  and a p p r o x i m a t e l y  f o l l o w e d  a ( B t ) O e 5  f l u e n c e  depen- 

dence. Microhardness measurements showed n o  s i g n i f i c a n t  i n c r e a s e  u n t i l  t h e  

h i g h e s t  f l u e n c e  l e v e l  ( 2  x loz2 m-*), where a s m a l l  i n c r e a s e  was noted.  

The f l u e n c e  dependence o f  t h e  y i e l d  s t r e n g t h  i n  t i t a n i u m  was s i m i l a r  t o  t h a t  

observed i n  vanadium, b u t  t h e  response o f  microhardness t o  n e u t r o n  i r r a d i a -  
t i o n  d i f f e r e d  i n  t h e  two m a t e r i a l s .  

Load- elongat ion curves f o r  t i t a n i u m  showed t h e  p a r a b o l i c- t y p e  h a r d e n i n g  t h a t  

i s  t y p i c a l  o f  f c c  and hcp p o l y c r y s t a l l i n e  m a t e r i a l s .  The l o a d  i n c r e a s e d  w i t h  

de fo rmat ion  due t o  s t r a i n  h a r d e n i n g  u n t i l  t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  was 
reached. 
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P l a s t i c  i n s t a b i l i t y  then l e d  t o  d u c t i l e  f a i l u r e  a f t e r  about  80% 
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r e d u c t i o n  i n  t h e  c r o s s- s e c t i o n a l  area. The u l t i m a t e  s t r e n g t h  was u n a f f e c t e d  

b y  n e u t r o n  i r r a d i a t i o n .  A sma l l  decrease i n  t o . t a l  e l o n g a t i o n  was observed, 

which i s  c o n s i s t e n t  w i t h  t h e  lower  amount o f  s t r a i n  h a r d e n i n g  i n  t h e  i r r a -  

d i a  t e d  specimens. 

5.4 D iscuss i o n  

These r e s u l t s  suggest  t h a t  y i e l d  s t reng th- mic rohardness  c o r r e l a t i o n s  i n  

i r r a d i a t e d  meta ls  may be l i m i t e d  t o  s p e c i f i c  m a t e r i a l s  and f l u e n c e  ranges.  

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

f o r  t h e  observed s t r e n g t h  measurements can i n f l u e n c e  these c o r r e l a t i o n s .  

The inc reased  y i e l d  s t r e n g t h  i n  i r r a d i a t e d  meta' ls i s  caused b y  i r r a d i a t i o n -  

produced o b s t a c l e s  t o  d i s l o c a t i o n  movement. For t h e  i r r a d i a t i o n  c o n d i t i o n s  

used i n  these exper iments ,  s m a l l  d e f e c t  aggregates o r  c l u s t e r s  r e p r e s e n t  t h e  

p r i m a r y  o b s t a c l e s .  Thompson(8) p r e d i c t e d  a f l u e n c e  dependence f o r  

r a d i a t i o n- i n d u c e d  d e f e c t  s t r e n g t h e n i n g ,  which i s  c o n s i s t e n t  w i t h  the  p r e s e n t  
r e s u l t s  o b t a i n e d  f r o m  t e n s i l e  t e s t s  o f  vanadium and t i t a n i u m  w i r e s .  A s i m i -  

l a r  f l u e n c e  dependence has a l s o  been r e p o r t e d  i n  14-MeV n e u t r o n- i r r a d i a t e d  
n i c k e l  (') and copper. ( 4 )  

Microhardness i s  a complex mechanica l  p r o p e r t y  t h a t  depends on b o t h  t h e  y i e l d  

s t r e n g t h  and s t r a i n- h a r d e n i n g  c h a r a c t e r i s t i c s  o f  t h e  m a t e r i a l .  Equa t ion  1 i s  

based on an e m p i r i c a l  r e l a t i o n  between t h e  V i c k e r s  i n d e n t e r  hardness number 

(DPH) and t h e  t r u e  f l o w  s t r e s s  a t  about  8% s t r a i n .  ( lo )  A t  t h i s  s t r a i n  l e v e l ,  

d i s l o c a t i o n  s u b s t r u c t u r e s  a r e  w e l l  developed and p r o v i d e  a s i g n i f i c a n t  con- 

t r i b u t i o n  t o  t h e  t r u e  f l o w  s t r e s s .  Neutron i r r a d i a t i o n  can i n f l u e n c e  b o t h  

the  y i e l d  s t r e n g t h  and t h e  d e n s i t y  and d i s t r i b u t i o n  o f  d i s l o c a t i o n s  formed 

d u r i n g  t h e  de fo rmat ion  p rocess .  Th is  i s  e s p e c i a l l y  e v i d e n t  when d i s l o c a t i o n  

c h a n n e l i n g  removes t h e  i r r a d i a t i o n- p r o d u c e d  d e f e c t s  f rom t h e  l a t t i c e  and 

d r a m a t i c a l l y  changes t h e  d i s l o c a t i o n  d i s t r i b u t i o n s .  D i s l o c a t i o n  c h a n n e l i n g  

i s  a genera l  phenomenon i n  me ta ls  i r r a d i a t e d  a t  low temperatures ;  t h e r e f o r e ,  
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o t h e r  y i e l d  s t rength- microhardness c o r r e l a t i o n s  f r o m  1 ow- temperature i r r a d i  - 
a t i o n  da ta  may be  r e s t r i c t e d  t o  a l i m i t e d  f l u e n c e  range  as was observed i n  

t h e  i r r a d i a t e d  vanadium. 

I n  a d d i t i o n  t o  a p o t e n t i a l  change i n  d i s l o c a t i o n  d i s t r i b u t i o n ,  a change i n  

de fo rmat ion  mode may a l s o  have c o n t r i b u t e d  t o  t h e  r e s u l t s  ob ta ined  f o r  t h e  
i r r a d i a t e d  t i t a n i u m .  H igash iguch i  and Kayano (I1) f ound  t h a t  neu t ron  i r r a -  

d i a t i o n  enhanced deformat ion t w i n n i n g  i n  t i tanium. T h e i r  r e s u l t s  i n d i c a t e  

t h a t  de fo rmat ion  was i n i t i a t e d  b y  d i s l o c a t i o n  s l i p ;  b u t  a t  h i g h e r  s t r a i n  lev-  
e l s ,  de fo rmat ion  proceeded b y  a combinat ion o f  s l i p  and mechanical  t w i n n i n g .  

The c o n t r i b u t i o n  f rom t w i n n i n g  inc reased  w i t h  neu t ron  f l u e n c e ,  and d i s l o c a-  
t i o n  c h a n n e l i n g  was observed a t  h i g h e r  f l u e n c e  l e v e l s .  I f  s i m i l a r  deforma- 

t i o n  processes occur red  i n  t h e  high- energy n e u t r o n- i r r a d i a t e d  t i t a n i u m  w i r e s ,  

t h e  d i f f e r e n c e  i n  microhardness response between t h e  t i t a n i u m  and vanadium 
may be r e l a t e d  t o  t h e  enhanced mechanical  t w i n n i n g  i n  t h e  t i t a n i u m .  A l though 

a d e t a i l e d  a n a l y s i s  o f  deformat ion c h a r a c t e r i s t i c s  would  be  r e q u i r e d  t o  con- 
f i r m  t h i s  suggest ion,  t h e  p r e s e n t  r e s u l t s  c l e a r l y  i n d i c a t e  t h e  need t o  

cons i der de f o r  ma t i on c h a r a c t e r  i s t i  cs when i n  t e r p r e  t i n  g y i  e l  d s tr en g t h- 

m i  c r  oh ardn es s c o r r  e l  a t i  on s . 

Conclus ions 
_I 

5.5 

Comparing t h e  y i e l d  s t r e n g t h  and microhardness responses t o  14-MeV neut ron-  
i r r a d i a t e d  vanadium and t i t a n i u m  has l e d  t o  t h e  f o l l o w i n g  conc lus ions :  

0 No c o n s i s t e n t  r e l a t i o n s h i p s  were found between y i e l d  s t r e n g t h  
and microhardness i n  vanadium o r  t i t a n i u m  i r r a d i a t e d  a t  25OC 

w i t h  14-MeV neu t rons  over  t h e  f l u e n c e  range f rom 1 x 10 

t o  2 x 10 

21 

22 .-2 

0 D i s l o c a t i o n  channe l ing  appeared t o  l i m i t  t h e  f l u e n c e  range 
f o r  y i e l d  s t r e n g t h d c r o h a r d n e s s  c o r r e l a t i o n s  t o  below 

6 x 1021 m-2 i n  vanadium. 
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7 .O F u t u r e  Work 

Work w i l l  c o n t i n u e  on d e t e r m i n i n g  t h e  combined e f f e c t s  o f  h igh- energy n e u t r o n  

i r r a d i a t i o n  and i m p u r i t i e s  on t h e  mechanical  p r o p e r t i e s  o f  f u s i o n  r e a c t o r  

m a t e r i a l s .  The e f f e c t s  o f  oxygen i n  n i o b i u m  w i l l  be determined b y  compar ing 

t h e  y i e l d  s t r e n g t h  i n c r e a s e  i n  n i o b i u m  doped w i t h  300 wt-ppm oxygen t o  d a t a  

f r o m  undoped specimens o b t a i n e d  p r e v i o u s l y  i n  t h i s  program. The Nb-0 spec i-  
mens have been i r r a d i a t e d  w i t h  14-MeV neu t rons  a t  2 5 O C  t o  f l u e n c e  l e v e l s  

r a n g i n g  f r o m  1 x 
p a r i s o n s  w i l l  a l s o  be made f o r  these m a t e r i a l s .  

. Y i e l d  s t rength- microhardness com- 22 ,-2 t o  2 x 10 
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CRITICAL FLAWS I N  F U S I O N  REACTOR MATERIALS 

R .  H. Jones ( P a c i f i c  Nor thwest  L a b o r a t o r y )  

1.0 O b j e c t i v e  

The purpose o f  t h i s  e v a l u a t i o n  was t o  i d e n t i f y  c r i t i c a l  f l a w s  i n  f u s i o n  

r e a c t o r  f i r s t  w a l l s .  Comparisons between t h e  s i z e  o f  f l a w s  which a l l o w  c o o l-  

a n t  leakage i n t o  t h e  plasma, t h r e s h o l d  f l a w  s i z e s  f o r  f a t i g u e  s t r e s s  o r  env i-  

r o n m e n t a l l y  induced s u b - c r i t i c a l  c rack  growth and f l a w  s i z e s  f o r  u n s t a b l e  

c rack  growth were made. Degradat ion processes which reduce c r i t i c a l  f l a w  

s i z e s  were a l s o  eva lua ted .  

2.0 Summary 

C r i t i c a l  l e a k  r a t e ,  f a t i g u e  and e n v i r o n m e n t a l l y  induced s u b - c r i t i c a l  

c rack  growth and u n s t a b l e  c rack  growth f l a w  s i z e s  f o r  a u s t e n i t i c  and f e r r i t i c  

s t a i n l e s s  s t e e l s  were compared. The r e s u l t s  o f  t h i s  a n a l y s i s  i n d i c a t e  t h a t  

t h e  c r i t i c a l  l e a k  r a t e  f l a w  s i z e  i s  about  0.2 mm, t h e  t h r e s h o l d  f l a w  s i z e s  f o r  

f a t i g u e  and c o r r o s i o n  f a t i g u e  s u b - c r i t i c a l  c rack  growth o f  316 SS and HT-9 

range  f r o m  0.2 t o  2 mn and t h e  f l a w  s i z e s  f o r  u n s t a b l e  c rack  growth o f  i r r a d i -  

a ted  316 SS and HT-9 a r e  4 mm and 50 mm, r e s p e c t i v e l y .  These r e s u l t s  suggest  

t h a t  t h e  t h r e s h o l d  f o r  s u b - c r i t i c a l  c rack  growth i n  f a t i g u e  i s  a c r i t i c a l  

m a t e r i a l  p r o p e r t y .  A lso,  c reep  processes a r e  shown t o  have a s i g n i f i c a n t  

e f f e c t  on t h e  c r i t i c a l  l eak  r a t e  f l a w  s i z e .  

3.0 Program 

T i t l e :  Mechanical  P r o p e r t i e s  

P r i n c i p a l  I n v e s t i g a t o r :  R .  H. Jones 

A f f i l i a t i o n :  P a c i f i c  Nor thwest  L a b o r a t o r y  

4.0 

I I .C.8 .  E f f e c t s  o f  He l ium and Disp lacements  on F r a c t u r e  

Re levan t  DAFS Program P l a n  Task/Sub-Task 
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I I .C.9. 

I I .C.12.  

E f f e c t s  o f  Hydrogen on F r a c t u r e  

E f f e c t s  o f  C y c l i n g  on Flow and F r a c t u r e  

5.0 Accomplishments and S ta tus  

5.1 Background 

The l i f e t i m e  o f  f u s i o n  r e a c t o r  f i r s t  w a l l  m a t e r i a l s  w i l l  be a f u n c t i o n  o f  

many f a c t o r s  such as load,  tempera tu re  and n e u t r o n  i r r a d i a t i o n  h i s t o r y  and 

plasma-wall and c o o l a n t- w a l l  i n t e r a c t i o n s .  F a t i g u e  c rack  growth has been 
i d e n t i f i e d  by  Cramer e t  a l . [ l l  as t h e  p r i m a r y  s t r u c t u r a l  f a i l u r e  m d e  f o r  
Tokamak f i r s t  w a l l s .  

i r r a d i a t i o n  creep, s w e l l i n g ,  w a l l  e r o s i o n  and e m b r i t t l e m e n t  on t h e  f a t i g u e  
l i f e  o f  a Tokamak f i r s t  w a l l  made o f  316 SS. 

c rack  growth i s  t h e  l i f e - l i m i t i n g  process i n  Tokamak r e a c t o r s  and t h a t  t h e  

s h o r t e s t  l i f e t i m e  o c c u r s  when a f l a w  e x i s t s  on t h e  c o o l a n t  s ide .  E m b r i t t l e -  

ment induced by  neu t ron  i r r a d i a t i o n  and s u r f a c e  e r o s i o n  were p r e d i c t e d  t o  

decrease t h e  l i f e t i m e  by  i n c r e a s i n g  t h e  c rack  p r o p a g a t i o n  r a t e .  

More r e c e n t l y ,  Watson e t  a l .  ['I eva lua ted  t h e  e f f e c t  o f  

They concluded t h a t  f a t i g u e  

A f u s i o n  reactor- vacuum f i r s t  w a l l  may l o s e  i t s  vacuum i n t e g r i t y  b e f o r e  

i t s  s t r u c t u r a l  i n t e g r i t y  by  a l l o w i n g  c o o l a n t  t o  l e a k  i n t o  t h e  plasma. A l e a k  
b e f o r e  break c r i t e r i o n  has been assessed f o r  20% CW 316 SS by  Wo l fe r  and 

JonesE3' and t h e  r e s u l t s  show t h a t  u n s t a b l e  f l a w  growth i s  f a v o r e d  as t h e  

s t r e s s  and w a l l  t h i c k n e s s  inc reases  and t h e  c r i t i c a l  s t r e s s  i n t e n s i t y ,  

decreases. A l e a k  p roduc ing  f l a w  was d e f i n e d  as any th rough  w a l l  f l a w  which 
was too smal l  f o r  u n s t a b l e  crack growth. I n  a separa te  study, Jones and 
B r u e m r C 4 ]  concluded t h a t  a 0.1 mm wide th rough- wa l l  f l a w  i n  a h e l i u m  coo led  

r e a c t o r  would a l l o w  t h e  h e l i u m  c o n c e n t r a t i o n  i n  t h e  plasma t o  r e a c h  50% i n  a 
1000s p e r i o d .  

1 mn, a th rough  w a l l  f l a w  w i t h  a w i d t h  t o  l e n g t h  r a t i o  o f  1/10 would be s u f f i -  

c i e n t  t o  shu t  down a r e a c t o r .  Flaws o f  t h i s  d imens ion may be p r e s e n t  i n  t h e  

a s- f a b r i c a t e d  f i r s t  w a l l  o r  may grow t o  t h i s  d imension d u r i n g  r e a c t o r  opera-  
t i o n .  Flaws o f  t h i s  s i z e  w i l l  be d i f f i c u l t  t o  l o c a t e  by  n o n- d e s t r u c t i v e  t e s t -  

i n g ,  NDT, t echn iques  i n  a n o n- r a d i o a c t i v e  s t r u c t u r e  and even more d i f f i c u l t  

once t h e  r e a c t o r  has been o p e r a t i n g  and t h e  f i r s t  w a l l  and b l a n k e t  s t r u c t u r e  

a r e  r a d i o a c t i v e .  S ince d e t e c t i o n  o f  f l a w s  becomes more d i f f i c u l t  w i t h  

K I C '  

S ince f i r s t  w a l l  t h i c k n e s s e s  a r e  expected t o  be g r e a t e r  t h a n  
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decreas ing  f l a w  s i z e  i t  i s  i m p o r t a n t  t o  know t h e  s m a l l e s t  c r i t i c a l  f l a w  so 

t h a t  NDT e v a l u a t i o n  can be l i m i t e d  t o  f l a w s  g r e a t e r  than o r  equal t o  t h e  

c r i t i c a l  s i z e .  

A n a l y s i s  o f  whether a f l a w  w i l l  m e r e l y  cause a l eak  o r  w i l l  grow i n  an 

u n s t a b l e  manner caus ing  a break i s  an i m p o r t a n t  aspect  o f  any c r i t i c a l  f l a w  

s i z e  a n a l y s i s .  

w i l l  decrease t h e  f l a w  s i z e  f o r  u n s t a b l e  c rack  growth and hence f a v o r  a break 
b e f o r e  l e a k  f a i l u r e .  

induced g r a i n  boundary s e g r e g a t i o n  and phase changes a re  processes which can 

decrease K w h i l e  r a d i a t i o n  induced ha rden ing  can inc rease  t h e  y i e l d  

s t r e n g t h .  

