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FOREWORD 

This report is the fifteenth in a series of Quarterly Technical 
Progress Reports on Damage Analysis and Fundamental Studies (DAFS), which 
is one element of the Fusion Reactor Materials Program, conducted in support 
of the Magnetic Fusion Energy Program of the U. S. Department of Energy 
(DOE). 
through 8. 

. . Special Purpose Materials (SPM). 

The DAFS program element is a national effort composed of contributions 

The first eight reports in this series were numbered DOE/ET-0065/1 
Other elements of the Materials Program are: 

Alloy Development for Irradiation Performance (ADIP) 
P1 asma-Mater ials Interact ion (PMI) 

from a number of National Laboratories and other government laboratories, 
universities, and industrial laboratories. It was organized by the Materi- 
als and Radiation Effects Branch, Office of Fusion Energy, DOE, and a Task 
Group on Damage Analysis and Fundamental Studies, which operates under the 
auspices o f  that Branch. The purpose of this series of reports is to pro- 
vide a working technical record o f  that effort for the use of the program 
participants, the fusion energy program in general, and the DOE. 

Plan of the same title so that activities and accomplishments may be 
followed readily, relative to that Program Plan. 
laboratory may appear throughout the report. 
annotated for the convenience of the reader. 

This report is organized along topical lines in parallel to a Program 

Thus, the work of a given 
The Table of Contents is 

This report has been compiled and edited under the guidance of the 
Chairman of the Task Group on Damage Analysis and Fundamental Studies, 
D. G. Doran, Hanford Engineering Development Laboratory (HEDL). 
efforts, those o f  the supporting staff of HEDL, and the many persons who 
made technical contributions are gratefully acknowledged. M. M. Cohen, 
Materials and Radiation Effects Branch, i s  the DOE counterpart to the Task 
Group Chairman and has responsibility for the DAFS Program within DOE. 

His 

T. C. Reuther, Acting Chief 
Materials and Radiation Effects Branch 

Office of Fusion Energy 
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RTNS-I1 IRRADIATIONS AND OPERATIONS 

C. M. Logan and D. W. Heikkinen (Lawrence Livermore Nat ional  Laboratory) 

1 .o Object ive  

T h e  object ives  of t h i s  work are operat ion of OFE's RTNS-I1 (a 14-MeV neutron 

source  facili ty),  machine development,  and support  of t h e  exper imental  program 

t h a t  ut i l izes  th i s  facili ty.  Exper imenter  services  include dosimetry  handling, 

scheduling, coordination,  and reporting. RTNS-I1 is  dedicated t o  mate r ia l s  research  

f o r  t h e  fusion, power program. I t s  primary use is  to aid in t h e  development of 

models of high-energy neutron e f fec t s .  Such models are needed in interpret ing and 
project ing to t h e  fusion environment engineering data obta ined in o t h e r  neutron 

spec t ra .  

2.0 Summary  

Irradiat ions  were performed on a t o t a l  of s ix  d i f fe ren t  experiments.  No major 

unscheduled ou tages  occurred.  Approximately two weeks of scheduled ou tage  was 
used fo r  50-cm target testing. 

3.0 Program 

Title: RTNS-I1 Operat ions  (WZJ-16) 

Principal Investigator: C. M. Logan 

Affiliation: Lawrence  Livermore  Nat ional  Laboratory 

4.0 Relevant  DAFS 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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5.0 Accompl ishments  and  Status 

5.1 Irradiations-C. M. Logan, D. U'. Heikkinen and  M. W. Guinan (LLNL) 

2 An irradiat ion of Nb, Ti, and  V samples  to a total f luence of 2.0 x 1 0 l 8  n/Cm 

was  comple ted  for  R. Bradley (PNL). An irradiat ion of Cu  for resis t ivi ty  
measu remen t s  was done  fo r  S .  Zinkle (Univ. of Wisconsin). The  peak f luence was  2.3 

x 1017 n/cm . An irradiat ion of Mica samples  fo r  J. Fowler  (LANL) was 

begun. The f luence  requi rement  i s  1 0 l 8  n/cm . "Piggy-back" exper iments  were  

done  for Logan-Heikkinen (LLNL) on thermocouple wires, L. Coleman (LLNL) on 

l a se r  glasses, and  R. J a l b e r t  (LANL) for t r i t ium detector development.  

2 

2 

5.2 RTNS-I1 S t a tu s  - C. M. Logan and D. W. Heikkinen (LLNL) 

There w e r e  no  major  unscheduled outages  during this  quar te r .  Approximately t w o  

weeks of outage were  scheduled for mechanical  and e lec t r ica l  t es t ing  of t h e  50-cm 

target sys tem.  This was  done  to p repa re  for installation of a 50-cm target on the 
opera t ing  RTNS-I1 neut ron  source. The  50-cm t a r g e t  has opera ted  a t  5000 rpm and 

high vacuum fo r  250 hrs  with no  problems encountered.  

6.0 Fu tu re  Work 

Irradiat ions a r e  scheduled for W. Barmore (LLNL), J. Fowler  (LANL), D. Kale t t a  

(Karlsruhe), M. Guinan (LLNL), D. Nethaway (LLNL) and H. Vonach (Vienna). 

7.0 Publications 

RlNS-I1 Fac i l i ty  and  Experiments ,  C. M. Logan and D. W. Heikkinen, (UCRL 86699) 

to be presented at  t h e  Internat ional  Conference  on Neutron Irradiation Effec ts ,  

Argonne Nat ional  Laboratory,  Nov. 9-12, 1981. 

I rradiat ions a t  RTNS-11, D. W. Heikkinen and  C. M. Logan, (UCRL 86747) to b e  

presented  at the  Fas t ,  Thermal,  and  Fusion Reac to r  Exper iments  Conference ,  Salt 

Lake City,  April  12-1 5, 1982. 
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Electroforming Copper Targets for RTNS-11, W. K.  Kelley, J. W. Dini and C. M. 
Logan, (UCRL 84922) presented at American Electroplates Society SUR/FIN '81, 

Boston, June 28-July 2, 1981. 
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FISSION REACTOR DOSIMETRY 

L.  R. Greenwood (Argonne Na t iona l  Labora to ry )  

1.0 O b j e c t i v e  

To e s t a b l i s h  the  b e s t  p r a c t i c a b l e  dos imet ry  f o r  f i s s i o n  r e a c t o r s  and t o  ' 

prov ide  r o u t i n e  dos imet ry  and damage a n a l y s i s  f o r  OFE experiments. 

2.0 Summary 

A n a l y s i s  has been completed f o r  t h e  EBRII-X287 experiment. 

maps a r e  presented.  

i n  HFIR. 

Fluence and damage 

Dosimeters have been p rov ided  f o r  severa l  new exper iments 

3.0 Program 

T i t l e :  Dosimetry and Damage Ana lys i s  

P r i n c i p a l  I n v e s t i g a t o r :  L .  R. Greenwood 

A f f i l i a t i o n :  Argonne Na t iona l  Labora tory  

4.0 Re levant  DAFS Program P lan  Task/Subtask 

Task I I . A . l  F i s s i o n  Reactor Dosimetry 

5.0 Accomplishments and S ta tus  

The s t a t u s  o f  a l l  f i s s i o n  r e a c t o r  dos imet ry  i s  g i ven  i n  Table 1. 

5.1 Dosimetry f o r  the  EBRII-X287 I r r a d i a t i o n  

The EBRII-X287 exper iment  was i r r a d i a t e d  i n  Row 7 f rom January 1977 t o  

November 1978 f o r  a t o t a l  exposure o f  30,496 MWD. 

p o s i t i o n  7A4 d u r i n g  runs  87A-95H (25,000 MWD). 

Most o f  the  exposure was i n  

The experiment was then moved 
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t o  p o s i t i o n  7E3 f o r  runs 96A-97G (5000 MWD). 

62.5 MW. 

The average o p e r a t i n g  power was 

TABLE 1 

STATUS OF REACTOR EXPERIMENTS 

F a c i l i t y / E x p e r i m e n t  Status and Comments 

ORR - MFEl Completed 12/79 - 
- MFE2 Completed 6/81 

- MFE4A Completed 8/81 

- MFE48,C I r r a d i a t i o n  i n  Progress 

- T K O 7  Completed 7/80 

- T R I O  P lann ing  i n  Progress 

HFIR - CTR 32 Samples Received 5/81 

- CTR 30, 31 I r r a d i a t i o n  i n  Progress 

- CTR 34, 35 Samples Prov ided 9/81 

- T1,TZ I r r a d i a t i o n  i n  Progress 

- T3 Samples Prov ided 9/81 

- R81, 2 ,  3 Samples Prov ided 9/81 

__ 

Omega West - Spec t ra l  Ana l ys i s  Completed l0/80 
- HEDLl Completed 5/81 

EBR I 1  - X287 Completed 9/81 

Twelve dos imet ry  capsules were i r r a d i a t e d ,  t h r e e  each i n  subassemblies 8 ,  C, D, 
and F. Ten r e a c t i o n s  were measured from each dos imetry  capsule which con ta ined  

Fe, N i ,  Co, Cu, Nb, Sc, T i ,  235U, and 238U. 

i n  Table 2 .  

The a c t i v a t i o n  r e s u l t s  a r e  repo r ted  

Burnup c o r r e c t i o n s  were r e q u i r e d  f o r  t h e  235U(n,f) r e a c t i o n .  

v a r i e d  from 5-7% depending on the  f l u x  a t  each l o c a t i o n .  

r e q u i r e d  f o r  t he  23% and 237Np f i s s i o n  r e a c t i o n s  due to the  p roduc t i on  and 

subsequent f i s s i o n  o f  239Pu i n  t he  samples. 

t he  c o r r e c t i o n  f o r  each f i s s i o n  p roduc t  has the form: 

The c o r r e c t i o n s  

Co r rec t i ons  were a l so  

I n  t h i s  case, i t  can be shown t h a t  
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TABLE 2 

ACTIVATION RATES FOR EBRII-X287 EXPERIMENT 

Values normal ized t o  62.5 MW. 
except 23% (+ lo%) and 237Np (5%).  

Accuracy *2% 

00 (atom/ atom-s 

D (R = 30 cm) B ( R  = 31.6 cm) 

React ion Z,cm: -17.1 -0.44 t16.2 -11.4 t5 .1  t15.3 

59Co(n,r)60Co ( x  10-11) 18.22 4.87 6.80 - 5.39 - 
45Sc(n,r)46Sc ( x  10-11) 3.24 2.67 2.77 2.86 - 2.69 

54Fe(n,p)54Mn ( x  1.13 2.38 1.77 1.73 - 1.54 

5BNi(n,p)58Co ( x  10-11) 1.48 3.26 2.33 2.49 - - 
60Ni(n,p)60Co ( x  2.65 5.90 4.19 4.43 - - 
46Ti(n,p)%c ( x  10-12) 1.33 2.88 2.24 2.16 - 1.73 

6 3 ~ u ( n , a ) 6 0 ~ o  ( x  10-14) 6.81 14.42 9.83 10.15 - 10.66 

2 3 5 ~ ( n , f )  ( x  10-9) 2.65 2.46 2.14 2.35 2.41 2.15 

23%(n,f) ( x  10-11) 6.96 11.52 8.38 8.72 10.23 7.42 

237Np(n,f) ( x  10-10) 5.68 8.58 6.38 7.07 7.60 5.45 

Z,cm: 

F (R = 33.6 cm) C (R = 34.0 cm) 

-17.1 -0.44 t16.2 -11.4 t5 .1  t15.3 
~~~ 

21.22 7.38 10.68 

3.33 2.80 2.91 

0.88 1.92 1.23 

1.30 2.90 1.96 

2.03 4.38 3.10 

1.14 2.58 1.67 

5.11 10.54 7.48 

2.62 2.42 1.93 

6.16 9.47 6.36 

4.72 7.68 5.05 

- - 11.08 

2.98 2.95 2.84 

1.39 1.47 1.14 

1.89 2.22 1.75 

3.01 3.58 3.45 

1.63 1.75 1.39 

7.30 7.52 6.60 

2.48 2.43 2.23 
7.25 - 6.32 

6.09 6.15 4.83 
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where (u+)o  i s  t he  unco r rec ted  a c t i v a t i o n  ra te ,  ( o + ) l  i s  the t r u e  r e a c t i o n  

r a t e ,  R i  i s  t he  r a t i o  o f  f i s s i o n  y i e l d s  f o r  p roduc t  i from Pu d i v i d e d  by U, and 

k i s  a c o n s t a n t  f o r  any g iven  l o c a t i o n  dependent on t h e  p roduc t i on  and f i s s i o n  

r a t e s  f o r  Pu. Fo r tuna te l y ,  t h r e e  f i s s i o n  p roduc t s  were measured f o r  each reac-  

t i o n ,  namely 106Ru, 137Cs, and 144Ce. 

vary  t h e  parameter k i n  equat ion  (1) f o r  each case u n t i l  t h e  t h ree  f i s s i o n  

p roduc t s  gave va lues o f  ( o + ) l  w i t h  the s m a l l e s t  s tandard d e v i a t i o n .  The cor-  

r e c t i o n s  v a r i e d  smoothly with the  f l u x  l e v e l  and ranged f rom 0.71 t o  0.79 f o r  

238U(n,f) and f rom 0.85 t o  0.97 f o r  237Np(n,f). The abso lu te  accuracy o f  t he  

c o r r e c t e d  a c t i v a t i o n  r a t e s  i s  es t ima ted  t o  be * lo% f o r  23% and 3% f o r  237Np. 

No o t h e r  c o r r e c t i o n s  were r e q u i r e d  f o r  t h e  remain ing r e a c t i o n s .  

A computer program was then w r i t t e n  t o  

The STAYSL computer code was used t o  a d j u s t  t he  c a l c u l a t e d ( 1 )  neutron spectrum 

a t  each l o c a t i o n .  

r a d i u s  o f  31.0 cm f o r  capsules B and D and one o f  33.7 cm f o r  capsules C and F. 

I n  each case, these va lues a r e  w i t h i n  1 cm o f  t he  cen te r  o f  each capsule.  Cal- 

c u l a t i o n s  were a l s o  a v a i l a b l e  f o r  p o s i t i o n s  w i t h i n  l cm o f  t he  v e r t i c a l  h e i g h t  

(Z) o f  each capsule.  

t h e  c a l c u l a t e d  spec t ra ,  e s p e c i a l l y  c o n s i d e r i n g  t h e  s teep f l u x  g rad ien t s  across 

t h e  assembly. 

Reasonable f i t s  were ob ta ined  u s i n g  an i n p u t  spectrum a t  a 

I n  a l l  cases, t h e  measurements agreed r a t h e r  w e l l  w i t h  

The f i n a l  i n t e g r a l  f l uence  va lues a re  l i s t e d  i n  Table 3. A t y p i c a l  ad jus ted  

f l u x  spectrum i s  shown i n  F i g u r e  1. Fluence g r a d i e n t s  a r e  shown i n  F i g u r e  2. 

Damage c a l c u l a t i o n s  were per formed us ing  o u r  r e c e n t l y  r e v i s e d  ENDF/B-V cross 

s e c t i o n  f i l e .  

capsule p o s i t i o n  i n  Tables 4 and 5. The DPA f o r  316 SS ranges from 15 t o  27 
w i t h  a cor respond ing  he l i um p roduc t i on  between 3 and 8 appm. 

DPA and he l i um p roduc t i on  r a t e s  a r e  g i ven  f o r  each dos imet ry  
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TABLE 3 

NEUTRON FLUENCES FOR E B R I  I-X287 

Fluence x 1022 n / c d .  
are 1 i s t e d  i n  parentheses. 

Percent  e r r o r s  

Tota l  F1 uence 

D B F C 
- 

Z,cm R,cm: 30.0 31.6 33.6 34.0 

-17.1 5.47 (10)  - 5.00 (10)  - 

-0.4 6.73 (8 )  - 6.16 (91 - 
-11.4 - 6.05 (15)  - 5.72 (10)  

t 5 . 1  - 6.76 (15 )  - 5.86 ( 9 )  

t15.3 - 5.02 (14)  - 4.68 (10)  

t16.2 5.14 ( 9 )  - 4.36 ( 9 )  - 

Fluence >0.11 MeV 

- 17.1 4.16 (14)  - 3.66 (151 - 
-11.4 - 4.95 (12)  - 4.50 (13)  

-0.4 5.75 (11) - 5.08 (12)  - 
4 . 1  - 5.13 (12)  - 4.69 (13)  

t15.3 - 3.93 (13)  - 3.51 (14)  
t16.2 4.04 (12)  - 3.25 (13)  - 

Fluence >1.0 MeV 

-17.1 0.82 (13)  - 0.69 (13)  - 
-11.4 - 1.08 (12)  - 0.90 (12)  

-0.4 1.38 (12)  - 1.15 (12)  - 
t5 .1  - 1.20 (12)  - 0.97 (13)  

t15.3 - 0.86 (12)  - 0.72 (13)  

t16.2 0.96 (12)  - 0.74 (12)  - 
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FIGURE 1. Adjus ted F l u x  Spectrum f o r  EBRII-X287 Experiment. 
Shown a t  Midplane. 
Coordinates o f  (30.0, -0.4) cm. 
sent  One Standard D e v i a t i o n .  

Capsule D i s  
T h i s  i s  the  H ighest  F l u x  Observed a t  (R,Z) 

The Do t ted  and Dashed L ines  Repre- 

o m  cc e-r 
3 
cI_1 z 
0 
4 

0 

4 

4 0  

z 
Cd 
=? 

0 .... A D 30.0 c m  
+ F 33.6 c m  
x B 31.6 c m  + 
0 C 34.0 cm 
1 I 1 1 

p\ ^ .  .. ..' ....... + ..... O''..,. 

P ... 
..a. CALC. 30.95 cm ..... 

~ ........ CflL.G ...... 33.,.72..cm .i. 
\ 

... FA\ 

HEIGHT RBOVE MIDPLANE,cm 

FIGURE 2. C a l c u l a t e d  Fluence Grad ien ts  ( S o l i d  and Do t ted  L ines )  Are Compared 
t o  Measurements a t  Twelve Loca t ions  W i t h i n  the  EBRII-X287 Exper i-  
ment. 
Est imated E r r o r  o f  ?lo%. 

As Can Be Seen, A l l  Measurements Agree A b s o l u t e l y  W i t h i n  the  
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TABLE 4 

DAMAGE PARAMETERS FOR EBRII-XZ87 

OPA (+ lo%) ;  He i n  appm (+15%) 

- Capsule 0 ( R  = 30.0 cm) ____ 
Z:  -17.1 cm -0.4 cm +16.2 cm - 

E l  emen t DPA He DPA He DP A He 
~ __ 

A1 
T i  
V 
Cr 
Mn 
Fe 
co 
N i  
cu 
Zr 
Nb 
Mo 
Ta 
316 SS 

A1 
T i  
V 
C r  
Mn 
Fe 
co 
N i  
c u  
2 r  
Nb 
Mo 
Ta 
316 SS 

____ 
41.1 3.12 

23.4 0.066 
19.7 0.77 
21.4 0.60 
17.7 1.42 
19.4 0.66 
20.4 25.71 
18.3 1.20 
22 .o 0.12 
20.0 0.29 
14.7 - 
4.8 - 

18.3 3.70 

17.7 4.81 
58.9 
26.7 
34.1 
29.4 
31.3 
26.6 
28.5 
29.8 
27 .O 
32.2 
29.6 
21.1 

7.3 
27.4 

~~~ 

6.33 41.5 4.16 
9.02 19.0 6.37 

1.62 20.9 1.13 
1.21 22.3 0.82 
3.03 18.7 2.06 
1.35 20.1 0.93 

2.49 19.1 1.64 
0.26 22.6 0.17 
0.61 20.7 0.42 

- 15.1 - 
- 5.1 - 

7.99 19.3 5.60 

0.13 24.3 0.082 

55.86 21.1 39.58 

Capsule 8 (R = 31.6 cm) 

2: -11.4 cm __ 
49.8 4.66 
22.0 6.90 
28.6 0.097 
24.5 1.21 
26.2 0.91 

23.8 1.03 

22.5 1.82 
27 .O 0.19 
24.7 0.45 
17.8 - 
6.0 - 

22 .o 2.18 

24.9 40 .a3 

22.7 5.82 

t5 .1  cm t15.3 cm 

53.2 4.53 
24.7 7.44 
31 .O 0.095 
26.5 1.22 

23.7 2.16 
25 .a 1.01 
26.9 41.91 
24.3 1.76 
28 .8 0.18 
26.2 0.44 
19.4 - 
6.5 - 

24.5 5.92 

28.5 0.88 

39.5 4.67 
17.8 5.77 
22.9 0.095 
19.6 1.15 
21 .o 0.90 
17.6 2.16 
19 .o 1.00 
20.0 37.65 
18.0 1.81 
21.4 0.18 
19.6 0.44 
14.3 - 
4.8 - 

18.2 5.48 
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TABLE 5 
DAMAGE PARAMETERS FOR EBRII-X287 

DPA (+lo%); He i n  aDpm (?15%) 

Capsule F (R = 33.6 cm) 
z: -17.1 cm -0.4 CIII +16.2 cm 

Element DPA He DPA He OP A He 

A1 
T i  
V 
Cr 
Mn 
Fe 
co 
N i  
cu 
Z r  
Nb 
Mo 
Ta 
316 SS 

A1 
T i  
v 
Cr 
Mn 
Fe 
co 
N i  
cu 
Z r  
Nb 
Mo 
Ta 
316 SS 

35.8 2.30 
15.4 3.95 
20.4 0.051 
15.7 0.61 
18.6 0.45 
15.3 1.10 
16.9 0.51 
17.8 20.25 
15.9 0.90 
19.1 0.10 
17.4 0.22 
12.8 - 
4.2 - 
15.6 2.90 

z: -11.4 cm 
44.6 3.26 
19.3 5.55 
25.4 0.07 
21.6 0.89 
23.2 0.63 
19.3 1.54 
21.1 0.72 
22.2 30.03 
20.0 1.26 
24.0 0.13 
21.9 0.32 
15.9 - 
5.3 - 
20.0 4.24 

51.4 4.50 33.4 3.10 
23.0 7.45 15.3 4.80 
29.7 0.091 19.5 0.064 
25.6 1.24 16.6 0.84 
27.2 0.87 17.8 0.60 
23.0 2.22 14.9 1.53 
24.8 0.99 16.2 0.68 
25.9 43.74 16.9 29.12 
23.5 1.79 15.2 1.22 
28.0 0.19 18.1 0.13 
25.7 0.46 16.5 0.32 
18.5 - 12.1 - 
6.3 - 4.1 - 
23.7 6.14 15.4 4.13 

Capsule C (R = 34.0 cm) 
t5.1 cm t15.3 cm 

46.6 3.52 35.0 3.09 
20.2 5.98 15.4 4.59 
26.6 0.075 20.2 0.065 
22.7 0.96 17.1 0.80 
24.3 0.69 18.4 0.60 
20.3 1.70 15.3 1.45 
22.1 0.78 16.7 0.67 
23.3 32.82 17.6 27.14 
20.9 1.41 15.8 1.22 
25.1 0.15 18.8 0.13 
23.0 0.35 17.2 0.30 
16.6 - 12.6 - 
5.5 - 4.2 - 
21 .o 4.64 15.8 3.87 
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i n c l u d i n g  T3, RB1, RB2, RB3, CTR34, and CTR35. 

8.0 Pub1 i c a t i o n s  
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CHARACTERIZATION OF SPALLATION NEUTRON SOURCES 

L. R. Greenwood and R. J. Popek (Argonne Na t i ona l  Labora to ry )  

1.0 Obj ec ti ve 

To c h a r a c t e r i z e  the neu t ron  f l u x ,  spectrum, and damage parameters f o r  

s p a l l a t i o n  neu t ron  sources. 

2.0 Sumnary 

The Rad ia t i on  E f f e c t s  F a c i l i t y  (REF) o f  the I n tense  Pulsed Neutron Source 

( I P N S )  became o p e r a t i o n a l  i n  J u l y  1981. 

t o  c h a r a c t e r i z e  t he  v e r t i c a l  t h i m b l e  (VT2) and r a b b i t  i r r a d i a t i o n  tubes. 

Dosimetry exper iments were i r r a d i a t e d  

3.0 Program 

T i t l e :  Dosimetry 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 :  L. R. Greenwood 

A f f i l i a t i o n :  Argonne Na t i ona l  Labora to ry  

4.0 Relevant  OAFS Program P lan  Task/Subtask 

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

5.0 Accomplishments and S ta tus  

The Rad ia t i on  E f f e c t s  F a c i l i t y  o f  t h e  IPNS a t  ANL became ope ra t i ona l  i n  J u l y  

o f  1981.(1.2) T h i s  f a c i l i t y  c o n s i s t s  o f  a 23811 t a r g e t  surrounded by a l e a d  

r e f l e c t o r .  The beam o f  495 t 3 MeV pro tons  p r e s e n t l y  has a c u r r e n t  o f  4 PA; 

however, we expec t  to inc rease  the  c u r r e n t  to 8 uA s h o r t l y .  

p l a n t  f a c t o r  f o r  t he  f a c i l i t y  i s  85-90%; however, t ime  must be shared w i t h  t he  

neu t ron  s c a t t e r i n g  t a r g e t ,  and a c t u a l  runn ing  t i m e  f o r  t he  REF w i l l  be l i m i t e d  

by t h e  a v a i l a b l e  funding.  

The expected 
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There a re  t h r e e  p r ima ry  i r r a d i a t i o n  p o s i t i o n s .  
VT2) a re  l o c a t e d  on e i t h e r  s i d e  o f  t h e  t a r g e t .  Experiments can be ins t rumented 

i n  these p o s i t i o n s  and coo led  w i t h  l i q u i d  hel ium. 

t a l l y  beneath t h e  t a r g e t ,  a l though  samples a r e  loaded manual ly  a t  p resen t .  

Each p o s i t i o n  has an i r r a d i a t i o n  volume o f  severa l  l i t e r s ;  however, f l u x  and 

s p e c t r a l  g r a d i e n t s  must be cons idered  b o t h  perpend icu la r  and p a r a l l e l  t o  t h e  

t a r g e t .  There a r e  a l s o  two s m a l l e r ,  h o r i z o n t a l  i r r a d i a t i o n  tubes l o c a t e d  on 

t h e  s i d e s  o f  the  separate  neut ron s c a t t e r i n g  t a r g e t .  We p l a n  t o  measure the  

f l u x  spec t ra  a t  these p o s i t i o n s  i n  September 1981. 

Two v e r t i c a l  t h i n b l e s  (VT1 and 

A r a b b i t  tube runs hor izon-  

Dosimetry exper iments were conducted on J u l y  16-17, 1981 d u r i n g  t h e  f i r s t  

exper iments conducted i n  t h e  new f a c i l i t y .  The t o t a l  exposure over  25.5 hours 

was 1.5 x 1018 p r o t o n s  f o r  a t ime-averaged beam c u r r e n t  o f  2.7 PA (peak c u r r e n t  

$4 IIA). Complete s p e c t r a l  s e t s  f o r  dos imet ry  were l o c a t e d  a t  t h e  maximum f l u x  
l o c a t i o n s  i n  VT2 and t h e  r a b b i t  p o s i t i o n s .  Seventeen d i f f e r e n t  m a t e r i a l s  were 

i r r a d i a t e d  r e s u l t i n g  i n  41 a c t i v a t i o n  r e a c t i o n- r a t e  measurements. N i c k e l  w i r e s  

were used t o  measure t h e  v e r t i c a l  and h o r i z o n t a l  f l u x  g r a d i e n t s  a t  each l o c a -  

ti on. 

The neut ron f l u x  spec t ra  were un fo l ded  f o r  t h e  VT2 and r a b b i t  p o s i t i o n s  u s i n g  

t h e  STAYSL computer code.(3) 

spectrum was taken f rom n e u t r o n i c s  c a l c u l a t i o n s  u s i n g  t h e  HETC and V I M  computer 

codes . ( l )  The i n t e g r a l  f l u x  va lues a r e  l i s t e d  i n  Table 1. The maximum f l u x  

f o r  8 IIA beam c u r r e n t  should  be 1.4 x 1012 n/cmZ-s (1 x 1012 above 0.1 MeV). 

The f l u x  above 44 MeV c o u l d  n o t  be measured w i t h  o u r  c u r r e n t  knowledge o f  c r o s s  

s e c t i o n s .  However, c a l c u l a t i o n s  i n d i c a t e  t h a t  t h i s  f l u x  i s  l e s s  than 1% o f  the  

t o t a l .  

r e a c t i o n s .  

than  0.2% o f  t h e  neut ron f l u x .  

T h i r t y - s i x  r e a c t i o n s  were used and t h e  i n p u t  

Secondary p r o t o n  f l u x e s  were a l s o  measured u s i n g  t h e  51V and 65Cu(p,n) 

Our b e s t  es t ima te  i s  t h a t  t h e  p r o t o n  f l u x  between 20-40 MeV i s  l e s s  

The a a u s t e d  f l u x  spec t ra  a re  shown i n  F igu res  1 and 2. 

l i n e s  show t h e  s tandard d e v i a t i o n  f o r  each f l u x  group; however, c o r r e l a t i o n  

e f f e c t s  a r e  ve ry  s t rong ,  the reby  r educ i ng  t h e  e r r o r  i n  broad-group f l u x e s  o r  

damage parameters. 

The d o t t e d  and dashed 
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IPNS VT2 

- _ -  ........ 

FIGURE 1. Measured Energy Spectrum f o r  P o s i t i o n  VT2. 
L i nes  Represent One Standard Dev ia t i on ;  However, t h e  F1 uxes Are 
H i g h l y  C o r r e l a t e d  (See Table 2 ) .  

The Do t ted  and Dashed 

FIGURE 2. Measured Energy Spectrum f o r  t h e  Rabb i t .  The Do t ted  and Dashed 
L ines  Represent One Standard Dev ia t i on ;  However, t h e  F luxes Are 
H igh l y  C o r r e l a t e d  (See Table 2). 
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TABLE 1 

INTEGRAL FLUX VALUES FOR IPNS-REF 

(Normal ized t o  maximum f l u x  l o c a t i o n s  a t  c e n t e r  o f  
each i r r a d i a t i o n  tube assuming 8 pA p ro ton  c u r r e n t . )  

Neutron F1 ux (n/cmz-s) 

VT2 Rabb i t  

Energy Range ( x  1011) ( x  1011) E r r o r ,  % 

T o t a l  15.6 12.2 14 

>0.1 MeV 9.92 7.30 17 

Thermal 

0.55 eV - 100 keV 

0 .1  - 1 MeV 

1-5 
5-10 

10-15 

15-20 

20-30 

30-40 

40-44 

>44 

0.13 

5.60 

6.79 

2.64 
0.29 

0.048 

0.036 

0.043 

0.036 

0.013 

4 . 1 1 a  

0.10 

4.73 

5.15 

1.92 
0.13 

0.026 

0.019 

0.022 

0.019 

0.008 

00.08a 

21 

24 

25 

12 
2 1  

19 

23 

15 

32 

63 

aEst imated f rom HETC c a l c u l a t i o n s .  

H o r i z o n t a l  and v e r t i c a l  f l u x  g r a d i e n t s  were measured i n  the  VT2 and r a b b i t  

p o s i t i o n s  us ing  t h e  58Ni(n,p)58Co r e a c t i o n .  

each p o s i t i o n  and then  segmented i n t o  1" p ieces f o r  ana lys i s .  

f a s t  f l u x  g r a d i e n t s  a r e  shown i n  F igu res  3 and 4. 

p laced  on e i t h e r  s i d e  o f  and i n  the  c e n t e r  o f  the  i r r a d i a t i o n  tube (01.75" 

d iamete r ) .  As can be seen, s i g n i f i c a n t  g r a d i e n t s  e x i s t  across the tube as 

w e l l  as a long t h e  v e r t i c a l  l e n g t h  o f  the  tube. As w i t h  any o t h e r  a c c e l e r a t o r -  

based neu t ron  source, adequate dos imet ry  shou ld  thus  be inc luded  w i t h  a l l  

m a t e r i a l s  i r r a d i a t i o n s  to o b t a i n  accura te  neut ron exposure parameters. 

N icke l  w i res  were s t r u n g  a l o n g  

The es t imated 

I n  p o s i t i o n  VT2, w i r e s  were 

20 



._ 0 ...... 

$1 
N 

E l  

3 w @I z 
- 
( D I  I I 1 I 

0.0 6.0 12.0 18.0 24.0 

VERT I CRL HE I GHT, cm 
FIGURE 3. V e r t i c a l  F l u x  Grad ien ts  i n  t he  V e r t i c l e  Thimble i! o t  IPNS-KEF. The 

S o l i d  L i n e  Was a t  t he  Center o f  the Tube; The Do t ted  L i n e  Was on the 
I n s i d e  Radius, 2 cm C loser  t o  t h e  Target ;  The Dashed L i n e  Was on the  
Outs ide Radius, 2 cm F a r t h e r  f rom the  Target .  
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FIGURE 4. Ho r i zon ta l  F l u x  Grad ien ts  Measured i n  t h e  Center o f  t h e  IPNS-REF 
Rabb i t  Tube, P a r a l l e l  t o  t h e  23811 Target .  D is tances Are R e l a t i v e  to 
the End of t he  Rabb i t  Hole. The Targe t  Loca t i on  i s  Shown. The Beam 
i s  I n c i d e n t  from the  L e f t .  
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Damage r a t e s  have been c a l c u l a t e d  f o r  IPNS u s i n g  o u r  r e c e n t l y  r e v i s e d  

(ENDF/B-V) d isp lacement  damage c r o s s  sec t ions .  Spectral- averaged damage r a t e s  

a re  l i s t e d  i n  Tab le  2 a l o n g  w i t h  expected displacements per  week. 

dpa r a t i o s  a r e  about 1-2 f o r  i r o n ,  h i g h e r  than  produced i n  r e a c t o r s  (0.1-0.31, 

b u t  l o w e r  than  high- energy neu t ron  sources (e.g., __ 10-15 f o r  RTNS-I1 o r  FMIT). 

A l though t h e  damage r a t e s  a t  IPNS a re  r a t h e r  l o w  f o r  f u s i o n  s t u d i e s ,  t h e  REF i s  

p r e s e n t l y  t h e  o n l y  ins t rumented,  c ryogenic  i r r a d i a t i o n  f a c i l i t y  i n  t h e  count ry .  

Hel ium-to- 

TABLE 2 

DAMAGE PARAMETERS FOR IPNS (REF) 

C a l c u l a t i o n s  a r e  f o r  t h e  c e n t e r  o f  VT2. 
normal ized t o  8 pA beam c u r r e n t  (Fluence = 9.4 x 1017). 

Weekly r a t e  

Rate/Week 
Spectral- Averaged Cross Sect ionsa 

DPA He, appm 
Element DPA, keV-b He, mb ( x  10-4) ( x  10-4) 

A1 48.2 0.88 4.5 8.3 

T i  39.0 0.34 3.7 3.2 

V 45.3 0.093 4.3 0.88 

C r  39.0 0.37 3.7 3.5 

Fe 35.5 0.30 3.3 2.8 

N i  39.5 2.21 3.7 20.9 

c u  35.9 0.27 3.4 2.5 

Nb 37.3 0.065 3.5 0.61 

Au 21.2 0.004 2.7 0.04 

s e c t i o n s  a r e  averages f o r  t o t a l  f l u x .  F o r  averages above 0.1 MeV, 
m u l t i p l y  by  1.57. 

6.0 References 

1. R. C .  B i r t c h e r ,  M. A.  K i r k ,  T. H. B l e w i t t ,  T. L .  S c o t t ,  L. R. Greenwood, 
and R. J .  Popek, "Neutron I r r a d i a t i o n  F a c i l i t i e s  a t  the  In tense  Pulsed 
Neutron Source," Proceedings o f  I n t e r n a t i o n a l  Conference on Neutron 
I r r a d i a t i o n  E f f e c t s ,  November 1981, Argonne N a t i o n a l  Laboratory ,  t o  be 

o f  Nuc lear  M a t e r i a l s .  
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2. M. A. K i r k ,  R. C. B i r t c h e r ,  T. H.  B l e w i t t ,  L. R. Greenwood, R. J. Popek, 
and R. R. He in r i ch ,  "Measurements o f  Neutron Spectra and F luxes a t  
Spa l l a t i on- Neu t ron  Sources and T h e i r  A p p l i c a t i o n  t o  R a d i a t i o n  E f f e c t s  
Research," J .  Nucl. Mater. - 96, 37 (1981).  

ORNL-TM-6062 (1977);  m o d i f i e d  by L. R .  Greenwood, ANL (1979).  
3. F. G. Perey, "Least-Squares Dosimetry Unfo ld ing :  The Program STAYSL," 

7 .O Fu tu re  Work 

F u r t h e r  dos imet ry  exper iments a re  p lanned a t  IPNS i n  September 1981 t o  charac- 

t e r i z e  the  neut ron s c a t t e r i n g  t a r g e t  h o r i z o n t a l  i r r a d i a t i o n  tubes. The spec- 

t rum may be somewhat s o f t e r  i n  these tubes due t o  t h e  use o f  carbon and organ ic  

moderators r a t h e r  than  t h e  l e a d  moderator  used i n  the  REF. 

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

A paper e n t i t l e d  "Neutron Source C h a r a c t e r i z a t i o n  and R a d i a t i o n  Damage Calcu la-  

t i o n s  f o r  M a t e r i a l s  Studies,"  w i l l  be presented a t  the I n t e r n a t i o n a l  Conference 

on Neutron I r r a d i a t i o n  E f f e c t s  a t  Argonne Na t iona l  Laboratory,  November 9-12, 

1981; proceedings t o  be p u b l i s h e d  i n  Jou rna l  o f  Nuclear  M a t e r i a l s .  
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HELIUM PRODUCTION I N  ORR MFE-4A NICKEL 

J .  G. B rad ley ,  D. W .  Knef f ,  and H a r r y  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  o f  t h i s  work is t o  deve lop and app l y  he l ium accumulat ion neut ron 

dos imet ry  t o  t h e  measurement o f  neu t ron  f l u e n c e s  and energy spec t ra  i n  rnixed- 

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 Summary 

A s e r i e s  o f  he l ium analyses has been performed on one o f  the  n i c k e l  dos imet ry  

w i r e s  removed f r om  t h e  ORR MFE-4A exper iment.  The r e s u l t s  show a s l i g h t l y  
n o n l i n e a r  thermal  neu t ron  f l u e n c e  g r a d i e n t  a long  t h e  w i r e ,  c o n s i s t e n t  w i t h  

Argonne N a t i o n a l  L a b o r a t o r y ' s  r a d i o m e t r i c  dos imet ry  r e s u l t s ,  

3.0 Program 

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

P r i n c i p a l  I n v e s t i g a t o r s :  D. W .  K n e f f  and H a r r y  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 levan t  DAFS Program Plan Task/Subtask 

Subtask I I . A . l . l  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 .O Accomplishments and S t a t u s  

A s e r i e s  o f  he l i um  analyses has been performed on one o f  t h e  n i c k e l  dos imet ry  

w i r e s  i r r a d i a t e d  i n  t h e  Oak Ridge Research Reactor (ORR) exper iment MFE-4A. 

T h i s  w i r e  i s  p a r t  o f  a s e t  o f  n i c k e l  w i r e s  i nco rpo ra ted  i n  t h e  c e n t e r  o f  t h e  

exper imen ta l  assembly by  Oak Ridge N a t i o n a l  Labo ra to r y  (ORNL) t o  mon i t o r  
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he l i um produc t ion ,  and i s  one o f  f o u r  n i c k e l  w i res  o r i g i n a l l y  sen t  f rom ORNL 

t o  Argonne N a t i o n a l  Labora to ry  (ANL) a f t e r  t h e  i r r a d i a t i o n  f o r  r a d i o m e t r i c  

count ing .  These w i res  were i r r a d i a t e d  f o r  an e q u i v a l e n t  183.2 days a t  30 MW 

r e a c t o r  power, between June 1980 and January 1981. The sub jec t  w i r e  was seg- 

mented a t  ANL f o r  t h e i r  r a d i o m e t r i c  a n a l y s i s ,  and the  8 counted segments were 

subsequent ly sen t  t o  Rockwell I n t e r n a t i o n a l  f o r  he l ium a n a l y s i s .  The hel ium 

was produced i n  t h e  i r r a d i a t i o n  by t h e  two-stage r e a c t i o n  58Ni(n,y) 

w i t h  thermal  neut rons,  a r e a c t i o n  used t o  s imu la te  he l ium gene ra t i on  i n  f u s i o n  

r e a c t o r  m a t e r i a l s  under s e r v i c e  c o n d i t i o n s .  

formed i n  coopera t ion  w i t h  ORNL and ANL. 

59 N i  (n  ,a)56Fe 

The he l ium analyses were p e r -  

Each o f  t h e  8 ANL-counted w i r e  segments was f u r t h e r  subd iv ided  a t  Rockwell 

i n t o  two o r  more p ieces ,  and a t o t a l  o f  18 he l ium analyses were performed b y  

h i g h - s e n s i t i v i  t y  gas mass spect rometry .  Table 1 presents  t he  r e s u l t s ,  a long  

w i t h  t h e  sample l o c a t i o n  i n f o r m a t i o n  supp l i ed  by ANL. 

t a i n t y  i n  each he l ium measurement i s  +I%. The t o p  o f  t he  o r i g i n a l  n i c k e l  w i r e  

was 1.6 cm above t h e  ORR co re  midplane, and 9.2 cm above t h e  a x i a l  cen te r  o f  

t h e  MFE-4A t e s t  r eg ion .  

The abso lu te  lo uncer-  

The he l ium c o n c e n t r a t i o n  r e s u l t s  i n  Table 1 i n d i c a t e  t h a t  t he  ORR thermal 

neu t ron  f l u x  was h i g h e s t  a t  t h e  upper end o f  t h e  dos imet ry  w i r e  (near  core 

midp lane) ,  and had a s l i g h t l y  n o n l i n e a r  g r a d i e n t  a long  t h e  l e n g t h  o f  t h e  w i r e .  

T h i s  s u g g e s t s  some p e r t u r b a t i o n  o f  t h e  thermal neu t ron  f l u x ,  p o s s i b l y  by t h e  
MFE-4A t e s t  assembly. 

m e t r i c  measurements o f  t h e  thermal  f l u x  g r a d i e n t .  (l) The t o t a l  he l ium concen- 

t r a t i o n  v a r i a t i o n  a long  t h e  12.7-cm w i r e  l e n g t h  was about 16%, r e l a t i v e  t o  t h e  

upper end. 

A s i m i l a r  p e r t u r b a t i o n  was observed i n  ANL's r a d i o -  

The complete r e t e n t i o n  o f  he l i um i n  n i c k e l  a t  t he  e leva ted  temperatures used 

f o r  t h i s  exper iment (-600°C) i s  n o t  c e r t a i n  a t  t h i s  t i m e ,  and thus  adds some 

a d d i t i o n a l  u n c e r t a i n t y  t o  t he  r e s u l t s  presented above. 

r e t e n t i o n  w i l l  be examined by measuring t h e  he l ium genera t ion  i n  samples o f  

s t a i n l e s s  s t e e l  t u b i n g  a l s o  i nco rpo ra ted  i n  t h i s  exper iment.  If t he  he l ium 

The ques t ion  o f  he l ium 
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TABLE 1 
MEASURED HELIUM CONCENTRATIONS FOR ORR MFE-4A 

NICKEL DOSIMETRY WIRE* 

AN L Average O i  stance 4He Concent ra t ion  (appm)** 
Segment From Wire Top 

I d e n t i f i c a t i o n  (cm) Measured Average 

4 0.41 122.8, 119.3 121.1 
7 2.92 111.5, 112.3 111.9 
8 4.00 109.3. 109.8 109.6 
9 
10 
11 
13 
15 

5.10 106.8; 106.7 io6.8 [ 5. 3;L3;. 33 109.8, 107.4+ - 
111.1, 110.5 110.8 

7.67 108.7; 107.7 108.2 
10.09 108.6, 108.7 108.7 
12.51 102.0, 101.3 101.7 

*Wire a l s o  counted r a d i o m e t r i c a l l y  a t  ANL. 

+End segments o f  a 2-cm-long p i e c e  whose r e l a t i v e  o r i e n t a t i o n  
**Atomic p a r t s  p e r  m i l l i o n  (10-6 atom f r a c t i o n ) .  

was n o t  known. 

c o n c e n t r a t i o n s  i n  t h e  s t a i n l e s s  s t e e l ,  which w i l l  be a lmost  e n t i r e l y  due t o  

t h e  two-stage n i c k e l  r e a c t i o n ,  agree w i t h  the  r e s u l t s  f rom pure n i c k e l ,  i t  

w i l l  be assumed t h a t  both  m a t e r i a l s  r e t a i n e d  e s s e n t i a l l y  a l l  o f  t h e i r  he l i um.  

The n i c k e l  c o n t e n t  o f  t h e  s t a i n l e s s  s t e e l  samples w i l l  be e s t a b l i s h e d  a t  ANL 
by r a d i o m e t r i c a l l y  de te rm in ing  the  58Ni(n,p)  58 Co and 60Ni(n,p) 60 Co r e a c t i o n  

r a t e s  r e l a t i v e  t o  those i n  t h e  pure n i c k e l .  

The h e l i u m  da ta  i n  Tab le  1 have been c o n u n i c a t e d  t o  T. A.  Gabr ie l  (ORNL) f o r  

comparison w i t h  c a l c u l a t i o n s .  Th is  he l i um i n f o r m a t i o n  i s  impor tan t  because a 

knowledge o f  t h e  hel ium/dpa r a t i o  f rom these dosimeters i s  one o f  t h e  f a c t o r s  

cons ide red  i n  ORNL's p lann ing  f o r  f u t u r e  phases o f  t h i s  i r r a d i a t i o n .  

6.0 References 

1. L. R. Greenwood, personal  communication. 
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7.0 Future Work 

I r r ad ia ted  s t a i n l e s s  s t ee l  tubing samples will be obtained from ANL and ana- 
lyzed f o r  helium t o  compare with the nickel wire r e s u l t s .  
helium cor re la t ions  wil l  a l so  be made w i t h  ANL's radiometric r e s u l t s .  

Further nickel wire 

8.0 Pu bl  i c a t i  ons 

A f i n a l  d r a f t  has been wri t ten of a paper e n t i t l e d  "The Production Rate of 
Helium Dur ing  I r r ad ia t ion  of Nickel i n  Thermal Spectrum Fission Reactors," by 
F. W. Wiffen, E .  J. Allen ( O R N L ) ,  Harry Farrar  I V  (Rockwell In te rna t iona l ) ,  
E. E. Bloom, T. A. Gabriel,  H. T. Kerr, and F. G .  Perey ( O R N L ) .  This paper 
i s  now ready f o r  submission t o  the Journal of Nuclear Materials.  
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HELIUM GENERATION CROSS SECTIONS FOR 14.8-MeV NEUTRONS 

B. M. O l i v e r ,  0. W .  Knef f ,  M. M. Nakata, and Har ry  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 Ob j ec t i  ve 

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 ium genera t ion  r a t e s  o f  mate- 

r i a l s  f o r  Magnet ic  Fusion 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  t h e  T(d,n) neu t ron  f i e l d  o f  the  Ro ta t i ng  Target  

Neutron Source- I1  (RTNS-11), and t o  develop he l ium accumulat ion neut ron 

dos imeters  f o r  t h i s  t e s t  environment. 

2.0 Summary 

The t o t a l  h e l i u m  g e n e r a t i o n  c ross  sec t ions  have been measured f o r  V, Fe, N i ,  

Cu, Z r ,  Nb, Mo, Au and t h e  separated i so topes  o f  Fe, N i ,  Cu, and 110 

a t e d  i n  t h e  -14.8-MeV T(d,n) neu t ron  spectrum o f  RTNS-11. 

p resented a long  w i t h  t h e  p rev ious  cross  s e c t i o n  measurements made as p a r t  o f  

two RTNS-I exper iments.  

i r r a d i -  

The r e s u l t s  a re  

3.0 Program 

T i t l e :  Hel ium Genera t ion  i n  Fusion Reac o r  M a t e r i a l  

P r i n c i p a l  I n v e s t i g a t o r s :  0. W .  K n e f f  and H a r r y  F a r r a r  1V 

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 

Re levant  DAFS Program Plan Task/Subtask 4.0 

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 S ta tus  

Total helium generation cross sec t ions  have now been measured f o r  V ,  Fe, Ni, 
Cu, Zr, Nb, Mo, A u ,  and the separated isotopes o f  Fe, N i ,  Cu ,  and Mo, i r r a d i -  
a ted  i n  the -14.8-MeV T ( d , n )  neutron spectrum of RTNS-11. The i r r a d i a t i o n ,  
a j o i n t  experiment with Argonne National Laboratory ( A N L )  and Lawrence Liver- 
more National Laboratory ( L L N L ) ,  has been described previously in some 
d e t a i l .  The cross  sec t ions  were determined by analyzing multiple samples 
of each material by h igh- sens i t iv i ty  gas mass spectrometry f o r  generated 
helium, and combining the  helium r e s u l t s  w i t h  the neutron fluence a t  each 
sample posi t ion in the i r r a d i a t i o n  volume. 
fluence was determined by constructing a neutron fluence map of the i r r a d i -  
a t ion  volume from a combination of radiometric and helium accumulation neutron 
dosimetry. 
Fusion Energy of the U.S. Department of Energy ( D O E )  and the cross sect ion 
measurements were supported by the DOE'S Office of Basic Energy Sciences. 

The position-dependent neutron 

The  source charac ter iza t ion  work was supported by the Office of 

The cross sect ion r e s u l t s  a r e  given in Table 1, where they are  compared with 
previous cross sec t ion  measurements made a s  part  of two RTNS-I experiments. 
The neutron f luence map derived f o r  the RTNS-I1 i r r ad ia t ion  i s  based primarily 
on the average p r o f i l e  constructed from the segmented radiometric dosimetry 
f o i l s .  Correlat ions w i t h  the helium accumulation dosimetry indicated t h a t  the 
radia l  fluence p r o f i l e  i s  general ly uniform as a function of polar angle about 
the RTNS-I1 neutron source a x i s ,  although the i r r ad ia t ion  assembly was o f f s e t  
from t h i s  a x i s  by 1.1 mm. Some fu r the r  adjustments may be made in the mp to  
account f o r  small var ia t ions  in the f luence p ro f i l e .  These are expected to  
have a negl ig ib le  e f f e c t  on  the reported cross sect ion r e s u l t s ,  however, a s  
the mult iple  samples analyzed f o r  each material were d i s t r ibu ted  throughout 
the i r r a d i a t i o n  volume. The estimated r e l a t i v e  fluence uncer ta in t ies  i n  the 
present map are  +5%, and the absolute fluence uncer ta in t ies  are  57%. 
absolute values were normalized t o  the n iob ium radiometric f o i l  r e s u l t s ,  f o r  
which the 93Nb(n,2n) 

4 Absolute 10 uncer ta in t ies  f o r  most of the He measurements were 52%. The 

f luence mapping r e s u l t s  will  be reported in more de ta i l  in a l a t e r  r epor t .  

The 

92%b cross sect ion was assumed t o  be 463 5 19 mb. ( 2 )  
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TABLE 1 
HELIUM GENERATION CROSS SECTIONS FOR -14.8-MeV NEUTRONS 

Measured Cross S e c t i o n  (rnb) 
Adopted 

RTNS-I RTNS- I  RTNS-I1 Value 
Ma t e r i  a1 Run 1 Run 2 (mb) 

900 f 70(a)  

A1 143 f 7 145 2 10 144 2 7 

T i  38 + 3 37 f 3 37 t 3 

V 18 f 2 18.7 * 1.4 18.5 * 1.3 18.6 i 1.3 

Cr - 34 i 4 34 i 4 

Fe 48 f 3 48 t 3 49 I 3 48 * 3 

56Fe - 45 2 4 47 * 3 46 * 3 

54Fe - 88 + 6 94 t 7 9 1  * 7 

57Fe - - 33 * 2 33 * 2 

58Fe - 20 i 2 20 f 2 20 i 2 

6oNi  - 79 ? 6 80 * 6 80 f 6 

6 2 N i  - 18 ? 6 22 i 2 22 + 2 

6 4 N i  - 61 ? 4 ( b )  9 + 1  9 + 1  

63cu - 67 i 5 64 i 5 65 +_ 5 

65cu - 17 i 2 17 t 1 17 t 1 

N i  98 2 6 100 * 7 101 * 7 100 i 7 

58Ni - 116 t 7 126 i 9 121 k 8 

61Ni - 53 2 4 49 ? 4 51 i 4 

cu 51 f 3 5 1  k 3 51 + 4 51 + 3 

Z r  10  i 2 ( a )  10.2 ?r 0.8 10.1 i 0.7 10.1  ? 0.7 

Nb 17 * 5 14 f 1 14 2 1 

( c o n t i n u e d  on nex t  page) 
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TABLE 1 (Continued) 
HELIUM GENERATION CROSS SECTIONS FOR -14.8-MeV NEUTRONS 

Measured Cross Section (mb)  
Adopted 

RTNS-I RTNS- I RTNS-I1 Val ue 
Material Run 1 Run 2 (mb) 

~~ 

Mo 15 f 2 15 f 2 14 i 1 14 5 1 
9 2 ~ 0  - 31 f 2 31 f 2 31 i 2 

9 4 ~ 0  - 22 ri 2 22 i 2 22 i 2 
9 5 ~ 0  - 17 ri 2 17 1: 1 17 5 1 

6 ~ o  
9 7 ~ 0  

9 8 ~ 0  . .  

lo0Mo - 3.8 t 0.5 3.8 i 0.3 3.8 0.3 
Au - 0.72 f 0.09 0.50 * 0.04 0.50 f 0.04 

316 SS 57 I 4 57 f 4 

(a)Unetched samples. Corrections for a- recoil  e f fec t s  have not been 
made; t h i s  i s  ref lec ted  in increased cross  sect ion uncer ta in t ies .  

(b )  See text.  

The cross sec t ion  determinations from the three i r r ad ia t ions  l i s t e d  in Table 1 
are independent except f o r  the fluence normalization t o  the 93Nb(n ,2n)  cross 
sec t ion .  The cross sect ions f o r  the isotopes were determined in each case 
by f i r s t  evaluating the cross sec t ions  f o r  the actual i so topic  enrichments 
used (general ly >95%), and  then solving a matrix of equations f o r  each 
material t o  co r rec t  f o r  the small concentrations of each of the o ther  isotopes 
i n  the  material .  For a l l  separated isotopes used, the assumed isotopic compo- 
s i t i o n s  and impurity concentrations were those provided by the vendor (Oak 
Ridge National Laboratory). 

We believe t h a t  there  i s  some basis f o r  ques t ion ing  the values obtained f o r  
64Ni (RTNS-I) and  f o r  98M0. 

R u n  2 experiment i s  incons is tent  w i t h  the RTNS-I1 r e s u l t s ,  and does n o t  follow 

The 64Ni cross sect ion measured i n  the RTNS-I 
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t h e  genera l  t r e n d  o f  decreas ing c r o s s  s e c t i o n  w i t h  h i g h e r  i s o t o p i c  mass. 

S ince two d i f f e r e n t  l o t s  o f  6 4 N i  i s o t o p i c  meta l  were used f o r  these e x p e r i -  

ments, t h e  m a t e r i a l  i r r a d i a t e d  i n  RTNS-I appears suspect, and t h e  Table 1 

adopted c r o s s  s e c t i o n  f o r  6 4 N i  i s  based s o l e l y  on t h e  RTNS-I1 r e s u l t s .  

As no ted  i n  a p rev i ous  r e p o r t  d e s c r i b i n g  RTNS-I r e s u l t s , ( 3 )  t h e  98M0 i s o t o p i c  

meta l  e x h i b i t e d  d i f f e r e n t  p r o p e r t i e s  than t h e  o t h e r  separated molybdenum 

i s o t o p e s  d u r i n g  a n a l y s i s .  Chemical analyses t o  da te  on t h i s  l o t  o f  m a t e r i a l ,  

used f o r  b o t h  t h e  RTNS-I and RTNS-I1 exper iments,  do n o t ,  however, i n d i c a t e  

s i g n i f i c a n t  i m p u r i t y  concen t ra t i ons .  

v a l u e  appears t o  e x p l a i n  t h e  d i f f e r e n c e  between t h e  measured n a t u r a l  molyb-  

denum c r o s s  s e c t i o n  (14 i- 1 mb) and t h a t  d e r i v e d  f rom a weighted average o f  

t h e  measured i s o t o p i c  c r o s s  s e c t i o n s  (18 * 1 mb). A reduced va lue o f  - 7  mb 

f o r  98M0 would g i v e  a c a l c u l a t e d  n a t u r a l  molybdenum c r o s s  s e c t i o n  i n  agreement 
w i t h  t h e  measurement. 

f u t u r e  i r r a d i a t i o n .  

The unexpected ly  h i g h  c ross  s e c t i o n  

A new l o t  o f  separated 98M0 w i l l  be ob ta ined  f o r  a 

I n  genera l ,  e x c e l l e n t  agreement was ob ta i ned  between t h e  cross s e c t i o n  r e s u l t s  

f r om  t h e  t h r e e  d i f f e r e n t  exper iments.  

n a t u r a l  Fe, N i ,  and Cu c ross  s e c t i o n s  d e r i v e d  f r o m  weighted averages o f  t h e  

measured i s o t o p i c  c r o s s  s e c t i o n s  ( 4 8  ? 3, 105 ? 6, and 50 ? 3 mb, respec-  

t i v e l y )  a r e  a l s o  i n  good agreement w i t h  t h e  measured pure element c ross 

sec t ions .  T h i s  p r o v i d e s  f u r t h e r  conf idence i n  t h e  data. Analyses w i l l  now 

be extended t o  o t h e r  m a t e r i a l s  i r r a d i a t e d  i n  RTNS-11. 

A f u r t h e r  comparison shows t h a t  t h e  
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7.0 Future Work 

The helium analyses of selected RTNS-irradiated pure elements and separated 
isotopes wil l  continue. 
the next quar ter  include Cr, Co, Sn, and the separated isotopes of Cr. 

The highes t- pr ior i ty  elements f o r  analys is  during 

8.0 Pub1 i c a t i  ons 

A paper e n t i t l e d  "Experimental Helium Generation Cross Sections f o r  Fast 
Neutrons," by D. W .  Kneff, B.  M. Oliver ,  M .  M. Nakata, and Harry Farrar IV, 
was presented a t  t h e  Second Topical Meeting on Fus ion  Reactor Materials ,  
S e a t t l e ,  Washington, on August 11, 1981, and has been submitted f o r  publi-  
ca t ion  in the symposium proceedings in the Journal of Nuclear Materials.  
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HELIUM GENERATION CROSS SECTIONS FOR Be(d,n) NEUTRONS 

D. W. Knef f ,  B. M. O l i v e r ,  M. M. Nakata, and Har ry  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 ium genera t i on  r a t e s  o f  mate- 

r i a l s  f o r  Magnetic Fusion Reactor  a p p l i c a t i o n s  i n  t h e  Be(d,n) neut ron 

envi ronment,  t o  c h a r a c t e r i z e  t h i s  neut ron environment, and t o  develop he l ium 

accumula t ion  neu t ron  dosimeters f o r  r o u t i n e  neut ron f l u e n c e  and energy spec- 

t rum measurements i n  Be(d,n) and L i (d ,n )  neu t ron  f i e l d s .  

2.0 Summary 

Hel ium ana lyses have been completed f o r  t h e  Fe, N i ,  and Cu i so topes  i r r a d i -  

a t e d  i n  t h e  Be(d,n) neu t ron  f i e l d .  

de termined f o r  a l l  o f  t h e  B e ( d , n ) - i r r a d i a t e d  m a t e r i a l s  analyzed t o  date .  

