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FOREWORD 

Th is  r e p o r t  i s  t h e  twenty- seventh  i n  a s e r i e s  of Q u a r t e r l y  Techn ica l  Progress Reports on Damage A n a l y s i s  
and Fundamental  S t u d i e s  (OAFS), which i s  one element o f  t h e  Fusion Reactor M a t e r i a l s  Program, conducted 
i n  suppo r t  o f  t h e  Magnet ic Fus ion Energy Program of t h e  U.S. Department of  Energy (OOE). 
r e p o r t s  i n  t h i s  s e r i e s  were numbered DOE/ET-0065/1 th rough 8. 
Program a re :  

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

. A l l o v  Development f o r  I r r a d i a t i o n  Performance ( A D I P )  . P l a s i a - M a t e r i a l s  I n t e r a c t i o n  (PblI) . Specia l  PrrposC M a t e r i a l s  (SPM). 

The OAFS program element i s  a n a t i o n a l  e f f o r t  composed of c o n t r i b u t i o n s  f rom a number of Na t i ona l  Labora- 
t o r i e s  and o t h e r  government l a b o r a t o r i e s ,  u n i v e r s i t i e s ,  and i n d u s t r i a l  l a b o r a t o r i e s .  It was o rgan i zed  b y  
t h e  M a t e r i a l s  and R a d i a t i o n  E f fec t s  Branch, 00EIOff ice o f  Fus ion Energy, and a Task Group on m m a g e  A n a l y-  
s i s  and Fundamental S t u d i e s ,  which opera tes  under t h e  auspices of t h a t  branch. The purpose of  t h i s  s e r i e s  
of r e p o r t s  i s  t o  p r o v i d e  a work ing  t e c h n i c a l  r e c o r d  o f  t h a t  e f f o r t  f o r  t h e  use o f  t h e  program p a r t i c i p a n t s ,  
t h e  f u s i o n  energy program i n  general ,  and t h e  OOE. 

Th i s  r e p o r t  i s  o rgan ized a long t o p i c a l  l i n e s  i n  p a r a l l e l  t o  a Program P lan  o f  t h e  same t i t l e  so that a c t i v -  
i t i e s  and accomplishments may be fo l l owed  r e a d i l y ,  r e l a t i v e  t o  t h a t  Program Plan. 
g i ven  l a b o r a t o r y  may appear th roughout  t h e  r e p o r t .  
r i a l s  t o  accommodate work on a t o p i c  n o t  i n c l u d e d  i n  t h e  e a r l y  proqram p lan .  
f o r  t h e  convenience o f  t h e  reader.  

Th is  r e p o r t  has been compi led  and e d i t e d  under t h e  guidance o f  t h e  Chairman of t h e  Task Group on Damage 
A n a l y s i s  and Fundamental S t u d i e s ,  0 .  G. Ooran, Hanford Eng ineer ing  Development Labo ra to ry  (HEOL). 
e f f o r t s ,  t hose  o f  t h e  suppo r t i ng  s t a f f  of  HEOL, and t h e  many persons who made t e c h n i c a l  c o n t r i b u t i o n s  a r e  
g r a t e f u l l y  acknowledged. T. C .  Reuther, Fusion Technologies Branch, i s  t h e  DOE c o u n t e r p a r t  t o  t h e  Task 
Group Chairman and has r e s p o n s i b i l i t y  f o r  t h e  DAFS program w i t h i n  DOE. 

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

The Contents i s  annota ted 

H i s  

G. M. Haas, Chief  
Fusion Technologies Branch 

O f f i c e  of Fus ion  Energy 
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F i v e  me ta l s ,  i n c l u d i n g  N i ,  N i - 5  S i ,  Fe, PCA, and MFE 316 s t a i n l e s s  s t e e l ,  were 
i r r a d i a t e f , a t  ro m tempera ture  i n  RTNS-I1 t o  neu t ron  f l u e n c e s  i n  t h e  range 6 x 1 0 l 6  
t o  6 x 10 n l c m  . B a l l  microhardness and shear punch measurements o f  mechanical  
p r o p e r t i e s  a r e  shown t o  be complementary dnd i n  good agreement. 
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D i s s o l u t i o n  parameters which c o n t r o l  t h e  s t a b i l i t y  o f  p r e c i p i t a t e s  show t h a t  t h e  
concept  o f  a m o d i f i e d  "escape zone" f o r  p r e c i p i t a t e  atoms f rom i t s  s u r f a c e  i s  a v a l i d  
r e p r e s e n t a t i o n  of t h e  phenomenon. I t  i s  shown t h a t ,  for l a r g e  p r e c i p i t a t e s ,  t h e  
d i s s o l u t i o n  r a t e  i s  app rox ima te l y  p r o p o r t i o n a l  t o  t h e  i n c i d e n t  i o n  energy and 
i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  p r e c i p i t a t e  rad ius .  

v i  



CHAPTER 1 

IRRADIATION TEST FACILITIES 
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C.M. man and D. W. Heikkinen 
Lawrence Livermre National Laboratory 

1.0 

Tne objectives of this work are operation of KITS-I1 (a 14NeV neutron source facility). machine 
developnent, and support of the experimtal program that utilizes this facility. 
include dosimetry, handling, scheduling, coordination, and reporting. 
U.S. and Japan and is dedicated to mterials research for the fusion power prqram. 
aid in the developnent of models of high-energy neutron effects. 
projecting to the fusion environment, engineering data obtained in other spectra. 

Wrperimter services 
m - I 1  is supported jointly by the 

~ t s  primry use is to 
Such models are needed in interpreting and 

Nine different experiments were irradiated during this quarter. 
An accelerator electrode water leak caused a mjor outage. 
A new materials testing lab is now in use. 

Ion Source develcprent work continues. 
The right target came off after a power outage. 

Title: RTNS-11 qxrations (WZJ-16J 
Principal Investlqacor: C. M. Lcqan 
Affiliation: Lawrence Livemrc N a t i c m l  Labratory 

4.0 m t  DRFS Prwram Plan W s u b t a s k  

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

Irradiation C. M. &gens D. W. H- . .  - . .  
5.0 

During this quarter, irradiations (both dedicated and add-on) were done for the following people. 

R .  smither (ANL.) A ~l - the 27~l(n,2n% CKOSS 
section near threshold 

D. Heikkinen (LLNL) A P& - dosimetry calibration 
H. Heinisch (HEDL) 
H. Matsui (Tohoku) 
N. Yoshida (Kyushu) 
M. Kiritani (Hokkaido) 
H. Takahashi (Hokkaido) 
K. Abe (Tohoku) 
S. Ishino (Tokyo) 
Y. S h i m r a  (Hiroshima) 
E. Kurmto (Kyushu) 

P Metals - miCrOStruCture and 
mechanical properties at 9OoC and 
29OoC 

2 



nter P or A* san&kUmdiated 

H.  Kawarwra (TiT) A Wgosi20 - property ch%s 
H. Matsui (Tohoku) and P Metals - low temperature 
M. Guinan (LINL) 
M. Kiritani (Hokkaido) mechanical properties 
H. Takahashi IHokkaido) 
H.  Kayano (Tohoku) 
K. Abe (Tohoku) 
A. Kohy- (Tokyo) 
S .  Nanao (Tokyo) 
H .  Kawanishi (Tokyo) 
M. Iseki (Nagoya) 
Y. shimamura (Hiroshim) 
N. Yoshida (Kyushu) 

experimt - micrmtructure and 

E. KurWtO (KyUShU) 

R .  Jalbert (LANL) A Measurement of WT and Kpo in 
activated air 

P. Cannon ( W L )  P 
C. Snead (Em,) 
R. Flukiger (Karlsruhe) 
M. Guinan (LJSJL) 

L. Lucht (LUG) A 

P. Pawlikowski (LUG 
G. Colaan (LUG) 

P 

EMIT - instrumentation 
N b p T i  mo-filaments and 
Nbpn multi-filaments, 
critical field, current and 
temper at u r e 

Oil shale tracer transport in 
fluidized bed 

(n,2n) crms section 

__ 
*P - primary, A = Add-on 

M. LBsrvlsnsl D. W. Hd&USll . .  - 5.1 

Ion source system developrent continues on the right mchine. 

General cleanup was concluded in July on all areas of the facility. 

The right neutron source target came off after a power outage causing some k g e .  

A new terminal isolation-transformer was installed on the right mchine. 
The new mterials lab testing has been occupied. 

An accelerator colurm electrode developed a water leak and was the cause of a major unscheduled outage on 
the left neutron source in August. 

Irradiations will be continued for R. Smither (ANL) , P. Pawlikowski, G. Colaan (W) , D. Heikkinen (W) , 
H. Matsui (Tohoku)/M. Guinan (LUG) et al., P. Cannon (HBIL), et al. 
for N. Yoshida (Kyushu) et al., R. Haight (LE%), Y. Shimomura (Hiroshh) and C. Kinoshita (Kyushu) will be 
initiated. 