F a c t o r s  which decrease KIC o r  i n c r e a s e  t h e  y i e l d  s t r e n g t h ,  a 
Y' 

Temper, hydrogen and h e l i u m  e rnbr i t t l emen t ,  r a d i a t i o n  

IC 

S u b- c r i t i c a l  c rack  growth can occur  i n  c o r r o s i v e  o r  hydrogen env i ronments  

d u r i n g  s t a t i c  o r  dynamic l o a d i n g  c o n d i t i o n s .  S t a t i c  l o a d  s u b - c r i t i c a l  c rack  
growth i s  c o m m n l y  c a l l e d  s t r e s s  c o r r o s i o n  c r a c k i n g  w h i l e  dynamic l oad  sub- 

c r i t i c a l  c rack  growth i s  known as c o r r o s i o n  f a t i g u e .  A t h r e s h o l d  s t r e s s  in- 
t e n s i t y  e x i s t s  below which measureable c rack  growth cannot be d e t e c t e d  i n  co r-  

r o s i v e  env i ronments .  A t  s t a t i c  l oads  t h i s  t h r e s h o l d  i s  c a l l e d  t h e  KISCC w h i l e  

w i t h  dynamic l o a d s  t h i s  t h r e s h o l d  i s  c a l l e d  t h e  A K ~ ~ ~ ~ .  A c r i t i c a l  f l a w  s i z e  

can be d e r i v e d  f r o m  these t h r e s h o l d  s t r e s s  i n t e n s i t i e s  which d e f i n e s  t h e  f l a w  

s i z e  which w i l l  p ropagate  under  a g i v e n  env i ronment  and l o a d i n g  c o n d i t i o n .  

Knowledge o f  t h e  s i z e  o f  t h e  t h r e s h o l d  f l a w  s i z e s  i n  c o r r o s i o n  f a t i g u e  o r  

s t r e s s  c o r r o s i o n  i s  i m p o r t a n t  because t h e y  may d e f i n e  t h e  s m a l l e s t  f l a w  s i z e .  

E n v i r o n m e n t a l l y  c r i t i c a l  f l a w s  do n o t  p r e s e n t  as c r i t i c a l  a prob lem f o r  reac-  

t o r  o p e r a t i o n  as a l e a k  o r  a break;  however, t h e  e n v i r o n m e n t a l l y  enhanced 

c rack  growth r a t e  may be s u f f i c i e n t l y  h i g h  t h a t  a l eak  o r  a break w i l l  f o r m  i n  

a r e l a t i v e l y  s h o r t  t ime .  

The purpose o f  t h i s  r e s e a r c h  was t o  de te rm ine  and compare t h e  c r i t i c a l  

f l a w  s i z e s  o f  f u s i o n  r e a c t o r  m a t e r i a l s .  7hese r e s u l t s  w i l l  be u s e f u l  f o r  

f o c u s i n g  a t t e n t i o n  on t h e  p h y s i c a l  processes c o n t r o l l i n g  t h e  l i f e t i m e  o f  

f u s i o n  r e a c t o r s  w i t h  t h e  e x p e c t a t i o n  t h a t  systems can be designed which a r e  

i n s e n s i t i v e  t o  t h e  presence o f  f l a w s  s m a l l e r  than  those  which can be r e a d i l y  

d e t e c t e d  w i t h  NDT techn iques.  These r e s u l t s  may a l s o  p o i n t  o u t  t h e  need f o r  

improved NDT techn iques  o r  t h e  need f o r  b e t t e r  d a t a  t o  d e f i n e  t h e  c r i t i c a l  
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flaw s i z e s .  C r i t i c a l  flaw s i z e s  f o r  unstable crack growth, s t r e s s  cor ros ion ,  
corrosion f a t i g u e  and hydrogen embritt lement f o r  316 SS and HT-9 are  compared 
to  the  c r i t i c a l  leak r a t e  flaw s i ze .  

5.2 Def in i t ions  

A c r i t i c a l  leak r a t e  flaw i s  defined as a flaw which allows the coolant 
t o  e n t e r  t h e  plasma chamber and reach a s u f f i c i e n t  concentrat ion t o  quench t h e  
plasma during a b u r n  cycle .  
f i r s t  wall from the  coolant  s ide  t o  the  plasma s ide  while the  crack length i s  
t h e  length of t h e  crack in t h e  toro ida l  o r  poloidal f i e l d  d i r ec t ions .  C r i t i -  
cal leak r a t e  flaws were ca lcula ted  f o r  t h e  UWMAK I I L 5 ]  and NUMAK conceptual 
r eac to r  designs.  

A c r i t i c a l  leak r a t e  flaw must penet ra te  the  

A s t r u c t u r a l l y  c r i t i c a l  flaw i s  defined as a flaw which wil l  cause unsta- 
ble  crack growth in a val id plane s t r a i n  f r a c t u r e  toughness t e s t  (ASTM E399) 
loaded to  i t s  y i e l d  s t rength .  I t  i s  recognized t h a t  t h e  s t r e s s  s i n g u l a r i t y  
around the crack t i p  of a t e s t  specimen i s  represented by a s t r e s s  i n t e n s i t y  
f a c t o r ,  K ,  which i s  s p e c i f i c  to  the  geometry and s t r e s s  system of t h a t  speci-  
men. Application of the  c r i t i c a l  f laws given in t h i s  r epor t  t o  r eac to r  d e s i g n  
i s  possible  by using t h e  appropriate  s t r e s s  i n t e n s i t y  formula f o r  t h e  geometry 
and stress system of a component. The s t r u c t u r a l l y  c r i t i c a l  crack length was 
determined from t h e  following r e l a t ionsh ip :  

2 
KIC 

- 
2 3.9 u 'cr - 

Y 

where K I C  i s  the c r i t i c a l  plane s t r a i n  f r a c t u r e  toughness. A load equal t o  

the y i e ld  s t rength  of the  material  was chosen as a method of r a t i n g  various 
mater ia l s  a t  equivalent  s t r e s s e s  r a t h e r  than an equal s t r e s s  s ince  design 
s t r e s s e s  a re  f requent ly  a funct ion of the  material  s t r eng th .  

Environmentally c r i t i c a l  flaws a re  defined as t h e  flaw s i z e  a t  which sub-  
c r i t i c a l  crack growth can no longer be detected f o r  plane s t r a i n  f r a c t u r e  
toughness t e s t s  loaded to  the  y i e l d  s t rength  of the  material in a hydrogen o r  
co r ros ive  environment. A crack growth r a t e  of mm 5-l was used t o  def ine  
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t h i s  t h r e s h o l d .  Fo r  s t a t i c a l l y  loaded specimens, t h e  t h r e s h o l d  i n  hydrogen i s  

w h i l e  t h e  t h r e s h o l d  I S C C  t h e  t h r e s h o l d  i n  a c o r r o s i v e  env i ronment  i s  K K~~ 3 
f o r  c y c l i c a l l y  loaded specimens i s  A K ~ ~ ~ ~ .  

5 .3  C r i t i c a l  Leak Rate  F laws 

A f l a w  which p e n e t r a t e s  t h e  vacuum boundary s e p a r a t i n g  t h e  plasma chamber 

and c o o l a n t  passages w i l l  a l l o w  t h e  h i g h e r  p ressure  c o o l a n t  t o  leak i n t o  t h e  

plasma chamber. S ince t h e  energy l o s s  f r o m  t h e  plasma due t o  Bremsst rah lung 

r a d i a t i o n  i s  p r o p o r t i o n a l  t o  Z2, where 2 i s  t h e  atomic o r  charge number o f  t h e  

i m p u r i t y ,  t h e  power l o s s  pe r  atom o f  c o o l a n t  which leaks  i n t o  t h e  plasma 

inc reases  w i t h  i n c r e a s i n g  Z. Fo r  t h e  c o o l a n t s  cons ide red  i n  conceptua l  

designs,  t h e  o r d e r  o f  i n c r e a s i n g  Z i s  he l ium,  l i t h i u m ,  wa te r  and l i t h i u r n l e a d .  

However, t h e  l e a k  r a t e  o f  t h e  c o o l a n t s  th rough  a f l a w  i s  a l s o  a f u n c t i o n  o f  

t h e i r  phase s t a t e  and mass. Phase s t a t e  i s  i m p o r t a n t  s i n c e  gases have h i g h e r  

l eak  r a t e s  than l i q u i d s .  F o r  gases a t  l ow  pressures where m l e c u l a r  f l o w  con- 

d i t i o n s  c o n t r o l  t h e  l e a k  r a t e ,  t h e  l e a k  r a t e  i s  p r o p o r t i o n a l  t o  ( M )  -’’‘ where 

M i s  mo lecu la r  we igh t .  The leak  r a t e  o f  l i q u i d  c o o l a n t s  such as wa te r  o r  
l i t h i u m  i s  a comp l i ca ted  process because o f  t h e  tempera tu re  and p r e s s u r e  gra-  

d i e n t s  th rough  t h e  w a l l .  A l i q u i d  c o o l a n t  w i l l  be drawn i n t o  a f l a w  by  t h e  

p r e s s u r e  d i f f e r e n t i a l  between c o o l a n t  and plasma chamber and by  c a p i l l a r i t y .  

B o i l i n g  w i l l  occu r  when t h e  tempera tu re  i n c r e a s e s  and t h e  p ressure  decreases 

t o  t h e  c r i t i c a l  temperature- pressure c o n d i t i o n s  f o r  t h a t  l i q u i d .  Gas f l o w  

c o n d i t i o n s  w i l l  c o n t r o l  t h e  f l o w  beyond t h i s  p o i n t .  A d e t a i l e d  a n a l y s i s  i s  
necessary  t o  determine whether c a p i l l a r y  f l o w ,  e v a p o r a t i o n  r a t e  o r  gas f l o w  i s  

t h e  r a t e  l i m i t i n g  s tep.  

s imp le  w i t h  w e l l  developed l e a k  r a t e  e q u a t i o n s I 6 ] ;  t h e r e f o r e ,  t h e  c r i t i c a l  

l eak  r a t e  f l a w  a n a l y s i s  i s  based on h e l i u m  c o o l a n t  l e a k i n g  i n t o  t h e  plasma 

chamber. 

By c o n t r a s t ,  gas f l o w  th rough  o r i f i c e s  i s  r e l a t i v e l y  

The f l o w  o f  gases t h r o u g h  o r i f i c e s  can be c h a r a c t e r i z e d  by  v i scous  o r  

m o l e c u l a r  f l o w  w i t h  a t r a n s i t i o n a l  f l o w  c o n d i t i o n  e x i s t i n g  between v i scous  and 

m l e c u l a r  f l o w .  V iscous f l o w  occurs  a t  h i g h  p ressures  when t h e  mean f r e e  p a t h  

between gas molecu les  i s  sma l l  compared t o  t h e  o r i f i c e  and i n t e r m o l e c u l a r  c o l -  

l i s i o n s  determine t h e  f l o w  c h a r a c t e r i s t i c s .  M o l e c u l a r  f l o w  occurs  a t  low 
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pressures  when t h e  mean f r e e  p a t h  between gas r m l e c u l e s  i s  l a r g e  and m l e c u l a r  

c o l l i s i o n s  w i t h  t h e  w a l l s  o f  t h e  o r i f i c e  determine t h e  f l o w  c h a r a c t e r i s t i c s .  

The c o n d i t i o n s  which d e f i n e  t h e  l i m i t s  o f  each f l o w  regime a r e  as f o l l o w s :  

Viscous:  aP > 500 
M o l e c u l a r :  aP < 5 

T r a n s i t i o n :  5 < aP < 500 

where a i s  t h e  o r i f i c e  s i z e  i n  cm and P i s  t h e  p r e s s u r e  i n  t h e  o r i f i c e  i n  

o f  Hg. 

d rop  f r o m  t h e  c o o l a n t  s i d e  t o  t h e  plasma s i d e  such t h a t  t h e  f l o w  i s  v i s c o u s  

on t h e  c o o l a n t  s i d e  and mo lecu la r  on t h e  plasma s ide .  A l l  t h r e e  c o n d i t i o n s  

e x i s t  w i t h i n  a f l a w  i n  a f u s i o n  r e a c t o r  f i r s t  w a l l  so t h a t  t h e  l e a k  r a t e  must 

be determined e x p e r i m e n t a l l y .  T h i s  was done f o r  h e l i u m  f l o w  th rough  sma l l  

i n t e r g r a n u l a r  c reep c racks  i n  316 SS tubesL4 ]  and i t  was found  t h a t  b o t h  

v i scous  and m o l e c u l a r  f l o w  equa t ions  p r e d i c t e d  t h e  e x p e r i m e n t a l l y  measured 

f l o w  r a t e s  w i t h  reasonable  accuracy.  Both equa t ions  worked s a t i s f a c t o r i l y  

because f l o w  i s  a comb ina t ion  o f  v i scous  and m o l e c u l a r  f l o w ;  however, t h e  

v i scous  f l o w  e q u a t i o n  was n u r e  accura te  a t  l a r g e r  f l a w  s i zes .  

t h i s  a n a l y s i s ,  it was assumed t h a t  gas f l o w  th rough  f l a w s  o r i g i n a t i n g  on t h e  

c o o l a n t  s i d e  o f  a f u s i o n  r e a c t o r  f i r s t  w a l l  i s  dominated b y  v i scous  f low.  

F o r  f l a w s  i n  a f u s i o n  r e a c t o r  f i r s t  w a l l  t h e r e  i s  a l a r g e  p ressure  

Therefore ,  f o r  

A t  h i g h  pressures,  t h e  leak  r a t e  o f  a gas th rough  a r e c t a n g u l a r  shaped 

o r i f i c e ,  such as a crack,  can be expressed by  t h e  f o l l o w i n g  equa t ion :  

4 =  0.26 Y a2d2 ( ‘1 ‘ 2 )  ( P 2  - PI) 

where a i s  t h e  c rack  l e n g t h ,  6 i s  t h e  c rack  opening, t i s  t h e  w a l l  t h i c k n e s s ,  

PI i s  t h e  p ressure  on t h e  plasma s ide,  P2 i s  t h e  c o o l a n t  p ressure  and Y i s  a 

f u n c t i o n  o f  a /6 .  The symbols i n  e q u a t i o n  2 were chosen t o  be c o n s i s t e n t  w i t h  

f r a c t u r e  mechanics and n o t  gas f l o w  t h e o r y  s i n c e  t h e  purpose o f  t h i s  r e p o r t  i s  

t o  r e l a t e  t h e  leak r a t e  f l a w s  t o  s t r u c t u r a l  f l a w s .  The r e l a t i o n  between t h e  

parameters  i n  e q u a t i o n  2 and a f u s i o n  f i r s t  w a l l  a r e  shown i n  f i g u r e  1. 
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FIGURE 1. Fusion Reactor F i r s t  Wall and F l a w  Geometry 

122  



The f o l l o w i n g  assumptions were made i n  t h e  d e r i v a t i o n  o f  e q u a t i o n  2: 

1 )  t h e  gas i s  incompress ib le ,  

2 )  t h e  f l o w- v e l o c i t y  p r o f i l e  i s  c o n s t a n t  th roughou t  t h e  f l a w ,  

3 )  t h e r e  i s  no t u r b u l e n t  mo t ion  o f  t h e  gas, and 

4 )  t h e  f l o w  v e l o c i t y  a t  t h e  t u b e  w a l l s  i s  zero .  

Fo r  assumpt ions 2 and 3 t o  be v a l i d ,  t h e  c r o s s- s e c t i o n  o f  t h e  o r i f i c e  shou ld  

be u n i f o r m  a long  t h e  gas f l o w  pa th .  T h i s  i s  c l e a r l y  n o t  t h e  case f o r  i n t e r -  

g r a n u l a r  c reep c racks  produced i n  t h e  316 SS l e a k  r a t e  samples as shown i n  

f i g u r e  2d. However, even w i t h  these  i r r e g u l a r i t i e s  t h e  v i scous  f l o w  e q u a t i o n  

gave f l o w  r a t e  va lues  t h a t  were o n l y  5 t imes  l a r g e r  and equal  t o  t h e  measured 

f l o w  r a t e s  f o r  0 .01 and 0.02 cm l o n g  c racks ,  r e s p e c t i v e l y .  There fo re ,  i t  was 

conc luded t h a t  t h e  v i scous  f l o w  e q u a t i o n  i s  adequate f o r  e s t i m a t i n g  t h e  s i z e  

o f  a c r i t i c a l  l e a k  r a t e  f l a w  i n  a f u s i o n  r e a c t o r  b u t  t h a t  t h e  r e s u l t i n g  f l a w  

s i z e  must be cons ide red  as an es t ima te .  More q u a n t i t a t i v e  c r i t i c a l  f l a w  s i z e  

d e t e r m i n a t i o n s  must be made e x p e r i m e n t a l l y .  

Be fo re  e q u a t i o n  2 can be used t o  e s t i m a t e  t h e  c r i t i c a l  l eak  r a t e  f l a w  

s i ze ,  a va lue  f o r  Y must be determined. The r a t i o  6 / a  can be viewed i n  two 

ways: 

t u r e  mechanics and 2 )  where t i m e  dependent f l o w  causes an i n c r e a s e  i n  6 / a .  

Fo r  case 1, t h e  c rack  open ing can be determined f r o m  t h e  f o l l o w i n g  

1 )  t h e  absence o f  t i m e  dependent f l o w  where 6 can be desc r ibed  by  f r a c -  

express ion  ~ 7 1 .  . 

2 0.49 K I  

Y 
6 =  o E  ( 3 )  

where K i s  t h e  m d e  I s t r e s s  i n t e n s i t y ,  o i s  t h e  y i e l d  s t r e n g t h  and E i s  t h e  

t e n s i l e  e l a s t i c  m d u l u s .  

exp ress ion :  

I Y 
KI can be determined f r o m  t h e  f o l l o w i n g  

( 4 )  KI = h OK 

where o i s  t h e  s t r e s s  and h i s  a c o n s t a n t  which i s  t a k e n  t o  be 1.12 f o r  t h i s  

a n a l y s i s .  A v a l u e  o f  6 / a  independent o f  c rack  l e n g t h  can be determined u s i n g  

123 



I 

1 

, - 
(a 1 50 wrn 

. ,? 

; 

I 

I i  

1 

' i  

I 
I 

(C) 50 urn OD (d) I'D 

FIGURE 2. Optical Metallography Following a Through-Wall-Crack/Through- 
Stress-Rupture Specimen S-23(a-c) ; Schematic Illustrating the 
Cracking Path Through the Thin Wall Tube ( d ) .  
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equa t ions  3 and 4 and s e t t i n g  t h e  s t r e s s  equal t o  t h e  y i e l d  s t r e n g t h .  T h i s  

s i m p l i f i c a t i o n  a l l o w s  a s i n g l e  va lue  o f  Y t o  be used f o r  v a r y i n g  c rack  l e n g t h s  
5 i n  e q u a t i o n  2. 