Average i n t e g r a l  c ross  sec t i ons  have been 

3.0 Program 

T i t l e :  Hel ium Genera t ion  i n  Fusion 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. Kneff  and Har ry  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  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  

Subtask I I . A . 4 . 3  Be(d,n) Hel ium Gas Produc t ion  Data 

5.0 Accomplishments and S ta tus  

The Be(d,n) i r r a d i a t i o n  was performed as a j o i n t  Rockwell I n t e r n a t i o n a l  - 
Argonne N a t i o n a l  L a b o r a t o r y  (ANL)-Lawrence Livermore Na t iona l  Labora to ry  

(LLNL) exper iment ,  t o  c h a r a c t e r i z e  t h e  Be(d,n) neut ron f i e l d  f o r  30-MeV 
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deuterons, t o  develop energy-sensitive helium accumulation neutron dosimeters, 
and t o  provide experimental information on helium production in Be(d,n) and, 
by implication, Li (d ,n)  neutron environments. 

Several pure elements and separated isotopes i r r ad ia ted  in t h i s  experiment 
have now been analyzed f o r  generated helium, including, d u r i n g  the l a s t  
qua r t e r ,  the separated isotopes of Fe, Ni, and C u .  Integral to ta l  helium 
generation cross sec t ions  have now been determined f o r  these mater ia ls .  

Detai ls  of the i r r ad ia t ion  
and the neutron source character izat ion have been described previously. (1) 

The cross sect ion r e s u l t s  were derived by combining the helium generation 
measurement f o r  each sample w i t h  the in tegra l  neutron fluence calculated f o r  
t h a t  sample posi t ion.  
sample posi t ion was calculated by L. R. Greenwood a t  A N L , ( l )  using the l e a s t -  
squares spect ra l  analys is  code STAY'SL. Since the neutron spectrum shape 
changes with sample posi t ion within the i r r ad ia t ion  capsule, the integral  
helium generation cross sec t ions  are  a l so  position-dependent. 
repor t ,  however, the cross sect ion data f o r  each material have been averaged 
over  several d i f f e r e n t  sample i r r a d i a t i o n  locat ions f o r  t h a t  mater ia l .  More 
de ta i l ed  consideration wil l  be given t o  energy spectrum var ia t ions  in future 
repor t s ,  when the helium r e s u l t s  a re  used a s  in tegra l  t e s t s  for theore t ica l  
cross sec t ion  evaluat ions.  

The neutron fluence d i s t r ibu t ion  a s  a function of 

For the present 

The cross sect ion r e s u l t s  a re  presented in Table 1, where they a r e  given 
i n  two forms: average spectrum-integrated t o t a l  h e l i u m  production cross 
sec t ions  evaluated f o r  the t o t a l  Be(d,n) neutron f luence ,  and average spectrum- 
integrated cross  sec t ions  evaluated f o r  the neutron fluence above 5 MeV. 
c ross  sec t ions  calculated f o r  the t o t a l  neutron y ie ld  provide an estimate o f  
helium generation in the measured materials  f o r  any s imi lar  Be(d,n) o r  L i ( d , n )  
spectrum, given a knowledge of the t o t a l  neutron f luence.  The cross sec t ion  
values f o r  neutrons above the 5-MeV cutoff  provide a rough  estimate of the 
average d i f f e r e n t i a l  t o t a l  helium generation cross sect ions f o r  high-energy 
neutrons. 

The 

This follows from the typ ica l ly  -6 MeV e f fec t ive  threshold f o r  
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TABLE 1 
INTEGRAL HELIUM GENERATION CROSS SECTIONS FOR THE -0-32-MeV Be(d,n) 

NEUTRON SPECTRUM PRODUCED BY 30-MeV DEUTERONS 

Average Cross S e c t i o n  
(mb) 

T o t a l  
M a t e r i a l  F luence(a)  

A1 60 

V 8 

Fe 19 

56Fe 18 

58Fe 8 
N i  40 

5 8 N i  5 1  
6 o N i  32 

6 2 N i  15 

54Fe 34 

57Fe - 

61Ni 23 

6 4 N i  - ( b )  

121  

16 

4 1  

76 

43 
- 

21 
98 

127 

73 

47 

36 
- ( b )  

Average Cross Sec t ion  
(mb) 

T o t a l  F1 uence 
M a t e r i a l  Fluence(a) >5 k V ( a )  

cu 18 

63cu 22 

8 

Z r  4 

Mo 6 

9 4 ~ 0  8 

9 2 ~ 0  12 

9 5 ~ 0  9 

96Mo 5 

9 7 ~ 0  5 
9 8 ~ 0  g ( b )  

'O0Mo 2 

Au 0.5 

4 1  

55 

15 

9 

14 

26 

20 
16 

9 

10 

20(b)  

4 

1.2 

(a)The c r o s s  s e c t i o n  u n c e r t a i n t y  f o r  a g i v e n  Be(d,n) i r r a d i a t i o n  
p o s i t i o n  i s  -?35% f o r  t h e  t o t a l  f l u e n c e  and -?18% f o r  the  f l u e n c e  
above 5 MeV, r e f l e c t i n g  t h e  changing neu t ron  spectrum and t h u s  c r o s s  
s e c t i o n  w i t h  source ang le .  

(b)See t e x t .  

he l i um  p r o d u c t i o n  i n  most o f  these m a t e r i a l s ,  and t h e i r  s l o w l y  i n c r e a s i n g  

he l i um  gene ra t i on  c r o s s  s e c t i o n s  a t  h i g h  energ ies . (2 )  

t h e  decreas ing  neu t r on  y i e l d  above 13 MeV f o r  the  Be(d,n) neu t ron  spectrum 

T h i s  i s  coupled w i t h  

produced by 30-MeV deuterons.  (1  ) 

The u n c e r t a i n t i e s  i n  t h e  t a b u l a t e d  c r o s s  s e c t i o n s  f o r  a g i v e n  Be(d,n) i r r a d i -  

a t i o n  p o s i t i o n  a r e  -*35% f o r  the  t o t a l  f l u e n c e  and -?18% f o r  t h e  f l u e n c e  

above 5 MeV. They r e f l e c t  t h e  abso lu te  f l u e n c e  u n c e r t a i n t i e s  (-+15%), t h e  
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changing cross sec t ions  w i t h  source angle (-0-42') due t o  the changing neu- 
tron spectrum, and the s ing le  i r r ad ia t ion  posi t ions f o r  the isotopes.  
va r i a t ions  a r e  la rger  f o r  the t o t a l  fluence because of the changing r a t i o  
of  low-energy t o  high-energy neutrons a s  a function of source angle. 
r e f l ec ted  in the apparent d i f ferences  in the r a t i o s  of mlybdenum isotope 
cross  sec t ions  f o r  the two fluence ranges; these differences are  a t t r ibu ted  
to  posi t ion e f f e c t s .  
ments, by comparison, were generally (+2%, and therefore were n o t  a contribu- 
t ing  fac to r .  

The 

This i s  

The absolute l o  uncer ta in t ies  in the helium measure- 

The i so topic  cross sec t ions  were unfolded from the measurements made w i t h  
the ava i l ab le  i so topic  enrichments by matrix analys is ,  as  described f o r  our  
14.8-MeV T ( d , n )  c ross  sec t ion  results in another sect ion of t h i s  quar ter ly  
report .  (3) 
pectedly high cross sec t ion  values and the observed propert ies  of t h i s  
material during analys is .  ( 4 )  The measured 64Ni cross sect ion r e s u l t s  were 
omitted from T a b l e  1, because both the Be(d,n) and T ( d , n )  r e s u l t s  indica te  
problems with t h i s  l o t  of material .  

The  98M0 r e s u l t s  a r e  questionable, both because of the unex- 

( 3 )  

I t  m u s t  be emphasized t h a t  the r e s u l t s  in Table 1 are preliminary in t h a t  
they are  posi t ion-  and therefore spectrum-averaged cross sec t ions ,  and the 
i so topic  cross sect ions exh ib i t  some position dependence. 
analyses w i l l  be presented l a t e r .  However, they do provide data f o r  planning 
and design purposes. 
f luences >5 MeV are  s imi lar  t o  those f o r  T ( d , n )  neutrons,(3)  as  expected from 
the  fluence range used i n  the determination. 
generation i n  a Be(d,n) neutron environment i s  comparable t o  t h a t  for T ( d , n )  
neutrons. 

More deta i led  

For example, the Be(d,n) cross sect ions determined f o r  

This indica tes  t h a t  helium 
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DDE/ER-0046/5, U.S. Department of Energy, 19 (198 1). 

7 . 0  Future Work 

The helium ana lys i s  of mater ia ls  i r rad ia ted  i n  the Be(d,n) neutron f i e l d  wi l l  
continue, w i t h  present  emphasis on Cr, Co, Nb, and Sn. Correlat ions will be 
made between the t o t a l  in tegra l  helium generation r e s u l t s  reported above and 
helium production c ross  sect ion evaluat ions ,  i n  a j o i n t  e f f o r t  w i t h  ANL and 
t h e  Hanford Engineering Development Laboratory ( H E D L ) .  

8.0 Pub1 i ca t ions  

A paper e n t i t l e d  "Experimental Helium Generation Cross Sections f o r  Fast 
Neutrons," by D .  W .  Kneff, B .  M. Oliver ,  M. M. Nakata, and Harry Farrar  IV, 
was presented a t  the  Second Topical Meeting on Fusion Reactor Materials ,  
S e a t t l e ,  Washington, on A u g u s t  11, 1981, and has been submitted f o r  publica-  
t i o n  i n  the symposium proceedings i n  the Journal of Nuclear Materials .  
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MEASUREMENT OF THE 2 7 A l  (n ,211)~~Al  CROSS SECTION 
R. K. Smi ther  and L. R. Greenwood (Argonne Na t i ona l  Labora to ry )  

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

To develop new c ross  sec t i ons  and techniques f o r  dos imetry  and damage 

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

2.0 Sumnary 

A new technique,  AMS(1) ( a c c e l e r a t o r  mass spect rometry) ,  was used t o  measure 

t h e  (n,2n) c ross  s e c t i o n  i n  aluminum. 

t i o n  was found t o  be approx imate ly  one h a l f  t he  t h e o r e t i c a l l y  c a l c u l a t e d  c ross  

s e c t i o n ( 2 )  p r e s e n t l y  be ing  used i n  neu t ron  damage c a l c u l a t i o n s .  

agrees w i t h  a more s tandard r a d i o a c t i v i t y  exper iment  performed a t  t he  same 

time. The AMs work was done i n  c o l l a b o r a t i o n  w i t h  W. Kutschera, W. Henning, 

and J. Yutema o f  t he  Argonne Na t i ona l  Labora to ry ,  Phys ics Department. 

The expe r imen ta l l y  measured c ross  sec- 

Th i s  r e s u l t  

3.0 Program 

T i t l e :  Dosimetry 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 :  L. R. Greenwood 
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Produc t ion  Cross Sect ions 
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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  

The 2 7 A l  (n,Zn)26Al r e a c t i o n  produces most o f  the d isplacement damage c ross  

s e c t i o n  f o r  neutrons w i t h  energ ies  above 15 MeV. The o n l y  o t h e r  impor tan t  

r e a c t i o n s  a r e  e l a s t i c  and i n e l a s t i c  neut ron s c a t t e r i n g  which are l ower  by a 
f a c t o r  o f  2-3. The t o t a l  c ross  s e c t i o n  f o r  (n,2n) i n  aluminum has never been 

measured. 

s e c t i o n  f o r  t h i s  r e a c t i o n .  Since t h i s  type o f  c a l c u l a t i o n  can be i n  e r r o r  by 

an unknown f a c t o r ,  i t  i s  i m p o r t a n t  to o b t a i n  an exper imental  check; o the rw ise  

l a r g e  e r r o r s  must be assigned t o  any damage c a l c u l a t i o n  f o r  energe t i c  neutrons 

The p resen t  damage c a l c u l a t i o n s  use a t h e o r e t i c a l l y  de r i ved  c ross  

The (n,2n) c ross  s e c t i o n  f o r  t h e  f o r m a t i o n  o f  26A1 i n  the 0' i somer ic  s t a t e  

o f  0.228 MeV has been measured by Mani e t  a1.(3)  i n  the  neutron energy range 

o f  16 t o  20 MeV, by measuring t h e  6-decay o f  the isomer ic  s t a t e  t o  the  ground 

s t a t e  o f  26Mg. Th is  s t a t e  decays to 26Mg 100% o f  the  t ime w i t h  a T1/2  = 6.35 

sec. T h i s  s h o r t  h a l f  l i f e  makes the experiment d i f f i c u l t  b u t  doable.  The very-  

l o n g  h a l f  l i f e  o f  the  26A1 ground s t a t e ,  = 7 .3  x l o 5  years , (4 .5)  makes a 

s i m i l a r  t y p e  o f  exper iment  t o  measure the (n,2n) c ross  s e c t i o n  f o r  t h e  produc- 

t i o n  o f  the  ground s t a t e  and gama cascades t h a t  l e a d  t o  the  ground s t a t e  v e r y  

d i f f i c u l t  i f  n o t  imposs ib le .  

would have t o  be extended by a f a c t o r  o f  4 x 1012 t o  g e t  s i m i l a r  coun t ing  s t a -  

t i s t i c s  f o r  t h e  26A1 ground s t a t e  p r o d u c t i o n  as were obta ined f o r  t h e  isomer ic  

s t a t e  work. The measured values f o r  t h e  (n,2n) c ross  s e c t i o n  f o r  the  p r o d u c t i o n  

o f  26A1 i n  t h e  i somer i c  s t a t e  correspond t o  about 36% o f  the  t h e o r e t i c a l  t o t a l  

(n,2n) c ross  s e c t i o n  above 18 MeV and decreases to l e s s  than 3% a t  En = 16 MeV. 

T h i s  leaves cons ide rab le  u n c e r t a i n t y  i n  the  t o t a l  (n,2n) c ross  sec t ion .  

A c c e l e r a t o r  runn ing t i m e  and/or coun t ing  t i m e  

Recent ly ,  a new method, AMS ( a c c e l e r a t o r  mass spect romet ry ) ,  f o r  measuring t h e  

r e l a t i v e  abundance o f  l o w  c o n c e n t r a t i o n  o f  l o n g  l i v e d  r a d i o a c t i v e  i so topes  o r  

r a r e  s t a b l e  i so topes  has been developed a t  the Argonne Na t iona l  L a b o r a t o r y ( 1 )  

(and  a t  o t h e r  l a b o r a t o r i e s ) .  The new method uses the Argonne Tandem Van de 

G r a a f f  a c c e l e r a t o r  and t h e  cons ide rab le  assoc ia ted  exper imental  equipment nor-  

a l l y  used i n  nuc lea r  phys i cs  exper iments as a ve ry  s p e c i a l  mass spectrometer. 
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I n  most cases, t h e  system can d e t e c t  concen t ra t i ons  o f  r a r e  i so topes  as l ow  as 

one p a r t  i n  1 0 l 2  atoms. I n  s p e c i a l  cases, t h e  s e n s i t i v i t y  can reach one p a r t  

i n  1014 atoms. T h i s  new method ( A M s )  was used t o  measure the c o n c e n t r a t i o n  o f  

26A1 i n  two s e t s  o f  aluminum dos imet ry  f o i l s  t h a t  had been exposed t o  w e l l -  

documented doses o f  h i gh  energy neu t rons .  The measured r a t i o  o f  26Al/27Al i n  

these f o i l s  was used t o  c a l c u l a t e  t he  c ross  s e c t i o n  f o r  t h e  27Al(n,Zn)26Al 

r e a c t i o n  t h a t  l eads  t o  t h e  f o rma t i on  o f  t he  2 6 A l  ground s t a t e  as a f u n c t i o n  o f  

neu t ron  energy. 

J u s t  p r i o r  t o  t h e  a c c e l e r a t o r  exper iments ( A M s ) ,  a r a d i o a c t i v i t y  t ype  c ross  

s e c t i o n  measurement was performed on t h e  A1 dos imetry  f o i l  t h a t  had rece i ved  

t h e  h i g h e s t  neu t ron  dose o f  a l l  t h e  samples a v a i l a b l e  f rom prev ious  dos imetry  

measurements. Based on the  t h e o r e t i c a l  va lue  o f  the (n,2n) cross s e c t i o n ( 2 )  

c0g.s. = a t o t a l  ( t h e o r y )  - aisomeric state ( e x p l l ,  t h e  concen t ra t i on  o f  26A1 i n  

t h i s  sample was 6 p a r t s  i n  108 atoms. Al though t h i s  c o n c e n t r a t i o n  o f  26A1 was 

20 t imes  h ighe r  than  any o f  t h e  samples used i n  t he  a c c e l e r a t o r  exper iments,  t h e  

c o u n t i n g  r a t e  i n  t h e  r a d i o a c t i v e  exper iment was the  o rde r  o f  1 count  pe r  hour.  

5.2 The Rad ioac t i ve  Measurement o f  the 27A1 (n,2nIz6A1 Cross Sec t i on  

The ground s t a t e  of 26A1 decays t o  26Mg and em i t s  a 1808 keV gama ray  

99.36% o f  t h e  t ime.  
known h a l f  l i f e  o f  t h e  ground s t a t e  o f  26A1, one can c a l c u l a t e  the concentra-  
t i o n  o f  26A1 i n  t he  f o i l .  

weekends w i t h  c o u n t i n g  t imes  o f  4500 min (75 h r )  and 4150 min (69 h r )  and t o t a l  

de tec ted  counts  f o r  t h e  1808 keV peak i n  t h e  G e ( L i )  de tec to r  o f  119 counts  and 

140 counts ,  r e s p e c t i v e l y .  

angle,  absorp t ion ,  sumning, e tc . ,  these coun t i ng  r a t e s  when averaged t r a n s l a t e  

i n t o  a va lue  o f  IN = 5.49 * 0.5 dpm. 

o f  T1/2 = 7.3 x 105 y r ( 4 , 5 )  and thus  a A o f  3.01 x 10-14 (s -1 )  w i t h  a quoted 

e r r o r  o f  -+5%, t h e  number o f  26A1 atoms i n  t h e  sample i s  c a l c u l a t e d  t o  be 
N = (1.029 f 0.12) x 1020 and t h e  r a t i o  o f  26Al/27Al i s  (2.96 f 0.36) x 10-8. 

The c a l c u l a t e d  va lue  f o r  t h i s  r a t i o  o f  2 6 A l / z 7 A l ,  based on t h e  t h e o r e t i c a l  

By measuring t h i s  decay r a t e  and combining i t  w i t h  t he  

Two l o n g  coun t i ng  runs  were made on successive 

A f t e r  c o r r e c t i o n s  f o r  d e t e c t o r  e f f i c i e n c y ,  s o l i d  

Using t h e  measured h a l f  l i f e  o f  ZbAl(9.s.) 
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values f o r  t h e  t o t a l  (n,2n) c ross  s e c t i o n  minus the measured values f o r  t h e  

(n,2n) c ross  s e c t i o n  f o r  t h e  p r o d u c t i o n  o f  t he  0' i somer ic  s t a t e  i n  26A1, i s  
6.2 x 10-8. 

s e c t i o n  f o r  t h e  p r o d u c t i o n  o f  t he  ground s t a t e  o f  26A1 i s  a f a c t o r  o f  2 t o o  

h i g h  and t h a t  t he  t o t a l  (n,2n) cross sec t ions  p r e s e n t l y  be ing  used i n  damage 

c a l c u l a t i o n s  a re  30-40% t o o  h i g h  f o r  neutron energ ies above 16 MeV and a f a c t o r  

o f  2 t o o  h i g h  i n  t he  14-16 MeV reg ion .  

Th i s  suggests t h a t  t he  t h e o r e t i c a l  va lue f o r  t he  (n,2n) c ross  

5.3 The Acce le ra to r  Mass Spectrometry Measurement o f  t he  

27A l  (n,2n)26A1 C o r r e c t i o n  

The a c c e l e r a t o r  mass spect rometry  ( A M s )  ( l )  method f o r  measur ing abundances 

o f  r a r e  i so topes  uses the Argonne Tandem a c c e l e r a t o r  and much o f  the a u x i l i a r y  

equipment assoc ia ted  w i t h  it, i n c l u d i n g  a l a r g e  magnetic spectrometer and a 
spec ia l  d e t e c t o r  i n  t h e  f o c a l  p lane  o f  the magnetic spectrometer.  The expe r i -  

mental  arrangement i s  shown i n  F i g u r e  1. The m a t e r i a l  t o  be measured i s  p u t  

i n t o  t h e  i o n  source a t  t he  l e f t  as a p e l l e t  o r  f o i l  about 1 /4"  t o  1 / 2 "  i n  

diameter.  The sample i s  bombarded w i t h  a 12 keV Cs i o n  beam and t h e  negat i ve  

i o n s  produced a r e  acce le ra ted  t o  120-150 keV and analyzed by t h e  40" i n j e c t i o n  

magnet. I n  t h i s  exper iment ,  one s e l e c t s  e i t h e r  mass 26 o r  mass 27 and acce l-  

e r a t e s  t h i s  beam i n  t h e  Tandem a c c e l e r a t o r .  The negat ive  i o n  beam i s  changed 

t o  a p o s i t i v e  i o n  beam i n  t h e  t e rm ina l  o f  t he  Tandem by pass ing i t  through a 

carbon f o i l .  Th i s  a l l o w s  f u r t h e r  a c c e l e r a t i o n  w i t h  a l a r g e r  charge on the  i ons ,  

and a t  t he  same t ime d i s s o c i a t e s  t he  mo lecu la r  i o n  beams t h a t  were p resen t  i n  

t h e  i o n  source beam and had t h e  r i g h t  mass to pass through the 40" i n j e c t i o n  

magnet (12C14N = mass 26 ) .  

magnet ic quadrupole and analyzed i n  t he  90" ana l yz ing  magnet to s e l e c t  o n l y  one 

mass w i t h  one charge s t a t e .  We used t h e  8' charge s t a t e  f o r  bo th  the 26A1 beam 

and t h e  2 7 A l  beam. 

t h a t  d e f l e c t s  i t  down t h e  a p p r o p r i a t e  beam l i n e  to t h e  s c a t t e r i n g  chamber, where 

i t  i s  focused by t h e  magnet ic quadrupole i n t o  a spec ia l  faraday cup t o  measure 

the  e l e c t r i c a l  beam c u r r e n t  o f  t he  z 7 A l  i o n  beam o r  on t o  a s c a t t e r i n g  f o i l  

(29 ug o f  carbon) f o r  t h e  26A1 i o n  beam. 

The acce le ra ted  beam i s  then re focused by t h e  

The i o n  beam i s  b e n t  once more by t h e  30" s w i t c h i n g  magnet 

The 26A1 i o n  beam i s  f u r t h e r  s t r i p p e d  
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o f  e l e c t r o n s  i n  t h e  carbon f o i l  and analyzed by t h e  l a r g e ,  h i g h  r e s o l u t i o n  

s p l i t - p o l e  magnetic spectrograph.  

26A1 was used. 

p lane  d e t e c t o r  t h a t  measures t h e  energy l o s s  (BE) i n  a gas c e l l  and t h e  t o t a l  

energy ( E )  of t h e  i o n  as w e l l  as t h e  p o s i t i o n  and t h u s  the  magnetic r i g i d i t y  

( B o )  o f  t h e  i o n .  Th i s  

l a s t  combinat ion  o f  magnetic a n a l y s i s  p l u s  the measurement o f  t he  energy l o s s ,  

AE, and t h e  t o t a l  energy, E, o f  t he  i o n  a l l ows  one t o  i d e n t i f y  b o t h  t h e  mass 

and t h e  Z o f  t h e  i on .  

i o n s  as w e l l  as 26A1 i o n s  f rom 26Mg i o n s .  

f i r s t  measure t h e  i o n  c u r r e n t  i n  t h e  27Al beam i n  t h e  fa raday cup i n  t h e  

s c a t t e r i n g  chamber and then  s w i t c h  t o  t h e  26A1 p a r t i c l e  beam and measure the  

coun t  r a t e  ( p a r t i c l e / s e c )  i n  t h e  f o c a l  p lane  d e t e c t o r ,  then s w i t c h  back t o  t h e  

27Al beam, etc., u n t i l  r e p r o d u c i b l e  r e s u l t s  and enough s t a t i s t i c s  a r e  ob ta ined  
t o  c a l c u l a t e  t h e  2 6 A l / 2 7 A l  r a t i o .  The h i g h  s e n s i t i v i t y  o f  t h i s  method comes 

f rom t h e  f a c t  t h a t  we a re  comparing t h e  e l e c t r i c a l  c u r r e n t  i n  an i o n  beam o f  

2 7 A l ,  which i s  t y p i c a l l y  a few nanoamps (1 nA o f  27A18'ions correspond t o  

7.85 x 108 p a r t i c l e  p e r  sec) ,  w i t h  a p a r t i c l e  c u r r e n t  o f  26A1 i o n s  where we 

coun t  each i o n  i n d i v i d u a l l y .  

r a t i o  i n  t h i s  exper iment  i s  g i ven  below i n  equat ion  ( 1 ) .  

In t h i s  exper iment ,  t h e  11' charge s t a t e  o f  

The 26A1 i o n  p a r t i c l e  c u r r e n t  i s  de tec ted  i n  t h e  s p e c i a l  f o c a l  

Each a r r i v i n g  i o n  i s  recorded as an i n d i v i d u a l  event .  

Thus, i t  i s  p o s s i b l e  t o  separa te  Z 7 A l  i o n s  from 26A1 

The exper imenta l  procedure i s  to 

The ac tua l  fo rmula  used t o  c a l c u l a t e  t he  2 6 A l / 2 7 A l  

26Al  Y(26A1) x Q, x 1.6 x 10-l' 

where ~ ( 2 6 ~ 1 )  = 26A1 p a r t i c l e s  per  sec i n  d e t e c t o r ,  Q1 = 2 7 A l  charge s t a t e  

(a'), fQ2  = 26A1 charge s t a t e  f r a c t i o n  of incoming beam t h a t  i s  conver ted  i n t o  

t h e  beam a c t u a l l y  measured i n  t h e  d e t e c t o r  (26A111' f r a c t i o n  o f  t h e  incoming 

26~18 '  beam was 0.480), I ( 2 7 A l )  = 2 7 A l  beam c u r r e n t  i n  nA, and R Q ~  = r a t i o  o f  

~ ( 2 6 ~ 1 8 ' )  charge s t a t e  f rac t i on /F (27A l8+ )  charge s t a t e  f r a c t i o n  a f t e r  pass ing  

th rough  carbon s t r i p p e r  f o i l  i n  te r in i r id l  o f  Tandem a c c e l e r a t o r .  

ment R Q ~  = 1.042.) 

( I n  our  expe r i -  
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For our  experiment, equa t ion  ( 1 )  becomes ( 2 )  

26 

I n  t h i s  exper iment,  i t was p o s s i b l e  t o  measure p a r t i c l e  beam c u r r e n t s  as l ow  

as 2 x 10-3 c t s / sec  p e r  nA which corresponds to a 2 6 A l / 2 7 A l  r a t i o  o f  5 x 10-12. 

Two types  o f  dos imet ry  f o i l s  were used. The f i r s t  s e t  o f  f o i l s  were exposed 

t o  t h e  neu t ron  f l u x  f rom the  ( d , t )  r e a c t i o n  produced by t h e  RTNS f a c i l i t y  a t  

L i v e r m 0 r e . ( ~ % 7 )  

deuteron beam d i r e c t i o n .  Th i s  v a r i e d  t h e  energy o f  t he  n e a r l y  monoenergetic 

neu t ron  beam a t  each l o c a t i o n  f rom 14.80 MeV a t  0" t o  13.64 MeV a t  128" and 

made i t  p o s s i b l e  to measure to (n,2n) cross  s e c t i o n  as a f u n c t i o n  o f  energy 

near t h e  t h r e s h o l d  a t  13.4 MeV ( l a b  energy) where the  c ross  s e c t i o n  i s  changing 

r a p i d l y .  A second s e t  o f  dos imetry  f o i l s  were exposed t o  t h e  f a s t  neu t ron  f l u x  

produced by t h e  a c c e l e r a t o r  a t  the U n i v e r s i t y  o f  C a l i f o r n i a  a t  Davis  b y  bom- 

ba rd ing  a Be t a r g e t  w i t h  30 MeV deutrons. (8)  T h i s  f a c i l i t y  generates a broad 

spectrum o f  neu t ron  energ ies.  

t i o n a l  t o  t h e  i n t e g r a l  o f  t he  p roduc t  o f  t he  (n,2n) c ross  sec t i on  t imes  t h e  

s t r e n g t h  o f  t he  neutron f l u x  as a f u n c t i o n  o f  neu t ron  energy. The measured 

r a t i o  o f  2 6 A l / 2 7 A l  i s  used t o  determine the  average c ross  s e c t i o n  i n  t h e  15 t o  
20 MeV r e g i o n  and t o  norma l i ze  the t h e o r e t i c a l  c ross  s e c t i o n  t o  t h e  measured 

value. The r esu l t s  o f  t h e  p r e l i m i n a r y  a n a l y s i s  o f  t h e  da ta  are p l o t t e d  i n  

F i g u r e  2. 
taken w i t h  the ( d , t )  monoenergetic neut rons.  

A, which i s  t he  t h e o r e t i c a l l y  c a l c u l a t e d  c ross  s e c t i o n  used i n  t he  p resen t  

dos imetry  c a l c u l a t i o n ,  curve  "B" which i s  "A" minus the curve  "C" which i s  t he  

measured (n,2n) cross s e c t i o n  f o r  t he  p r o d u c t i o n  o f  t he  i somer ic  O+ s t a t e  a t  

0.228 MeV, and "0" which i s  cu rve  B normal ized so t h a t  i t reproduces the mea- 

sured 26Al/27Al r a t i o  ob ta ined  f rom t h e  U.  o f  C. a t  Dav is  da ta .  Curve D 
agrees q u i t e  w e l l  with the i n d i v i d u a l  c ross  s e c t i o n  ob ta ined  from the  RTNS da ta  

and b o t h  se t s  o f  da ta  suggest t h a t  the t h e o r e t i c a l  c ross  sec t ions  f o r  t h e  t o t a l  

The f o i l s  were p laced  a t  d i f f e r e n t  angles r e l a t i v e  t o  t h e  

The y i e l d  o f  26A1 i n  t h i s  exper iment  i s  propor-  

The da ta  p o i n t s  w i t h  e r r o r  bars  a r e  the r e s u l t s  from the  RTNS data 

They a r e  compared w i t h  dash curve,  
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FIGURE 2. A Comparison o f  t h e  T h e o r e t i c a l  Cross Sec t ion  f o r  t h e  2 7 A l ( r 1 , 2 n ) ~ ~ A l  
React ion P r e s e n t l y  Used i n  Damage C a l c u l a t i o n s  (Curves A and B )  and 
the  Measured Resu l t s  from T h i s  Work f o r  t h e  P roduc t ion  o f  26A1 i n  
the Ground S t a t e  (Curve D), Based on t h e  U. o f  C. a t  Davis Data and 
the  Cross Sect ions  a t  D i s c r e t e  Neutron Energies ( P o i n t s  w i t h  E r r o r  
Bars) .  
P roduc t ion  o f  the Ot I somer ic  S ta te .  

Curve C i s  the  P r e v i o u s l y  Measured Cross Sec t ion  f o r  t h e  
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TABLE 1 
PRELIMINARY RESULTS FROM THE RTNS FOILS FOR THE 27Al  (n,2n)z6A1 REACTION 

Neutrona 

Sample Angle Distance (MeV) ( n/sec ) [barns) 126~1127~1)  lbarnsl 
Fluence o ~ . ~  (theory)b Measured 09. s. ( exp)c En 

A-0 0' 5 cm 14.80 1.51 x 1OI6 105.0 0.909 x 10-9 60.3 f 3.0 

c-0 00 Y) cn 14.80 3.85 x 1014 105.0 2.29 x 10-11 59.5 f 8.4 

C-30 30' 30 cm 14.69 3.48 x 95.0 2.10 x 42.8 f 17.0 

C-60 60' 30 cm 14.43 3.14 x lOI4 65.0 6.0 x 19.1 f 12.0 

1-128 1280 30 cn 13.64 4.89 x 1014 4.7 s1.42 x 12.9 

'Neutron fluence detemlned from neutron ac t iva t ion  neasuremnts. 

bog.s. I theory) - o b t a l  (theory) - qsorneric ,tate(measured1. 

'The errors quoted below are associated wi th  the llMS measurements and do not re f l ec t  the *7% systematic 
er ror  i n  the Nb(n,Ent cross sectlon used t o  measure the neutron fluence. 

(n,2n) r e a c t i o n  - minus the  measured value f o r  t he  (n,2n) p roduc t ion  o f  the 

isomer ic  s t a t e  i s  a f a c t o r  o f  2 t oo  l a rge .  The RTNS data are s u n a r i z e d  i n  
Table 1. The U. o f  C. a t  Davis r e s u l t s  a re  summarized i n  Table 2. The t o t a l  

TABLE 2 

PRELIMINARY RESULTS FROM THE U.  o f  C. AT DAVIS  FOILS 
[Be(d,n) NEUTRONS] FOR THE 2 7 A l  (n,2n)26Al REACTION 

Sample Angle Dis tance ( t heo ry )  (exp)a  CR(exp)/R( t h e o r y ) l b  
2 6 ~ 1 1 2 7 ~ 1  26A1/27Al R a t i o  

A- 1-0 O0 5 cm 2.36 x 10-9 1.07 x 10-9 0.453 

A-1-3 O0 5 cm 2.01 x 10-9 1.23 x 10-9 0.613 

A- 1-2 29.5" 5 cm 3.32 x 10-10 1.70 x 10-10 0.512 

Avg Rat io  = 0.526 

- 

aThere i s  an 8% t o  12% e r r o r  i n  t he  exper imenta l l y  measured r a t i o  o f  26Al/27Al 
from t h e  AMs p a r t  o f  the  experiment and a 10% systematic e r r o r  i n  t h e  neutron 
f l u x  measurements. 

b 
R(exp) = 2 6 ~ 1  / 2 7 ~ ~  (exp) 

R( theory )  26A1 f7A1 ( theo ry )  
R a t i o  
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(n,2n) c ross  s e c t i o n  w i l l  be the sum o f  the  (n,2n) c ross  s e c t i o n  measured i n  

t h i s  exper iment  f o r  t h e  p r o d u c t i o n  o f  the 5' ground s t a t e  i n  26A1 p l u s  the 

p r e v i o u s l y  measured cross  s e c t i o n  f o r  t h e  p r o d u c t i o n  o f  the  0' i somer ic  s t a t e .  

The sum o f  these two measured c ross  sec t ions  i s  o n l y  52% o f  the t h e o r e t i c a l  

c ross  s e c t i o n  i n  t h e  14 t o  16 MeV neu t ron  energy r e g i o n  and increases to 66% 

o f  t h e  t h e o r e t i c a l  c ross  s e c t i o n  i n  t h e  22 t o  24 MeV reg ion .  The above da ta  

suggest t h a t  the (n,2n) c ross  s e c t i o n  f o r  t h e  p r o d u c t i o n  o f  the ground s t a t e  

o f  26A1 i s  a f a c t o r  o f  two lower  than suggested by t h e  t h e o r e t i c a l l y  c a l c u l a t e d  

va lues t h a t  a re  p r e s e n t l y  be ing  used i n  damage c a l c u l a t i o n s .  

i n  good agreement w i t h  the r e s u l t s  o f  the r a d i o a c t i v e  c o u n t i n g  exper iment  

desc r ibed  i n  Sec t ion  5.2. 

They a re ,  however, 
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7.0 Fu tu re  Work 

The new " a c c e l e r a t o r  mass spect rometry"  technique w i l l  be i n v e s t i g a t e d  as a 

p o s s i b l e  dos imet ry  t o o l .  The 27A l (n ,211 )~~A l  r e a c t i o n  cou ld  be q u i t e  u s e f u l  

f o r  h i g h  f l uence  dos imet ry  and, i n  p a r t i c u l a r ,  f o r  m o n i t o r i n g  the (d , t )  r e a c t i o n  

where the  t h r e s h o l d  o f  t he  (n,2n) A1 r e a c t i o n  a t  13.4 MeV ( l a b )  makes i t  sensi-  

t i v e  o n l y  t o  t h e  p r imary  neu t ron  f l u x .  It may a l s o  be u s e f u l  f o r  measur ing t h e  

i o n  temperature i n  t he  plasma. The AMs technique may a l s o  be u s e f u l  f o r  t r ans-  

mu ta t i on  s tud ies ,  o t h e r  p o s s i b l e  dos imet ry  r e a c t i o n s  l i k e  60Ni(n,2n)59Ni, 

3 7 ~ 1 ( n , 2 n ) ~ ~ C l ,  1°B(n,p)lOBe, and 13C(n,a)10Be may a l s o  prove to be u s e f u l .  

8.0 Pub1 i c a t i o n s  

A p u b l i c a t i o n  i s  b e i n g  prepared on t h i s  work i n  c o l l a b o r a t i o n  w i t h  W. Kutschera, 

W. Henning, and J. Yutema o f  t he  Phys ics D i v i s i o n  o f  Argonne Nat iona l  Labora to ry .  
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NUCLEAR DATA APPLICATIONS I N  RADIATION DAMAGE STUD1 ES 
F. M. Mann (Hanford Eng ineer ing  Development Labora to ry )  

1 .o Ob jec t i 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 ransmutants  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  and t o - s u p p l y  processed n c c l e a r  data.  

2.0 Summary 

Vanadium was added t o  t h e  nuc l ea r  c ross  s e c t i o n  l i b r a r y  assoc ia ted  w i t h  

t h e  t r ansmu ta t i on  code REAC. The REAC code was m o d i f i e d  t o  i n c l u d e  non- 

cons tan t  i r r a d i a t i o n  l e v e l s  and t o  decrease computer costs .  

The damage energy c r o s s  s e c t i o n s  and he l i um  p roduc t i on  f rom ENDF/B-V were 

processed by t h e  NJOY code f o r  25 m a t e r i a l s .  

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 l ys 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  1 i a t i o n :  Hanford Eng ineer ing  Development Labo ra to r y  

4.0 Relevant  DAFS Program Plan Task/Subtask 

I I .A.4 .5  Gas Generat ion Rates 

I I . B . l  C a l c u l a t i o n  o f  De fec t  P roduc t ion  Cross Sec t ions  

II.C.4.1 E f f e c t s  o f  S o l i d  Transmutat ion Products on M i c r o s t r u c t u r e  
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5.0 Accomplishments and Status 

5.1 Sol id and Gas Transmutation Product Code Development 

A major conclusion obtained using REAC to calculate transmutations in OFE 
facilities is that significant amounts of vanadium are formed in stainless 
steel irradiated in HFIR. (’) The initial calculation neglected any vanadium 
burnout (vanadium was not then in the nuclear cross section library assoc- 
iated with REAC, but burnout was estimated to be small). 
sections from ENDF/B-V(2) were subsequently processed and put into the 
library. 
vanadium burnout. 

Vanadium cross 

The HFIR calculation was rerun and as expected there is little 
( 3 )  

The REAC code was modified to handle irradiations involving more than one 
irradiation cycle. 
occur due to decay. 
less steel irradiated in FMIT is projected to be reduced by about a third 
relative to a steady irradiation. 
rate calculation of multistep reactions and decays. 

During times of no flux, significant transmutations may 
For example, the production rate of cobalt in 316 stain- 

This modification also allows more accu- 

In order to decrease computer costs, an improved input/output scheme has 
been implemented for multi-irradiation cycle runs. 

5.2 Calculation o f  Damage Parameters 

The NJOY processing code(4) was used to calculate 55 group damage energy and 
gas production cross sections for 23 ENDF/B-V(’)material~:~Li, 7Li, ’OB, ”B, 
12C, 14N, l60, 23Na, Mg, Al, Si, P, S ,  Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and 
Nb. As ENDF/B-V does not contain He production for Y and Mo, only damage 
energy cross sections were calculated for these isotopes. 
weighting was used in the calculations. 

A constant flux 
The results are on the NMFECC system. 
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The convers ion  o f  NJOY t o  process t h e  new ENDF/B f o r  h i g h  energy ( 2 0  MeV) 

c r o s s  s e c t i o n s  i s  c o n t i n u i n g .  Process ing o f  t h e  LANL h i g h  energy Fe eva lua-  

t i o n  was n o t  completed due t o  an inadequate d e s c r i p t i o n  o f  r e a c t i o n  channels 
i n  t h e  e v a l u a t i o n .  LANL p lans  t o  r e f o rma t  t h e i r  d a t a  so c a l c u l a t i o n s  can be 

done. 
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Fu tu re  Work 

Expand t h e  n u c l e a r  c r o s s  s e c t i o n  l i b r a r y  t o  i n c l u d e  T i  and Mo. 

Complete convers ion  o f  NJOY process ing  code t o  handle  h i g h  energy e v a l u a t i o n s .  
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REFLECTION OF LOW-ENERGY HELIUM ATOMS FROM TUNGSTEN SURFACES 

Mark T. Robinson (Oak Ridge Na t iona l  Labora to ry )  

1.0 O b j e c t i v e  

The purpose o f  t h i s  study i s  t o  c o n s t r u c t  a t o m i s t i c  numerical  models o f  t h e  

development of 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 tud ies  o f  

r a d i a t i o n  damage product ion,  s p u t t e r i n g ,  and plasma p a r t i c l e  backsca t te r ing ,  

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

2.0 Summary 

The computer program MRRLOWE (Vers ion 11.5) has been used t o  s imu la te  t h e  

r e f l e c t i o n  o f  8-eV t o  1.5-keV he l ium atoms f rom monocrys ta l l i ne ,  

p o l y c r y s t a l  1 i ne ,  and amorphous tungs ten  t a r g e t s .  

w i t h  recen t  exper iments o f  van Gorkum and Kornelsen on <001> t a r g e t s  and o f  

Seidman, e t  al., on <011> t a r g e t s .  

measured i o n  ranges i n d i c a t e  t h a t  t h e  e l e c t r o n i c  s topp ing  c ross  s e c t i o n  o f  

low-energy he l ium atoms i n  tungs ten  i s  s i g n i f i c a n t l y  g r e a t e r  than  t h e  t r a -  

d i t i o n a l  LSS value. The r e f l e c t i o n  c o e f f i c i e n t s  c a l c u l a t e d  f o r  t h e  <001> 

s u r f a c e  a r e  i n  f a i r  agreement w i t h  experiment. 

The r e s u l t s  are  compared 

The comparisons o f  c a l c u l a t e d  and 

3.0 Program 

T i t l e :  Damage Ana lys is  and Dosimetry 

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 Na t iona l  Laboratory  

4.0 Relevant  OAFS and P M I  Program P l a n  Task/Subtask 

Subtask III.B.1.3 R e f l e c t i o n  and Backsca t te r ing :  Development o f  T h e o r e t i c a l  

Model Desc r i p t i ons  
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5.0 Accomplishements and S t a t u s  

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

The i n t e r a c t i o n s  o f  low energy ions  w i t h  s o l i d  sur faces p l a y  an impor tan t  

r o l e  i n  t h e  des ign and performance o f  l i m i t e r s  and d i v e r t o r s ,  as w e l l  as i n  

o t h e r  areas o f  f u s i o n  technology.  Exper imental  i n f o r m a t i o n  i s  very 

l i m i t e d ,  ma in ly  because most backscat tered p a r t i c l e s  are e l e c t r i c a l l y  

n e u t r a l  and are  thus d i f f i c u l t  t o  detect .  T h i s  i s  e s p e c i a l l y  t r u e  o f  

he l ium ions. Consequently, cons iderab le  r e l i a n c e  has been p laced on com- 

p u t a t i o n  t o  supply  t h e  needed in fo rmat ion .  

e a r l i e r  exper imenta l  and t h e o r e t i c a l  work i n  t h i s  area. New exper imental  

i n f o r m a t i o n  has r e c e n t l y  become a v a i l a b l e  on t h e  i n t e r a c t i o n s  o f  very low 

energy he l ium ions w i t h  monoc rys ta l l i ne  tungsten ta rge ts .  Such data supply 
an  o p p o r t u n i t y  t o  t e s t  t h e  computat ional  models on a system o f  some 

i n t e r e s t  i n  t h e  f u s i o n  m t e r i a l s  program. 

Mashkova'') has reviewed t h e  

5.2 Exper imenta l  Background 

I n  an exper imenta l  method developed by van Gorkum and Kornelsen, ( 2 - 4 )  a 

tungs ten  s i n g l e  c r y s t a l  w i t h  a IO011 sur face  i s  f i r s t  implanted w i t h  a 

smal l  concen t ra t i on  o f  argon o r  xenon atoms, which serve t o  t r a p  sub- 

sequen t l y  implanted he l ium atoms. A f t e r  t h e  des i red  i r r a d i a t i o n  w i t h  

he l ium ions, t h e  implanted he l ium atoms are  t h e r m a l l y  desorbed from t h e  

specimen. The desorp t ion  curves can be i n t e r p r e t e d  t o  y i e l d  t h e  t o t a l  

amount o f  t rapped he l ium and t h e  mean depth o f  p e n e t r a t i o n  o f  t h e  ions  i n t o  

t h e  t a r g e t .  The technique has been used t o  study t h e  channel ing o f  50 eV 

t o  4 keV '+He ions  i n  t h e  tungs ten  <001> d i r e c t i o n . ( 5 )  

r e c e n t l y  been used(6) t o  es t ima te  t h e  r e f l e c t i o n  c o e f f i c i e n t s  o f  8 eV t o  

5 keV '+He ions  f rom tungs ten  <001> c r y s t a l s  as w e l l  as t h e i r  mean depths 

o f  p e n e t r a t i o n  i n t o  these t a r g e t s .  The main u n c e r t a i n t y  i n  t h i s  techn ique 

i s  assoc ia ted  w i t h  t h e  exact  na tu re  and mechanism o f  t h e  t r a p p i n g  process. 

The same method has 
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Sei dman and hi s coworkers (7-9) have developed a f i e l d  i o n  microscope (FIM) 
t echn ique  f o r  s t u d y i n g  he1 ium implanted i n t o  tungsten. 

made a t  60 K t o  prevent  m i g r a t i o n  of the  stopped he l ium p a r t i c l e s .  The 

t a r g e t  i s  i n  t h e  form o f  a r o d  w i t h  an approx imate ly  hemispher ica l  t i p ,  

about 30 mn i n  rad ius .  

<011> d i r e c t i o n .  The ions  are  i n c i d e n t  p a r a l l e l  t o  t h i s  ax is .  A f t e r  t h e  

he l i um  i s  implanted, t h e  t a r g e t  i s  sec t ioned  by pu lsed f i e l d  evapora t ion  i n  

t h e  FIM and t h e  p a r t i c l e s  removed are  i d e n t i f i e d  by an atom probe. The 

a n a l y s i s  i s  r e s t r i c t e d  t o  the  c e n t r a l  p a r t  o f  the specimen: o n l y  those 

he l i um  atoms are  counted which r e s i d e  w i t h i n  a tube o f  about 3 nm r a d i u s  

su r round ing  t h e  specimen ax is .  T h i s  techn ique has been used t o  es t ima te  

t h e  p e n e t r a t i o n  depth d i s t r i b u t i o n s  o f  100 eV t o  1.5 keV 3He and 4He i o n s  

i n  tungs ten  <011> FIM It has a l s o  been used(') t o  measure t h e  

r e f l e c t i o n  c o e f f i c i e n t s  i n  t h e  same cases. I n  t h e  l a t t e r  measurements, a 

r a t h e r  l a r g e  c o r r e c t i o n  mst be mde,  s ince  o n l y  t h a t  p a r t  o f  t h e  implanted 

he l i um  which i s  desorbed as He' i o n s  i s  detected. 

he l i um  i s  removed as WHet3 i o n s  which cannot be d i s t i n g u i s h e d  f r om  W+3. 

T h i s  c o r r e c t i o n  i s  a probable  source o f  cons iderab le  u n c e r t a i n t y  i n  t h e  

r e s u l t s .  (9,10) 

The i m p l a n t a t i o n  i s  

The a x i s  o f  the  specimen i s  a c r y s t a l l o g r a p h i c  

The balance o f  t h e  

No such c o r r e c t i o n  i s  needed i n  range determinat ions.  

5.3 The Computat ional  Model 

The computat iona l  model i s  descr ibed i n  d e t a i l  elsewhere. (11) 
t o r i e s  o f  t h e  i n c i d e n t  he l ium ions  were cons t r uc ted  i n  the  b i n a r y  c o l l i s i o n  

approximat ion,  u s i n g  t h e  computer code NRLOWE (Vers ion 11.5). The 

i n t e r a c t i o n s  o f  t h e  he l ium atoms w i th  t h e  tungs ten  t a r g e t  atoms were 

desc r ibed  by t h e  M o l i e r e  p o t e n t i a l  w i t h  the  F i r s o v  screening l e n g t h  (10.08 

pm). A t  i n c i d e n t  k i n e t i c  energ ies  above 200 eV, t h e  maximum impact param- 

e t e r  i n  a c o l l i s i o n  was taken as pc/a = 0.6, where a = 0.31655 nm i s  t h e  

l a t t i c e  constant  o f  tungsten. 

was used. I n  t h e  i n t e r m e d i a t e  reg ion,  where bo th  values were tes ted ,  t h e  

computed r e f l e c t i o n  c o e f f i c i e n t s  and he l ium i o n  ranges were s u b s t a n t i a l l y  

t h e  same. An i n e l a s t i c  energy loss p r o p o r t i o n a l  t o  t h e  p r o j e c t i l e  v e l o c i t y  

The t r a j e c -  

A t  i n c i d e n t  energ ies  below 100 eV, pc/a = 0.8 
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was based on t h e  non loca l  LSS model. An i n c i d e n t  p a r t i c l e  was cons idered 

t o  be stopped when i t s  k i n e t i c  energy f e l l  below a value Ec, except f o r  

those  p a r t i c l e s  c o l l i d i n g  near t h e  t a r g e t  surfaces.  

below E, u n t i l  t hey  e i t h e r  escaped from t h e  c r y s t a l  o r  tu rned  inwards. 

Changing E, f rom 5 eV t o  2 eV produced i n s i g n i f i c a n t  changes i n  the  r e s u l t s  

f o r  i n c i d e n t  k i n e t i c  energ ies  g r e a t e r  than about 50 eV. Only below 30 eV 

were s i g n i f i c a n t  numbers o f  p a r t i c l e s  emi t ted  w i t h  k i n e t i c  energies l e s s  

t h a n  E,. Resu l t s  up t o  100 eV are  based on sets  o f  5000 i n c i d e n t  p a r t i c l e s  

u n i f o r m l y  d i s t r i b u t e d  over t h e  t a r g e t  sur face;  above 100 eV, 1000 p a r t i c l e s  

were used. 

These were f o l l o w e d  

P a r t i c l e  r e f l e c t i o n  c o e f f i c i e n t s ,  i o n  p e n e t r a t i o n  depths, and o the r  quan- 

t i t i e s  were eva lua ted  f o r  he l ium ions  normal ly  i n c i d e n t  on f o u r  d i f f e r e n t  
tungs ten  t a r g e t s :  <001> and <011> monocrystals,  a p o l y c r y s t a l l i n e  t a r g e t ,  

and an amorphous one. Most c a l c u l a t i o n s  used a s t a t i c  l a t t i c e ,  t h a t  i s ,  

one i n  which t h e r e  were no thermal displacements o f  t h e  atoms from t h e i r  

i d e a l  s i t e s .  I n  a few c a l c u l a t i o n s ,  thermal displacements were inc luded  i n  
t h e  model us ing  OD = 300 K as t h e  Oebye temperature o f  tungsten. ( I 2 )  The 

d i s t r i b u t i o n  o f  d isplacements was Gaussian. 

s imu la ted  by making a random i s o t r o p i c  r o t a t i o n  o f  t h e  c r y s t a l  a t  t h e  

beg inn ing  o f  each t r a j e c t o r y .  

f o rm ing  another  such r o t a t i o n  a f t e r  each c o l l i s i o n  i n  which an impact 

parameter l e s s  than t h e  mean atomic rad ius  (0.4924 a f o r  bcc c r y s t a l s )  was 

encountered. 

The p o l y c r y s t a l l i n e  t a r g e t  was 

An amorphous medium was s imu la ted  by per-  

The most u n c e r t a i n  p a r t  o f  the  computat ional  m d e l  i s  the  i n e l a s t i c  energy 

loss .  

very  low energy he l ium ions.  

e l e c t r o n i c  s topp ing  cross s e c t i o n  f o r  he l ium i n  tungsten which i s  about 70% 
g r e a t e r  than t h e  LSS value a t  1 keV. I t a l s o  depends somewhat more weakly 

on t h e  p a r t i c l e  v e l o c i t y .  U n f o r t u n a t e l y ,  t h i s  p r e d i c t i o n  i s  probably  not  

more r e l i a b l e  than t h e  o r i g i n a l  LSS one a t  these very low energies.  

There are  no experiments a v a i l a b l e  on t h e  e l e c t r o n i c  s topp ing  o f  

A recen t  comp i l a t i on  (13) a r r i v e s  a t  an 
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5.4 Computed R e f l e c t i o n  C o e f f i c i e n t s  and Ranges 

S tud ies  were made o f  t h e  d i f f e r e n c e s  i n  behavior  between 3He and 4He ions, 

bu t  no d i s c e r n i b l e  i so tope  e f f e c t  was found. The i n e l a s t i c  ( e l e c t r o n i c )  

s topp ing  cross s e c t i o n  o f  3He ions i n  tungsten i s  about 15% g rea te r  than 

t h a t  o f  4He ions  o f  t he  same k i n e t i c  energy, On the  o the r  hand, t h e  

e l a s t i c  s topp ing  cross s e c t i o n  o f  '+He i s  about 25% g rea te r  than t h a t  o f  3He. 

S ince both processes c o n t r i b u t e  apprec iab ly  t o  t h e  s topping i n  t he  energy 

range examined here, t h e i r  separate i so tope  e f f e c t s  w i l l  o f f s e t  each o the r  

t o  a l a r g e  ex ten t  and on ly  a s m a l l  net i so tope  e f f e c t  i s  expected. 

smal lness o f  t he  i so tope  e f f e c t  found i s  i n  general agreement w i t h  t h e  

l i m i t e d  exper imenta l  data. (899)  

o n l y  'He ions  were s tud ied.  

The 

I n  t h e  remain ing c a l c u l a t i o n s ,  t he re fo re ,  

E .  REDUCED INCIDENT He ION ENERGY 

FIGURE 1. 

" 
0 ' 1 ' 1 '  I I I l l l l l l  1 1 I I l l l l l  I1 

5 (0 20 50  400 200 500 1000 2000 

INCIDENT He ION ENERGY lev1 

P a r t i c l e  R e f l e c t i o n  C o e f f i c i e n t s  Ca l cu la ted  f o r  4He Ions  
Normal ly  I n c i d e n t  on a r i o u s  Tungsten Surfaces, Compared 

where EL = 21.6 keV. 
w i t h  Expe r imen ts . (6~9  Y . The upper sca le  shows E =  E/EL, 
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F i g u r e  1 shows t h e  p a r t i c l e  r e f l e c t i o n  c o e f f i c i e n t s ,  RN, c a l c u l a t e d  f o r  each 

s t a t i c  t a r g e t ,  as w e l l  as t h e  a v a i l a b l e  exper imental  data. (6,9) 

aspects o f  t h e  computations are  worthy o f  mention. F i r s t ,  above 100 eV, t h e  

values o f  R N  f o r  t h e  amorphous t a r g e t  are  g r e a t e r  than those f o r  t h e  
p o l y c r y s t a l l i n e  one. Above 300 eV, t h e  d i f f e r e n c e  i s  some 25%,  about the  
same as has been r e p o r t e d  p r e v i o u s l y  (I4) f o r  the  r e f l e c t i o n  o f  low energy 

hydrogen ions f rom metals. 

t h e  i n c i d e n t  p a r t i c l e s  a long t h e  more open d i r e c t i o n s  o f  t h e  c r y s t a l  

l a t t i c e .  I n  t h e  bcc s t r u c t u r e ,  these are  t h e  <111>, <001>, and <011> 

d i r e c t i o n s  i n  p a r t i c u l a r .  Second, above 100 eV, t h e  two monocrystals are  

ordered as expected: t h e  more open <001> t a r g e t  has sma l le r  values o f  

R,,, t han  does t h e  <011> t a r g e t .  Th i rd ,  below 100 eV, t h e  o rder  o f  t h e  

monocrystal  t a r g e t s  i s  reversed. The o r i g i n  o f  t h i s  behav ior  has not  been 

asce r t a i ned  unequ ivoca l l y ,  but  it appears t o  be assoc ia ted w i t h  subsurface 
c h a n n e l i n g . ( l 5 > l 6 )  

i n  t h e  bcc s t r u c t u r e ,  l e n d i n g  support  t o  t h i s  suggest ion.  

Several  

T h i s  behav ior  i s  a r e s u l t  o f  t h e  channel ing o f  

I t may be noted t h a t  t h e  {Oil} p lanes are  t h e  densest 

F i g u r e  2 shows t h e  values o f  the  mean 4He atom p e n e t r a t i o n  depth, <x>, 

c a l c u l a t e d  f o r  each s t a t i c  t a r g e t ,  as w e l l  as t h e  a v a i l a b l e  exper imental  

data.  ( 6 - 8 )  

sur face.  As expected f rom t h e  f o r e g o i n g  d iscuss ion,  t h e  amorphous t a r g e t  

shows s u b s t a n t i a l l y  t h e  sma l les t  p e n e t r a t i o n  above about 100 eV and t h e  

<001> t a r g e t  shows t h e  l a r g e s t .  Below 100 eV, t h e  values o f  <x> are 

rough ly  t h e  same f o r  a l l  t a r g e t s .  I n  a d d i t i o n ,  t h e  f i g u r e  shows t h e  mean 

maximum p e n e t r a t i o n  o f  the  r e f l e c t e d  p a r t i c l e s ,  <xR>m f o r  t h e  <001> t a r g e t  

on ly .  Below 100 eV, t h e  r e f l e c t e d  p a r t i c l e s  sample approx imate ly  t h e  same 

depths as do t h e  t rapped  p a r t i c l e s ,  but  above t h i s  energy, they  are  rmch 

more c l o s e l y  r e s t r i c t e d  t o  the  su r face  r e g i o n  than are  t h e  t rapped ones. 

F i n a l l y ,  t h e  f i g u r e  shows t h e  m a n  t ransverse  range <p>, f o r  t h e  <001> 

t a r g e t .  Th is  q u a n t i t y  i s  t h e  average d is tance  t h a t  t h e  ions  move perpen- 

d i c u l a r  t o  t h e i r  o r i g i n a l  d i r e c t i o n  o f  mot ion and i s  a measure o f  t h e  

l a t e r a l  s t r a g g l i n g  o f  t h e  implanted p a r t i c l e s .  The values f o r  t h e  <011> 

t a r g e t  are  about t w i c e  as great  as those shown f o r  t h e  <001> t a r g e t .  

T h i s  range q u a n t i t y  i s  measured a long t h e  normal t o  t h e  t a r g e t  
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FIGURE 2. 
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Ranges Calculated f o r % e  Ions Normally Incide 
T u n g s t e n  Surfaces, Compared with Experiments. 
left-hand sca le  i s  in un i t s  of the cubic l a t t i c e  constant 
o f  tungsten, a = 0.316522 nm. 

The penetration d is t r ibut ions  for  the s t a t i c  <001> ta rget  were bimodal a t  
incident k inet ic  energies as low as 100 eV. 
group consisted of well-channeled pa r t i c l e s  which los t  energy almost 
e n t i r e l y  i n e l a s t i c a l l y .  
group of pa r t i c l e s  increased with increasing energy. 
p a r t i c l e  t r a j e c t o r i e s  would be expected t o  be sens i t ive  t o  thermal dis-  
placements of the l a t t i c e  atoms. A few calculat ions t o  test  t h i s  sen- 
s i t i v i t y  are col lected in Table I for  the <001> target and in Table I1 for  
the <011> target. Thermal displacements had only a s l i g h t  ef fec t  on the 
re f l ec t ion  coeff ic ients ,  rais ing them by about  the amount of the s t a t i s t i -  
cal uncertainty in the computed values (k0.015).  

The mre deeply penetrating 

Its population and separation from the shallower 
Such well-channeled 
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FIGURE 3. The Ca l cu l a t ed  E f f e c t  o f  t h e  Angle o f  Inc idence  on t h e  R e f l e c t i o n  
o f4He I o n s  f rom Tungsten Surfaces.  
a l o n g < O l l >  d i r e c t i o n s .  