A new bypass and filtering system will be installed on the target cooling water system. 
turbo pump vacuum stations for the target roara; are scheduled for installation. 

Also during this period, irradiations 

In addition, new 
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CHAPTER 2 

DOSIMETRY AND DAMAGE PARAMETERS 
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FISSION REACTOR OOSIMETRY - HFIR - CTA4P. 
L.  R.  Greenwood (Argonne Nat ional  Laboratory)  

.___ 

1 .o Ob jec t i ve  

To charac te r ize  neutron i r r a d i a t i o n  f a c i l i t i e s  i n  t e n s  o f  neutron f l u x ,  spectra, and damage parameters 
(dpa, gas generation, t ransmutat ion)  and t o  measure these exposure parameters dur ing  fus ion  ma te r i a l s  
i r r a d i a t i o n s .  

2.0 sumnary 

Oosimetry measurements and damage c a l c u l a t i o n s  have been completed fo r  t he  CTR40-45 i r r a d i a t i o n s  i n  HFIR. 
Neutron f luence, dpa, and hel ium product ion values a re  reported.  
sumar i zed  i n  Table I .  

The s ta tus  o f  a l l  o ther  experiments i s  

TABLE I 

STATUS OF DOSIMETRY EXPERIMENTS 

Faci 1 i tylExper iment  Status/Coments 

ORR - MFE 1 Completed 12/79 
- MFE 2 Completed 06/81 
- MFE 4A1 Completed 12/81 
- MFE 4A2 Completed 11/82 
- MFE 48 Completed 04/84 
- TBC 07 Completed 07/80 
- TRIO-Test Completed 07/82 - T R I O- 1  Completed 12/83 
- H f  Test ComDleted 03/84 

__- _-___ _-- 

HFIR 
- JP Test  
- CTR 32 Completed 04/82 

Samples Sent 06/84 

- CTR 31. 34. 35 COmDleted 04/83 
- T2, RBi 
- T1, CTR 39 
- CTR 40-45 

Completed 09/83 
Completed 01/84 
Completed 09/84 - RB2. RB3. T2 I r r a d i a t i o n s  i n  Prowess  

- CTR’30, 46-52 
- JP 1-8 

I r r a d i a t i o n s  i n  Progress 
I r r a d i a t i o n s  i n  Progress 

meoa  Mest - Soectra l  Analvs is  Comvleted 10/80 - - H E O L ~  Completed 05/81 
- HEDL2 Samples Sent 05/83 
- LANL 1 Completed 08/84 

EBA I 1  - X287 Completed 09/81 
IPNS - Spectra l  Analys is  Completed 01/82 

- LANLl IHu r l ev l  COmDleted 06/82 - .  ~ ~~ 

- Hur ley Completed 02/83 
- Coltman Completed 08/83 

Program ___ 3 .O 

T i t l e :  Oosimetry and Damage Analys is  
P r i n c i p a l  I nves t i ga to r :  L. R .  Greenwood 
A f f i l i a t i o n :  Argonne Nat ional  Laboratory 
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Relevant DAFS Program Plan Task/Subtask .- --.. - ~ 

4.0 

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

5 .O Accomplishments and Status ~ 

Dosimetry measurements and damage c a l c u l a t i o n s  have been completed f o r  s i x  i r r a d i a t i o n s  l abe led  CTR40-45 i n  
the  pe r i phe ra l  t a r g e t  p o s i t i o n  (PTP) of HFIR. The exposure h i s t o r i e s  a re ,  as fo l lows:  

Dates Exposure, MWD -_ _____ Experiment __._ 

40 7/18/82 t o  12/12/82 13,172 
41 8/10/82 t o  1/5/83 13,208 

42, 43 10/25/82 t o  6/18/83 21,604 
44, 45 1/30/82 t o  5/27/83 10,655 

Since the  CTR4O and 41 exposures a re  nea r l y  i d e n t i c a l ,  we decided t o  r e p o r t  these r e s u l t s  together .  as we 
have done f o r  t he  42-43 and 44-45 data Sets. 
no s i g n i f i c a n t  d i f ferences.  

De ta i l ed  comparisons of a c t i v i t i e s  between these subsets show 

Dosimetry capsules were l oca ted  a t  th ree  d i f f e ren t  heights i n  t he  CTR40, 41, 44, and 45 i r r a d i a t i o n s  and a t  
f i v e  he igh ts  i n  the  l a r g e r  CTR42 and 43 experiments. 
o f  Co-AI, Fe, T i ,  and Mn-Cu wi res .  
degraded, poss ib l y  due to the  l o n g  delay i n  r ece i v i ng  the  dosimeters f o l l ow ing  the  i r r a d i a t i o n .  
a c t i v a t i o n  ra tes  a re  l i s t e d  i n  Table 11. 
r e s u l t s  agree q u i t e  we l l  w i t h  previous experiments i n  t he  PTP.1.2,3 

A l l  dosimetry capsules were near ly  i d e n t i c a l  c o n s i s t i n g  

The measured 
Contrary t o  p rev ious  experience, many o f  the T i  dosimeters were severely  

A l l  a c t i v i t y  r a tes  have been cor rec ted  f o r  burnup and t he  present  

TABLE I1  

A C T I V I T Y  RATES MEASURED I N  HFIR-PTP 
(Values normalized t o  100 MW; cor rec ted  f o r  burnup) 

A c t i v i t y  Rate, atom/atom-s 

CTR40/41: (10-8) (10-9) (10-11) (10-13) 

19.8 
10.9 
2.0 

-2.4 
-11.3 
-20.2 

CTR42/43 : 

19.8 
15.4 
10.9 
6.5 
2.0 

-6.9 
-11.3 

CTR44/45 : 

19.8 
10.9 

_. 

2.0 
-2.4 

-11.3 
-20.2 

3.83 
6.50 
7.33 
7.40 
6.10 
4.35 

4.38 
5.21 
6.34 
6.68 

~ ~. 
7.20 
6.86 
6.20 

1.32 

1.72 
1.18 

1.27 
1.51 
1.80 

1.76 

4.62 
6.52 
7.50 
7.24 
6.32 
4.30 

4.60 
5.71 
6.40 
6.90 
7.02 
6.65 
6.20 

1.38 
1.99 
2.25 
2.21 
1 .88 
1.29 

1.38 
1.67 
1.91 
2.11 
2.06 
1.99 
1.83 

4.46 1.20 4.22 1.35 .... 
6.44 1.79 6.56 1.90 
7.29 1.98 7.28 2.20 
7.38 2.08 7.33 2.17 
6.17 1.72 6.24 1 .88 
4.29 1.24 4.39 1.28 

~. - .. ._. .. 
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The a c t i v i t y  r a tes  i n  Table I1 are wel l- descr ibed by a quadra t i c  polynomial us ing  t he  same c o e f f i c i e n t s  
determined prev ious ly  f o r  the  HFIR-PTP.3 Th i s  polynomial,  as descr ibed i n  Table 111, was used t o  determine 
the  maximum a c t i v i t i e s  f o r  each i r r a d i a t i o n  se t .  These maximum a c t i v i t i e s  were then used t o  a d j u s t  the  
neutron f l u x  spectrum w i t h  the STAY’SL computer code. 
ment w i t h  previous experiments.1.2.3 

F lux  l e v e l s  were found t o  a l so  be i n  e x c e l l e n t  agree- 

Neutron f luences and damage c a l c u l a t i o n s  from SPECTER are  l i s t e d  i n  Table 111. 
top  o f  Table I11 and the  maximum values fo r  the  parameter a, one can e a s i l y  determine the des i red  f luence. 
damage, o r  he l ium product ion f o r  any s p e c i f i e d  he igh t ,  z,  i n  a g iven subassembly. 
g rad ien t  i s  very near ly  symnetr ic and t h e  b term can u s u a l l y  be neglected. 

Using t he  polynomial a t  the 

For s i m p l i c i t y ,  t he  

TABLE 111 

NEUTRON FLUENCE AN0 OAMAGE PARAMETERS FOR HFIR-PTP 
Values a re  l i s t e d  a t  midplane; g rad ien ts  a re  descr ibed b 

f = a(l+bz+czz) where b = 1.95 x 10-4 and c = -9.75 x 10- x 
_______~.________I___ ~ 

Energy CTR40/41 CTR42/43 CTR44145 

- Neutron Fluence, x 1022 n/cm2: _-__ -. _- 
Total  5.87 9.45 4.72 
Thermal (<.5 eV)a 2.45 3.94 1.98 
0.5 eV - 0 .1  MeV 1.89 3.04 1.52 
>.1 MeV 1.53 2.46 1.23 _____ 

DPA He DP A He DPA He 
___. 