MPa, 6 / a  i s  equal  t o  0.00185. Fo r  t h e  case where t i m e  dependent f l o w  occurs ,  

6 / a  i s  t i m e  dependent and c o u l d  assume va lues  g r e a t e r  than  0.00185 and l e s s  

than  o r  equa l  t o  1. I n  o r d e r  t o  s i m p l i f y  t h e  c a l c u l a t i o n s ,  a c o n s t a n t  v a l u e  

o f  0.2 was chosen f o r  6 / a  f o r  t h e  case when creep a l l o w s  t h e  c rack  t o  open 
beyond t h e  f r a c t u r e  mechanics c r i t e r i a .  The v a l u e  o f  0.2 was chosen because 

t h i s  was t h e  approximate va lue  found  f o r  i n t e r g r a n u l a r  c reep c racks  formed i n  

316 SS tubes[41. WordenL6' g i v e s  va lues  o f  Y f o r  6 / a  va lues  o f  1 t o  0.1 and 

t h i s  d a t a  was used t o  e x t r a p o l a t e  t o  6 / a  va lues  o f  0.001. 

sus &/a["  i s  shown p l o t t e d  i n  f i g u r e  3 where i t  can be seen t h a t  t h e  r e l a -  

t i o n s h i p  i s  l i n e a r  on a log- log  p l o t  f o r  va lues  o f  6 / a  o f  0.1 t o  0.4. T h i s  

d a t a  was used t o  o b t a i n  a va lue  f o r  Y a t  6 / a  equal  t o  0.00185. T h i s  r e q u i r e s  

an e x t r a p o l a t i o n  o v e r  two o r d e r s  o f  magni tude i n t o  a a / a  reg ime which has n o t  

been measured e x p e r i m e n t a l l y .  There fo re ,  t h e  v a l u e  o f  Y f o r  a / a  equal  t o  

0.00185 must be cons ide red  as an e s t i m a t e .  Fo r  a / a  equal  t o  0.00185, Y i s  

equal  t o  0.008 w h i l e  f o r  a l a  equal t o  0.2, Y i s  equal  t o  0.4. 

Fo r  a y i e l d  s t r e n g t h  o f  200 MPa and Youngs m d u l u s  o f  2 x 10 

The d a t a  f o r  Y ver-  

He l ium leak  r a t e s  f o r  6 / a  va lues  o f  0.00185 and 0.2 a r e  g i v e n  i n  f i g u r e  4 

as a f u n c t i o n  o f  t h e  c rack  l e n g t h  a. The l e a k  r a t e  i s  l i n e a r  w i t h  t h e  c rack  
l e n g t h  on a log- log  p l o t  w i th  a s lope  o f  4 wh ich r e s u l t s  i n  a l eak  r a t e  o f  

he l i um,  NHe, p r o p o r t i o n a l  t o  a . 
l e n g t h  can r e s u l t  i n  l a r g e  inc reases  i n  NHe. 

i nc reases  i n  t h e  c rack  opening, 6, can a l s o  produce l a r g e  i n c r e a s e s  i n  NHe. 
T h i s  can be seen by  n o t i n g  t h e  change i n  NHe a t  c o n s t a n t  c rack  l e n g t h  f o r  & / a  

v a l u e s  o f  0.00185 and 0.2. For  a c rack  l e n g t h  o f  0.1 cm t h e  l e a k  r a t e  in-  

creases f rom 3 x m l e s / s  t o  3 x mles / s  f o r  6 / a  va lues  o f  0.00185 
and 0.2, r e s p e c t i v e l y .  There fo re ,  i t  can be seen t h a t  c reep processes can 

have a v e r y  l a r g e  e f f e c t  on t h e  c r i t i c a l  l e a k  r a t e  f l a w  s i z e .  T h i s  e f f e c t  can 

a l s o  be shown f o r  a c r i t i c a l  l eak  r a t e  o f  m l e s / s  where t h e  c r i t i c a l  l e a k  

r a t e  f l a w  s i z e  i s  1.25 cm i n  t h e  absence o f  c reep c rack  open ing and 0.045 cm 
when c reep  r e s u l t s  i n  a a / a  r a t i o  o f  0.2. 

4 There fo re ,  sma l l  i nc reases  i n  t h e  c rack  
S ince  Y i s  p r o p o r t i o n a l  t o  

t h e  leak  r a t e ,  iHe, i s  p r o p o r t i o n a l  t o  a'.' and; t h e r e f o r e ,  sma l l  
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FIGURE 3. R e l a t i o n s h i p  Between t h e  Crack Opening t o  Length  R a t i o ,  s/a, and 
t h e  Parameter Y i n  t h e  Leak Rate  Equa t ion .  

LOG CRACK LENGTH. cm 

FIGURE 4. Crack Length,  a, Versus He l ium Leak Rate  f o r  &/a  R a t i o  s o f  
1.85 x 10-3 and 0.2. 
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A c r i t i c a l  l eak  r a t e  f o r  a g i v e n  r e a c t o r  can be es t ima ted  f r o m  t h e  plasma 

volume, t h e  i o n  d e n s i t y  i n  t h e  plasma and t h e  l a r g e s t  h e l i u m  c o n c e n t r a t i o n  

t h a t  t h e  plasma can t o l e r a t e .  I t  has been assumed t h a t  t h e r e  i s  no plasma 

i m p u r i t y  c o n t r o l  and t h a t  any s h o r t e n i n g  o f  t h e  b u r n  c y c l e  i s  d e t r i m e n t a l .  

These assumptions r e p r e s e n t  a w o r s t  case s i n c e  plasma i m p u r i t y  c o n t r o l  mea- 

sures would a l l o w  l a r g e r  l eak  r a t e s  b e f o r e  t h e  c r i t i c a l  h e l i u m  c o n c e n t r a t i o n  

would  be reached i n  a s i n g l e  bu rn  c y c l e .  I t  has a l s o  been assumed t h a t  a l l  

t h e  h e l i u m  i n  t h e  plasma i s  removed d u r i n g  each r e f u e l i n g  c y c l e .  T h i s  o f  

course w i l l  n o t  occu r  s i n c e  h e l i u m  c o o l a n t  w i l l  c o n t i n u e  t o  l e a k  i n t o  t h e  

plasma chamber d u r i n g  t h e  r e f u e l i n g  c y c l e .  However, s i n c e  t h e  r e f u e l i n g  t i m e  

i s  s h o r t  r e l a t i v e  t o  t h e  b u r n  p e r i o d ,  t h e  h e l i u m  in- leakage would be sma l l  and 
may be i g n o r e d  w i t h o u t  caus ing  s e r i o u s  e r r o r .  

The c r i t i c a l  l e a k  r a t e  f l a w  s i z e  has been es t ima ted  f o r  t h e  UWMAK I 1  and 

t h e  NUMAK r e a c t o r s  assuming t h e  NUMAK has a h e l i u m  c o o l i n g  system s i m i l a r  t o  

UWMAK 11. The UWMAK I 1  has 5 x loz1 i o n s  and t h e  NUMAK 5 x lo2' i o n s  i n  t h e  

plasma. Fo r  a 1000s b u r n  p e r i o d  and a c r i t i c a l  h e l i u m  c o n c e n t r a t i o n  i n  t h e  

plasma o f  5% t h e  c r i t i c a l  l eak  r a t e s  a r e  m l e s / s ,  and m l e s / s  f o r  

t h e  UWMAK I 1  and NUMAK r e a c t o r s ,  r e s p e c t i v e l y .  These l e a k  r a t e s  cor respond t o  

c r i t i c a l  f l a w s  s i z e s  o f  1.33 cm and 0.75 cm f o r  t h e  NUMAK and UWMAK I 1  reac-  

t o r s ,  r e s p e c t i v e l y ,  i n  t h e  absence o f  c reep c rack  open ing and 0.045 cm and 

0.025 cm w i t h  c reep c rack  opening.  Fo r  a c r i t i c a l  h e l i u m  c o n c e n t r a t i o n  o f  1% 

t h e  c r i t i c a l  l e a k  r a t e  i s  8 x m l e s / s  f o r  t h e  UWMAK I 1  r e a c t o r .  T h i s  
l eak  r a t e  cor responds t o  c r i t i c a l  l eak  r a t e  f l a w  s i z e s  o f  0.50 cm and 0.016 cm 

f o r  t h e  UWMAK I1 r e a c t o r ,  i n  t h e  absence o f  c reep  c rack  open ing and i n  t h e  

presence o f  c reep c rack  opening, r e s p e c t i v e l y .  

5.4 S u b- c r i t i c a l  and C r i t i c a l  Crack Growth Flaws 

5.4.1 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  

S u b- c r i t i c a l  f l a w  growth can occur  i n  m a t e r i a l s  loaded s t a t i c a l l y  i n  t h e  

presence o f  hydrogen o r  a c o r r o s i v e  env i ronment  o r  loaded c y c l i c a l l y  i n  t h e  
absence o r  presence o f  hydrogen o r  a c o r r o s i v e  env i ronment .  I n  many 
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i ns tances ,  t h e  lowes t  s t r e s s  i n t e n s i t y  f o r  s u b - c r i t i c a l  f l a w  growth occurs  

w i t h  c y c l i c  s t r e s s e s  i n  a c o r r o s i v e  env i ronment  wh ich i s  commonly known as 

c o r r o s i o n  f a t i g u e .  

Flaw s i z e s  f o r  s u b - c r i t i c a l  and c r i t i c a l  c rack  growth 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  a re  g i v e n  i n  Tab le  I [8-101, The c r i t i c a l  f l a w  s i z e s  were 

c a l c u l a t e d  us ing  e q u a t i o n  1 and assuming a macroscopic s t r e s s  equal  t o  t h e  

y i e l d  s t r e n g t h  o f  t h e  m a t e r i a l .  There fo re ,  t h e  assumed s t r e s s  was 550 MPa 

f o r  20% CW 316 SS and 200 MPa f o r  annealed 304 S S .  C o r r o s i o n  f a t i g u e  and 

s t r e s s  c o r r o s i o n  d a t a  f o r  annealed 304 SS was used t o  e s t i m a t e  f l a w  s i z e s  f o r  

s u b- c r i t i c a l  c rack  growth 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  because o f  t h e  l a c k  

o f  t h i s  t y p e  o f  d a t a  f o r  316 SS. 

The f o l l o w i n g  c o n c l u s i o n s  can be made r e g a r d i n g  c r i t i c a l  f l a w s  i n  aus- 

t e n i t i c  s t a i n l e s s  s t e e l s :  1) a h e l i u m  coo led  r e a c t o r  w i l l  be shut-down 
because o f  a c r i t i c a l  l e a k  b e f o r e  a l a r g e  break i n  t h e  f i r s t  w a l l  and 2 )  f a t i -  

gue s t r e s s e s  w i l l  cause s u b - c r i t i c a l  f l a w  growth a t  lower s t r e s s e s  o r  f o r  

s h o r t e r  f l a w s  than s t a t i c  s t resses .  F a t i g u e  o r  c o r r o s i o n  f a t i g u e  w i l l  cause 

growth o f  s u b - c r i t i c a l  f l a w s  t o  a s i z e  where t h e y  become a c r i t i c a l  l eak  r a t e  

f l a w  w h i l e  s t a t i c  s t r e s s e s  r e q u i r e  f l a w s  t h a t  a r e  l a r g e r  than  t h e  c r i t i c a l  

leak r a t e  f l a w  s i z e .  T h i s  compar ison demonstrates t h e  d e s i r a b i l i t y  o f  a 

s teady s t a t e  f u s i o n  r e a c t o r  which m in im izes  c y c l i c  s t r e s s e s  i n  t h e  b l a n k e t  and 

f i r s t  w a l l  m a t e r i a l  ove r  a p u l s e d  f u s i o n  r e a c t o r  i n  wh ich t h e  s t r e s s e s  and 

tempera tu res  w i l l  c y c l e .  

The f l a w  s i z e  comparison g i v e n  i n  Tab le  I i s  u s e f u l  f o r  showing t h e  k i n d  

o f  t e s t  d a t a  needed t o  e v a l u a t e  m a t e r i a l s  f o r  f u s i o n  r e a c t o r s .  A l i s t  o f  t e s t  

d a t a  needed t o  e v a l u a t e  a u s t e n i t i c  s t a i n l e s s  s t e e l s  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  i s  l i s t e d  below a long w i t h  t h e  reason t h i s  d a t a  i s  needed: 

0 f r a c t u r e  toughness o f  316 SS (25°C-4500C) i r r a d i a t e d  a t  t h e  f u s i o n  

He/dpa: h e l i u m  i s  known t o  e m b r i t t l e  316 SS and w i l l  t h e r e f o r e  

reduce  t h e  c r i t i c a l  f l a w  s i z e .  Welded t e s t  samples shou ld  be 

i n c l u d e d  i n  t h i s  s e r i e s .  
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0 f a t i g u e  and/or  c o r r o s i o n  f a t i g u e  (300-500'C) o f  316 SS i r r a d i a t e d  

a t  t h e  f u s i o n  He/dpa: t h i s  t e s t  and m a t e r i a l  c o n d i t i o n  w i l l  prob-  

a b l y  d e f i n e  t h e  s m a l l e s t  c r i t i c a l  f l a w  s ize .  Welded t e s t  samples 
shou ld  be i n c l u d e d  i n  t h i s  se r ies .  

O the r  t e s t s  which a re  n o t  l i s t e d  b u t  may p rove  t o  be i m p o r t a n t  i n c l u d e  i n -  
r e a c t o r  c o r r o s i o n  f a t i g u e  t o  check f o r  e f f e c t s  o f  g r a i n  boundary i m p u r i t y  

s e g r e g a t i o n  o r  r a d i o l y s i s  on c o r r o s i o n  f a t i g u e  o r  s t r e s s  c o r r o s i o n .  

5.4.2 F e r r i t i c  S t a i n l e s s  S t e e l s  

F law s i z e s  f o r  s u b - c r i t i c a l  and c r i t i c a l  c rack  growth o f  f e r r i t i c  s t a i n -  

l e s s  s t e e l s  a r e  g i v e n  i n  Tab le  I 1  
c u l a t e d  u s i n g  e q u a t i o n  1 and assuming a macroscopic s t r e s s  equal  t o  t h e  y i e l d  

s t r e n g t h .  
hydrogen e m b r i t t l e m e n t  e v a l u a t i o n  where t h e  r e s u l t s  [13] o f  as-quenched mate- 

r i a l  were used t o  g i v e  a b e t t e r  i n d i c a t i o n  of  hydrogen e m b r i t t l e m e n t  i n  i r r a -  

d i a t i o n  hardened m a t e r i a l .  

quenched HT-9 was f r o m  t e n s i l e  d a t a  and n o t  f r a c t u r e  toughness data,  t h e  

c r i t i c a l  f l a w  s i z e  was es t ima ted  f r o m  a c a l c u l a t e d  v a l u e  f o r  KIC u s i n g  t h e  

f o l  l o w i n g  e q u a t i o n :  

The c r i t i c a l  f l a w  s i z e s  were c a l -  

A y i e l d  s t r e n g t h  o f  450 MPa was t a k e n  f o r  HT-9 except  f o r  t h e  

S ince  t h e  hydrogen e m b r i t t l e m e n t  d a t a  f o r  as- 

( 6 )  
112 KIC = C (E UY .L E ~ )  

expressed by  Hahn and R o s e n f i e l d  [15] where C i s  a cons tan t ,  E i s  t h e  Young 

modulus, u i s  t h e  y i e l d  s t r e n g t h ,  !L i s  a c h a r a c t e r i s t i c  d i s t a n c e  ahead o f  t h e  

c r a c k  t i p  and 

charged, i r r a d i a t i o n  hardened HT-9 was e s t i m a t e d  f r o m  t h e  f o l l o w i n g  da ta ,  

e q u a t i o n  6 and assuming t h a t  C and !L a r e  equal  f o r  t h e  quenched and hydrogen 

charged and quenched and tempered c o n d i t i o n s :  

Y 
i s  t h e  s t r a i n  t o  f a i l u r e .  A va lue  f o r  KIC f o r  hydrogen 

QUENCHED AND TEMPERED QUENCHED 
NO HYDROGEN HYDROGEN C H G ' D  

KIC, M P a f i  120 75 ( c a l c . )  

a MPa 650 1225 
Y '  

0.17 0.036 Ef 
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F e r r i t i c  s t a in less  s t e e l s  show similar  trends t o  aus ten i t i c  s t a i n l e s s  s t e e l s  
in t h a t  f a t igue  s t resses  produce sub- cri t ical  crack growth with the smallest 
flaw s ize .  F e r r i t i c  s t a in less  s t e e l s  appear t o  be m r e  sens i t ive  t o  s t r e s s  
corrosion than aus ten i t i c  s t a i n l e s s  s t e e l s  where the c r i t i c a l  flaw s ize  f o r  
sub- cri t ical  crack g r o w t h  in water a t  25'C i s  0.2 mm. 
s t e e l s  can be embrittled by g r a i n  boundary impuri ty  segregation (temper 
embrittlement) resul t ing i n  a c r i t i c a l  flaw s ize  of 1 mm in a 12  Cr steel  a t  
25'C. The temper embrittlement, hydrogen embritt lement and s t r e s s  corrosion 
cracking of f e r r i t i c  s t e e l s  a t  reactor service temperatures will presumably 
be greater  than a t  25'C unless the duc t i l e  to  b r i t t l e  t r ans i t ion  temperature, 
DBTT, i s  shif ted t o  the reactor service temperature by r a d i a t i o n  hardening and 
helium. S m i d t  has masured the f rac tu re  propert ies of HT-9 i r radia ted t o  
lo2' cm-' and  h i s  r e su l t s  indicate t h a t  the c r i t i c a l  flaw s ize  was reduced 
from 95 m t o  50 mm. I t  i s  possible t h a t  the c r i t i c a l  flaw s ize  of HT-9 irra-  
diated t o  higher fluences a t  a fusion He/dpa will be l ess  t h a n  50 mm; however, 
t h i s  d a t a  i s  n o t  presently avai lable .  

F e r r i t i c  s t a in less  

The d a t a  i n  Table I 1  indicates the need f o r  m r e  data which i s  relevant  
t o  the fusion reactor environment. A l i s t  of t e s t  data needed t o  evaluate 
f e r r i t i c  s t a in less  s t e e l s  f o r  fusion reactor  applicat ions i s  l i s t ed  below 
along with the reason t h i s  d a t a  i s  needed: 

0 f r a c tu r e  toughness (25'C-450°C) of HT-9 i r radia ted t o  fluences of  

>loz3 cm-' a t  fusion He/dpa: 
will r a i s e  the DB.rT and decrease the upper shelf f rac tu re  toughness. 

f a t igue ,  s t r e s s  corrosion o r  corrosion fa t igue  t e s t s  (300-5OO0C) of 
HT-9 i r radia ted t o  fluences of cm a t  a fusion He/dpa: 
fa t igue ,  s t r e s s  corrosion and corrosion fa t igue t e s t s  of i r radia ted 
material will define the smallest c r i t i c a l  flaw s ize .  

f a t igue ,  s t r e s s  corrosion or corrosion f a t i j u e  - t e s t s  (300-500'C) of 
temper embrittled and i r radia ted HT-9: HT-9 which was temper 
embrittled by improper thermal-mechanical treatment (such as d u r i n g  

radiat ion hardening and  helium 

0 
-2 

0 
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weld ing,  h e a t  t r e a t m e n t  o r  f a b r i c a t i o n )  p r i o r  t o  i r r a d i a t i o n  c o u l d  

c o n c e i v a b l y  produce t h e  s m a l l e s t  c r i t i c a l  f l a w  s i z e  and would the re-  

f o r e  r e p r e s e n t  t h e  w o r s t  case. 