The i o n s  a r e  always i n c i d e n t  
The i n s e t  shows t h e  geometry. 

comp lex i t i e s  o f  backsca t t e r i ng  f rom monocrystal1 i n e  t a r g e t s .  The va lue o f  

R N  depends not  o n l y  on the  o r i e n t a t i o n  o f  t h e  su r face  and t h e  d i r e c t i o n  o f  

t h e  beam, but  a l s o  on t h e  plane i n  which t h e  beam i s  i n c i d e n t .  

Never the less,  t h e  r e s u l t s  i n  Fig.  3 are  s i m i l a r  t o  those r e p o r t e d  e a r l i e r  

f o r  low energy hydrogen and he l ium ions  backscat tered f rom amorphous copper 

t a r g e t s .  

i s  i n s u f f i c i e n t  t o  account f o r  t h e  d i f f e r e n c e s  between t h e  c a l c u l a t i o n s  and 

t h e  exper iments on <011> c r y s t a l s .  

t h e  s t a t i c  <001> and <011> t a r g e t s  are  not  i n  very good agreement w i t h  t h e  

exper iments.  ( 6 - 8 )  However, when thermal displacements are  in t roduced,  t h e  

d isc repanc ies  between t h e  c a l c u l a t e d  and observed ranges are  g r e a t l y  

reduced (see Tables 1 and 2 ) .  

( 1 7 )  

From t h i s  f i g u r e ,  i t  i s  c l e a r  t h a t  t h e  angle o f  i nc idence  a lone 

The p e n e t r a t i o n  depths c a l c u l a t e d  f o r  

The remain ing d isc repanc ies  suggest t h a t  
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TABLE 1 

EFFECTS OF THERMAL DISPLACEMENTS ON MEAN 4He 
PENETRATION DEPTHS I N  W <001> CRYSTALS (OD = 300 K) 

He <x>/a, Mean P e n e t r a t i o n  Depth 
Energy (eV) S t a t i c  300 K Exper (6 1 

500 59.321.5 39 .&l .O 37.5 

1000 128.7r2.3 79.2k1.7 63.9 

1500 187.2i2.8 118.7i2.2 83. 2a 
~~ 

a I n t e r p o l  a t e d  

TABLE 2 

EFFECTS OF THERMAL DISPLACEMENTS ON MEAN 4He 
PENETRATION DEPTHS IN W <011- CRYSTALS (OD = 300 K) 

He <x>/a, Mean P e n e t r a t i o n  Depth 
Energy (eV) S t a t i c  60 K Exper ( 8 )  

300 16.1?0.6 13.0k0.4 14.2k1.6 

500 36.7i1.1 30.3kO. 9 19.5k3.0 

5.5 Comparisons w i t h  Experiment 

The computed values o f  R / N /  f o r  t h e  <001> sur face  show g e n e r a l l y  s a t i s f a c -  

t o r y  agreement w i t h  t h e  experiments o f  van Gorkum and Kornelsen. (6 )  

agreement cou ld  be improved by i n c r e a s i n g  t h e  i n e l a s t i c  s topp ing  cross 

sect ion.  

shows t h e  importance o f  channel ing even a t  these low energies.  Indeed, 

The 

The somewhat complex dependence o f  RN on t h e  i n c i d e n t  i o n  energy 
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Kornelsen and van Gorkum(’) have been ab le  t o  demonstrate and study t h e  

channe l ing  o f  he l ium ions  a long t h e  <001> d i r e c t i o n  o f  tungsten a t  energies 

above about 50 eV. Thus, the  r a t h e r  r a p i d  decrease o f  R N  which begins near 

60 eV may be a t t r i b u t e d  t o  channel ing o f  the i n c i d e n t  ions a long the  r a t h e r  

open bcc <001> d i r e c t i o n .  The decrease near 18 eV has not  been i d e n t i f i e d ,  
b u t  i s  probably  t o  be assoc ia ted w i t h  subsurface channel ing.  (15,16)  

The computed values o f  RN f o r  the  <011> t a r g e t  agree on ly  r a t h e r  p o o r l y  

w i t h  t h e  measurements o f  Amano and Seidman. I n  these experiments, 

however, i n  a d d i t i o n  t o  t h e  u n c e r t a i n t y  i n  the  abso lu te  amount o f  implanted 

helium, not  a l l  o f  t h e  ions  were normal ly  i n c i d e n t  on t h e  t i p .  I f  t h e  

i n c i d e n t  i ons  slowed down w i t h o u t  l a t e r a l  s t r a g g l i n g ,  t h e  p a r t i c l e s  coming 

t o  r e s t  i n  t h e  r e g i o n  o f  the  specimen which was analyzed would have entered 
i t  d i r e c t l y  a t  t h e  sur face.  The maximum angle o f  inc idence i n c l u d e d  i n  t he  

a n a l y s i s  would have been s in- ’  r / R ,  where r i s  the  rad ius  o f  t h e  r e g i o n  

analyzed and R i s  t h e  r a d i u s  o f  cu rva tu re  o f  the  FIM specimen t i p .  From 

t h e  d e s c r i p t i o n  o f  t h e  exper iment,(8)  t h i s  maximum angle was about 6 

degrees, approx imate ly  t h e  divergence o f  t h e  i n c i d e n t  beam. L a t e r a l  mot ion 

o f  t h e  implanted ions,  however, can s u b s t a n t i a l l y  increase the  maximum 

angle  o f  i nc idence  which must be cons idered i n  t h e  ana lys is ,  s ince  par-  

t i c l e s  s t r i k i n g  t h e  t i p  w e l l  o u t s i d e  o f  t h e  a n a l y s i s  r e g i o n  can wander i n t o  

t h i s  reg ion.  To es t ima te  t h e  e f f e c t s  o f  l a t e r a l  s t r a g g l i n g ,  t h e  mean 

t r ansve rse  range must be added t o  t h e  rad ius  o f  the  a n a l y s i s  reg ion.  I f  

t h i s  i s  done, t h e  maximum angle o f  inc idence i s  roughly  10 degrees, 

depending on t h e  i n c i d e n t  energy. 

The c a l c u l a t e d  i n f l u e n c e  o f  t h e  angle o f  i nc idence  i n  t h e  <011> exper iment 

i s  shown i n  F ig .  3. 

<011> c r y s t a l  d i r e c t i o n ,  onto  severa l  d i f f e r e n t  low index c r y s t a l  sur faces.  

F o r  ins tance,  when a (321) sur face was used, t h e r e  were s i x  nonequiva lent  

<011> d i r e c t i o n s  a v a i l a b l e ,  a t  angles o f  inc idence rang ing  f rom 19 degrees 

t o  79 degrees. The f i g u r e  was cons t ruc ted  f rom such c a l c u l a t i o n s  made a t  

two energies.  The s c a t t e r  o f  the  p o i n t s  i n  the  f i g u r e  i l l u s t r a t e s  t h e  

The i n c i d e n t  4He ions  were always d i r e c t e d  a long a 
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t h e  i n e l a s t i c  s topping cross s e c t i o n  o f  he l ium ions i n  tungsten should be 

increased, perhaps by 50 t o  75%. Th is  conc lus ion  i s  cons i s ten t  w i t h  t h a t  

o f  a recen t  compi la t ion(13)  and a l so  w i t h  recent  experiments on the  
s topp ing  o f  low energy he l ium ions i n  gold, (18) where an e l e c t r o n i c  

s topp ing  cross s e c t i o n  50% l a r g e r  than the  LSS value was found. 

5.6 Conclusions 

The r e f l e c t i o n  c o e f f i c i e n t s  c a l c u l a t e d  f o r  t he  <001> t a r g e t  show f a i r  

agreement w i t h  t h e  a v a i l a b l e  experiments. ( 6 )  The mrch poorer agreement o f  

t h e  c a l c u l a t i o n s  f o r  t h e  <011> t a r g e t  i s  probably  a r e s u l t  o f  t he  uncer- 
t a i n t y  i n  an impor tan t  c o r r e c t i o n  i n  t he  corresponding experiments. (9,lO) 

The agreement o f  t he  c a l c u l a t e d  ranges w i t h  t he  experiments (6-8)  i s  on ly  

f a i r ,  but suggests t h a t  t h e  i n e l a s t i c  s topping cross s e c t i o n  o f  low energy 

he l ium ions  i n  tungsten i s  s i g n i f i c a n t l y  l a r g e r  than t h e  t r a d i t i o n a l  LSS 

value. 
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7 .O Future Work 

Exploratory calculat ions will be carr ied out to  find an optimal value for  
the e lec t ronic  ( i n e l a s t i c )  stopping cross section o f  low energy helium atoms 
in tungsten. The exploration rmst include not only the magnitude of the 

cross sect ion,  but  rmst also consider the extent t o  which i t  should  be con- 
sidered as nonlocal. The cross section f i n a l l y  selected will be used t o  
repeat the calculat ions reported above. 

8.0 Publications 

None. 

65 



RADIATION DAMAGE STUDIES 

G.L. K u l c i n s k i ,  R.A. Dodd, and H. Attaya ( U n i v e r s i t y  o f  Wisconsin-Fadison) 

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 a computer program which i s  

accura te  and economical f o r  p r e d i c t i n g  ranges and damage o f  i o n s  i n  

m a t e r i a l .  The code shou ld  a l s o  t a k e  i n t o  account t h e  e f f e c t  o f  

n o n u n i f o r m i t i e s  on t h e  u l t i m a t e  range o r  damage d i s t r i b u t i o n s ,  and i t  

should  a l s o  be s u i t a b l e  f o r  s t u d y i n g  d i f f e r e n t  aspects o f  r a d i a t i o n  damage 

( e . g . ,  s p u t t e r i n g ,  backsca t t e r i ng ,  etc.)  

2.0 Summary 

The range and damage c l c u l a t i o n s  o f  t h e  Monte C a r l o  computer p rogr  HERAD 
a r e  compared w i t h  r e c e n t  range and damage exper imenta l  data. 

t h e  presence o f  n o n u n i f o r m i t i e s  which a re  developed d u r i n g  r a d i a t i o n  i s  
cons idered i n  t h e  damage c a l c u l a t i o n .  The e f f e c t  o f  e l e c t r o n i c  s topp ing  on 

t h e  damage i s  a l s o  s tud ied.  

The e f f e c t  o f  

3.0 

T i t l e :  Rad ia t i on  Damage S tud ies  

P r i n c i p a l  I n v e s t i g a t o r s :  G.L. K u l c i n s k i ,  R.A. Dodd 

A f f i l i a t i o n :  U n i v e r s i t y  o f  Wisconsin-Madison 

4.0 Relevant DAFS Program Task/Subtask 

DAFS Subtask II.B.2.3 
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5.0 Accomplishments and Status 

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

Recent measurements o f  t h e  damage produced by i o n  bombardment i n  m a t e r i a l  

show t h a t  t h e r e  a r e  l a r g e  d i f f e r e n c e s  between t h e  measured damage p r o f i l e  

and t h e  c a l c u l a t e d  damage p r o f i l e .  

i s  deeper than  t h e  c a l c u l a t e d  p r o f i l e . ( 1 i 2 )  

i n v e s t i g a t e  t h e  reasons f o r  such d i f f e r e n c e s .  Two e f f e c t s  a re  cons idered 

here,  namely, t h e  e f f e c t  o f  t h e  presence o f  c a v i t i e s  i n  t h e  m a t e r i a l ,  and 

t h e  e f f e c t  o f  t h e  e l e c t r o n i c  s topp ing  on t h e  damage d i s t r i b u t i o n .  

l n  genera l ,  t h e  measured damage p r o f i l e  

I n  t h i s  paper we t r y  t o  

With respec t  t o  t h e  i n c l u s i o n  o f  c a v i t i e s  i n  t h e  range o r  damage 

d i s t r i b u t i o n  c a l c u l a t i o n s  one impor tan t  p o i n t  should  be under l i ned :  t h e  

s o l u t i o n  ob ta ined  f o r  these q u a n t i t i e s  based on LSS(3) t h e o r y  i s  when a l l  

atoms i n  mot ion  come t o  r e s t ,  i.e., a t  i n f i n i t e  t ime. Consequently, one 

cannot mod i f y  t h i s  s o l u t i o n  t o  t a k e  i n t o  account t h e  non- un i f o rm i t y  o f  t h e  

t a r g e t  which has been developed d u r i n g  t h e  i r r a d i a t i o n .  

e f f e c t  on t h e  d i s t r i b u t i o n  f u n c t i o n s  o f  t h e  range and t h e  damage one should  

use t h e  fo rward  t r a n s p o r t  formalism.(4) T h i s  means t h a t  t h e  presence o f  

t h e  nonun i f o rm i t y  should  be cons idered  d u r i n g  t h e  s l o w i n g  down n o t  a f t e r  

i t . 

To have t h i s  

An a l t e r n a t i v e  approach i s  t h e  Monte C a r l o  s i m u l a t i o n  o f  t h e  i o n  

t r a n s p o r t .  
s i m u l a t e  t h e  t r a n s p o r t  o f  i o n s  and knock-on atoms i n  a un i fo rm or nonuniform 

A Monte Car lo  computer program "HERAD" has been w r i t t e n  t o  

~ n a t e r i a l . ( ~ > ~ )  A f u l l  d e s c r i p t i o n  o f  HERAD i s  g i ven  elsewhere. (7) 

I n  t h e  n e x t  s e c t i o n  we w i l l  compare t h e  r e s u l t s  o f  HERAD w i t h  recen t  

measurements o f  ranges o f  heavy i o n s  i n  s i l i c o n .  

e f f e c t  o f  nonun i f o rm i t y  f o r  t h e  case o f  14-MeV Cu i o n s  i n  n i c k e l  i s  

d iscussed. F i n a l l y ,  t h e  e f f e c t  o f  v a r i o u s  e l e c t r o n i c  s topp ing  laws f o r  t h e  

case o f  20-keV He on n i c k e l  i s  examined. 

F o l l o w i n g  t h a t ,  t h e  
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5.2 Comparison Wi th  Range Measurements 

There have been many r e c e n t  exper imenta l  s t u d i e s  o f  t h e  range o f  low energy 

heavy i o n s  i n  S i  and A1 because o f  t h e i r  importance i n  t h e  semi-conductor 

i n d u s t r y .  We w i l l  u t i l i z e  some o f  t h i s  l a t e r  t o  c a l i b r a t e  t h e  HERAD code. 

F igu re  1 shows t h e  p r e d i c t i o n s  f rom t h e  HERAD code f o r  t h e  p r o j e c t e d  range 

o f  5, 10, 15, 30, and 60-keV antimony i o n s  i n c i d e n t  on S i .  The r e s u l t s  a re  

compared t o  t h e  exper imenta l  r e s u l t s  o f  Oetzmann(8) e t  a l .  

t h e  same f i g u r e  t h e  r e s u l t s  o f  t h e  BRICE(’) and t h e  TRIM(1D) codes. 

e x c e l l e n t  agreement o f  HERAD r e s u l t s  w i t h  t h e  exper imental  r e s u l t s  may be 

a t t r i b u t e d  t o  t h e  use o f  Born-Mayer p o t e n t i a l  f o r  reduced energy l e s s  than 

- 0.001. The M o l i e r e  o r  Thomas Fermi p o t e n t i a l s  used by T R I M  and B R I C E ,  

r e s p e c t i v e l y ,  would i n c r e a s e  t h e  n u c l e a r  s topp ing  f o r  such low energ ies  and 

consequent ly underest imate t h e  ranges. 

A lso shown i n  

The 

Next i n  t h i s  regard  i s  t h e  comparison w i t h  exper imenta l  r e s u l t s  ob ta ined  by 

Combasson e t  a l ( l l )  f o r  d i f f e r e n t  i o n s  w i t h  d i f f e r e n t  energ ies  i n c i d e n t  on 

S i .  Table 1 shows t h e  c a l c u l a t e d  r e s u l t s  o f  HERAII compared w i t h  these 

exper imenta l  data. The agreement w i t h  respec t  t o  t h e  p r o j e c t e d  range and 

t h e  s t r a g g l i n g  i n  t h e  p r o j e c t e d  ranges i s  e x c e l l e n t  and i t  i s  w i t h i n  t h e  

exper imenta l  e r r o r s  which were - r 7%. 

5.3 The E f f e c t  o f  Non-Uniformity on t h e  Damage D i s t r i b u t i o n  
(14  MeV Cu-Ni) 

Wh i t l e y  e t  a l ( l )  found a d i f f e r e n c e  o f  - 15- 20% between t h e  peak o f  the  

measured damage d i s t r i b u t i o n ,  s w e l l i n g  i n  t h i s  case, and t h e  c a l c u l a t e d  

damage d i s t r i b u t i o n  by t h e  B R I C E  code. 

between p r e d i c t i o n  f rom HERAD and B R I C E  f o r  14-MeV Cu i o n s  i n c i d e n t  on an 

un i f o rm  N i  t a r g e t .  The d i f f e r e n c e  i n  p r o j e c t e d  range between B R I C E  and 

HERAD was o n l y  80 A and t h e  d i f f e r e n c e  i n  t h e  s t r a g g l i n g  o f  t h e  p r o j e c t e d  

range i s  o n l y  2 6  A. 

F i g u r e  2 shows t h e  comparison 
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The peak o f  HERAD d i s t r i b u t i o n  i s  s l i g h t l y  deeper than t h a t  o f  B R I C E .  The 

d o t t e d  curve i s  f o r  t h e  damage as c a l c u l a t e d  by f o l l o w i n g  o n l y  t h e  PKAs 

(which i s  s i m i l a r  t o  B r i c e ) ,  where t h e  r e c o i l  t r a n s p o r t  i s  i n c l u d e d  i n  t h e  

damage c a l c u l a t i o n .  

f o l l o w i n g  a l l  t h e  moving atoms i n  t h e  cascades. 

The s o l i d  cu rve  g i v e s  t h e  damage c a l c u l a t e d  by 

F igu re  3 shows t h e  measured s w e l l i n g  p r o f i l e  o f  W h i t l e y ( l )  t oge the r  w i t h  

c a l c u l a t e d  damage d i s t r i b u t i o n  by HERAD, i n c l u d i n g  nonun i f o rm i t i e s  i n  t h e  

c a l c u l a t i o n .  A lso shown i s  t h e  damage d i s t r i b u t i o n  o f  B r i ce ,  which i s  

e x a c t l y  t h e  same as i n  Fig.  2. One can see t h a t  t h e  c a l c u l a t e d  damage 

p r o f i l e  i s  deeper i n  t h e  t a r g e t ,  and t h e  peaks o f  t h e  measured and t h e  

c a l c u l a t e d  damage d i s t r i b u t i o n s  co inc ide .  However, a t  t h e  end o f  t h e  

range (- 2.5 + 2.8 p )  t h e  t h e o r e t i c a l  c a l c u l a t i o n s  cannot a c c u r a t e l y  

p r e d i c t  t h e  measured damage i n  t h i s  range. 

5.4 E f f e c t  o f  E l e c t r o n i c  Energy Loss 

Fenske e t  a1(') have r e c e n t l y  measured t h e  s w e l l i n g  p r o f i l e  as a f u n c t i o n  

o f  t h e  i m p l a n t  depth f o r  20 keV He i o n s  i n  n i c k e l .  The d i f f e r e n c e  r e p o r t e d  

t h e r e  between t h e  t h e o r e t i c a l  p r e d i c t i o n  ( u s i n g  B r i c e  and TRIM) o f  t h e  

damage p r o f i l e  and t h e  measured s w e l l i n g  p r o f i l e  w a s  as much as 50%. 

The i n c l u s i o n  o f  vo ids  was n o t  s u f f i c i e n t  t o  reduce such b i g  d i f f e r e n c e  

(F ig .  4a). 

damage d i s t r i b u t i o n  i n  t h i s  case. The f o l l o w i n g  r a t i o s  o f  t h e  normal LSS 

e l e c t r o n i c  s topp ing  were used l., 0.8, 0.6, 0.4, 0.2, and 0 (i.e., w i t h  

e l e c t r o n i c  s t opp ing  comp le te ly  neg lec ted) .  

o f  these c a l c u l a t i o n s .  The r e d u c t i o n  o f  LSS  e l e c t r o n i c  s topp ing  by 20% as 

u s u a l l y  recommended appears t o  have very  l i t t l e  e f f e c t  on t h e  agreement 

between t h e  c a l c u l a t e d  and t h e  measured damage p r o f i l e s .  

We have s t u d i e d  t h e  e f f e c t  o f  t h e  e l e c t r o n i c  energy on t h e  

F igu res  4a- 4 f  show t h e  r e s u l t s  
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Reducing t h e  e l e c t r o n i c  s topp ing  t o  40%, o r  even 20%, o f  t h e  "normal"  va lue 

shows a much c l o s e r  agreement between t h e  c a l c u l a t e d  damage and t h e  

measured one, and perhaps t h e  bes t  va lue would be a va lue 30% of  t h e  

"normal"  number. U n f o r t u n a t e l y ,  t h e r e  a re  no exper imenta l  measurements f o r  

e l e c t r o n i c  s topp ing  o f  He i n  N i  f o r  energ ies  below 30 keV. 

5.5 Conclusions 

The peak o f  t h e  c a l c u l a t e d  damage p r o f i l e  u s i n g  HERAO i s  c l o s e r  t o  observed 

s w e l l i n g  peaks than  t h a t  p r e d i c t e d  by t h e  B r i c e  code regard less  o f  whether 

vo ids  were, o r  were n o t ,  i n c l u d e d  i n  t h e  c a l c u l a t i o n .  When t h e  vo ids  a re  

i n c l u d e d  i n  t h e  c a l c u l a t i o n  t h e  damage peak moves c l o s e r  t o  t h a t  o f  t h e  

measured s w e l l i n g  p r o f i l e .  However, i t  was n o t  p o s s i b l e  t o  complete ly  

match t h e  s w e l l i n g  p r o f i l e  a t  t h e  end o f  t h e  range o f  14 MeV Cu i o n s  on 

N i .  F i n a l l y ,  t h e  LSS e l e c t r o n i c  s topp ing  seems t o  h i g h l y  overes t imate  t h e  

e l e c t r o n i c  s topp ing  loss  f o r  low Z i o n s  i n  meta ls .  
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ENVIRONMENTAL EFFECTS ON FRACTURE OF FUSION REACTOR MATERIALS 
R. H. Jones (Pacific Northwest Laboratory) 

1.0 Objective 

The purpose of this study is to identify and model stress corrosion and cor- 
rosion fatigue processes which may degrade the properties of fusion reactor 
materials. 
exploratory experiments to identify possible degradation processes. Once the 
processes are identified, experiments will be directed towards characterizing 
the nature of the environment-material interactions in sufficient detail to 
impact material selection and testing performed by engineering test programs. 

The purpose is not to gather engineering data but to perform 

2.0 Summary 

The known stress corrosion and corrosion fatigue fracture processes in aus- 
tenitic and ferritic steels are reviewed with an emphasis on aqueous and 
liquid metal environments. Possible effects of irradiation are given and 
precautions are given for the use of austenitic and ferritic stainless steels 
in fusion reactor environments. 
ronmental effect on the local fracture toughness at the tip of a crack is 
given. 

Finally,, an approach to modeling the envi- 
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5.0 Accomplishments and S ta tus  

5 .1  Environmental  E f f e c t s  on t h e  F r a c t u r e  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 u s t e n i t i c  s t a i n l e s s  s t e e l s  are  s u b j e c t  t o  s t r e s s  c o r r o s i o n  c r a c k i n g  (SCC) 

and c o r r o s i o n  f a t i g u e  (CF) f a i l u r e  processes i n  aqueous s o l u t i o n s .  Fac to rs  

which a re  i m p o r t a n t  i n  a c c e l e r a t i n g  SCC i n  these m a t e r i a l s  i n c l u d e  1) sur-  

f a c e  c o n d i t i o n  f rom weld p repara t ion ;  2 )  s t r e s s  ( r e s i d u a l  and a p p l i e d ) ;  

3 )  temperature;  4)  degree o f  s e n s i t i z a t i o n ;  5 )  g r a i n  boundary segrega t ion  o f  

P, S i  and p o s s i b l y  o t h e r  i m p u r i t i e s  and 6) water  chemical composi t ion.  Weld 

p r e p a r a t i o n  g r i n d i n g  f o l l o w e d  by weld ing can produce deformed and r e c r y s t a l -  

l i z e d  m a t e r i a l  on the  su r face  o f  m a t e r i a l  i n  t h e  heat  a f f e c t e d  zone. I t  has 

been shown by Povich' t h a t  deformed su r faces  produced by shot  peening 
acce le ra ted  t h e  s t r e s s  c o r r o s i o n  c r a c k i n g  o f  304 SS i n  water  a t  3OO0C. 

Res idua l  and a p p l i e d  s t resses  are  dependent on j o i n t  geometry, c o o l a n t  pres-  

sures and severa l  o t h e r  f a c t o r s  and w i l l  t h e r e f o r e  be des ign s p e c i f i c .  

St resses which r a i s e  t h e  s t r e s s  i n t e n s i t y  o f  a crack o r  f l a w  i n  c o n t a c t  w i t h  

t h e  environment t o  va lues between KIscc and KIc can cause s u b - c r i t i c a l  

c rack  growth. KIscc i s  d e f i n e d  as t h e  s t r e s s  i n t e n s i t y  below which env i -  

r onmen ta l l y  a s s i s t e d  c rack  growth cannot be expe r imen ta l l y  detected.  The 

importance o f  t h e  s u r f a c e  c o n d i t i o n  i s  r e a d i l y  apparent s ince  deformed mate- 

r i a l  may acce le ra te  t h e  f o rma t i on  o f  a f l a w  i n  c o n t a c t  w i t h  t h e  environment.  

T h i s  i n i t i a t i o n  s tep  i s  f r e q u e n t l y  r a t e  l i m i t i n g .  Both  f a c t o r s  1 and 2 a re  

impor tan t  i n  t r ansg ranu la r  (TGSCC) and i n t e r g r a n u l a r  s t r e s s  c o r r o s i o n  crack-  

i n g  (IGSCC) a l though  I G S C C  i s  a l s o  dependent on g r a i n  boundary composi t ion.  

S e n s i t i z a t i o n  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  by  t h e  p r e c i p i t a t i o n  o f  chromium 

ca rb i des  i n  t h e  g r a i n  boundar ies  and t h e  subsequent d e p l e t i o n  o f  chromium i n  

t h e  m a t e r i a l  ad jacen t  t o  t h e  g r a i n  boundar ies i s  t h e  s i n g l e  most impor tan t  

c o n s i d e r a t i o n  i n  caus ing I G S C C .  The degree o f  s e n s i t i z a t i o n  i s  a f u n c t i o n  

o f  t h e  b u l k  carbon c o n t e n t  and t h e  thermal h i s t o r y .  Welding opera t ions  which 

hea t  t h e  m a t e r i a l  i n  t h e  500' t o  7 O O O C  range f o r  t h e  app rop r i a t e  l e n g t h  o f  

t ime  i s  t h e  most cmmon cause o f  s e n s i t i z a t i o n .  I n  304 S S ,  b u l k  carbon 



concen t ra t i ons  are r e s t r i c t e d  t o  an upper l i m i t  o f  0.03 w t %  f o r  components 

i n  which IGSCC i s  a concern. However, r e s t r i c t i n g  the  carbon con ten t  o f  

316 SS i s  no t  s u f f i c i e n t  t o  e l i m i n a t e  IGSCC i n  l a b o r a t o r y  t e s t s  f o r  i n t e r -  

g r a n u l a r  co r ros ion .  2-5 Th i s  d i f f e r e n c e  between 304 and 316 SS has r e c e n t l y  

been exp la ined  by B r i a n t 6  by a combined molybdenum and phosphorus e f f e c t  on 

i n t e r g r a n u l a r  co r ros ion .  

boundary phosphorus segregat ion,  t h e  presence of 2 w t %  molybdenum i n  t h e  

a l l o y  inc reased the  i n t e r g r a n u l a r  c o r r o s i o n  by a f a c t o r  o f  3. Th is  inc rease  

i s  above t h a t  f o r  phosphorus a lone i n  which an a l l o y  w i t h  a b u l k  concentra-  

t i o n  o f  0.006 w t %  phosphorus had about 4 t imes more c o r r o s i o n  than one w i t h  

o n l y  0.003 w t %  phosphorus. Therefore,  an a u s t e n i t i c  s t a i n l e s s  s t e e l  w i t h  

2 w t %  Mo and h i g h  phosphorus cou ld  have an IGSCC r a t e  12 t imes l a r g e r  than 

an a l l o y  w i t h  a low phosphorus concen t ra t i on .  

t he  i n t e r g r a n u l a r  c o r r o s i o n  r a t e  o f  n i c k e l  increased w i t h  t he  presence o f  

s u l f u r  o r  phosphorus a t  t he  g r a i n  boundaries.  

c e n t r a t i o n  o f  0.2 monolayers r e s u l t e d  i n  an i n t e r g r a n u l a r  c o r r o s i o n  r a t e  

7 t imes  f a s t e r  than 0.04 monolayers. 

t i o n  o f  0.15 monolayers had an e f f e c t  s i m i l a r  t o  0.2 monolayers o f  s u l f u r  

when eva lua ted  a t  h i g h l y  o x i d i z i n g  p o t e n t i a l s .  

B r i a n t  showed t h a t  f o r  an equal amount o f  g r a i n  

Bruemmer e t  a1.7 observed t h a t  

A g r a i n  boundary s u l f u r  con- 

A g r a i n  boundary phosphorus concentra-  

Gra in  boundary phosphorus segrega t ion  can occur by t h e r m a l l y  a c t i v a t e d  equ i-  

l i b r i u m  segrega t ion  o r  by r a d i a t i o n  enhanced segregat ion.  B r i m h a l l  e t  a l .  

observed r a d i a t i o n  enhanced phosphorus segrega t ion  i n  316 SS c o n t a i n i n g  
300 w t %  ppm phosphorus and i n  PE16 c o n t a i n i n g  400 w t %  ppm phosphorus. A 

su r face  c o n c e n t r a t i o n  o f  approx imate ly  0.3 monolayers was observed a f t e r  

i r r a d i a t i o n  t o  2 dpa a t  6OOOC. 
c i e n t  evidence t o  conclude t h a t  g r a i n  boundary phosphorus segrega t ion  w i l l  
occur  i n  316 SS and cou ld  lead  t o  IGSCC under c e r t a i n  environmental  condi-  

t i o n s .  

b u l k  chemical composi t ion and thermal  h i s t o r y  c o n t r o l ;  however, t h e r e  i s  
i n s u f f i c i e n t  da ta  on i r r a d i a t i o n  enhanced phosphorus segrega t ion  and i t s  

e f f e c t  i n  316 SS t o  s p e c i l f y  a bu l k  compos i t ion  l i m i t .  

8 

A t  t h i s  t ime,  t h e r e  would seem t o  be s u f f i -  

Poss ib l e  problems f rom phosphorus segrega t ion  can be min imized by 
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Both TGSCC and I G S C C  are  s t r o n g l y  dependent on t h e  water  chemis t ry  w i t h  oxy- 

gen and c h l o r i d e  i o n  concen t ra t i on  be ing  two o f  t h e  more impor tan t  elements. 
F l u o r i d e s ,  bromides, i od ides ,  s u l f a t e s  and many o t h e r  elements have been 

shown t o  enhance SCC, b u t  t h e r e  i s  i n s u f f i c i e n t  space t o  p resen t  a thorough 
9 summary o f  a l l  t h e i r  e f f e c t s .  Gordon has r e c e n t l y  reviewed t h e  e f f e c t  o f  

c h l o r i d e  and oxygen on SCC 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  and he showed t h a t  

a l a r g e  d a t a  s e t  supported an i n v e r s e  r e l a t i o n s h i p  between t h e  q u a n t i t y  o f  

oxygen and c h l o r i d e  i o n  needed t o  cause I G S C C  and TGSCC. For  ins tance,  the  

boundary between TGSCC and no SCC i n  304 S S  i n  water a t  288'C occurs  a t  

concen t ra t i ons  exceeding 1 ppm C1- and 1 ppm O2 w h i l e  a t  0 .1  ppm C1-, t h e  

boundary i s  a t  about 100 ppm 02. A s i m i l a r  r e l a t i o n s h i p  e x i s t s  f o r  I G S C C  

except  t h a t  a t  1 ppm C 1 -  t h e  boundary between t h e  I G S C C  and no SCC i s  a t  

0.05 ppm 02. 

The r e l a t i o n s h i p  between temperature and oxygen concen t ra t i on  i s  a l s o  impor- 

t a n t  t o  t h e  s u s c e p t i b i l i t y  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  t o  SCC.  Since t h e  

concen t ra t i on  o f  oxygen d i sso l ved  i n  water  i s  temperature dependent, t h e  

d i s s o l v e d  oxygen c o n c e n t r a t i o n  o f  a water  coo led f u s i o n  r e a c t o r  w i l l  change 

d u r i n g  s t a r t- u p  and shut-down and r e f u e l i n g  c y c l e s .  Ford  and Pov ich  eva l-  

uated BWR s t a r t - u p  and shut-down c y c l e s  and concluded t h a t  304 S S  i s  sub- 

j e c t e d  t o  a h i g h l y  suscep t i b l e  oxygen/temperature combinat ion d u r i n g  these 

c y c l e s .  They a l s o  observed t h a t  I G S C C  occur red  a t  temperatures as low as 

2 '  50'C and t h a t  a t  50'C t h e  maximum crack growth r a t e  occurred a t  2 ppm 0 

Resu l t s  by  Jones e t  a l . l l  conf i rmed t h a t  I G S C C  can occur i n  s e n s i t i z e d  

304 SS a t  a temperature o f  40'C w i t h  a crack growth r a t e  o f  5 x mm/s i n  

a i r- sa tu ra ted  water  ( 8  ppm 02) w i t h  15 ppm C1- .  
9 e t  a l . l l  have n o t  observed I G S C C  a t  40'C w h i l e  Ford and Pov ich 

c rack  growth r a t e  of 

t e n i t i c  s t a i n l e s s  s t e e l s  has n o t  been r e p o r t e d  a t  temperatures below 100'C 
and t h e r e f o r e  t h e  start-up/shut-down problem i n  BWRs can be min imized i n  

f u s i o n  r e a c t o r s  by t h e  use of low carbon 316 SS. Temperature and oxygen 

c y c l e s  d u r i n g  r e f u e l i n g  cannot be as e a s i l y  e l i m i n a t e d  and should  be eva lu-  

a ted  b e f o r e  a water- cooled f u s i o n  r e a c t o r  i s  b u i l t  w i t h  316 S S .  

10 

I n  t h e  absence o f  C1- ,  Jones 

r e p o r t e d  a 

TGSCC o f  aus- mm/s a t  50'C i n  t h e  absence o f  C1-. 



I n  summary, t h e  f o l l o w i n g  p recau t ions  are apparent r ega rd ing  t h e  use o f  

316 SS i n  a water- cooled f u s i o n  r e a c t o r :  

Use non- sens i t i zed  m a t e r i a l s ,  316L grade 

0 Phosphorus concen t ra t i on  should be min imized 

0 Oxygen/temperature c y c l e  d u r i n g  r e f u e l i n g ,  s t a r t - u p  and shut-down c y c l e  

should be evaluated.  

Env i ronmenta l  degrada t ion  o f  t h e  p r o p e r t i e s  o f  316 SS by hydrogen f rom t h e  

plasma, (n, p )  r e a c t i o n s  and c o r r o s i o n  r e a c t i o n s  o r  by l i t h i u m  o r  l i t h i u m -  

l ead  c o o l a n t s  should be recognized as p o s s i b i l i t i e s ;  however, these e f f e c t s  

appear t o  be secondary t o  t he  ones l i s t e d  above. For ins tance ,  316 SS was 

found” t o  be s t a b l e  i n  l i t h i u m  f o r  a p e r i o d  o f  3 days a t  482°C and austen- 

i t i c  s t a i n l e s s  s t e e l s  are no t  sub jec t  t o  hydrogen embr i t t l ement  except when 

t h e  a’ phase i s  p resen t  o r  a t  ve ry  h i g h  hydrogen f u g a c i t i e s .  Other e f f e c t s  

which have n o t  been discussed i n c l u d e  the  p o s s i b l e  e f f e c t  o f  r a d i a t i o n  damage 

on t h e  SCC o r  CF o f  316 SS and t h e  d i f f e r e n c e  i n  t h e  s u b - c r i t i c a l  c r a c k i n g  

behav io r  w i t h  s t a t i c  and c y c l i c  loads. Th is  l a t t e r  p o i n t  w i l l  be d iscussed 

i n  Sec t i on  5.3. 

5.2 Environmental  E f f e c t s  on t h e  F r a c t u r e  o f  F e r r i t i c  S t a i n l e s s  S tee l s  

The mechanical  p r o p e r t i e s  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  may be a f f e c t e d  by 
water ,  l i q u i d  l i t h i u m  o r  l i t h i u m- l e a d  coo lan ts .  S t ress  c o r r o s i o n  c r a c k i n g  
o f  f e r r i t i c  s t e e l s  i n  water  can cause t r ansg ranu la r  o r  i n t e r g r a n u l a r  f r a c t u r e  

and i s  g e n e r a l l y  thought  t o  i n v o l v e  hydrogen embr i t t l ement .  Most o f  t h e  da ta  

on env i ronmenta l  e f f e c t s  on f e r r i t i c  s t a i n l e s s  s t e e l s  i s  f o r  steam t u r b i n e  

b lade  m a t e r i a l  and was obta ined by h i g h  c y c l e  f a t i g u e  t e s t s  i n  h i g h  tempera- 

t u r e  steam. L i q u i d  meta l  embr i t t l emen t  by lead and lead a l l o y s  has been 

c l e a r l y  demonstrated f o r  m i l d  s t e e l s  w h i l e  t h e  e f f e c t s  o f  L i  o r  Li- Pb a l l o y s  

on f e r r i t i c  s t a i n l e s s  s t e e l s  has n o t  been as w e l l  cha rac te r i zed .  

Hydrogen i s  i nvo l ved  i n  t he  SCC o r  CF f e r r i t i c  s t e e l s  because o f  t h e i r  sus- 

c e p t i b i l i t y  t o  hydrogen embr i t t l emen t  and because hydrogen i s  generated by 
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p r o t o n  r e d u c t i o n  d u r i n g  t h e  c o r r o s i o n  process.  

i so topes  are  a l s o  p resen t  i n  t h e  plasma and t h e  b reed ing  b l a n k e t  and p r o t o n s  
a re  generated w i t h i n  t h e  f i r s t  w a l l  by n u c l e a r  r e a c t i o n s .  

t h e  t e n s i l e  p r o p e r t i e s  o f  HT-9 i n  hydrogen gas a t  pressures up t o  5000 p s i  

and temperatures up t o  400'C and concluded t h a t  t h e  e f f e c t  o f  0.1 MPa o f  H2 

on t h e  d u c t i l i t y  a t  25'C i s  e l i m i n a t e d  a t  temperatures exceeding 200'C. He 

a l s o  showed t h a t  t h e  d u c t i l i t y  decreased w i t h  i n c r e a s i n g  hydrogen p ressure  

a t  25'C. The t h r e s h o l d  s t r e s s  i n t e n s i t y ,  Kth, o f  h i g h  s t reng th ,  low a l l o y  

f e r r i t i c  s t e e l s  has been r e l a t e d  t o  the  hydrogen pressure by Gerber ich e t  

a1.14 and O r i a n i  and Josephic15 i n  t h e  f o l l o w i n g  way: 

I n  a f u s i o n  r e a c t o r ,  hydrogen 

S t o l t z 1 3  eva lua ted  

Kth = C1 - C 2  l o g  PH2. 

I n  t h e  s tudy by Gerber i ch  e t  a1.,l4 Kth decreased f rom 34 MPa fi a t  a hydro-  
gen p ressure  o f  l o r 3  MPa t o  22 MPa fi a t  0.1 MPa w h i l e  i n  t h e  s tudy by O r i a n i  

and Josephic,  l5 Kth decreased f rom 22 MPa fi a t  3 x 

1 MPa. S t o l t z ' s  r e d u c t i o n  o f  area r e s u l t s  versus hydrogen p ressure  f o r  HT-9 

obeys t h i s  r e l a t i o n s h i p  o n l y  f o r  hydrogen p ressures  exceeding 6.8 MPa. 

p ressures  l e s s  than  6.8 MPa, t h e r e  i s  a l i g h t  decrease i n  d u c t i l i t y  r e l a t i v e  

t o  a i r  t e s t s  b u t  t h i s  decrease i s  w i t h i n  t h e  s c a t t e r  i n  t h e  data.  There are  

severa l  d i f f e r e n c e s  between t h e  t e s t s  and r e s u l t s  r e p o r t e d  by S t o l t z 1 3  and 

those by Gerber i ch  e t  a1. I4 and O r i a n i  and Josephic" i n c l u d i n g :  

measured i n  a s t a t i c  t e s t  w i t h  a precracked sample w h i l e  t h e  t e n s i l e  t e s t  i s  
a dynamic t e s t  u s i n g  a smooth sample; 2) t h e  low a l l o y  s t e e l s  had a y i e l d  

s t r e n g t h  t w i c e  t h a t  o f  t h e  HT-9 and 3 )  hydrogen embr i t t l ement  occur red  a t  

p ressures  <0.1 MPa i n  t h e  h i g h  s t r e n g t h  s t e e l  w i t h  pre- cracked samples w h i l e  

a s i g n i f i c a n t  d u c t i l i t y  l o s s  was apparent i n  t h e  HT-9 o n l y  a t  pressures 

>6.8 MPa. 

t o  10 MPa hi a t  0. 

F o r  

1 )  Kth i s  

The i m p l i c a t i o n s  o f  these r e s u l t s  t o  t h e  s u s c e p t i b i l i t y  o f  f e r r i t i c  s t e e l s  

t o  hydrogen embr i t t l emen t  i n  f u s i o n  r e a c t o r s  a re :  1 )  r a d i a t i o n  induced 

hardening w i l l  i nc rease  t h e  s u s c e p t i b i l i t y  a t  lower  hydrogen pressures;  

2 )  f l a w s  which escape NDT examinat ion o r  i n i t i a t e  and grow d u r i n g  s e r v i c e  
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w i l l  i nc rease  t h e  s u s c e p t i b i l i t y  and 3 )  t h e  s u s c e p t i b i l i t y  i s  a maximum a t  

25°C and decreases w i t h  i nc reas ing  temperature.  

t h a t  t h e  y i e l d  s t r e n g t h  o f  a 12 C r - 1  MoVW s t e e l  i s  doubled a f t e r  i r r a d i a t i o n  

t o  a f l u e n c e  o f  9 dpa. Therefore,  t h e  h i g h  s t reng th ,  low a l l o y ,  s t e e l  

r e s u l t s  are p robab ly  p r o t o t y p i c  o f  HT-9 a f t e r  i r r a d i a t i o n .  

K lueh and V i tek16  have shown 

Segregat ion o f  i m p u r i t i e s  t o  t h e  g r a i n  boundaries o f  f e r r i t i c  s t e e l s  can 

e m b r i t t l e  them by the  c l a s s i c  temper embr i t t l ement  process o r  they  can 

enhance embr i t t l emen t  i n  hydrogen gas o r  aqueous s o l u t i o n s .  

McMahon17 have shown t h t  t he  c r i t i c a l  l o c a l  t e n s i l e  s t r e s s  o f  a N i - C r  f e r -  

r i t i c  s t e e l  decreased w i t h  i n c r e a s i n g  Sb, Sn and P concent ra ion  a t  t he  g r a i n  

boundary w i t h  a r e l a t i v e  potency between these elements o f  Sb > Sn > P. I n  

t he  presence o f  hydrogen, t he  f r a c t u r e  s t r e s s  o f  a s t e e l  w i t h  e m b r i t t l i n g  

i m p u r i t i e s  a t  t h e  g r a i n  boundary i s  decreased s t i l l  f u r t h e r ;  however, t h e  

r a t i o  Kth/KIc was 0.8, 0.7 and 0.5 f o r  0.2 monolayers o f  Sb, Sn and P a t  t h e  

g r a i n  boundaries,  r e s p e c t i v e l y .  Therefore,  t he  i m p u r i t y  which had the  l e a s t  

e f f e c t  on embr i t t l emen t  i n  t h e  absence o f  hydrogen had the  l a r g e s t  e f f e c t  i n  

t he  presence o f  hydrogen. Therefore,  t he  e f f e c t s  o f  i m p u r i t y  segrega t ion  on 

a f e r r i t i c  f i r s t - w a l l  m a t e r i a l s  must be evaluated i n  t he  presence o f  hydrogen 

and n o t  s imp l y  by charpy impact o r  f r a c t u r e  toughness t e s t s  i n  a i r .  

Kameda and 

I m p u r i t y  segrega t ion  can occur  by a t h e r m a l l y  ac t i va ted ,  e q u i l i b r i u m  process 

o r  by a r a d i a t i o n  induced, n o n e q u i l i b r i u m  process. E q u i l i b r i u m  segrega t ion  
may occur  d u r i n g  manufac tu r ing  o r  f a b r i c a t i o n  processes such as ho t  r o l l i n g  

and we ld ing  o r  d u r i n g  se rv i ce .  

d i f f u s i o n  and t h e  d r i v i n g  f o r c e  f o r  segregat ion .  

may occur  by a s o l u t e  drag mechanism as proposed by Johnson and Lam18 and 

depends on the  i n t e r a c t i o n  energy between a s o l u t e  and a p o i n t  de fec t ,  t h e  
gene ra t i on  r a t e  o f  p o i n t  de fec t s ,  t h e  b u l k  concen t ra t i on  o f  s o l u t e  and many 

o t h e r  parameters.  

has been examined by B r i m h a l l  e t  a1.8 and based on these p r e l i m i n a r y  r e s u l t s ,  

r a d i a t i o n  does n o t  enhance t h e  segrega t ion  o f  phosphorus. 

eva lua ted  t h e  f r a c t u r e  r e s i s t a n c e  o f  HT-9 a f t e r  i r r a d i a t i o n  t o  l oz2  cm-2 at 

419OC and they  found t h a t  t h e  DBTT was s h i f t e d  108°C. A DBTT s h i f t  o f  45'C 

The k i n e t i c s  o f  segrega t ion  depend on bulk 
Nonequ i l i b r i um segrega t ion  

The e f f e c t  o f  i r r a d i a t i o n  on i m p u r i t y  segrega t ion  i n  HT-9 

19 Smidt e t  a l .  
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which r e s u l t e d  a f t e r  a thermal t rea tment  o f  5000 h r  a t  538°C was suggested as 

a temper embr i t t l emen t  e f f e c t  a l though  no g r a i n  boundary composi t ion measure- 

ments were made and i n t e r g r a n u l a r  f r a c t u r e  was o n l y  apparent as secondary 

cracks.  

i r r a d i a t i o n  b u t  t h e r e  i s  no evidence t o  suggest t h a t  i m p u r i t y  segrega t ion  was 

t h e  cause. 

f a i l e d  a long m a r t e n s i t e  l a t h  boundar ies w i t h  no evidence o f  i n t e r g r a n u l a r  

f r a c t u r e .  The p resen t  knowledge about t h e  e f f e c t s  o f  i m p u r i t i e 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  m a t e r i a l s  can be summarized as f o l l o w s :  1 )  i m p u r i t i e s  a t  

t h e  g r a i n  boundar ies o f  a f e r r i t i c  s t e e l  can a f f e c t  embr i t t l emen t  w i t h  and 

w i t h o u t  t h e  presence o f  hydrogen; 2) t h e r e  i s  no d i r e c t  evidence o f  i m p u r i t y  
segrega t ion  caus ing temper embr i t t l emen t  o r  i r r a d i a t i o n  embr i t t l emen t  i n  HT-9 

i n  t h e  absence o f  hydrogen; and 3 )  t h e r e  i s  an absence o f  da ta  r e l a t i n g  g r a i n  

boundary chem is t r y  t o  t h e  t h r e s h o l d  f r a c t u r e  i n t e n s i t y  o f  i r r a d i a t e d  HT-9 i n  
a hydrogen o r  c o r r o s i v e  environment.  

Therefore,  t h e  p resen t  r e s u l t s  show t h a t  HT-9 can be e m b r i t t l e d  by  

Lechtenberg” a l s o  found t h a t  HT-9 e m b r i t t l e d  by 100 h r  a t  550-C 

The behav io r  o f  f e r r i t i c  s t e e l s  i n  a l i q u i d  metal  environment such as L i  o r  

Li-Pb can be separated by 1 )  a t ime  dependent embr i t t l ement  which i s  con- 

t r o l l e d  by c o r r o s i o n  i n  l i q u i d  L i  o r  2) a t ime independent embr i t t l emen t  such 

as i n  l i q u i d  Pb. 

HT-9 i s  5 t imes  lower i n  l i q u i d  l i t h i u m  than i n  l i q u i d  sodium when t e s t e d  a t  

a s t r a i n  range o f  0.5% a t  482‘C. 

t h e  s t r e n g t h  o f  HT-9 samples exposed t o  l i q u i d  l i t h i u m  a t  500’C f o r  500 h r  

was s i m i l a r  t o  those exposed t o  argon. Therefore,  t h e  t i m e  dependent embr i t-  

t lement  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  i n  l i q u i d  l i t h i u m  has n o t  been c l e a r l y  

shown b u t  f u r t h e r  e v a l u a t i o n  i s  needed. 

Chopra and Smith
z1 have r e p o r t e d  t h a t  t h e  f a t i g u e  l i f e  o f  

However, T o r t o r e l l i  and DeVan2’ showed t h a t  

A t ime  independent embr i t t l emen t  o f  f e r r i t i c  s t e e l s  i n  Li-Pb c o o l a n t s  has n o t  

been demonstrated expe r imen ta l l y ;  however, based on t h e  s u s c e p t i b i l i t y  o f  

f e r r i t i c  s t e e l s  t o  l i q u i d  lead  embr i t t l emen t  t h e r e  i s  a p o s s i b i l i t y  t h a t  L i -  

Pb a l l o y s  may e m b r i t t l e  f e r r i t i c  s t e e l s .  The t ime  independent embr i t t l emen t  

o f  s o l i d  meta ls  by l i q u i d  meta ls ,  commonly c a l l e d  l i q u i d  meta l  embr i t t l emen t  

(LME)  occurs  over narrow temperature and s t r a i n  r a t e  ranges. For  i ns tance ,  

t h e  embr i t t l emen t  o f  a 4145 s t e e l  by  l e a d  occurs  over t h e  temperature range 
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of 1O'C to 400°C and the embrittlement o f  2024 T4 aluminum by mercury occurs 
over the temperature range o f  -5O'C to 200-C. At temperatures outside these 
limits the properties are identical to those in air. 
analyzed the temperature dependence of LME and concluded that the onset of 
LME is related to the rate of liquid metal transport along a crack. 

Johnson et a1.23 have 

Liquid metal emurittlement has a high degree of specificity in that embrit- 
tlement has been clearly demonstrated only for specific liquid-solid couples. 
This speciticity also occurs for compositional changes in the liquid metals 
such as was shown by Breyer and Johnson24 for Pb-Sn and Pb-Sb alloys with a 
4145 steel. Increasing the tin or antimony concentration in contact with 
4145 steel decreased the ductility and strength and increased the temperature 
range over which embrittlement occurred. Therefore, it is very difficult to 
extrapolate embrittlement results of ferritic steels in liquid lead to their 
behavior in Li-Pb alloys; however, there is certainly sufficient evidence to 
suqgestthatLME may occur and should be evaluated carefully before ferritic 
stainless steel is used in a structural application in contact with Li-Pb 
cool ants. 

5.3 Modeling Chemical Environment Effects on Fracture 

Stress corrosion and corrosion fatigue models nave empnasized dissolution 
controlled crack growth processes for both intergranular and transgranular 
fracture where the major contribution of crack tip stresses and strains i s  

to fracture the corrosion limiting passive film. In these models, crack 
growth rates depend on film rupture, repassivation and anodic dissolution 
rates. There is little disagreement that intergranular stress corrosion 
cracking of sensitized stainless steel i s  a dissolution rate controlled pro- 
cess; however, the picture is not as clear for transgranular stress corrosion 
and corrosion fatigue. Evidence of cleavage-like fracture surfaces has been 
shown for austenitic stainless steels,24 ferritic steels25 and brasses 
tested in corrosive environments. In ferritic steels, hydrogen embrittle- 
ment i s  clearly implicated, but in austenitic stainless steels and brasses, 

26 
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hydrogen embr i t t l emen t  has n o t  been i d e n t i f i e d  as t h e  cause o f  t h e  cleavage- 

l i K e  f r a c t u r e  sur faces .  There fore ,  a p h y s i c a l  prucess o t h e r  than  hydrogen 

o r  anodic d i s s o l u t i o n  must be consiciered t o  e x p l a i n  these f r a c t u r e  sur faces .  

Some p o s s i b l e  processes i n c l u d e  c o r r o s i o n  generated di- vacancy hardening o r  

enhanced creep, c o r r o s i o n  mod i f i eo  c rack  t i p  f l o w  p r o p e r t i e s  o r  su r face  

adso rp t i on lene rgy  a f f e c t s  on f r a c t u r e .  

The e f f e c t  o f  a c o r r o s i v e  environment on f r a c t u r e  o r  f a t i g u e  can a l so  be 

expressea w i t h  f r a c t u r e  models by  Hahn and R ~ s e n f i e l d , ‘ ~  Equat ion  1, o r  

f a t i g u e  models by  McClintock,** Equat ion  2, o r  Broek and Ricez9 Equat ion  4. 
These models r e l a t e  KIc and da/dn t o  m a t e r i a l  parameters as f o l l o w s :  

AK‘ da /dn  a 6 a I 20 E 
Y 

~ K - A K ~ ) ’  c A K ~  

(1-R) K c - ~ K  da/dn = 

Where 
- 
E *  - c r i t i c a l  f r a c t u r e  s t r a i n ,  

i* = c h a r a c t e r i s t i c  m i c r o s t r u c t u r a l  d is tance,  

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

AK = K - Kmin max 

K c  = f r a c t u r e  toughness 

f -  

0 

K = a p p l i e d  s t r e s s  i n t e n s i t y  

A K ~  = t h r e s h o l d  s t r e s s  i n t e n s i t y  i n  f a t i g u e  

K m i  n 

Kmax 
R = -  
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Use o f  Equat ion 1 t o  eva lua te  t h e  e f f e c t  o f  a c o r r o s i v e  environment on 

s u b c r i t i c a l  f l a w s  i s  n o t  a d i r e c t  measure o f  K I ~ ~ ~  s ince  K l c  i s  t h e  s t r e s s  

i n t e n s i t y  f o r  c r i t i c a l  f l a w  growth. 

p r o p e r t i e s  o f  t h e  m a t e r i a l  w i th in  a few vm o f  t h e  crack t i p ,  then KIc i n  

Equa t ion  1 can be de f ined  as t h e  l o c a l  f r a c t u r e  toughness, K l c .  
environment c o u l d  reduce K i c  by changes i n  E ? ,  e;, o r  u 

c o u l d  decrease E? by a v a r i e t y  o f  embr i t t l ement  processes and inc rease  o r  

decrease u and 1; b y  hardening o r  s o f t e n i n g  processes. 

observed t o  reduce T? d u r i n g  s low s t r a i n  r a t e  t e s t s  o f  m a t e r i a l s  and t h i s  

d a t a  can be used t o  assess t h e  e f f e c t  o f  c o r r o s i o n  on Kit. For  ins tance,  

Mom e t  a1.30 observe0 a s t r a i n  t o  f a i l u r e  o f  1.5% f o r  304 SS t e s t e d  a t  123°C 

i n  35% MgC12 as compared t o  a s t r a i n  t o  f a i l u r e  o f  50% i n  a i r .  Assuming t h a t  

t h e  c o r r o s i v e  environment a l t e r e d  o n l y  ;?in Equa t ion  1, t h e  r a t i o  between K i c  
i n  MgC12 t o  t h a t  i n  a i r  i s :  

However, i f€? and a a re  d e f i n e d  as l o c a l  
Y 

A c o r r o s i v e  

Hydrogen uptake 

Cor ros ion  has been 

Y '  

Y 

I f  KIc i n  a i r  i s  100 MPa fi then  K i c  i s  17  MPa fi. T h i s  va lue i s  an upper 

bound on KIscc s i n c e  KIscc must be l e s s  than o r  equal t o  Kit. 
t i o n  i s  o n l y  an example and u n f o r t u n a t e l y  exper imenta l  va lues f o r  KIscc i n  

MgC12 a r e  n o t  r e a d i l y  a v a i l a b l e .  
would r e q u i r e  per forming c o n s t a n t  e x t e n s i o n  r a t e  t e s t s ,  precracked f r a c t u r e  

t e s t s  and f a t i g u e  t e s t s  w i th  t h e  m a t e r i a l s  and environments o f  i n t e r e s t .  

T h i s  ca l cu l a -  

An e f f o r t  t o  eva l ua te  Equat ions 1 th rough  3 

The y i e l d  s t r e s s  o f  m a t e r i a l s  t e s t e d  i n  c o r r o s i v e  environments can a l s o  be 

a l t e r e d  i n  comparison w i t h  those measured i n  i n e r t  environments.  T h i s  e f f e c t  

has been m s t  

c r y s t a l s  which showed a decreased y i e l d  s t r e n g t h  a f t e r  a s t r a i n - e l e c t r o p o l i s h  

c y c l e .  A t i m e  dependent e l o n g a t i o n  was observed d u r i n g  anodic d i s s o l u t i o n  o f  

copper32 and s t a i n l e s s  

y i e l d  s t reng ths .  

c l e a r l y  demonstrated b y  Kramer and Demer31 on aluminum mono- 

which were loaded t o  150% t o  200% o f  t h e i r  

Therefore,  t h e  f l o w  s t r e s s  i n  t h e  r e g i o n  o f  t h e  crack t i p  
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can be expected t o  decrease as a r e s u l t  o f  c rack t i p  d i s s o l u t i o n .  

d i s s o l u t i o n  may occur as a r e s u l t  o f  f i l m  r u p t u r e  o r  i n  cases when a pass ive  

f i l m  may n o t  be s t a b l e .  

decrease K i c  (Equa t ion  1 )  w h i l e  i n c r e a s i n g  da/dn (Equat ions 2 and 3 ) .  

f o r e ,  s t r e s s  c o r r o s i o n  c r a c k i n g  and c o r r o s i o n  f a t i g u e  can be r e l a t e d  t o  

changes i n  c f  and 0 

slow s t r a i n  r a t e  t e s t s ,  Dut t h e  t e s t s  must be conducted a t  r e l e v a n t  e l e c t r o-  

chemical  p o t e n t i a l s ,  pH's,  chemical composi t ions ( 0 2 ,  C I ,  e t c . )  and w i t h  a 

notched t e n s i l e  sample. 

Anodic 

A decrease i n  t h e  crack t i p  f l o w  s t r e s s  would 

Tnere- 

Both o f  these parameters can be measured w i t h  s imple 
Y '  

6.0 REFERENCES 

1. M. J. Pov ich.  1978. Corros ion,  34(5):162. 

2. T. M. Devine, C .  L. B r i a n t ,  and B. J .  Drummorte. 1980. S c r i p t a  Met. 
14:1175. 

3. D. Warren. 1959. Corros ion,  15:213t .  

4. M. A.  S t r e i c h e r .  1964. Corros ion,  20:57t .  

5. R .  F .  Ste igerwa ld .  1 ~ 7 7 .  Corros ion,  33:338. 

6. C. L. B r i a n t .  i n  press.  

7.  S .  M. Bruemmer, R .  H. Jones, M. T. Thomas, and D. R .  Baer. 1981. I n  
t h e  Proceedinqs o f  t h e  Secono I n t e r n a t l o n a l  Conference on t h e  Env i rcn -  
mental  Degradat ion o f  Eng ineer ing  M a t e r i a l s ,  September 21-23, 1981. 

8. J. L .  B r i m h a l l ,  D. R .  Baer and R .  H .  Jones. 1981. I n  t h e  Proceedings 
o f  t h e  Second I n t e r n a t i o n a l  Conference on t h e  Environmental  Degradat iLn 
o f  Eng ineer ing  M a t e r i a l s ,  September 21- 23, 1981, Paper 6C-17. 