A1 20.2 9.86 32.3 15.7 16.1 7.87 
T i  i2.8 6.58 20.5 10.5 10.3 5.25 
V 14.4 0.33 23.0 0.53 11.5 0.26 
C r  12.7 2.27 20.3 3.61 10.1 1 .81 
Mn 14.0 2.00 22.4 3.18 11.2 1.59 
Fe 11.2 4.02 17.9 6.41 9.0 3.21 
cob 14.2 1.98 22.7 3.15 11.3 1.58 

12.1 53.33 19.3 84.9 9.6 42.53 

3m mr- 1T3 3296 
N i C  59Ni 

cu 
Nb 

8.0 4532 15.5 8789 5.7 3253 __ __. 
Total  20.1 4585 

10.9 3.58 17.5 5.72 8.7 2.86 
10.8 0.73 17.3 1.17 8.7 0.59 

i Fast 

.- _- 12.9 _ _  6.4 _ _  Mo 8.1 
316 ssd 12.6 599.0 a.5 1158.0 10.0 431.0 

aThe thermal f luence i s  equal t o  1.15 t imes the 2200 m/s value 
bThermal sel  f - s h i e l d i n g  may lower damage ra tes  
CSee Table I V  f o r  n i cke l  g rad ien ts  
d316 5s: Fe(0.645), Ni (0.13) ,  Cr(0.18). Mn(0.019). Mo(0.026) 

__ __ __- 

Helium produc t ion  i n  n i cke l  i s  n o t  so e a s i l y  determined due t o  t he  two-step thermal p roduc t ion  from 58Ni. 
These c a l c u l a t i o n s  a re  thus l i s t e d  separa te ly  i n  Table I V  a long w i t h  the r e s u l t a n t  ex t ra  damage (He/567) due 
t o  the  energe t ic  56Fe reco i l s .4  These hel ium c a l c u l a t i o n s  were found t o  agree q u i t e  w e l l  with experimental 
measurements by Rockwell I n t e rna t i ona l ,  as repor ted  i n  a recent  pub l i ca t ion .5  

6 .O References 

1. 

2. 

3. 

4. 

L.  R. Greenwood, F i ss i on  Reactor Oosimetry - HFIR-CTR31, 32, 34, and 35, Damage Analys is  and Fundamental 
Studies Q u a r t e r l y  Progress Report, DOE/ER-0046/13, pp. 17-26, May 1983. 

L .  R. Greenwood, F i ss i on  Reactor Oosimetry - HFIR-T2 and R81, IBID, DOE/ER-0046/15, pp. 6-9, Noverber 1983. 

L .  R. Greenwood, F i ss i on  Reactor Dosimetry - HFIR-T1 and CTR39, IBIO, 00E/ER-0046/16, pp. 5-8, 
February 1984. 

L. R. Greenwood, A New Ca l cu la t i on  of Thermal Neutron Damage and Helium Production i n  N icke l ,  J. Nucl. 
Mater. __ 115, 137-142 (1983). 
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TABLE I V  

NICKEL HELIUM AND DPA GRADIENTS FOR HFIR 
(He(apprn1 and DPA i n c l u d e  thermal and f a s t  e f f e c t s )  

~ 

CTR4D-41 CTR42-43 CTR44-45 _ _  __-  -_ _. - 
Height ,  cm He D P A  ne DPA He DPA 

0 
3 
6 
9 

12 
15 
21 18 

4585 
4532 
4357 
4070 
3669 
3170 
2579 
1921 

20.1 
19.9 
19.3 
18.3 
16.8 
15.0 
12.8 
10.2 

8874 
8782 
8483 
7989 
7290 
6402 
5321 
4077 

34.8 
34.4 
33.4 
31.8 
29.3 
26.3 
22.6 
18.2 

3296 
3255 
3123 
2908 
2609 
2239 
1806 
1331 

15.3 
15.1 
14.7 
14.0 
12.8 
11.4 
9.7 
7.8 

24 1242 7.5 2731 13.2 850 5.8 
~ ~ __._. ~~ 

5 .  L .  R. Greenwood, D. W. Kneff, R. P. Skowronski, and F. M. Mann, A Comparison of Measured and Ca lcu la ted  
Hel ium Produc t i on  i n  N i c k e l  Us ing Newly Eva luated Neutron Cross Sect ions  f o r  59Ni, J .  Nucl .  Mater.  122, 
1002-1010. (19841. 

- 

7.0 F u t u r e  WoA 

F u r t h e r  i r r a d i a t i o n s  a re  i n  p rog ress  i n  HFIR, as l i s t e d  i n  Table 1 .  

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

See re fe rences  4 and 5. 
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HELIUM GENERATION MEASUREMENTS FOR I R O N  FROM HFIR 
D. W. Knef f ,  B .  M. O l i ve r ,  and R. P. Skowronski rRockwel1 I n t e r n a t i o n a l )  

1.0 Ob jec t ive  

The ob jec t i ves  of t h i s  work are t o  apply hel ium accumulation neutron dosimetry t o  the  measurement of neu- 
t r o n  f luences and energy spectra i n  mixed-spectrum f i s s i o n  reac to rs  u t i l i z e d  f o r  f us ion  ma te r i a l s  t e s t i n g ,  
and t o  measure hel ium generat ion r a t e s  of ma te r i a l s  i n  these i r r a d i a t i o n  environments. 

2.0 Summary 

Helium genera t ion  measurements have been made f o r  i r o n  samples i r r a d i a t e d  i n  t h e  High F lux  Isotopes Reactor 
(HFIR) experiments CTR31 and CTR32. Comparison o f  these spectrum- integrated resu l  t s  w i t h  hel ium p red i c-  
t i o n s  based on ENDF/B-V evaluated nuc lear  data f i l e s  shows agreement t o  w i t h i n  7%. Th is  agreement i n d i -  
ca tes  t h a t  t he  i r o n  ENDF/B-V cross sect ion,  combined w i t h  t h e  unfolded HFIR neutron spectrum, can be used 
w i t h  confidence i n  p r e d i c t i n g  hel ium generat ion i n  HFIR- i r rad ia ted  i ron .  

3.0 Program 

T i t l e :  Helium Generation i n  Fusion Reactor Ma te r i a l s  
P r i n c i p a l  I nves t i ga to rs :  D. W. Knef f  and H. Fa r ra 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  

4.0 Relevant DAFS Program Plan Task/Subtask 

Task I I . A . l  F i s s i o n  Reactor Dosimetry 
Task II .A.4 Gas Generation Rates 
Subtask II.A.5.1 Helium Accumulation Moni to r  Development 

5.0 Accomplishments and Sta tus  

Helium genera t ion  measurements have been p e r f o n w d  f o r  i r o n  samples i r r a d i a t e d  i n  HFIR as p a r t  o f  expe r i -  
ments CTR31 and CTR32. These measurements are p a r t  o f  a j o i n t  Rockwell-Argonne Nat iona l  Laboratory (ANL) 
program t o  measure t o t a l  hel ium product ion  r a t e s  over t h e  range of f i s s i o n  reac to r  neut ron  spect ra  and 
f luences used f o r  f us ion  m a t e r i a l s  t es t i ng ,  and t o  use t h e  r e s u l t s  t o  i n t e g r a l l y  t e s t  hel ium product ion  
cross sec t i on  eva luat ions  used i n  damage ca l cu la t i ons .  

Experimental Breeder Reactor-11 (EBR-11). 

The present  work extends t h e  measurements p r e v i -  
ous ly  repo r ted  f o r  N i ,  Fe, T i ,  and Cu Sam esearch Reactor (ORRI and t h e  

The analyzed i r o n  samples from HFIR were incorpora ted i n  t h e  CTR31 and CTR32 experiments as bare w i r e  seg- 
ments f o r  bo th  hel ium accumulation and rad iomet r ic  dosimetry measurements. The samples a re  l i s t e d  i n  
Column 2 of Table 1. The sample number i d e n t i f i e s  the  ANL dosimetry capsule i n  which each w i r e  sample was 
i r r a d i a t e d .  
we l l  f o r  he l ium ana lys is .  

A f t e r  i r r a d i a t i o n ,  t he  samples were r a d i o m e t r i c a l l y  counted a t  ANL and then shipped t o  Rock- 

A t  Rockwell, t he  i r r a d i a t e d  m a t e r i a l s  were etched, t o  remove a l l  poss ib le  

generated hel ium concentrat ions.  
r e p r o d u c i b i l i t y .  .The absolute unce r ta in t y  i n  each hel ium ana l ys i s  was ?1-2%. 

r f a c e  e f f e c t s  o f  hel ium r e c o i l ,  

Selected samples were a l so  

and then segmented and analyzed by h i g h - s e n s i t i v i t y  gas mass spectrometry ( 8Y f o r  t h e i r  i r r a d i a t i o n -  
M u l t i p l e  specimens were analyzed f o r  each sample l oca t i on ,  w i t h  good 
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TABLE 1 

HELIUM PRODUCTION MEASUREMENTS FOR I R O N  IRRADIATED I N  HFIR 

4He Concen t ra t i on  
Core 

H e i g h t l a )  Measur d C a l c u l a t  d(C) C a l c u l a t e d  
Exper iment Sample __ (cm) (appm)Tb) (appm)Tb) Measured 

CTR31 Fe-1 +21.07 3.66 3.91 1.07 
Fe-3 + 4.41 6.76 6.72 0.99 
Fe-5 -12.26 5.73 5.82 1 .02 

CTR32 Fe-3 + 4.41 3.12 3.28 1.05 

(a )D is tance  above c o r e  midplane 
(b)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 )  
(c)Based on c a l c u l a t i o n s  by L. R. Greenwood (Ref.  5 )  u s i n g  ENDF/B-Y 

na lyzed f o r  3He, which i s  formed from t h e  decay o f  t r i t i u m  o f t e n  found i n  r e a c t o r  environments.  The 
jHe c o n c e n t r a t i o n  i n  each case was measured t o  be l e s s  than  1 appb atom f r a c t i o n ) .  