As i n  a u s t e n i t i c  s t a i n l e s s  s t e e l s ,  t h e  c r i t i c a l  h e l i u m  l e a k  r a t e  f l a w  

s i z e  i s  s i m i l a r  i n  s i z e  t o  t h a t  f o r  s u b - c r i t i c a l  c rack  growth d u r i n g  f a t i g u e  
and l e s s  than  t h e  c r i t i c a l  f l a w  s i z e  f o r  u n s t a b l e  f l a w  growth.  However, t h e  

f l a w  s i z e  f o r  u n s t a b l e  f l a w  growth o f  temper e m b r i t t l e d  HT-9 i s  o n l y  5x 
g r e a t e r  than  a c r i t i c a l  l e a k  r a t e  f l a w  s i z e  w h i l e  t h e  s m a l l e s t  f l a w  s i z e  f o r  

u n s t a b l e  f l a w  growth 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  was 20x g r e a t e r  than  t h e  

c r i t i c a l  l e a k  r a t e  f l a w  s i z e .  There fo re ,  t h e  t r a n s i t i o n  between l e a k  b e f o r e  
break i n  f e r r i t i c  s t a i n l e s s  s t e e l s  may be l e s s  t h a n  f o r  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 .  T h i s  s i t u a t i o n  changes i f  temper e m b r i t t l e m e n t  does n o t  occu r  i n  f e r -  
2 r i t i c  s t a i n l e s s  s t e e l s  and if i r r a d i a t i o n  t o  f l u e n c e s  g r e a t e r  t h a n  

does n o t  s i g n i f i c a n t l y  decrease t h e  c r i t i c a l  f l a w  s i z e  f o r  u n s t a b l e  f l a w  

growth.  
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7.0 F u t u r e  Work 

Thresho ld  f l a w  s i z e s  f o r  s t a t i c  and c y c l i c  s t r e s s e s  w i l l  be measured f o r  

u n i r r a d i a t e d  316 SS and HT-9 i n  aqueous s o l u t i o n s .  Measurements w i l l  be made 

a t  anod ic  and c a t h o d i c  p o t e n t i a l s  t o  determine t h r e s h o l d  f l a w  s i z e s  f o r  s t r e s s  

c o r r o s i o n  and hydrogen e m b r i t t l e m e n t  processes.  A lso,  samples hea t  t r e a t e d  

t o  produce g r a i n  boundary i m p u r i t y  s e g r e g a t i o n  w i l l  be t e s t e d  t o  de te rm ine  

t h e  e f f e c t  o f  i m p u r i t y  s e g r e g a t i o n  on t h r e s h o l d  and c r i t i c a l  f l a w  s i z e s  i n  

316 SS and HT-9. 
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LOCAL DISPLACEMENT FIELDS I N  IRRADIATED FlATERIALS 

J .  I. Bennetch and W. A. Jesser  ( U n i v e r s i t y  o f  V i r g i n i a )  

1 .o  0 b j e c  ti ve 

The o b j e c t i v e  o f  t h i s  work i s  t o  demonst ra te  a new HVEFI method t o  map t h e  d i s -  

p lacement f i e l d  abou t  a c r a c k  t i p  i n  i r r a d i a t e d  m i c r o t e n s i l e  samples. 

2.0 Summary 

I n  m i c r o t e n s i l e  samples i r r a d i a t e d  t o  h i g h  doses, c a v i t i e s  fo rm wh ich  can be 
used as i n t e r n a l  markers .  From measurements o f  t h e  e l o n g a t i o n  o r  d i s p l a c e -  

ment o f  these  markers,  a d i sp lacement  map o f  t h e  s t r a i n  f i e l d  i n  f r o n t  o f  

c r a c k  t i p  can be c o n s t r u c t e d .  

3.0 Program 

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 :  W .  A. Jesser  and R. A. Johnson 

A f f i l i a t i o n :  U n i v e r s i t y  o f  V i r g i n i a  

S i m u l a t i n g  t h e  CTR Environment i n  t h e  HVEM 

4.0 Re levan t  DAFS Program P lan  Task/Subtask 

Task l l . C . 1 3  E f f e c t s  o f  He l ium and Displacements on Crack I n i t i a t i o n  and 

Propaga t ion  

5.0 Accomplishments and S t a t u s  

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

I n  t h e  t h e o r e t i c a l  a n a l y s i s  o f  t h e  mechanical  b e h a v i o r  o f  i r r a d i a t e d  m a t e r i a l s ,  

t h e  shape o f  t h e  s t r a i n  f i e l d  i n  f r o n t  o f  a c r a c k  t i p  i s  o f  c o n s i d e r a b l e  i m -  

po r tance .  I n  t h e  p a s t ,  e x p e r i m e n t a l i s t s  have u s u a l l y  measured l o c a l i z e d  
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s t r a i n  by f i r s t  p l a c i n g  a g r i d  on t h e  s u r f a c e  o f  a t e n s i l e  sample. 

t o r t i o n  o f  t h i s  g r i d  a f t e r  a t e n s i l e  t e s t  would be r e l a t e d  t o  t h e  s t r a i n  

f i e l d .  

g r a t i n g  can be superimposed on t h e  d i s t o r t e d  f i r s t  g r i d  t o  produce M o i r 6  

p a t t e r n s" ) .  

measured by t h e  M o i r g m e t h o d  i s  about  750 1. 
t r e a t m e n t s  o f  f r a c t u r e  behav io r  more p r e c i s i o n  i s  d e s i r e a b l e .  

s t r a i n  behav io r  i n  t h e  i n t e r i o r  o f  t h e  sample i s  u s e f u l .  

The d i s -  

To i n c r e a s e  t h e  r e s o l u t i o n  o f  t h i s  method, a second r e f e r e n c e  g r i d  o r  

However, t h e  s m a l l e s t  i nc rement  o f  d i sp lacement  which can be 
To adequa te l y  check t h e o r e t i c a l  

I n  a d d i t i o n ,  

An a l t e r n a t i v e  method was dev ised  t o  p l o t  s t r a i n  f i e l d  maps i n  i r r a d i a t e d  

m a t e r i a l s  u s i n g  r a d i a t i o n  induced c a v i t i e s  a s  markers .  From t r a n s m i s s i o n  

e l e c t r o n  micrographs,  one can c o n s t r u c t  a d i sp lacement  map, r e l a t e d  i n  t u r n  

t o  t h e  s t r a i n  f i e l d  o r  t h e  p l a s t i c  zone, by f i r s t  measur ing t h e  e l o n g a t i o n  o f  

i n d i v i d u a l  c a v i t i e s  o r  t h e  r e l a t i v e  d isp lacements  o f  p a i r s  o f  c a v i t i e s .  T h i s  
i s  accompl ished by e n c l o s i n g  r e g i o n s  o f  equal  d i sp lacement  w i t h  i s o d i s p l a c e -  

ment c o n t o u r s .  The s m a l l e s t  i nc rement  o f  d i sp lacement  r e s o l v a b l e  by t h e  TEM 
method i s  o n l y  l i m i t e d  t o  t h e  r e s o l u t i o n  o f  t h e  e l e c t r o n  microscope; i n  

p r i n c i p l e ,  d isp lacements  two o r d e r s  o f  magni tude b e t t e r  than  those found by 

t h e  Moire/ f r i n g e  method c o u l d  be d e t e c t e d .  Moreover, t h e  TEM techn ique  a l -  

lows d i r e c t  c o r r e l a t i o n  o f  s l i p  systems w i t h  c r a c k  p r o p a g a t i o n  c h a r a c t e r i s t i c s .  

5.2 Exper imen ta l  Procedure 

A m i c r o t e n s i l e  r e c t a n g u l a r  sample (2.5 mm x 12.5 mm) was punched o u t  f rom a 

40 um t h i c k  shee t  o f  s o l u t i o n  annealed t y p e  316 s t a i n l e s s  s t e e l .  A f t e r  t h e  

c e n t e r  had been e l e c t r o t h i n n e d ,  t h e  sample was then bombarded w i t h  80-keV 

h e l i u m  i o n s  a t  % 300" C t o  a t o t a l  f l u e n c e  % l o 1 *  ions/cm2. 

r a d i a t i o n  anneal  a t  900" C was per formed i n  vacua, a l l o w i n g  t h e  coa lescence 

and g rowth  o f  c a v i t i e s  f o r  markers i n s i d e  t h e  i r r a d i a t e d  m a t e r i a l .  

specimen was p u l l e d  i n  a h i g h  v o l t a g e  e l e c t r o n  microscope (HVEM) a t  room temp- 

e r a t u r e  by means o f  a h y d r a u l i c a l l y  opera ted  s i n g l e  t i l t  t e n s i l e  s tage.  Fu r-  

t h e r  d e t a i l s  on exper imen ta l  apparatus  have been p r e v i o u s l y  p u b l i s h e d  i n  DAFS 

r e p o r t s  and elsewhere ( 2 - 5 ) .  A l l  measurements o f  c a v i t i e s  were per formed d i -  

Then, a p o s t  i r -  

Next ,  t h e  
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rec t ly  from HVEM electron photographic plates.  

5.3 Results and Discussion 

5.3.1 Electron Beam Direction, E 

One of the a t t r ac t ive  features of t h i s  method o f  analysing local s t r a in  i s  the 
option o f  correlating s l ip  systems d i rec t ly  w i t h  crack propagation character- 
i s t i c s .  
d i rect ion,  - B, must be obtained. 
straightforward. 
ed 316 s t a in l e s s  s teel  was followed in- situ during tension in a thick portion 
of the f o i l  ( >  1 pm), a s  typified in Figure 1 .  
ing a grain boundary through a grain f i l l e d  w i t h  large cav i t ies .  
of the fo i l  was too thick for  electron diff ract ion patterns to  be produced i n  
a 500 kV HVEM, so an indirect  method was necessary t o  find E. 
two (111) type s l i p  bands of d i f fe ren t  widths, w1 and w2,  were v i s ib le  in the 
micrograph, noticeable as l i gh t  bands in Figure 1.  
shows tha t  the normal of fo i l  surface i s  very close t o  a [T22] direction.  

As a prelude t o  t h i s  correla t ion,  an accurate determination of beam 
However, this procedure i s  n o t  always 

For instance, the progression of a crack in helium i r r ad i a t -  

Here i s  seen a crack approach- 
T h i s  portion 

Fortunately, 

Analysis of these widths 

5.3.2 S l ip  Systems 

By knowing Band assuming the t race of the two (111) planes lay along [ O l T ]  
d i rect ions ,  one could identify pertinent crystallographic directions and s l i p  

systems in  the micrograph in Figure 1 .  Figure 2 ,  a schematic of the micro- 
graph i n  Figure 1 ,  i l l u s t r a t e s  these features.  
band corresponds to  a ( i l l )  plane while the two narrower bands correspond t o  
a (111) plane. The l i g h t  area roughly parallel  t o  the crack flank extends 
along the [a131 direct ion,  the direction of the t race of a steeply inclined 
(117)  s l i p  plane. Finally, the tens i le  axis  i s  apparently parallel  t o  the 

[22T] direction in the central grain. 

Notice t h a t  the wide s l i p  

Not a l l  of these planes are active in the s l i p  process, however, as  can be 
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seen by an examinat ion o f  the Schmid fac to rs .  Table 1, a l i s t i n g  o f  t he  s l i p  

systems f o r  a [ 22 i ]  t e n s i l e  ax is ,  shows f o u r  s l i p  systems w i t h  l a rge  p o s i t i v e  
Schmid f a c t o r s :  (111)[1Oi], ( 1 l ? ) [ o l T ] ,  ( l l i ) [ O l l ]  and ( l l T ) [ l O l ] .  Sub- 

sequent micrographs v e r i f i e d  t h i s  ana lys is ,  showing t h a t  the crack advanced 

along [?I?] u n t i l  i t  reached the forward (111) s l i p  band. 

ward, advancing d iagona l l y  on t h a t  plane along the [ O l i ]  d i r e c t i o n .  Simul- 

taneously, ho les p a r a l l e l  t o  the main crack f l a n k s  opened up a long the ( 1 l T )  

planes. Then the  crack switched d i r e c t i o n s  again, c ross ing  the g r a i n  bound- 

ary a long the [ d l j !  d i r e c t i o n  - the t r a c e  o f  the (117) plane. 

Then i t  turned up- 

Other i n t e r e s t i n g  observat ions can be made concerning the s l i p  process i n  t h i s  

sample. F i r s t ,  a c a r e f u l  examinat ion o f  F igure 1 shows t h a t  the c a v i t i e s  e-  

longated o n l y  i n  t he  d i r e c t i o n  o f  the t e n s i l e  a x i s .  Next, e longat ion  o f  the 

c a v i t i e s  i n  t h i s  d i r e c t i o n  can be accounted f o r  by a l i n e a r  combinat ion o f  
s l i p  d i s l o c a t i o n s  on the  a c t i v e  (111) and (117) planes, a s  seen by the  f o l l o w-  

i n g  vector  a d d i t i o n  equat ion: 2 3 1 0 i l  + 2$01i] + $0111 + $1011 = a[332]. 
The a d d i t i o n  o f  these Burgers vectors,  weighted approximately accord ing t o  

t h e i r  Schmid fac to rs ,  y i e l d s  a d i r e c t i o n  l ess  than 6" from the  t e n s i l e  a x i s  
which i s  i n  t he  plane o f  the specimen. 

5.3.3 Displacement Hap 

A displacement map ( r e l a t e d  t o  the p l a s t i c  zone o r  s t r a i n  f i e l d )  i n  f r o n t  o f  
a crack t i p  was cons t ruc ted  from F igure  1, by use o f  t he  abovementioned tech-  

niques. I l l u s t r a t e d  i n  F igure  3, t he  map shows th ree  d i s t i n c t  s t r a i n e d  re-  

gions, one immediately i n  f r o n t  o f  t he  crack t i p ,  a l a r g e  asymmetric reg ion  

rough ly  p a r a l l e l  t o  t he  crack f l a n k s  and another smal le r  reg ion  i n  t he  nex t  
g r a i n  adjacent  t o  the g r a i n  boundary. W i th in  each o f  t he  th ree  regions a re  

areas o f  l a r g e r  displacement, i n d i c a t i n g  h igher  l o c a l i z e d  s t r a i n  o r  g rea te r  

l o c a l  t h i n n i n g  o f  the f o i l  had taken p lace there.  E i t h e r  the main crack i t - 

s e l f  propagated d i r e c t l y  through these th inned regions o r  f i r s t  holes opened 

up i n  f r o n t  o f  ( o r  p a r a l l e l  t o )  t he  crack a t  these s i t e s ,  as shown i n  sub- 

sequent micrographs. Moreover, t he  o u t l i n e  o f  the regions o f  h ighes t  d i s -  
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TABLE 1 

SUMMARY OF POSSIBLE SLIP SYSTEMS FOR A [22i] TENSILE AXIS 

Schmid ~ f a c t o r  

0.900 

+0.408 ope ra t ive  
t0.408 opera t ive  
-0.136 
-0.045 
-0.181 
+0.227 opera t ive  
+0.227 opera t ive  

0.000 
-0.136 
-0.181 

-0.045 
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placement seemed t o  r o u g h l y  p a r a l l e l  t h e  [ O l T ]  and [a131 d i r e c t i o n s ,  wh ich  

a r e  t h e  d i r e c t i o n s  o f  t h e  t r a c e s  o f  t h e  two most a c t i v e  s l i p  p lanes,  (111)  
and (117).  T h i s  suggests a t  l e a s t  i n  p l a n e  s t r e s s  s i t u a t i o n s  such as a r e  l i k e -  

l y  encountered i n  t h i n  f o i l s  t h a t  t h e  d e t a i l s  of t h e  shape o f  t h e  p l a s t i c  zone 
abou t  t h e  c r a c k  t i p  depend on t h e  r e l a t i v e  o r i e n t a t i o n  o f  t h e  a c t i v e  s l i p  

sys terns. 

T h e o r e t i c a l  p r e d i c t i o n s  o f  t h e  shape o f  t h e  p l a s t i c  zone by I r w i n ( 6 )  suggest  

t h a t  t h e r e  shou ld  be a n o t h e r  e q u a l l y  shaped p l a s t i c  zone l o c a t e d  symmet r i ca l-  

l y  on t h e  l o w e r  s i d e  o f  a c r a c k .  Hahn and R ~ s e n f i e l d ‘ ~ )  have e x p e r i m e n t a l l y  

v e r i f i e d  a two l o b e  p l a s t i c  zone shape by way o f  e t c h  p i t  s t u d i e s  i n  an i r o n -  

s i l i c o n  a l l o y .  

an asymmetry i n  t h e  t e n s i l e  system. 

The absence o f  such a zone i n  F i g u r e  1 may be t h e  r e s u l t  o f  

Fo r  a s i t u a t i o n  o f  p l a n e  s t r e s s  ( a  s t a t e  o f  s t r e s s  a p p r o x i m a t e l y  t r u e  f o r  

t h i n  f o i l s ) ,  t h e  s i z e  o f  t h e  p l a s t i c  zone r can be e s t i m a t e d  f r o m  s t r e s s -  

f i e l d  e q u a t i o n s .  
normal component o f  t h e  s t r e s s  i s  s e t  equa l  t o  t h e  y i e l d  s t r e n g t h ,  u (8).  

r = ~ ( 7 ) ~  where K = s t r e s s - i n t e n s i t y  f a c t o r .  Fo r  i n s t a n c e ,  f o r  a b u l k  

t y p e  4340 s t e e l ,  r 
f r o m  F i g u r e  3, r i s  2-4 pm, 2 t o  3 o r d e r s  o f  magni tude s m a l l e r .  R a d i a t i o n  

damage can reduce K by  a f a c t o r  o f  4-5 ( l o )  w h i l e  s i m u l t a n e o u s l y  i n c r e a s i n g  
However, i n  u n i r r a d i a t e d  HVEM m i c r o t e n s i l e  samples, i t  has been found 

YS’ 
t h a t  r i s  o f  t h e  same o r d e r  o f  magni tude as t h e  r d e r i v e d  i n  F i g u r e  3. 