9. B. M. Gordon. 1980. M a t l s .  Performance, p. 2 Y .  

10. F .  P .  Ford and M. 3. Pov ich.  197Y. L o r r o s i o n ,  35(12):569. 

11. R. H. Jones, A.  B. Johnson, Jr., and S. M. Bruemmer. 1981. Proceedings 
- o f  t h e  Second I n t e r n a t i o n d l  Conference on Environmental  Degradat ion ~ . _ _  o f  
Enq ineer inq  M a t e r i a l s .  

12. G. DeVries.  1970. "The Cor ros ion  o f  Meta ls  by Mo l ten  L i t h i u m . "  In t h e  
Proceedinqs on Cor ros ion  by L i q u i d  Meta ls ,  J .  E .  D ra ley  and J .  R. Weeks, 
eds., p. 251. 

92 



13. 

14. 

15. 

16. 

1 7 .  

18. 

19. 

20. 

21. 

22. 

23, 

24. 

25. 

26. 

27. 

28. 

R. E. S t o l t z .  1980. " A l l o y  Development f o r  I r r a d i a t i o n  Performance 
Q u a r t e r l y  Progress Report  f o r  P e r i o d  Ending March 31, 1980." 

W. W. Gerber ich,  J. Gar ry  and J. F. Lessar.  1976. " E f f e c t  o f  Hydrogen 
on Behavior  o f  Ma te r ia l s , "  A. W. Thompson and I .  M. Berns te in ,  eds., 
p. 70. 

R. A. O r i a n i ,  and P. H. Josephic.  1974. Ac ta  Met., 22:1065. 

R. L. Klueh and J. M. V i t e k .  1980. " A l l o y  Development f o r  I r r a d i a t i o n  
Performance Q u a r t e r l y  Progress Report  f o r  P e r i o d  Ending December 31, 
1980. I' DOE/ER-0045/5, p, 218. 

3. Kameda and C. J. McMahon, Jr. t o  be pub l ished.  

R. A. Johnson and N. Q.  Lam. 

F. A. Smidt, Jr., 3. R .  Hawthorne and V.  Provenzano. 1981. " A l l o y  
Development f o r  I r r a d i a t i o n  Performance Q u a r t e r l y i  Progress Reprot  f o r  
P e r i o d  Ending March 31, 1981." DOE/ER-0045/2, p. 163. 

T. A. Lechtenberg. 1980. " A l l o y  Development f o r  I r r a d i a t i o n  P e r f o r -  
mance Q u a r t e r l y  Progress Reprot  f o r  P e r i o d  Ending December 31, 1980." 
DOE/ER-0045/5, p. 143. 

OOE/ER-0045/2, p. 88. 

1976. Phip., Rev. B, 13, p. 4364. 

Chopra and 0. L.  Smith. " A l l o y  Development f o r  I r r a d i a t i o n  Performance 
Q u a r t e r l y  Progress Reprot  f o r  P e r i o d  Ending September 30, 1980, 
DOE/ER-0045/4, p. 140. 

P. F.  T o r t o r e l l i ,  J. H. DeVan and C. T. L i n .  " A l l o y  Development f o r  
I r r a d i a t i o n  Performance Q u a r t e r l y  Progress Report  f o r  P e r i o d  Ending 
September 30, 1980. DOE/ER-0045/4, p. 182. 

K. L.  Johnson, N. N. Breyer and J. W .  D a l l y .  1977. I n  Proceedings o f  
Conference on Environmental  Degradat ion o f  Eng ineer ing  M a t e r i a l s ,  p. 91. 

R. L i u ,  N. N a r i t a ,  C. A l s t e t t e r ,  H. Birnbaum, and E. N.  Pugh. 
Me t .  Trans. 11A31563. 

J.  C. S c u l l y .  1973. "St ress  Cor ros ion  Crack ing and Hydrogen E m b r i t t l e -  
ment of I r o n  Base A l l oys , "  R. W .  Staehle,  3. Hochmann, R .  D. McCright ,  
and J. E. S l a t e r ,  eds., NACE-5, p. 946. 

1980. 

z 

J. A. Beavers and E. N. Pugh. 1980. Met. Trans. l lA:809.  

G. T. Hahn and A. R. Rosen f ie ld .  1968. ASM STP-432, p. 5. 

F. A. McCl in tock .  1567. " Fa t igue  Crack Propagat ion,"  STP-415, P h i l a-  
de lph ia ,  Pennsylvania,  p. 170. 

93 



29. 0. Broek and R. C .  R ice.  1977. " M a t e r i a l s  and Processes i n  Serv ice  
Performance," p. 392. 

30. A. J .  A. Mom, R .  T .  Dencher, C .  J .  V.  0. Wekken, and W.  A .  Schul tze.  
1979. 
G. M. Ug iansk i  and J .  H. Payer, eds., ASTM STP-665, p. 305. 

31. I .  R. Kramer and L .  J .  Demer. 1961. Trans. A I M E ,  221:780. 

32. R .  W .  Revie and H. H. U h l i g .  1974. Ac ta  Met. 22:619. 

33. M. Smialowski and J .  Kus tansk i .  137Y. Cor ros ion  Sc i .  1 ~ : 1 0 1 5 .  

" S t ress  Cor ros ion  Cracking--The Slow S t r a i n  Rate Technique." 

7.0 FUTURE WORK 

The e f f e c t  o f  i r r a d i a t i o n  on t h e  g r a i n  boundary segrega t ion  o f  i m p u r i t i e s  

w i l l  be eva lua ted  f o r  316 SS, PE 16 and HT-9. An e x p l o r a t o r y  exper iment d i l l  

be conducted u s i n g  e n e r g e t i c  l i g h t  i ons  t o  i r r a d i a t e  w i r e s  o r  f o i l s  w i l l  be 
conducteo. The g r a i n  boundary composi t ion o f  t h e  i r r a d i a t e d  w i r e s  o r  f o i l s  

w i l l  be examined by Auger E l e c t r o n  Spectroscopy. 

Also,  t h e  hydrogen emnr i t t l ement  o f  316 SS and HT-9, heat  t r e a t e d  t o  produce 

phosphorus segrega t ion  w i l l  be examined. Tes ts  w i l l  be conducted a t  c a t h o d i c  

p o t e n t i a l s  i n  aqueous s o l u t i o n s .  
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CHAPTER 4 

CORRELATION METHODOLOGY 

95 





FUSION SWELLING PREDICTIONS FROM A MODEL-BASED FISSION-FUSION-FISSION 
INTERPOLATION - R.E. Stoller and G.R. Odette (University of 
California, Santa Barbara) 

1.0 Objective 

The purpose of this work is to develop a physically based model of cavity 
swelling in stainless steels which may be used to facilitate extrapolation 
of fission reactor swelling data to fusion conditions. 

2.0 Summary 

The heliuddpa (He/dpa) ratio in stainless steel under fusion conditions 
will be about 30 times greater than in EBR-I1 and about 7 times less than 
in HFIR. To permit the meaningful use o f  fission reactor swelling data, 
the effects of various He/dpa ratios must be understood. A rate theory 
model with several novel features and which explicitly considers some 
potential He/dpa ratio effects has been calibrated using data from both 
EBR-I1 and HFIR. The calibrated model has been used to predict swelling 
under fusion conditions. The results indicate that simple extrapolations 
of swelling data from either EBR-I1 or HFIR may not be valid. 

3.0 Program 

Title: Damage Analysis and Fundamental Studies for Fusion Reactor 
Materials Development 

Principal Investigators: G.R. Odette and G.E. Lucas 
Affiliation: University of California, Santa Barbara 

4.0 Relevant OAFS Program Plan Task/Subtask 

Subtask C Correlation Methodology 
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5.0. Accomplishments and Status ' 

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

E x t r a p o l a t i o n  o f  e x i s t i n g  f i s s i o n  r e a c t o r  da ta  t o  p r e d i c t  t h e  

s w e l l i n g  o f  s t a i n l e s s  s t e e l s  under f u s i o n  c o n d i t i o n s  r e q u i r e s  cons i de r i ng  

v a r i a t i o n s  i n  a number o f  environmental  parameters (4).  One parameter 

which has been i d e n t i f i e d  as p o t e n t i a l l y  s i g n i f i c a n t  i s  t h e  he l ium t o  

d isp lacement  r a t i o  (He/dpa). The He/dpa r a t i o  f o r  a s t a i n l e s s  s t e e l  

f u s i o n  r e a c t o r  f i r s t  w a l l  i s  about 10 appm/dpa* w h i l e  t h i s  same r a t i o  i s  

o n l y  about 0.35 i n  t h e  f a s t  spectrum o f  t h e  Exper imental  Breeder 

Reac to r- I1  (EBR-11)  (536). Because o f  t h e  two s tep  r e a c t i o n  w i t h  FIi-58, 

r e a c t o r s  w i t h  a s i g n i f i c a n t  thermal spectrum can generate l a r g e  amounts o f  

he l ium i n  s t a i n l e s s  s t e e l .  For  example, t h e  He/dpa r a t i o  i n  t h e  High F l u x  
I s o t o p e  Reactor s a t u r a t e s  a t  about 70 appm/dpa . (5) 

Two n a t u r a l  eng inee r i ng  approaches t o  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  m igh t  be 

t o  d i r e c t l y  i n t e r p o l a t e  between t h e  H F I R  and E B R y I I  d a t a  s e t s  t o  p r e d i c t  

behav io r  i n  a f u s i o n  environment;  o r  a l t e r n a t e l y  t o  emphasize t h e  

r e l a t i v e l y  smal l  macroscopic d i f f e r e n c e s  i n  gross s w e l l i n g  between t h e  two 

d a t a  s e t s  i n  some temperature/exposure regimes. However, we have chosen 

t o  make t h e  i n t e r p o l a t i o n  based on a s imple  p h y s i c a l  model which i s  

c a l i b r a t e d  t o  be r o u g h l y  c o n s i s t e n t  w i t h  b o t h  da ta  s e t s  and t o  make a 

s p e c i f i c  p r e d i c t i o n  f o r  t h e  f u s i o n  He/dpa r a t i o .  As w i l l  be d iscussed 

below, t h e  r e s u l t s  suggest t h a t  f u s i o n  behav io r  may n o t  always be 

b racke ted  by t h e  H F I R  and E B R - I 1  data .  S ince t h e  d a t a  i s  so l i m i t e d  and 

t h e  model c l e a r l y  o v e r s i m p l i f i e d ;  and s ince  a l l  f i s s i o n - f u s i o n  v a r i a b l e  

d i f f e r e n c e s  have n o t  been cons idered,  we do n o t  c l a i m  t h a t  t h e  r e s u l t s  

r ep resen t  an accura te  p r e d i c t i o n  o f  behav io r  under f u s i o n  c o n d i t i o n s .  B u t  

we do b e l i e v e  t h a t  t h e  approach used rep resen ts  a r a t i o n a l  approach t o  

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

*The a c t u a l  He/dpa r a t i o  can va ry  as much as a f a c t o r  o f  -40 f rom t h e  
( 6 )  f i r s t  w a l l  t o  t h e  o u t e r  edge o f  t h e  b l a n k e t  . 
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The rate theory model which has been developed describes the evolving 
cavity microstructure of 316 stainless steel under irradiation. The major 
navel features of the model are: a non-ideal gas treatment of the helium 
trapped in cavities; an approximate treatment of bubble-void cavity 
components which can account for observed size distributions; including 
those which are bi-and tri-modal; an explicit treatment o f  the effects of 
various He/dpa ratios; and a helium partitioning model which accounts for 
helium captured by microstructural features other than the cavities. 
Specifically, helium can be captured by dislocations, thereby aiding 
bubble growth via a “pipe-diffusion” mechanism, or helium can be trapped 
by the sub-grain structure. Two major simplifications employed in 
developing the model are its neglect of microchemical evolution and the 
use of time independent microstructural parameters such as the dislocation 
density and the sub-grain size. 

, was (7,8) The model, which is an extension of some earlier work 
calibrated to obtain reasonable quantitative agreement between the model ’ s 

predictions and the observed swelling of 20% CW DO-heat irradiated in 
EBR-I1 and HFIR. A detailed discussion of this data is available 
el sewhere (4). The calibrated model was then used to predict the cavity 
swelling of this same allay under fusion conditions. The results suggest 
that two different regimes of cavity swelling may be important; the first 
being associated with a high density of uniformly distributed matrix 
cavities similar to HFIR irradiations and the second involving a lower 
density of large cavities with the largest being attached to precipitates 
as observed in EBR-11. The actual swelling under fusion conditions may be 
strongly dependent upon which path the cavity microstructure follows. 

5.2 Model Description and Calibration 

The following sections describe the rate theory model which has been 
developed and the calibration of this model to obtain agreement between 
the model’s predictions and swelling data from irradiation of 20% CW 316 
stainless steel (DO-heat) in E B R - I 1  and HFIR. 
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5 . 2 . 1  P o i n t  De fec t  Concent ra t ions  and S ink  S t r u c t u r e  

To compute t h e  v a r i o u s  extended d e f e c t  s i n k  s t reng ths  and t o  o b t a i n  t h e  

p o i n t  d e f e c t  c o n c e n t r a t i o n s ,  t h e  f o l l o w i n g  assumptions a re  made; 

1. The p o i n t  d e f e c t  concen t ra t i ons  a r e  computed assuming a 
(10) quas i - s teady- s ta te  r a t e  t heo ry  f o r m u l a t i o n  

2. The p o i n t  d c f e c t  s i n k  s t r u c t u r e  c o n s i s t s  o f  bubbles,  vo ids ,  a 

coarse sub- gra in  s t r u c t u r e ,  and network d i s l o c a t i o n s .  Both c a v i t y  

components and t h e  sub- gra ins  t r a p  he l ium.  w h i l e  r e s o l u t i o n i n g  i s  

neg lec ted .  Network d i s l o c a t i o n s  can a l s o  capture  he l ium;  however, t h i s  

f r a c t i o n  o f  t h e  he l ium i s  t hen  d i s t r i b u t e d  t o  t h e  bubbles. t le l i i lm 

p a r t i t i o n i n g  procedures a r e  d iscussed below. 

3. Bubbles, v o i d s ,  and t h e  sub- gra ins  a re  t r e a t e d  as n e u t r a l  s i n k s  

f o r  b o t h  vacancies and i n t e r s t i t i a l s  w h i l e  network d i s l o c a t i o n s  

p r e f e r e n t i a l l y  absorb i n t e r s t i t i a l s ;  f o r  s i m p l i c i t y  an e f f e c t i v e  system 

b i a s  i s  a t t r i b u t e d  t o  t h e  d i s l o c a t i o n s .  The s i n k  s t r e n g t h  o f  t h e  va r i ous  

extended d e f e c t s  a r e  computed u s i n g  a procedure s i m i l a r  t o  t h a t  desc r i bed  

by B u l l  ough and tlayns (11) 

5 . 2 . 2  Model ing Procedures and M i c r o s t r u c t u r a l  Param- 

I n  t h e  p resen t  work, t h e  c a v i t y  i i i i c r o s t r u c t u r e  i s  tilodeled u s i n g  t h r e e  s i z e  

c l asses  which a r e  i l l i t i a l l y  a l l o c a t e d  5, 10, and 20 he l ium atoms p e r  

c a v i t y  r e s p e c t i v e l y .  The c a v i t i e s  a r e  assumed t o  be e q u i l i b r i u m  blrbbles 

a t  t i m e  zero  and t h e  r a d i u s  i s  computed u s i n g  an equat ion  o f  s t a t e  

developed by  B r e a r l e y  and MacInnes (I2), Observed v o i d  d i s t r i b u t i o n s  a r e  

approximated by a p roper  cho ice  o f  i n i t i a l  bubble d e n s i t i e s  and t h e i r  

assoc ia ted  he l i um con ten t .  Th i s  approach a l l ows  a crude t rea tmen t  o f  t h e  

t i m e  dependence o f  v o i d  n u c l e a t i o n  and s i z e  d i s t r i b u t l o n s  whicl i  a r e  t h e  

r e s u l t  o f  con t inuous  n u c l e a t i o n .  

Hel ium i s  con t i nuous l y  generated i n  t h e  m a t r i x  a t  e i t h e r  a cons tan t  r a t e  

c h a r a c t e r i s t i c  o f  fast, r e a c t o r  o r  f u s i o n  i r r a d i a t i o n s  o r  a t  a t ime  
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dependent rate characteristic of HFIR (5). The helium is partitioned 
among the various sinks by first obtaining the matrix helium concentration 
from the following conservation equation: 

(SP + sc + sg) d'He - 
GHe - DHe 

- -  dt 

where the superscripts p, c, and g denote the sink strength of the 
dislocations, cavities and sub-grains respectively; GHe is the helium 
generation rate; and DHe is the helium diffusion coefficient. 

Helium migration is assumed to proceed by a radiation enhanced self 
diffusion mechanism with an activation energy; EZe = E, + Ev - EHe, and a 
pre-exponential equal to the effective vacancy supersaturation; I$ = 

(DVCV-DiCi)/DVCt, i.e. a di-vacancy mechanism. The amount of helium 
partitioned to a given cavity size class during a time step At is 
determined by its relative sink strength and if the cavities in a given 
size class are still bubbles, they also are allocated the relevant 
fraction of the helium captured by the dislocations; viz 

f m b  

Z 4nr D M At v He He 

where Sb i s  the bubble sink strength. As long as the number of helium 
atoms in a given cavity i s  less then NC, the critical number (which will 
be discussed below), the stable bubble radius i s  found from Equation ( 3 )  
using the equation of state mentioned above. 

A schematic plot of is shown in Figure 1. The assumption that 
sufficient vacancies are available for the evolution of near steady-state 
or Quasi-eauilibrium bubbles has been found to be valid for the micro- 
structural and material parameters used in this study. 
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RADIUS 

FIGURE 1. Schematic P l o t  o f  C a v i t y  Growth Rate ( p ) .  

The c r i t e r i o n  f o r  c a v i t y  convers ion  f rom bubble  t o  v o i d  i s  a l s o  ob ta i ned  

from Equa t ion  (3 ) .  I f  t h e  d e r i v a t i v e  i n  Equa t ion  (3) i s  s e t  t o  ze ro ,  a 

n i n t h  o r d e r  equa t ion  f o r  r i s  ob ta ined  as a f u n c t i o n  o f  0, y ,  and NHe. 

For  NHe < NC t h e r e  a r e  two r e a l ,  p o s i t i v e  r o o t s  o f  t h e  equa t ion  which a r e  

t h e  s t a b l e  bubb le  and c r i t i c a l  v o i d  r a d i i  r e s p e c t i v e l y .  Wi th  NHe < NC, a 

r e g i o n  o f  < 0 rep resen ts  a b a r r i e r  t o  v o i d  n u c l e a t i o n  and t h e  c a v i t y  

r a d i u s  i s  cons t r a i ned  t o  rb. o r  $I, t h e  cu rve  

s h i f t s  upwards u n t i l  NHe = NC; a t  t h i s  p o i n t  t h e  c a v i t i e s  i n  such a s i z e  

c l a s s  a r e  cons idered  t o  have conver ted  t o  vo ids .  t h e r e  a r e  

no r e a l ,  p o s i t i v e  r o o t s  and t h e  v o i d  r a d i u s  i s  subsequent ly found by 

i n t e g r a t i n g  Equa t ion  ( 3 ) .  

However, w i t h  i n c r e a s i n g  N He 

For  NHe > N C 

T h i s  i d e a l i z a t i o n  o f  t h e  convers ion  o f  c a v i t i e s  f rom bubbles t o  v o i d s  

n e g l e c t s  p o s s i b l e  t ime-dependent microchemica l  changes which may i n f l u e n c e  
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NC; t h i s  i s  d iscussed f u r t h e r  below. The use o f  reasonable i n i t i a l  c a v i t y  

d e n s i t i e s  has y i e l d e d  good agreement between observed v o i d  d e n s i t i e s  and 

t h e  number d e n s i t y  o f  "conver ted"  c a v i t i e s .  F igu re  2 i s  a p l o t  o f  t h e  

v o i d  number d e n s i t y  i f  1, 2, o r  3 s i z e  c lasses  have conver ted t o  vo ids .  

Observed v o i d  d e n s i t i e s  o f  20% cold-worked DO-heat i n  E B R - I 1  and H F I R  a re  

a l s o  shown. 

For t h e  H F I R  p r e d i c t i o n s  a l l  o f  t h e  c a v i t i e s  a re  o f  t h e  same type ,  e i t h e r  

a l l  vo ids  o r  a l l  bubbles. Note t h a t  t h e  H F I R  number d e n s i t i e s  a re  p l o t t e d  

as Log(NV/15) where 15 i s  approx imate ly  t he  square r o o t  o f  t h e  r a t i o  o f  

t h e  he l ium gene ra t i on  r a t e  i n  H F I R  t o  t h a t  i n  EBR-11. Th i s  s c a l i n g  o f  

c a v i t y  number d e n s i t i e s  w i t h  t he  square r o o t  o f  t h e  he l ium gene ra t i on  r a t e  

has been observed p r e v i o u s l y  (4) and was used t o  compute t h e  c a v i t y  

d e n s i t i e s  assumed f o r  f u s i o n  c o n d i t i o n s .  S p e c i f i c a l l y ,  t h e  f u s i o n  va lues 

were assumed t o  be 5 . 5  t imes t h e  E B R - I 1  values. 

F i g u r e  3 shows t h e  temperature dependence o f  t h e  o t h e r  two major  

m i c r o s t r u c t u r a l  f e a t u r e s  i nc luded  i n  t h e  model; t h e  network d i s l o c a t i o n  

d e n s i t y  (p,) and t h e  sub- gra in  s i z e  (0 ). The sub- gra in  s t r u c t u r e  

rep resen ts  t h e  coarse d i s t r i b u t i o n  o f  m ic ro- tw ins ,  s t a c k i n g  f a u l t s  and 

de fo rmat ion  bands which i s  observed i n  t h i s  a l l o y  i n  t h e  20% CW c o n d i t i o n  
(9) .  The va lues o f  t h e  d i s l o c a t i o n  d e n s i t y  used f o r  EBR- I1  and H F I R  i n  
t h e  temperature range o f  400-650OC r e f l e c t  t h e  r e p o r t e d  va lues o f  t h i s  
parameter f o r  00-heat i n  t h e  two r e a c t o r s  (4113314915). The va lue  chosen 

i n  t h i s  r e g i o n  t o  s imu la te  f u s i o n  c o n d i t i o n s  represents  a l i n e a r  

i n t e r p o l a t i o n  between E B R - I 1  and HFIR.  For temperatures g r e a t e r  than  

65OoC, va lues were chosen which rep resen t  enhanced recovery;  f o r  less t han  

4OO0C, t h e  es t imated  c o n t r i b u t i o n  o f  loops i s  inc luded.  

9 

I n  genera l ,  t h e  use o f  t h e  s i m p l i f i e d  model may cause some d i f f i c u l t y  i n  

s imu l taneous ly  reproduc ing  t h e  observed behav io r  i n  b o t h  t h e  n u c l e a t i o n  

and steady s t a t e  regimes. The va lues o f  parameters which i n f l u e n c e  t h e  

" s w e l l i n g  p ropens i t y "  o f  t he  m a t e r i a l  (e.g. t h e  e f f e c t i v e  system b i a s )  may 

be t i m e  dependent and t h e  use o f  dose independent parameters d i c t a t e s  t h a t  
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FIGURE 2. Comparison o f  Observed and P r e d i c t e d  Vo id  D e n s i t i e s  (N"). 
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FIGURE 3 .  Temperature Dependence o f  D i s l o c a t i o n  Dens i t y  and Subgra in  s i z e .  
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a compromise va lue be chosen f o r  these parameters. F o r  example, t h e  t i m e  

r e q u i r e d  f o r  s i g n i f i c a n t  p r e c i p i t a t i o n  t o  occur i s  o b v i o u s l y  i m p o r t a n t  i f  

vo ids  a re  a t tached  t o  p r e c i p i t a t e s  as f r e q u e n t l y  observed i n  E B R - I 1  
m i c r o s t r u c t u r e s .  

5 .2 .3  Model C a l i b r a t i o n  

The use o f  a r e l a t i v e l y  " s tandard"  s e t  o f  r a t e  theo ry  parameters p e r m i t t e d  

reasonable agreement w i t h  s w e l l i n g  d a t a  from t h e  two r e a c t o r s  (see Table 

1.) The temperature dependent su r face  energy was ob ta ined  from zero- creep 
measurements (I6). I n  o rde r  t o  o b t a i n  agreement between model p r e d i c t i o n s  

and s w e l l i n g  d a t a  i n  the  two environments, it was necessary t o  enhance the  

" s w e l l i n g  p r o p e n s i t y "  i n  E B R - I 1  a t  temperatures g r e a t e r  than  50OoC. T h i s  

requ i rement  may be a r e s u l t  o f  t h e  f a c t  t h a t  i n  EBR-I1  a low d e n s i t y  o f  

l a r g e  c a v i t i e s ,  w i t h  t h e  l a r g e s t  o f  these a t t a c h e d  t o  p r e c i p i t a t e s  appears 

t o  dominate s w e l l i n g  w h i l e  i n  H F I R  a h i g h e r  d e n s i t y  o f  more u n i f o r m l y  

d i s t r i b u t e d  m a t r i x  c a v i t i e s  may dominate [4]. An " e f f e c t i v e "  su r face  

energy was used a t  these temperatures i n  E B R - I 1  t o  a c t  as a su r roga te  

TABLE 1. RATE THEORY PARAMETERS 

-1 Displacement Rate, sec 
Vacancy M i g r a t i o n  Energy, 1 . 3  eV 
Vacancy Format ion Energy, 1.6 eV 
He-Divacancy B i n d i n g  Energy, 0.5 eV 
I n t e r s t i t i a l  M i g r a t i o n  Energy, 0.5 eV 

D i s l o c a t i o n - I n t e r s t i t i a l  B ias ,  1.03 
Sur face Energy (ergs/cm*), 4050-1.75T(OC) 

Recombinat ion C o e f f i c i e n t ,  1 . 0 ~ 1 0 1 7 ~ ~  

f o r  those e f f e c t s  which l e a d  t o  enhanced growth when c a v i t i e s  a re  a t tached  

t o  p r e c i p i t a t e s .  The nominal su r face  energy was reduced l i n e a r l y  w i t h  

temperature above 5OO0C t o  a minimum o f  1000 ergs/cm2 a t  65OoC, a va lue 

which has been used by o the rs  i n  s i m i l a r  work (17,181 

Which c a v i t y  m i c r o s t r u c t u r e  develops may be i n f l u e n c e d  by  t h e  m a t r i x  

bubble d e n s i t y  which forms a t  low f luences and hence by  t h e  He/dpa r a t i o .  
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FIGURE 4. Comparison Between Observed and Predicted Fluence Dependence o f  
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The h i g h e r  bubble d e n s i t i e s  i n  H F I R  may suppress t h e  r a p i d  s w e l l i n g  of 

those c a v i t i e s  a t tached  t o  p r e c i p i t a t e s  by " s t a r v i n g "  them o f  b o t h  He and 

vacancies. I n  a d d i t i o n ,  a l t e r i n g  t h e  thermal-mechanical t rea tmen t  i n  HFIR  
can produce e i t h e r  t ype  o f  c a v i t y  m i c r o s t r u c t u r e .  S o l u t i o n  annealed 

DO-heat i n  H F I R  has a lower c a v i t y  d e n s i t y  t h a n  t h e  20% CW m a t e r i a l  and 
f o l l o w s  a p a t h  more c l o s e l y  resembl ing  EBR-I1  m i c r o s t r u c t u r e s  (4). These 

two pa ths  o f  c a v i t y  e v o l u t i o n  exacerbate t h e  problem o f  e x t r a p o l a t i n g  f rom 

f i s s i o n  t o  f u s i o n  s ince ,  as w i l l  be shown i n  t h e  f o l l o w i n g  sec t ion ,  t h e  

model p r e d i c t s  q u i t e  d i f f e r e n t  s w e l l i n g  behav ior  f o r  t h e  two paths.  

The f 1 uence and temperature dependence o f  t h e  model ' s s w e l l  i ng 

p r e d i c t i o n ' s  a re  compared w i t h  da ta  i n  F igures  4 and 5. Note t h a t  f o r  

temperatures g r e a t e r  than  450DC, a l l  o f  t he  p r e d i c t e d  s w e l l i n g  i n  H F I R  i s  

due t o  bubbles.  I n  genera l ,  t h e  agreement i s  q u i t e  good. Notab ly ,  t h e  

)RIGHT HAND SCALE A DATA, 7-15 dpa 
A MODEL PREOICTIONS. 10 dpa 

DATA 
0 MODEL PREDICTIONS LEFT HANO SCALE 

) AT INDICATED DOSE 

T 
A I 10.50 

I 

c 
El e 
a 
w 5 -  z 
i 
J 
w 

$ 

r A A 
0 I I I I I I I I 

350 450 550 650 750 

TEMPERATURE, 'C 

FIGURE 5. Comparison Between Observed and P r e d i c t e d  Temperature Dependence 
o f  S w e l l i n g  i n  HFIR. 
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markedly d i f f e r e n t  temperature dependence o f  s w e l l i n g  i n  t h e  H F I R  r e l a t i v e  

t o  f a s t  r e a c t o r  behav io r  i s  w e l l  reproduced. The major  except ion  i s  t he  

p r e d i c t e d  i n c u b a t i o n  t ime i n  EBR-I1 a t  520°C shown i n  F igu re  4a. One 

p o s s i b l e  e x p l a n a t i o n  f o r  t h i s  behav io r  has been d iscussed above, v i z .  t he  

p o t e n t i a l  e f f e c t s  o f  microchemical  e v o l u t i o n  on NC.  Several  o t h e r  
exp lana t i ons  c o u l d  a l s o  be invoked,  e .g .  approximat ions i n  t he  he l ium 

p a r t i t i o n i n g  model o r  t he  e f f e c t  o f  t he  C W  a l l o y ' s  he terogene i ty .  

5 .3  Model P r e d i c t i o n s  For  Fusion 

The dose dependence o f  t h e  s w e l l i n g  p r e d i c t e d  f o r  f u s i o n  i s  shown i n  

F i g u r e  6a,b and a t  5 O O O C  and 6OO0C. For  purposes o f  comparison, t h e  

E B R - I 1  and H F I R  p r e d i c t i o n s  a t  t he  i n d i c a t e d  temperatures a r e  a l s o  shown. 
I n  s p i t e  o f  t h e  f a c t  t h a t  t he  value5 o f  t h e  He/dpa r a t i o  and t h e  c a v i t y  
number d e n s i t i e s  a re  i n te rmed ia te ,  t he  s w e l l i n g  p r e d i c t e d  f o r  f u s i o n  a t  

500°C i s  s i g n i f i c a n t l y  g r e a t e r  t han  t h a t  observed i n  b o t h  f i s s i o n  r e a c t o r s  

up t o  EO dpa. The major  e f f e c t s  a re  a s i g n i f i c a n t l y  reduced i n c u b a t i o n  

dose when compared w i t h  t h e  E B R - I 1  p r e d i c t i o n s  and an inc reased s w e l l i n g  

r a t e  when compared w i t h  t h e  H F I R  p r e d i c t i o n s .  Th i s  i s  a consequence o f  

t he  f a c t  t h a t  w h i l e  t h e  f u s i o n  c a v i t y  d e n s i t i e s  IY ,/EHe, t hey  a r e  n o t  h i g h  

enough t o  suppress s w e l l i n g ,  b u t  m a n i f e s t  a reduced i n c u b a t i o n  t ime  i n  t h e  

h i g h e r  he l i um environment. A t  600°C t h e  r e s u l t s  a re  s i m i l a r  i f  one 

assumes t h a t  t h e  c a v i t y  e v o l u t i o n  f o l l o w s  a p r e c i p i t a t e  dominated p a t h ,  

i . e .  w i t h  t h e  iower  e f f e c t i v e  su r face  energy a5 used f o r  EBR-11. However, 

i f  one assumes t h a t  t h e  m a t r i x  c a v i t i e s  dominate, t h e  f u s i o n  p r e d i c t i o n s  

a re  b racketed  by t h e  two f i s s i o n  r e a c t o r  p r e d i c t i o n s  a t  doses g r e a t e r  t han  

40 dpa. Below 40 dpa, t h e  s w e l l i n g  p r e d i c t e d  f o r  f u s i o n  i s  s l i g h t l y  l e s s  

t han  b o t h  E B R - I 1  and H F I R  f o r  t h i s  pa th .  

There i s  n o t  s u f f i c i e n t  da ta  t o  p r e d i c t  which c h a r a c t e r i s t i c  

m i c r o s t r u c t u r e  a CW s t e e l  would form i n  a f u s i o n  environment. However, 

t h e  r e s u l t s  f o r  t h e  SA s t e e l  i n  H F I R  which had a s l i g h t l y  lower c a v i t y  

d e n s i t y  and l a r g e  c a v i t i e s  on p r e c i p i t a t e s .  suggest t h a t  s i m i l a r  behav io r  
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c o u l d  be observed f o r  t h e  CW c o n d i t i o n  a t  a f u s i o n  He/dpa r a t i o ;  t h i s  o f  

course assumes a c a v i t y  s c a l i n g  ~ qHe. 

The " s teady s t a t e "  s w e l l i n g  r a t e  and t h e  i n c u b a t i o n  t ime have b e e r  

normal ized i n  F i g u r e  7 u s i n g  the  r e s u l t s  o f  t he  E B R - I 1  and f u s i o r r  

p r e d i c t i o n s .  The i n c u b a t i o n  t ime  here i s  d e f i n e d  as the  dose t o  1% 
s w e l l i n g  and t h e  s w e l l i n g  r a t e  i s  t h e  average va lue between 60 and 80 dpa. 

The n o r m a l i z a t i o n  procedure was used i n  an a t tempt  t o  reduce the  s p e c i f i c  

parameter dependence o f  the  r e s u l t s .  For example. t h e  model has a l s o  been 

c a l i b r a t e d  t o  reproduce t h e  s w e l l i n g  behav io r  o f  t h e  h i g h e r  s w e l l i n g  heat  

o f  s t e e l  desc r ibed  i n  Reference ( 3 ) .  Whi le  t h e  dbso lu te  s w e l l i n g  va lues 

a re  h i g h e r ,  when the  r e s u l t s  a re  normal ized u s i n g  t h i s  procedure t h e  

behav io r  i s  q u i t e  s i m i l a r  t o  DO-heat. A s  noted p r e v i o u s l y ,  when the  
f u s i o n  p r e d i c t i o n s  a r e  compared w i t h  the  E B R - I 1  r e s u l t s ,  t h e  i n c u b a t i o n  

t i m e  i s  more s e n s i t i v e  than t h e  s w e l l i n g  r a t e .  A t  t he  h i g h e r  temper- 

a t u r e s ,  t h e  e f f e c t  o f  which p a t h  t h e  c a v i t y  m i c r o s t r u c t u r e  f 'o l lows i s  a l s o  

seen t o  be more dramat ic  on the  i n c u b a t i o n  dose than on t h e  s w e l l i n g  r a t e .  
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5.4 Conclusions 

It should be noted that the results described are sensitive to certain 
model assumptions and the particular parameters used. for example, minor 
changes in parameters could lead to void swelling in HFIR. The results 
are also quite sensitive to the assumed fiHe scaling of the cavity 
densities which needs to be further verified experimentally in light of 
the current varying interpretations of the DO-heat data (4 ,13 ,14)  

Perhaps the most significant conclusion of the results of the present 
model calibration and of the fusion interpolation is the suggestion that 
cavity swelling may follow two alternate paths; one in which the cavities 
are distributed throughout the matrix and the other in which the cavities 
are attached to precipitates. Quite different swelling can be observed, 
depending upon which type o f  cavity dominates. The He/dpa ratio may 
strongly influence which path is followed by determining the matrix bubble 
density early in the irradiation. Consistent with their different He/dpa 
ratios the model predicts quite different swelling behavior in EBR-I1 and 
H F I R .  However, although fusion's He/dpa ratio is intermediate, swelling 
under fusion conditions may not be bracketed by the results of 
irradiations in EBR-I1 and HFIR. If one assumes cavity-precipitate 
association for fusion as observed in EBR-11, the swelling for fusion is 
predicted to be significantly greater. If at higher temperatures a matrix 
cavity dominated microstructure develops under fusion conditions, swelling 
could be less than that observed in the two fission reactors at low 
fluences and intermediate at higher fluences. 
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7.0 Fu tu re  Work 

A d d i t i o n a l  t h e o r e t i c a l  work i s  needed t o  improve our  unders tanding o f  

d e f e c t  p a r t i t i o n i n g  and p o s s i b l e  microchemical  e f f e c t s  which may i n f l u e n c e  

t h e  proposed p a t h  dependence o f  c a v i t y  e v o l u t i o n .  The c u r r e n t  s i m p l i f i e d  
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cavity evolution model needs to be included in a more complete treatment 
o f  microstructural and microchemical evolution. 
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HELIW BUBBLE FORMATION AND SWELLING I N  METALS 

B.  B. Glasgow, A. Si-Ahmed. W.  G. Wo l fe r  ( U n i v e r s i t y  o f  Wisconsin) and 

F. A. Garner (Hanford Eng ineer ing  Development Labora to ry )  

1.0 O b j e c t i v e  

The purpose o f  t h i s  e f f o r t  i s  t o  p r o v i d e  models f o r  t h e  i n f l u e n c e  o f  hel ium on 

m i c r o s t r u c t u r a l  e v o l u t i o n  i n  i r r a d i a t e d  meta ls ;  these models w i l l  t hen  be used 

i n  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 .  

2.0 Summary 

The e f f e c t  o f  a cont inuous p r o d u c t i o n  o f  he l ium on s w e l l i n g  i s  analyzed u s i n g  

an improved equa t ion  o f  s t a t e  f o r  gaseous he l ium t h a t  i n c o r p o r a t e s  b o t h  a gas- 
k i n e t i c  as w e l l  as a s t a t i c  p ressure  f o r  densely packed hel ium. I n  t h e  absence 

o f  a b i a s ,  bubble  s w e l l i n g  i s  cha rac te r i zed  by two temperature regimes. 

temperatures below about 550°C,  bubble s w e l l i n g  i s  due t o  t h e r m a l l y  a s s i s t e d  

i n t e r s t i t i a l  emiss ion and i s  o f  a magnitude determined by t h e  volume occupied 

by densely  packed hel ium. A t  h i g h e r  temperatures,  bubbles grow by thermal  

vacancy emiss ion  a t  d i s l o c a t i o n s  and t h e i r  abso rp t i on  a t  c a v i t i e s .  

He/dpa r a t i o s ,  bubbles remain overp ressur i zed ,  and s w e l l i n g  i s  l e s s  than  

ob ta ined  f rom t h e  e q u i l i b r i u m  a s s m p t i o n .  When a modest b ias  e x i s t s ,  b i a s -  

d r i v e n  s w e l l i n g  o r  v o i d  growth i n  t h e  low temperature regime i s  always l a r g e r  
than  bubble s w e l l i n g ,  and h e l i m  has no e f f e c t  on t h e  s w e l l i n g  r a t e .  

A t  
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5.0 Accomplishments and S ta tus  

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

The p roduc t i on  o f  h e l i u n  i n  s t r u c t u r a l  m a t e r i a l s  by (n,cc) r e a c t i o n s  i s  cons idered 

t o  be one o f  t h e  major  f a c t o r s  which i n f l u e n c e s  v o i d  fo rmat ion .  Many exper imenta l  

and t h e o r e t i c a l  s tud ies ,  reviewed r e c e n t l y  by F a r r e l l  and by Hayns,") have 

c l e a r l y  shown t h a t  hel ium, e i t h e r  p r e i n j e c t e d  o r  con t i nuous l y  imp lan ted  o r  p ro-  

duced, does i nc rease  t h e  v o i d  n u c l e a t i o n  r a t e .  However, t h i s  does n o t  a lways  

imp l y  t h a t  t he  t e r m i n a l  v o i d  nunber d e n s i t y  a t  a g i ven  i r r a d i a t i o n  temperature 

i s  a l s o  inc reased w i t h  h e l i m .  I n  f a c t ,  t h e  rev iew i n  s e c t i o n  2 o f  exper imenta l  

data on v o i d  number d e n s i t i e s  i n d i c a t e s  t h a t  f o r  He/dpa r a t i o s  o f  i n t e r e s t  t o  

f u s i o n  reac to rs ,  t h e  t e rm ina l  v o i d  number d e n s i t y  i n  neu t ron  i r r a d i a t e d  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  i s  independent o f  t he  he l ium concen t ra t i on ,  b u t  t he  t ime t o  

reach i t  i s  dependent on t h e  He p roduc t i on  r a t e .  

excess o f  a few percen t  may n o t  be a f f e c t e d  by inc reased hel ium p roduc t i on  a t  

i r r a d i a t i o n  temperatures below about 0.5 T, (Tm i s  the me1 ti ng temperature) .  

A t  h i ghe r  temperatures, however, he l ium bubbles a r e  expected t o  form and thereby  

extend t h e  temperature range o f  swe l l i ng .  

As a r e s u l t ,  s w e l l i n g  i n  

Th is  h igh- temperature s w e l l i n g  by he l ium bubbles can be e a s i l y  computed p rov ided  

the  bubble dens i t y ,  t he  gas law, and the  su r face  energy y a re  known, and p rov ided  
a l l  t h e  h e l i u n  can be assumed t o  r e s i d e  i n  the  bubbles. Furthermore, t he  m o s t  

impo r tan t  assumption i s ,  o f  course, t h a t  t h e  bubbles a r e  i n  thermodynamic 

e q u i l i b r i m ,  i . e . ,  2 y / r  = p, where r i s  t h e  bubble r a d i u s  and p t h e  gas pressure.  

S t r i c t l y  speaking, t he  e q u i l i b r i u n  assunpt ion  i s  never comple te ly  s a t i s f i e d ,  

p a r t i c u l a r l y  when t h e  He/dpa r a t i o  i s  l a r g e .  

s w e l l i n g  r e q u i r e s  an overpressure,  i . e . ,  p >2y / r ,  f o r  a f i n i t e  bubble growth 

r a t e .  As a r e s u l t ,  t he  e q u i l i b r i m  assumption leads t o  t he  maximun p o s s i b l e  

bubble s w e l l i n g  when b i a s - d r i v e n  growth i s  n e g l i g i b l e .  

The reason i s  t h a t  gas- dr iven  

The purpose o f  t h e  p resen t  paper i s  t o  eva lua te  t he  e f f e c t  o f  he l ium on s w e l l i n g  

w i t h o u t  adopt ing  t h e  e q u i l i b r i m  assunpt ion  and t o  compare i t  w i t h  b i a s - d r i v e n  

s w e l l i n g  and s w e l l i n g  by e q u i l i b r i u n  bubbles. Impor tan t  f ea tu res  o f  t h e  
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presen t  s w e l l i n g  model a r e  an improved equa t ion  o f  s t a t e  f o r  he l ium and severa l  

new c o n t r i b u t i o n s  t o  t h e  d r i v i n g  f o r c e  f o r  gas- dr i ven  s w e l l i n g .  

c o n s i s t  o f  t h e  s t a t i c  p ressure  o f  densely  packed He atoms, and t h e  p o s s i b i l i t y  

f o r  i n t e r s  t i  ti a1 gene ra t i on  by over- p ressur i  zed bubbles.  The model i s  a p p l i e d  

t o  t y p e  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  i n  e i t h e r  HFIR o r  EBR- I1  a f t e r  t h e  

t e r m i a l  v o i d  number d e n s i t y  has been reached. 

The l a t t e r  

5.2 Terminal  Vo id  Number D e n s i t i e s  

The e v o l u t i o n  o f  t h e  v o i d  number d e n s i t y  i n  n e u t r o n - i r r a d i a t e d  A I S 1  316 has been 

found t o  depend on a nwnber o f  v a r i a b l e s .  (3 )  
f o r  i so therma l  i r r a d i a t i o n  two ma jo r  regimes, t r a n s i e n t  and s a t u r a t i o n ,  f o l l o w e d  

by a m ino r  s tage o f  v o i d  coalescence a t  h i g h  va lues o f  s w e l l i n g .  Most v a r i a b l e s  

e x e r t  t h e i r  s t r o n g e s t  i n f l u e n c e  on t h e  t r a n s i e n t  regime where t h e  v o i d  n u c l e a t i o n  
takes  p lace.  

l e v e l ,  p r i o r  thermal h i s t o r y ,  He/dpa r a t i o ,  and a p p l i e d  s t r e s s .  

l e v e l  i s  perhaps t h e  dominant de te rminan t  f o r  t h e  d u r a t i o n  o f  t h e  t r a n s i e n t  

regime. 

I n  genera l ,  however, i t  f o l l o w s  

These v a r i a b l e s  a r e  temperature,  d isp lacement  r a t e ,  cold-work 

The co ld-work 

The s a t u r a t i o n  regime, de f i ned  by a dose- independent v o i d  number d e n s i t y ,  has 

been found t o  be much l e s s  s e n s i t i v e  t o  these v a r i a b l e s  than  o r i g i n a l l y  a n t i -  
c i p a t e d  w i t h  t h e  excep t i on  o f  temperature and d isp lacement  r a t e .  

t o  n o t e  t h a t  t h e  a c t i o n  o f  these two v a r i a b l e s  on v o i d  n m b e r  d e n s i t i e s  i s  v e r y  
o f ten  coupled i n  f i s s i o n  r e a c t o r  i r r a d i a t i o n s .  

y -hea t ing  r a t e s  i n  HFIR r e q u i r e d  t o  o b t a i n  t h e  h i g h e s t  i r r a d i a t i o n  temperatures 

a r e  ob ta ined  a t t h e c o r e  p o s i t i o n s  o f  peak d isp lacement  r a t e .  I n  EBR-11, on 

t h e  o t h e r  hand, t h e  h i g h e s t  and lowes t  i r r a d i a t i o n  temperatures a r e  u s u a l l y  

ob ta ined  a t  t h e  t o p  and bot tom o f  t h e  co re  where t h e  d isp lacement  r a t e s  a r e  

t h e  lowes t .  

n a t i o n s  be achieved. 

made between d a t a  f rom v a r i o u s  f i s s i o n  r e a c t o r s .  When t h i s  i s  done, t h e  f o l l o w i n g  

f i n d i n g s  emerge. 

I t  i s  impo r t an t  

For i n s t a n c e ,  t h e  v e r y  h i g h  

Only i n  s p e c i a l  t e s t  assembl ies can o t h e r  f l u x- tempe ra tu re  combi- 

As a r e s u l t ,  g r e a t  ca re  i s  r e q u i r e d  when c m p a r i s o n s  a r e  

F i g u r e  l ( a )  shows t h e  v o i d  number d e n s i t i e s  developed i n  a p a r t i c u l a r  hea t  o f  
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A I S 1  316 (4) d u r i n g  H F I R  i r r a d i a t i o n .  

i s  r ough l y  o n e - t h i r d  o f  t h a t  a t  680°C. 

around 575"C, where v o i d  number d e n s i t i e s  f o r  d i f f e r e n t  f luences can be compared. 

It i s  seen t h a t  t h e  v o i d  nunber d e n s i t i e s  have n o t  inc reased beyond t h e i r  va lues 

observed a t  t h e  low f l uence  o f  1 x l o z 6  n/m2 Th i s  means t h a t  

v o i d  n u c l e a t i o n  i s  over be fo re  about 300 appm o f  he l ium has accumulated. S ince 

the  He/dpa r a t i o  inc reases  i n  HFIR s u b s t a n t i a l l y  a f t e r  a f l uence  o f  1 x l o z 6  
n/mz, t h e  l a r g e  He/dpa r a t i o s  quoted f o r  H F I R  a t  h i ghe r  f l uence  a re  o f  l i t t l e  

consequence t o  v o i d  n u c l e a t i o n  i n  t h i s  m a t e r i a l .  

Note t h a t  t h e  displacement r a t e  a t  380°C 

There are two temperatures, 380°C and 

(E >0.1 MeV). 

I n  F igure  1 (b) ,  t he  v o i d  number d e n s i t i e s  i n  a DFR (6) breeder f u e l  p i n  c l add ing  

a re  added t o  t h e  H F I R  data. 

HFIR data,  i n  s p i t e  o f  t h e  lower  h e l i u n  concen t ra t i on  produced i n  t he  DFR. 
Figure  l ( c )  shows a d d i t i o n a l  DFR data f r a n  two f u e l  p i n s  w i t h  lower  dose. 

i s  seen t h a t  t h e  v o i d  number d e n s i t i e s  f rom d i f f e r e n t  f u e l  p i n s  are rep roduc ib le ,  

and t h a t  t h e  approach t o  t h e  t e rm ina l  v o i d  number d e n s i t i e s  a t  low He/dpa r a t i o s  

i s  s lowes t  a t  h i ghe r  temperatures where n u c l e a t i o n  i s  most d i f f i c u l t .  

I t  i s  seen t h a t  t h e  DFR data a r e  comparable t o  t he  

I t 

Th is  b u i l d - u p  o f  t h e  v o i d  number d e n s i t y  towards s a t u r a t i o n  i s  f u r t h e r  i l l u s t r a t e d  

i n  F igure  l ( d ) .  

500°C i n  EBR-11. 

d e n s i t i e s  have n o t  y e t  reached the  s a t u r a t i o n  l e v e l s  a l ready  a t t a i n e d  i n  
comparable HFIR i r r a d i a t i o n s .  The i n t e r m e d i a t e  v o i d  number d e n s i t i e s  i n  each 
f l uence  subset o f  data a l s o  i nc rease  w i t h  i nc reas ing  s t ress .  (6-7)  

The two da ta  se t s  added are f o r  t he  N - l o t  hea t  i r r a d i a t e d  a t  

Due t o  t h e  lower  He/dpa r a t i o  i n  EBR-I1  t h e  v o i d  number 

5.3 Equat ion o f  S t a t e  f o r  Helium Gas 

The h e l i m  d e n s i t y  i n  m a l l  gas bubbles i s  s u f f i c i e n t l y  h igh  so t h a t  n e i t h e r  

t h e  i d e a l  n o r  t h e  van der  Waals  gas law i s  an a p p r o p r i a t e  equat ion  o f  s t a t e .  

There fo re ,  Wo l fe r  ' 8 )  has r e c e n t l y  developed a gas law which can be w r i t t e n  

i n  t h e  form 

where pk i s  t he  k i n e t i c  gas pressure,  NHe t h e  number o f  h e l i u n  atoms per 
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c a v i t y  volune, k i s  t h e  Boltzmann cons tan t ,  and T t h e  abso lu te  temperature.  

Furthermore 

i s  t h e  "hard-sphere"  pack ing  f r a c t i o n  w i t h  do = 0.2637 m as t h e  "d iameter"  o f  

t h e  hard-core p o t e n t i a l  of hel ium. Equat ion  (1 )  as ob ta ined  e a r l i e r  (*) has 

been compared more r e c e n t l y  w i t h  t he  e m p i r i c a l  gas law o f  M i l l s ,  L iebenberg, 

and Bronson (') developed from t h e i r  data i n  t h e  temperature range from 75  t o  

300°K. 

t h e o r e t i c a l  gas law i n  a d d i t i o n  t o  c o r r e c t i n g  an e r r o r .  These changes m a i n l y  

a f f e c t  t h e  c o m p r e s s i b i l i t y  f a c t o r  z f o r  temperatures below 400°K and pack ing  

f r a c t i o n s  yo >0.7. The newly r e v i s e d  c o m p r e s s i b i l i t y  f a c t o r  z i s  shown i n  

F igure  2 t o g e t h e r  w i t h  t h e  e m p i r i c a l  r e s u l t s  o f  M i l l s  e t  a1.") a t  200°K; t h e  

agreement between t h e  e m p i r i c a l  and t h e o r e t i c a l  c o r r e l a t i o n s  i s  e x c e l l e n t .  

When t h e  hard-sphere pack ing f r a c t i o n  becomes o f  t h e  o rder  o f  one o r  l a r g e r ,  

the dense ly  packed he l ium ac ts  more l i k e  a compress ib le  medium than a gas. 

As a r e s u l t ,  a s t a t i c  pressure ps e x i s t s  even a t  0°K. Baskes and Holbrook 

have ob ta ined  t h i s  s t a t i c  p ressure  from computer s i m u l a t i o n s  o f  he l iun-vacancy 

c l u s t e r s  i n  copper. From t h e i r  work i t  i s  found t h a t  

Th i s  comparison makes i t  necessary t o  s l i g h t l y  mod i f y  t h e  e a r l i e r  

(10) 

: 30400(y0 - 1 )  MPa 
PS 

f o r  yo >1 and ps = 0 f o r  yo <1. 

0 0.1 0.2 0.3 0.4 0.S 
HARD SPHERE PACKING FRACTION 

FIGURE 2. Compressi b i  li t y  Fac to r  f o r  Gaseous H e l i  un. 
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The s t a t i c  pressure b u i l d s  up r a p i d l y  as yo exceeds one, whereas t h e  k i n e t i c  

gas pressure p r i s e s  much less. Accord ing ly ,  we have made t h e  assunp t ion  

t h a t  t h e  t o t a l  he l ium p ressure  fo'r yo >1 i s  equal t o  t h e  sun o f  p, and pk, 

where Pk i s  ob ta ined  f rom Equat ion (1 )  f o r  yo = 1. 
<1, o n l y  t h e  k i n e t i c  p ressure  pk c o n t r i b u t e s  t o  t h e  t o t a l  pressure.  

p a r t i c u l a r  match ing  avo ids  a d i s c o n t i n u i t y  i n  p ressure  a t  yo = 1. 

k 

For pack ing f r a c t i o n s  

T h i s  YO 

5.4 Bubble and Void  Growth 

A f t e r  t h e  t e r m i n a l  v o i d  nunber d e n s i t y  Nv has been reached, t h e  s w e l l i n g  r a t e  

S can be eva lua ted  w i t h  t h e  equa t ion  

0 s = nNv4sr{Ov(aCv + Tv - Cv) 

( 3 )  

Here, R i s  t h e  a tomic  volume, D, and Di a r e  t h e  d i f f u s i o n  c o e f f i c i e n t s  f o r  

vacancy and i n t e r s t i t i a l  m i g r a t i o n ,  and A C ~  and ACi a r e  t h e  co r respond ing  

concen t ra t i ons  as produced by d isp lacement  damage. The concen t ra t i ons  o f  

vacancies and i n t e r s t i t i a l s  i n  thermodynamic e q u i l i b r i u m  w i t h  v o i d s  o f  r a d i u s  

r a r e  g i v e n  by 

Cv 0 = C, eq exp(-pon/kT),  C y  = C:qexp(pon/kT), ( 4 )  

where 

P, = P - 2 v / r  ( 5 )  

i s  t h e  n e t  p ressure  i n  t h e  v o i d  and C:q and C y q  a r e  t h e  e q u i l i b r i u n  concent ra-  

t i o n s  i n  an  i d e a l  and s t r e s s - f r e e  c r y s t a l .  A l though C:q i s  v e r y  sma l l ,  Cy may 

be s u b s t a n t i a l  f o r  v e r y  l a r g e  overpressures po i n  t h e  vo ids .  

concen t ra t i ons  i n  t h e  r e a l  c r y s t a l  a r e  g i v e  by 

The e q u i l i b r i m  

( 6 )  Cv = Cv eq exp(oHn/kT), ci = C .  eq (-oHa/kT). - 
1 

Since  t h e  h y d r o s t a t i c  s t r e s s  uH i s  no l a r g e r  t h a n  t h e  y i e l d  s t r e s s ,  t h e  

exponen t ia l  i n  Equa t ion  ( 6 )  i s  never l a r g e  enough t o  g i v e  Ti a s u b s t a n t i a l  

v a l u e  i n  c o n t r a s t  t o  C y ;  hence, we may assume t h a t  ci = 0. 
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5.5 Results 

Swelling was computed 
dose-i ndependent void 

log Nv = 26.94 

by nmer ica l  in tegra t ion  of Equation (3 ) ,  assuning a 
densi ty given by 

- 7.54 x 10-3 * T ( " K )  (7 )  

which represents  the  terminal values given i n  Figure 1.  

The d is locat ion  densi ty a t  sa tura t ion  i s  assuned t o  be equal t o  6 x 1014 m-' 
according t o  experimental  observation^,'^) and the displacement r a t e  i s  
dpa/sec. Furthermore, i t  i s  asstuned t h a t  the heli un concentration increases 
l inea r ly  with dose a t  a specif ied r a t e .  Other materials  parameters are those 
given i n  Reference ( l l ) ,  and the net bias f o r  void growth i s  varied with tem- 
perature according t o  theore t ica l  r e s u l t s  as Bo * 873/T where B o  = 0.2 i s  the 
net bias a t  773°K. ( 1 2 )  

I n  addit ion t o  computing the swelling w i t h  Equation (31, bubble swelling i s  
evaluated under the assumption t h a t  2 y / r  = p and t h a t  a l l  hel iun atoms are  
contained in c a v i t i e s .  This r e s u l t s  i n  a 
concentration CHe [atoms r3] b u t  not the 

S = [3/4,Nv)]1/2(~CHekT/2y)3'2. 

Note t h a t  CHe = NHeS. The surface energy 

swelling depending only on the  heliun 
dose, and i t  i s  given by 

i n  Equations (8) and (5) i s  taken 
t o  be temperature dependent, y = 1 + 0.00173(773 - T)[J/m'], with the tmpera -  
tu re  coe f f i c i en t  as measured f o r  304 s t a i n l e s s  S tee l .  (13) 

Figures 3, 4, and 5 show canputed swelling values f o r  helium contents  of 100, 
1000, and 10,000 appm. 
b and c are  numerical in tegra t ions  of Equation ( 3 )  f o r  a He/dpa r a t i o  of 70 

and  f o r  a net bias of zero and 0.2, respect ively.  
we find t h a t  Equation (8) overpredicts the bubble swelling by a f ac to r  o f  3 t o  
4 a t  high temperatures. This i s  due t o  the f a c t  t h a t  a f i n i t e  bubble swelling 
r a t e  requires an overpressure, i . e . ,  a pos i t ive  value o f  p o ,  as a driving 

Curves a a r e  obtained from Equation (8) ,  whereas curves 

Comparing the curves a and b ,  
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FIGURE 3. 
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FIGURE 5. S w e l l i n g  f o r  He/dpa R a t i o  o f  70 A f t e r  10,000-appn He i s  Produced. 

f o r c e  f o r  s w e l l i n g .  

p ressure  and t h e  d i f f e r e n c e  between t h e  equi  li b r i  un bubble s i z e  and t h e  

dynamica l l y  growing bubble s i ze .  

t h e  s w e l l i n g  f o r  a He/dpa r a t i o  o f  one, b e i n g  an upper v a l u e  f o r  breeder  

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

growth i s  n e g l i g i b l e ,  and s w e l l i n g  i s  e n t i r e l y  gas- dr iven.  

f o r  t h e  low va lues o f  He/dpa i n  breeder r e a c t o r s ,  t h e  assumption o f  e q u i l i b r i u m  

bubble s w e l l i n g  i s  indeed a p p r o p r i a t e  a t  h i g h  temperatures.  
d isp lacement  damage f o r  case d i n  F igu re  3 i s  100 dpa, whereas f o r  case a i t  

i s  o n l y  about 1.4 dpa. 

The h i g h e r  t h e  He/dpa r a t i o ,  t h e  g r e a t e r  i s  t h e  over-  

To c o n f i r m  t h i s ,  cu rve  d i n  F i g u r e  3 g i v e s  

A t  temperatures g r e a t e r  than  750°C, b i a s - d r i v e n  v o i d  

I t i s  seen t h a t  

Note t h a t  t h e  

The d i f f e r e n c e  between e q u i l i b r i u m  and t h e  dynamic bubble  s w e l l i n g  depends a l s o  

on t h e  s u r f a c e  energy. 

y = 3[J/m2], t h i s  d i f f e r e n c e  becomes v e r y  smal l  even f o r  the He/dpa r a t i o  o f  

70. T h i s  i s  m a i n l y  due t o  the  r e d u c t i o n  i n  t h e  e q u i l i b r i u n  bubble s w e l l i n g ,  

s i n c e  s z Y - 3 / 2 .  