The measured h e l i u m  c o n c e n t r a t i o n s  f o r  t h e  i r r a d i a t e d  i r o n  samples a re  g i ven  i n  Column 4 o f  Tab le  1. 
comparison, Column 5 g i v e s  t h e  p r e d i c t e d  he l i um c o n c e n t r a t i o n s  i n  i r o n  f o r  these i r r a d i a t i o n  p o s i  

u s i n g  t h e  h e l i u m  p r o d u c t i o n  c r o s s  s e c t i o n  e v a l u a t i o n s  from t h e  ENDF/B-V Gas P r o d u c t i o n  F i l e .  
l a t e d  c o n c e n t r a t i o n s  were a d j u s t e d  f o r  t h e  samples' 

Fo r  . 
The p r e d i c t i o n s  a r e  based on L. R. Greenwood's c a l c u l a t i o n s  a t  c o r e  midplane f o r  each exper iment,  f4YS 

c a l  exp ress ion  f o r  t h e  e f f e c t s  o f  r e a c t o r  g rad ien ts .  f 5 5  
These c a l c u -  

tances from c o r e  midplane u s i n g  Greenwood's e m p i r i -  

Comparisons between t h e  measured and p r e d i c t e d  h e l i u m  c o n c e n t r a t i o n s  agree w i t h i n  7%. w i t h  t h e  p r e d i c t i o n s  
ave rag ing  about 3% h i g h e r  t h a n  t h e  measurements. 
c r o s s  sec t i on ,  combined w i t h  t h e  un fo lded  HFIR neu t ron  spectrum, can be used w i t h  conf idence i n  p r e d i c t i n g  
h e l i u m  g e n e r a t i o n  i n  H F I R- i r r a d i a t e d  i r  n However, t h e  r e s u l t s  show some i n c o n s i s t e n c y  w i t h  r e s u l t s  
p r e v i o u s l y  ob ta ined  f o r  DRR and EBR-II.T21 Fo r  DRR exper iment  MFE4A2, t h e  p r e d i c t i o n s  were about 10% 
below t h e  measurements; t h i s  may be due i n  p a r t  t o  t h e  -10% u n c e r t a i n t y  i n  t h e  shape of  t h e  ORR-MFE4A2 
spectrum. 
ENDF/f;Y General Purpose F i l e ,  
F i l e .  
spectrum shape. 

T h i s  good agreement i n d i c a t e s  t h a t  t h e  i r o n  ENOFIS-V 

F o r  E B R - I 1  t h e  p r e d j 5 j i o n s  were found t o  be -30% low, u s i n g  i r o n  c r o s s  s e c t i o n s  f rom t h e  
and -25% low when r e c a l c u l a t e d  u s i n g  t h e  ENDF/B-V Gas P roduc t i on  

T h i s  i n c o n s i s t e n c y  w i t h  t h e  HFIR and ORR r e s u l t s  may be assoc ia ted  w i t h  t h e  d i f f e r e n t  neu t ron  

6.0 

1. 

2. 

3. 

4. 

5. 

6. 

References 

D. W. Kneff ,  R. P. Skowronski, B. M. O l i v e r ,  and L. R. Greenwood, "A Comparison o f  Measured and 
C a l c u l a t e d  He l ium P r o d u c t i o n  i n  N i c k e l  f o r  F i s s i o n  Reactor  I r r a d i a t i o n s , "  i n  Damage Ana lys i s  and 
Fundamental S tud ies ,  Q u a r t e r l y  Progress  Repor t  July-September 1983, DOE/ER-OOT6/15, U.S. Department o f  

B. M. O l i v e r ,  D. W. Kneff, and R. P. Skowronski, "Hel ium Genera t ion  Measurements f o r  EBR-I1 and ORR," 
n a l y s i s  and Fundamental S tud ies ,  q u a r t e r l y  Progress  Repor t  January-March 1984, 
/17, U.S. Department o f  Energy, 1 4  (1984) .  

r n e r g y ,  12 119831. 

8. Mi O l i v e r ,  D. W. K n e f f ,  and R. P. Skowronski, "Hel ium Genera t ion  Measurements f o r  T i  and Cu from 
OUR, i n  Damage A n a l y s i s  and Fundamental S tud ies ,  Q u a r t e r l y  Progress  Repor t  A p r i l - J u n e  1984, 
DOE/ER-0046/18, U.S. Department o f  Energy, 18  L1m. 

H. F a r r a r  I V ,  W. N. McElroy,  and E. P. L i p p i n c o t t ,  "He l ium Produc t i on  Cross S e c t i o n  o f  Boron f o r  
Fas t - Reac to r  Neut ron Spectra,"  Nuc l .  Technol., 5, 305 (1975).  

L. R. Greenwood, " F i s s i o n  Reac to r  Dosimetry - HFIR - CTR 31, 32, 34, and 35," i n  Damage A n a l y s i s  and 
Fundamental S tud ies ,  Q u a r t e r l y  Progress  Repor t  A p r i l - J u n e  1983, DDE/ER-0046/14, U.S. Department o f  
Energy, 9 119831. 

L. R. Greenwood, persona l  communication. 

10 



7.0 Future Work 

Helium measurements and integral  c ross  section testing are  continuing, i n  a j o i n t  e f f o r t  w i t h  ANL. 
Analyses a re  i n  progress fo r  several samples of HFIR-irradiated C u ,  T i ,  and Nb, and ORR-irradiated Nb. 
materials will be incorporated i n  fu tu re  mixed-spectrum reactor  i r radia t ions .  
the accurate prediction o f  helium generation i n  materials i r r ad ia t ion  experiments and t h e  fur ther  develop- 
m e n t  of helium accumulation fluence monitors. 

New 
The goals o f  this work a re  

8.0 Pub1 icat ions  

A paper e n t i t l e d  "Helium Production Crass Sections I:  
Alloy S tee l s  by 14.8-MeV Neutrons," by 0. W. Kneff, E. M. Oliver, H .  Farrar IV (Rockwell), L. R. Greenwood 
( A N L ) ,  and F. M. Mann (HEDL), has been submitted f o r  publication i n  Nuclear Science and Engineerinq. 

4He Production in  Pure Elements, Isotopes, and 
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OISPLACEMENT AN0 HELIUM GENERATION RATES I N  THE MATERIALS OPEN TEST ASSEMBLY OF THE FAST FLUX TEST FACILITY 

17. L. Simons (Hanford Engineering Development Laboratory) 

1.0 Objective 

The objective of this effort is to calculate the irradiation damage parameters displacement rate (dpa/sec) 
and helium generation rate (hpalsec) in the Materials Open Test Assembly (MOTA) of the Fast Flux Test 
Facility (FFTF). 

2.0 Summary 

The axial distribution of  dpalsec and hpalsec for the FFTF MOTA were calculated for the following 
elements: AI, Si, Ti, V, Cr, Mn, Fe, Ni, Cu, Nb, and Mo. 

3.0 Program 

Title: Irradiation Effects Analysis ( A K J )  
Principal Investigator: 0. G .  Ooran 
Affiliation: Hanford Engineering Development Laboratory 

4.0 Relevant DAFS Plan Task/Subtask 

Subtask II.A.l Fission Reactor Dosimetry 

5.0 Accomplishments and Status 

5.1 Introduction 

The FFTF MOTA is an excellent facility for fusion materials irradiation experiments for a number of reasons 
including: 1) high displacement rate and subsequent dpa, 2) large test volumes, 3) controlled and measured 
irradiation temperatures, and 4) Quick recharging of metallurgical specimens between reactor cycles. 

For purposes of planning irradiation experiments in the FFTF MOTA, dpa/sec and hpa/sec were calculated for 
a number of elements relevant t o  the MFE program. 
energies greater than 0.0, 0.1, and 1.0 MeV. 

A l s o  calculated i s  the axial distrihution o f  flux for 

5.2 Data Source 

The reaction rate (17) is calculated with the enuation 

where Og are the multigroup fluxes and ag are the multigroup reaction cross sections. 
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The f l u x e s  f o r  MOTA a re  from a t h r e e  dimensional ,  53 energy g r o u p - d i f f u s i o n  t h e o r y  c a l c u l a t i o n  of t h e  FFTF 
f o r  t h e  p r e - s t a r t u p  f u e l  l o a d i n g  c o n d i t i o n . )  
assembly 3404. 
w i t h  su r round ing  f u e l  and c o n t r o l  rods which were i d e n t i c a l  t o  those around MOTA. 
c a l c u l a t i o n s  used s i x  mesh p o i n t s  i n  each hexagonal subassembly. 
t h e  average va lues o f  t h e  s i x  mesh p o i n t s  f o r  each a x i a l  l o c a t i o n .  
across  t h e  subassembly. 
cause l ip t o  15% v a r i a t i o n  i n  t h e  ac tua l  f l u x e s  and r e a c t i o n  r a t e s  r e p o r t e d  here.  