Y Y 
t h i s  t ime ,  i t  i s  n o t  c l e a r  how t o  r e l a t e  s t r e s s  i n t e n s i t y  measurements d e r i v e d  

f r o m  HVEM m i c r o t e n s i l e  samples t o  b u l k  va lues .  

Y 
I n  t h a t  case, one g e t s  t h e  f o l l o w i n g  e q u a t i o n ,  assuming t h e  

Y S  
1 K  

YS Y 
i s  c a l c u l a t e d  t o  be 0.25-2.0 mm f o r  p lane  s t ress ( ’ )  w h i l e  

Y 

Y 

0 

A t  

5.4 Conc lus ions 

1. Bubbles e l o n g a t e d  p a r a l l e l  t o  t h e  t e n s i l e  a x i s  and f o i l  p l a n e .  

2. The shape o f  t h e  p l a s t i c  zone i s  dependent upon t h e  o r i e n t a t i o n  o f  t h e  a c t -  
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i v e  s l i p  systems r e l a t i v e  t o  t h e  c r a c k  d i r e c t i o n  and t e n s i l e  a x i s  

3. 

th rough,  r e g i o n s  o f  l a r g e  l o c a l i z e d  s t r a i n .  

Ho les  opened up i n  f r o n t  o f  t h e  c r a c k  t i p ,  and t h e  c r a c k  i t q e l f  p ropagated 
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ON THE CORRELATION OF YIELD STRENGTH CHANGES I N  316 STAINLESS STEEL IRRADIATED 

WITH HIGH ENERGY AND FISSION REACTOR NEUTRONS 

H. L. H e i n i s c h  and R. L. Simons (Hanford Eng ineer ing  Development L a b o r a t o r y )  

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

The o b j e c t i v e  o f  t h i s  work i s  t o  develop c o r r e l a t i o n  methods f o r  i r r a d i a t i o n  

e f f e c t s  on t e n s i l e  p r o p e r t i e s  o f  m a t e r i a l s  i m p o r t a n t  t o  magnet ic f u s i o n  energy 

dev ices.  

2.0 Summarx 

Data on change i n  y i e l d  s t r e n g t h  o f  SA 316 s t a i n l e s s  s t e e l  i r r a d i a t e d  w i t h  14-MeV, 

Be(d,n) and f i s s i o n  r e a c t o r  neu t rons  do n o t  c o r r e l a t e  w i t h  r e s p e c t  t o  damage energy. 

The d a t a  suggest p o s s i b l e  temperature  on a d d i t i o n a l  s p e c t r a l  e f f e c t s .  A s i m p l e  

d e f e c t  p r o d u c t i o n  f u n c t i o n ,  based on t h e  p r o d u c t i o n  o f  l obes  i n  computer s imu la ted  

cascades, c o r r e l a t e s  t h e  da ta  much b e t t e r  than damage energy. 

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  (AKJ) 

P r i n c i p a l  I n v e s t i g a t o r :  D. G. Doran 
A f f i l i a t i o n :  Hanford Eng ineer ing  Development L a b o r a t o r y  

4.0 Re levan t  DAFS Program P l a n  Task/Subtask 

Subtask I I .B .1 .6  C a l c u l a t i o n  o f  D e f e c t  P r o d u c t i o n  Cross S e c t i o n s  
Svbtask II.C.16.1 C o r r e l a t i o n  Model Development 

5.0 Accomplishments and S t a t u s  

The t e s t i n g  o f  i r r a d i a t i o n  e f f e c t s  on m a t e r i a l  p r o p e r t i e s  i n  p o t e n t i a l  f u s i o n  

r e a c t o r  m a t e r i a l s  u s i n g  n o n- f u s i o n  sources o f  r a d i a t i o n  r e q u i r e s  t h a t  a c o r r e l a -  

t i o n  o f  t h e  e f f e c t s  expected i n  t h e  f u s i o n  env i ronment  and t h e  t e s t  env i ronment  
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be known. 

ment damage. 

placement damage i s  produced i n  d i f f e r e n t  r a d i a t i o n  environments i s  thus extremely 
important.  

The pr imary e f f e c t  o f  neutron r a d i a t i o n  i s  t h e  p roduc t ion  o f  d isp lace-  

Understanding and account ing f o r  any d i f f e rences  i n  t he  way d i s -  

Experiments conducted by Vandervoort, e t  a1 . ( I )  detennined t h e  increase i n  y i e l d  
s t reng th  ( A Y S )  o f  s o l u t i o n  annealed 316 s t a i n l e s s  s t e e l  i r r a d i a t e d  w i t h  14 MeV 

peutrons, Be(d,n) produced neutrons and f i s s i o n  r e a c t o r  neutrons. One r e s u l t  

o f  t h a t  i n v e s t i g a t i o n  was a comparison o f  t he  increase i n  y i e l d  s t rength  as a 

f u n c t i o n  o f  damage energy f o r  t he  th ree  neutron spectra. 

t he re  were some systematic d i f f e rences  between the  14 MeV and f i s s i o n  data, 

Vandervoort, e t  a l .  never theless concluded t h a t  damage energy i s  an e f f ec t i ve  
parameter f o r  c o r r e l a t i o n  o f  t h e  y i e l d  s t reng th  changes. A c l ose  examination 

o f  t h i s  data, r e p l o t t e d  i n  F igure  1, revea ls  t h a t  t he  f i s s i o n  data a re  d i s t i n c t l y  
d i f f e r e n t  f rom the  14-MeV and Be(d,n) data. I n  f a c t ,  t o  make t h e  two s e t s  of 

data p o i n t s  coalesce requ i res  an adjustment o f  t h e  damage energy by a f ac to r  of 
~ 1 . 7 5 .  Hence, damage energy i s  apparent ly  n o t  an accurate parameter f o r  cor-  

r e l a t i o n  o f  t h i s  data. 

Acknowledging t h a t  

I t  should be r o t e d  t h a t  t he  i r r a d i a t i o n  temperature i n  t he  f i s s i o n  r e a c t o r  was 

65"C, whereas the o the r  i r r a d i a t i o n s  occurred a t  25°C. 
apparent c o r r e l a t i o n  inadequacy o f  t h e  damage energy i s ,  a t  l e a s t  i n  p a r t ,  a 

temperature e f f e c t .  
should be resolved by experiments i n  progress by Westinghouse Hanford Company 

which i n c l u d e  i r r a d i a t i o n s  o f  s o l u t i o n  annealed 316 s t a i n l e s s  s t e e l  a t  care-  

f u l l y  c o n t r o l l e d  temperatures i n  RTNS-I1 and the  Omega West Reactor. 

I t  i s  poss ib le  t h a t  t he  

The ques t ion  o f  t he  e f f e c t  o f  i r r a d i a t i o n  temperature 

I t  i s  a l s o  poss ib le  t h a t  t h e  l a c k  o f  c o r r e l a t i o n  w i t h  respec t  t o  damage energy 

revea ls  an a d d i t i o n a l  neutron spec t ra l  e f f e c t .  

o f  t he  Be(d,n) and T(d,n) reac t ions  produce most o f  t h e i r  displacement damage 

i n  t h e  form o f  h igh  energy cascades having hundreds o f  keV o f  damage energy, 

whereas t h e  f i s s i o n  r e a c t o r  neutrons produce most displacement damage i n  cascades 

having tens o f  keV o f  damage energy. I t  i s  n o t  unreasonable t o  consider  t h a t  a 

minimum cascade energy i s  r equ i red  t o  produce t h e  de fec ts  t h a t  cause hardening. 

The h igh  energy neutrons (-14 MeV) 
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FIGURE 1.  Increase in Yield Strength fo r  SA 316 Stainless  Steel I r radia ted 
in Various Neutron Environments Plotted as a Function o f  Damage 
Energy. This i s  a replott ing of Figure 2 of Vandervoort, e t  a l . ( l )  

Vandervoort e t  a l .  a l so  measured the s izes  and density of the c lus te rs  v i s ib le  
in an electron microscope f o r  several specimens. 
diameters were reported t o  range from 10 t o  20 nm. 
inclusions of equal radi i  acting as obstacles in the s l i p  plane,  the  AYS can 
be related t o  the microstructure by the re la t ions  AYS = K d ,  where N is  the 

c lus te r  density and d i s  the c lus te r  diameter. ( 3 )  
s i ze  i s  the same in a l l  the specimens, we compared AYS with fi, as shown in 
Figure 2. 
radiation environments a re  well correlated.  
c lu s t e r  density may be related t o  the neutron spectrum, we turned t o  resu l t s  
from computer simulations of displacement cascades. 

The majority of c lus te r  

Assuming spherically shaped 

Assuming the average c lus te r  

The AYS i s  l inear ly  related t o  fl, and the d a t a  from the  three i r -  
To gain ins ight  in to  how the 

Recent analysis of computer simulations of displacement cascades 

the high energy cascade s t ructure  consis ts  0: a grouping o f  d i s t i n c t  damage 
regions, which were called "lobes." 

revealed t h a t  

The number of lobes was found t o  increase 
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FIGURE 2. Increase i n  Y i e l d  S t rength  o f  SA 316 S ta in less  S tee l  as a Funct ion 
o f  t h e  Observable C l u s t e r  Densi ty  Measured by Vandervoort, e t  a1 . ( 1 )  

approximately l i n e a r l y  w i t h  energy above 20 keV. 

cascades undergo a t r a n s i t i o n  from e s s e n t i a l l y  s i n g l e  damage reg ion  produc t ion  t o  

m u l t i p l e  damage regions ( l obes ) .  

energy, and the re  i s  an i n d i c a t i o n  tha t ,  on t h e  average, a minimum-sized damage 
reg ion  must be produced be fore  a d d i t i o n a l  lobe  produc t ion  occurs. 

A t  energies between 10 and 20 keV, 

The s izes  o f  s i n g l e  damage regions inc rease w i t h  

The r e l a t i o n s h i p  between cascade s t r u c t u r e  and y i e l d  s t reng th  changes was t es ted  

by c o n s t r u c t i n g  a l obe  produc t ion  func t i on ,  f o l d i n g  i t  i n t o  t he  pr imary r e c o i l  

spectra, and p l o t t i n g  the  y i e l d  s t reng th  change versus lobe  product ion.  

lobe  produc t ion  f u n c t i o n  we used i s  s imply t h e  l i n e a r  r e l a t i o n s h i p  between t h e  

number o f  lobes and the  cascade damage energy obta ined from the  computer simu- 

l a t i o n s .  

damage reg ions"  a t  12 keV, which i s  i n  t he  energy range o f  t h e  onset o f  p roduc t ion  

of lobed cascade s t r u c t u r e s  ( i . e . ,  more than one d i s t i n c t  damage reg ion ) .  

The 

The f u n c t i o n  was g iven a th resho ld  f o r  p roduc t ion  o f  " e f f e c t i v e  

The 
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y i e l d  s t reng th  data o f  Vandervoort, e t  a l .  a re  p l o t t e d  as a f u n c t i o n  o f  cascade 

lobe produc t ion  i n  F igure  3. 

s imple lobe  produc t ion  f u n c t i o n  than by the  damage energy. 

The data appear t o  be b e t t e r  c o r r e l a t e d  by t h i s  

The changes i n  y i e l d  s t reng th  o f  SA 316 s t a i n l e s s  s t e e l  i r r a d i a t e d  w i t h  14 MeV, 

Be(d,n) and f i s s i o n  r e a c t o r  neutrons a re  n o t  c o r r e l a t e d  w e l l  on the  bas is  o f  
damage energy, b u t  they appear t o  be c o r r e l a t e d  b e t t e r  on t h e  bas is  o f  t h e  

m ic ros t ruc tu re ,  as observed from both  e l e c t r o n  microscopy and cnmputer simula-  
t i ons .  
computer s imu la t ions ,  demonstrates t h a t  cascade e f f e c t s  may p lay  an impor tan t  
r o l e  i n  c o r r e l a t i n g  changes i n  mechanical p rope r t i es  obta ined i n  d i f f e r e n t  
i r r a d i a  t i  on envi  ronmen t s .  

The success o f  t he  cascade lobe produc t ion  func t i on ,  determined from 

350 I I - 
m n 

?M 0 Befd.nl 
- 

. . 
I A RTNS-I 
t O LPTR (I) 

0.1 1.0 10. 100 

LOBE DENSITY 1 1 0 . ~  LOBESIATOM) 

HEDL 8204 199 

FIGURE 3. Increase i n  Y i e l d  Strength o f  SA 316 S ta in less  Steel  as a Funct ion o f  
Cascade Lobe Densi ty .  
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7.0 Future Work 

Ana lys is  o f  experimental  data and computer s imu la t ions  w i l l  con t inue  i n  an e f f o r t  

t o  develop a more d e t a i l e d  understanding o f  t h e  spec t ra l  e f f e c t s  on y i e l d  s t rength .  

Temperature e f f e c t s  w i l l  be addressed i n  t he  for thcoming HEDL experiments. 
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THE INFLUENCE OF DISLOCATION DENSITY AND RADIATION ON CARBON ACTIV ITY  I N  
A I S I  316 

W. G. Wolfer and F. A. Garner* (Un ive rs i t y  o f  Wisconsin, *Hanford Engineering 
Development Laboratory)  

1 .o Ob jec t ive  

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  i d e n t i f y  the r o l e  o f  each major element i n  
the  microchemical evo lu t i on  o f  A I S I  316 and t h e  dependence o f  t h a t  r o l e  on 

p r e i r r a d i a t i o n  treatment and parameters such as neutron energy and f l u x ,  tem- 
pera ture  and st ress.  

2.0 Summary 

The i n t e r a c t i o n  o f  carbon and d i s l o c a t i o n s  induced by cold-working o f  A I S I  316 i s  
n o t  as l a r g e  as prev ious ly  estimated. It appears however t h a t  i t  s t i l l  may be 
s u f f i c i e n t  a t  low i r r a d i a t i o n  temperatures t o  pro long t h e  t r a n s i e n t  regime o f  

swel l ing.  
a re  requ i red  t o  exp la in  the  ef fect  o f  cold-work on swe l l ing .  A poss ib le  h igh 
temperature mechanism i s  advanced which i s  based on t h e  s t a b i l i t y  o f  carb ide  

nuc le i  i n  a r a p i d l y  evo lv ing  d i s l o c a t i o n  network. 

A t  h igher  temperatures o the r  as- yet  u n i d e n t i f i e d  phys ica l  mechanisms 

3.0 Program 

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

P r i n c i p a l  I nves t i ga to r :  D. G. Doran 
A f f i l i a t i o n :  Hanford Engineering Development Laboratory 
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5.0 Accomplishments and Status 

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

I n  a previous ana lys is  o f  the  r o l e  o f  cold-work on the  swe l l i ng  behavior  of 
A I S 1  316, i t  was pos tu la ted  t h a t  carbon would be bound i n  the  s t r e s s - f i e l d  o f  
d i s loca t i ons .  
i n  a cold-worked s tee l  r e l a t i v e  t o  t h a t  i n  annealed mater ia l ." )  

was advanced as a poss ib le  explanat ion o f  the r o l e  o f  cold-working i n  the  
reduc t i on  o f  the  swe l l i ng  of  300 se r ies  a l l oys .  

c o r r e c t  i n  p r i n c i p l e ,  the  enhancement o f  s o l u b i l i t y  w i t h  d i s l o c a t i o n  dens i ty  
appears t o  be much l e s s  than was ca l cu la ted  e a r l i e r .  

As a r e s u l t ,  the  apparent carbon s o l u b i l i t y  would be enhanced 
This argument 

Although t h i s  argument i s  

It was assumed i n  the  previous ana lys is  t h a t  the  s o l u t e  d i s t r i b u t i o n  around a 
d i s l o c a t i o n  i s  given by 

where Co i s  the  s o l u b i l i t y  i n  a s t ress- f ree  l a t t i c e  and 

U(r,$) = A s i n  @/r . (2 )  

Here, r i s  the  d is tance from the  d i s l o c a t i o n  core, $ the  angle w i t h  respect  
t o  t h e  g l i d e  plane, and 

Gb l + v  (T--Ub ( 3 )  

i s  the  s t rength  o f  the  i n t e r a c t i o n  o f  the  i n t e r s t i t i a l  carbon atom w i t h  the  

d i s l o c a t i o n  s t r e s s - f i e l d .  The parameter A i s  expressed i n  terms o f  the  shear 

modulus G ,  t h e  Burger 's  Vector b, Poisson's r a t i o  v and the  r e l a x a t i o n  volume 
o r  p a r t i a l  molar volume V o f  t h e  solute.  

Close t o  the  d i s l o c a t i o n  core, C(r,$), as computed by Equation ( l ) ,  w i l l  a c t u a l l y  

exceed an atom f r a c t i o n  of 1.0. Therefore, i t  was assumed prev ious ly ,  t h a t  
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wherever C - > 1 ,  the actual carbon atom fract ion i s  equal t o  1 . O .  
however t o  a region of carbon saturation comprising a cylinder of about 25 Burger's 
vectors in diameter. If indeed tha t  much carbon was trapped, precipitat ion of 
carbides would occur along the en t i r e  length of a l l  dislocations.  

This corresponds 

The previous analysis should be modified, however, by replacing the Boltzmann 
s t a t i s t i c s  implied in Equation ( 1 )  with the correct Fermi-Dirac s t a t i s t i c s ,  
subject  t o  the  obvious condition t h a t  each i n t e r s t i t i a l  s i t e  near the dis lo-  
cation can be occupied by only one carbon atom. 

5.2 Effect of Dislocatiofi on Solute Solubi l i ty  

According t o  Fermi-Dirac s t a t i s t i c s ,  Equation ( 1 )  must be replaced by 

exp (U/kT)  . CO 
&&= 1 - co ( 4 )  

Where both Co <<1 and U c k T ,  then the Boltzmann s t a t i s t i c s  and Equation ( 1 )  
become Val id. 

In order t o  obtain the average solute  concentration, i t  i s  necessary t o  in tegrate  
C(r,+) over an annular cylindrical  volume surrounding the dislocation having an 
inner core radius of b ,  the Burgers vector, and an outer radius of R ,  where 

and p i s  the dislocation density. 
integration,  expressing the r e su l t  as a se r ies  expression. Using their r e su l t ,  
we can express the enhanced so lub i l i ty  a s  

Hirth and Carnahan ( * )  have performed t h i s  
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where 

8 = R/b 3 

a = A/(bkT) , 

Equation (6 )  was evaluated numer ica l l y  f o r  A I S I  316 w i t h  the  f o l l o w i n g  assumed 

values: 

shear modulus G = 10 MPa, 

Poisson's r a t i o  v = 0.3, 

atomic volume n = 1.132 x 

carbon m i s f i t  volume v = 0.64 n. 
m3, 

As discussed i n  Reference 1, the  i dea l  carbon s o l u b i l i t y  f o r  an Fe-Ni-Cr a l l o y  
w i t h  14% n i c k e l  i s  g iven by 

l og loco  = 2.37 - 6170/T , ( 7 )  

where T i s  the  absolute temperature in O K .  