For  example, i f  t h e  s u r f a c e  energy i s  assumed t o  be 

A t  temperatures below 550"C, t h e  dynamic bubble  s w e l l i n g  w i t h o u t  b i a s  (curves b )  

becomes n e a r l y  independent o f  temperature.  T h i s  i s  exp l a i ned  by t h e  f a c t  t h a t  
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0 t h e  bubble growth by vacancy absorp t ion ,  be ing  p r o p o r t i o n a l  t o  0, (Ev - Cv) 2 
0 I n  f a c t ,  

t h e  he l ium pack ing  f r a c t i o n  yo becanes l a r g e r  than  one, r e s u l t i n g  i n  a dramat ic  

i n c r e a s e  o f  t h e  h e l i u n  pressure f rom the  k i n e t i c  t o  t h e  s t a t i c  p ressure  regime. 

As a r e s u l t ,  t h e  i n t e r s t i t i a l  emiss ion term i n  Equat ion ( 3 )  i s  a c t i v a t e d ,  i . e . ,  

t h e  bubble grows by t h e  t h e r m a l l y  a s s i s t e d  genera t ion  o f  Frenkel  p a i r s  w i t h  

r e t e n t i o n  o f  t h e  vacancy and the reby  r e l i e v e s  t h e  s t a t i c  he l ium pressure.  
mechanism i s  analogous t o  t h e  spontaneous Frenke l  p a i r  f o r m a t i o n  d iscovered by 

Bisson and Wi lson (14)  i n  computer s i m u l a t i o n  s t u d i e s .  

a c l u s t e r  o f  f i v e  h e l i u n  i n t e r s t i t i a l  atoms i n  a f c c  meta l  w i l l  spontaneously 

c r e a t e  a Frenke l  p a i r  and then  occupy t h e  vacancy. 

becomes n e g l i g i b l e  no m a t t e r  how l a r g e  t h e  overpressure po i s .  v v '  

T h i s  

They found t h a t  ( a t  O ' K )  

The r e l i e f  o f  t h e  s t a t i c  he l ium p ressure  by t h e m a l l y - a s s i s t e d  Frenke l  p a i r  

c r e a t i o n  keeps t h e  he l ium t o  vacancy r a t i o  i n  these over- pressur i zed  bubbles 
c l o s e  t o  one. 

g i ven  by S : 0.6 CHea where t h e  f a c t o r  0.6 i s  based on t h e  r e s u l t s  o f  Baskes 

and Hol  brook.  

S w e l l i n g  produced by t h i s  densely  packed h e l i u n  i s  then s i m p l y  

(10)  

With a n e t  b i a s  o f  Bo = 0.2, v o i d  s w e l l i n g  remains i n  excess o f  bubble s w e l l i n g  

f o r  temperatures below 600 t o  650°C. Even i f  t h e  n e t  b i a s  i s  reduced t o  0.02,  

bubble s w e l l i n g  s t i l l  remains n e g l i g i b l e  canpared t o  v o i d  s w e l l i n g  below about 

600 "C. 

5.6 D iscuss ion  and Conclusions 

A l though h e l i m  acce le ra tes  t h e  v o i d  n u c l e a t i o n  r a t e  a t  a l l  temperatures i t  

does n o t  c o n t r i b u t e  t o  t h e  b i a s - d r i v e n  growth o f  v o i d s  below i r r a d i a t i o n  tem- 

pera tu res  o f  about 600°C and f o r  d isp lacement  r a t e s  o f  dpa/sec. I t  i s  

o f t e n  argued t h a t  h i g h e r  he l ium p roduc t i on  may c r e a t e  a h i g h e r  v o i d  number 

d e n s i t y ,  and the reby  a l t e r  v o i d  s w e l l i n g .  The p resen t  r ev i ew  o f  v o i d  number 

d e n s i t i e s  i n  A I S 1  316 i r r a d i a t e d  i n  f i s s i o n  r e a c t o r s  suggests, however, t h a t  

d i f fe rences  i n  v o i d  nunber d e n s i t i e s  f o r  i r r a d i a t i o n s  c a r r i e d  o u t  a t  t h e  same 

temperature and dose r a t e  w i l l  n o t  p e r s i s t  i n d e f i n i t e l y .  S i m i l a r  observa t ions  

have been made w i t h  r e g a r d  t o  t h e  d i s l o c a t i o n  d e n s i t y .  (7 )  Consequently, one 
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must expect  t h a t  t h e  s t eady- s ta te  s w e l l i n g  r a t e  i s  n e a r l y  independent o f  t h e  

h e l i w n  p roduc t i on  r a t e  a t  low temperatures.  S ince smal l  v o i d  n u c l e i ,  even i f  

p resen t  a t  low doses, do n o t  produce l a r g e  s w e l l i n g  va lues,  e a r l y  t e r m i n a t i o n  

o f  t h e  v o i d  n u c l e a t i o n  by h i g h e r  he l ium genera t ion  r a t e s  may n o t  r e s u l t  i n  
d r a s t i c a l l y  d i f f e r e n t  s w e l l i n g  behav ior ,  p a r t i c u l a r l y  when microchemical  evo lu-  
t i o n  i s  a ma jo r  v a r i a b l e  f o r  t h e  t r a n s i e n t  regime. (3) 

It i s  p o s s i b l e  t o  produce a h i g h e r  v o i d  number d e n s i t y  than t h e  s a t u r a t i o n  

v a l u e  b y  he l ium p r e i n j e c t i o n  o r  d u a l - i o n  bombardment. 

t h i s  have been r e p o r t e d  by Aganval e t  a l .  (' 5, 
o u t  a t  a dose r a t e  o f  3 x 

temperature o f  700°C. I n  s p i t e  o f  t h e  l i k e l i h o o d  f o r  bubble growth a t  t h i s  

temperature,  t h e  v o i d  number d e n s i t i e s  produced f o r  d i f f e r e n t  He/dpa r a t i o s  

show t h e  tendency f o r  converg ing  t o  a s a t u r a t i o n  va lue  bo th  f rc in h i g h e r  and 

lower  va lues.  Un fo r t una te l y ,  t h e  i r r a d i a t i o n s  were n o t  c a r r i e d  o u t  t o  s u f -  

f i c i e n t l y  l a r g e  d isp lacement  doses t o  ach ieve canp le te  s a t u r a t i o n  i n  a l l  cases. 

Experiments demonst ra t ing 

These exper iments were c a r r i e d  

dpa and a t  a co r respond ing ly  h i g h e r  i r r a d i a t i o n  
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THE RADIATION-INDUCED EVOLUTION OF A I S I  316 (DO-HEAT) I N  HFIR AND EBR- I1  
H. R. Brager and F. A. Garner (Hanford Eng ineer ing  Development Labora to ry )  

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  e f f o r t  a r e  t o  examine t h e  rnicrostructural/microchemical 
e v o l u t i o n  o f  A I S I  316 i r r a d i a t e d  a t  c o n d i t i o n s  o f  b o t h  low and h i g h  he l iun /dpa  

r a t i o  and t o  determine the  e f f e c t  o f  h e l i m  and o t h e r  t ransmutants  on v o i d  

s w e l l i n g  and phase development. 

2.0 Sumnary 

A d d i t i o n a l  d a t a  on t h e  m i c r o s t r u c t u r a l  and microchemica l  e v o l u t i o n  o f  t h e  

DO-heat o f  A I S I  316 i r r a d i a t e d  i n  EBR- I1  a r e  c o n s i s t e n t  w i t h  o t h e r  d a t a  

presented i n  an e a r l i e r  r e p o r t .  I t  appears t h a t  a l a t e - t e r m  microchemica l  

e v o l u t i o n  occurs  a f t e r  33 dpa a t  500 t o  600"C, approaching s a t u r a t i o n  near  

70 dDa. 

Examinat ion o f  a HFIR- i r rad ia ted  specimen a t  42 dpa shows t h a t  t h e  d i s l o c a t i o n  

d e n s i t y  and phase e v o l u t i o n  a re  c o n s i s t e n t  w i t h  t h a t  o f  comparable E B R - I I -  

i r r a d i a t e d  m a t e r i a l  b u t  t h a t  t h e  v o i d  d e n s i t i e s  a re  h igher .  Microchemica l  

ana lyses show t h a t  a Comparable e v o l u t i o n  t h a t  has n o t  sa tu ra ted  a t  42 dpa 
i s  i n  progress d u r i n g  H F I R  i r r a d i a t i o n  and i t  i s  expected t h a t  the  s w e l l i n g  
r a t e  w i l l  i n c r e a s e  a t  h i g h e r  f luence.  Measurements o f  t h e  v a n a d i m  and manganese 

concen t ra t i ons  have been performed and agree reasonably  w e l l  w i t h  c a l c u l a t e d  

values.  D e t a i l s  o f  t h e  p r e c i p i t a t e  f o r m a t i o n  and v o i d  morphology c h a r a c t e r i s t i c s  
i n d i c a t e  t h a t  t h e  temperature i s  % l O O " C  h i g h e r  than  t h e  r e p o r t e d  nominal tem- 

p e r a t u r e  o f  550°C. 

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 l ys i s  (AKJ) 

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

A f f i l i a t i o n :  Hanford Eng ineer ing  Development Labo ra to r y  
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4.0 Relevant DAFS Program Task/Subtask 

Task II.C.2 Effects  of He on Microstructure 
Task I I . C . 4  Effect  of Solid Transmutants on Microstructure 

5.0 Accomplishments and Sta tus  

5.1 I n t  rod uct i on 

I n  an e a r l i e r  repor t  i t  was shown t h a t  the  microstructural  and microchemical 
evolution of the DO-heat o f  20% cold-worked AISI 316 i n  EBR-I1 was not very 
d i f f e r e n t  from t h a t  in  H F I R ,  with the major d i f ference res iding i n  the  void 
number densi ty  b u t  not the  swelling. ( I )  The magnitude of  the di f ference in  
void density i s  s e n s i t i v e  t o  t h e  temperature assignments f o r  the  HFIR d a t a ,  
and these  have not y e t  been de f in i t i ve ly  determined. I t  was a l s o  shown t h a t  
the accelera t ion of swelling i n  EBR-I1 between 33 and 70 dpa appears t o  be 
re la ted t o  l a t e- t e r n  changes i n  the microchemical evolution and evidence was 
presented t o  show t h a t  the  microchemical evolution i s  n o t  completed in  EBR-I1 
a t  500 t o  600°C unt i l  f luences well i n  excess of 33 dpa a r e  a t ta ined.  The 
HFIR data a r e  a t  r e l a t i v e l y  low fluences compared t o  the ~ 7 5  dpa level  a t t a ined  
i n  EBR-I1 and the re fore  the expected addit ional  accelera t ion of the  swell ing 
r a t e  has .yet t o  occur. The annealed DO-heat, however, has already a t t a ined  a t  
these f luences a s teady- sta te  swelling r a t e  which i s  canparable t o  t h a t  of the 
cold-worked material i n  EBR-11. I t  i s  expected from experience gained i n  f a s t  
r eac to r  i r r a d i a t i o n s  t h a t  sol ution-annealed and cold-worked AISI 316 wi l l  swell 
a t  t h e  same s teady- sta te  swelling r a t e  b u t  with d i f f e r e n t  incubation fluences.  

In t h i s  repor t  s m e  addit ional  data a r e  presented on the EBR-I1 i r r a d i a t e d  
specimens and new data a r e  provided on one HFIR i r rad ia ted  specimen. 

5 . 2  Experimental Detai 1s 

The techniques employed t o  examine the  specimens i r rad ia ted  in  EBR-I1 have been 

presented previously. ( I )  New techniques were employed, however, in preparing 
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and examining t h e  DO-heat specimen from HFIR, des igna ted  02-4, which was i r r a d i a t e d  

t o  42 dpa a t  a r e p o r t e d  nominal temperature o f  550°C.(2) T h i s  specimen was l a t e r  

examined by i o n  microprobe a n a l y s i s ,  t h e  d e t a i l s  o f  which w i l l  be desc r ibed  i n  

a separa te  s e c t i o n .  

The as- rece ived  specimen p rov ided  by P. J.  Maziasz o f  ORNL was about one- fou r t h  

t h e  volume o f  t h e  usual TEM d i s k .  I t  had a th i ckness  o f  0.38 mm which i s  com- 

pa rab le  t o  t h a t  employed i n  most EBR-I1 i r r a d i a t i o n  s t u d i e s  b u t  had a d iameter  

o f  o n l y  1.5 mn i n s t e a d  o f  t h e  usual  3.0 mn. 

q u i t e  r a d i o a c t i v e  by E B R - I 1  s tandards (.<lo R/hour a t  one i n c h ) ,  p a r t i c u l a r l y  

when onecons ide rs  t h a t  t h i s  m a t e r i a l  was removed f rom HFIR over  s i x  years  ago. 

Never the less,  t h e  specimen was 

T h i s  h i g h  l e v e l  o f  a c t i v i t y  has d iscouraged examinat ion o f  t h e  compos i t i on  o f  

t h e  a l l o y  m a t r i x ,  and p rev ious  s t u d i e s  r e l i e d  o n l y  on examinat ion o f  e x t r a c t e d  

p r e c i p i t a t e s .  I n  o r d e r  f o r  t h e  specimen a c t i v i t y  n o t  t o  s a t u r a t e  t h e  d e t e c t o r  

o f  t h e  EDX system, t h r e e  procedures can be  used: 

i n c rease  t h e  d i s t ance  between t h e  specimen and t h e  d e t e c t o r ,  and i nc rease  t h e  

c u r r e n t  d e n s i t y  o f  i n c i d e n t  e l e c t r o n s  t o  i n c r e a s e  t h e  X-ray s i g n a l  generated 

a t  t h e  specimen. 

decrease t h e  specimen volume, 

The specimen was reduced i n  vo lune  by f i r s t  mechan ica l l y  t h i n n i n g  t h e  d i s k  from 

0.38 mm t o  about 0.10 mn t h i ckness ,  and t h e n  e l e c t r o l y t i c a l l y - t h i n n i n g  i n  a 
h o l d e r  adapted f a r  s m a l l  d iameter  m a t e r i a l  u s i n g  t h e  usual  e l e c t r a p o l i s h i n g  

equipment, e l e c t r o l y t e  and t h i n n i n g  c o n d i t i o n s .  

A t  t h i s  p o i n t  t h e  a c t i v i t y  o f  t h e  specimen was s t i l l  caus ing t h e  d e t e c t o r  i n  

i t s  normal p o s i t i o n  t o  e x h i b i t  excess ive dead- time. The d e t e c t o r  was withdrawn 

1 8  mm f u r t h e r  f rom t h e  specimen than i t s  normal d i s t a n c e  o f  1.30 mm. Even a t  

t h i s  p o s i t i o n ,  t h e  dead- time o f  t h e  X-ray d e t e c t i o n  system w i t h  t h e  e l e c t r o n  

beam o f f  w a i  2.70%. 

no rma l l y  used by i n c r e a s i n g  t h e  s i z e  o f  t h e  condenser l e n s  apera tu re  and t h e  

f i r s t  condenser l ens  c u r r e n t .  The dead- time w i t h  t h e  e l e c t r o n  beam p e n e t r a t i n g  

t h e  specimen now had inc reased  t o  75%, a l e v e l  cons idered  acceptab le  f o r  t h e  

examinat ion o f  t h i s  specimen. I n  i n c r e a s i n g  t h e  e l e c t r o n  c u r r e n t  d e n s i t y  t o  

The beam c u r r e n t  was inc reased  t o  a va lue  g r e a t e r  t h a n  

129 



improve t h e  s i g n a l - t o - n o i s e  r a t i o ,  t h e  e f f e c t i v e  d iameter  o f  t h e  e l e c t r o n  probe 

inc reased  f rom t h e  usua l  5 t o  10 nm t o  perhaps 30 nm, the reby  decreas ing t h e  

s p a t i a l  r e s o l u t i o n  o f  t h e  examinat ion.  The d i s t a n c e  between EDX measurements 

on t h e  specimen were t h e r e f o r e  ma in ta ined  a t  50 t o  100 nm so  t h a t  t h e  widened 

beam probe would s t i l l  p r o v i d e  s p a t i a l l y  r e l e v a n t  r e s u l t s .  

E x t r a c t i o n  and a n a l y s i s  o f  p r e c i p i t a t e s  was a l s o  performed i n  t h e  s tandard 

manner. 

5.3 Exper imenta l  Resu l t s  

5.3.1 Specimens I r r a d i  a t e d  i n EBR- I I 

I n  Reference 1 n e a r - p r e c i p i t a t e  concen t ra t i on  p r o f i l e s  o f  C r ,  Fe, N i ,  Mo and 
S i  were shown f o r  DO-heat specimens i r r a d i a t e d  i n  E B R - I 1  a t  500°C t o  33 and 

69 dpa. These i l l u s t r a t e d  t h e  i n i t i a t i o n  o f  n i c k e l  segrega t ion  i n t o  p r e c i -  

p i t a t e s  ( M s C  a t  33 dpa) and t h e  cessa t i on  o f  segrega t ion  a t  h i g h e r  f l u e n c e  

(G-phase a t  69 dpa).  F igu res  1 th rough  3 show t h r e e  t y p i c a l  p r o f i l e s  ob ta i ned  

f o r  m a t e r i a l  i r r a d i a t e d  a t  620°C t o  74 dpa. 

and temperature t h e  nominal  n i c k e l  l e v e l  i n  t h e  m a t r i x  o f  1 3  w e i g h t  % has been 

reduced s u b s t a n t i a l l y  t o  %9 w e i g h t  %. 
amount o f  a c t i v e  segrega t ion  i n  progress;  t h e  s teep p r o f i l e  near  t h e  p r e c i p i t a t e  

boundary r e f l e c t s  t h e  tendency t o  average t h e  composi t ions o f  t h e  p r e c i p i t a t e  

and m a t r i x .  

These show t h a t  a t  t h i s  f l u e n c e  

There does n o t  appear t o  be a l a r g e  

5.3.2 Specimen 02-4 I r r a d i a t e d  i n  HFIR 

T h i s  specimen was f i r s t  examined by t r ansm iss i on  e l e c t r o n  microscopy. 

i n  F igu res  4 ( a )  and ( b )  t h e r e  i s  a v e r y  narrow s i z e  d i s t r i b u t i o n  o f  c a v i t i e s  

a t  4 x 10’’ w i t h  a mean s i z e  o f  about 200 A . These c a v i t i e s  do n o t  have 

t h e  w e l l - d e f i n e d  f ace ted  s t r u c t u r e  t y p i c a l  o f  E B R - I 1  i r r a d i a t e d  m a t e r i a l  b u t  

a re  much more rounded. 

a l s o  appear t o  be c o r r e l a t e d  w i t h  t w i n  boundar ies,  subgra in  boundar ies and o t h e r  

f e a t u r e s .  

As shown 

0 

The c a v i t i e s  a re  f a i r l y  hmogeneously  d i s t r i b u t e d  b u t  

The c a v i t y  vo lune  i n  a measured r e p r e s e n t a t i v e  area was 1.7%. Given 
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FIGURE 1. N e a r - P r e c i p i t a t e  Composit ion P r o f i l e s  Measured f o r  M Z 3 C 6  i n  20% 
Cold-Worked 00-Heat Specimen I r r a d i a t e d  a t  620°C t o  75 dpa in EBR-11. 

m% CW 316 ID0 HEAT1 

FIGURE 2. N e a r - P r e c i p i t a t e  Composit ion P r o f i l e s  Measured f o r  Laves i n  20% Cold-  
Worked DO-Heat Specimen I r r a d i a t e d  a t  620°C t o  7 5  dpa i n  EBR-11. 

131 
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FIGURE 3. Near-Precipitate Composition Prof i les  Measured f o r  Another Laves 
Prec ip i t a te  i n  20% Cold-Worked DO-Heat Specimen I r rad ia ted  a t  620°C 
t o  75 dpa i n  EBR-11. 

the heterogeneity of the voids from one area t o  another i n  t h i s  specimen, 
these measurements agree reasonably well w i t h  those of Maziasz (200 A ,  2.4 x 

0 

~ m - ~ ,  1 .4%).  ( 2 )  

There has been some speculation t h a t  the  dis locat ion densi ty  m i g h t  be lower i n  
HFIR-irradiated specimens. 
t h a t  was thought t o  be typical  o f  t h i s  specimen a n d  found t o  be 3 x l o l o  an-'. 
The densities reported e a r l i e r  f o r  the specimens i r rad ia ted  in  EBR-I1 a r e  
2 x IO1'  cm/cm3 (33 dpa) and 3 x IO1 '  ( 6 9  dpa) a t  500 t o  510°C, and 1 . 2  x 1O1O 

(33 dpa) and 2.0 x IO1 '  (75  dpa) a t  600 and 620°C. I t  does not appear t h a t  the  
d i s loca t ion  densi ty  has relaxed more i n  the HFIR-irradiated specimens t h a n  f o r  
those i r r a d i a t e d  i n  EBR-11. These values a r e  s l i g h t l y  l e s s  than the  sa tu ra t ion  
d e n s i t i e s  of 6 +3 x 10" cm/cm3 typ ica l ly  observed i n  a u s t e n i t i c  s t e e l s  i r r a d i a t e d  
i n  f a s t  reactors  a t  temperatures from 400-600°C. 

The dis locat ion density was determined f o r  one area 

Ten of the p r e c i p i t a t e s  t h a t  were located on the  f o i l  edge were examined and 
i d e n t i f i e d  by X-ray and d i f f r a c t i o n  analys is  t o  be f i v e  d i f f e r e n t  phases. 
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FIGURE 4. Typical Void Microstructures Observed in 20% Cold-Worked DO-Hea.t 
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FIGURE 6.  Nickel and Sil icon Levels Measured a t  Various Points i n  the Matrix 
of the HFIR-Irradiated Specimen. 

the nickel and  s i l i c o n  l eve l s  measured a t  each posi t ion.  Note t h a t  there i s  
heterogeneity o f  both nickel and s i l i c o n  d i s t r ibu t ions .  The centroid o f  the 
d a t a  l i e  very c lose  t o  11 .5  t o  1 2 %  nickel and 0.8% s i l i c o n .  This indica tes  
t h a t  very l i t t l e  nickel and s i l i con  have y e t  been removed from the matrix. 
or ig inal  l eve l s  were 13 and 0.8%. This local ized reduction of nickel content 
has previously been iden t i f i ed  as s ignal l ing  the onset of microchemical 
i n s t a b i l i t y .  

The 

I t  was previously reported t h a t  s ign i f i can t  amounts of vanadium form and t h a t  
manganese tends t o  burn-out in HFIR-irradiated 316. (3-4) The vanadium i s  e a s i l y  
d iscernib le  in p rec ip i t a t e s  using X-ray analys is  and appears t o  be concentrating 
i n  them a t  l eve l s  s i g n i f i c a n t l y  above t h a t  produced in the bulk a l loy .  
values obtained by EDX analys is  of %lo t o  50 square micron areas of the sample 
are  0.2 t o  0.4 weight % compared t o  an i n i t i a l  chemical analys is  value o f  0 .1  

appm. 
The X-ray peaks of iron and  chromiun are  superimposed with the c h a r a c t e r i s t i c  
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Typical 

Manganese concentrations cannot be as  e a s i l y  determined f o r  two reasons. 



Mn X-rays r e q u i r i n g  t h a t  t h e y  be determined by n u n e r i c a l  a n a l y s i s .  

o f  t h i s  h i g h  l e v e l  o f  r a d i o a c t i v i t y ,  q u a n t i t a t i v e  a n a l y s i s  o f  t h e  manganese i s  
v e r y  d i f f i c u l t ,  however. (6 )  T h i s  i s  due t o  t h e  f a c t  t h a t  t h e  predominant X-ray 

produced by t h e  n a t u r a l  decay o f  t h e  r a d i o a c t i v e  i so topes  i s  t h e  55Fe (2.7 y e a r  

h a l f - l i f e )  which produces c h a r a c t e r i s  t i c  manganese X-rays. 
t h e  superimposed X-ray s i g n a l  f rom manganese K, p l u s  t h a t  o f  chromium K p ro -  

duced by t h e  e l e c t r o n  beam are,  f o r  HFIR i r r a d i a t e d  s t e e l s ,  less t han  t h e  55Fe 

decay y- rays.  

t h e  55Fe u s i n g  a "hole- count ' '  measurement f r e q u e n t l y  r e s u l t  i n  a smal l  b u t  

nega t i ve  v a l u e  f o r  t h e  manganese. 

I n  specimens 

The magnitude o f  

B 

At tempts t o  s u b t r a c t  t h e  l a r g e  manganese X- ray c o n t r i b u t i o n  from 

I n  an a t tempt  t o  measure t h e  b u l k  l e v e l s  o f  b o t h  vanadiun and manganese another  

specimen, D2-6, was f i r s t  examined by i o n  microprobe. 

r a d i a t e d  i n  HFIR a t  460°C t o  54 dpa, b u t  was found t o  be contaminated w i t h  

aluminum and unacceptable as a m ic roprobe  specimen. 

remove t h e  aluminun by i o n  m i l l i n g  t h e  manganese and vanadium concen t ra t ions  

were found t o  bz 1.33% and 0.61% r e s p e c t i v e l y .  

us ing  t h e  LIZ-4 specimen, i r r a d i a t e d  t o  42 dpa, where t h e  manganese and vanadium 

concen t ra t i ons  were found t o  be 1.30% and 1.06% r e s p e c t i v e l y .  The c a l c u l a t e d  

vanadiun c o n c e n t r a t i o n  a t  t h i s  f l u e n c e  l i e s  j u s t  above 0.4%. The source o f  t h e  
d isc repancy  imay be p r e f e r e n t i a l  s p u t t e r i n g  o f  t h e  vanad ium-r i ch  p r e c i p i t a t e s .  

For t h e  c o r e  c e n t e r l i n e  p o s i t i o n  o f  PTP i n  HFIR i t  i s  expected t h a t  ~ 4 0 %  o f  
t he  manganese w i l l  b u r n  o u t  by 42 dpa l e a v i n g  1.14 we igh t  %; sane v a r i a t i o n  
i s  expected a t  p o s i t i o n s  away from t h e  c o r e  c e n t e r l i n e .  T h i s  specimen was n o t  

a t  t h e  c e n t e r l i n e  but t h e  measured v a l u e  o f  1.3% i s  reasonably  c l o s e  t o  the  

c a l c u l a t e d  value.  

T h i s  specimen was ir- 

A f t e r  a t t emp t i ng  t o  

The procedure was repeated 

5.4 D iscuss ion  

As shown i n  F igu res  7 and 8, t h e r e  a r e  c u r r e n t l y  two i n t e r p r e t a t i o n s  on how t o  

e x t r a p o l a t e  t h e  HFIR da ta  t o  h i g h e r  f luence i n  t h e  range 500 t o  600°C. One o f  

these approaches asslmes t h a t  cold-worked AIS1 316 has t h e  same s teady- s ta te  

s w e l l i n g  r a t e  i n  b o t h  H F I R  and EBR-11. N o t i n g  t h a t  t h e  s t eady- s ta te  s w e l l i n g  

r a t e s  f o r  annealed and cold-worked s t e e l  i n  EBR-I1 a r e  ccmparable, i t  i s  assunied 
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FIGURE 7. Comparison o f  Annealed and Cold-Worked DO-Heat i n  HFIR With That of 
Cold-Worked DO-Heat i n  EBR-11. All temperatures used are  the nominal 
i r r a d i a t i o n  temperatures quoted f o r  the  or ig inal  experiments. 
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FIGURE 8. Comparison of Composite Swelling Curve f o r  20% Cold-Worked DO-Heat 
Wi th  Predictions Based on H F I R  Data Only and Rate Theory Pr inciples .  
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t h a t  t h e y  w i l l  be  comparable i n  HFIR a lso .  

d a t a  on annealed s t e e l  suggest a s w e l l i n g  r a t e  which n o t  o n l y  i s  comparable t o  

t h e  composi te HFIR/EBR-I1 d a t a  cu rve  on 20% cold-worked DO-heat b u t  i s  a l s o  

comparable t o  t h e  s teady- s ta te  s w e l l i n g  r a t e  observed i n  o t h e r  U. S .  b reeder  

s tee1 s . 

As can be seen i n  F i g u r e  7, t h e  HFIR 

The a l t e r n a t e  approach i s  t o  assume t h a t  t h e  h i g h e r  v o i d  d e n s i t i e s  induced by 

HFIR i r r a d i a t i o n  w i l l  l e a d  t o  e a r l i e r  s w e l l i n g  b u t  l ower  s t eady- s ta te  s w e l l i n g  

r a t e s .  ( 7 )  I n  e f f e c t  i t  i s  assmed i n  t h i s  approach t h a t  no a d d i t i o n a l  curva-  

t u r e  occurs  i n  t h e  s w e l l i n g  cu rve  beyond t h e  l a s t  d a t a  p o i n t .  

The ma jo r  d i f f e r e n c e s  between these two approaches can be swnmarized i n  t h r e e  

statements.  

(a) The f a s t  r e a c t o r  da ta  base has shown t h a t  t h e  s t eady- s ta te  s w e l l i n g  regime 

o f  t h i s  s t e e l  g e n e r a l l y  l i e s  beyond 5% s w e l l i n g .  The second approach does 
n o t  i n c o r p o r a t e  t h i s  i n s i g h t .  

( b )  The f i r s t  approach s t i p u l a t e s  t h a t  t h e  microchemica l  e v o l u t i o n  o f  t h e  

m a t r i x  and p r e c i p i t a t e  phases i s  one o f  t h e  dominant determinants  o f  

s w e l l i n g ,  w h i l e  thesecond approach a s s e r t s  t h e  dominance o f  he l ium over  

t h a t  o f  t h e  microchemica l  e v o l u t i o n .  

( c )  The f i r s t  approach assunes t h a t  l a r g e  amounts o f  he l ium w i l l  n o t  change 

t h e  phase e v o l u t i o n  v e r y  much and t h i s  assumption has been con f i nned  by 

exper imen ta l  s t u d i e s  i n  t h e  range 500 t o  600°C. It a l s o  assumes t h a t  

d i s t r i b u t i n g  t h e  vo idage ove r  a l a r g e r  number d e n s i t y  w i l l  no.? a f f e c t  

t h e  s w e l l i n g  r a t e .  

should  be noted t h a t  t h e  v o i d  number d e n s i t i e s  i n  annealed HF IR- i r r ad i a t ed  

s t e e l  a r e  Comparable t o  those  i n  t h e  cold-worked s t e e l  and y e t  t h e  HFIR- 

induced s w e l l i n g  r a t e  o f  t h e  annealed s t e e l  i s  n o t  depressed b y  t h e  

l a r g e r  v o i d  nunber d e n s i t y  but r a t h e r  i s  s i m i l a r  t o  t h a t  observed i n  

EBR- I1  i r r a d i a t e d  s t e e l s .  

The second approach takes  t h e  oppos i t e  stance. I t  
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The d i s l o c a t i o n  d e n s i t y  produced i n  HFIR i s  comparable t o  t h a t  produced i n  

EBR-11. The presence o f  g r a d i e n t s  i n  elemental  cc inpos i t i on  a t  p r e c i p i t a t e s  

(Laves, i n  p a r t i c u l a r )  wh ich  have been shown t o  be enr i ched  i n  n i c k e l  and 

s i l i c o n  d u r i n g  i r r a d i a t i o n  i n  E B R - I 1  suppor ts  the  c o n t e n t i o n  t h a t  t h e  m i c ro -  

chemical e v o l u t i o n  i s  s t i l l  i n  progress,  as does t h e  l a r g e  range of n i c k e l  

and s i l i c o n  concen t ra t i ons  found i n  the  m a t r i x  and t h e  n i c k e l  and s i l i c o n  

enr ichments o f  t h e  M 6 C  phase. 

00-heat a r e  t h e  same as those  found i n  E B R - I 1  i r r a d i a t e d  specimens. A l l  o f  

t he  above suggest  t h a t  t h e  s w e l l i n g  r a t e  o f  t h e  cold-worked DO-heat w i l l  c on t i nue  

t o  i n c rease  a t  h i g h e r  f l u e n c e  t o  va lues comparable t o  t h a t  o f  t h e  annealed 

s t e e l  i n  HFIR and t h e  cold-worked s t e e l  i n  EBR-11. 

The p r e c i p i t a t e  phases found i n  HF IR- i r r ad i a t ed  

I n  o r d e r  t o  r e s o l v e  these d i f f e r e n c e s ,  t h e  d i r e c t  approach would be t o  generate  

more h i g h  f luence da ta  on t h e  l i m i t e d  amount o f  DO-heat s t e e l  which i s  a v a i l a b l e  

o r  t o  con t i nue  i r r a d i a t i o n s  t o  h i g h e r  f l uences  w i t h  t h e  b e t t e r  c h a r a c t e r i z e d  

and more abundant specimens o f  t h e  MFE heat  o f  s t e e l .  

t i o n s  appears t o  be f e a s i b l e  i n  t h e  near  f u t u r e ,  however. 

necessary t o  examine t h e  d a t a  d e r i v e d  f rom DO-heat and f rom dual  i o n  beam 

s t u d i e s  t o  g a i n  i n s i g h t  on t h e  r o l e  o f  h e l i m  on s w e l l i n g  behav io r .  

N e i t h e r  o f  these s o l u -  

It i s  t he re fo re  

The da ta  presented i n  t h i s  r e p o r t  would  i n d i c a t e  t h a t  t h e  cold-worked specimen 

i r r a d i a t e d  a t  a n m i n a l  temperature o f  550°C i n  HFIR was a c t u a l l y  10d"C o r  more 

h igher  i n  temperature,  a conc lus ion  drawn f rom t h e  presence o f  h i g h  temperature 

i n t e r m e t a l l i c  phases and t h e  d i s t r i b u t i o n  and rounded shape o f  t h e  vo ids .  

5 .5  Conc lus ions 

A d d i t i o n a l  d a t a  on t h e  m i c r o s t r u c t u r a l  and microchemica l  e v o l u t i o n  o f  t h e  00-heat 

o f  A I S 1  316 i r r a d i a t e d  i n  E B R - I 1  a r e  c o n s i s t e n t  w i t h . o t h e r  da ta  i n  an e a r l i e r  

r e p o r t .  I t  appears t h a t  a l a t e - t e r m  microchemica l  e v o l u t i o n  occurs a f t e r  33 dpa 

a t  500 t o  600°C and appears to .approach  s a t u r a t i o n  near  70 dpa. 

Examinat ion o f  a HF IR- i r r ad i a t ed  specimen a t  42 dpa shows t h a t  t h e  d i s l o c a t i o n  

and phase e v o l u t i o n  a r e  c o n s i s t e n t  w i t h  t h a t  o f  comparable EBR-11- i r rad ia ted 



material  but t h a t  the void d e n s i t i e s  a r e  higher. 
t h a t  a cmparable  evolution i s  in progress d u r i n g  HFIR i r r a d i a t i o n  and i t  i s  
expected t h a t  t he  swelling r a t e  wi l l  increase a t  higher fluence. 
o f  t h e  vanadiun and manganese concentrat ions have been performed and agree 
reasonably well w i t h  ca lcula ted values. 
t e r i s i  t i c s  ind ica te  t h a t  the  temperature i s  ~ 1 0 0 ° C  higher than the reported 
nominal temperature of 550°C. 

Microchemical analys is  shows 

Measurements 

Details  of the  phase and v o i d  charac- 
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7.0 Future Work 

The results o f  dual ion beam s tud ies  and re la ted  breeder s tudies  wi l l  be examined, 
along w i t h  a review o f  t h e  relevance t o  t h i s  study of microstructurally-deterministic 
r a t e  theory approaches. 
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MIGRATION AND TRAPPING OF HELIUM BY CAVITIES AND DISLOCATIONS I N  DUAL-ION 
IRRADIATED STAINLESS STEELS 

J .  A .  Sp i t znage l ,  Susan Wood and W .  J .  Choyke (Westinghouse Research and 

Developnent Center )  

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  assess t h e  phenomenology and mechanisms 

o f  m i c r o s t r u c t u r a l  e v o l u t i o n  i n  m a t e r i a l s  exposed t o  s imultaneous hel ium 

i n j e c t i o n  and c r e a t i o n  o f  a tomic  d isp lacement  damage by a second i o n  beam. 

2.0 Summary 

Dual- ion exper iments have been conducted on specimens o f  304 SS and 316 SS t o  
es t ima te  t h e  f r a c t i o n  o f  implanted he l ium assoc ia ted  w i t h  c a v i t i e s ,  d i s -  

l o c a t i o n s  o r  i n  submicroscopic bubbles.  The r e s u l t s  suggest t h a t  app rox i -  
m a t e l y  99 pe rcen t  o f  t h e  he l ium i s  i n  v i s i b l e  c a v i t i e s  near t h e  peak 

s w e l l i n g  temperature.  Numerical c a l c u l a t i o n s  o f  he l ium p a r t i t i o n i n g  based 

on c a v i t y  and d i s l o c a t i o n  s i n k  s t r e n g t h s  f o r  vacanc ies a r e  shown t o  over-  

es t ima te  t h e  number o f  gas atoms assoc ia ted  w i t h  d i s l o c a t i o n s  

t h e  maximum p o s s i b l e  e q u i l i b r i u m  bubble s i z e  by a f a c t o r  o f  two. 

and t o  reduce 

3.0 Program 

T i t l e :  I r r a d i a t i o n  Response o f  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 :  S .  Wood, J .  A .  Sp i t znage l  and W .  J .  Choyke 

A f f i l i a t i o n :  Westinghouse Research and Development Center 

4.0 Relevant  DAFS Program Plan Task/Subtask 

Subtask I I .C.1 .2  Model ing and Analyses o f  t h e  E f f e c t s  o f  M a t e r i a l  

Parameters on M i c r o s t r u c t u r e  

I I . C . Z . l  Hel ium M o b i l i t y ,  D i s t r i b u t i o n  and Bubble Nuc lea t i on  
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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  

Much emphasis has been p laced on t h e  h i g h  he l ium and hydrogen concen t ra t i ons  

expected i n  f u s i o n  r e a c t o r  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 a l  m a t e r i a l s .  I t  

i s  t h e  d i s t r i b u t i o n  ( o r  r e d i s t r i b u t i o n )  o f  such nuc lea r  t r ansmu ta t i on  p ro-  

ducts ,  however, t h a t  w i l l  de termine t h e i r  e f f e c t s  on mechanical p r o p e r t i e s .  

Un fo r t una te l y ,  l i t t l e  i s  known about hel ium m o b i l i t y  and t r a p p i n g  a t  

v a r i o u s  m i c r o s t r u c t u r a l  " s inks."  T h i s  i s  m a i n l y  due t o  exper imental  

l i m i t a t i o n s .  

observa t ions  o f  bubbles, measurements o f  hel ium r e l e a s e  r a t e s  f rom sur-  

faces,  e l a s t i c  and a n e l a s t i c  mechanical measurements, theory ,  e t c .  

A t  p resen t  he l ium p a r t i t i o n i n g  must be i n f e r r e d  f rom TEN 

Dual i o n  beam exper iments,  where he l ium can be implanted and t h e  a tomic  

d isp lacement  r a t e  c o n t r o l l e d  by a second i o n  beam, a r e  v e r y  u s e f u l  f o r  

deve lop ing  and t e s t i n g  such i n d i r e c t  approaches. 

o u t l i n e  a scheme t o  es t ima te  he l ium p a r t i t i o n i n g  between c a v i t i e s  and 

d i s l o c a t i o n s  i n  dua l  i o n  bombarded 304 SS and 316 SS. 

I n  t h i s  r e p o r t  we 

5.1.1 Exper imenta l  D e t a i l s  

Chemical composi t ions,  thermomechanical process ing h i s t o r y  and r e s u l t s  o f  

ex tens i ve  i o n  i r r a d i a t i o n  exper iments on these samples have been r e p o r t e d  

p rev i ous l y . 1 -2  Other exper imenta l  d e t a i l s  have been desc r ibed  by us  

elsewhere.2 

For t h e  316 SS samples c a l c u l a t e d  atomic d isp lacement  r a t e s  o f  -2 x 

dpa/s t o  6 x dpa/s and he l ium (appm) t o  dpa r a t i o s  o f  -12-85 have 

been used. 

o f  -2 x t o  2 x and he l ium (appm) t o  dpa r a t i o s  o f  -11 t o  475  

a r e  r e p o r t e d .  

For t h e  304 S S ,  da ta  ob ta ined  w i t h  a tomic  d isp lacement  r a t e s  

S ince  a s e r i o u s  concerri  i n  e s t i m a t i n g  he l ium p a r t i t i o n i n g  
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i s  t h e  amount rema in ing  i n  submicroscopic form, e .g .  l e s s  than  - 2 nm 

d iameter  bubbles, c a r e  has been taken  t o  t ry  t o  use  f o i l  p r e p a r a t i o n  and 
e l e c t r o n  imaging c o n d i t i o n s  which maximize t h e  p o s s i b i l i t y  o f  d e t e c t i n g  

small  bubbles.  Data on c a v i t y  s i z e  d i s t r i b u t i o n s  and d i s l o c a t i o n  d e n s i t i e s  

have been encoded and analyzed u s i n g  a data  management code. 

5.1 .2 Numerical Ana l ys i s  and He1 ium P a r t i t i o n i n g  A lgor i thms 

A computer code has been developed which permi ts  r a p i d  r e t r i e v a l  o f  data  

s a t i s f y i n g  a s p e c i f i e d  range o f  exper imenta l  parameters.  C a l c u l a t i o n s  o f  

he l ium p a r t i t i o n i n g  t o  c a v i t i e s  and d i s l o c a t i o n s  have been performed 

f o r  s e l e c t e d  exper imenta l  c o n d i t i o n s  by adding v a r i o u s  models t o  t h e  code. 

Hel ium i s  e s s e n t i a l l y  i n s o l u b l e  i n  s o l i d  i s  r e a d i l y  t rapped by 
vacancies,6 and p robab ly  m i g r a t e s  as a d ivacancy- ra re  gas complex i n  an 

f . c . c .  l a t t i c e . 6  We w i l l  t h u s  assume t h a t  t h e  he l ium f l u x  t o  a m i c r o s t r u c t -  

u r a l  s i n k  i s  p r o p o r t i o n a l  t o  the  f l u x  o f  vacanc ies t o  t h a t  s i n k .  Under 

cont inuous he l ium i m p l a n t a t i o n ,  popu la t i ons  o f  growing bubbles,  c a v i t i e s  

and d i s l o c a t i o n s  (as  w e l l  as g r a i n  boundar ies and p r e c i p i t a t e  s u r f a c e s )  

w i l l  compete f o r  t h e  he l ium.  To a f i r s t  approx imat ion,  t h e  p a r t i t i o n i n g  

o f  he l ium t o  these  s i n k s  should  be r e l a t e d  t o  t h e  s i n k  s t r e n g t h  f o r  

vacancies.7 

I n  t h i s  s tudy  we cons ide r  two p o s s i b i l i t i e s :  (1 )  A l l  o f  t h e  he l ium i s  

t rapped i n  v i s i b l e  c a v i t i e s  and ( 2 )  
he l ium i s  t rapped  a t  d i s l o c a t i o n s  w i t h  t h e  remainder t rapped a t  v i s i b l e  

c a v i t i e s .  I n  t h e  l a t t e r  case we make no d i s t i n c t i o n  between network o r  

l o o p  components, i . e .  t h e  t r a p p i n g  i s  p r o p o r t i o n a l  t o  t h e  t o t a l  d i s l o c a t i o n  

l i n e  l e n g t h  per u n i t  volume. 

he l ium remains i n  t h e  m a t r i x  and have ignored  t h e  d i r e c t  c o n t r i b u t i o n s  

o f  p r e c i p i t a t e  su r faces  and g r a i n  boundar ies s i n c e  t h e i r  c o n t r i b u t i o n s  t o  

t h e  o v e r a l l  vacancy s i n k  s t r e n g t h  a r e  sma l l .  I n d i r e c t  e f f e c t s  on he l ium 

p a r t i t i o n i n g  f rom heterogeneous n u c l e a t i o n  o f  bubbles on a c i c u l a r  p r e c i p -  

some f r a c t i o n  o f  t h e  implanted 

For t h i s  approx imat ion  we have assumed t h a t  no 
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i t a t e s  and acce le ra ted  growth o f  c a v i t i e s  a t tached  t o  such p r e c i p i t a t e s  

can be impor tan t .  However, such e f f e c t s  w i l l  be d iscussed i n  a f u t u r e  

paper. D i s l o c a t i o n s  a r e  t r e a t e d  as unsa tu rab le  he l ium s i n k s  ( i . e .  no 

" s o l u b i l i t y  l i m i t " ) .  
f o r  example. 

and d i s l o c a t i o n s  p r e c l u d i n g  thermal o r  k i n e t i c  r e s o l u t i o n  o f  gas atoms. 

Time ( f l u e n c e )  dependent p a r t i t i o n i n g  t o  account f o r  t h e  e v o l v i n g  s i n k  

s t r u c t u r e  i s  t r e a t e d  i n  a quas i- emp i r i ca l  f a s h i o n .  F i n a l l y ,  t h e  t o t a l  

number o f  he l ium atoms i n  a s l i c e  AX i s  a lways conserved except f o r  those  

added by i m p l a n t a t i o n .  

T h i s  prec ludes bubble p r e c i p i t a t i o n  on d i s l o c a t i o n s ,  

S t i c k i n g  c o e f f i c i e n t s  o f  u n i t y  a r e  assumed f o r  bo th  c a v i t i e s  

D e f i n i n g  IJ-' as t h e  f r a c t i o n  o f  he l ium p a r t i t i o n e d  t o  c a v i t i e s  (based on 

t h e  c a v i t y  s i n k  s t r e n g t h  f o r  vacanc ies7) :  

where Di = d iamete r  o f  a c a v i t y  i n  s i z e  c l a s s  i, 

Ni = number o f  c a v i t i e s  i n  s i z e  c l a s s  i, 

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

The amount o f  he l ium t o  be d i s t r i b u t e d  t o  t h e  c a v i t i e s  ( f o r  a cons tan t  
i m p l a n t a t i o n  r a t e ,  kg and i m p l a n t  t i m e  A t )  i s  

The amount o f  he l ium p a r t i t i o n e d  t o  d i s l o c a t i o n s  i s  

[He], = k - At[1 - Q-' ]  . ( 3 )  9 

I f  a l l  t h e  he l ium i s  assumed bound i n  c a v i t i e s  t h e n  c l e a r l y  Q-I = 1 .  

The idea  t h a t  e q u i l i b r i u m  gas bubbles should  grow s low ly ,  w i t h  vacancy 
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emiss ion balanced by t h e  i n f l u x  o f  he l ium and vacancies u n t i l  a c r i t i c a l  

s i z e  i s  reached3 i s  c e n t r a l  t o  our  method o f  ass ign ing  hel ium atoms t o  

c a v i t i e s  o f  d i f f e r e n t  s i z e s .  The v a l i d i t y  o f  t h i s  model which has been 

desc r ibed  e l  ~ e w h e r e . ~  Observat ions o f  s t a b l e  bimodal c a v i t y  popu la t ions ,  

s e l e c t i v e  growth o f  bubbles above a c e r t a i n  s i z e  under i r r a d i a t i o n  f o l l o w i n g  

p r e i m p l a n t a t i o n  o f  hel ium, and t h e o r e t i c a l  c a l c u l a t i o n s  o f  c o n d i t i o n s  

necessary f o r  b i a s - d r i v e n  c a v i t y  growth s t r o n g l y  suppor t  t h e  model. We use  

t h e  concept  i n  t h e  f o l l o w i n g  way: ( 1 )  The Van der  Waals equa t ion  o f  s t a t e  

i s  used t o  c a l c u l a t e  t h e  number o f  he l ium atoms i n  successive s i z e  c lasses  

up t o  a maximum p o s s i b l e  e q u i l i b r i u m  bubble d iameter ,  Dc (determined by t h e  

number o f  a v a i l a b l e  gas atoms), and ( 2 )  
d iamete rs  D > D c o n t a i n  at l e a s t  as many gas atoms as when they  passed 

th rough  s i z e  c l a s s  D c .  

i t  i s  assumed t h a t  c a v i t i e s  w i t h  

C 

A f t e r  de te rm in i ng  t h e  amount o f  hel ium p a r t i t i o n e d  t o  t h e  c a v i t i e s ,  t h e  

Van d e r  Waals equa t ion  o f  s t a t e  and s u r f a c e  energy c o n s t r a i n t  ( P  = 2 y / r )  i s  

used t o  d i s t r i b u t e  t h e  gas atoms i n  s p h e r i c a l  e q u i l i b r i u m  bubbles, 

beg inn ing  w i t h  t h e  sma l l es t  s i z e  c l a s s .  

equa t ion  o f  s t a t e  and s u r f a c e  enerqy va lues  f o r  smal l  bubbles has been 

d iscussed a t  l e n g t h  elsewhere.8 

Van d e r  Waals equa t ion  i s  s u i t a b l e  even a t  extreme d e n s i t i e s .  

The cho i ce  o f  an a p p r o p r i a t e  

E x i s t i n g  h i g h  p ressure  da ta  suggests t h a t  

F i g u r e  l ( b )  demonstrates t h e  e f f e c t  o f  u s i n g  d i f f e r e n t  va lues o f  Van der  Waals' 

cons tan t  on t h e  maximum p o s s i b l e  e q u i l i b r i u m  bubble d iameter  f o r  t h e  s i z e  

d i s t r i b u t i o n  i n  F i g .  l ( a )  assuming a l l  o f  t h e  he l ium i s  i n  v i s i b l e  c a v i t i e s .  

The l i m i t i n g  s i z e  c l a s s  Dc i nc reases  l i n e a r l y  w i t h  t h e  exc l us i on  volume 

( b )  b u t  t h e  e f f e c t  i s  s m a l l .  The Van der  Waals equa t ion  w i t h  b = 16.4 x 

cm3/atom, c o n s i s t e n t  w i t h  Bridgeman's d a t a ?  has been used i n  t h i s  i n v e s -  

ti g a t i o n .  

Values o f  s u r f a c e  energy a p p r o p r i a t e  f o r  smal l  c a v i t i e s  i n  a s o l i d  a r e  

d i f f i c u l t  t o  d e f i n e .  

a t e d  from zero c reep  measurements on 304 SSIO have been used g i v i n g  a 

For t h e  purpose o f  t h i s  study,  va lues  o f  y e x t r a p o l -  
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temperature dependent s u r f a c e  energy 

y = 4250-2.OT("C), mJim2 ( 4 )  

No c o r r e c t i o n s  f o r  c a v i t y  s i z e  o r  shape, gas adso rp t i on  o r  s o l u t e  segrega t ion  

e f f e c t s  have been at tempted here.  

t h e  su r f ace  energy on t h e  maximum e q u i l i b r i u m  bubble  s i z e  f o r  t h e  d i s t r i -  

b u t i o n  shown i n  F ig .  l ( a ) .  A l l  o f  t h e  he l ium i s  assumed bound i n  v i s i b l e  

c a v i t i e s .  The absc issa r e f l e c t s  t h e  e f f e c t  o f  p a r t i t i o n i n g  d i f f e r e n t  ( t o t a l )  

amounts o f  he l ium t o  t h e  c a v i t i e s .  

ponds t o  CHe = 1. 

sma l l .  Wood e t  a1 . l l  have d iscussed t h e  probable  reasons. 

F i g u r e  l ( c )  shows t h e  e f f e c t  o f  v a r y i n g  

The implanted c o n c e n t r a t i o n  CHe c o r r e s -  

The e f f e c t  o f  changing y by a f a c t o r  o f  -5 i s  s u r p r i s i n g l y  

5.2 Resu l t s  and D iscuss ion  

5.2.1 Dose Dependence 

The s i n k  s t r u c t u r e  and hence t h e  cap tu re  e f f i c i e n c y  o f  c a v i t i e s  and d i s l o -  

c a t i o n s  f o r  vacanc ies and he l ium can change r a p i d l y  w i t h  f l uence .  

o f  he l ium p a r t i t i o n i n g  f rom "snap-shots' '  o f  t h e  m i c r o s t r u c t u r e  do n o t  

e x p l i c i t l y  t r e a t  t h i s  con t inuous  e v o l u t i o n .  Approximat ions a r e  p o s s i b l e ,  

however, i f  t h e  p a r t i t i o n i n g  i s  c a l c u l a t e d  f o r  specimens bombarded t o  
d i f f e r e n t  f l u e n c e s  under i d e n t i c a l  c o n d i t i o n s .  An example i s  shown i n  

Table  1. 

Deduct ions 

The e f f e c t  o f  i n c r e a s i n g  f l u e n c e  near t h e  peak s w e l l i n g  temperature o f  

-600°C i s  t o  broaden t h e  c a v i t y  s i z e  d i s t r i b u t i o n .  Nuc lea t i on  o f  

c a v i t i e s  has con t inued  i n  t h e  f l u e n c e  range 0.26 t o  2.7 dpa. I t  i s  n o t  

c l e a r  whether n u c l e a t i o n  has con t inued  up  t o  31 dpa; even though t h e r e  

a r e  many smal l  bubbles present ,  t h e  c a v i t y  number d e n s i t y  has decreased 

by a f a c t o r  o f  two - p robab ly  r e f l e c t i n g  t h e  onse t  o f  coalescence. The 

d i s l o c a t i o n  d e n s i t y  has increased from a v a l u e  o f  -1 x 109 cm/cm3 i n  t h e  

u n i r r a d i a t e d  m a t e r i a l  t o  a s a t u r a t i o n  v a l u e  o f  -8 x l o l o .  S u r p r i s i n g l y ,  
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FIGURE la. Experimental Cavity Size Distribution for 304 SS Following Dual 
Ion Bombardment at 600°C to 6-dpa and 782-appm Helium. 

Van der Waals constant (crn3/arom x 

FIGURE lb. Maximum Equilibruum Bubble Diameter for the Distribution Shown 
in Figure la for Various Choices o f  Van der Waals Constant. 
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FIGURE IC. Effect of Surface Energy (mJ/m2) and Helium Concentration on the 
Calculated Maximum Equilibrium Bubble Diameter f o r  the Distribu- 
tion in Figure la. 
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TABLE 1 

EFFECT OF FLUENCE ON THE FRACTION OF IMPLANTED HELIUM (Q-’) 
NUMERICALLY PARTITIONED TO CAVITIES FOR 304 SS DUAL-ION 

BOMBARDED AT 600°C AND 2 x dpa/s 

O i  s l  o c a t i o n  Dens i t y  
dpa appn He Cav i t ies /cm3 cm/cm3 2.2- 

0.26 49 3.1 x 1015 2.3 x 1O1O 0.49 

2.7 522 7.3 x 10’5 8.2 x 10’0 0.37 

31 .4 531 4 3.4 x 1015 8 x 1 O l o  -0.5 

even i n  t h e  m i d s t  o f  such r a p i d  changes i n  m i c r o s t r u c t u r e ,  t h e  f r a c t i o n  o f  

he l ium d i s t r i b u t e d  t o  t!-e c a v i t i e s  (Q-I) on t h e  bas i s  o f  Eq. ( 1 )  i s  r e l a t i v e l y  

c o n s t a n t .  

r a t e s  which a p p a r e n t l y  counterba lance t h e  i n c r e a s i n g  d i s l o c a t i o n  s i n k  

s t r e n g t h .  

Th i s  i s  a consequence o f  t h e  h i g h  c a v i t y  n u c l e a t i o n  and growth  

A t  h i ghe r  i r r a d i a t i o n  temperatures and lower  he l ium i n j e c t i o n  r a t e s  - 
c o n d i t i o n s  l e s s  f a v o r a b l e  f o r  c a v i t y  n u c l e a t i o n  - t h e  model suggests t h a t  

>90 pe rcen t  o f  t h e  imp lan ted  he l ium may be assoc ia ted  w i t h  d i s l o c a t i o n s .  

For example, F i g .  2 shows t h e  f r a c t i o n  o f  he l ium n u m e r i c a l l y  p a r t i t i o n e d  

t o  d i s l o c a t i o n s  i n  316 S S  as a f u n c t i o n  o f  measured d i s l o c a t i o n  d e n s i t y .  
A l though t h e  model p r e d i c t s  t h a t  40-100 pe rcen t  o f  t h e  imp lan ted  he l ium 

should be assoc ia ted  w i t h  d i s l o c a t i o n s  we w i l l  p resent  ev idence t h a t  

suggests t h i s  i s  an o v e r e s t i m r t e .  

5.2.2 He1 ium i n  Submicroscopic Form 

A ques t i on  which a r i s e s  immedia te ly  i n  t h i s  method o f  a s s i g n i n g  he l ium t o  

s i n k s  i s :  What f r a c t i o n  o f  t h e  imp lan ted  gas atom c o n c e n t r a t i o n  remains 

i n  submicroscopic form e i t h e r  i n  t h e  m a t r i x  o r  i n  a s s o c i a t i o n  w i t h  d i s l o -  

c a t i o n s ?  An answer can be ob ta ined from an approach making use  o f  t h e  

c r i t i c a l  c a v i t y  s i z e  concept .  
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FIGURE 2 .  F r a c t i o n  o f  Implanted Hel ium Atoms Numer i ca l l y  P a r t i t i o n e d  t o  
D i s l o c a t i o n s  (1 - Q-I) as a Func t ion  o f  t h e  Measured D i s l o c a t i o n  
D e n s i t y  f o r  Dua l- Ion  Bombarded 316 SS i n  t h e  Solut ion-Annealed, 
20% Cold- Rol led o r  Aged (800°C) Cond i t i on .  600°C TIRR 5 750°C; 
$ t -3 -12  dpa. 

F i g u r e  3a shows a c a v i t y  s i z e  d i s t r i b u t i o n  r e s u l t i n g  f rom dual  i o n  bombard- 

ment a t  700°C t o  produce a p o p u l a t i o n  o f  bubbles f o l l o w e d  by an a d d i t i o n a l  

bombardment w i t h  t h e  28 MeV S i c K  beam a l one  a t  550°C. The c a v i t y  s i z e s  

produced a t  700°C a r e  l a r g e r  t h a n  t h e  c r i t i c a l  c a v i t y  s i z e  ( c a l c u l a t e d )  

a t  550°C. 
which con ta i ns  o n l y  -3 pe rcen t  o f  t h e  he l ium implanted a t  700°C accord ing  

t o  t h e  p a r t i t i o n i n g  a l g o r i t h m s .  

an  i d e n t i c a l  c o n t r o l  specimen a t  600°C f o r  168 h. The p r e e x i s t i n g  

d i s t r i b u t i o n  o f  v o i d s  (and d i s l o c a t i o n s )  a r e  e s s e n t i a l l y  unchanged b u t  a 

new p o p u l a t i o n  o f  smal l  bubbles has appeared. The smal l  bubble d i s t r i b -  

u t i o n  c o n t a i n s  o n l y  -0.09 percen t  o f  t h e  implanted hel ium. S i t e s  

ad j acen t  t o  e x i s t i n g  l a r g e  c a v i t i e s  not associated w i t h  d i s l o c a t i o n s  a r e  

where t h e  t i n y  bubbles a r e  found. 

p a r t i t i o n e d  t o  t h e  d i s l o c a t i o n s  on t h e  b a s i s  o f  t h e i r  r e l a t i v e  s i n k  

s t r e n g t h  f o r  vacanc ies i s  c l e a r l y  an ove res t ima te  s i n c e  i t  i s  w e l l  known 

t h a t  bubbles grow on d i s l o c a t i o n s  under these  c o n d i t i o n s .  

Thus a r e l a t i v e l y  coarse p o p u l a t i o n  o f  v o i d s  has been es tab l i shed ,  

F i g u r e  3 ( b )  shows t h e  r e s u l t  o f  annea l ing  

Thus t h e  amount o f  he l ium ( n u m e r i c a l l y )  
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FIGURE 3. C a v i t y  S i z e  D i s t r i b u t i o n  f o r  304 SS Dua l- Ion  Bombarded t o  1.1-dpa 
and 117-appm He a t  700 C Fo l lowed by Bombardment Wi thou t  Hel ium t o  
3.3 dpa a t  550 C;  Then Annealed a t  600 C-168 h. 