The rnu l t i g roup  c ross  s e c t i o n s  were c a l c u l a t e d  by  Mann2.3 u s i n g  t h e  NJ0Y4 code and ENDF/B-V n u c l e a r  
c r o s s  sec t ions5.  
placement c ross  s e c t i o n s  u s i n g  t h e  t h r e s h o l d  ene rg ies  (Ed) i n  Table 1 .  
d isplacement c ross  s e c t i o n  froni  p rev ious  work o f  Doran and Graves6 based on E N D F I B - I V  c ross  s e c t i o n s  was 
a l s o  used. 

The MOTA f l u x e s  used i n  t h i s  c a l c u l a t i o n  a re  from t h e  sub- 
Subassembly 3404 i s  a shim suhassembly ( f i l l e d  w i t h  s t a i n l e s s  s t e e l  p i n s )  i n  a l o c a t i o n  

The d i f f u s i o n  theo ry  
The f l u x e s  used i n  t h i s  c a l c u l a t i o n  were 

There i s  no s i g n i f i c a n t  r a d i a l  g r a d i e n t  
V a r i a t i o n  i n  f u e l  l o a d i n g  and f u e l  burn-up i n  t h e  s i ibassembl ies around MOTA may 

The NJOY code c a l c u l a t e s  damage energy c ross  sec t i ons .  These were conver ted  t o  d i s -  
A s t a i n l e s s  s t e e l  (Fe lBCr lONi )  

TABLE 1 

OAIMPGE THRESHOLD E N E R G I E S  

A1 25 
S i  20 
T i  30 ~~ 

V 40 
C r  40 

40 Mn 

5.3 Resu l t s  

F igu res  1 th rough 11 show dpalsec and uhpa lsec  ( i .e. ,  appm he l iumlsecond)  f o r  t h e  elements l i s t e d  i n  
Table 1. 
i n  p l a c e  of Mo(n,He) i n  F i g u r e  11. The 
legend a t  t h e  bot tom of  each f i g u r e  g i ves  t h e  l o c a t i o n  o f  each MOTA c a n i s t e r ,  i n c l u d i n g  t h e  below core  
c a n i s t e r  (BCC). 
f a l l s  below t h e  dpa/sec curve.  

A Mo(n,He) c ross  s e c t i o n  i s  n o t  a v a i l a b l e  on ENOF/B-V da ta  f i l e s .  There fore  Nb(n,He) was used 

For a l l  elements except n i c k e l ,  a r e l a t i v e l y  h i g h  producer o f  he l ium,  t h e  uhpa/sec cu rve  

T y p i c a l  FFTF i r r a d i a t i o n  c y c l e s  l a s t  115 days ( - l o f  seconds). 

F i g u r e  1 2  shows hpalsec f rom t h e  s9N i (n ,o )s 'Fe  r e a c t i o n .  
p r o d u c t i o n  f rom t h i s  r e a c t i o n  peaks j u s t  o u t s i d e  t h e  c o r e  of FFTF. F i g u r e  13 shows t h e  s t a i n l e s s  s t e e l  
dpa/sec r e a c t i o n  r a t e .  The peak r a t e  i s  2 x 1U6 dpa/sec. The l owes t  r a t e ,  a t  t h e  t o p  o f  t h e  l e v e l  8 
c a n i s t e r ,  i s  7.5 x l o 9  dpa/sec, about t w i c e  t h e  r a t e  ob ta ined  i n  RTNS-11. F igu res  14 th rough 16 shows 
t h e  a x i a l  d i s t r i b u t i o n  o f  f l u x e s  > O . O ,  0.1, and 1.0 MeV i n  MOTA. 

Because o f  t h e  resonance a t  203 eV, he l i um 

A proposed exper iment t o  s imu la te  t h e  he l iumldpa r a t i o  expected a t  a f i r s t  w a l l  l o c a t i o n  i n  a MFE dev i ce  
w i l l  use t y p e  316 s t a i n l e s s  s t e e l  en r i ched  w i t h  0.15% o f  t h e  i r r a d i a t i o n  produced i s o t o p e  I P N i .  The 
I3  N i  en r i ched  i s o t o p e  i s  bes t  u t i l i z e d  i n  a MOTA spectrum which  a c t i v a t e s  t h e  203 eV resonance. F i g u r e  17 
shows t h e  he l i um ldpa  r a t i o  expected f rom t h e  I s N i  en r i ched  316 s t a i n l e s s  s t e e l .  
be%0.75.  Th i s  i s  about t h r e e  t imes l a r g e r  t han  a nonenr iched sample. Outs ide  t h e  co re  t h e  203 eV reso-  
nance enhances t h e  hel iumfdpa r a t i o  t o  va lues  o f  8 and 15 a t  t h e  f a r  ends of MOTA. 
d isplacement r a t e  i s  j u s t  o u t s i d e  t h e  co re  t o p  and bot tom. 
placement r a t e  i n  u n i t s  o f  1 0 '  dpalsec.  
expect  4-5 dpa/cyc le  and a he l iumldpa r a t i o  o f  -4-5. 
f a c t o r  of  10-20 enhancement i n  t h e  hel ium/dpa r a t i o .  

In co re  t h e  r a t i o  w i l l  

However, t h e  optimum 
The second curve shows t h e  s t a i n l e s s  s t e e l  d i s -  

A t  t h e  t o p  o f  t h e  BCC and t h e  bot tom of  c a n i s t e r  6 one can 
Compared t o  a nonenr iched sample t h i s  should g i v e  a 

13 



This approach provides a constant, high value of helium/dpa during the void nucleation phase, i n  contrast 
to the low but increasing value obtained in a mixed spectrum reactor like H F I R .  
latter case is due to the production of 19Ni which is not present i n  natural nickel. 

The nonlinearity in the 
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7.0 Future Work 

In the next reporting period hpa and dpa rates for L r ,  Sa, and W will be calculated. 

Figure 1 Al(n,dpa) and Al(n,tle) reaction rate per atom in MOTA 
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F i g u r e  3 T i ( n , d p a )  and T i ( n , H e )  r e a c t i o n  r a t e  i n  MOTA. 
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Figure  6 Mn(n,dpa) and Mn(n,He) r eac t i on  r a t e  i n  MOTA. 

F igure  7 Fe(n,dpa) and Fe(n,He) r e a c t i o n  r a t e  i n  MOTA. 
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Figure 8 Ni(n,dpa) and Ni(n,He) reaction rate i n  MOTA. 

AXIAL LOCATION (cm) 

Figure 9 Cu(n,dpa) and Cu(n,He) reaction rate in MOTA. 
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F i g u r e  10 Nb(n,dpa) and Nb(n,He) r e a c t i o n  r a t e  i n  MOTA. 

F i g u r e  11 Mo(n,dpa) and Nb(n,He) r e a c t i o n  r a t e  in MOTA. 
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F i g u r e  1 2  5 9 N i  (n,He) r e a c t i o n  r a t e  i n  MOTA. 

F i g u r e  13 (Fe l8Cr lONi )  r e a c t i o n  r a t e  i n  MOTA. 
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F i g u r e  14 F l u x  > 0.0 MeV i n  MOTA. 

F i g u r e  15 F l u x  > 0.1 MeV i n  MOTA. 
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AXIAL LOCATION (cm) 
F i g u r e  16 F l u x  > 1.0 MeV i n  MOTA. 

F i g u r e  17 Helium/dpa r a t i o  i n  t y p e  316 s t a i n l e s s  s t e e l  enr iched  with 0.15% 5 9 N i  and udpalsec i n  
FelBCrlONi type  s t a i n l e s s  s t e e l .  
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CHAPTER 3 

REDUCED ACTIVATION MATERIALS 
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REDUCED A C T I V A T I O N  GUIDELINES I N  PERSPECTIVE 

D. G. Doran, H. L. He in isch ,  and F. M. Mann (Hanford Eng inee r i ng  Development Labo ra to r y )  

1.0 O b j e c t i v e  

A g o a l  o f  r educ ing  t h e  a c t i v a t i o n  o f  m a t e r i a l s  and components o f  f u s i o n  d e v i c e s  has been adopted by t h e  
Fus ion  M a t e r i a l s  Program. 
accep tab le  m a t e r i a l  composi t ions.  
under which these  d e c i s i o n s  a r e  be ing  made. 