Table 1 conta ins  ca l cu la ted  values f o r  Co and Cave f o r  var ious  temperatures and 

d i s l o c a t i o n  d e n s i t i e s  re levan t  t o  the  f a s t  reac to r  i r r a d i a t i o n  o f  A I S I  316. It 

can be seen from t h e  r e s u l t s  i n  Table 1 t h a t  t h e  enhancement o f  carbon s o l u b i l i t y  

by t rapp ing  i n  t h e  d i s l o c a t i o n  s t r e s s - f i e l d  i s  n o t  very l a r g e  except f o r  h igh  

d i s l o c a t i o n  dens i t ies .  

o f  carbon s o l u b i l i t y  va r i es  from +31% a t  700°C t o  +108% a t  300°C. 

For  cold-worked ma te r ia l s  ( ~ 1 0 ' ~  cm-'), t h e  enhancement 

5.3 Discussion 

Our previous ana lys is  o f  carbon s o l u b i l i t y  was mot ivated by several observa- 

t i ons .  (1 '3)  

a r i l y  i n  a s i m i l a r  manner by e i t h e r  cold-work o r  carbon. 

p r e c i p i t a t e s  are  known t o  f a v o r  edge d i s l o c a t i o n s  as nuc lea t ion  s i t e s .  Th i rd ,  

F i r s t ,  t h e  swe l l i ng  o f  A I S I  316 appears t o  be suppressed tempor- 

Second, carb ide  
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TABLE 1 

SOLUBILITY OF CARBON (ATOMIC FRACTION) I N  AIS1 316 
AS A FUNCTION OF DISLOCATION DENSITY 

Temperature 

"C " K  

300 573 

400 673 

500 773 

600 873 

700 973 

800 1073 

Idea l  S o l u b i l i t y  

cO 

4.00 x 10-9 

1.59 x 10-7 

2.01 x 10-5 

1.07 x 

4.17 x 10-4 

2.44 x 

S o l u b i l i t y  Cave  w i t h  D i s loca t i ons  

p=l~l' m-2 1014 m-' m - 2  
(annealed) ( lower  bound of (20% cold-worked) 

i r r a d i  a t  i on- 
induced d e n s i t i e s )  

~ ._ ___ 

4.00 x 10-9 4.08 x 10-9 8.48 x 10-9 

1.59 x 10-7 1.61 x 10-7 2.88 x 10-7 

2.44 x 2.47 x 3.93 x 10-6 

2.01 x 10-5 2.02 x 10-5 2.96 x 

1.07 x 10-4 1 .OB x 10-4 1.48 x 10-4 

4.17 x 10-4 4.19 x 10-4 5.47 x 10-4 

cold-working a l s o  appears t o  delay the  phase development o f  some phases and t h e  

microchemical e v o l u t i o n  o f  t he  a l l o y  ma t r i x .  F i n a l l y ,  t he re  appears t o  be no 
e f f e c t  o f  cold-work on swe l l i ng  when carbon and o the r  s o l u t e s  a r e  absent. 
T h i s  phase development appears t o  be ins t rumenta l  i n  determin ing t h e  du ra t i on  

o f  t he  t r a n s i e n t  regime o f  swe l l ing .  
o f  carbon i n  cold-worked ma te r i a l  would p rov ide  a smal le r  e f f e c t i v e  supersatura-  

t i o n ,  and thus a lower  d r i v i n g  f o r c e  f o r  carb ide  nuc lea t ion .  I n  l i g h t  o f  t h e  

present  r e s u l t s  t h e  prev ious argument must be i n c o r r e c t  i n  t h a t  t h e  magnitude 

o f  t h e  reduc t i on  i n  d r i v i n g  f o r c e  i s  deemed i n s u f f i c i e n t  t o  p rov ide  a bas is  
f o r  t he  e f f e c t  0-T c o l d  work a t  a l l  temperatures. Perhaps a t  lower tempera- 

tu res  (~300°C)  a f a c t o r  o f  two reduc t i on  i s  s i g n i f i c a n t .  

t h a t  f a c t o r s  o f  two i n  carbon l e v e l  l ead  t o  pronounced changes i n  t he  d u r a t i o n  
o f  t he  t r a n s i e n t  regime o f  swe l l ing .  A t  most h igher  temperatures however an 

(4 )  

It was argued t h a t  t he  h igher  s o l u b i l i t y  

Note i n  Reference 3 

157 



a l t e r n a t i v e  mechanism must be found t o  exp la in  t he  e f f e c t  o f  c o l d  work on swe l l i ng  

and i t s  dependence on carbon l e v e l .  

I t  i s  w e l l  known t h a t  nuc lea t i on  o f  ca rb ide  p r e c i p i t a t e s  i s  gene ra l l y  very hetero-  

geneous, and occurs p r e f e r e n t i a l l y  a t  f avo rab le  s i t e s .  I n  s p i t e  o f  t he  n e g l i g i b l e  

e f f e c t s  o f  d i s l o c a t i o n s  t o  enhance the  average s o l u b i l i t y  o f  carbon, t he  l o c a l  

enrichment o f  carbon near t h e  d i s l o c a t i o n  core  can be very l a r g e  indeed. 

more, t he  l a r g e  s t r a i n  f i e l d  near d i s l o c a t i o n s  can s u b s t a n t i a l l y  reduce the  

nuc lea t i on  b a r r i e r  f o r  carb ide  p r e c i p i t a t i o n .  

Futher- 

I n  a cold-worked ma te r i a l  i t  then seems reasonable t o  expect t h a t  a l a r g e  number 

of smal l  carb ide  n u c l e i  e x i s t  a l ready p r i o r  t o  i r r a d i a t i o n .  I n  so lut ion-annealed 

ma te r i a l ,  on the  o the r  hand, carb ide  n u c l e i  a re  fewer i n  numbers b u t  l a r g e r  i n  
s ize,  and associated w i t h  favorab le  s i t e s  o the r  than d i s l oca t i ons .  

When i r r a d i a t e d ,  i n d i v i d u a l  d i s l o c a t i o n s  begin t o  c l imb  and i n t e r a c t ,  l ead ing  

t o  a reduc t i on  i n  dens i t y  i n  case o f  t h e  cold-worked ma te r i a l .  Carbide n u c l e i ,  

which were s tab le  i n  t he  d i s l o c a t i o n  s t r e s s- f i e l d ,  become now s u b c r i t i c a l  i n  t he  

absence o f  t he  d i s l oca t i ons .  

carbon may p r e c i p i t a t e  l a t e r  a t  more s t a t i o n a r y  s i t e s  such as g r a i n  boundaries, 

slow growing Frank loops and poss ib l y  voids. 

apply  a t  t h e  h ighe r  i r r a d i a t i o n  temperatures. 

As a r e s u l t ,  carb ide  n u c l e i  may red isso lve ,  and 

T h i s  argument would most l i k e l y  

I n  con t ras t ,  t he  l a r g e r  ca rb ide  n u c l e i  present  i n  so lut ion- annealed m a t e r i a l s  

would n o t  be so vu lnerab le  and might  remain s tab le  under i r r a d i a t i o n ,  and carbon 

p r e c i p i t a t i o n  would then cont inue a t  t h e  a l ready  es tab l i shed  ca rb ide  p a r t i c l e s .  

An a i t e r n a t e  approach t o  t h i s  i ssue i s  t o  quest ion e i t h e r  t he  v a l i d i t y  o r  the 

general a p p l i c a b i l i t y  o f  the o r i g i n a l  observat ion t h a t  prompted t h i s  study. 

I n  an e a r l i e r  study ( 4 )  i t  was shown t h a t  i n  t h e  absence o f  so lu tes  such a s  
carbon the re  d i d  n o t  appear t o  be any i n f l u e n c e  o f  cold-work on s w e l l i n g  i n  

AIS1 316. Th i s  observat ion was made i n  s tee l  i r r a d i a t e d  a t  550°C i n  t he  Oak 

Ridge Research Reactor. Al though t h i s  reac to r  has an order  o f  magnitude lower 
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displacement r a t e  than t h a t  o f  EBR-11, t h e  temperature o f  550'C i s  very c l ose  

t o  t h e  525OC t r a n s i t i o n  temperature observed f o r  t he  e f f e c t  o f  carbon i n  t he  
s t e e l  du r i ng  EBR-I1 i r r a d i a t i o n .  

add i t i ons ;  t he  opposi te  i s  t r u e  below '~525°C.) 
t he  i n f l u e n c e  o f  carbon and cold-work, perhaps the  i n t e r a c t i o n  i s  n o t  bes t  

observed a t  a temperature where the  competing i n f l uences  o f  carbon on swe l l i ng  
a r e  balanced aga ins t  each o ther .  

(Above '~525OC s w e l l i n g  increases w i t h  carbon 

If a synergism e x i s t s  between 

5.4 COnclusions 

The i n t e r a c t i o n  o f  carbon and d i s l o c a t i o n s  induced by co ld-work ing o f  A I S I  316 i s  
n o t  as l a r g e  as p rev ious l y  imagined. It appears however t h a t  i t  s t i l l  may be 
s u f f i c i e n t  a t  low i r r a d i a t i o n  temperatures t o  pro long the  t r a n s i e n t  regime o f  
swe l l ing .  A t  h i ghe r  temperatures o the r  as- yet  u n i d e n t i f i e d  phys ica l  mechanisms 

as requ i red  t o  e x p l a i n  t h e  e f f e c t  o f  cold-work on swe l l ing .  A poss ib le  h igh  

temperature mechanism i s  advanced which i s  based on t h e  s t a b i l i t y  o f  carb ide  
n u c l e i  i n  a r a p i d l y  evo lv ing  d i s l o c a t i o n  network. 
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MICROCHEMICAL EXAMINATION OF ANNEALED A I S I  316 (DO-HEAT) IRRADIATED I N  H F I R  

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

1 .o Ob jec t i ve  

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  determine t h e  r e l a t i v e  c o n t r i b u t i o n s  o f  he l ium 

and the  rad ia t ion- induced microchemical evo lu t i on  on the  swe l l i ng  behavior  o f  

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

2.0 Summary 

A new and simple examinat ion technique i n v o l v i n g  X-ray ana l ys i s  o f  l a r g e  areas 

o f  e x t r a c t i o n  r e p l i c a s  was used t o  determine t h e  average p r e c i p i t a t e  composit ion 
o f  an i r r a d i a t e d  specimen. When app l i ed  t o  specimens i r r a d i a t e d  i n  HFIR, t h e  

l e v e l  o f  n i c k e l  and s i l i c o n  segregated i n t o  p r e c i p i t a t e s  i s  found t o  c o r r e l a t e  

w i t h  t he  l e v e l  of swe l l i ng .  The h igh  l e v e l  o f  n i c k e l  (29  wt.%) found i n  t h e  

p r e c i p i t a t e s  o f  annealed A I S I  316 (DO-heat) a t  47 dpa and 550°C agrees w i t h  t h e  

l e v e l  found independent ly by Garner and P o r t e r  i n  comparable specimens o f  a 

d i f f e r e n t  heat  o f  316 i r r a d i a t e d  i n  EBR-11. 

3.0 Program 
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5.0 Accomplishments and Status 

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

I n  e a r l i e r  repo r t s  ( l - * )  i t  was shown t h a t  there  were two poss ib le  i n t e r p r e t a t i o n s  

o f  the  e f f e c t  o f  hel ium on swe l l i ng  der ived from the  a v a i l a b l e  swe l l i ng  data on 
A I S I  316 (DO-heat) i r r a d i a t e d  i n  HFIR  and EBR-11. The major quest ion being 

addressed i s  whether the  swe l l i ng  r a t e  w i l l  cont inue t o  increase w i t h  a d d i t i o n a l  

f luence as observed i n  E B R - I 1  o r  whether t h e  l a r g e  hel ium l e v e l s  and vo id  
dens i t i es  produced i n  H F I R  w i l l  suppress an increase i n  the  swe l l i ng  r a t e  beyond 

the  l i m i t  o f  the  c u r r e n t  H F I R  data. 

The f i r s t  i n t e r p r e t a t i o n  assumes t h a t  cold-worked A I S I  316 eventua l ly  reaches 
t h e  same steady-state swe l l i ng  r a t e  i n  bo th  HFIR and EBR-11. (3)  
the  steady-state swe l l i ng  ra tes  f o r  bo th  annealed and cold-worked specimens 

i r r a d i a t e d  i n  the  low He/dpa environment o f  EBR-I1 a r e  i d e n t i c a l ,  i t  i s  reason- 
ab le  t o  pos tu la te  t h a t  they w i l l  be independent o f  cold-work i n  HFIR a l so .  

shown i n  F igure  1, t h e  HFIR data on annealed s tee l  e x h i b i t  a swe l l i ng  r a t e  which 

i s  n o t  on ly  comparable t o  t h a t  o f  t h e  composite HFIR/EBR-I1 curve f o r  20% co ld-  
worked 00-heat b u t  i s  a l s o  comparable t o  the steady- state swe l l i ng  r a t e  observed 

i n  o the r  U.S. breeder s t e e l s  i r r a d i a t e d  i n  EBR-11. 

Not ing  t h a t  

As 

The second approach (F igure  2)  i s  t o  assume t h a t  the  h igher  vo id  d e n s i t i e s  induced 
by H F I R  i r r a d i a t i o n  w i l l  l ead  t o  e a r l i e r  swe l l i ng  b u t  lower s teady-state swe l l i ng  

rates.  (4) 
occurs i n  the  swe l l i ng  curve beyond t h e  60 dpa H F I R  data po in t .  However, t h e  
vo id  d e n s i t i e s  i n  the annealed s t e e l  i r r a d i a t e d  i n  H F I R  a re  comparable (Q a 

f a c t o r  o f  two lower) t o  those o f  t h e  cold-worked s t e e l  and y e t  no suppression 

I n  e f f e c t  i t  i s  assumed i n  t h i s  approach t h a t  no add i t i ona l  curva ture  

o f  an increase i n  the  swe l l i ng  r a t e  was observed i n  the  annealed specimens. ( 9 )  

The d i f f e r e n c e  i n  t h e  two i n t e r p r e t a t i o n s  a c t u a l l y  a r i s e s  frwn a more fundamental 

quest ion. 
chemical evo lu t i on  t o  t h e  nuc lea t ion  and growth o f  voids? 

What a r e  the  r e l a t i v e  c o n t r i b u t i o n s  o f  hel ium product ion and micro-  

I n  order  t o  assess 
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FIGURE 1. Comparison o f  Annealed and Cold-Worked DO-Heat i n  HFIR k i t h  That o f  
Cold-Worked DO-Heat i n  EBR-II.(1-3) A l l  temperatures used a re  the  
nominal i r r a d i a t i o n  values quoted f o r  t h e  o r i g i n a l  experiments. The 
H F I R  displacement l e v e l s  have n o t  y e t  been cor rec ted  upward by 12% 
t o  r e f l e c t  t h e  displacement c o n t r i b u t i o n  o f  t he  59Ni(n,a)56Fe reac- 
t i o n . ( 6 )  S o l i d  c i r c l e s  a re  H F I R  data and s o l i d  t r i a n g l e s  a r e  E B R - I 1  
data; open c i r c l e  i s  microscopy datum and open squares a re  immersion 
dens i t y  data. 
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FIGURE 2. comparison o f  t he  Composite Swel l ing  Curve f o r  20% Cold-Worked DO-Heat 
( f rom F igure  1 )  w i t h  P red i c t i ons  Based on HFIR Data Only and Rate 
Theory P r i n c i p l e s  Emphasizing the  In f l uence  o f  Void Densi ty .  (1- 4)  

162 



t h i s  quest ion t h e  microchemical e v o l u t i o n  of cold-worked DO-heat was examined 

and no major d i f f e rences  were found i n  t he  microchemical e v o l u t i o n  experienced 

i n  H F I R  and EBR-11. (1-3) However, i n  a l l  cases where subs tan t i a l  s w e l l i n g  was 
observed, t he re  was s i g n i f i c a n t  segregat ion o f  elements, r e s u l t i n g  i n  dep le t i on  

o f  n i c k e l  and s i l i c o n  (and sometimes molybdenum and carbon) from the  m a t r i x  and 

t h e i r  enrichment i n  second phase p r e c i p i t a t e s .  

which swel led 4%, behaved as expected by microchemical concepts o f  swe l l i ng ,  i t  

i s  a n t i c i p a t e d  t h a t  t he  second phases formed d u r i n g  i r r a d i a t i o n  a re  s i g n i f i c a n t l y  

enr iched i n  n i c k e l  and s i l i c o n .  A t t e n t i o n  has now been focused on the  micro-  

chemical e v o l u t i o n  i n  HFIR of t he  DO-heat s t e e l  i n  t he  annealed cond i t i on .  

I f  the  s o l u t i o n  annealed specimen, 

5.2 Examination o f  Annealed DO-Heat 

An annealed specimen o f  DO-heat i r r a d i a t e d  a t  a nominal temFerature o f  480°C t o  

a nominal dose q f  42  dpa i n  H F I R  was supp l ied  by P. J .  Maziasz o f  Oak Ridge 

Nat iona l  Laboratory.  The ac tua l  temperature i s  probably much h igher  due t o  an 

e a r l i e r  underest imate o f  t he  gamma heat ing  l e v e l .  Maziasz est imates the  ac tua l  
temperature t o  be %550"C. ( 4 )  

P r i o r  t o  t he  f i n a l  t h i n n i n g  o f  t h i s  specimen f o r  microscopy and X-ray ana lys is ,  

e x t r a c t i o n  r e p l i c a s  were made and examined. A new and simple approach was used 

t o  determine t h e  average composit ion o f  t he  p r e c i p i t a t e s  i n  t h i s  specimen and 
t o  t e s t  t he  hypothesis  t h a t  h igher  s w e l l i n g  r a t e s  can be c o r r e l a t e d  w i t h  h igher  

l e v e l s  o f  n i c k e l  removal i n t o  p r e c i p i t a t e s .  

A s i ng le- s tep  carbon e x t r a c t i o n  r e p l i c a  was made a f t e r  e l e c t r o p o l i s h i n g  the  

specimen surface. 

o f  t he  r e p l i c a ,  i n c l u d i n g  many thousands o f  p r e c i p i t a t e  p a r t i c l e s .  