5.2.3 E f f e c t s  o f  Helium P a r t i t i o n i n g  on t h e  C r i t i c a l  C a v i t y  S i z e  

A s  f a r  a s  c a v i t y  growth i s  concerned, he l ium p a r t i t i o n i n g  i s  o n l y  i m p o r t a n t  

f o r  c a v i t i e s  sma l le r  than  o r  equal t o  t h e  c r i t i c a l  s i z e . 3  The maximum 

e q u i l i b r i u m  bubble s i z e  i s  a v e r y  good upper bound es t ima te  o f  t h e  c r i t i c a l  

c a v i t y  s ize,12 and i s  a f f e c t e d  by d i s t r i b u t i n g  p a r t  o f  t h e  hel ium t o  

t h e  d i s l o c a t i o n s  a s  shown i n  F i g .  4 .  Coupl ing t h e  hel ium p a r t i t i o n i n g  t o  

t h e  s i n k  s t r e n g t h  f o r  vacancies reduces Oc by a f a c t o r  o f  -2. 

es t ima tes  o f  O C I 2  f a l l  between t h e  two curves i n  F ig .  4 and o f f e r  no f i r m  

T h e o r e t i c a l  
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suppor t  f o r  e i t h e r  s e t  o f  v a l u e s .  

w e l l  separated bimodal c a v i t y  d i s t r i b u t i o n s  w i t h  t h e  lower  gaussian t e r m i n-  

a t i n g  a t  Dc suggest t h a t  t h e  4-1 = 1 cu rve  i s  t h e  b e t t e r  es t ima te  o f  t h e  

c r i t i c a l  c a v i t y  s i z e .  

However, exper imenta l  observa t ions  o f  
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FIGURE 4. Comparison o f  Ca l cu l a t ed  Maximum E q u i l i b r i u m  Bubble S izes  
Ca l cu l a t ed  f rom Dual- Ion Data Assuming A l l  Hel ium P a r t i t i o n e d  
t o  C a v i t i e s  ( 4 - l  = 1) o r  a P o r t i o n  t o  D i s l o c a t i o n  ( Q - ' < l ) .  

5.2.4 Extens ion o f  t h e  Method 

Desp i te  1 i m i t a t i o n s  i n  deducing he1 ium t r a p p i n g  a t  v a r i o u s  m i c r o s t r u c t u r a l  

152 



s inks ,  imposed by t h e  l a c k  o f  d e t a i l e d  t h e o r e t i c a l  models and assump- 

t i o n s  i n  t h e  p resen t  work, many u s e f u l  i n s i g h t s  can be gained u s i n g  t h e  

approach o u t l i n e d  here.  The method i s  c l e a r l y  a p p l i c a b l e  t o  f i s s i o n  

r e a c t o r  and h i g h  energy ex- reac to r  neu t ron  s t u d i e s ,  as w e l l .  The p r i n -  

c i p a l  advantage o f  t h e  d u a l - i o n  technique,  however, i s  i t s  a b i l i t y  t o  

c r i t i c a l l y  t e s t  assumptions i n  t h e  p a r t i t i o n i n g  schemes. 

a l s o  o f f e r s  t h e  p o s s i b i l i t y  o f  e s t i m a t i n g  he l ium m i g r a t i o n  d i s t ances  

and perhaps, r a t e s  o f  m i g r a t i o n  which a r e  c r i t i c a l  parameters i n  model ing 

a l l o y  behav io r  under p r o j e c t e d  f u s i o n  r e a c t o r  f i r s t  w a l l  and b l a n k e t  

c o n d i t i o n s .  

Such an approach 

5.4 Co n c l  us i o n s  

( 1 )  P a r t i t i o n i n g  o f  he l ium t o  c a v i t i e s  and d i s l o c a t i o n s  c a l c u l a t e d  on t h e  

bas is  o f  t h e i r  r e l a t i v e  s i n k  s t r e n g t h s  f o r  vacanc ies overes t imates  

t h e  number o f  gas atoms assoc ia ted  w i t h  d i s l o c a t i o n s .  

The maximum p o s s i b l e  e q u i l i b r i u m  bubble s i z e  (which approximates t h e  

c r i t i c a l  c a v i t y  s i z e )  i s  reduced by a f a c t o r  o f  two f o r  such 

p a r t  i t i o n i  ng . 
( 3 )  Dual i o n  beam bombardment coupled w i t h  p o s t - i r r a d i a t i o n  annea l ing  

a r e  most u s e f u l  f o r  t e s t i n g  models o f  hel ium r e d i s t r i b u t i o n  f o r  

p r o j e c t e d  f u s i o n  r e a c t o r  f i r s t  w a l l  and b l a n k e t  c o n d i t i o n s .  

( 2 )  
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BUBBLE GROWTH KINETICS ASSOCIATED WITH IRRADIATED AND POST-IRRADIATION 

ANNEALED METALS 

M. L. S a t t l e r ,  J. I. Bennetch, 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 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  assess t h e  r o l e  o f  gas pressure and g r a i n  

boundar ies  i n  he l i um  bubble growth. 

2.0 Summary 

Dur ing  i n - s i t u  observa t ions  o f  t h e  i r r a d i a t i o n  o f  CVD N i  f i l m s  w i t h  He i ons ,  

i t  was found t h a t  growth r a t e  o f  bubbles on t h e  g r a i n  boundary increased up 

t o  4.5 t imes  t h a t  o f  bubbles growing i n  t h e  g r a i n  i n t e r i o r .  

bubbles on a g r a i n  boundary were dynamica l l y  seen s h r i n k i n g  and growing i n  

volume exchange p a t t e r n s  when t h e  H e- i r r a d i a t e d  N i  was annealed. 

i n g  o f  He i r r a d i a t e d  316 s t a i n l e s s  s t e e l  specimens showed t h a t  bubbles grew 

i n  underp ressur i zed  s t a t e s  as w e l l  as i n  overp ressur i zed  s t a t e s ;  t h e  over-  

p ressu r i zed  bubbles were found t o  grow more r a p i d l y  than  underpressur ized 

bubbles.  

t o  be non- constant  w i t h  annea l ing  t ime.  

Neighbor ing 

The anneal-  

Changes i n  diameter,  bubble su r f ace  area, and s w e l l i n g  were found 

3.0 Proqram 

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 :  

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 imu la t i ng  t h e  CTR Environment i n  t h e  HVEM 
W. A. Jesser  and R .  A. Johnson 

4.0 Relevant  DAFS Program P lan  Task/Subtask 

Subtask 11 .C.2.1 M o b i l i t y ,  D i s t r i b u t i o n  and Bubble Nuc lea t i on  
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5.0  Accomplishments and  Sta tus  

5.1 Introduction 

Factors t h a t  influence bubb le  growth k inet ics  can be c l a s s i f i e d  in to  two cate-  
gor ies ,  migration and  coalescence or accumulation of vacancies. 
type r e l i e s  on mechanisms such as  surface d i f fus ion ,  volume di f fus ion ,  o r  
vapor transport .  
processes. Because theore t ica l  approaches have found t h a t  growth  r a t e  drops 
rapidly with increasing bubble s i z e ,  a logarithmic p lo t  of bubble s i z e  vs .  
time can help in the assessment of possible r a t e  cont ro l l ing  mechanisms. 
i s  summarized by P. Goodhew and S. Tyler. ( l )  Experimental work by 0 .  Braski, 
H .  Schroeder, and H. Ullmaier(*) and  by I .  Smith and B.  Russel l(3)  have shown 
a logarithmic dependence of the mean bubble radius on time with constant slope 
n .  Their work i s  used f o r  comparison. 

The f i r s t  

Mechanisms f o r  the l a t t e r  case a l so  include ledge nucleation 

This 

In the present work, the dependence of radius on time has been recorded f o r  
the case of in- s i tu  i r r a d i a t i o n  of th in  f o i l s ,  ra ther  than on b u l k  materials  
which have been pre- injected and subsequently annealed. 
nealing experiments were a l s o  performed on thinned f o i l s  where, i n  one case,  
the annealing was observed dynamically. 
mine the e f f e c t  of gas pressure and  of grain boundaries on b u b b l e  growth.  

Post- irradiat ion a n -  

I t  i s  the aim of t h i s  study t o  de ter-  

5 . 2  Experimental Results 

5.2.1 Experimental Procedure 

Nickel samples of e i t h e r  the carbonyl-grown chemical vapor  deposited ( C V D )  
type o r  the physical vapor deposited ( P V D )  type were i r r ad ia te6  in an  H V E M  
linked t o  an 80 kV He ion accelera tor .  The CVD Ni had been electropolished 
t o  a thickness of 150 nm; the PVD Ni was a l so  150 nm th ick .  Microstructure 
in both types of Ni samples consisted of very small grain s i zes  p r io r  t o  i r -  
r ad ia t ion :  600 nm grains surrounded by 30 nm grains in the C V D  N i ,  and  
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220 nm g r a i n s  i n  t h e  PVD N i .  The N i  f i l m s  were i r r a d i a t e d  a t  f l u x e s  f rom 
2 2 18 5 . 6  x 1014 ions/cm -sec t o  7 . 5  x 1014 ions/cm -sec t o  doses o f  1.0 x 10 

2 2 ions/cm and 1.4 x 1 0 l 8  ions/cm a t  a temperature es t ima ted  t o  be 550' C .  

I n - s i t u  r eco rd i ngs  were made by v ideo  camera o r  by  EM p l a t e s  taken a t  ap- 

p r o p r i a t e  t i m e  i n t e r v a l s .  

Samples o f  316 s t a i n l e s s  s t e e l  ( S S )  were a l s o  i r r a d i a t e d  w i t h  80 kV He- ions 

a f t e r  i n i t i a l  annea l ing  and e l e c t r o p o l i s h i n g  s teps were taken. The 1 hour  

p r e - i r r a d i a t i o n  anneal a t  1000" C r e s u l t e d  i n  a d i s l o c a t i o n - f r e e ,  l a r g e  g r a i n  

m i c r o s t r u c t u r e ;  e l e c t r o p o l i s h i n g  gave a 100 nm th i ckness .  

1.0 x ions/cm t o  1.0 x ions/cm a t  a cons tan t  f l u x  o f  3 x i ons /  

cm -sec and a t  an i r r a d i a t i o n  temperature o f  300" C. 

Doses ranged f rom 
2 2 

2 

A f t e r  i r r a d i a t i o n ,  the  316 SS was annealed i n  a q u a r t z  wire-wound h e a t e r  i n  

The temperature was cons tan t  a t  900" C f o r  t imes r a n g i n g  t o r r  vacuum. 

between 10 minutes and 30 minutes.  

PVD N i  was annealed i n  a P h i l i p s  400 TEM h e a t i n g  assembly a t  600" C f o r  80 

minutes.  

t i m e  i n t e r v a l s .  

Data was gathered a f t e r  the  anneal .  The 

Dur ing  t h i s  annea l ing  s t e p  micrographs were taken a t  convenient  

5.2.2 I r r a d i a t i o n  K i n e t i c s  

Table  I g i v e s  t h e  r e s u l t s  of t h e  i n - s i t u  CVD N i  i r r a d i a t i o n  as they  were r e -  
corded on HVEM p l a t e s .  

I n  less  t han  two minutes o f  i r r a d i a t i o n ,  t h e  CVD N i  g r a i n s  grew t o  an average 

810 nm s i z e  and a l l  o f  t h e  smal l  30 nm g r a i n s  disappeared. Cont inued i r r a d i a -  

t i o n  inc reased  t h e  g r a i n  s i z e  s l o w l y  t o  a maximum o f  2300 nm. 

Dur ing  t h e  i r r a d i a t i o n  bubbles i n i t i a l l y  appeared on t h e  g r a i n  boundar ies,  

b u t  t h e i r  growth was i r r e g u l a r .  

bubbles on t h e  g r a i n  boundar ies were seen t o  grow t o  an average o f  110 nm, 

decrease t o  88 nm, and then inc rease  t o  130 nm. Bubbles i n  t h e  g r a i n  i n t e r i -  

I n  HVEM micrographs taken a t  t imed i n t e r v a l s ,  
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TABLE I 

PARAMETERS FOR HELIUM-IRRADIATED N I C K E L  

Grain 
Cavity Diameter (nm) Densi tyto Swell ingtot Size 

._gb-- D Din t  D t o t  _o 
88 50 81 7.8 4.7 . a i  

110 54 89 9.9 1 1 . 2  1 . 2  
88 68 75 15 9.4 2 . 3  

130 82 100 1 2  22.8 1 . 7  

MICROSTRUCTURAL 

Time of 
Dose I r r .  

(min) 2 (xd7 ions/cm ) 

. 9  2 

3.6 8 
9.0 20 

14.0 30 

or ,  however, only increased i n  s i z e  from 50 nm t o  82 nm.  P lot t ing grain in te-  
r i o r  bubble radius versus time, the  solution i s  l i n e a r  (cor re la t ion  of 99.5%) 
w i t h  a slope of 1 . 2  n m / m i n .  
time d i d  no t  y i e l d  a good cor re la t ion  f o r  e i t h e r  a l i n e a r  p l o t  o r  a logarithmic 
p J o t .  The i r r e g u l a r  growth of bubbles on the grain boundary i s  emphasized by 
the  calcula t ion of growth r a t e  f o r  bubbles on each type of s i t e .  Bubbles on 
the grain boundary e x h i b i t  a negative growth d u r i n g  a certain time i n t e r v a l .  
However, the r a t e s  before and a f t e r  t h i s  in terval  show t h a t  the growth r a t e s  
f o r  bubbles on the grain boundary a r e  2.5 t o  4.5 times t h a t  of bubbles i n  the 
grain i n t e r i o r .  

The graph f o r  grain boundary bubble radius with 

The in te rpre ta t ion  of the measured bubbles termed t o  be i n  the grain boundary 
o r  i n  the  grain i n t e r i o r  i s  complicated by the f a c t  t h a t  the  grain boundary 
moved d u r i n g  the  i r r a d i a t i o n ,  thereby leaving large  grain boundary bubbles 
b e h i n d  t o  subsequently be counted a s  grain i n t e r i o r  bubbles. Micrographs 
showing a row of bubbles i n  the grain i n t e r i o r  c lose  t o  a row of s l i g h t l y  
smaller  bubbles in  the grain boundary were typical .  The area between these 
two rows o f  bubbles appeared denuded of any v i s i b l e  bubbles. 
noted t h a t  the area on the o ther  s ide  o f  the grain boundary was not denuded. 

I t  should be 

The number densi ty  of the bubbles  a s  measured w i t h  i r r a d i a t i o n  time followed 
a typical  pat tern  o f  increasing slowly t o  an apparent sa tu ra t ion  level  and^ 

remaining approximately constant .  
14 3 proximately 1 .5  x 10 /cm . 

This sa tu ra t ion  level  was found t o  be ap- 
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S w e l l i n g  da ta  was c a l c u l a t e d  by summing over  each range o f  volumes and m u l t i -  

p l y i n g  by t h e  t o t a l  average number d e n s i t y .  Volumes o f  bubbles w i t h  r a d i i  

g r e a t e r  than t h e  f o i l  t h i c k n e s s  were found by assuming a c y l i n d r i c a l  shape 

f o r  these bubbles.  Us ing t h e  above method, the  s w e l l i n g  was found t o  i n -  

crease f rom 4.7% a t  two minutes (2.5 dpa) t o  22.8% a t  30 minutes (38 dpa) .  

T h i s  inc rease  was n o t  l i n e a r ,  however. Histograms show a s p i k e  o f  bubbles 

grouping around the  mean bubble r a d i u s  t h a t  tended t o  b l u n t  and spread o u t  as 

t ime  o f  i r r a d i a t i o n  cont inued.  

c o u l d  e x p l a i n  the  tremendous s w e l l i n g  inc rease  a t  l o n g e r  t imes. 

The g r e a t e r  amount o f  ve ry  l a r g e  bubbles 

Two c a l c u l a t i o n s  t o  es t ima te  bubble p ressure  were made: N .  i s  the  e s t i m a t -  

ed number o f  he l ium atoms implanted d u r i n g  t h e  i r r a d i a t i o n  p e r  bubble as 

found u s i n g  t h e  EOEP-1 computer program o f  I .  Manning and G .  M ~ e l l e r ' ~ ) ;  N 
eq 

i s  t h e  e q u i l i b r i u m  number o f  he l ium atoms p e r  bubble as found u s i n g  a m o d i f -  
i e d  van d e r  Waals equa t i on (5 )  by  i n s e r t i n g  a temperature dependent b ( 6 )  . 
N .  

overes t ima te ,  though, s i n c e  a l l  t h e  depos i ted  he l ium i s  assumed t o  go t o  

bubbles and n o t  t o  o t h e r  s inks .  For t h e  CVD N i ,  N .  /N  r a t i o s  show a l l  

bubbles t o  be overp ressur i zed  w i t h  ranges f rom 15 a t  2.5 dpa t o  93 a t  38 dpa. 

'mP 

/Neq should  equal u n i t y  f o r  e q u i l i b r i u m  bubbles.  T h i s  r a t i o  w i l l  be an 
1 mP 

Imp eq 

5.2.3 P o s t - I r r a d i a t i o n  Anneal ing K i n e t i c s  

Table I1  g i v e s  t h e  r e s u l t s  f o r  t h e  p o s t - i r r a d i a t i o n  annea l ing  o f  316 s t a i n -  

l e s s  s t e e l .  

I n  the  316 SS specimens, t h e  average bubble  s i z e  increased and the average 

number d e n s i t y  o f  bubbles decreased a f t e r  t h e  annea l ing  o f  bo th  i r r a d i a t e d  

specimens. 

grew f rom an average o f  1 . 2  nm t o  an average o f  7.9 nm a f t e r  a 30 minute  an- 

nea l .  

bubble s i z e  f rom 1 .7  nm t o  4.0 nm a f t e r  a 10 minute anneal .  The m i c r o s t r u c -  

t u r e  f o r  each i r r a d i a t e d  sample p r i o r  t o  annea l ing  was s i m i l a r .  

a f t e r  t h e  anneal ,  t he  specimen w i t h  the  lower  dose con ta ined  no bubbles g r e a t -  

I n  the  specimen sub jec ted  t o  a dose o f  1 x 1017 ions/cm2, bubbles 

The sample w i t h  a dose o f  1 x 1 0 l 8  ions/cm2 increased i n  i t s  average 

However, 
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TABLE I 1  

idICROSTRUCTURAL PARAMETERS FOR HELIUM IRRADIATED TYPE 316 SS 

AS LV 
v v 

( " C  and min )  (nm) (x10  /cm ) ( x l 0  cm /cm ) (?;) 

300 - -_  1.2 15.4 7 .0  .14 

300 900, 30 7.9 .13 1 .6  .32 
1 o l 8  300 _ -_  1.7  18.0 16.0 .46  

- - Dose Ti r r a d  Tanneal and t D P 

17 3 4 2 3  
- - -_ ( " C )  

2 ( ions/cm ) 

1 o l 8  300 900, 10 4.0 .60 5 .8  3.9 

e r  than 15 nm w h i l e  the  specimen w i t h  t h e  h i g h e r  dose con ta ined  bubbles g r e a t -  

e r  than 1000 nm i n  d iameter .  

Histograms o f  number versus s i z e  f o r  these two cases show sp ikes around t h e  

average f o r  t h e  p r i o r - t o - a n n e a l i n g  cases and b l u n t e d  s p i k e s  a f t e r  they  a r e  
annealed. The sample w i t h  t h e  1 x 1 0 l 8  ions/cm dose seems t o  have a smal l  

peak a t  190 nm i n  a d d i t i o n  t o  t h e  b l u n t e d  s p i k e  ment ioned e a r l i e r .  

2 

Measurements o f  s w e l l i n g  show t h a t  annea l ing  a f t e r  i r r a d i a t i o n  inc reases  t h e  

s w e l l i n g  t w o f o l d  i n  t h e  low-dose specimen and a lmost  t e n f o l d  i n  t h e  high-dose 

specimen. S i m i l a r l y ,  t o t a l  bubble su r f ace  area p e r  u n i t  volume does n o t  r e -  

main cons tan t  upon p o s t - i r r a d i a t i o n  anneal ing,  b u t  i n s t e a d  decreases. These 

numbers a r e  recorded i n  Table 11. 

Examinat ion o f  t h e  N .  /N  r a t i o  shows t h a t  t h e  sample w i t h  the  lower  dose 

was n o t  overp ressur i zed  be fo re  the  anneal b u t  t h a t  t h e  sample w i t h  t h e  h i g h e r  

dose was overp ressur i zed .  I n  b o t h  cases, t h e  anneal r e s u l t e d  i n  a lower  

he1 ium t o  vacancy r a t i o  and a l s o  appa ren t l y  caused unde rp ressu r i za t i on .  

r e s u l t s  can be found i n  Table  111. 

imp eq 

These 

P o s t - i r r a d i a t i o n  annea l ing  o f  PVD N i  shows an inc rease  i n  t h e  average bubble 

s i z e  f rom 5.8 nm a f t e r  7 minutes o f  annea l ing  t o  7.2 nm a f t e r  80 minutes o f  

annea l ing  f o r  g r a i n  boundary s i t e s  and co r respond ing l y  f rom 5.0 nm t o  9.5 nm 

f o r  g r a i n  i n t e r i o r  s i t e s .  
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TABLE 111 

RATIO OF IMPLANTED HELIUM TO HELIUM IN EQUILIBRIUM 
BUBBLES FOR TYPE 316 STAINLESS STEEL 

N .  / N  He/vac 2 
i m p  eq Dose ( i o n s / c m n  .- 

10'  ' before annealing 1.31 3.2 
.083 1.5 10 a f t e r  annealing 

1Ol8 before annealing 4.03 9.8 

1 7  

a f t e r  annealing .040 1.2 

The growth of grain i n t e r i o r  bubbles showed a typical  slow increase with time. 
However, the  growth of grain boundary bubbles varied s ign i f i can t ly .  
bubbles grouped c lose  together on the boundary, i t  was found t h a t  they would 
shrink and grow by as much a s  2 nm during a ten minute time in te rva l .  
i s  i l l u s t r a t e d  by the following graph (Figure 1 )  of radius versus time f o r  
four grain boundary bubbles. 
i t  s t a r t s  t o  shrink i s  about 10 nm.  Total volumes f o r  these bubbles in-  
creases t o  an apparent sa tu ra t ion  l eve l .  
1 and 2 i s  approximately constant  f o r  the sa tu ra t ion  section o f  the t o t a l  
volume curve and the same holds approximately t r u e  f o r  bubbles 3 and  4.  

For 

T h i s  

Note t h a t  the maximum size of a bubble before 

The sum of the volumes of bubbles 

time (mid 
FIGURE 1.  Bubble Radius Versus I r rad ia t ion  Time f o r  Grain Boundary Bubbles 

i n  Nickel Under Continuous Observation. 
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annealing time (hrs) 

FIGURE 2. Swelling and Ratio o f  Implanted Heliun t o  Heliun in  Equilibrim 
Bubbles Versus Annealing Time f o r  Type 316 S t a i n l e s s  Steel  as 
Calculated From Data of Braski e t  a l .  ( 2 )  
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5.3 D iscuss ion  

I n - s i t u  observa t ions  o f  bubble growth i n  h e l i u m- i r r a d i a t e d  CVD N i  have shown 

t h a t  t h e  t o t a l  s w e l l i n g  decreases a t  one t i m e  d u r i n g  t h e  i r r a d i a t i o n .  It i s  

a l s o  d u r i n g  t h i s  t ime  i n t e r v a l  t h a t  t h e  average g r a i n  boundary bubble s i z e  

decreases and t h e  average g r a i n  s i z e  i s  maximized. T h i s  was exp la ined  by the  

movement o f  t h e  g r a i n  boundary such t h a t  i t  abandons i t s  l a r g e  bubbles a l -  

though t h i s  process was n o t  dynamica l l y  observed. It i s  p o s s i b l e  t h a t  t h e  de- 

nuded zone t h a t  appeared behind t h e  m i g r a t i n g  g r a i n  boundary served t o  decrease 

t h e  t o t a l  p o s s i b l e  d e n s i t y  and thus  he lped i n  decreas ing the  s w e l l i n g .  

d e n s i t y  measurements c o u l d  n o t  j u s t  be summed and averaged over  t h e  g r a i n  

boundary d e n s i t y  and t h e  g r a i n  i n t e r i o r  d e n s i t y  b u t  r a t h e r  i n c l u d e d  t h i s  de- 

nuded zone. The o t h e r  component of s w e l l i n g ,  t o t a l  average d iameter ,  was 

summed f rom g r a i n  boundary and g r a i n  i n t e r i o r  d iameter  numbers. 

T o t a l  

The l a r g e  i n c r e a s e  i n  s w e l l i n g  f o r  t h e  n e x t  t i m e  i n t e r v a l  was a r e s u l t  o f  the  

tremendous growth i n  g r a i n  boundary bubbles a f t e r  m i g r a t i o n  o f  the  g r a i n  

boundary. 

nm ( t h e  edge o f  t h e  b l u n t e d  s p i k e )  d u r i n g  t h e  f i n a l  t i m e  i n t e r v a l  compared 

t o  0% a t  2 minutes,  6% a t  8 minutes,  and 6.8% a t  20 minutes.  Rapid growth 

Histograms showed l a r g e  numbers (12%) o f  bubbles g r e a t e r  than 200 

o f  bubbles i n  c o n t a c t  w i t h  t h e  boundary was p rev ious  observed by W. Beere. ( 7 )  

I n  o r d e r  t o  compare t h e  C V D  N i  r e s u l t s  w i t h  g r a i n  boundary work done by D. 
B r a s k i ,  e t  a l .  ('), t h e  da ta  was f i t  t o  t h e  equa t i on  r a tn. 

t h e  p resen t  work t h a t  f o r  g r a i n  i n t e r i o r  bubbles,  n = 1; t h e r e  was no good 

f i t  f o r  g r a i n  boundary bubbles.  D. B r a s k i ,  e t  a l .  ob ta i ned  s lope  va lues o f  

n = 1/6 f o r  g r a i n  boundary bubble growth and o f  n = 1 /4  f o r  t h e  g r a i n  i n -  

t e r i o r  bubble growth.  These au tho r s  had p r e v i o u s l y  s ta ted ,  however, t h a t  t h e  

bubbles i n  t h e  g r a i n  boundary i n i t i a l l y  grew much f a s t e r  than  those i n  the  

g r a i n  i n t e r i o r .  The h i g h e r  s l o p e  o f  n = 1 ob ta i ned  i n  t h e  i r r a d i a t e d  sample 

compared t o  t h e  annealed p r e - i n j e c t e d  sample c o u l d  be a r e s u l t  o f  t h e  con- 

t i n u o u s  amount o f  he l i um  be ing  s u p p l i e d  t o  t h e  sample. 

I t was found i n  
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Because c a v i t i e s  have been observed t o  nuc l ea te  and grow i n  CVO N i  upon hea t-  

i n g  w i t h o u t  p r i o r  i r r a d i a t i o n  o r  p r e - i n j e c t i o n  o f  he l ium gas,(8) a t h i n n e d  

sample o f  CVD N i  was annealed a t  600" C f o r  90 minutes.  No vo ids  were 

observed. I 

The g r a i n  boundary a l s o  p layed  a fundamental r o l e  i n  bubble growth d u r i n g  an- 

n e a l i n g  o f  H e - i r r a d i a t e d  PVO Ni samples. Apparen t l y  t h e  he l ium atoms and/or 

vacancies assoc ia ted  w i t h  t h e  bubbles a t  t h e  g r a i n  boundary were mob i le  

enough a t  600" C t o  i n t e r a c t  w i t h  t h e  g r a i n  boundary and t o  cause shr inkage 

o r  growth o f  t h e  bubbles.  

bubble s i z e  t o  which each bubble grew be fo re  s h r i n k i n g .  

There a l s o  appeared t o  be some s o r t  o f  c r i t i c a l  

T o t a l  s w e l l i n g  was found t o  be nonconstant i n  t h e  annea l ing  o f  p r e - i r r a d i a t e d  

316 S S ;  i t  inc reased  upon anneal ing.  A l s o  t o t a l  bubble s u r f a c e  area and bubble  
d iamete r  was n o t  cons tan t  upon annea l ing .  Comparison o f  t h i s  data  i s  e a s i l y  
made w i t h  t h e  annea l ing  da ta  o f  He p r e - i n j e c t e d  316 SS o f  D. B r a s k i ,  e t  a l .  ( 2 )  

T h i s  comparison i s  shown i n  F i g u r e  2. Volume changes increase,  decrease, and 

i n c r e a s e  aga in  w i t h  annea I ing  t ime ,  rang ing  f rom .08% a t  8 h rs .  t o  .3% a t  210 

h r s .  C a l c u l a t i o n  of  N .  / N  r a t i o s  f o r  t h e  da ta  o f  0. B r a s k i  e t  a l .  show t h e  

bubbles t o  be h i g h l y  overp ressur i zed ,  even though these va lues v a r y  as g r e a t l y  

as t h e  s w e l l i n g  d i d  w i t h  t ime .  For example, a t  8 h rs . ,  t he  r a t i o  i s  300, a t  

60 h r s .  i t  has decreased t o  149 and a t  120 h r s . ,  i t  has inc reased  aga in  t o  320. 

Another comparison can be made w i t h  t h e  p o s t - i r r a d i a t i o n  annea l ing  da ta  o f  a 

n e u t r o n - i r r a d i a t e d  A1-Li a l l o y  by I .  Smith and B .  Russe l l .  ( 3 )  
2 3 .  t h e  non-constancy o f  D, D and D 

f rom 0.02 t o  0.97 depending upon annea l ing  temperatures. )  

N .  
i n g  f rom 1 .5  x l f4 t o  4.5 x 

'mP eq 

(They observed 

C a l c u l a t i o n  of  t h e  

i n  t h e  curves f o r  D n tn, s i n c e  n v a r i e d  

/Neq r a t i o  shows t h e i r  bubbles t o  be underpressur ized,  b u t  cons tan t ,  rang-  
'mP 

depending on the  annea l ing  temperature.  

The p resen t  work o f  annea l ing  p r e - i r r a d i a t e d  316 SS shows t h e  growth o f  

bubbles f rom e i t h e r  an underpressur ized c o n d i t i o n  o r  an overp ressur i zed  con- 

d i t i o n .  Whi le  t h i s  seems t o  match r e s u l t s  f rom I .  Smith and 8 .  Russe l l  (under-  

p ressu r i zed )  and f rom D. B r a s k i ,  e t  a l .  ( ove rp ressu r i zed ) ,  data  f rom J .  
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Mancuso and C. Y .  Li ( ' )  does n o t  seem t o  f o l l o w  these observat ions.  

n e a l i n g  o f  samples w i t h  a p r e - i n j e c t i o n  o f  H, e q u i l i b r i u m  bubbles were n o t  

seen t o  grow. 

p resen t  r e s u l t s  f o r  he l i um  seem t o  i m p l y  t h a t  bubble overpressure i s  n o t  neces- 

s a r y  f o r  bubble growth. 

Upon an- 

Only those bubbles which were overp ressur i zed  grew. The 

5 .4  Conclusions 

1. 

bubbles on i t  t o  grow d u r i n g  He- ion i r r a d i a t i o n  o f  t h i n  N i  f i l m s  a t  a r a t e  up 

t o  4.5 t imes  t h a t  o f  bubbles i n  t h e  g r a i n  i n t e r i o r .  

The g r a i n  boundary, i n t e r a c t i n g  w i t h  He atoms and/or vacancies,  causes 

n 2. 

d u r i n g  i r r a d i a t i o n ;  n i s  undetermined f o r  bubbles growing on t h e  g r a i n  

boundary. 

For  t h e  r e l a t i o n  r a t , n = 1 f o r  bubbles growing i n  t h e  g r a i n  i n t e r i o r  

3. The i n t e r a c t i o n  o f  He atoms and/or vacancies w i t h  t h e  g r a i n  boundary can 

cause ne ighbo r i ng  c a v i t i e s  a long  i t s  l e n g t h  t o  grow and s h r i n k  when t h e  He- 

i r r a d i a t e d  sample i s  annealed. 

4. Diameter, t o t a l  bubble s u r f a c e  area, and volume change were found t o  va ry  

when 316 SS i s  annealed a f t e r  He- ion i r r a d i a t i o n .  

5. 

upon anneal ing.  

Bubble o v e r p r e s s u r i z a t i o n  i s  n o t  a necessary c o n d i t i o n  f o r  bubble growth 
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SINGLE- AND DUAL-ION IRRADIATIONS OF FERRITIC ALLOYS AND TYPE 316 STAINLESS 

STEEL 

G. A y r a u l t  (Argonne Na t iona l  Labora to ry )  
- 

1 .o Ob jec t i ve  

The o b j e c t i v e  o f  t h i s  work i s  t o  determine t h e  m i c r o s t r u c t u r a l  e v o l u t i o n ,  

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

e f f e c t s  o f  he l ium product ion,  d isplacement damage ra tes ,  and temperature.  

2 .o Summary 

A s e r i e s  o f  f e r r i t i c  a l l o y  and Type 316 s t a i n l e s s  s t e e l  samples were s i n g l e -  

and d u a l - i o n  i r r a d i a t e d .  The f e r r i t i c s  were unmodi f ied and N i - mod i f i ed  HT9 

and 9Cr-1Mo a l l o y s ;  samples were s i n g l e -  and d u a l - i o n  i r r a d i a t e d  t o  a s i n g l e  

dose l e v e l  (25 dpa) i n  t h e  temperature range 350-600°C. The p r imary  purpose 

was t o  i s o l a t e  t h e  i r r a d i a t i o n  induced m i c r o s t r u c t u r a l  changes t h a t  r e s u l t  from 

h e l i m  i n j e c t i o n  and f rom N i - mod i f i ca t i on ,  by comparing s i n g l e -  and d u a l - i o n  
i r r a d i a t e d  samples o f  t h e  same a l l o y  and unmodif ied and N i- mod i f i ed  samples 

i r r a d i a t e d  under t h e  same c o n d i t i o n s .  F o r  316 SS, t h e  emphasis i n  t h i s  s e r i e s  

o f  i r r a d i a t i o n s  was on the  i n f l u e n c e  o f  he l i um  i n j e c t i o n  schedule and p r i o r  

thermomechanical t reatment  on m i c r o s t r u c t u r e  development. 

3.0 Program 

T i t l e :  E f f e c t s  o f  I r r a d i a t i o n  on 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 :  A. P. L. Turner  

A f f i l i a t i o n :  Argonne Na t iona l  Labora to ry  

4.0 Relevant DAFS Progam P1 an Task/Subtask 

Subtask II.C.2.1 M o b i l i t y ,  D i s t r i b u t i o n  and Bubble Nuc lea t ion  
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%.O Accomplishments and S t a t u s  

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

A major  ques t ion  i n  t h e  i r r a d i a t i o n  response o f  candidate  magnetic f u s i o n  

r e a c t o r  (MFR) s t r u c t u r a l  m a t e r i a l s  i s  t h e  i n f l u e n c e  o f  concurrent  d isplacement 

damage and he l ium p roduc t ion .  Dua l - i on  i r r a d i a t i o n ,  us ing  heavy- ions f o r  

damage p roduc t ion  and he l ium ions  t o  s imu la te  gas p roduc t ion  by t r ansmu ta t i on  

events, prov ides a m a n s  o f  i n v e s t i g a t i n g  such events i n  the  absence o f  a h i g h  

energy neut ron source. 

I n  c o n t i n u a t i o n  o f  our  work on i r r a d i a t i o n  m i c r o s t r u c t u r a l  development i n  Type 

316 SS and f e r r i t i c  a l l o y s ,  we have r e c e n t l y  performed a s e r i e s  o f  

i r r a d i a t i o n s  on these a l l o y s .  T h i s  r e p o r t  descr ibes those i r r a d i a t i o n s .  I n  
a l l  cases, 3.0 MeV Ni i ons  were used f o r  damage product ion,  and a degraded 

s i  mu1 taneous ) . 

58 .+ 

0.83 MeV 3 +  He beam was used f o r  he l ium i n j e c t i o n  ( p r e i n j e c t i o n  o r  

5.2 V a r i a t i o n  o f  Hel ium I n j e c t i o n  Schedule i n  Type 316 SS 

I n  mixed-spectrum r e a c t o r  i r r a d i a t i o n s  o f  n i c ke l - bea r i ng  a l l o y s ,  he l ium i s  

generated by a two-step process: 

and 

58Ni(n,y)  59 N i  . 

59Ni(n,a) 56 Fe . 
A t  t h e  s t a r t  o f  an i r r a d i a t i o n ,  no he l ium i s  generated, because t h e r e  i s  no 

59Ni ;  he l ium genera t ion  increases w i t h  dose, as t h e  5gNi  l e v e l  increases.  

c o n t r a s t ,  r a p i d  he l ium genera t ion  w i l l  commence a t  t h e  onset o f  i r r a d i a t i o n  i n  

an MFR. Hel ium i s  l i k e l y  t o  a f f e c t  l oop  and c a v i t y  nuc lea t ion ,  so a t  low 

doses one would expect d i f f e r e n c e s  between t h e  i r r a d i a t i o n  m i c r o s t r u c t u r e s  

produced by mixed-spectrum r e a c t o r  i r r a d i a t i o n  and MFR i r r a d i a t i o n .  

i t i s  not  c l e a r  whether these d i f f e r e n c e s  w i l l  p e r s i s t  a t  h igher  doses. Wi th  

d u a l - i o n  i r r a d i a t i o n ,  t h e  ( s i m u l a t e d )  he l ium p r o d u c t i o n  schedule can be chosen 

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

schedules t o  i n v e s t i g a t e  t h e  i n f l u e n c e  o f  he l ium on t h e  m i c r o s t r u c t u r e  a t  l o w  

In 

However 

I n  t h e  i r r a d i a t i o n s  desc r ibed  here we have chosen s imp le  

168 



dose (5 dpa) and t h e  pe r s i s t ence  o f  any low-dose d i f fe rences  a t  h igher  dose 

(25 dpa). 

A l l  i r r a d i a t i o n s  were performed a t  625OC, which i s  near t h e  peak s w e l l i n g  

temperature f o r  t h e  3 x 
i r r a d i a t e d  was 316 SS f rom t h e  MFE heat (15893). 
on samples w i t h  t h r e e  d i f f e r e n t  p r e i r r a d i a t i o n  thermomechanical t rea tments :  

s o l u t i o n  annealed (0.5 h a t  1O5O0C), s o l u t i o n  annealed and aged (1 h a t  
1O5O0C,  10 h a t  80OoC) and 20% cold-worked. 

each on samples w i t h  a l l  t h r e e  thermomechanical h i s t o r i e s :  

(1) s i n g l e - i o n  i r r a d i a t i o n  t o  5 dpa, 

(2)  d u a l - i o n  i r r a d i a t i o n  t o  5 dpa wi th 15 appm He/dpa, 

(3)  d u a l - i o n  i r r a d i a t i o n  t o  25 dpa w i t h  15 appm W d p a ,  

( 4 )  s i n g l e - i o n  i r r a d i a t i o n  t o  5 dpa f o l l o w e d  by 20 dpa d u a l - i o n  i r r a d i a t i o n  
w i t h  18.8 appm He/dpa, g i v i n g  t h e  same f i n a l  he l ium concen t ra t i on  as (3). 

Comparison o f  (1) and ( 2 )  w i l l  g i v e  i n s i g h t  i n t o  he l ium e f f e c t s  a t  low dose. 

Comparison o f  (3) and (4) w i l l  show whether m i c r o s t r u c t u r a l  d i f f e r e n c e s  

between (1) and ( 2 )  p e r s i s t  a t  h i g h e r  dose. 

dpa-  s - l  damage dose r a t e  employed. The m a t e r i a l  

I r r a d i a t i o n s  were performed 

Four i r r a d i a t i o n s  were performed, 

Hel ium p r e i n j e c t i o n  i s  commonly used i n  both r e a c t o r -  and i o n - i r r a d i a t i o n s  t o  

compensate f o r  t h e  l a c k  o f  he l ium genera t ion  d u r i n g  t h e  n u c l e a t i o n  stage. I n  

a companion exper iment t o  t h e  one descr ibed above, we have h o t - p r e i n j e c t e d  (15 
appm 3He a t  6 5 O O C )  and c o l d - p r e i n j e c t e d  (15 appm 3tle a t  room temperature)  MFE 
316 SS samples, and s i n g l e - i o n  i r r a d i a t e d  them t o  25 dpa a t  625OC. S o l u t i o n -  

annealed, so lu t ion- annea led  and aged, and 20% cold-worked samples were 
inc luded .  Comparison o f  these samples w i t h  one-another and w i t h  (3)  and ( 4 )  

above w i l l  a i d  i n  e l u c i d a t i n g  t h e  r o l e  of he l i um  i n  the n u c l e a t i o n  stage, and 

i n  j u d g i n g  t h e  v a l i d i t y  o f  he l ium p r e i n j e c t i o n  as a s i m u l a t i o n  technique. 

5.3 I r r a d i a t i o n  o f  Unmodif ied and N i - Y o d i f i e d  F e r r i t i c  A l l o y s  

N i c k e l  concen t ra t i ons  i n  the  f e r r i t i c  a l l o y s  o f  i n t e r e s t  f o r  MFR a p p l i c a t i o n s  

are  u s u a l l y  low. T h i s  makes i n - r e a c t o r  t e s t i n g  o f  he l ium e f f e c t s  

p r o b l e m a t i c a l ,  because he l ium genera t ion  by t h e  two- step n i c k e l  t r ansmu ta t i on  
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r e a c t i o n  i s  s i g n i f i c a n t l y  s lower  i n  these a l l o y s  than  i s  expected i n  flFR 
serv i ce .  For  t h i s  reason c u r r e n t  r e a c t o r  i r r a d i a t i o n s  i n  t h e  /\DIP program are 

be ing  performed both  on unmodif ied ( < - 0.5 w t .  % N i )  and N i - mod i f i ed  ( w i t h  - 1 

t o  2 wt. % a d d i t i o n a l  N i )  f e r r i t i c  a l l o y s .  The N i  a d d i t i o n s  are  s p e c i f i c a l l y  

aimed a t  i n c r e a s i n g  t h e  he l ium genera t ion  r a t e s  ( i n  HFIR) t o  l e v e l s  expected 

i n  MFR serv ice.  

However i s o l a t i o n  o f  he l i um  e f f e c t s  f rom t h e  r e s u l t s  o f  N i- mod i f i ed  a l l o y  

i r r a d i a t i o n s  may be d i f f i c u l t  because t h e  a d d i t i o n a l  n i c k e l  may a l t e r  t h e  

i r r a d i a t i o n  performance o f  t h e  a l l o y s  v i a  mechanisms o t h e r  than he l ium 

generat ion.  With t h e  d u a l - i o n  i r r a d i a t i o n  technique, t h e  ( s i m u l a t e d )  he l ium 

genera t ion  i s  independent o f  m e t a l l u r g i c a l  v a r i a b l e s ,  and i s o l a t i o n  o f  t h e  N i  

and He e f f e c t s  should be poss ib le ;  t h e  i r r a d i a t i o n s  descr ibed here a re  

designed t o  i s o l a t e  t h e  two e f f e c t s .  

The f e r r i t i c  a l l o y s ,  i n  t h e  form o f  0.010 i n  sheet, were rece ived  from M. L. 
Grossbeck. They were heat t r e a t e d  a t  ANL t o  g i v e  tempered ma r t ens i t e  

s t r u c t u r e s ,  us ing  schedules s u p p l i e d  by R. L. Klueh. A d d i t i o n a l  i n f o r m a t i o n  

about these a l l o y s  can be found i n  [I-31. 

The a l l o y s  and i r r a d i a t i o n  c o n d i t i o n s  a re  l i s t e d  i n  Table 1. I n  t h i s  f i r s t  

s e r i e s  o f  exper iments we concen t ra ted  on temperature dependence, and spanned a 

broad range (350-6OO0C), a t  a s i n g l e  damage dose (25 dpa). F o r  t h e  HT-9, HT9 

+ 2Ni and 9Cr-1Mo + 2Ni a l l o y s  we performed both  s i n g l e -  and d u a l - i o n  

i r r a d i a t i o n s  over t h e  e n t i r e  temperature range; comparison o f  t h e  two 

i r r a d i a t i o n  c o n d i t i o n s  ( s i n g l e -  versus dua l  - i o n )  should e f f e c t  i v e l y  i s o l  a t e  

t h e  he l ium e f f e c t s  i n  these a l l o y s .  F o r  IiT9 we can a l s o  i s o l a t e  t h e  i n f l u e n c e  

o f  n i c k e l  a d d i t i o n s  (by comparing HT9 w i t h  HT9 + 2N i )  over t h e  e n t i r e  

temperature range and under both  s i n g l e -  and d u a l - i o n  i r r a d i a t i o n .  The 9Cr- 

1Mo a l l o y  was d u a l - i o n  i r r a d i a t e d  over t h e  e n t i r e  temperature range, but  was 

s i n g l e  i o n  i r r a d i a t e d  o n l y  a t  44OoC. Thus f o r  t h e  9Cr-1Mo system we can 

assess t h e  i n f l u e n c e  o f  n i c k e l  a d d i t i o n s  over  t h e  e n t i r e  temperature range i n  
d u a l - i o n  i r r a d i a t e d  samples, and a t  a s i n g l e  temperature f o r  s i n g l e - i o n  

i r r a d i a t i o n .  
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TABLE 1 

IRRADIATION CONDITIONS FOR FERRITIC ALLOYS 

Temperature 
ua l - I on  I r r a d i a t i o n  S ing le-  Ion  I r r a d i a t i o n  

M a t e r i a l  - Heat ?25 dpa , 15 appm He/dpa) (25 dpa) 

HT9 XAA-3587 350,410,470,530, 6OO0C 350,410,440,470,530, 6OO0C 
HT9t2Ni XAA-3589 350,410,470,530,6OO0C 350,410,440,470,530 ,6OO0C 

9C r - 1Mo XAA-3590 350,410,470,530, 6OO0C 44OoC 

gCr-lMo+ZNi XAA-3591 350,410,470,530,6OO0C 350,410,440,470,530 ,6OO0C 
HT9+2Ni XAA-3592 44OoC 

ad jus ted  
9Cr-lMo+ZNi XAA-3593 44OoC 

ad jus ted  

6.0 References 

1. M. L. Grossbeck, V. K. Sikka, T. K. Roche and 2. L. Klueh, A D I P  Q u a r t e r l y  
Progress Report f o r  Per iod Ending Dec. 31, 1979, DOE/ER-0045/1, p. 100. 

2. R .  L. Klueh and J .  M. Vi tek ,  A D I P  Q u a r t e r l y  Progress Report f o r  Per iod 

Ending June 30, 1980, OOE/ER-0045/3, p. 294. 

3. M. L. Grossbeck and J. W. Woods, i b i d .  p. 30 

7.0 Future Work 

TEM i nspec t i on  o f  t h e  316 SS he l ium schedule samples i s  now under way; t h i s  

work i s  be ing  performed by A. Kohyama, a v i s i t i n g  s c i e n t i s t  a t  ANL under t h e  

US-Japan Fusion Cooperation Program. 

begin  i n  t h e  near fu tu re .  

I nspec t i on  o f  the f e r r i t i c  samples w i l l  
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FURTHER EXAMINATION O F  SWELLING O F  " PURE"  AIS1 316 IRRADIATED IN O R R  
H. R .  Brager and F. A. Garner (Hanford Engineering Development Laboratory) 

1.0 Objective 

The object ive  of t h i s  e f f o r t  i s  t o  examine the  i n t e r a c t i v e  ro les  of helium, 
cold-work and pre- and pos t i r rad ia t ion  aging on cavi ty  development in a 
quarternary a l loy ,  Fe-17Cr-16.7Ni-2.5Mo (a l loy  P-7). 

2 .0  Sumnary 

Examination of addit ional  specimens of Fe-17Cr-16.7Ni-2.5Mi corroborate 
the  previously reported r e s u l t  t h a t  cold working of t h i s  "pure" 316 a l loy  
has no influence on suppressing void formation. The new data show t h a t  
the  di f ferences  i n  densi ty  determined by microscopy a r e  probably re la ted  
t o  problems i n  imaging small voids in th ick f o i l s .  

I n  addi t ion,  the apparent suppression of  swelling in t h i s  a l loy  by pre- 
in jec t ion  of 40 appm helium appears t o  be an i l l u s i o n .  
change and aging s tud ies  indicate  t h a t  swelling e x i s t s  in the preinjected 
specimens i n  the  form of unresolvable voids. 

Both densi ty  

3.0 Program 

T i t l e :  I r rad ia t ion  Effects Analysis (AKJ) 
Principal  Invest igator :  D .  G .  Doran 
A f f i l i a t i o n :  Hanford Engineering Development Laboratory 

4.0 Relevant DAFS Program Plan Task/Subtask 

Task I I .C . l  Effects  of Materials Parameters on Microstructure 
Task II.C.2 Effects  of Helium on Microstructure 
Task II.C.17 Microstructural Characterization 
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5.0 Accomplishments and Status 

5.1 Introduction 

In two earlier reports it was shown that cold working of the quaternary 
alloy P-7 did not substantially affect its swelling in ORR and that the 
effect of preinjected helium could be stronger than that of the helium 
generated by transmutation.('") The P-7 alloy, frequently referred to 
as "pure" 316 stainless, has the composition Fe-17Cr-16.7Ni-2.5Mo. This 
alloy was irradiated at several temperatures in each of the following 
conditions: annealed, 20% cold-worked, annealed plus He implanted, 20% 
cold-worked plus He implanted, and various annealed and aged plus implanted 
conditions. ( 3 )  
centrations injected at ambient temperature. All the specimens chosen 
for examination were irradiated to 3 to 5 dpa. 
available on some of the specimens whose microstructures were reported 
in References 1 and 2. 

The implanted specimens contained a range of helium con- 

Additional data are now 

5.2 The Effect of Cold-Work on Swelling of the P-7 Alloy 

The swelling of this alloy at 550°C was previously reported to be very 
insensitive to cold-working. Whereas swelling in one area of the annealed 
specimen was 0.08%, it was 0.03% in one area of the 20% cold-worked speci- 
men. However, density change measurements o f  these specimens indicated 
more swelling, 0.15% and 0.22%, respectively. 
that cold working had increased the void density by roughly a factor of 
two. There was concern that the smaller voids in the cold-worked material 
would not be as easily resolvable, and therefore would lead to an under- 
estimate of the void volume. 
may not have been representative since the swelling indicated by density 
change measurement was larger than that derived from microscopy measure- 
ments. 

It did appear, however, 

I t  was also thought that the areas chosen 
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To address these concerns, microscopy was performed on a number o f  areas 

i n  each o f  t h e  annealed and cold-worked specimens i r r a d i a t e d  a t  550°C. 

As shown i n  Table 1 t h e  v o i d  development a t  t h i s  f l u e n c e  appears t o  be 

somewhat v a r i a b l e .  Micrographs o f  t h e  examined m a t e r i a l ,  however, i l l u -  

s t r a t e  a s u r p r i s i n g  cons is tency  and homogeniety i n  any one v o i d  micrograph, 

F i g u r e  1. 

i n c r e a s i n g  f o i l  t h i ckness ,  F i g u r e  2, f o r  b o t h  annealed and cold-worked 

specimens. The inc rease  i n  t h e  s i z e  o f  v o i d s  which a r e  r e s o l v a b l e  i n  

t h i c k  f o i l s  appears t o  dominate over  any nonun i f o rm i t y  i n  t h e  v o i d  forma- 

t i o n .  

worked specimens over laps,  suppo r t i ng  t h e  conc l us i on  t h a t ,  w h i l e  appa ren t l y  

nonuni form on a m ic roscop ic  l e v e l ,  t h e  macroscopic s w e l l i n g  i s  e s s e n t i a l l y  

u n a f f e c t e d  by c o l d  work ing.  

e f f e c t  t h a t  co ld-work has on s w e l l i n g  i n  a u s t e n i t i c  s t e e l s  such as A I S 1  316. 
T h e  i n s e n s i t i v i t y  o f  s w e l l i n g  t o  co ld-work i n  t h e  P-7 a l l o y  has been ex- 
p l a i n e d  as due t o  t h e  absence o f  carbon and p o s s i b l y  o t h e r  m inor  s o l u t e  
elements.  (1,4) 

I n  a d d i t i o n ,  t h e  v o i d  d e n s i t i e s  a r e  shown t o  decrease w i t h  

Note t h a t  t h e  range o f  s w e l l i n g  i n  each o f  t h e  annealed and c o l d -  

The r e s u l t  c o n t r a s t s  w i t h  t h e  v e r y  l a r g e  

TABLE 1 

V O I D  FORMATION I N  Fe-17Cr-16.7Ni-2.5Mo SPECIMENS 
(550°C IRRADIATION TEMPERATURE; 3 TO 5 dpa) 

Specimen F o i l  ,, Void  Mean 
I d e n t i f i c a t i o n  (*) Thickness, A Dens i ty ,  Diameter, A - Swe 

2000 
600 

350 

2000 

1600 

590 

510 

440 

0.7 x 1 0 1 ~  114 

5.2 1015 66 

3 . 1  x 1015 109 

0 .9  x 1015 90 

1 .3  x 1015 70 

3.3 x 1015 79 

4.3 x 1015 62 

2.5 x 1 0 1 ~  59 

0.08 

0.10 

0.31 

0.04 

0.02 

0.10 

0.11 

0.03 

(*) L e t t e r  i d e n t i f i e s  micrograph i n  F i g u r e  1 corresponding t o  area used 
t o  o b t a i n  v o i d  data .  
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FIGURE 1. Void Microstructure in Annealed and 20% Cold-Worked Fe-17Cr- 
16.7Ni-2.5Mo Irradiated in ORR at 550°C to 3 to 5 dpa. 
graphs Shown in the Same Order as Indicated in Table 1.) 

(Micro- 
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FIGURE 1. (Cont 'd . )  
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FIGURE 2. Effect of Foil Thickness on Number Density of Visible Voids. 

5.3 Examination o f  Specimens with Preimplanted Helium 

Two other specimens irradiated at 550°C exhibited no resolvable voids 
although density change measurements showed swelling comparable to that 
o f  the uninjected specimens discussed in the previous section. 
specimens were (1) annealed plus -40 appm He a n d  (2) annealed plus -40 

appm He followed by aging at 750°C for one hour. 
injection either completely suppressed the swelling or distributed it in 
such small cavities that they were unresolvable ( 5 3  nm). 

These 

It appeared that pre- 
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Further examination has n o t  revealed any resolvable c a v i t i e s .  
one of four o ther  ident ica l  specimens which had been implanted with -35 
appm He and aged 1 hour a t  700°C was aged a f t e r  i r r a d i a t i o n  a t  900°C f o r  

results ind ica te  a h i g h  densi ty  ( 1 n i d - 1 0 ~ ~  c K 3 )  of c a v i t i e s  w i t h  s i z e s  of 
about 5 nm; most l i k e l y  these  were produced by coarsening of small unre- 
solvable c a v i t i e s .  

Therefore, 

hour under argon and examined by e lect ron microscopy. Preliminary 

6.0 Conclusions 

Examination of addi t ional  specimens of Fe-17Cr-16.7Ni-2.5Mo corroborate 
t h e  previously reported r e s u l t  t h a t  cold-working of t h i s  "pure" 316 a l l o y  
has no influence on suppressing void formation. The new data show t h a t  
the di f ferences  i n  density determined by microscopy a r e  probably re la ted  
t o  problems i n  imaging small voids in  th ick f o i l s .  

I n  addi t ion,  the  apparent suppression of swelling i n  t h i s  a l l o y  by pre- 
in jec t ion  of 40 appm helium appears t o  be an i l l u s i o n .  
change and aging s tud ies  indicate  t h a t  swelling e x i s t s  i n  the preinjected 
specimens i n  the form of  unresolvable voids. 

Both densi ty  
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8.0 Future Work 

Additional microscopy wi l l  proceed on the  th ree  o ther  specimens t h a t  wil l  
be aged a f t e r  i r r a d i a t i o n  and a r e  ident ica l  t o  the one reported here t h a t  
was aged hour a t  900°C. Ac t iv i t i e s  t o  determine the s i z e  d i s t r i b u t i o n  
of c a v i t i e s  by a non-microscopy technique (probably positron ann ih i l a t ion)  
wi l l  be pursued. 

9.0 Pub1 i ca t ions  

Some of the  r e s u l t s  of t h i s  study have been included w i t h  those of o ther  
s tud ies  in a paper e n t i t l e d ,  "The Role o f  Cold-Work i n  the Temporary 
Suppression of Void Swelling," F. A .  Garner, H. R .  Brager and W .  G .  Wolfer. 
This paper was presented a t  the International  Conference on Neutron 
I r rad ia t ion  Effects ,  Argonne, I l l i n o i s ,  November 9-13, 1981. 
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THE EFFECT OF APPLIED STRESS ON PRECIPITATE STABILITY IN IRRADIATED AISI 316 
K. C .  Russell (Massachusetts I n s t i t u t e  of Technology) and  F .  A. Garner (Hanford 
Engineering Development Laboratory) 

1 .o Ob jec t i  ve 

The primary object ive of t h i s  work i s  t o  understand the  e f f e c t  of an external ly  
applied s t r e s s  s t a t e  on the formation and evolution of p rec ip i t a t e  phases under 
fusion reactor  f i r s t  wall conditions. A second object ive i s  t o  use t h i s  under- 
standing t o  develop s t ress- affec ted  dimensional change corre la t ions .  

2.0 Sunmary 

T h e  e f f e c t  of applied s t r e s s  on prec ip i ta t ion  has been analyzed by two equivalent 
methods. 
component of the t ransfornat ion s t r a i n  required t o  form the  p rec ip i t a t e .  
on the transformation s t r a i n s ,  a pa r t i cu la r  s t a t e  of applied s t r e s s  may e i t h e r  
s t a b i l i z e ,  d e s t a b i l i z e ,  or have no e f f e c t  on a p a r t i c u l a r  phase. 

Each component o f  an applied s t r e s s  i n t e r a c t s  only w i t h  the corresponding 
Depending 

Shear s t r e s ses  can a l t e r  prec ip i ta t ion  as  e f fec t ive ly  as hydrostat ic  s t r e s s e s .  
Applied s t r e s ses  may increase o r  decrease the incubation r a t e  of a p a r t i c u l a r  
phase by several orders  of magnitude. An applied s t r e s s  may change the s o l u -  
b i l i t y  of a p a r t i c u l a r  phase o r  crystal lographic var iant  of a phase s u f f i c i e n t l y  
t o  y ie ld  preferred coarsening. In terac t ion  energies a r i s i n g  from changes i n  
e l a s t i c  constants induced by p rec ip i t a t e  formation are  usually much smaller than 
those a r i s ing  from transformation s t r a i n s .  

I t  appears t h a t  the accelerat ion of  swelling of AISI 316 by applied s t r e s s  a t  
high temperature i s  accomplished by the action of hydrostat ic  s t r e s s  components 
on prec ip i ta t ion  and n o t  by the act ion o f  dev ia to r i c  components. This conclusion 
means t h a t  the current  s t ress- affec ted  swelling corre la t ion  need n o t  be changed. 
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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  An lays 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 Labo ra to r y  

4.0 Relevant  DAFS Program P lan  Task/Subtask 

Task I I .C.2.1 E f f e c t s  o f  M a t e r i a l  Parameters on M i c r o s t r u c t u r e  

Task II .C.2.5 Mode l ing  

5.0 Accomplishments and S ta tus  

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

Numerous exper imenta l  s t u d i e s  have shown t h a t  an a p p l i e d  s t r e s s  may have a 

m a j o r  i n f l u e n c e  on p r e c i p i t a t i o n  processes i n  s o l i d  s t a t e  phase t ransforma-  

ti ons. (I-') The s t r e s s  s t a t e  may h inder ,  a s s i s t  o r  have no e f f e c t  on t h e  

f o r n a t i o n  and e v o l u t i o n  o f  a p a r t i c u l a r  phase. The d i r e c t i o n  and magnitude 

o f  t h e  e f f e c t  o f  t h e  s t r e s s  i s  dependent on a number o f  f a c t o r s  i n c l u d i n g :  

s t a t e  o f  s t r e s s ,  magnitude o f  s t r e s s ( e s ) ,  c r y s t a l  s t r u c t u r e  and composi t ion 

o f  t h e  phase b e i n g  formed, c r y s t a l  s t r u c t u r e  and compos i t i on  o f  m a t r i x  i n  

wh ich  t he  phase i s  formed, n a t u r e  o f  p r e c i p i t a t e / m a t r i x  i n t e r f a c e  (coherent  
vs .  i n cohe ren t ) ,  temperature and presence o r  absence o f  i r r a d i a t i o n .  