Consequent ly ,  d e c i s i o n s  t h a t  have l o n g  te rm r a m i f i c a t i o n s  a r e  be ing  made on 
The purpose o f  t h i s  work i s  t o  p r o v i d e  a p e r s p e c t i v e  f o r  t h e  g u i d e l i n e s  

2.0 Summary 

The Fus ion  M a t e r i a l s  program r e c e n t l y  adopted a requ i rement  t h a t  s t r u c t u r a l  a l l o y s  q u a l i f y  f o r  s h a l l o w  l a n d  
b u r i a l  a t  end o f  l i f e .  I n  t h e  absence o f  a d i r e c t l y  a p p l i c a b l e  r e g u l a t i o n ,  t h e  a c t i v a t i o n  l i m i t s  c u r r e n t l y  
be i ng  used a r e  taken f rom a N u c l e a r  Regu la to r y  Commission r e g u l a t i o n ,  10CFR61, deve loped  t o  h a n d l e  e x i s t i n g  
waste streams f rom t h e  commercial n u c l e a r  i n d u s t r y .  A c t i v a t i o n  c a l c u l a t i o n s  a r e  c h a r a c t e r i z e d  by many 
u n c e r t a i n t i e s ,  e.g., i n  n u c l e a r  data,  i n  h a n d l i n g  of m u l t i - s t e p  r eac t i ons ,  i n  a p p r o p r i a t e  neu t ron  f l u x -  
spec t r a ,  i n  component l i f e t i m e s ,  and i n  t h e  v i a b i l i t y  of  i s o t o p i c  t a i l o r i n g .  These u n c e r t a i n t i e s ,  coup led  
w i t h  u n c e r t a i n  r e g u l a t o r y  c r i t e r i a ,  mean t h a t  c a l c u l a t e d  c o n c e n t r a t i o n  l i m i t s  shou ld  be viewed o n l y  as a 
q u a l i t a t i v e  gu ide  i n  d e v e l o p i n g  reduced a c t i v a t i o n  m a t e r i a l s .  

3.0 

T i t l e :  I r r a d i a t i o n  E f f e c t s  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 i ng  Development Labo ra to r y  

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

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

5.0 Accomplishments and S t a t u s  

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

The c u r r e n t  s t a t u s  of n u c l e a r  power makes i t  c l e a r  t h a t  p u b l i c  acceptance o f  f u s i o n  power may be as 
impo r t an t  as f e a s i b i l i t y  issues. 
menta l  impact as much as i s  r easonab l y  ach ievab le .  To t h e  f u s i o n  m a t e r i a l s  community, t h i s  g e n e r a l l y  means 
s e l e c t i n g  and d e v e l o p i n g  m a t e r i a l s  so  as t o  reduce t h e  l e v e l  o f  r a d i o a c t i v i t y  assoc ia ted  w i t h  a f u s i o n  
r e a c t o r . l l 1  

A key element i n  a c h i e v i n g  p u b l i c  acceptance i s  t o  reduce t h e  e n v i r o n-  

Reducing t h e  l e v e l  o f  a c t i v a t i o n  i s  a v a l i d  gene ra l  g o a l ,  b u t  d e v i s i n g  a s t r a t e g y  f o r  do i ng  so r e q u i r e s  
c o n s i d e r a t i o n  o f  s p e c i f i c  o b j e c t i v e s .  Four o b j e c t i v e s  can be i d e n t i f i e d :  inc reased hands-on maintenance, 
improved sa fe ty ,  meet ing  c r i t e r i a  f o r  l o w - l e v e l  waste (hence a v o i d i n g  t h e  need f o r  g e o l o g i c  d i s p o s a l ) ,  and 
r e c y c l i n g  o f  c e r t a i n  m a t e r i a l s .  Each of  these  o b j e c t i v e s  p l a c e s  c o n s t r a i n t s  on mater ia ls- - some a r e  common 
t o  one o r  more o f  t h e  o b j e c t i v e s ,  some a r e  unique. 

O f  p r imary  concern f o r  maintenance and s a f e t y  i ssues  a r e  s h o r t - l i v e d  rad io i so topes .  These i s sues  are  o u t s i d e  
t h e  scope of  t h i s  paper. We a r e  concerned here  w i t h  t h e  l o n g - l i v e d  r a d i o i s o t o p e s  t h a t  must be c o n t r o l l e d  if 
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c r i t e r i a  f o r  l o w - l e v e l  waste d i s p o s a l  and r e c y c l i n g  a re  t o  be met. 

I t  i s  w i d e l y  recogn ized t h a t  t h e  development o f  r a d i a t i o n  r e s i s t a n t  m a t e r i a l s  i s  a key e lement  i n  demon- 
s t r a t i n g  t h e  eng inee r i ng  and economic v i a b i l i t y  o f  f u s i o n  power. I n  d e v e l o p i n g  such m a t e r i a l s ,  t h e r e  a re  
c o n s t r a i n t s  on m a t e r i a l  a v a i l a b i l i t v .  i o i n i n a  techniaues.  t e s t  f a c i l i t i e s .  e tc .  An imoo r tan t  new c o n s t r a i n t  
i n  t h e  U.S.fusion m a t e r i a l s  program i ; . t ia t  m a t e r i a l s  shou id  q u a l i f y  as l o w ' l e v e l  r a d i o a c t i v e  waste 
( radwaste)  t h a t  can be disposed of by s h a l l o w  l a n d  b u r i a l .  
i n a r y  stage, bu t  we b e l i e v e  t h a t  i n c e n t i v e s  t o  r e c y c l e  c e r t a i n  e lements (and p o s s i b l y  even compounds, such 
as breeder and magnet m a t e r i a l s )  w i l l  be s u f f i c i e n t  t h a t  t h e  r e c y c l i n g  p o t e n t i a l  s h o u l d  be p a r t  of  t h e  
e v a l u a t i o n  o f  new m a t e r i a l s .  

Cons ide ra t i on  o f  r e c y c l i n g  i s  a t  a more p r e l i m -  

D i s p o s a l  of radwastes and r e c y c l i n g  a re  two impor tan t  aspects of f u s i o n  m a t e r i a l s  management t h a t  a re  
a f f e c t e d  by induced r a d i o a c t i v i t y .  T h i s  paper d iscusses  some of t h e  issues  t h a t  must be addressed e a r l y  i n  
m a t e r i a l s  development t o  a i d  i n  t h a t  management. 

5.2 - M a t e r i a l s  Management 

5.2.1 Regu la tory  I ssues  

Radwaste r e g u l a t i o n s  s p e c i f i c a l l y  f o r  f u s i o n  m a t e r i a l s  have no t  y e t  been prepared. The most a p p l i c a b l e  
r e g u l a t i o n  appears t o  be t h e  r e c e n t l y  p u b l i s h e d  P a r t  61  o f  T i t l e  10 o f  t h e  U S .  Code of Federa l  Regu la t i ons  
(10CFR61). I t  was prepared by t h e  U. 8. Nuc lea r  Regu la to r y  Commission (NRC) t o  cove r  s h a l l o w  l a n d  b u r i a l  o f  
l ow  l e v e l  waste Droduced bv t h e  n u c l e a r  f i s s i o n  i ndus t r v .  Th i s  NRC r e u u l a t i o n  s o e c i f i e s  t h e  maximum Der- 
m i t t e d  s p e c i f i c  a c t i v i t y  0; c e r t a i n  r a d i o i s o t o p e s  f o r  t < ree  c l a s s e s  o f - l o w  l e v e l '  waste, 
l e a s t  r e s t r i c t i v e .  A l t hough  n o t  s t a t e d  e x p l i c i t l y ,  t h i s  r e g u l a t i o n  r e f l e c t s  t h e  cha rac te r  o f  t h e  waste 

C lass  C be ing  t h e  

s t r e a m  f rom t h e  commerciai n u c l e a r  i ndus t r y .  
C lass  C waste, and o n l y  a s m a l l  f r a c t i o n  of t h a t  wou ld  be a c t i v a t e d  me ta l s .  
c u r r e n t l y  genera ted  
c o n s i d e r a t i o n  by t h e  NRC. 
l i g h t  water  r eac to r s .  
me ta l s .  I t  i s  l i k e l y  t h a t  t h e  methodology f o r  s e t t i n g  d i sposa l  c r i t e r i a  wou ld  be q u i t e  d i f f e r e n t  from t h a t  
used f o r  10CFR61. 