EDX spectrum from many p r e c i p i t a t e s  i s  shown i n  F igure  3. 

EDX ana l ys i s  was then performed a t  2 Kx t o  10 Kx on l a r g e  areas 
A t y p i c a l  

As shown i n  Table 1, n i n e  separate examinations y i e l d e d  a remarkably cons i s ten t  

average p r e c i p i t a t e  composit ion. As an t i c i pa ted ,  t he  p r e c i p i t a t e s  were un i f o rm ly  

h igh  i n  n i c k e l  (29.2 wt.%) and s i l i c o n  (10.5 wt.%). The p r e c i p i t a t e s  a l s o  con- 
ta ined  % 1 . 3 %  vanadium, formed p r i m a r i l y  by t he  t ransmutat ion o f  5 0 C r .  (5 )  
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FIGU 3. T y p i c a l  EDX Spec t ra  Obta ined f o r  Annealed 316 (DO-heat) From Thousani s 
o f  P r e c i p i t a t e s  on a Carbon E x t r a c t i o n  R e p l i c a .  T h i s  specimen was i r - 
r a d i a t e d  t o  47 dpa a t  ~ 5 5 0 ° C .  
l e v e l  have been c o r r e c t e d  upward t o  r e f l e c t  r e c e n t  i n s i g h t s  on t h e  
r a d i a t i o n  env i ronment  i n  HFIR. 

B o t h  t h e  tempera tu re  and d i sp lacement  

TABLE 1 

EDX MEASURENENTS : AVERAGE COMPOSITION OF PRECIPITATES ON 
THE C A R B I D E  EXTRACTION REPLICA FROM SOLUTION-ANNEALED 316 (DO-HEAT) 

Spec. # DO-19 $t ~r 47 dpa T %550"C. 

Compos i t ion  ( w t . % )  

Mo - S i  -. v C r  Fe N i  - A n a l y s i s  # - 

72 

73 

74 

75 

76 

77 

78 

79 

80 

Average 

11.3 1 .5  

10.7 1.1 

10.2 1.3 

10.3 1 .2  

10.5 1.3 
10.2 1.1 

10.3 1.6 

10.4 1.3 

10.6 1 .5  

10.5 1.3 
~ - 

29.1 

29.2 

30.1 

30.4 
29.3 

32.4 

31.9 

29.7 

29.8 
~ 

30.2 

12.3 

12.7 

12.7 

12.1 

12.5 

13.6 

11.2 

11.9 

12.3 

29.7 

29.3 
28.9 

29.2 
29.3 

29.0 

28. a 
28.9 

29.4 

12.4 29.2 

15.9 

16.7 

16.6 

16.5 

16.8 

13.4 

16.0 

17.6 

16.0 

16.2 
__ 

Note:  C o r r e c t e d  d i sp lacement  l e v e l  and temperature .  
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The i d e n t i t i e s  o f  t he  phases i n  t h i s  specimen a re  now being determined. 

5.3 Examination o f  20% Cold-Worked DO-Heat 

Th is  method o f  es t ima t i ng  t h e  average p r e c i p i t a t e  composit ion by examining many 

p a r t i c l e s  was a l s o  app l i ed  t o  e x t r a c t i o n  r e p l i c a s  taken from a 20% cold-worked 
specimen examined e a r l i e r .  ( l m 3 )  The i r r a d i a t i o n  proceeded i n  H F I R  t o  a repor ted  
dose o f  4 2  dpa a t  a nominal temperature o f  550°C and swel led on l y  1.5%. 
ac tua l  temperature i s  thought t o  be c l o s e r  t o  650°C. (1-3) 

The 

A t y p i c a l  EDX spectrum i s  shown i n  F igure  4,and Table 2 shows tha t ,  compared t o  
t h e  annealed specimen, the average n i c k e l  con ten t  i n  t h e  p r e c i p i t a t e s  i s  lower 

(12.3 wt.%), t h e  s i l i c o n  i s  lower (6.1 wt.%) b u t  t h e  vanadium conten t  i s  l a r g e r  
(2.5%). These p r e c i p i t a t e s  a re  r i c h  i n  molybdenum (25.8 wt .%) which i s  consis-  

t e n t  w i t h  t h e i r  e a r l i e r  i d e n t i f i c a t i o n  as being comprised most ly  o f  t he  Laves 

phase. 

5.4 Discussion 

I t  must be recognized t h a t  comparison o f  these two H F I R  specimens w i t h  s i m i l a r  
specimens i r r a d i a t e d  i n  EBR- I1  must i nc lude  t h e  d i f f e r e n c e  and u n c e r t a i n t i e s  

i n  t h e i r  i r r a d i a t i o n  temperatures as w e l l  as t he  f a c t  t h a t  t h e i r  repor ted  d i s -  
placement doses a re  a l s o  underestimated by ~ 1 2 % .  (6) This  l a t t e r  f a c t o r  a r i s e s  
from the  prev ious ove rs igh t  o f  t he  displacement c o n t r i b u t i o n s  a r i s i n g  from t h e  

5 9 N i  (n,a) 56Fe reac t i on .  

Since the  ac tua l  i r r a d i a t i o n  temperatures o f  t he  annealed and cold-worked spe- 

cimens vary by %lOO°C,  one would n o t  expect t he  p r e c i p i t a t e  i d e n t i t i e s  t o  be 
the  same, as shown by Yang and coworkers. ( 7 )  

here a l s o  does n o t  a l l o w  a con f i den t  measure o f  t he  r e l a t i v e  volume o f  p r e c i -  
p i t a t i o n ,  as t h e  e x t r a c t i o n  e f f i c i e n c y  va r i es  between r e p l i c a s  andbetween g iven 

areas o f  a p a r t i c u l a r  r e p l i c a .  

The e x t r a c t i o n  technique used 
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FIGURE 4. T y p i c a l  EDX Spec t ra  f o r  P r e c i p i t a t e s  on an E x t r a c t i o n  R e p l i c a  o f  20% 
Cold-Worked A I S 1  316 (DO-heat) I r r a d i a t e d  i n  H F I R  t o  47 dpa and 
~ 6 5 0 ° C .  

TABLE 2 

EDX MEASUREMENTS: AVERAGE COMPOSITION OF PRECIPITATES ON 
THE C A R B I D t  EXTRACTION REPLICA FROM 20% CW 316 (DO-HEAT) 

Spec. # D2-4 $t Q 47 dpa T Q 650°C 

c o m p o s i t i o n  (wt.%) 
Fe N i  Mo - C r  - v - S i  A n a l y s i s  # - - - 

56 

57 

58 

59 

60 

67 

71 

Average 

6.1 

5.8 

6.4 

6.1 

6.5 

5.4 

6.0 

6.1 
- 

2.6 22.2 

2.6 23.8 

2.5 22.4 

2.6 24.0 

2.5 22.7 

2.3 25.9 

2.6 23.8 

2.5 24 
- - 

30.5 12.0 26.3 

30.2 13.4 23.9 

29.0 12.2 27.2 
28.5 12.5 26.0 

28.2 12.7 27.1 

30.7 11.5 24.0 

28.9 12.0 26.5 

30 12.3 26 
__ - ~ 

Note:  C o r r e c t e d  d i sp lacement  l e v e l  and temperature .  
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It i s  s a f e  t o  say however t h a t  t h e  p r e c i p i t a t e s  i n  t h e  specimen w i t h  t h e  h i g h e r  
s w e l l i n g  l e v e l  e x h i b i t  h i g h e r  l e v e l s  o f  s i l i c o n  and n i c k e l .  

of t h e  consequences o f  t h i s  s e g r e g a t i o n  on t h e  average m a t r i x  a l l o y  c o n t e n t  a w a i t s  
examina t ion  o f  t h e  t h i n  f i l m  specimen. 

The d e t e r m i n a t i o n  

650% 
AIS1 316 

R e c e n t l y  i t  has been shown t h a t  t h e  i r r a d i a t i o n  o f  annealed AISI 316 l e a d s  t o  a 
c o r r e l a t i o n  o f  t h e  s w e l l i n g  w i t h  t h e  l e v e l  o f  p r e c i p i t a t i o n  and i t s  n i c k e l  con- 

t e n t .  (8 )  I n  t h a t  s t u d y  t h e  p r e c i p i t a t e <  were i n  s t r e s s e d  specimens and were 

b u l k  e x t r a c t e d b y  a n o t h e r  techn ique .  
r e p o r t  e x h i b i t s  a s w e l l i n g  b e h a v i o r  s i m i l a r  t o  t h a t  o f  t h e  00-heat.  

The h e a t  o f  s t e e l  used i n  t h e  r e f e r e n c e d  

- 
/ /  

0 

1w / .-q - 
NEW DATUM 
(ALSO AT 
103 MPa) - 

20% COLD-WORKED 

Of I 1 I 
I I I 2 

SOLUTION-ANNEALED, 
ALL AT 207 MPa 

MOLE FRACTION 
NICKEL 0.3 t 

0.1 t 

WEDL .1(Yls12.1 
NEUTRON FLUENCE. E > 0.1 MeV, nIcm2 

FIGURE 5. N i c k e l  Con ten t  o f  P r e c i p i t a t e s  E x t r a c t e d  From P r e s s u r i z e d  Tubes o f  
AISI 316 ( N- l o t ,  h e a t  87210) I r r a d i a t e d  i n  E B R - I 1  a t  550°C, as  
Reported by Garner and P o r t e r .  ( 8 )  
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5.5 Conclusions 

A new and simple examination technique i n v o l v i n g  X-ray ana lys is  o f  l a r g e  areas 

o f  e x t r a c t i o n  r e p l i c a s  was used t o  d e t e n i n e  t h e  average p r e c i p i t a t e  composit ion 

o f  an i r r a d i a t e d  specimen. 
l e v e l  o f  n i c k e l  and s i l i c o n  segregated i n t o  p r e c i p i t a t e s  i s  found t o  c o r r e l a t e  

w i t h  t h e  l e v e l  o f  swel l ing.  
p r e c i p i t a t e s  o f  annealed A I S I  316 (DO-heat) a t  47 dpa and 550°C agrees w i t h  t h e  
l e v e l  found independently by Garner and Por te r  i n  comparable specimens o f  a 
d i f f e r e n t  heat o f  316 i r r a d i a t e d  i n  EBR-11. 

When app l ied  t o  specimens i r r a d i a t e d  i n  HFIR, the  

The h igh  l e v e l  o f  n i c k e l  (29 wt.%) found i n  the  
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FACTORS INFLUENCING THE SWELLING OF 300 SERIES STAINLESS STEELS 

F. A. Garner (Hanford Engineering Development Laboratory)  and D. L.  Por te r  
(Argonne Nat ional  Laboratory - Idaho F a l l s )  

1 .o Ob jec t ive  

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  de f i ne  the  dependence o f  swe l l i ng  o f  
a u s t e n i t i c  s t a i n l e s s  s tee l s  on temperature, neutron f l u x  and spectra, s t ress  

and composit ion. 

from which t o  p r e d i c t  per tu rba t ions  o f  swe l l i ng  a r i s i n g  from h i s t o r y - s e n s i t i v e  
va r iab les  unique t o  the  f u s i o n  environment. 

Th is  i s  being done i n  o rder  t o  p rov ide  a b e t t e r  framework 

2.0 Summary 

I t  appears t h a t  t h e  pr imary d i f f e r e n c e  between the  swe l l i ng  o f  A I S 1  304 and 316 
l i e s  i n  the  du ra t i on  o f  t h e i r  t r a n s i e n t  regime. Th is  d i f f e r e n c e  appears t o  
a r i s e  p r i m a r i l y  from t h e i r  d i f f e r e n c e  i n  n i c k e l  content.  It a l s o  appears t h a t  

the  major e f f e c t  o f  temperature on swe l l i ng  l i e s  i n  the  t r a n s i e n t  regime, most 
p a r t i c u l a r l y  a t  r e l a t i v e l y  low temperatures. There i s  a considerable tempera- 

t u r e  range over which t h e  swe l l i ng  may be considered t o  be independent o f  
temperature b u t  s l i g h t l y  dependent on the  displacement rate.  

o f  t h e  displacement r a t e  a l s o  l i e s  p r i m a r i l y  i n  the  t r a n s i e n t  r a t h e r  than 

steady- state regime. Since steady- state swe l l i ng  i s  n o t  as s e n s i t i v e  t o  
temperature as expected, t h a t  imp l i es  t h a t  t h e  swe l l i ng  i s  n o t  as s e n s i t i v e  
as a n t i c i p a t e d  t o  the dens i t y  o f  temperature- sensi t ive m ic ros t ruc tu ra l  compo- 
nents such as voids and d i s l o c a t i o n  loops. Th is  suggests t h a t  swe l l i ng  w i l l  
t he re fo re  n o t  be as s e n s i t i v e  t o  hel ium content,  another parameter which 
a f f e c t s  m ic ros t ruc tu ra l  dens i t i es .  

The i n f l u e n c e  

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  Ana lys is  (AKJ) 

P r i n c i p a l  I nves i tga to r :  D. G. Doran 
A f f i l i a t i o n :  Hanford Engineering Development Laboratory 
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4.0 Relevant DAFS Program Plan Task/Subtask 

Task I I . C . l  E f f e c t s  o f  Ma te r i a l  Parameters on M ic ros t ruc tu re  

Task II.C.2 E f f e c t s  o f  Helium on M ic ros t ruc tu re  

5.0 Accomplishments and Status 

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

I n  o rder  t o  develop a f i s s i o n- f u s i o n  c o r r e l a t i o n  f o r  a g iven proper ty  change one 

must be c e r t a i n  t h a t  the  p r e v a i l i n g  d e s c r i p t i o n  be c o r r e c t  f o r  t h a t  p roper ty  

change i n  the  f i s s i o n  environment. 

d i f f e rences  i n  helium/dpa r a t i o ,  s o l i d  transmutants o r  r e a c t o r  opera t iona l  

h i s t o r y  may be i n c o r r e c t l y  p red ic ted .  

Othenvise the  impact o f  fus ion- re levant  

Recently, i t  has become apparent t h a t  the  e f fec t  of hel ium on the  swe l l i ng  o f  

A I S I  316, f o r  instance, i s  n o t  as st rong a s  p rev ious ly  an t i c i pa ted .  ( l - 2 )  

hel ium i s  known t o  a f f e c t  the  vo id  densi ty ,  t h i s  imp l i es  t h a t  t h e  swe l l i ng  i s  

n o t  as dependent on vo id  dens i ty  as prev ious ly  an t i c i pa ted .  

d i s l o c a t i o n  loop dens i t i es  are  very s e n s i t i v e  t o  temperature and displacement 

r a t e ,  any reassessment o f  t h e  parametr ic s e n s i t i v i t y  of swe l l i ng  would n a t u r a l l y  

inc lude these var iab les .  

Since 

Since the v o i d  and 

Another se t  o f  re levan t  var iab les  invo lves  the o r i g i n a l  composit ion o f  the  a l l o y  
and the  d e t a i l s  o f  i t s  subsequent microchemical evo lu t i on  dur ing  i r r a d i a t i o n .  (3 )  

I t  appears t h a t  one o f  the  major quest ions t o  be addressed i n  the development 

o f  f i s s i o n- f u s i o n  c o r r e l a t i o n s  f o r  swe l l i ng  i s  the d e f i n i t i o n  o f  the  r e l a t i v e  
c o n t r i b u t i o n s  o f  hel ium and composi t ion- re lated var iables.  

d i f f e rences  i n  s o l i d  transmutants may a l s o  be o f  importance here. 
The i n f l uence  o f  

There are  on ly  two compos i t iona l ly- re la ted  s t r u c t u r a l  ma te r i a l s  f o r  which there  

are  s u f f i c i e n t  data i n  the  open l i t e r a t u r e  t o  def ine the  f l u x  and temperature 

dependence o f  swe l l i ng  and a l s o  t o  cas t  some l i g h t  on the  composit ion dependence 

o f  swel l ing.  These are  the  two 300 se r ies  s ta in less  s tee l s  A I S I  316 and A I S I  304L. 
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Reference 3 prov ides an overview of much o f  t he  publ ished data on A I S I  316. 

Reanalysis o f  t he  data on 304L has l e d  t o  t he  conclus ion t h a t  our p r e v a i l i n g  
concept ion o f  t he  parametr ic dependence o f  swe l l i ng  must be a l t e r e d  i n  some 

respects.  These changes a l s o  have a s t rong impact on t h e  p r e d i c t i o n  o f  s w e l l i n g  
response t o  changes i n  helium/dpa r a t i o .  

5.2 The Dependence o f  Swel l ing  on N icke l  Content 

The A I S I  316 and 304 s t e e l s  a re  q u i t e  s i m i l a r  i n  composit ion w i t h  two impor tan t  

d i f fe rences .  

(0.02 vs. 2.5%). 

denum conten t  i n  A I S I  316 (4-5) a major s e n s i t i v i t y  t o  t he  n i c k e l  con ten t  has 
been observed. (6 )  F igure  1 shows a very steep dependence o f  swe l l i ng  i n  
a u s t e n i t i c  a l l o y s  on n i c k e l  content  a t  l e v e l s  below 35%. 
show whether t h e  observed s e n s i t i v i t y  a r i s e s  f rom n i c k e l ’ s  i n f l u e n c e  on the  
d u r a t i o n  o f  t he  t r a n s i e n t  regime, o r  on t h e  r a t e  o f  s w e l l i n g  i n  the s teady- s ta te  
regime o r  both. 

A I S I  304 has l e s s  n i c k e l  ( ~ 9  vs. %12-14%) and l e s s  molybdenum 

While some s e n s i t i v i t y  o f  swe l l i ng  has been observed t o  molyb- 

Th i s  f i g u r e  does n o t  

FIGURE 1 
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Swel l ing+ in  Comnercial and Base A l l o y s  When Bombarded t o  140 dpa With 
5-MeV N i  Ions a t  625°C as Reported by Johnston and coworkers.(6) 
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There has been on ly  a few publ ished s tud ies  where A I S 1  316 and 304 has been 

i r r a d i a t e d  side-by-side and y i e l d e d  s u f f i c i e n t  data w i t h  which t o  assess the  

r o l e  o f  n i c k e l  content  on swe l l i ng  o f  300 se r ies  a l l o y s .  
op in ion  there  a r e  on ly  two of these data se ts  on which t o  c o n f i d e n t l y  base 
such an assessment. 
c l e a r l y  shows an extension o f  the  du ra t i on  o f  the  t r a n s i e n t  regime o f  swe l l i ng  
w i t h  increas ing  n i c k e l  content.  The data a r e  n o t  a v a i l a b l e  t o  s u f f i c i e n t  
damage l e v e l s  t o  draw any conclusions concerning the  dependence on n i c k e l  o f  

the  steady- state swe l l i ng  ra te .  Seidel and E inz iger  have pub1 i shed data 
(F igure  3) however which show t h a t  the  deformation r a t e  due t o  creep and 

swe l l i ng  i s  eventua l ly  the  same f o r  the two a l l oys ,  w i t h  316 having t h e  
longer t r a n s i e n t  regime. 