There e x i s t s  a wel l- developed body o f  t h e o r y  f o r  d e s c r i b i n g  t h e  e f f e c t s  o f  

s t r e s s  on phase s t a b i l i t y .  

i n  a un i f o rm  system were l a i d  down by Gibbs. 

produced a t h e o r y  f o r  t h e  s t r a i n  energ ies  o f  e l l i p s o i d a l  p a r t i c l e s  embedded 

i n  m a t r i c e s  o f  much l a r g e r  dimensions.  The Eshelby t rea tment  may be extended 

i n  a t  l e a s t  an approximate manner t o  a w ide  range o f  p r e c i p i t a t i o n  problems 

i n  e i t h e r  i r r a d i a t i o n  o r  p u r e l y  thermal environments.  

The bas ic  t e n e t s  o f  t h e  t h e p r y  f o r  s t r e s s  e f f e c t s  
( 3 )  Subsequently, Eshelby (4 )  

S t r e s s e f f e c t s  on phase s t a b i l i t y  a r e  o f  m a j o r  i n t e r e s t  i n  f i s s i o n  and f u s i o n  
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reac tor  environments. 
under s t r e s s .  
reasonably be approximated as t h a t  of a pressurized tube. 
such a tube i s  e s s e n t i a l l y  t h a t  o f  biaxial  tens ion,  w i t h  one principal s t r e s s  
equal t o  twice the o ther ,  and the th i rd  ( t h r o u g h  the t u b e  thickness)  close t o  
zero. Pressurized tubes are  a l s o  the major mode of in- reactor  t e s t i n g  of 
potential  fusion reac tor  mater ia ls .  Unfortunately, the time-independent 
biaxial  s t r e s s  s t a t e  i n  a pressurized tube i s  n o t  a good approximation of the 
complex, pulsed s t r e s s  s t a t e s  expected t o  e x i s t  in a fusion reactor  f i r s t  w a l l .  

Accordingly, i t  i s  important t o  be able t o  r e l a t e  e f f e c t s  observed in breeder- 
i r r ad ia ted  pressurized tubes t o  those expected in the fusion reac tor  f i r s t  w a l l ;  
and furthermore t o  predict  w h a t  new phase s t a b i l i t y  e f f e c t s  might occur in the 
fusion environment. 

In both types of reac tor ,  some components must operate 
I n  t he  f i s s i o n  environment, the s t r e s s  s t a t e  i n  fuel cladding may 

The s t r e s s  s t a t e  in 

I t  was recently suggested (5-6) t h a t  the shear Components of the s t r e s s  s t a t e  
i n  a pressurized tube might be responsible f o r  the  high temperature (>55OoC) 

accelerat ion of stress-enhanced swelling observed i n  AIS1 316. ( 7 )  

t h a t  the in te rmeta l l i c  phases formed in t h i s  a l loy  during i r r a d i a t i o n  were 
involved in the swelling process a n d  were accelerated by s t r e s s .  If  t h i s  
p o s s i b i l i t y  i s  subs tant ia ted ,  t h i s  would require a change in the corre la t ion  
developed in the breeder program which describes s t ress- affec ted  swelling. 
This co r re la t ion  current ly  assunes t h a t  only the hydrostat ic  components of 
s t r e s s  are  involved in p r e c i p i t a t e  formation. The cor re la t ion  a l s o  recognizes 
the operation of o ther  microstructural  mechanisms which dominate the response 
below 550°C and which appear t o  respond only t o  the hydrostat ic  s t r e s s .  (6 -7 )  

I n  order t o  address the p o s s i b i l i t y  of the influence of nonhydrostatic compo- 
nents ,  t h i s  paper f i r s t  uses the formalism of Eshelby t o  determine the e f f e c t  
of a general s t a t e  of s t r e s s  on p a r t i c l e  thermodynamics. These thermodynamic 
e f f e c t s  may be of f i r s t  order ,  resul t ing  from di f ferences  i n  nuclear volune or 
c rys ta l  s t ruc tu re  of the matrix and p rec ip i t a t e  phases, o r  second order ,  
r e su l t ing  from changes i n  t he  e l a s t i c  moduli. 
calculated f o r  some special cases. 
nucleation and growth processes are then calculated.  The r e s u l t s  of the 

I t  was shown 

Typical s t r a i n  energies a r e  then 
The e f f e c t  of these s t r a i n  energies on 
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c a l c u l a t i o n s  a re  then  a p p l i e d  t o  v a r i o u s  phases t h a t  deve lop i n  i r r a d i a t e d  

A I S 1  316 s t a i n l e s s  s t e e l .  

5.2 Theory f o r  Coherent P a r t i c l e s  

Es he1 by (4)  has presented a genera l  a n a l y s i s  o f  t h e  s t r a i n  energy assoc ia ted  

w i t h  a coherent  e l l i p s o i d a l  p a r t i c l e  o f  a r b i t r a r y  m i s f i t  and wh ich  l i e s  w i t h i n  

a much l a r g e r  volume o f  m a t r i x  phase. 

as b e i n g  i s o t r o p i c  con t i nua  hav ing u n i f o r m  b u t  p o s s i b l y  d i f f e r e n t  e l a s t i c  

cons tan ts .  

Both  p a r t i c l e  and m a t r i x  a r e  t r e a t e d  

T rac tab l e  s o l u t i o n s  may be ob ta ined  under such c o n d i t i o n s  f o r  many s t r a i n  

energy problems o f  i n t e r e s t .  

s o l i d s ,  b u t  a t  cons i de rab le  c o s t  i n  computat iona l  complex i ty .  C a l c u l a t i o n s  

f o r  n o n - e l l i p s o i d a l  p a r t i c l e s  a re  u s u a l l y  i n t r a c t a b l e .  However, many p a r t i c l e  

shapes may be approximated reasonably  w e l l  by  e l l i p s o i d s ,  e.g., a cubo id  by a 

sphere, o r  a l a t h  by a h i g h l y  e longated t r i a x i a l  e l l i p s o i d .  

The c a l c u l a t i o n  may be extended t o  a n i s o t r o p i c  

Eshe lby ' s  c a l c u l a t i o n  o f  the  thermodynamics o f  a phase t r a n s f o r m a t i o n  i s  based 

on t h e  f o l l o w i n g  s e r i e s  o f  imaginary  opera t ions :  

(a )  

(b)  

( c )  

Cut o u t  t h e  r e g i o n  which i s  t o  t r ans fo rm  and remove i t  from t h e  m a t r i x .  

A l low t h e  t r ans fo rma t i on  t o  t a k e  p lace,  unconst ra ined by t h e  m a t r i x .  
T These " s t r e s s - f r e e ' '  t rans fo rmat ion  s t r a i n s  a r e  des ignated E .  .. 
1. l  

Apply  surface f o r c e s  t o  r e s t o r e  t h e  r e g i o n  t o  i t s  o r i g i n a l  form, and 

p l a c e  i t  back i n t o  t h e  ho le  i n  t h e  m a t r i x ,  r e j o i n i n g  t h e  m a t e r i a l  
across t h e  c u t .  

Apply a l a y e r  o f  body f o r c e s  a t  t h e  p r e c i p i t a t e h n a t r i x  i n t e r f a c e  s o  

as t o  j u s t  balance t h e  f o r c e s  a p p l i e d  i n  ( c ) .  
(d )  

A t  t h e  comp le t ion  o f  t h e  above f o u r  s teps ,  t h e  m a t r i x  and p a r t i c l e  a r e  i n  a 

s t a t e  o f  mechanical  e q u i l i b r i u n .  

The s t r a i n  

f rom t h e  f o r c e s  i n v o l v e d  i n  steps c and d. I n  t h e  s imp le  case o f  a d i l a t i o n a l  

energy assoc ia ted  w i t h  t h e  t r a n s f o r m a t i o n  may then be c a l c u l a t e d  
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t r ans fo rma t i on ,  which i 

s t r a i n  energy per  u n i t  

T T -  T nvo lves  o n l y  l i n e a r  s t r a i n s  of cll = - t h e  

volume o f  p r e c i p i t a t e  i s  g i v e n  by 

where u = shear  modulus and v = Po isson 's  r a t i o .  

T h i s  s t r a i n  energy i s  independent o f  t h e  s i g n  o f  cl: and may be shown t o  be 

independent o f  t h e  shape o f  t h e  p a r t i c l e  and u n a f f e c t e d  by t h e  presence o f  

o t h e r  p a r t i c l e s  o f  t h e  same k ind .  

I n  the  p resen t  c o n t e x t  we a re  p r i m a r i l y  i n t e r e s t e d  i n  t h e  energy o f  i n t e r a c t i o n  

between an a p p l i e d  s t r e s s  and t h e  t r a n s f o r m a t i o n  s t r a i n s  o f  t h e  p a r t i c l e .  T h i s  

i n t e r a c t i o n  energy (per  u n i t  volume o f  p a r t i c l e )  i s  g i v e n  b y  Eshelby as 

T where u e .  a r e  t h e  components o f  t h e  e x t e r n a l l y - a p p l i e d  f i e l d ,  and E . .  a r e  t h e  
1.l 1 3  

components o f  t h e  s t r e s s - f r e e  t r a n s f o r m a t i o n  s t r a i n s  c a l c u l a t e d  i n  s t e p  (b ) .  

The s m a t i o n  g i v e s  a s e r i s  o f  p roduc ts  o f  s t resses  and s t r a i n s  o f  t h e  same 

i n d i c e s  (cI1 t u12 . . . )  b u t  does n o t  i n v o l v e  d i s s i m i l a r  c ross terms 

such as a l l  c 1 2 .  Thus, each component o f  t h e  a p p l i e d  s t r e s s  i n t e r a c t s  w i t h  

t h e  co r respond ing  t r a n s f o r m a t i o n  s t r a i n  canponent and no o thers .  

e T  e T  

e T  

I n  t h e  case o f  t h e  d i l a t i o n a l  t r ans fo rma t i on  cons idered e a r l i e r  where 
T -  T -  T 

€11 - E22 - €33 ' 

Eshelby a l s o  developed express ions f o r  the s t r a i n  and i n t e r a c t i o n  energ ies  

when t h e  p a r t i c l e  has a d i f f e r e n t  e l a s t i c  cons tan t  than  does t h e  m a t r i x .  

E v a l u a t i o n  o f  these  express ions i n v o l v e s  ex tens i ve  computat ions wh ich  must 

be performed on a case by case bas is .  However, s imp le  and u s e f u l  equa t ions  
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have been d e r i v e d  f o r  t h e  composite e l a s t i c  cons tan t  o f  a m a t r i x  w i t h  a smal l  

v o l  m e  f r a c t i o n  o f  s p h e r i c a l  p a r t i c l e s  o f  d i f f e r e n t  e l a s t i c  constants .  The 

e f f e c t i v e  b u l k  and shear modul i  (Ke, ue ) a r e  g i v e n  i n  terms o f  those i n  t h e  

m a t r i x  (K,u) and o f  t h e  p a r t i c l e  (K', u ' )  by 

Ke = D ( l  - A V )  

= p (1  - BV) ' e  

where V = volume f r a c t i o n  o f  p a r t i c l e  and 

(K - K ' ) ( 4 u  + 3K) A =  
K(4p + 3K') 

2 (4  - 5v) 
a 15 (1  - v )  

For i s o t r o p i c  s o l i d s  v = 1/3 and 

E 
K = n )  ' 

F o r  a v e r y  s o f t  p a r t i c l e  (such as a v o i d ) ,  K '  = !J' = 0, A = 3 and B = 15/8. 

For a v e r y  hard p a r t i c l e  i n  a s o f t  m a t r i x  K' >> K, p' >> p and A = - 3 / 2 ,  B = 

-15 /7 .  T h i s  l eads  t o  t h e  v e r y  s imp le  r e s u l t  t h a t  a d i s p e r s i o n  o f  v e r y  s o f t  

p a r t i c l e s  w i l l  reduce t h e  b u l k  and shear modul i  o f  a composi te m a t e r i a l  by  about 

t w i c e  i t s  vo lune  f r a c t i o n ,  whereas a d i s p e r s i o n  o f  a v e r y  hard p a r t i c l e  w i l l  

s t i f f e n  t h e  modul i  by a comparable amount. 

I t  must be emphasized t h a t  equat ions 4-10 app l y  o n l y  t o  i s o t r o p i c  s o l i d s  and 
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wi l l  apply only in an approximate manner t o  real anisotropic  a l loys such as 
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 .  

5.3 I nco heren t Par t i  c 1 es  

The Eshelby treatment assunes complete coherency between matrix and p a r t i c l e ,  
which occurs in only a minority o f  cases.  A t  the  other  extreme the p a r t i c l e  
and matrix s t ruc tu re s  and/or l a t t i c e  spacings a re  so d i f f e r en t  t h a t  no shear 
s t r e s ses  may be transmitted across the interface.  
mation shear s t r a ins  within the p a r t i c l e  must relax with time and the i n t e r i o r  
can only be s t ressed  by hydrostatic components. 
from the p a r t i c l e  wi l l  then eventually eliminate the hydrostatic s t r e s s e s .  
However, r e l i e f  of these s t r e s ses  wil l  give an external volume change of 

Accordingly, any t ransfor-  

Diffusion of vacancies t o  o r  

AT = v ( E l l  T + T + E i 3 )  

where V = volume of the  p a r t i c l e  phase. 

Most p a r t i c l e s  a r e  semi-coherent, a s t a t e  midway between the  complete matching 
c h a r a c t e r i s t i c  o f  f u l l  coherency and the  very poor matching of incoherent 
pa r t i c l e s .  Part  of the shear s t r a i n s  may be relaxed a t  such an i n t e r f a c e ,  and 
not i n t e r a c t  with the external shear s t r e s ses .  Such s i t ua t ions  would have t o  
be considered on a case by case basis.  
n o t  support shear s t r e s ses  except f o r  times shorter  t h a n  those needed fo r  
in te rna l  rearrangement of matter. This implies a shear modulus of zero. Under 
such slow loading conditions,  i n  calculat ions  of ue f f  f o r  a matrix with incoherent 
p a r t i c l e s ,  i ~ . '  should be taken as zero. Incoherent pa r t i c l e s  can support normal 
s t r e s s e s ,  so K'  i s  t h a t  of the  pa r t i c l e  phase as measured i n  b u l k  specimens. 

Therefore, incoherent pa r t i c l e s  wil l  

5 .4  Application t o  Diffusional Transformations 

Eshelby's treatment i s  s t r i c t l y  appl icable  only when a pa r t i cu l a r  region of 
the matrix transforms, leaving the  remainder unaffected except f o r  e l a s t i c  
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s t r a i n s .  M a r t e n s i t e  i s  an example o f  such a t r a n s f o m a t i o n .  Trans format ions  

o f  i n t e r e s t  i n  nuc lea r  m a t e r i a l s  a r e  almost,  i f  n o t  e n t i r e l y ,  of t h e  d i f f u s i o n a l  

type ,  where fo rma t ion  of  a p r e c i p i t a t e  p a r t i c l e  w i l l  change t h e  composi t ion,  and 

t h e r e f o r e  b o t h  t h e  l a t t i c e  spac ing  and e l a s t i c  cons tan ts  o f  t h e  m a t r i x .  

s imple a n a l y s i s  based on t h e  LeCha te l i e r  p r i n c i p l e  w i l l  now be developed t o  

dea l  w i t h  such s i t u a t i o n s .  

A 

Suppose t h a t  i n  a u n i t  volume o f  m a t r i x  phase a vo lune V o f  p r e c i p i t a t e  phase 

i s  formed. The f o r m a t i o n  o f t h e  phase leads  t o  some e x t e r n a l  s t r a i n s  E . .  i n  

t he  u n i t  cube o f  m a t e r i a l .  

f o n a t i o n  i n  a m a t r i x  s u b j e c t  t o  a s e t  of e x t e r n a l  s t resses  [ u .  .] and i n  t h e  
1.J 

absence o f  such s t resses  i s  t h e  work done by t h e  a p p l i e d  s t resses  a g a i n s t  t h e  

e x t e r n a l  s t r a i n s  

1J  
The d i f f e r e n c e  between t h e  f r e e  energy o f  p r e c i p i t a t e  

e 

- I C  e nGint - -v i j  aij 

p e r  u n i t  volume o f  p r e c i p i t a t e .  

Equat ion  (12) i s  v e r y  s i m i l a r  t o  equat ion  (2 )  f rom Eshelby. 

tend t o  r e l i e v e  t h e  e x t e r n a l  s t resses  g i v e  a nega t i ve  i n t e r a c t i o n  energy, 

whereas s t r a i n s  which oppose t h e  a p p l i e d  s t r e s s  g i v e  t h e  oppos i te  r e s u l t .  

The f a c t o r  5 appears i n  equa t i on  (12) and n o t  i n  equa t i on  (2 )  s i nce  aGint i s  
d e f i n e d  pe r  un i t  volume o f  p r e c i p i t a t e .  
w i l l  be t imes the  t r a n s f o r m a t i o n  s t r a i n s .  For  example 

S t r a i n s  wh ich  

1 

I n  f a c t  the  e x t e r n a l  s t r a i n s  ( E ~ ~ )  
1 .  

Equat ion  (12)  i s  conven ien t  t o  use because i t  r e q u i r e s  knowledge o f  o n l y  

a p p l i e d  s t resses  and t h e  e x t e r n a l  s t r a i n s ,  which i n  many cases w i l l  c o n s i s t  

o n l y  o f  a un i f o rm expansion. I n  t h e  l a t t e r  case 
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I n  t h e  case o f  t r ans fo rma t i ons  w i t h  a shear  component, i n  t h e  absence o f  an 

a p p l i e d  s t r e s s  and i n  a c u b i c  m a t r i x ,  t h e  p a r t i c l e s  would tend  t o  d i s t r i b u t e  

themselves a t  random about v a r i o u s  h a b i t  p lanes and l e a d  t o  no e x t e r n a l  shear 

s t r a i n s .  A l l  e q u i v a l e n t  h a b i t  p lanes a r e  e q u a l l y  favorab le ,  however, i n  t h e  

absence o f  an a p p l i e d  s t r e s s .  

t o  f a v o r  a p a r t i c u l a r  h a b i t  p lane and the reby  g i v e  an e x t e r n a l  shear, say E ~ ~ .  

Then 

An a p p l i e d  shear s t r e s s  would cause t h e  p a r t i c l e s  

5.5 

e 
- u12 € 1 2  

V 
- _  

“ i n t  

Changes i n  E l a s t i c  Constants 

A l t e r e d  e l a s t i c  cons tan ts  may g i v e  a ACint even i n  t h e  absence o f  any e x t e r n a l  

shape o r  volume change ( E .  = 0) .  The changed e l a s t i c  cons tan t  may occur  o n l y  

i n  t h e  p r e c i p i t a t e  (as w i t h  m a r t e n s i t e )  o r  i n  b o t h  t h e  m a t r i x  and p r e c i p i t a t e ,  

as w i l l  t e n d  t o  happen w i t h  d i f f u s i o n a l  t r ans fo rma t i ons .  I t  was shown e a r l i e r  

t h a t  f o r m a t i o n  o f  x %  o f  a p r e c i p i t a t e  phase w i t h  e l a s t i c  cons tan ts  v e r y  d i f f e r e n t  

f rom those o f  t h e  m a t r i x  phase would change t h e  o v e r a l l  e l a s t i c  cons tan ts  by 

t h e  o r d e r  o f  x%. I n  a d d i t i o n ,  t h e  e l a s t i c  cons tan ts  o f  phases may be approx i -  

m a t e l y  p r o p o r t i o n a l  t o  t h e  concen t ra t i ons  o f  c e r t a i n  s o l u t e s .  ( 8 )  Thus, i f  

x% o f  a c e r t a i n  s o l u t e  d r a i n e d  from t h e  m a t r i x  t o  form x% o f  a p r e c i p i t a t e  

phase, the e l a s t i c  cons tan ts  o f  t h e  m a t r i x  may be changed by about x%. 

f o r m a t i o n  o f  a p r e c i p i t a t e  p a r t i c l e  may change t h e  o v e r a l l  e l a s t i c  cons tan t  

b y  two d i f f e r e n t  mechanisms. The two changes may be o f  approx imate ly  equal 

magnitude, and may tend  t o  e i t h e r  cancel  o r  r e i n f o r c e  one another.  

i j  

Thus, 

We now cons ide r  t h e  i n t e r a c t i o n  energy due t o  t h i s  second o r d e r  e l a s t i c  cons tan t  

e f f e c t  f o r  two cases where a l l  E . .  - O. I n  t h e  f i r s t  case, t h e  e x t e r n a l  s t resses  

a r e  f i r s t  assmed  t o  be p u r e l y  h y d r o s t a t i c .  

vo lune o f  s o l i d  b e f o r e  f o rm ing  t h e  p a r t i c l e  i s  g i v e n  by P /2K and t h a t  a f t e r  by  

P /2Ke, where K and Ke a r e  b u l k  modul i  o f  t h e  s o l i d  b e f o r e  and a f t e r  p r e c i p i -  

t a t i o n .  

T -  
1J  

Then, t h e  s t r a i n  energy o f  a u n i t  
2 

2 

The d i f f e r e n c e  i n  s t r a i n  energy p e r  volume o f  p r e c i p i t a t e  i s  g i v e n  by 
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I n  t h e  case where the  ex te rna l  s t r e s s  i s  a s i n g l e  p a i r  o f  shears,  say 

u12 and u21, 

5.6 A p p l i c a t i o n  o f  t h e  Theory t o  Phase Trans fo rmat ions  

We may now cons ide r  t h e  p robab le  magnitudes o f  t h e  va r i ous  i n t e r a c t i o n  energ ies  

d e f i n e d  above and t h e i r  e f f e c t  on n u c l e a t i o n  and growth processes o f  phase 

t r ans fo rma t i ons .  

For comparison w i t h  s t r a i n  energ ies,  t h e  f r e e  energy changes assoc ia ted  w i t h  

n u c l e a t i o n  o f  i n t r a g r a n u l a r  p r e c i p i t a t e s  (aGChem) a r e  on t h e  o rde r  o f  -10 

J/m3. 
o r d e r  o f  10 J/m3, and o f  a lpm p a r t i c l e  i s  10 J/m . 

9 

d iameter  p a r t i c l e  i s  t he  The su r face  energylvolume r a t i o  o f  a 100 
8 6 3  

L e t  us f o r  comparison t a k e  e l a s t i c  cons tan ts  s i m i l a r  t o  those 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 .  

E = 2 x 10 l1  MPa (30 x l o 6  p s i )  

6 K = 1.5 x lo1’ MPa (15 x 10  p s i )  

M = 8 x l o l o  MPa (12 x l o 6  p s i )  

= .03 and - 
7E33 To es t ima te  t h e  maximun p l a u s i b l e  AGint we assune E , ~  = 

chosen a r e  an upper l i m i t  i n  t h a t  a t  e l eva ted  temperatures 200 MPa i s  f a i r l y  

h i g h  s t r e s s  f o r  a p p l i c a t i o n  o f  a u s t e n i t i c  s t e e l s .  Furthennore, f u l l  coherency 

i s  hard t o m a i n t a i n a b o v e  a few pe rcen t  mismatch i n  l a t t i c e  constants .  

- 

- - = 200 MPa (30,000 p s i ) .  Then, AGint = 6 x 10 J. The va lues - a22 - u33 

Values 
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7 
< 10 J/mole are  more l i k e l y .  Assuning a 3% shear s t r a i n  and 200 MPa 

Of A G i n t  "r 
shear s t r e s s  would a l s o  give a s imi la r  value of n G i n t .  
i s  subs t an t i a l l y  l e s s  than t h a t  o f  the chemical f r e e  energy change nGchem, 
b u t  important nucleation and growth e f f e c t s  a r e  poss ible ,  as wi l l  be seen 
presently.  

I n  e i t h e r  case,  bGint 

Let us now consider the  e f f e c t  of a change in  e l a s t i c  moluli.  We take 
equation ( 1 6 ) ,  a s s m e  t h a t  as  a reasonable upper l i m i t  t h a t  ( K  - K e ) / K  z V ,  

5 3  as discussed e a r l i e r ,  and P = 200 MPa. Then aGint = 3 x 10  J/M . 
AGint 

A s imi la r  
would a r i s e  from s imilar  shear s t r e s s e s  and s imilar  changes i n  p .  

T h u s ,  dGint fo r  modulus changes i s  some four orders of magnitude smaller  than 
, and i s  l i k e l y  t o  be important only when very sub t le  f r e e  energy d i f -  

A Gc hem 
ferences a r e  c r u c i a l .  However, very few transformations occur e n t i r e l y  without 
s t r a i n  and t h e  f i r s t  order A G i n t  from even a very small s t r a i n  would usually 
be g r e a t e r  than t h a t  from the maximum modulus e f f e c t .  
order e f f e c t s  i s  of considerable computational ass is tance i n  t h a t  moduli of 
p r e c i p i t a t e  phases are  often only very approximately known and t h e  var ia t ions  
of moduli with composition are  very seldom known. 

The dominance of f i r s t  

The r a t e  equation f o r  steady s t a t e  p r e c i p i t a t e  nucleation i s  

J = A exp (-AG*/kt) 

3 where J . =  nucleation r a t e  in  part icles/m -sec, 
A = pre-exponential f a c t o r ,  

AG* = ac t iva t ion  energy f o r  nucleation,  

16ay3 W O )  

) *  
and  OG* = 

(AGchem + aGE + n G i n t  

k t  = Boltzmann f a c t o r ,  
y = par t ic le /matr ix  i n t e r f a c i a l  energy, 

f ( o )  = c a t a l y t i c  f a c t o r ,  t o  account f o r  e f f e c t s  of heterogenei t ies ,  and 
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AG,= s t r a i n  energy assoc ia ted  w i t h  nuc leus f o r m a t i o n  i n  t h e  absence o f  

e x t e r n a l  s t r e s s .  

To s t u d y  t h e  e f f e c t  o f  aGint on t h e  n u c l e a t i o n  r a t e ,  we take  t h e  d e r i v a t i v e  

o f  J. 

2 
+ A G ~  + A G ~ ~ ~  c hem 

i s  cons i de rab l y  g r e a t e r  i n  magnitude t h a n  e i t h e r  b- o r  

7 

E 9 3  AGchen I n  generz. 

aGint, and as shown e a r l i e r  i s  t y p i c a l l y  t h e  o r d e r  o f  -10 J/m . 
t y p i c a l l y  occurs when AG*/kt 

J/m we f i n d  

Nuc lea t i on  

60. Using these  va lues  and a A G ~ ~ ~  o f  +10 
3 

nen J = +1 

Thus, t h e  energ ies  a v a i l a b l e  by  i n t e r a c t i o n  o f  t r a n s f o r m a t i o n  s t r a i n s  w i t h  an 

e x t e r n a l  s t r e s s  may e a s i l y  double o r  h a l v e  t h e  n u c l e a t i o n  r a t e .  

may be e f f e c t e d  e q u a l l y  w e l l  by  normal o r  shear s t resses ,  depending on t h e  

t r a n s f o r m a t i o n  s t r a i n .  

may be as much as an o r d e r  o f  magnitude sma l l e r  than  t h a t  f o r  i n t r a g r a n u l a r  

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

change i n  t h e  n u c l e a t i o n  r a t e .  

T h i s  change 

The AGchm assoc ia ted  w i t h  n u c l e a t i o n  a t  he te rogene i t i e s  

I n  t h i s  case, A G ~ ~ ~  c o u l d  g i v e  severa l  o rders  o f  magnitude 

Such an e f f e c t  i s  o f  obvious importance. 

An e x t e r n a l l y  a p p l i e d  s t r e s s  w i l l  i n  genera l  a l s o  a f f e c t  t h e  s o l u b i l i t y  o f  

a p r e c i p i t a t e  p a r t i c l e .  I f  responding t o  t h e  a p p l i e d  s t r e s s  decreases t h e  
s i z e  o f  t h e  p a r t i c l e ,  more s o l u t e  w i l l  be f o r c e d  i n t o  t h e  m a t r i x  and t h e  

s o l u b i l i t y  w i l l  increase.  I f  respond ing  t o  t h e  a p p l i e d  s t r e s s  g i v e s  an 

i n c r e a s e  i n  p a r t i c l e  s ize,  s o l u t e  w i l l  t end  t o  be absorbed from t h e  m a t r i x  

and t h e  s o l u b i l i t y  w i l l  decrease. 

A t  e q u i l i b r i u m ,  t h e  s o l u t e  s o l u b i l i t y  and aGint w i l l  be r e l a t e d  by 

- _  - RT en c'/c, 
A G i n t  ri 
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where Ce and C ’  a re  s o l u b i l i t i e s  o f  t h e  s o l u t e  i n  unst ressed and s t r e s s e d  

systems, r e s p e c t i v e l y ,  and n i s  t h e  mo la r  volume. 

Tak ing ? lo ’  J/m’ as t y p i c a l  o f  6Gint, we f i n d  t h a t  an e x t e r n a l  pressure w i l l  
change t h e  s o l u b i l i t y  o f  the  o r d e r  o f  1%. Such a change i n  s o l u b i l i t y  i s  

comparable t o  t h e  i nc rease  due t o  t h e  s u r f a c e  energy o f  a 1000 A d iameter  

p a r t i c l e .  

t h e  d i f f e r e n c e s  between t h e  s o l u b i l i t i e s  o f  p a r t i c l e s  o f  v a r i o u s  s i z e s .  S t ress  

g ives  s i m i l a r  d i f f e r e n c e s  i n  s o l u b i l i t i e s  and as such c o u l d  have a s u b s t a n t i a l  

e f f e c t  on coarsen ing  k i n e t i c s .  

s e v e r a l  o r i e n t a t i o n a l  v a r i a n t s ,  t h e  v a r i a n t  a l i n g e d  most f a v o r a b l y  w i t h  r e s p e c t  

t o  t h e  a p p l i e d  s t resses  would tend  t o  s u r v i v e ;  those un favorab ly  a l i g n e d  would 

0 

Coarsening o f  a system o f  p a r t i c l e s  o f  v a r i o u s  s i z e s  i s  d r i v e n  by 

S p e c i f i c a l l y ,  i n  a system o f  p a r t i c l e s  w i t h  

tend  t o  d i s s o l v e .  (1  1 

5.7 A p p l i c a t i o n  t o  Phase Development 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  

Tab le  1 l i s t s  t h e  v a r i o u s  phases which appear i n  t y p e  316 s t a i n l e s s  s t e e l ,  i n  

b o t h  t h e  u n i r r a d i a t e d  and i r r a d i a t e d  c o n d i t i o n s ,  and sunmarizes some c r y s t a l l o -  

g r a p h i c  and m i c r o s t r u c t u r a l  data.  (’) 

y ‘  phase have t h e  same c r y s t a l  s t r u c t u r e  and n e a r l y  t h e  same l a t t i c e  parameter.  

Acco rd i ng l y  t h e  two phases shou ld  and, i n  f a c t ,  do m a i n t a i n  f u l l  coherency i n  

a cube-on-cube o r i e n t a t i o n .  

l a r g e r  l a t t i c e  parameter than does y ,  and t h e  two phases would be expected t o  

be l a r g e l y  i n c o h e r e n t .  The g l o b u l a r  morphology and absence o f  an observed 

o r i e n t a t i o n  r e l a t i o n s h i p  between Z rO  and t h e  m a t r i x  suggest a v e r y  low l e v e l  

o f  coherency. 

t h e  two extremes w i t h  r e g a r d  t o  coherency. 

The m a t r i x  y phase and t h e  p r e c i p i t a t e  

A t  t h e  o t h e r  extreme t h e  Z rO  phase as a much 

The ca rb i des  and t h e  G ,  n, u ,  x and Laves phases a l l  l i e  between 

The e f f e c t s  o f  s t r e s s  on t h e  s t a b i l i t y  o f  t h e  v a r i o u s  phases i n  A I S 1  316 a re  

b e s t  c a l c u l a t e d  frm observed e x t e r n a l  volume and shape changes. A c a l c u l a t i o n  

based on m a t r i x  and p r e c i p i t a t e  l a t t i c e  cons tan ts  arid on t r a n s f o r m a t i o n  s t r a i n s  

would be  v e r y  u n c e r t a i n ,  due t o  u n c e r t a i n t i e s  i n  t h e  degree o f  coherency and 

i n  p a r t i a l  mo la r  volumes. 
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PHASES 

Y 

Y' 

G 

Fe2P* 

n 

Laves 

M23C6 

MC * 

U 

X 

T i N *  

Table 1 

SUMI1ARY OF CRYSTALLOGRAPHIC DATA OF PRECIPITATE PHASES I N  316 STAINLESS STEELS (9) 

CRYSTAL STRUCTURE 

Cubic, A l ,  Fm3M 

Cubic, L12, Fm3m 

Cubic, A1 , Fm3m 

Hex., CZ2, P321 

Cubic, Eg3, Fd3m 

Hex., C14, P63/rnmc 

Cubic, D84, Fm3m 

Cubic, 61, Fm3m 

T e t . ,  D8b. P4/mnm 

Cubic, A12, 1 k h  

Cubic, 61, Fm3m 

LATTICE 
PARAMETER 

(nm) 

= 0.36 

a. = 0.35 

a. = 1.12 

a = 0.604 

co = 0.36 

a. = 1.08 

a = 0.47 

a. 

0 

0 
co = 0.77 

a = 1.06 

a = 0.433 

a = 0.88 

c = 0.46 

a. = 0.89 

0 

0 

0 

0 

= 0.425 

Zr4C2S2*  Hex., P63/mnc a, = 0.34 
= 1.21 

ZrO * Cubic, 61, Fm3m a, = 0.46 

cO 

SOLUTE ATOMS 
PER UNIT CELL 

TYPICAL 
MORPHOLOGY 

ORIENTATION 
TO y-MATRIX 

4 

4 

116 

6 

96 

12 

92 

4 

30 

58 

4 

4 

M a t r i x  __ 

Small Sphere Cube-on-Cube 

Small Rod Random 

Rhombohedral Cube-on-Cube o r  
Twin 

Fau l ted  La th  Many Var ian ts  

Rhombohedra 1 Cube-on -Cube o r  
P1 a t e l  e t  Twin 

Small Sphere Cube-on-Cube 

Various Many Var ian ts  

Various Many Var ian ts  

Large Cuboid 

Globular  

Globular  

* These phases a re  n o t  major  phases i n  A I S 1  316 bu t  a re  found occas iona l l y .  
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AISI 316 s t a i n l e s s  s t e e l  has been observed t o  shrink s l i g h t l y  during p rec ip i t a -  
t ion  of the var.ious carbide phases. ( l o )  
with a compressive hydrostat ic  component should enhance carbide formation and 
a t e n s i l e  hydrostat ic  component should re tard  formation. 

Accordingly an applied s t r e s s  s t a t e  

The cubic carbides M 2 3 C 6  and MC would form without shear s t r a i n ,  and hence 
should n o t  be affected by an applied shear s t r e s s ,  independent of the degree 
of par t ic le /matr ix  coherency. 
MC and y suggest t h a t  MC might be sens i t ive  t o  hydrostat ic  s t r e s ses .  
MC-forming elements such as  t i t an iun  are  qu i t e  insoluble,  however, i t  i s  
doubtful t h a t  s t r e s s  would a f f e c t  the kinet ics  of MC prec ip i ta t ion  appreciably. 

The large d i f ference  in l a t t i c e  constants of 
Since 

Very l i t t l e  external volume change i s  observed during the formation of y' in 
AISI 316. 
exer t  very l i t t l e  e f f e c t  on i t s  nucleation. 
no e f f e c t  s ince both y and y '  a r e  cubic. 

This implies t h a t  aGint i s  small and hydrostat ic  s t r e s s e s  would 
Shear s t r e s s e s  would a lso  have 

"Voidless-swelling' '  or d i l a t i o n  has been observed during the  formation of 
in te rmeta l l i c  phases such as 0 ,  x and  Laves. ( 5 )  
with a t e n s i l e  hydrostat ic  component would favor t h e i r  formation. 
t h a t  0.5% external vo lme expansion occurs f o r  5% of Laves volume, then 
bT 2. 10% or '4 3%. 
y ie lds  a aGint 2. -4 x 
nucleation r a t e  of Laves p rec ip i t a t e s .  If  nucleation i n  absence of s t r e s s  i s  
d i f f i c u l t  ( a s  indicated by the long times required f o r  i t s  formation) the 
200 MPa could e a s i l y  reduce the time required f o r  formation o f  the Laves phase 
by a f a c t o r  of two o r  more. 
retard the  nucleation of Laves phase. However, i t  i s  n o t  expected t h a t  e i t h e r  
t e n s i l e  or compressive s t r e s ses  would change the  t o t a l  amount of phase even- 
t u a l l y  formed. 

Accordingly, a s t r e s s  s t a t e  
Assuning 

T For a 200 MPa t e n s i l e  s t r e s s  i n  a pressurized tube t h i s  
J/m3, which can lead t o  subs tant ia l  increases i n  

O n  t he  other h a n d ,  compressive s t r e s s e s  would 

Al l  of the phases discussed above possess cubic crys ta l  s t ruc tu res  with the 
exception of a and  Laves. Therefore the cubic phases should n o t  be affected 
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by t h e  a p p l i c a t i o n  o f  a p u r e l y  d e v i a t o r i c  (shear)  s t a t e  o f  s t r e s s .  S ince t h e  

Laves phase i s  hexagonal and t h e  u i s  t e t r a g o n a l ,  t h e  p o s s i b i l i t y  e x i s t s  t h a t  

t h e i r  f o rma t ion  may be i n f l u e n c e d  by shear s t r a i n s .  The u phase i s  known t o  

be i ncohe ren t .  The e f f e c t  o f  shear s t resses  on t h e  f o r m a t i o n  o f  Laves i s  

harder  t o  determine.  I f  t h e  phase i s  coherent  o r  e x h i b i t s  w e l l - d e f i n e d  c r y s t a l  

h a b i t  p lanes  i t  w i l l  respond t o  shear components. Laves i s  known n o t  o n l y  t o  

have a c r y s t a l  s t r u c t u r e  s u f f i c i e n t l y  d i f f e r e n t  from t h e  m a t r i x  t o  p robab ly  

p rec lude  coherency, b u t  i t  a l s o  forms w i t h  no r e g u l a r  o r i e n t a t i o n  r e l a t i o n s h i p  

w i t h  t h e  m a t r i x .  I t  a l s o  forms w i t h  a g l o b u l a r  morphology. 

l a t t e r  p o i n t s  i n d i c a t e  t h a t  Laves i s  most  l i k e l y  i ncohe ren t  w i t h  t h e  m a t r i x .  

Laves f o r n a t i o n  t h e r e f o r e  would n o t  be a f f e c t e d  by shear s t resses .  

Both  o f  these 

5. a A p p l i c a t i o n  o f  Resu l t s  t o  S t ress- A f fec ted  S w e l l i n g  C o r r e l a t i o n  

The a c c e l e r a t i o n  o f  s w e l l i n g  o f  A I S 1  316 w i t h  s t r e s s  appears t o  be composed o f  

two separate mechanisms. ( 5 )  
p e r a t u r e  w h i l e  t h e  phases t h a t  f o m  i n  t h i s  tempera ture  regime a r e  n o t .  These 

phases a r e  c u b i c  however (such as y' and G-phase), and i t  does n o t  appear t h a t  

t hey  would be s e n s i t i v e  t o  s t r e s s .  

p r i m a r i l y  Laves, a and X. It i s  known t h a t  t h e  f o r n a t i o n  o f  these phases l e a d  

t o  a volume expansion o f  t h e  l a t t i c e  (as much as 3%) b u t  t hey  appear t o  be 

i ncohe ren t  w i t h  t h e  m a t r i x .  

nuc lea te  e a r l i e r  w i t h  a p p l i e d  t e n s i l e  s t r e s s  b u t  w i l l  i g n o r e  t h e  shear com- 
ponents o f  s t r e s s  i n h e r e n t  i n  t h e  w a l l s  o f  p r e s s u r i z e d  tubes. S ince these 

phases concen t ra te  n i c k e l  and s i l i c o n  i t  i s  expected t h a t  t h e i r  e a r l i e r  

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

swe l l i ng .  (6) 
t h e  h y d r o s t a t i c  s t r e s s  t o  change t h e  i n c u b a t i o n  pe r i od .  There fore ,  no change 

i s  r e q u i r e d  i n  t h i s  c o r r e l a t i o n .  

The response below 550°C i s  independent o f  tem- 

Above 550°C t h e  phases t h a t  f o rm a r e  

I t  i s  t h e r e f o r e  expected t h a t  these phases w i l l  

The p resen t  s t r e s s - a f f e c t e d  s w e l l i n g  c o r r e l a t i o n  i n v o l v e s  o n l y  

5.9 Conclus ions 

The e f f e c t  o f  a p p l i e d  s t r e s s  on p a r t i c l e  s t a b i l i t y  has been c a l c u l a t e d  by two 

methods w i t h  e q u i v a l e n t  r e s u l t s .  I t  has been shown t h a t  s t r e s s  a l t e r s  p r e c i p i t a t e  
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s t a b i l i t y  p r i m a r i l y  due t o  shape and volume changes r a t h e r  than  due t o  changes 

i n  e l a s t i c  modu l i .  Shear s t resses  were shown t o  be as e f f e c t i v e  i n  a l t e r i n g  

p a r t i c l e  s t a b i l i t y  as a r e  normal h y d r o s t a t i c  s t resses ,  p r o v i d i n g  shear s t resses  

can be ma in ta ined  a t  t h e  p r e c i p i  t a t e / m a t r i x  i n t e r f a c e .  

a p p l i e d  s t r e s s e s  can i nc rease  o r  decrease n u c l e a t i o n  r a t e s  by  as much as 

severa l  o r d e r s  o f  magnitude. 

enough t o  g i v e  p r e f e r r e d  coarsen ing  o f  p a r t i c l e s  w i t h  a f avo rab le  o r i e n t a t i o n  

w i t h  r e s p e c t  t o  t h e  a p p l i e d  s t resses .  

For some p r e c i p i t a t e s  

S t r e s s  can a l s o  a f f e c t  p r e c i p i t a t e  s o l  ubi  1 i ty  

A p p l i c a t i o n  o f  these p r i n c i p l e s  t o  t h e  phases formed i n  i r r a d i a t e d  A I S 1  316 

leads t o  t h e  conc l us i on  t h a t  s t r ess- a f f ec ted  s w e l l i n g  due t o  enhanced p re-  

c i p i t a t i o n  r a t e s  w i l l  occur  above 550°C b u t  w i l l  n o t  be i n f l u e n c e d  by t h e  

presence o f  shear components o f  s t r e s s .  
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MEASUREMENT AND CALCULATION OF SOLID TRANSMUTANTS FORMED I N  A I S I  316 

F.A.Garner, F.M.Mann and H.R.Brager (Hanford Eng ineer ing  Development Labora- 
t o r y )  

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

The purpose o f  t h i s  e f f o r t  i s  t o  i d e n t i f y  p o t e n t i a l l y  s i g n i f i c a n t  transmuta-  

t i o n  products  and t o  q u a n t i f y  t h e i r  genera t i on  r a t e s  i n  v a r i o u s  f a c i l i t i e s  

used t o  p r o v i d e  d a t a  f o r  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 .  

2.0 Summary 

A reassessment o f  t h e  amount o f  two t ransmuta t i on  products  produced i n  H F I R  

i r r a d i a t i o n s  o f  A I S I  316 has shown t h a t  t h e  i n c l u s i o n  o f  a l l  competing reac-  
t i o n s  leads  t o  changes i n  t h e  p r e d i c t e d  concen t ra t i ons .  The vanadium l e v e l  

i s  reduced somewhat b u t  n o t  enough t o  d i sm iss  i t  as a p o t e n t i a l  de terminant  

o f  a l l o y  behavior .  

enough t o  i n f l u e n c e  t h e  s w e l l i n g  o f  AISI 316. 
The copper l e v e l  i s  increased s u b s t a n t i a l l y  b u t  n o t  

Measurements o f  the  vanadium c o n c e n t r a t i o n  i n  A I S I  316 i r r a d i a t e d  i n  t h e  HF IR  
r e a c t o r  have been performed by two methods and c o n f i r m  t h e  presence o f  t h i s  

element. 

t o  be decreas ing due t o  exposure i n  HFIR. 

The manganese l e v e l  has a l s o  been shown by  i o n  microprobe a n a l y s i s  

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 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 
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5.0 Accomplishments and S ta tus  

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

I n  two e a r l i e r  r e p o r t s  i t  was shown t h a t  d i f f e r e n c e s  i n  i d e n t i t y  and amount 

o f  s o l i d  t ransmutants  generated i n  v a r i o u s  r e a c t o r  systems cou ld  have a s i g -  

n i f i c a n t  e f f e c t  on 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 .  

search has t h e r e f o r e  been i n i t i a t e d  t o  i d e n t i f y  those areas wherein t h e  

e f f e c t s  o f  s o l i d  t ransmutants  m igh t  be impor tan t .  

(1-2)  A 

I t  was recogn ized t h a t  i n  some cases t h e  i n f l u e n c e  o f  t ransmutants  m i g h t  be 

v e r y  s u b t l e ,  a r i s i n g  p r i m a r i l y  f rom t r a c e  amounts o f  elements formed by 

t ransmuta t i on .  

molybdenum by Evans. ( 3 )  
bdenum a l l o y  des ignated TZM d u r i n g  i r r a d i a t i o n  i n  t h e  Dounreay Fast  Reactor 

b u t  was l a t e r  f o l l o w e d  by  v o i d  shr inkage.  

17 dpa produced 400 appm o f  l o n g - l i v e d  "Tc and t h a t  t h i s  c o n c e n t r a t i o n  was 

s u f f i c i e n t  t o  segregate t o  and cover  t h e  v o i d  su r faces  w i t h  between h a l f  and 

one monolayer o f  technetium. 

s t a i n l e s s  s t e e l  t h e  p o s s i b i l i t y  a r i s e s  t h a t  perhaps t h e  low l e v e l  o f  techne- 

t i u m  produced may p l a y  a s u b t l e  r o l e  i n  some f a c e t  o f  the  i r r a d i a t i o n  response 

o f  316 SS. 

A p o s s i b l e  example may be t h e  v o i d  shr inkage observed i n  

Void growth proceeded i n  molybdenum and t h e  moly- 

Evans c a l c u l a t e d  t h a t  a dose o f  

Since molybdenum i s  a l s o  a component o f  316 

Other changes i n  behav ior  may a r i s e  f rom t h e  l a r g e r  (and measurable) l e v e l s  

o f  t ransmutants  produced i n  some m a t e r i a l s  i n  thermal  o r  f u s i o n  r e a c t o r s ;  

bo th  types o f  r e a c t o r s  produce more t ransmutants  than do f a s t  r e a c t o r s .  

Examples a r e  t h e  l a r g e  changes i n  manganese and vanadium produced i n  A I S 1  316 

by HFIR and expected t o  be produced i n  f u s i o n  r e a c t o r s .  (1 1 

T h i s  r e p o r t  p resents  i n t e r i m  r e s u l t s  o f  a c o n t i n u i n g  s tudy on va r ious  t r a n s -  

mutant  elements t h a t  may be i m p o r t a n t  i n  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 .  
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Predicted Vanadium Concentration i n  AISI 316 a s  a Function of 
Exposure f o r  Various Reactors. (1)  Vanadium burn-out reac- 
t ions  a r e  not  included. HT-5, A2 and PTP r e f e r  t o  d i f f e r e n t  
posi t ions  i n  HFIR. 

5.2 Vanadium 

In an e a r l i e r  repor t  i t  was noted t h a t  the  50Cr in  AISI 316 would be quickly 
transmuted i n  the HFIR reac to r  t o  51V via decay from 51Cr. 
Figure 1 ,  the calcula t ion predicted a maximum level  of 0.8% of vanadium. 
However, t h i s  ca lcu la t ion  did not include any burn-out of vanadium, b u t  the 
e f f e c t  was estimated t o  be small.  (1 ’4 )  
(t5 = 3.8 m )  leads t o  a loss  of vanadium t o  a s t a b l e  chromium isotope.  The 
REAC l i b r a r y  has now been modified t o  include vanadium cross  sec t ions .  
Figure 2 shows t h a t  the vanadiun concentration peaks a t  about 0.5% a t  60 dpa 
i n  the  PTP core cen te r l ine  posi t ion o f  HFIR r a t h e r  than r i s i n g  t o  a level of 
0.8%. The actual  sa tu ra t ion  level  may change somewhat a s  a function of posi-  

As shown in 

The react ion 51V(N,y)52V + %r 

( 4 )  
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t i o n  i n  t h e  core.  

the  r e v i s e d  peak l e v e  o f  vanadiun i s  lower than o r i g i n a l l y  est imated,, i t  i s  

s t i l l  a r a t h e r  l a r g e  amount and i s  comparable t o  o r  l a r g e r  than the  l e v e l s  o f  

o t h e r  s t r o n g  Mc-carbide- forming elements ( T i  ,NB) added t o  mod i f y  t h e  proper-  

t i e s  o f  v a r i o u s  a u s t e n i t i c  s t e e l s .  

(Note dependence on H F I R  core  p o s i t i o n  i n  F igu re  1 . )  While 

F i g u r e  1 shows t h a t  vanadium b u i l d s  up s l o w l y  i n  f i s s i o n  neu t ron  spect ra .  

Vanadium burnout  i n  f u s i o n  spec t ra  was a l s o  cons idered and found t o  be i n -  

s i g n i f i c a n t .  The (n,2n) r e a c t i o n  o f  51V leads t o  l o n g- l i v e d  50V and t h e  

(n,p) r e a c t i o n  leads  t o  5 1 C r  which q u i c k l y  decays back t o  51V. 

S ince t h e  a c t u a l  l e v e l  o f  vanadium formed i s  a f u n c t i o n  o f  r e a c t o r  p o s i t i o n  

and neu t ron  spectrum i t  was dec ided t o  measure t h e  c o n c e n t r a t i o n  o f  v a n a d i m  
i n  a H F I R- i r r a d i a t e d  A I S I  316 specimen by two methods, ene rgy- d ispe rs i ve  

x - r a y  a n a l y s i s  and i o n  microprobe.  

i n  H F I R  and i t s  m i c r o s t r u c t u r e  i s  desc r ibed  i n  another  r e p o r t .  (5 )  
F i g u r e  2 and assuming a co re  c e n t e r  p o s i t i o n  d u r i n g  the  i r r a d i a t i o n ,  one 

would expect  0.4% vanadium. 

has n o t  y e t  been i d e n t i f i e d  by  these authors.  

The specimen had been i r r a d i a t e d  t o  42 dPa 

Based on 

The a c t u a l  co re  p o s i t i o n  d u r i n g  t h e  i r r a d i a t i o n  

The x- r a y  a n a l y s i s  techn ique showed the  l o c a l  vanadium concen t ra t i ons  t o  be 

v e r y  heterogeneous, w i t h  area-averaged va lues r a n g i n g  f rom 0.2 t o  0.4%, b u t  
w i t h  p r e c i p i t a t e  c o n c e n t r a t i o n s  reach ing  severa l  percent .  ( 5 )  
probe measurements i n d i c a t e d  much h i g h e r  area-averaged l e v e l s  (21%) and i t  

i s  suspected t h a t  t h e  s p u t t e r i n g  process used i n  t h i s  techn ique may be 

s e l e c t i v e l y  e r o d i n g  t h e  vanadium- r ich p r e c i p i t a t e s  compared t o  t h e  m a t r i x ,  

l e a d i n g  t o  an ove res t ima te  o f  t h e  vanadium concen t ra t i on .  

The i o n  m ic ro-  

5.3 Manganese 

F i g u r e  3 shows t h e  p r e d i c t e d  l e v e l s  o f  manganese i n  A I S I  316 d u r i n g  i r r a d i a -  

t i o n  i n  v a r i o u s  r e a c t o r s .  The specimen desc r ibed  above would be expected t o  

d e c l i n e  f rom i t s  o r i g i n a l  va lue  o f  1.90 t o  1.14% manganese a t  42 dpa, based 
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FIGURE 3. Predicted Changes 17 Manganese Concentration in AISI 316 in 
Various Reactors. ( 

on the assumption o f  a core-centerline irradiation in the PTP region o f  the 
HFIR core. The value measured by ion microprobe analysis was 1.3%. The 
manganese level cannot be reliably measured in highly radioactive iron bearing 
specimens by the x-ray analysis technique. (5) 

5.4 Copper 

In an earlier paper it was shown that during HFIR irradiation to 60 dpa the 
initially low concentration o f  copper in AISI 316 would be increased six- 

65 fold.(') Ni + 65Cu (t,= 
2.6 hr) reaction. 
in unirradiated nickel it was thought that there would be no consequences o f  

The additional copper was formed by the 64Ni(n,y) 
4 

Since 64Ni exists naturally at only 1.08% atomic abundance 
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t h e  l i m i t e d  copper increase.  A reassessment o f  t h e  n i c k e l  t ransmuta t i on  

sequence has shown t h a t  c o n s i d e r a b l y  more copper i s  produced than o r i g i n a l l y  

es t imated.  In e f f e c t  t h e  6 4 N i  c o n c e n t r a t i o n  increases th roughout  t h e  r a d i a -  

t i o n  by  way o f  t r a n s m u t a t i o n  f rom lower  i so topes  o f  n i c k e l .  

F igu res  4-6 show t h e  t i m e  h i s t o r y  o f  t h e  v a r i o u s  i s o t o p e s  o f  n i c k e l .  

58 . . The most abundant N i  i s o t o p e  ( N i )  i s  s t e a d i l y  reduced as i t  t rans forms t o  

5 9 N i .  
m a j o r i t y  o f  i t  i s  conver ted  v e r y  q u i c k l y  t o  s t a b l e  6oN i  ( n o r m a l l y  26% 
abundance), which i n  t u r n  i s  s l o w l y  conver ted t o  62N i ,  n o r m a l l y  a t  3.6% 

While some o f  59N i  q u i c k l y  t ransmutes t o  56Fe and he l i um atoms, t h e  
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DISPLACEMENTS PER ATOM 

FIGURE 5. Predicted Time History of 5 9 N i  i n  Pure Nickel I r r ad ia ted  in the 
PTP Posi t ion of HFIR. 

abundance. T h i s  isotope has a very large thermal cross sect ion however and 
i s  quickly converted t o  63Ni, which a l s o  has a very large  thermal cross  
sec t ion .  
t inous ly  increasing r a t e  of copper formation. 
mutation chain operates w i t h  three low-resistance shunts a t  59Ni, 61Ni, and 
6 3 N i .  (The calculat ion of i so topic  composition f o r  these isotopes i s  com- 
pl ica ted  by the f a c t  t h a t  one-group cross sec t ions  can be generated by the 
REAC code only f o r  isotopes in i t s  l ib ra ry .  For isotopes not in i t s  l i b r a r y  
( p a r t i c u l a r l y  non-natural l y  occurring isotopes)  the one-group cross sec t ions  
were estimated from the 2200 meter cross sect ion by multiplying with the 
average r a t i o  of the one-group t o  2200 meter cross  sec t ions  of 58Ni, @Ni, 
and 64Ni. 

Therefore 64Ni i s  constant ly being generated, leading t o  a con- 
I n  e f f e c t  the nickel t rans-  
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FIGURE 6. P r e d i c t e d  Time H i s t o r i e s  o f  62N i ,  6 3 N i ,  6 4 N i ,  and 65Cu i n  Pure 
N i c k e l  I r r a d i a t e d  i n  t h e  PTP P o s i t i o n  o f  HFIR. Due t o  t h e  
s h o r t  h a l f  l i f e  of e 5 N i  i t s  c o n c e n t r a t i o n  a t  any moment i s  t o o  
low t o  show. 

I n  AISI 316 a t  60 dpa t h e  t o t a l  copper formed i n  t h e  co re  c e n t e r l i n e  PTP 

p o s i t i o n  o f  HFIR i s  c a l c u l a t e d  t o  be 0.03 atomic percent ,  a t  100 dpa t h e  

l e v e l  would be 0.12%. 

i r r a d i a t e d  i n  EBR-I1 have n o t  shown a s e n s i t i v i t y  o f  v o i d  s w e l l i n g  t o  copper 

c o n c e n t r a t i o n  a t  such low l e v e l s .  ( 6 )  I t  appears t h a t  t h e  s l i g h t  s e n s i t i v i t y  

o f  d e n s i t y  change t o  copper c o n t e n t  is n o t  due t o  an e f f e c t  on v o i d  volume 

F i g u r e  7 shows t h a t  copper-modi f ied  AISI 316 a l l o y s  
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FIGURE 7. Dependence on Copper Content and Temperature. o f  Density Change 
of Annealed AIS1 316 Irradiated in EBR-II.(6) 

but rather is due to an effect on alloy matrix density. As shown in Figures 
7 and 8 the measured void volume and its distribution is completely unaffec- 
ted by copper content, at least at ~380OC. 

5.5 Conclusion 

The vanadium generated in AIS1 316 during HFIR irradiation will not reach the 
previously calculated level of 0.8% but will peak at 4 . 5 %  at 60 dpa and 
decline slowly thereafter. The vanadium buildup occurs quickly, reaching 
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l e v e l s  (0.3% a t  20 dpa) which w i l l  be s i g n i f i c a n t  i n  t h e  m i c r o s t r u c t u r a l  

e v o l u t i o n  o f  t h e  s t e e l .  

c o n s i s t e n t  w i t h  measured va lues o f  vanadium i n  HF IR- i r r ad ia ted  A I S I  316 

s t e e l .  The measured va lue  o f  manganese i s  a l s o  c o n s i s t e n t  w i t h  t h e  p r e d i c t e d  

value. The b u i l d u p  o f  copper i s  l a r g e r  than a n t i c i p a t e d  b u t  shou ld  n o t  

a f f e c t  m i c r o s t r u c t u r a l  e v o l u t i o n  s i g n i f i c a n t l y .  

The magnitude o f  these c a l c u l a t i o n s  appear t o  be 
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A MOOEL FOR THE EVOLUTION OF NETWORK DISLOCATION DENSITY I N  IRRADIATED METALS 

W. G. Wo l fe r  ( U n i v e r s i t y  o f  Wisconsin) and F. A.  Garner (Hanford Eng ineer ing  

Development Labora to ry )  

1.0 O b j e c t i v e  

The o b j e c t  o f  t h i s  e f f o r t  i s  t o  p r o v i d e  models o f  r ad i a t i on- i nduced  m i c r o -  

s t r u c t u r e  t h a t  can be used i n  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 .  

2.0 Sunmary 

A model has been developed t o  e x p l a i n  t h e  r e l a t i v e  i n s e n s i t i v i t y  o f  network 

d i s l o c a t i o n  d e n s i t y  i n  i r r a d i a t e d  me ta l s  a t  high f l u e n c e  t o  s t a r t i n g  micro-  

s t r u c t u r e ,  temperature,  s t r e s s  and displacement r a t e .  The model a l s o  e x p l a i n s  
how t h e  r a t e  o f  approach t o  s a t u r a t i o n  can be s e n s i t i v e  t o  f l u x  and tempera- 

t u r e  w h i l e  t h e  s a t u r a t i o n  l e v e l  i t s e l f  i s  n o t  dependent on temperature.  

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 Eng ineer ing  Development Labora to ry  

4.0 Relevant  DAFS Program P lan  Task/Subtask 

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

Task I I .C .6  E f f e c t s  o f  Rate and Cascades on M i c r o s t r u c t u r e  

5.0 Accomp l i shen t s  and S t a t u s  

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

I t has been shown t h a t  t h e  s a t u r a t i o n  network d i s l o c a t i o n  d e n s i t y  t h a t  evo lves 
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a t  h i g h  f l u e n c e  i n  i r r a d i a t e d  s t a i n l e s s  s t e e l  i s  remarkably i n s e n s i t i v e  t o  

temperature,  d isplacement r a t e ,  s t r e s s ,  he l ium c o n t e n t  o r  s t a r t i n g  m i c ro-  

s t r u c t u r e .  ( l )  

t h e  r e s u l t  o f  t h e  c o m p e t i t i v e  a c t i o n  o f  two p r ima ry  mechanisms i n  a m a t e r i a l  

where t h e r e  a r e  no a d d i t i o n a l  l osses  o f  d i s l o c a t i o n  l i n e  l e n g t h  t o  su r faces  o r  

s u b s t a n t i a l  l osses  t o  g r a i n  boundar ies.  These two p r ima ry  mechanisms a r e  
gene ra t i on  o f  l i n e  l e n g t h  by  l o o p  growth and i n t e r a c t i o n  w i t h  o t h e r  components 

of t h e  network, and recovery  processes i n v o l v i n g  a n n i h i l a t i o n  of l i n e  l e n g t h .  