On ly  a s m a l l ~ v o l u m e ,  l e s s  t han  one percent ,  i s  expected t o  be 
I n  f a c t ,  a s m a l l  volume o f  

waste exceeding C lass  C c r i t e r i a  may be covered by  a new C lass  0 which i s  under 
T h i s  wou ld  a l s o  cove r  some a c t i v a t e d  m e t a l s  from t h e  f u t u r e  decommissioning of  

No c o n s i d e r a t i o n  has y e t  been g i v e n  t o  t h e  d i s p o s a l  o f  l a r g e  volumes o f  a c t i v a t e d  

I n  t h e  absence of  a c l e a r l y  a p p l i c a b l e  r e g u l a t i o n ,  t h e  C lass  C c r i t e r i a  have been adopted by t h e  (1.5. O f f i c e  
o f  Fus ion  Energy as requ i rements  f o r  f u s i o n  m a t e r i a l s .  A c t i v a t i o n  c a l c u l a t i o n s  a t  t h i s  l a b o r a t o r y  [ Z ]  and 
o t h e r s  [3-51 have been compared w i t h  10CFR61 t o  de termine accep tab le  c o n c e n t r a t i o n  l i m i t s  f o r  a l l o y i n g  
e lements  and i m p u r i t i e s .  However, t h e  10CFR61 l i s t  o f  i so topes  must be supplemented f o r  f u s i o n  a p p l i -  
ca t i ons .  Not s u r p r i s i n g l y ,  t h i s  has i n t r oduced  d i sc repanc ies  among l a b o r a t o r i e s  because s e t t i n g  accep tab le  
l i m i t s  on r a d i o a c t i v i t y  i s  no t  s t r a i g h t f o r w a r d .  I t  i n v o l v e s  a n a l y s i s  of pathways by which an i s o t o p e  i n  
waste m a t e r i a l  can add t o  t h e  r a d i a t i o n  burden o f  an i n d i v i d u a l  o r  t h e  gene ra l  p o p u l a t i o n .  W h i l e  we d i d  n o t  
a t t emp t  t o  reproduce t h e  f u l l  NRC a n a l y s i s  i n  o rde r  t o  supplement 10CFR61, we d i d  employ s c e n a r i o - s p e c i f i c  
f a c t o r s  ( c a l c u l a t e d  by Kennedy and P e l o q u i n  o f  B a t t e l l e - P a c i f i c  Northwest  Labo ra to r y  [SI) t o  c o n v e r t  t h e  
s p e c i f i c  a c t i v i t y  o f  each new r a d i o n u c l i d e  t o  t o t a l  body dose. Waste d i s p o s a l  l i m i t s  were t hen  es t imated 
by comparing t h e  new conve rs i on  f a c t o r s  w i t h  t h a t  f o r  Ni-59, a l o n g - l i v e d  p roduc t  i n c l u d e d  i n  10CFR61. 

There i s  no s i m p l e  answer t o  t h e  q u e s t i o n  of  what c o n s t i t u t e s  an a c c e p t a b l e  dose f o r  r e c y c l i n g .  A l t hough  
t h e r e  i s  no s p e c i f i c  a p p l i c a b l e  U. 8. r e g u l a t i o n ,  i t  i s  c l e a r  t h a t ,  f o r  i r r a d i a t e d  m a t e r i a l  t o  be r e t u r n e d  
t o  an un regu la ted  s t a t u s ,  assoc ia ted  dose l e v e l s  would have t o  be near  or be low  background. T h i s  appears t o  
be g e n e r a l l y  unob ta inab le .  For r e c y c l i n g  w i t h i n  a r e g u l a t e d  f u s i o n  i ndus t r y ,  a more reasonab le  l e v e l ,  which 
wou ld  pe rm i t  e x t e n s i v e  h a n d l i n g  of  a m a t e r i a l ,  i s  2.5 mremlhr o r  5 remly r .  
NRC's Standards f o r  P r o t e c t i o n  Aga ins t  R a d i a t i o n  (10CFR20). ( A i r  and water  q u a l i t y  s tandards  a re  covered by 
t h i s  s tandard  also.) 
t i o n s  c o u l d  be performed on m a t e r i a l  hav ing  a h i g h e r  c o n t a c t  dose. I f  t h e  i n c e n t i v e s  t o  r e c y c l e  a re  
s u f f i c i e n t ,  many l i m i t s  may have t o  be de termined on a case by  case bas is ,  t a k i n g  account of  t h e  component 
i nvo l ved .  

T h i s  wou ld  comply w i t h  t h e  U.S. 

Techniques f o r  remote h a n d l i n g  a re  imp rov ing  r a p i d l y ,  however, so t h a t  many opera- 

5.2.2 A c t i v a t i o n  I ssues  

5 . 2 . 2 . 1  Nuc lea r  Data 

For waste management, t h e  o b j e c t  of an a c t i v a t i o n  c a l c u l a t i o n  i s  t h e  a c t i v i t y  per  u n i t  volume f o r  each 
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r a d i o n u c l i d e  h d v i n g  a h a l f l i f e  o f  about  f i v e  years  o r  more. 
a r e  due i n  p a r t  t o  d i f f e r e n c e s  i n  n u c l e a r  da ta  bases. Two ma jo r  a c t i v a t i o n  c ross  s e c t i o n  l i b r a r i e s  i n  t h e  
U. S.  a r e  ACTL [ 7 ] ,  deve loped  a t  Lawrence L i ve rmore  N a t i o n a l  Labora to ry ,  and FMITACTIVLIB [a], deve loped  a t  
ou r  l abo ra to r y .  The l a t t e r  uses E v a l u a t e d  N u c l e a r  Data  F i l e  (ENDFIB) [9] data,  supplemented where necessary 
by ACTL and s p e c i a l  e v a l u a t i o n s  u s i n g  scarce  exper imenta l  da ta  and n u c l e a r  model c a l c u l a t i o n s .  T h i s  f i l e  i s  
c u r r e n t l y  be i ng  expanded-- the g r e a t e s t  need i s  c ross  s e c t i o n s  f o r  r a d i o a c t i v e  species- - by u s i n g  t h e  r e l a -  
t i v e l y  crude, n u c l e a r  sys temat ics  code THRESH.[10] Cross s e c t i o n s  f o r  s e v e r a l  thousand r e a c t i o n s  a r e  
requ i red .  The o b j e c t i v e  i s  t o  ach ieve  completeness i n  a c t i v a t i o n  c a l c u l a t i o n s .  Cross s e c t i o n s  f o r  r e -  
a c t i o n s  shown by t h e  c a l c u l a t i o n s  t o  have t h e  p o t e n t i a l  t o  i n f l u e n c e  m a t e r i a l s  development o r  a p p l i c a t i o n  
w i l l  be rev iewed t o  de termine  i f  improved accuracy i s  warranted. I n  a d d i t i o n  t o  c ross  sec t ions ,  one needs 
decay da ta  f o r  p roduc t  n u c l i d e s ,  i n c l u d i n g  branch ing  r a t i o s  f o r  i somer i c  s t a t e s .  

D i f f e r e n c e s  i n  e x i s t i n g  a c t i v a t i o n  c a l c u l a t i o n s  

To e v a l u a t e  r e c y c l i n g  p o s s i b i l i t i e s ,  personne l  dose c a l c u l a t i o n s  a r e  needed f o r  d i r e c t  gammas and f o r  
b remss t rah lung  from high energy be ta  em i t t e r s .  
s h i e l d e d  a g a i n s t  f o r  h a n d l i n g  of  s t a b l e  s o l i d s .  C o o l i n g  t imes  up t o  100 years  a r e  of i n t e r e s t ,  hence 
i n t e r m e d i a t e  h a l f l i v e s  a r e  important--some so s h o r t  t h a t  t hey  a r e  n o t  a concern f o r  C lass  C waste. 
o t h e r  hand, C l a s s  C waste a n a l y s i s  must  i n c l u d e  a l pha  and be ta  e m i t t e r s  t h a t  a r e  hazardous i f  i n h a l e d  o r  
ingested.  (Concern f o r  t h e  e f f e c t  o f  r e c y c l i n g  procedures on a i r  dnd water  q u a l i t y  a l s o  may r e q u i r e  t h a t  
a l pha  and b e t a  a c t i v i t y  be cons idered  i n  s p e c i f i c  r e c y c l i n g  cases.) 

A lpha and be ta  emissions a r e  g e n e r a l l y  cons idered  e a s i l y  

On t h e  

The s t a t u s  o f  n u c l e a r  da ta  necessary f o r  a c t i v a t i o n  and dose c a l c u l a t i o n s  i s  about t h e  same. 
t h e  da ta  used l eans  h e a v i l y  on sys temat ics  because t h e  c ross  s e c t i o n s  f o r  many impo r t an t  r e a c t i o n s  a r e  
d i f f i c u l t  t o  measure. 
da ta  f o r  about  1000 i so topes- - a lmos t  ensures t h a t  i n i t i a l  da ta  f i l e s  w i l l  be i ncomp le te  and o f  i n c o n s i s t e n t  
accuracy.  