I n  t h e  au thors '  

F igure 2 shows data publ ished by G. L. Hofman ('I which 
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FIGURE 2. Comparison o f  the  Swel l ing  Behavior o f  Annealed 304 and 316 S ta in less  
Steel When Used a s  Mark- I1 E B R - I 1  D r i v e r  Fuel Cladding, as Reported 
by Hofman. (7) 

I t the re fo re  appears t h a t  the pr imary in f luence o f  t h e  d i f f e rences  i n  n i c k e l  and 
molybdenum l e v e l s  l i e s  n o t  i n  the  steady- state s w e l l i n g  r a t e  b u t  i n  t h e  du ra t i on  
o f  the t rans ien t .  
ascr ibed t h e  r o l e  o f  molybdenum as s l i g h t l y  changing the  " i n i t i a l i z a t i o n  f luence 

o f  swe l l ing ."  Johnston and coworkers (6 )  demonstrated t h a t  n i c k e l ' s  pr imary 

i n f l uence  on the  swe l l i ng  o f  Fe-Ni-Cr te rna ry  a l l o y s  i s  t o  extend the du ra t i on  

o f  t h e  t r a n s i e n t  regime o f  swe l l i ng  (F igure  4) .  

This  i s  i n  agreement w i t h  r e s u l t s  o f  e a r l i e r  studies. Bates (4 )  
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When Irradiated a t  675°C With 5 MeV Nickel Ions, as Reported by 
Bates and Johnston. (6 )  
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5 . 3  The Temperature Dependence o f  Swel l ing  o f  AIS1 304 

IMENT 

- 

ROW 4 
RADIAL REFLECTOR 

- 
ti EXPERIMENT 

I n  t he  development o f  swe l l i ng  c o r r e l a t i o n s  f o r  U.S. breeder reactors,  t he  
t r a d i t i o n a l  approach has been t o  ignore  d i f f e rences  i n  displacement r a t e  w i t h i n  

t he  data s e t  and t o  incorpora te  t he  d i f f e r e n c e  i n  neutron spectra by c o r r e l a t i n g  
swe l l i ng  vs. t h e  neutron f luence above a 0.1 MeV threshold.  The f r a c t i o n  o f  t he  

spectra above 0.1 MeV v a r i e s  i n  t he  t rave rse  across the  EBR-I1 r e a c t o r  and 

decreases i n  roughly  t he  same manner as does the  displacement r a t e  pe r  neutron. 

As shown i n  F igure  5, t he re  i s  some v a r i a t i o n  i n  t he  displacements per th resho ld  

neutron, however, t h a t  has n o t  been fac to red  i n t o  e a r l i e r  equat ion development 

e f f o r t s .  

Another f a c t o r  t o  consider  i s  t h a t  most o f  t h e  publ ished i ncuba t i on- p lus- l i nea r  
s w e l l i n g  c o r r e l a t i o n s  used one o f  two d i f f e r e n t  methods t o  determine the "steady- 

s t a t e "  swe l l i ng  ra tes .  As shown i n  F igure  6 t h e  c u r v i l i n e a r  approach a n t i c i p a t e s  

t h a t  curva ture  i n  swe l l i ng  may p e r s i s t  t o  very h igh  f luences,  w h i l e  t h e  l i n e a r  

approach assumes the  t r a n s i e n t  t o  be r e l a t i v e l y  shor t .  

always leads t o  an underest imat ion o f  t he  swe l l i ng  ra te ,  e s p e i c a l l y  if t h e  
swe l l i ng  has n o t  y e t  reached subs tan t i a l  l e v e l s .  

The l i n e a r  approach 
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FIGURE 5. Displacement C h a r a c t e r i s t i c s  of EBR- I1  Neutrons as a Funct ion o f  
Core P o s i t i o n  f o r  Two Recent I r r a d i a t i o n  Experiments. 
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DETERMINATION OF "STEADY-STATE" 
SWELLING RATE 

18 

SA =L. 470 f 6°C 

0 CURVILINEAR APPROACH ASSUMES 
CURVATURE PERSISTS TO HIGH SWELLING 

0 LINEAR APPROACH ALWAYS UNDER- 
ESTIMATES ULTIMATE RATE 

0 UNDERESTIMATION ALWAYS GREATEST 
AT LOW FLUENCE OR LOW SWELLING 

FIGURE 6. Comparison o f  Two Methods o f  Determining the  "Steady-State" Swel l ing  
Rate. The data shown a r e  described i n  reference 10 and were der ived 
from annealed A I S 1  304L f u e l  capsule tub ing  i r r a d i a t e d  i n  EBR-11. 

With t h i s  background, l e t ' s  consider  the  two major 304L data sets. The o r i g i n a l  

percept ions o f  the  temperature dependence o f  swe l l i ng  were der ived from ana lys i s  
o f  the  annealed 304L (L=low carbon) hexagonal th imbles t h a t  contained the  c o n t r o l  
and sa fe ty  rods i n  EBR-11. One o f  the  most extensive swe l l i ng  data se ts  on these 

components was pub1 ished by F i sh  and coworkers 

F igure  7. 

p r i m a r i l y  from t h e  almost as s t rong ly  peaked f luence d i s t r i b u t i o n  shown i n  
F igure 8. 

sodium coolant ,  no subs tant ia l  exposure can be a t t a i n e d  f o r  temperatures below 
370°C o r  above 440°C. 

i n  1973 and i s  shown i n  

The s t rong ly  peaked swe l l i ng  d i s t r i b u t i o n  along the  thimbles a r i s e s  

Note a l s o  t h a t  s ince  t h e  th imbles a r e  d i r e c t l y  i n  contac t  w i t h  t h e  

The data i n  F igure  7 were a l s o  p l o t t e d  vs. f luence f o r  r e l a t i v e l y  narrow tempera- 

t u r e  increments by F i sh  and coworkers. 

t r a n s i e n t  regime i s  s t rong ly  dependent on the  f l u x  and temperature v a r i a t i o n  

Figure 9 shows t h a t  t h e  du ra t i on  o f  the  
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FIGURE 7. Swel l ing  o f  Annealed A I S 1  304L Contro l  Rod and Safety  Thimbles i n  
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FIGURE 9. Swel l ing  Data from 304L Thimbles i n  EBR-I1 i n  t he  Range 42O-43O0C.(9) 
(Each symbol represents a d i f f e r e n t  th imb le . )  
390°C a r e  a l s o  shown. 

Trend l i n e s  f o r  370 and 

across t h e  core. 

were drawn f o r  370 and 390°C s ince  the s c a t t e r  i n c r e a s e s a t  lower temperature, 

p a r t i c u l a r l y  f o r  370°C. The s c a t t e r  i s  thought by t h e  authors t o  a r i s e  f rom 

the f l u x  s e n s i t i v i t y  o f  s w e l l i n g  a t  low temperatures. 

Only t he  t rend  l i n e s  o f  t he  c o r r e l a t i o n  o f  F i sh  and coworkers 

I t i s  impor tan t  t o  no te  t h a t  t he  th imb le  data do n o t  p rov ide  any i n d i c a t i o n  

whether t he  t r a n s i e n t  cont inues t o  shorten w i t h  i nc reas ing  temperature. 

data a l s o  say no th ing  d e f i n i t i v e  about t he  e f f e c t  o f  temperature o r  f l u x  on 

t h e  s teady- state s w e l l i n g  r a t e .  

The 

More recen t l y ,  however, swe l l i ng  data have become a v a i l a b l e  f rom the  ou te r  

capsule which forms h a l f  o f  t he  double containment o f  t he  EBR- I1  f u e l  rods. 

These data extend t o  h igher  temperatures than t h a t  reached by the  th imbles.  

Note i n  F igu re  10 t h a t  t he  capsule swe l l i ng  t rends i n  t he  range 400-435°C 

agree very w e l l  w i t h  t h o s e o f  t he  th imble.  

t h i s  temperature range w i l l  be shown i n  a subsequent f i g u r e .  

The ac tua l  capsule data p o i n t s  i n  
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Comparison o f  Capsule and Thimble Data f o r  Temperatures Below 5°C. 

F l i n n  and Foster  (lo) have publ ished an ana lys i s  o f  t h e  capsule data i n  which 

the  data p o i n t s  themselves were n o t  shown. 
swe l l i ng  r a t e  us ing  t h e  l i n e a r  approach f o r  each o f  ten  s m a l l  temperature 

i n t e r v a l s .  
r a t e  determined by t h i s  method i s  s t rong ly  dependent on temperature. 

a l s o  t h a t  t h e  maximum swe l l i ng  l e v e l  a t  which t h e  swe l l i ng  r a t e  was determined 

va r ies  s t rong ly  w i t h  temperature. 

They est imated the steady-state 

As shown i n  t h e  lower h a l f  o f  F igure  11 the  steady- state swe l l i ng  
Note 

Since the  swe l l i ng  a t  var ious temperatures has n o t  y e t  reached a common l e v e l  

perhaps the re  e x i s t s  a more i l l u m i n a t i n g  way t o  present  the  data. 

break t h e  data down i n t o  f i n e  temperature i n t e r v a l s  and analyze each s e t  

separately,  no te  what happens when t h e  seven o f  t h e  ten o r i g i n a l  data se ts  
a r e  p l o t t e d  together  on F igure  12a. 

Rather than 

These seven sets cover the  range 450-538°C. 

Even i n  t h e  absence o f  co r rec t i ons  f o r  neutron spectra and o ther  f ac to rs ,  i t  i s  

obvious t h a t  t h e  swe l l i ng  o f  t h i s  s tee l  e x h i b i t s  a broad temperature regime o r  

p la teau i n  which t h e  swe l l i ng  i s  e s s e n t i a l l y  independent o f  temperature. 

appearance o f  a temperature-dependent swe l l i ng  r a t e  i n  F igure  11 a r i s e s  out  of 

The 
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FIGURE 11. Swel l ing  Rates a s  a Funct ion o f  Temperature Reported by Foster  and 
F l i n n  (10) f o r  Annealed 304L Capsule Data. 
maximum swe l l i ng  l e v e l s  a t t a i n e d  a t  each temperature. 

Also shown are the  

the  combined use o f  a l i n e a r  approach and a swe l l i ng  p r o f i l e  which i s  s t rong ly  
peaked a t  in te rmed ia te  temperatures. 

450-538°C cou ld  be conta ined w i t h i n  a very narrow range o f  incubat ion  parameters 

l oca ted  about the  t rend  l i n e  shown i n  F igure  12b. 
r a t h e r  q u i c k l y  approaches the  same eventual swe l l i ng  r a t e  e x h i b i t e d  by a t y p i c a l  

heat  o f  AISI 316 i r r a d i a t e d  i n  EBR-11.  The d i f f e r e n c e  i n  incubat ion  parameter 
i s  due n o t  on ly  t o  the  d i f f e r e n c e  i n  n i c k e l  content  b u t  a l s o  t h e  f a c t  t h a t  t h e  

AISI 316 curve i s  f o r  20% cold-worked ma te r ia l .  
the  du ra t i on  o f  the  t r a n s i e n t  pe r iod  o f  300 se r ies  s t a i n l e s s  s tee l s  t o  h igher  

f l  uence. 

It appears t h a t  swe l l i ng  in t h e  range 

Note t h a t  t h i s  t rend  curve 

Cold-working i s  known t o  s h i f t  

(3 )  
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FIGURE 12. Swel l ing  Behavior o f  Annealed 304L Fuel Capsules. 

independence o f  swe l l i ng  on temperature i n  range 450-538OC. 
t y p i c a l  cold-worked 316 curve i s  shown f o r  comparison. 

Note r e l a t i v e  
A 

Note i n  F igure  12b t h a t  a t  lower temperature the du ra t i on  o f  the  t r a n s i e n t  
regime i s  s t rong ly  s e n s i t i v e  t o  the  simultaneous v a r i a t i o n s  i n  neutron tempera- 
ture,  f l u x  and displacement e f f i c i e n c y .  
a t  a g iven f luence l e v e l  i t  would appear t o  e x h i b i t  a p lateau (as seen i n  

F igure  13), t h e  upper l i m i t  o f  which l i e s  somewhere above 540°C, the  h ighes t  
temperature reached by the  capsules. 

I f  the  swe l l i ng  o f  t h i s  a l l o y  i s  viewed 

5.4 The Dependence o f  A I S 1  304 Swel l ing  on Displacement Rate 

Due t o  the  coup l ing  o f  t h e  temperature p r o f i l e  and the  neutron spectra and 

f l u x  p r o f i l e s  i n  E B R - I 1  i t  i s  impossib le a t  t h i s  t ime t o  determine unequivocably 
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FIGURE 13. Schematic I l l u s t r a t i o n  o f  t h e  Swel l ing  Behavior a t  7 x 10’’ n/cm2 
(E >0.1 MeV) o f  Annealed A I S I  304L. 
no data i s  a v a i l a b l e  a t  these temperatures. 
shown s w e l l i n g  i n  A I S I  304 a t  temperatures above 7OODC.(l2) 

The do t ted  l i n e s  i n d i c a t e  t h a t  
St raalsund e t  a l .  have 

whether v a r i a t i o n s  i n  t he  du ra t i on  o f  t he  t r a n s i e n t  regime o f  swe l l i ng  a re  due 

e n t i r e l y  o r  p a r t i a l l y  t o  v a r i a t i o n s  i n  displacement ra te .  
a d d i t i o n a l  low temperature data which suggest t h a t  displacement r a t e  v a r i a t i o n s  

account f o r  some o f  t he  s c a t t e r  observed i n  s w e l l i n g  a t  a g iven  temperature. 
F igure  14 shows the  r e s u l t s  o f  i n t e r i m  and f i n a l  examinations o f  t he  diameter 
change o f  an annealed 304L creep tube. Th is  tube was designed t o  f u n c t i o n  as 

a heat  p ipe  and t o  be a t  e s s e n t i a l l y  constant  temprature (53°C) throughout i t s  
f u l l  leng th .  (11) 

a con t i nua l  increase i n  diameter. When the  co re  cen te r  p o r t i o n  reached 70 dpa 
measurements were made a long t h e  l e n g t h  o f  t he  tube. 

i n  diameter change a t  approximately 20 dpa and 385°C i s  c l e a r l y  a r e s u l t  o f  
reaching t h e  same exposure a t  two d i f f e r e n t  displacement ra tes .  

noted t h a t  t h e  data taken below the  core  midplane a re  l i k e l y  t o  be more accurate 
than those taken above the c e n t e r l i n e ,  due t o  t he  cumulat ive upward a x i a l  ex- 

pansion o f  t h e  p ipe  due t o  swe l l ing .  
t he  r o d  i n t o  regions o f  lower neutron f l u x .  
bottom o f  t h e  assembly.) 

a r e  t he re fo re  p l o t t e d  a t  a f luence l a r g e r  than a c t u a l l y  a t t a i n e d  and would o ther-  

wise f a l l  above t h e  curve desc r i b ing  the  core  cen te r  deformation. 

There i s  some 

A t  doses from 4 t o  70 dpa the  core  cen te r  measurements showed 

The f a c t o r  o f  two d i f f e r e n c e  

I t should be 

Th i s  expansion moves the  upper p a r t  o f  

(The p ins  a re  anchored o n l y  a t  t he  
I t  i s  a n t i c i p a t e d  t h a t  t h e  low f l uence  above-core data 
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FIGURE 14. Displacement Rate E f f e c t  Observed i n  Deformation o f  Annealed 304L 
Creep Capsule I r r a d i a t e d  a t  385°C as Reported by P o r t e r  and 
Hudman. (11) 

F igure  15 shows t h a t  t he  swe l l i ng  o f  304L a t  385°C decreases monoton ica l l y  
w i t h  displacement ra te .  (11) A s i m i l a r  t r end  i s  seen i n  5% cold-worked AISI 316 

a t  400OC. 
swe l l i ng  i n  more d e t a i l .  

Future repo r t s  w i l l  i n v e s t i g a t e  t h e  r a t e  and spectrum dependence o f  

5.5 O i  scussion 

I t appears t h a t  t h e  pr imary d i f f e r e n c e  between t h e  s w e l l i n g  o f  A I S I  304 and 316 

l i e s  i n  t he  du ra t i on  o f  t h e i r  t r a n s i e n t  regime. 
a r i s e  p r i m a r i l y  f rom t h e i r  d i f f e r e n c e  i n  n i c k e l  content .  I t  a l s o  appears t h a t  
t h e  major  e f f e c t  o f  temperature on s w e l l i n g  l i e s  i n  t h e  t r a n s i e n t  regime, most 

p a r t i c u l a r l y  a t  r e l a t i v e l y  low temperatures. There i s  a considerable tempera- 

t u r e  range over  which t h e  swe l l i ng  may be considered t o  be independent o f  tem- 

pera ture  b u t  s l i g h t l y  dependent on the  displacement r a t e .  

Th i s  d i f f e r e n c e  appears t o  

The i n f l u e n c e  of t h e  
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FIGURE 15. Displacement Rate-Dependent Swel l ing  Observed by Po r te r  and Hudman 
i n  EBR- I1  I r r a d i a t i o n  o f  Two A u s t e n i t i c  S ta in less  S t e e l s . ( l l )  

displacement r a t e  a l s o  l i e s  p r i m a r i l y  i n  t h e  t r a n s i e n t  r a t h e r  than steady- state 
regime. Since s teady- s ta te  s w e l l i n g  i s  n o t  as s e n s i t i v e  t o  temperature as 

expected, t h a t  i m p l i e s  t h a t  t h e  s w e l l i n g  i s  n o t  as s e n s i t i v e  as a n t i c i p a t e d  
t o  t he  dens i t y  of temperature- sensi t ive m i c r o s t r u c t u r a l  components such as 

vo ids  and d i s l o c a t i o n  loops. Th i s  suggests t h a t  s w e l l i n g  w i l l  t he re fo re  n o t  
be as s e n s i t i v e  t o  he l ium content ,  another parameter which a f f e c t s  mic ros t ruc-  
t u r a l  dens i t i es .  Th i s  p o i n t  w i l l  be addressed i n  more d e t a i l  i n  l a t e r  repor ts .  
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