The ma jo r  f e a t u r e s  o f  t h i s  e v o l u t i o n  can be desc r ibed  as be ing  

5.2  D e s c r i p t i o n  o f  Recovery Processes 

Bo th  t h e r m a l l y - a c t i v a t e d a n d  rad i a t i on- i nduced  c l i m b  o f  edge d i s l o c a t i o n s  leads 

t o  encounters o f  d i s l o c a t i o n s ,  sane o f  which r e s u l t  i n  a n n i h i l a t i o n  o f  l i n e  

l e n g t h  and recovery .  

d e n s i t y  p i s  commonly assumed t o  be p r o p o r t r i o n a l  t o  p 2  i n  recovery  models f o r  

thermal  creep. The p 2  dependence i s  based on t h e  s imple  argument t h a t  t h e  

chance encounter  o f  two edge d i s l o c a t i o n s  w i t h  oppos i t e  Burgers v e c t o r s  on t h e  

same g l i d e  p lane i s  p r o p o r t i o n a l  t o  p 2 .  

when t h e  mo t i on  o f  edge d i s l o c a t i o n s  by c l i m b  and g l i d e  i s  complete ly  

random. 

The r a t e  o f  a n n i h i l a t i o n  o f  t h e  network d i s l o c a t i o n  

T h i s  assunp t ion  i s  o n l y  a p p r o p r i a t e  

On t h e  o t h e r  hand, i n  t h e  absence o f  l a r g e  creep deformat ions,  t h e  mot ions o f  

ad j acen t  edge d i s l o c a t i o n s  are  a c t u a l l y  c o r r e l a t e d  d u r i n g  r ad i a t i on- i nduced  
recovery .  Consider, f o r  example, t h e  s imp le  model o f  an edge d i s l o c a t i o n  

s t r u c t u r e  shown i n  F i g u r e  l a .  

d i s l o c a t i o n  d i p o l e s ,  i . e . ,  c l o s e s t  p a i r s  o f  p a r a l l e l  edge d i s l o c a t i o n s  w i t h  

oppos i t e  Burgers v e c t o r s  on p a r a l l e l  g l i d e  p lanes .  

induced c l i m b ,  a p a i r  may e i t h e r  i n c r e a s e  o r  decrease t h e  d i s t ance  h ( t )  between 

t h e  p a r a l l e l  g l i d e  p lanes.  When h ( t )  i nc reases ,  t h e  members o f  t h e  p a i r  become 

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

a way t h a t  t h e  cor responding va lues o f  t h e  g l i d e  p lane sepa ra t i on  h ( t )  decrease 

w i t h  t i m e .  As a r e s u l t ,  t h e  members o f  approaching p a i r s  e v e n t u a l l y  i n t e r a c t  

p r i m a r i l y  w i t h  each o t h e r ,  and t h e  o r i e n t a t i o n  o f  t h e  d i p o l e  remains a t  an ang le  

Numerous edge d i s l o c a t i o n s  can be p a i r e d  up i n t o  

As a r e s u l t  o f  r a d i a t i o n -  
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HEDL 8110-077.8 

FIGURE 1. Schematic Represen ta t ion  o f  C o r r e l a t e d  Movement o f  D i s l o c a t i o n  
P a i r s  (D ipo les ) .  

of 45” t o  t h e  g l i d e  p lane  as h ( t )  decreases f u r t h e r .  

c l i m b  and g l i d e  i s  then  comp le te ly  c o r r e l a t e d .  

Subsequent mo t i on  b y  

T h i s  argunent can be made more general  by  s t a t i n g  t h a t  t h e  c o n f i g u r a t i o n  o f  

con t i nuous l y  c l i m b i n g  d i s l o c a t i o n s  i s  determined by t h e i r  mutual  i n t e r a c t i o n ,  

and t h a t  t h e  network w i l l  always a d j u s t  by  g l i d e  t o  m i n i m i z e  t h e  t o t a l  e l a s t i c  

i n t e r a c t i o n  energy o f  t h e  network.  Again, g l i d e  and c l i m b  mot ions a r e  c o r r e l a t e d .  

I n  o r d e r  t o  a r r i v e  a t  t h e  r a t e  o f  a n n i h i l a t i o n  o f  network d i s l o c a t i o n s  cons ider  
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t h e  d i s l o c a t i o n  a r r a y  shown i n  F igu re  l b .  

a b l e  t o  form d i p o l e s  i s  obv i ous l y  p/2.  

t h e  two d i s l o c a t i o n s  t o  c l i m b  t o  a comnon g l i d e  p lane  i s  equal  t o  

The number o f  ad jacen t  d i s l o c a t i o n s  

On the  average t h e  t i m e  r e q u i r e d  f o r  

T = ho/2V , 

where ho i s  t h e  i n i t i a l  d i p o l e  sepa ra t i on  d i s t a n c e  and V t h e  d i s l o c a t i o n  c l i m b  

v e l o c i t y .  Consequently, t h e  r a t e  o f  a n n i h i l a t i o n  i s  P/ZT o r  pV/ho. 

average, we may assune t h a t  nho2 = l / p ,  so t h a t  the  a n n i h i l a t i o n  r a t e  i s  equal  

On t h e  

t o  fi v p 3 k  

5.3 D e s c r i p t i o n  o f  Generat ion Processes 

The gene ra t i on  o f  network d i s l o c a t i o n s  b y  t h e  fo rmat ion ,  growth,  coalescence, 

and u n f a u l t i n g  o f  Frank loops i s  a compl icated process. 

can be u t i l i z e d  t o  s i m p l i f y  m a t t e r s  f o r  t h i s  d e r i v a t i o n .  

F i r s t ,  d e t a i l e d  computer s o l u t i o n s  by many au thors ,  (2 -6 )  have shown t h a t  f o r -  

ma t i on  o f  an i n t e r s t i t i a l  l o o p  occurs  v e r y  q u i c k l y ,  r e q u i r i n g  o n l y  a few 

seconds o f  i r r a d i a t i o n .  Furthermore, b o t h  coalescence and u n f a u l t i n g  o f  l oops  

a re  r e l a t i v e l y  f a s t  processes i n  comparison t o  t h a t  o f  l o o p  growth. 

t h e  gene ra t i on  o f  network d i s l o c a t i o n s  occurs  a t  a r a t e  d i c t a t e d  by t h e  l i f e t i m e  

T o f  an i n t e r s t i t i a l  l oop ,  d e f i n e d  as t h e  p e r i o d  f rom i t s  f o rma t i on  t o  i t s  
coalescence w i t h  o t h e r  components o f  t h e  network. I f  R ( t )  i s  the  r a d i u s  o f  a 

loop, i t s  growth r a t e  can be c a l c u l a t e d  by d i f f e r e n t i a t i n g  t h e  express ion  des- 
c r i b i n g  t h e  growth r a t e  o f  l o o p  area and i s  g i v e n  by 

However, s e v e r a l  f a c t s  

As a r e s u l t ,  

e 

dR/dt = b2[Zi 1 Di Ci - Zv 1 Dv cv + zv 1 Dv c v l  1 , 

1 1 where b i s  t h e  Burgers v e c t o r ,  Zi and Zv t h e  l o o p  b i a s  f a c t o r s ,  Di and Dv t h e  

d i f f u s i o n  c o e f f i c i e n t s ,  and Ci and Cv t h e  concen t ra t i ons  f o r  i n t e r s t i t i a l s  

and vacancies,  r e s p e c t i v e l y .  

e q u i l i b r i u n  w i t h  t h e  loop.  

C1 i s  t h e  vacancy c o n c e n t r a t i o n  i n  thermodynamic 
V 
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I f  equa t ion  (1 )  i s  w r i t t e n  i n  the  abbrev ia ted  f a s h i o n  

then  0 i s  a f u n c t i o n  wh ich  depends on d isplacement r a t e ,  s t r e s s ,  temperature,  

and the  t o t a l  s i n k  d e n s i t y  accord ing t o  convent iona l  r a t e  theory .  A f t e r  the  

f i r s t  genera t i on  o f  l oops  has been formed, i t  i s  no longer  dependent on t h e  

i n d i v i d u a l  l o o p  r a d i i .  

l o o p  l i f e t i m e  as 

Hence equa t ion  ( 2 )  can be i n t e g r a t e d  t o  o b t a i n  the  

__ 
where Rmax i s  t he  average maximm 

b 2  @ , (3 )  

l o o p  r a d i u s  i n  a q u a s i - s t a t i o n a r y  popu la t i on .  

- 
Brager, Garner and G u t h r i e  have (7-8) shown t h a t  F$,, i s  p r o p o r t i o n a l  t o  p-’ 

i n  we1 1 -developed m i c r o s t r u c t u r e s  a t  h i g h  f luence.  There fore  t h e  genera t i  on 
# r a t e  o f  d i s l o c a t i o n s  i s  p r o p o r t i o n a l  t o  1 / ~ ~  o r  b2@p . 

5.4 The E v o l u t i o n  o f  Network D i s l o c a t i o n  Dens i t y  

Assuming no o t h e r  l osses  t h e  r a t e  o f  change of d i s l o c a t i o n  d e n s i t y  i s  

where 

and 

B ‘ir b2@ 

A % V = b2[Zi d Di Ci - Zv d D, C, + Zv d D, Cv ]  d + Vth 
( 5 )  

d d Apar t  from t h e  d i f f e r e n t  b i a s  f a c t o r s  f o r  edge d i s l o c a t i o n s ,  Zi and Zv, and 

t h e  d i f f e r e n t  thermal  vacancy c o n c e n t r a t i o n  Ct i n  e q u i l i b r i u m  w i t h  t h e  edge 

d i s l o c a t i o n ,  t h e  r a d i a t i o n- i n d u c e d  c o n t r i b u t i o n  t o  t h e  c l i m b  v e l o c i t y  V i s  

v e r y  s i m i l a r  t o  t h e  average l o o p  growth r a t e  b2@. 
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1 .  I n  f a c t ,  t h e  l o o p  b i a s  f a c t o r s  as w e l l  as Cv d i f f e r  f rom t h e  cor responding 

There fo re ,  B i s  e s s e n t i a l l y  p r o p o r t i o n a l  t o  t h e  l o o p  g r w t h  r a t e  i n  equa t ion  

va lues f o r  edge d i s l o c a t i o n s  o n l y  f o r  smal l  l o o p  r a d i i  ( l e s s  than  50 A). (9)  

( 2 ) .  

The second term i n  t h i s  equat ion,  Vth, r ep resen ts  t h e  t h e n a l l y - i n d u c e d  c l i m b  

r a t e  which determines t h e  r a t e  o f  recovery  i n  t h e  absence o f  r a d i a t i o n .  

thermal recovery  i s  s i g n i f i c a n t  o n l y  a t  room temperatures above 650°C f o r  t y p i c a l  

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

t u r e s .  

S ince 

i t  can be neg lec ted  a t  l o w e r  i r r a d i a t i o n  tempera- 

A t  h i g h e r  d isp lacement  r a t e s  t h e  temperature a t  wh ich  V th  beccines impo r t an t  

i nc reases  as t h e  m i c r o s t r u c t u r a l  d e n s i t i e s  undergo an  upward s h i f t  i n  tempera- 

t u r e .  

There fo re ,  t h e r e  i s  sane r e l a t i v e l y  h i g h  temperature (dependent on d isp lacement  

r a t e )  below wh ich  t h e  r a t i o  B/A becomes a cons tan t  independent o f  t h e  va r i ous  

s i n k  d e n s i t i e s .  

y i e l d i n g  a temperature- independent v a l u e  o f  B/A. 

d e n s i t y ,  d e f i n e d  by dp /d t  = 0 i s  

The s t r o n g  temperature dependence o f  b o t h  A and B cance ls ,  

The s a t u r a t i o n  d i s l o c a t i o n  

T h i s  means t h a t  below t h e  temperature where Vth i s  i m p o r t a n t  t h e  s a t u r a t i o n  
d e n s i t y  i s  n o t  o n l y  independent o f  temperature and t h e  d e t a i l s  o f  t h e  

temperature-dependent m i c r o s t r u c t u r e  b u t  a1 so independent o f  t h e  s t a r t i n g  

m i c r o s t r u c t u r e .  S ince s t r e s s  a l s o  makes no s u b s t a n t i a l  changes i n  terms 

of  equat ions ( 1 )  and ( 5 ) ,  t h i s  means t h a t  t h e  s a t u r a t i o n  d e n s i t y  

shou ld  a l s o  be e s s e n t i a l l y  independent o f  s t r e s s .  

however t h a t  t h e  a p p l i c a t i o n  o f  s t r e s s  t o  i r r a d i a t e d  n s t a l s  speeds up 
t h e  e a r l y  e v o l u t i o n  toward t h e  s a t u r a t i o n  s t a t e .  ( 7 - 9 )  

I t  has been shown 

The s o l u t i o n  t o  equa t ion  (4 )  i s  g i v e n  b y  

1 - e-' 

1 + e-' += (1  - e-') ' 
(1 t e-') 

P(t)/P, = (7 )  
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where p i s  t h e  i n i t i a l  d i s l o c a t i o n  d e n s i t y  and 
0 

Since A and V a r c  dependent on temperature,  t h e  approach t o  t h e  s a t u r a t i o n  

l e v e l  0 i s  a l s o  dependent on temperature.  

Us ing  a s a t u r a t i o n  d i s l o c a t i o n  d e n s i t y  o f  6 x 10 cm 

c a t i o n  d e n s i t y  o f  4 x 10' 

316, t h e  f luence-dependent d i s l o c a t i o n  d e n s i t i e s  acco rd ing  t o  equa t i on  ( 7 )  a r e  

as shown i n  F igu re  2. The r e l a t i o n s h i p  between f l u e n c e  and t h e  v a r i a b l e  x was 
chosen such t h a t  t h e  d i s l o c a t i o n  d e n s i t y  f o r  annealed 316 reaches t h e  va lue  o f  

2 x 10'' cm-' a t  2 x 10" n/cm2, as r e p o r t e d  f o r  A I S 1  316 i r r a d i a t e d  i n  EBR- I1  

a t  500°C.(9) 

S 

an i n i t i a l  d i s l o -  10 - 2 (1,8) 
, 

f o r  annealed 316 and 7 x 10 l1  cm-' f o r  20% CW 

Th is  f l u e n c e  v a l u e  corresponds t o  x = 1.2, so t h a t  

where t h e  f l u e n c e  i s  g i v e n  i n  u n i t s  o f  n/cm' ( E  >0.1 MeV). 

The d i s l o c a t i o n  c l i m b  v e l o c i t y  V was a l s o  computed acco rd ing  t o  r a t e  t h e o r y  

f o r  a d isplacement r a t e  o f  1.0 x 

A t  low temperature,  recombinat ion  o f  p o i n t  d e f e c t s  r e s u l t s  i n  a reduced c l i m b  

v e l o c i t y .  

c l i m b  v e l o c i t y  a l s o  decreases a t  h i g h  temperatures.  

dpa/s. The r e s u l t s  a re  shown i n  F igu re  3.  

S ince t h e  d i s l o c a t i o n  b i a s  decreases s l i g h t l y  w i t h  temperature,  t h e  

I t i s  seen f rom F i g u r e  3 t h a t  t h e  c l i m b  v e l o c i t y  i s  p r o p o r t i o n a l  t o  t h e  b i a s  

d i f f e r e n c e  between d i s l o c a t i o n s  i n  d i f f e r e n t  c o n f i g u r a t i o n s .  D i s l o c a t i o n  c l i m b  

occurs even i n  t h e  absence o f  vo ids  as a r e s u l t  o f  these b ias  d i f f e r e n c e s .  

Assuming t h a t  1% d i f f e r e n c e  i n  b i a s  i s  a t y p i c a l  va lue ,  i t  i s  p o s s i b l e  t o  

compute independent ly  acco rd ing  t o  equa t i on  (8) t h e  r e l a t i o n s h i p  between t h e  

f l u e n c e  and t h e  v a r i a b l e  x. A t  500°C, t h e  c l i m b  v e l o c i t y  i s  computed t o  be 
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2. P r e d i c t i o n s  o f  t h e  E v o l u t i o n  o f  D i s l o c a t i o n  Dens i t y  i n  S I  316 a t  
500°C f o r  S t a r t i n g  D e n s i t i e s  o f  7 x 1011 cm/cm3 and 4 x 10' un/cm3, 
Chosen t o  Represent Cold-Worked and Annealed Cond i t i ons .  

0 

V = 100 A/dpa, o r  f o r  a d isp lacement  r a t e  o f  1 . 0 ~  

Hence 

dpa/s, V = lo- ' '  cm/s. 

= 1.737 x 10-22 m t  

assun ing  a neu t r on  f l u x  o f  2.5 x l O I 5  n/cm's. 

equat ions ( 9 )  and (10 )  a r e  equal  w i t h i n  10%. 

The numer ica l  f a c t o r s  i n  
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TEMPERATURE. "C 

FIGURE 3. Calculation of Dislocation Climb Velocity V a t  500°C f o r  Several 
Values of Bias Difference Between Dislocations i n  Different  Con- 
f igura t ions .  The d i sp lacment  r a t e  was assmed t o  be dpa/sec. 

5.4 Concl usi ons 

I t  appears t h a t  i t  i s  possible t o  explain how the rate o f  approach t o  the sa t-  
urat ion densi ty  of network d i s loca t ions  i s  dependent on temperature b u t  the 
eventual sa tu ra t ion  level i s  not. The model developed t o  explain this apparent 
contradic t ion a l s o  predic ts  an independence o f  sa tu ra t ion  level  on s t a r t i n g  
microstructure,  s t r e s s  and displacement r a t e  below temperatures where thermal 
emission of vacancies from d i s loca t ions  becomes an important f a c t o r  in t h e i F  
climb ra te .  
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7.0 Future  Work 

T h i s  e f f o r t  w i l l  con t i nue  i n  an a t tempt  t o  r a t i o n a l i z e  t h e  independence o f  

s a t u r a t i o n  d e n s i t y  on  he l i um content .  

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

I t  i s  a n t i c i p a t e d  t h a t  t h i s  r e p o r t  w i l l  fo rm t h e  b a s i s  o f  a paper t o  be 
submi t ted  t o  t h e  ASTM Symposiun on E f f e c t s  o f  R a d i a t i o n  on S t r u c t u r a l  

M a t e r i a l s ,  t o  be he ld  i n  Sco t t sda le ,  AZ,  i n  June 1982. 
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THE MICROSTRUCTURAL ORIG INS  OF YIELD STRENGTH CHANGES I N  A I S I  316 DURING 

F I S S I O N  OR FUSION IRRADIAT ION 

F. A. Garner, M. L. Hami l ton,  N. F. Panayotou and G. D. Johnson (Hanford  

Eng ineer ing  Development Labora to ry )  

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  e f f o r t  a r e  t o  develop a m i c r o s t r u c t u r a l l y - b a s e d  c o r -  

r e l a t i o n  f o r  y i e l d  s t r e n g t h  o f  A I S I  316 i r r a d i a t e d  i n  f a s t  r e a c t o r s ,  

i d e n t i f y  t h e  s t reng then ing  c o n t r i b u t i o n s  of  each m i c r o s t r u c t u r a l  component, 

and u s i n g  m i c r o s t r u c t u r a l  comparisons w i t h  fus ion  s i m u l a t i o n  exper iments p re-  

d i c t  t h e  y i e l d  s t r e n g t h  o f  A I S I  316 i n  p r o j e c t e d  f u s i o n  devices.  

2.0 S umma ry 

The changes i n  y i e l d  s t r e n g t h  o f  A I S I  316 i r r a d i a t e d  i n  f a s t  r e a c t o r s  have 

been s u c c e s s f u l l y  modeled i n  terms o f  concur ren t  changes i n  m i c r o s t r u c t u r a l  

components. Two new i n s i g h t s  i n v o l v i n g  t h e  s t r e n g t h  c o n t r i b u t i o n s  o f  v o i d s  

and Frank loops  have been i n c o r p o r a t e d  i n t o  t h e  hardening models. Both t h e  

r a d i a t i o n- i n d u c e d  m i c r o s t r u c t u r e  and t h e  y i e l d  s t r e n g t h  e x h i b i t  t r a n s i e n t s  

which a r e  then f o l l o w e d  by s a t u r a t i o n  a t  a l e v e l  dependent on t h e  i r r a d i a t i o n  

temperature.  E x t r a p o l a t i o n  t o  a n t i c i p a t e d  f u s i o n  behav ior  based on m ic ro-  

s t r u c t u r a l  comparisons leads  t o  t h e  conc lus ion  t h a t  t h e  p r imary  i n f l u e n c e  of 

t r a n s m u t a t i o n a l  d i f f e r e n c e s  i n  non-pulsed environments i s  t o  a l t e r  the  

t r a n s i e n t  behav ior  and n o t  t h e  s a t u r a t i o n  l e v e l  o f  y i e l d  s t r e n g t h .  

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 Labora to ry  
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4.0 Relevant DAFS Program Plan Task/Subtask 

Subtask II.C.2 Effects of He on Microstructure 
Subtask II.C.4 Effects of Solid Transmutants on Microstructure 
Subtask II.C.14 Models of Flow and Fracture Under Irradiation 

5.0 Accomplishments and Status 

5.1 Introduction 

AISI 316 stainless steel is the major structural alloy employed in the fast 
reactor programs of the United States, Britain and France. 
chosen for service in first generation fusion devices. 
data developed in fusion neutron spectra, the design of such devices requires 
that the data developed in fission reactors be extrapolated to the spectral 
and operational environment projected to be characteristic of fusion devices. 

It may also be 
In the absence of 

If the consequences of differences in environmental variables such as neutron 
flux and stress state are discounted there are still substantial differences 
in the displacive and transmutational characteristics of the neutron spectra 
of fusion devices and those of various fission reactors. To a first approxi- 
mation it appears that the differences in atomic displacement characteristics 
o f  neutrons can be factored into a low temperature fission-fusion correlation by 
expressing the exposure dose in damage energy units (eV/atom). 
recently demonstrated for AISI 316 irradiated at room temperature with T(d,n), 
Be (d,n) and fission (thermal reactor) neutrons. (’) 
strength and total elongation, as well as in the density of radiation-induced 
defect clusters that cause these changes, were all found to correlate with 
damage energy. 

This was 

The changes in yield 

In reactor environments operating at realistic power-generating temperatures, 
however, the microstructural alterations are quite different and much more 
extensive than that observed at room temperature. 
radiation-induced and temperature-sensitive elemental redistribution that 

There is also a substantial 

221 



occurs.  There i s  concern t h a t  i n  the f i s s i o n  and fus ion  environments t h a t  

d i f f e r e n c e s  i n  bo th  t h e  i d e n t i t y  and genera t ion  r a t e s  o f  gaseous ( 2 )  and 

and microchemica l  ( 5 )  e v o l u t i o n .  

by comparing t h e  m ic roscop i c  response o f  t h e  s t e e l  t o  i r r a d i a t i o n  i n  two f i s s i o n  

r e a c t o r s  w i t h  d i f f e r e n t  t r ansmu ta t i ona l  c h a r a c t e r i s t i c s .  A r ecen t  e f f o r t  o f  

t h i s  t ype  concerned t h e  m i c r o s t r u c t u r a l  and microchemica l  e v o l u t i o n  o f  t h i s  

s t e e l  i n  EBR-I1 (Exper imenta l  Breeder Reactor 11) and H F I R  (High F lux I so tope  

Reac to r ) .  (6) 

s o l i d  ( 3 )  t ransmutants  w i l l  l e a d  t o  d i f f e r e n c e s  i n  t h e  m i c r o s t r u c t u r a l  ( 4 )  

Th is  p o s s i b i l i t y  can be p a r t i a l l y  addressed 

Transmutat ion r a t e s  o f  a l l  impo r tan t  elements o f  AIS1 316 i n  EBR- I1  
a re  ve ry  much sma l l e r  than those i n  e i t h e r  HF IR  o r  p r o j e c t e d  f u s i o n  dev ices.  (3 )  

I n  t h i s  r e p o r t  t h e  m i c r o s t r u c t u r a l  o r i g i n s  o f  y i e l d  s t r e n g t h  changes a re  

examined and p r o j e c t i o n s  o f  a n t i c i p a t e d  behav io r  i n  f u s i o n  spec t ra  a r e  made 

on t h e  bas i s  o f  conc lus ions  drawn f rom dual i o n  i r r a d i a t i o n s  and E B R - I I / H F I R  
comparisons. Y i e l d  s t r e n g t h  i s  t h e  e a s i e s t  mechanical p r o p e r t y  measurement 

t o  model s i n c e  t h e  m i c r o s t r u c t u r a l  i n t e r a c t i o n s  i n v o l v e  p r i m a r i l y  t h e  mechani- 

c a l  r a t h e r  than t h e  chemical  aspects o f  t h e  va r i ous  m i c r o s t r u c t u r a l  components. 

More i m p o r t a n t l y ,  changes i n  y i e l d  s t r e n g t h  a r e  determined p r i m a r i l y  by t h e  

r a d i a t i o n- i n d u c e d  i n t r a g r a n u l a r  m i c r o s t r u c t u r e  w h i l e  o t h e r  parameters, such 

as t o t a l  e l onga t i on ,  a r e  p robab ly  i n f l u e n c e d  t o  a g r e a t e r  degree by t h e  m ic ro-  

s t r u c t u r e  produced bo th  i n  and between g r a i n s  d u r i n g  ex- reac to r  de fo rmat ion .  

5.2 Model ing o f  Y i e l d  S t reng th  Changes 

The model ing e f f o r t  r e q u i r e s  knowledge o f  t h e  r e l e v a n t  m i c r o s t r u c t u r a l  com- 

ponents, t h e i r  d e n s i t i e s  and s i zes ,  and t h e i r  i n d i v i d u a l  a c t i o n  w i t h  respec t  

t o  d e t e r m i n a t i o n  o f  t h e  y i e l d  s t r e n g t h .  

a l l o y s  have been made t o  determine t h e  c o n t r i b u t i o n  o f  each m i c r o s t r u c t u r a l  

component t o  t h e  hardening o r  s o f t e n i n g  observed f o r  a g i ven  s e t  o f  i r r a d i a -  

t i o n  c o n d i t i o n s .  (7 -10)  

t u r a l  d e s c r i p t i o n s  and some amb igu i t y  concern ing t h e  na tu re  o f  t h e  hardening 

model f o r  each component. 

Prev ious a t tempts  on a u s t e n i t i c  

These e f f o r t s  were hampered by incomplete m i c r o s t r u c -  
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Recent developments now allow a potentially more successful microstructural 
description of yield strength. 
only detailed strength data as a function of neutron exposure, temperature 
and starting condition, (11-16) but have also provided insight on the nature 
of the microstructural/microchemical evolution o f  this alloy. The central 
insight is that all microstructural components evolve toward saturation 
observation is that all microstructural components evolve toward saturation 
It has been shown that the yield strength also saturates at a level which 
i s  dependent on irradiation temperature (Figure 1) but not cold-work level 
(Figure 2). 
heats of unirradiated AISI 316, Blackburn and coworkers (17) have shown that 
the radiation-induced strength changes reported for breeder-irradiated heats 
of annealed AISI 316 are independent of heat identity and depend only on 
temperature. 

Breeder reactor programs have yielded not 

Although there i s  some variation in the strength of various 
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FIGURE 1. Yield Strength of 20% Cold-Worked AISI 316 After Irradiation in 
EBR-11. 
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FIGURE 2. Yield Strength of Irradiated AIS1 316 at Temperatures of 427, 538 
and 650°C. 

The path-independence of the saturation strength allows a better assessment 
to be made of the relative contribution of each microstructural component, 
since some components such as voids and precipitates are temporarily suppressed 
by c~ld-working.(~) 
ening contributions due to dislocations and loops. 

This allows the unobscured determination of the strength- 

It is traditional to describe irradiation hardening with models that invoke 
the interaction of various defects with moving dislocations.(18) 
which resist the motion of dislocations have been classified as either long 
range (LR) or short range ( S R ) .  

of moving dislocations with the dislocation network o f  the material. 

Barriers 

Long range forces are due to the interaction 
Obstacles 
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lying in the s l i p  plane of the  moving d is locat ion  produce shor t  range forces 
when the d is locat ion  i s  in close proximity t o  the obs tac les .  
the shear s t r e s s ,  A T ,  i s  given by: 

The increase in 

T h e  l o n g  range term i s  given as  

where pd  i s  the d is locat ion  dens i ty ,  G the shear modulus, b the Burgers vec- 
t o r  and 0 ranges from 0.15 t o  0.30. 

obstacle i s  
The shor t  range contr ibut ion of an  ( 1 9 )  

and  AT^^ - - [ L A T ~  2 ,% , 

where Ni i s  the number of defects  of a given type and  diameter di per uni t  
volume and oi  i s  a constant f o r  each type of defec t .  The 6 values f o r  loops 
range from 2 t o  4 ,  (18-’0) while those f o r  voids(21)  and p rec ip i t a t e s  (“) a r e  
about 1 .0 .  However, as wil l  be  shown l a t e r ,  i t  does n o t  appear t h a t  Frank 
loops a t  these temperatures should be treated a s  short range obs tac les .  

F inal ly ,  in ca lcula t ing  the flow or y ie ld  s t r e s s ,  i t  i s  necessary t o  convert 
from shear s t r e s s  t o  uniaxial s t r e s s ,  namely A U  =6 A T  based on the Von 
Mises c r i t e r i o n .  

Y 
T h u s ,  the strength o f  the i r r ad ia ted  s t e e l ,  ui i s  

where u0 + AU,, i s  the i n t r i n s i c  s t rength  plus cold work strengthening o f  the 

unirradiated s t e e l .  u0 i s  assumed n o t  t o  change during i r r a d i a t i o n .  
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The m i c r o s t r u c t u r a l  da ta  r e q u i r e d  t o  generate y i e l d  s t r e s s  p r e d i c t i o n s  u s i n g  

equat ions  1-5 were presented e a r l i e r .  ( ' I )  
these same da ta  were employed u s i n g  t h e  values B~~ = 3, B = 1 and B = 1.  * 
The va lue  o f  a = 0 .2  was determined f rom t h e  room temperature s t r e n g t h  da ta  

( F i g u r e  3 )  and t h e  knowledge t h a t  t h e  d i s l o c a t i o n  d e n s i t y  o f  t h i s  heat  o f  

s t e e l  i n  t h e  20% cold-worked c o n d i t i o n  i s  approx imate ly  3 x 1 0 l 1  cm/cm . 
Since t h e r e  a r e  no d i s c e r n i b l e  p r e c i p i t a t e s  i n  t h i s  s t e e l  a t  room temperature 

and none t h a t  develop on t h e  s h o r t  t i m e  frame o f  t e n s i l e  t e s t s  a t  e leva ted  

temperatures,  i t  i s  reasonable t o  assume t h a t  t h e  s o f t e n i n g  t h a t  occurs i s  
due t o  t h e  temperature dependence o f  t h e  shear modulus and t h e  r e l a x a t i o n  

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

generate t h e  i n i t i a l  d i s l o c a t i o n  d e n s i t y  p y  o f  t h e  cold-worked s t e e l  a f t e r  

r e l a x a t i o n  a t  tempera ture  and p r i o r  t o  s i g n i f i c a n t  i r r a d i a t i o n .  

W i th  o n l y  m ino r  m o d i f i c a t i o n s ,  

V P 

3 ( 4 )  

There fore ,  t h e  da ta  o f  F i g u r e  3 were a l s o  used t o  

cw = [.cw - .sal2 
'd 0.2Gb 

The p r e i r r a d i a t i o n  d i s l o c a t i o n  d e n s i t y  o f  t h e  so lu t ion- annea led (sa)  s t e e l  was 

assumed t o  be l o *  cm/cm3 a t  a l l  temperatures.  

5.3 Resu l t s  o f  C a l c u l a t i o n s  

I n  a p r e v i o u s  r e p o r t ,  i t  was shown t h a t  t h e  major  f e a t u r e s  o f  t h e  e v o l u t i o n  

i n  s t r e n g t h  o f  AIS1 316 c o u l d  be desc r ibed  u s i n g  t h e  above models. (11) How- 

ever ,  t h e  m i c r o s t r u c t u r a l l y - b a s e d  c o r r e l a t i o n  based on equa t ion  (4 )  tended t o  
u n d e r p r e d i c t  t h e  observed behav ior  a t  most temperatures.  

assumptions employed i n  t h e  t rea tmen t  o f  F l e i s c h e r  

was determined t h a t  a t  300-6OO0C, Frank loops  cannot  be cons idered as s h o r t  

range obs tac les .  

temperature i r r a d i a t i o n ,  l e a d i n g  t o  low d i s l o c a t i o n  d e n s i t i e s  and h i g h  dens i -  

t i e s  o f  ve ry  smal l  loops.  A t  temperatures r e l e v a n t  t o  f a s t  r e a c t o r s ,  Frank 

loops  a r e  two-dimensional i n  n a t u r e  and r e l a t i v e l y  l a r g e ,  w i t h  d iameters on 

t h e  o rde r  o f  t h e  d i s l o c a t i o n  spacing; they  a l s o  c o n t a i n  a l a r g e  f r a c t i o n  o f  

t h e  t o t a l  d i s l o c a t i o n  l i n e  l e n g t h .  

*FL = Frank Loops, v = voids,  p = p r e c i p i t a t e s  

I n  r e v i e w i n g  t h e  

f o r  Frank loops  i t  

The F l e i s c h e r  model was normal ized t o  d a t a  d e r i v e d  f rom low 
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FIGURE 3. Yield Strength of Unirradiated AIS1 316. 

Assuming f o r  the moment t h a t  equation 3 i s  s t i l l  va l id  and B~~ = 3.0 ,  the  
Frank loop contr ibut ion t o  hardening was t r ea ted  a s  a long  range contr ibut ion;  

the  loop contribution was included in  equation 2 and n o t  4. 
a comparison of the microstructurally-based predictions with the ava i lab le  
data.  

Figure 4 shows 

5.4 D i  s c  us s i on 

I t  can be seen i n  Figure 4 t h a t  the re laxat ion of d is locat ion density of 
cold-worked s t e e l s  during i r r a d i a t i o n  leads t o  a softening contribution t o  
y ie ld  s t reng th ,  pa r t i cu la r ly  evident a t  temperatures above 2550°C. The 
presence of voids,  Frank loops and radia t ion- stable  p rec ip i t a tes  leads t o  
a hardening contribution which obscures the  sof tening,  pa r t i cu la r ly  a t  
lower temperatures where the  d e n s i t i e s  of these  defects are  the  l a r g e s t .  
Since these  components a r e  s e n s i t i v e  t o  displacement r a t e ,  i t  i s  expected 
t h a t  the sa tu ra t ion  s t rength  wi l l  vary w i t h  neutron f l u x  and spect ra .  (11) 
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FIGURE 4. Comparison o f  Microstructurally-Based Predictions with Yield Stress 
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If  Frank loops a r e  no t  short  range obs tac les ,  why was the shor t  range formu- 
l a t i o n  of equation 3 employed f o r  loops in t h i s  study? Actually, the  apparent 
success of the "wrong" model was for tu i tous  s ince  the t o t a l  l i n e  length of 
Frank loops  i s  p F L  = NFL ( n d F L ) .  Therefore, 

and the s h o r t  and long range formulations a r e  iden t i ca l ;  the value of 0.19 
agrees with the value of a = 0.2 determined e a r l i e r .  
agree with the data a t  high temperatures where d is locat ions  provide the major 

hardening cont r ibut ion ,  i t  appears  t h a t  the assumption i s  valid t h a t  the i n t r i n s i c  
y i e l d  stress no i s  la rgely  unaffected by radiation-induced segregation. The 
major e f f e c t  of the microchemical evolution on y ie ld  s trength thus l i e s  in the 

forma t i  on of radi a t i  on-s table  p rec ip i t a t e s  which function as  obstacles  . 

Since the predictions 

The data o f  Figure 1 a r e  from s t e e l  t h a t  had not developed large void swelling 
a t  the f luences a t t a ined .  
i t  i s  expected t h a t  a la te- term softening wil l  occur as the voids change the  
shear modulus of the s t e e l ,  pa r t i cu la r ly  a t  low temperatures. 
researchers (23-24)  have shown t h a t  the modulus of i r r ad ia ted  s t a i n l e s s  s t e e l s  
i s  decreased w i t h  swelling A V / V o ,  according t o  the re la t ionship  G '  = G(1-2 aV/Vo). 
Decreases i n  m o d u l u s  of 20% have been observed f o r  10% swelling. 

Although the strength saturates a t  a l l  temperatures, 

Several 

( 2 4 )  

5.5 Projection t o  Fusion Environments 

In p r inc ip le ,  i t  should be possible t o  predic t  s t rength  changes in fusion 
environments by studying the response of fusion-induced microstructure t o  
ant ic ipa ted  changes in transmutants. The ava i l ab le  neutron data f a l l  in to  
two c lasses :  

with d i f f e r e n t  spectra and s tudies  in one reac tor  involving var ia t ions  in 
concentration of expected transmutants. In a recent comparative study of 

AIS1 316 i t  was shown t h a t  the microchemical and  microstructural evolution 

d i r e c t  comparisons of i r r a d i a t i o n  response in two reac tors  
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a t  500-620°C was remarkably i n s e n s i t i v e  a t  40-70 dpa t o  more than t w o  orders  

of magnitude d i f f e r e n c e  i n  he l ium genera t i on  r a t e s  found i n  t h e  EBR-I1 and 

HF IR  r e a c t o r s .  ( 6 )  Th is  s tudy was compl ica ted by t h e  burn- out  o f  manganese 

N e i t h e r  o f  these elements s u f f e r  measurable changes a t  comparable doses i n  

EBR-11. Breeder r e a c t o r  s t u d i e s  have a l s o  shown a s e n s i t i v i t y  o f  v o i d  s w e l l i n g  

t o  manganese c o n t e n t  ( 3 )  and a l s o  t o  ca rb ide- fo rm ing  elements s i m i l a r  t o  

vanadi m. (5 )  80 th  o f  these elements a re  p r o j e c t e d  t o  i nc rease  s l o w l y  i n  f u s i o n  

i r r a d i a t i o n  o f  AISI 316, w i t h  p o s s i b l e  l a t e - t e r m  consequences i n  phase s t a b i l i t y  

and y i e l d  s t reng th .  

and the  fo rmat ion  o f  %0.8% vanadiun a t  r e l a t i v e l y  moderate doses i n  HFIR. (3 1 

I n  another  s tudy  i t  has been shown t h a t  l a r g e  he l i um genera t i on  r a t e s  i n  AISI 
316 i r r a d i a t e d  i n  HFIR l e a d  t o  e a r l i e r  v o i d  n u c l e a t i o n  a t  a l l  temperatures i n  

t h e  range 300-7OO0C, b u t  n o t  t o  v o i d  d e n s i t i e s  which a r e  s u b s t a n t i a l l y  d i f -  
f e r e n t  a t  s a t u r a t i o n  than  those t h a t  develop i n  breeder r e a c t o r s .  ( 2 5 )  There- 

f o r e ,  t h e  e f f e c t  o f  he l i um i s  concent ra ted i n  t h e  t r a n s i e n t  regime. 

Dual i o n  i r r a d i a t i o n  exper iments t o  d a t e  have concent ra ted o n l y  on t h e  gaseous 

t ransmutants .  

t o  d i s l o c a t i o n s  have been shown t o  be s e n s i t i v e  t o  t h e  he l i um l e v e l .  

A t  h i g h  f luences,  however, t h e  d i s l o c a t i o n  d e n s i t y  has been found t o  be 

remarkably i n s e n s i t i v e  t o  he l ium c o n c e n t r a t i o n  o r  t h e  mode o f  i m p l a n t a t i o n .  

It a l s o  appears t h a t  l a r g e  l e v e l s  o f  he l ium can a l t e r  t h e  e a r l y  phase evo lu-  

t i o n ,  p a r t i c u l a r l y  i n  acce le ra ted  s i m u l a t i o n  exper iments.  (26-27) There a r e  
no s u p p o r t i n g  neu t ron  data .  

The development o f  Frank loops and t h e i r  subsequent convers ion  
(26-29) 

(28-29) 

Since t h e  s teady- s ta te  s w e l l i n g  r a t e  i s  i n s e n s i t i v e  t o  he l ium c o n t e n t ( 6 )  and 

t h e  s a t u r a t i o n  d i s l o c a t i o n  d e n s i t y  i s  a l s o  u n a f f e c t e d  i t  appears t h a t  t h e  

p r imary  e f f e c t  o f  he l i um i s  i n  t h e  t r a n s i e n t  regime, p a r t i c u l a r l y  t h e  c o n t r i -  

b u t i o n s  o f  vo ids  and Frank loops.  

p r e c i p i t a t i o n  behav ior  o r  m a t r i x  s t reng th ,  no e f f e c t  i s  a n t i c i p a t e d  i n  t h e  

s a t u r a t i o n  regime. 

tems due t o  t h e  f l u x  s e n s i t i v i t y  o f  vo ids ,  Frank loops  and r a d i a t i o n - s t a b l e  

Unless s o l i d  t ransmutants  change t h e  

T h i s  conc lus ion  may n o t  be v a l i d  f o r  pu lsed r e a c t o r  sys- 

p r e c i p i t a t e s .  ( 5 )  
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6.0 Conclusions 

Yield strength changes in AISI 316 during breeder reactor irradiation can be 
described in terms of microstructural ly-based models. Microchemical changes 
are of importance only in that they lead to extensive precipitation. 
saturation observed in yield strength is a reflection of the saturation of 
microstructural densities, but it is expected that a second-order softening 
will eventually occur as accumulated voidage decreases the shear modulus. 
While voids and precipitates can be considered as short range obstacles, 
large Frank loops cannot and therefore should be treated as additional dis- 
location line length. 

The 

The projection of these insights to the anticipated response of AISI 316 in 
fusion devices yields the conclusion that, under steady-stare irradiation, 
the strength behavior at a given displacement rate will differ from fast 
reactor behavior primarily i n  the transient and not the saturation regime. 
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8 .0  Publication 

An abbreviated version o f  t h i s  repor t  has been submitted t o  J .  Nucl. Mater., 
which will p u b l i s h  a special  i ssue  on the Proceedings of the  Second Topical 
Meeting on Fusion Reactor Materials ,  S e a t t l e ,  W A ,  August 9-12, 1981. About 
75% of t h i s  work was recent ly  pub l i shed  i n  another repor t :  G .  D .  Johnson, 
F .  A .  Garner, H .  R .  Brager and R. L .  Fish,  " A  Microstructural In te rpre ta t ion  
o f  the Fluence and Temperature Dependence of the Mechanical Propert ies of 
I r rad ia ted  AISI 316", Effects  of Radiation Materials: T e n t h  Conference, 
ASTM-STP-725, David Kramer, H .  R .  Brager and J .  S. Perrin ( e d s . ) ,  ASTM, 1981, 
pp. 393-412. 

7.0 Future Work 

The poss ible  consequences of void- related softening o f  the  shear modulus wi l l  
be invest igated further. The impact of temperature reassessments i n  HFIR i r -  
radia t ion experiments on the helium-affected y ie ld  s t rength  models wi l l  a l so  
be de t en ined .  
wi l l  a l s o  be s t u d i e d  f o r  both AISI 316 i n  breeder reactors  and copper a l loys  
i n  RTNS-11. 

The appropriate choice of hardening inodels f o r  Frank loops 
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COMPOSITIONAL DEPENDENCE OF RADIATION-INDUCED CHANGES IN DIMENSIONAL AND 

PHYSICAL PROPERTIES OF Fe-Cr-Ni AUSTENITIC ALLOYS 

W.  G. Wo l fe r  ( U n i v e r s i t y  o f  Wisconsin)  and F. A. Garner (Hanford Eng ineer ing  

De v e l  opmen t Labora to ry  ) 

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

The purpose o f  t h i s  s tudy  i s  t o  i n v e s t i g a t e  t h e  p o t e n t i a l  causes 

s i t i o n a l  dependence o f  s w e l l i n g  and i r r a d i a t i o n  c reep and t h e i r  connect ions t o  

v a r i o u s  fundamental p h y s i c a l  p r o p e r t i e s  o f  Fe-Cr-Ni a l l o y s .  

o f  t he  cmpo-  

2.0 Sumnary 

The compos i t i ona l  dependence o f  v o i d  s w e l l i n g  i n  i r r a d i a t e d  Fe-Ni-Cr a l l o y s  
has been shown t o  p o s s i b l y  a r i s e  f rom co r respond ing  dependencies o f  t h e  

l a t t i c e  parameter  and shear modulus. 

t h e o r e t i c a l  d e s c r i p t i o n s  o f  v o i d  n u c l e a t i o n  and b o t h  change w i t h  i n c r e a s i n g  

n i c k e l  con ten t .  N i c k e l  segregates t o  v o i d  embroys i n  these a l l o y s ,  i n c r e a s i n g  

t h e  n i c k e l  l e v e l  a t  t h e i r  sur faces ,  and l e a d i n g  t o  changes i n  t h e i r  i n t e r s t i t i a l  

c a p t u r e  e f f i c i e n c y .  T h i s  leads  t o  changes i n  t h e  v o i d  n u c l e a t i o n  r a t e  and t h e  

d u r a t i o n  o f  t h e  t r a n s i e n t  regime o f  s w e l l i n g .  Other  secondary e f f e c t s  o f  n i c k e l  

c o n t e n t  on t h e  d i s l o c a t i o n  b i a s  and t h e  m a t r i x  vacancy d i f f u s i o n  a re  c u r r e n t l y  

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

Bo th  o f  these parameters a r e  invoked i n  

3.0 Program 

T i t l e :  I r r a d i a t i o n  E f f e c t s  A n a l y s i s  

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

A f f i l i a t i o n :  Hanford Eng inee r ing  Development Labo ra to ry  

4.0 Re levant  Program P lan  Task/Subtask 

I I . C . l  E f f e c t s  o f  M a t e r i a l  Parameters on M i c r o s t r u c t u r e  
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5.0 Accomplishments and Sta tus  

5.1 Introduction 

A corre la t ion  between swelling and the nickel concentration in Fe-Ni-Cr 

and subsequently confirmed by other researchers .  
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  has a l so  been corre la ted  with radiation-induced 
changes in the nickel level of the a l loy  mat r ix . (2 )  The se lec t ion  of candi- 
date a l loys  in the ADIP program i s  pa r t ly  based on these empirical 
corre la t ions  between swelling and nickel content .  
however, no completely s a t i s f a c t o r y  explanation has ye t  been given f o r  the 
marked dependence of swelling on nickel content .  

a1 loys has been experimentally establ ished by Johnston and co-workers, ( 1 )  

The onset of swelling in 

In s p i t e  of i t s  importance, 

5.2 

Watkins, e t  a l . ( 3 )  have proposed tha t  i n  f cc  Fe-Ni-Cr a l loys ,  the i ron atoms 
may e x i s t  in two s t a t e s ,  a n  antiferromagnetic and  a ferromagnetic one. 
a re  postulated t o  d i f f e r  i n  t h e i r  atomic vollsnes and t h e i r  contr ibut ions t o  
the e l a s t i c  moduli of the a l loy .  With increasing nickel conte’nt, the r a t i o  
of antiferromagnetic t o  f e r rmagne t i c  iron atoms decreases with a corresponding 
increase in the l a t t i c e  parameter and a decrease i n  the  e l a s t i c  shear modulus. 
They speculate  t h a t  the increase of the average atomic volume may imply a 
g rea te r  recombination of s e l f - i n t e r s t i t i a l s  and vacancies. 

According t o  recent r e s u l t s  by Wolfer and Si-Ahmed,(4) the recombination r a t e  
a t  reac tor  i r r a d i a t i o n  temperature i s  simply proportional t o  the l a t t i c e  
parameter. 
a t  room temperature. 
Such a small var ia t ion  in the recombination r a t e  would be insuf f i c i en t  t o  
account f o r  the much l a rge r  var ia t ion  observed in the swelling as  a function 
of nickel content.  

Review o f  Proposed Models of the Compositional Dependence of Swelling 

These 

Figure 1 shows the l a t t i c e  parameter(5) of Fe-Ni-Cr-phase a l loys  
I t  i s  seen t h a t  the var ia t ion  i s  no more t h a n  about 2%. 
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Bates(6) has recent ly  measured the var ia t ion of the shear modulus with nickel 
composition. These data a re  i n  general agreement with the more extensive and  
e a r l i e r  measurements by Masunoto, e t  a 1 , ( 7 )  shown in Figure 2. 
t h a t  the a r r iva l  r a t i o  ( a / ~ )  of i n t e r s t i t i a l s  and vacancies a t  void embryos 
decreases with increasing shear modulus. Therefore, in t h i s  treatment the 
void nucleation r a t e  increases w i t h  the  shear modulus. 

Bates suggested 

This suggestion was based on a model proposed by Wolfer and Ashkin(8) fo r  the 
capture e f f ic iency  fo r  i n t e r s t i t i a l s  a t  a bare void. In t h i s  l a t t e r  deriva-  
t ion ,  the image in te rac t ion  of an i n t e r s t i t i a l  with the void surface was not 
included. 
Y o o , ( ~ )  i t  was found t h a t  the a r r iva l  r a t e  r a t i o  (a/@) increases with increas-  
ing shear modulus. 
sharply a s  the shear modulus drops t o  i t s  minimwn value f o r  a binary Fe-Ni 
a l loy  with 40% nickel.  
minimum for t h i s  a l l oy  composition. 

When this important in te rac t ion  was included l a t e r  by Wolfer and 

This would imply t h a t  the void nucleation r a t e  increases 

In con t r a s t ,  the data show t h a t  swelling i s  a t  a 

I t  should fu r the r  be noted t h a t  Bates did not consider the f a c t  t h a t  the bias 
of the  d i s loca t ions  a l so  increases w i t h  the shear modulus, and t h a t  i t  is  the 
net bias  or  bias  dif ference between d is loca t ions  and voids which i s  the dr iving 
force fo r  both void nucleation and growth. 

In any case,  the homogeneous nucleation of bare voids was shown t o  occur with 
such low t h a t  i t  cannot be invoked i n  any explanation o f  the 
composition dependence of swelling. 
a t  a r a t e  commensurate with experimental f indings,  segregation t o  void embryos 
must precede t h e i r  growth. 
t h i s  requires  t h a t  segregation r e s u l t s  i n  a s l i g h t  compositional change around 
the void embryo such t h a t  the shear modulus increases loca l ly  by a few percent 
and/or t h a t  the l a t t i c e  parameter increases by a few ten ths  of a percent. 
minor changes a re  well within the range of the compositional var ia t ion of the 
shear modulus, Figure 2 ,  and the l a t t i c e  parameter, Figure 1 .  Segregation o f  

I n  order f o r  void nucleation t o  proceed 

As shown by Si-Ahmed, Wolfer and Mansur, ( 1 0 , l l )  

Such 

nickel t o  the surface of voids has been observed previously. (12)  
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The pronounced e f f e c t  o f  segregat ion  t o  v o i d  embryos i s  i l l u s t r a t e d  i n  

F igures  3 and 4. 

t h e  i nc rease  i n  l a t t i c e  parameter around the  vo id ,  a s s m i n g  t h a t  r a d i a t i o n -  

induced segregat ion  produces a r e g i o n  w i t h  a th i ckness  o f  10% (curve b )  o r  20% 
(curve a )  of the  v o i d  r a d i u s .  The shear modul i  of  b o t h  the  s h e l l  and m a t r i x  

are  asswned t o  be c o n s i s t e n t  and i d e n t i c a l  f o r  the  r e s u l t s  o f  F igure  3. 
o t h e r  hand, i f  the  l a t t i c e  parameter i s  constant  everywhere b u t  t h e  shear modulus 

i nc reases  around the  v o i d  embroys due t o  segregat ion ,  a s i m i l a r  i nc rease  i n  

found i n  the v o i d  n u c l e a t i o n  r a t e .  Th is  i s  shown i n  F igu re  4, where (1-q)  = 

(us - um)/um w i t h  us and urn be ing  the shear modul i  i n  the  v o i d  s h e l l  r e g i o n  

and the  m a t r i x ,  r e s p e c t i v e l y .  

F i g u r e  3 shows the  v o i d  n u c l e a t i o n  r a t e  as a f u n c t i o n  of 

On the  

An e x p l a n a t i o n  u s i n g  some o f  these ideas about the  v o i d  s h e l l  was r e c e n t l y  

advanced by  H i s h i n m a  and coworkers (I3)  t o  e x p l a i n  t h e  r e s u l t s  o f  an i r r a d i a t i o n  
s tudy conducted i n  a h i g h  v o l t a g e  microscope. They observed n i c k e l  enr ichment 

around v o i d  embryos i n  low n i c k e l  a l l o y s ,  as w e l l  as a s t r a i n  f i e l d  i n d i c a t i n g  

a l a t t i c e  parameter mismatch o f  about 0.0005 nm which rep resen ts  a d i f f e r e n c e  

o f  0.14%. 

l a t t i c e  parameter r e d u c t i o n  based on the  general  t r e n d  f o r  h i g h  n i c k e l  a l l o y s .  

It i s  seen f rom F igu re  2, however, t h a t  t h e  l a t t i c e  parameter can i n  f a c t  

i nc rease  w i t h  i n c r e a s i n g  n i c k e l  i n  t h e  compos i t ion  range o f  25% t o  40%. It i s  
t h e r e f o r e  p o s s i b l e  t h a t  n i c k e l  enr ichment around v o i d  embryos produces a 

p o s i t i v e  l a t t i c e  parameter mismatch when the  o r i g i n a l  n i c k e l  compos i t ion  i s  

below 40%. 

e f f i c i e n c y  ( o r  b i a s )  o f  a v o i d  embryo. However, t h i s  r e d u c t i o n  i s  coun te r-  
a c t e d  by t h e  decrease i n  shear modulus which accompanies the  n i c k e l  e n r i c t m e n t .  

By i t s e l f ,  t he  l o w e r i n g  o f  the  shear modulus around a v o i d  increases the  

i n t e r s t i t i a l  b i a s  o f  a vo id .  

H i s h i n m a  assuned t h a t  t h e  n i c k e l  enr ichment would produce a 

T h i s  c o n t r i b u t e s  t o  t h e  r e d u c t i o n  o f  the  i n t e r s t i t i a l  cap tu re  

Wi th  the  p r e s e n t l y  a v a i l a b l e  data  f o r  t h e  l a t t i c e  parameter and t h e  shear 

modulus, i t  i s  n o t  p o s s i b l e  t o  judge which o f  these two compensating e f f e c t s  

i s  t h e  dominant one. 

and n o t  f o r  t h e  e l e v a t e d  temperatures a t  which i r r a d i a t i o n s  a re  c a r r i e d  o u t .  

The da ta  shown i n  F igu res  1 and 2 a re  f o r  room temperature 
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Cons ider ing  the  anomalous thermal  expansion c o e f f i c i e n t s  i n  the  I n v a r  r e g i o n  

around 30% t o  50% n i c k e l  as w e l l  as the  fe r romagnet ic  c o n t r i b u t i o n s  t o  the  

e l a s t i c  constants  a t  low temperatures, the  e l e v a t e d  temperature p r o p e r t i e s  

cannot be expected t o  be e x a c t l y  the  same as those a t  room temperature.  Never- 

the less ,  t h e  anomalous v a r i a t i o n  o f  l a t t i c e  parameter and e l a s t i c  shear modulus 

i n  t h e  v i c i n i t y  o f  40% n i c k e l  i s  expected t o  be p resen t  a t  h igher  temperatures.  

I n  sumnary, n i c k e l  enr ichment a t  an embryo's sur face by r a d i a t i o n- i n d u c e d  

segregat ion  w i l l  r e s u l t  i n  l o c a l  changes o f  l a t t i c e  parameter and e l a s t i c  

p r o p e r t i e s  o f  s u f f i c i e n t  magnitude t o  a f f e c t  the  b i a s  o f  v o i d  embryos. Because 

o f  the  l a c k  o f  complete data, i t  i s  n o t  p o s s i b l e  a t  the present  t i m e  t o  c l e a r l y  

e s t a b l i s h  the  f u l l  connect ion  between segregat ion ,  r e d u c t i o n  i n  the  i n t e r s t i t i a l  

b i a s  o f  smal l  vo ids ,  and t h e  compos i t iona l  dependence o f  s w e l l i n g  i n  t h e  

Fe-Cr-Ni a l l o y  s e r i e s .  However, t h e r e  e x i s t s  a l r e a d y  a s u b s t a n t i a l  body of 
c o r r o b o r a t i n g  evidence t o  war ran t  f u r t h e r  i n v e s t i g a t i o n s .  (2 )  

So f a r ,  we have exp lo red  t h e  p o t e n t i a l  o f  seg rega t ion  on the  b i a s  of s m a l l  

vo ids .  An i m p l i c a t i o n  i s  t h a t  t h e  v o i d  n u c l e a t i o n  r a t e  r a t h e r  than the  steady- 

s t a t e  s w e l l i n g  r a t e  i s  a s t r o n g  f u n c t i o n  o f  the  n i c k e l  composi t ion.  T h i s  would 

i m p l y  t h a t  i n c r e a s i n g  n i c k e l  con ten t  would extend t h e  t r a n s i e n t  regime of 
s w e l l i n g  b u t  n o t  t h e  s t e a d y- s t a t e  regime. 

demonstrated as shown i n  F igu re  5. 

T h i s  behav ior  has been e x p e r i m e n t a l l y  

5.3 Other Composi t ional  E f f e c t s  

Segregat ion  can r e s u l t  i n  b i a s  m o d i f i c a t i o n s  a t  d i s l o c a t i o n s  as w e l l .  

s ince  t h e  long- range s t r e s s  f i e l d  o f  an edge d i s l o c a t i o n  cannot  be s i g n i f i c a n t l y  

a l t e r e d  by seg rega t ion  around t h e  core,  i t s  r e l a t i v e  impact  on the  d i s l o c a t i o n  

b i a s  i s  c e r t a i n l y  l e s s  than on the  v o i d  b i a s .  Furthermore, whereas a v o i d  i s  

s t a t i o n a r y ,  a c l i m b i n g  d i s l o c a t i o n  moves away f rom segregated n i c k e l  atoms. 

T h i s  w i l l  f u r t h e r  reduce the  average e f f e c t  o f  segregat ion  on the  d i s l o c a t i o n  

b i a s .  Other  seg rega t ion  e f f e c t s  on t h e  b i a s  o f  b o t h  vo ids  and d i s l o c a t i o n s  

However, 
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a r i s e  from changes i n  the  vacancy m o b i l i t y  and the  vacancy fo rmz t ion  energy. 

The l a t t e r  i s  r e l a t e d  t o  t h e  excess f r e e  energy o f  the  a l l o y .  

F i g u r e  6, the  excess f r e e  energy i s  a l s o  a f u n c t i o n  o f  the compos i t ion  f o r  t h e  

As shown i n  

Fe-Cr-Ni a l l o y s .  (14) 

5.4 Conclusions 

The compos i t iona l  dependence o f  v o i d  s w e l l i n g  i n  i r r a d i a t e d  Fe-Ni-Cr a l l o y s  

has been shown t o  p o s s i b l y  a r i s e  f rom cor respond ing dependencies o f  t h e  l a t t i c e  

parameter and shear modulus. 

n i c k e l  con ten t .  Voids i n  these a l l o y s  segregate n i c k e l  a t  t h e i r  sur face,  
l e a d i n g  t o  changes i n  t h e  i n t e r s t i t i a l  cap tu re  e f f i c i e n c y  and t h e r e f o r e  t h e  

v o i d  n u c l e a t i o n  r a t e  and t r a n s i e n t  regime o f  s w e l l i n g .  

o f  n i c k e l  con ten t  on t h e  d i s l o c a t i o n  b i a s  and vacancy d i f f u s i o n  a re  c u r r e n t l y  

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

Both o f  these parameters change w i t h  i n c r e a s i n g  

Other secondary e f f e c t !  
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