I n  b o t h  cases, 

The l a r g e  amount o f  da ta  needed- cross s e c t i o n s  f o r  about  5000 r e a c t i o n s  and decay 

5.2.2.2 A c t  i v a t i 09 1 cu 1 a t  i on? 

A c t i v a t i o n  c a l c u l a t i o n s  have been p u b l i s h e d  f o r  a v a r i e t y  o f  m a t e r i a l s  i r r a d i a t e d  i n  a v a r i e t y  o f  f u s i o n  
spec t ra . [ l -5 ,  11-14] Q u a n t i t a t i v e  agreement i s  o f t en  poor. One reason f o r  d i sc repanc ies  i n  p u b l i s h e d  
work i s  t h e  use o f  d i f f e r e n t  da ta  bases and d i f f e r i n g  methodo log ies  i n  t h e  v a r i o u s  codes. These sources  
have been i n v e s t i g a t e d  i n  a r e c e n t  i n t e r l a b o r a t o r y  s tudy  coo rd i na ted  by E. Cheng o f  General  Atomic. A l l  
p a r t i c i p a n t s  made a c t i v a t i o n  c a l c u l a t i o n s  f o r  t h e  same f u s i o n  dev ice .  
a b l e ,  b u t  some order- o f- magn i tude i n c o n s i s t e n c i e s  have a l r e a d y  been revea led .  T a b l e  1 g i v e s  examples o f  
e lements  f o r  wh ich  t h e r e  i s  gene ra l  agreement t h a t  c o n c e n t r a t i o n  l i m i t s  a r e  necessary i f  l ow  l e v e l  waste 
c r i t e r i a  a r e  t o  be met. Examples of b o r d e r l i n e  e lements,  f o r  which l i m i t s  m igh t  be necessary, a r e  A l ,  L r ,  
and Pb. 

The f i n a l  a n a l y s i s  i s  n o t  y e t  a v a i l -  

A number o f  cavea t s  must accompany T a b l e  1: (1) The dose i s  a r b i t r a r y - - r e l e v a n t  doses a r e  s p e c i f i c  com- 
ponent  l i f e t i m e  doses. For r a d i o n u c l i d e s  t h a t  a r e  p roduc ts  o f  s i n g l e - s t a g e  reac t i ons ,  t h e  c o n c e n t r a t i o n  
l i m i t s  f o r  a component l i f e t i m e  dose a r e  e a s i l y  ob ta i ned  b y  r a t i o i n g .  (For  ve r y  h i g h  doses, burnout  may 
reduce t h e  a c t i v i t y ,  hence r a i s e  t h e  c o n c e n t r a t i o n  l i m i t . )  On t h e  o t h e r  hand, oxygen, copper, and 
molybdenum produce s i g n i f i c a n t  r a d i o n u c l i d e s  by m u l t i - s t e p  r eac t i ons ,  hence a c t i v i t i e s  i nc rease  as a power 
of  t h e  dose. For  example, t h e  f r a c t i o n  o f  Ni- 63 a c t i v i t y  i n  copper due t o  m u l t i - s t e p  r e a c t i o n s  i nc reases  
f rom l e s s  t han  20 76 t o  o v e r  50 % between 10 and 40 MW-ylm2.[15] 

(2) The compos i t ion  l i m i t s  a r e  d e v i c e  dependent. (Even f o r  a s i n g l e  r e a c t o r  concept, t h e  c a l c u l a t i o n s  a p p l y  
r i g o r o u s l y  o n l y  i f  t h e  element does n t p e r t u r b  t h e  f i r s t  w a l l  f l u x- spec t rum assoc ia ted  w i t h  t h a t  concept.) 

s o l i d  breeder (LiAlO,) tokamak [16]; MARS, a l e a d - l i t h i u m  c o o l e d  m i r r o r  machine [17]; and a General  Atomic 
conceptua l  tokamak r e a c t o r  b l a n k e t  f e a t u r i n g  h e l i u m  gas c o o l i n g  and a L i 2 0  breeder.[ l8] I t  was found t h a t  
t h e  l ow  energy t a i l  of t h e  STARFIRE spectrum, t h e  r e s u l t  o f  modera t ion  by t h e  water  coo lan t ,  g e n e r a l l y  
caused h i g h e r  l e v e l s  o f  a c t i v a t i o n - - u p  t o  a f a c t o r  of  f i v e  h i g h e r  t h a n  f o r  t h e  o t h e r  spec t ra .  The same 
c r i t i c a l  i so topes  were i d e n t i f i e d  i n  each spectrum, however. 

Comparat ive c a l c u l a t i o n s  a t  10 MW-ylm F were made [15] f o r  f i r s t  w a l l  spec t ra  i n  STARFIRE, a water- coo led ,  

( 3 )  The n u c l e a r  d a t a  used i n  t h e  c a l c u l a t i o n s  c a r r i e s  u n c e r t a i n t i e s  as d iscussed above. 

( 4 )  The c a l c u l a t e d  compos i t i on  l i m i t s  a r e  f o r  n a t u r a l  i s o t o p i c  abundances. As has been p o i n t e d  o u t  by 

o the rs ,  [19] i s o t o p i c  t a i l o r i n g  can i n  p r i n c i p l e  make some elements more benign,  e.g., Cu and Mo. [1,2,4] 

(5) The low l e v e l  waste c r i t e r i a  es t imates ,  e s p e c i a l l y  f o r  r a d i o n u c l i d e s  n o t  i n c l u d e d  i n  10CFR61, must be 
cons idered  unce r t a i n ,  p o s s i b l y  by l a r g e  f a c t o r s .  Such es t ima tes  must be rev iewed and consensus ob ta ined .  
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Because of  t h e  above cons ide ra t i ons ,  the c o n c e n t r a t i o n  l i m i t s  i n  Tab le  1 shou ld  n o t  be cons idered r i g i d  
boundar ies on m a t e r i a l s  development.  

5.2.2.3 w i n e l  Dose C a l c u l a t i o n s  

Personnel  dose es t ima tes  have been i n c l u d e d  i n  a number o f  a c t i v a t i o n  s tud ies .  The c a l c u l a t i o n s  by J a r v i s  
a re  p r o b a b l y  t h e  most e x t e n s i v e  on r e c y c l i n g  of  s p e c i f i c  e lements. [20] .  A l though p r e l i m i n a r y  and c a r r y i n g  
l a r g e  u n c e r t a i n t i e s ,  they p o i n t  t o  a number of p o t e n t i a l  p rob lem elements, e s p e c i a l l y  i m p u r i t i e s  a t  v e r y  low 
concen t ra t i ons .  Order o f  maqni tude es t imates  f o r  some o f  these a re  g i v e n  i n  l a b l e  2. O f  t hose  i nc luded ,  
o n l y  copper (dose due t o  Co-60) i s  very  s e n s i t i v e  t o  t h e  assumed c o o l i n g  t i m e  o f  100 years. 

5.2.2.4 I m p u r i t y  C o n t r o l  

The genera l  s u b j e c t  o f  i m p u r i t y  a n a l y s i s  and c o n t r o l  i s  gene r i c  t o  waste management and r e c y c l i n g - - i t  may be 
t h e  c o n t r o l l i n g  f a c t o r  i n  both. The prob lem i s  be ing  a t t a c k e d  i n  s e v e r a l  stages: de termine t h e  elements 
t h a t  dominate t h e  r a d i o a c t i v i t y ,  de termine t h e  i m p u r i t y  e lements t h a t  a re  p resen t  i n  c u r r e n t  commercial 
feedstocks,  i d e n t i f y  p rob lem elements,  and i n v e s t i g a t e  t h e  p o t e n t i a l  f o r  e f f e c t i v e l y  e l i m i n a t i n g  t h e  prob lem 
elements a t  v a r i o u s  stages of m a t e r i a l  f a b r i c a t i o n .  Some p o t e n t i a l  p rob lem i m p u r i t y  e lements a re  Nb, Ag, 
Sn, B i ,  and some r a r e  earths.  Some, such as Nb i n  V ,  a r e  s p e c i f i c  i m p u r i t i e s  t h a t  compromise t h e  use o f  
o the rw ise  low a c t i v a t i o n  me ta l s .  Others,  such as t h e  r a r e  ear ths ,  a re  no t  r o u t i n e l y  ana lyzed f o r ,  so t h e i r  
c o n c e n t r a t i o n s  i n  c u r r e n t  m a t e r i a l s  a re  unknown. Because m a t e r i a l s  f a b r i c a t i o n  techn iques can e v o l v e  
g r e a t l y  i n  t h e  f u t u r e  t o  meet t h e  needs o f  m a t e r i a l s - i n t e n s i v e  f u s i o n  development,  i t  i s  premature t o  
conc lude from c u r r e n t  i m p u r i t y  c o n s i d e r a t i o n s  t h a t  c e r t a i n  m a t e r i a l s  cannot meet waste o r  r e c y c l i n g  
c r i t e r i a .  

5 .2 .3  Decommissioning Scenar ios 

M a t e r i a l s  management must be an impor tan t  aspect  o f  decommissioning a f u s i o n  f a c i l i t y ,  o r  of  i n t e r i m  com- 
ponent rep lacement  opera t ions .  The rep rocess ing  o r  reuse of  m a t e r i a l s ,  as an a l t e r n a t i v e  t o  d i s p o s a l  as 
radwaste, mus t  be e v a l u a t e d  i n  terms o f  m a t e r i a l s  resources, economics, and p u b l i c  pe rcep t i on .  Such con- 
s i d e r a t i o n s  must e v e n t u a l l y  be i n c l u d e d  i n  f a c i l i t y  design. 

The a c t u a l  r a d i o n u c l i d e  concen t ra t i ons  i n  radwaste depend on t h e  manner i n  which i t  i s  packaged. I n  par-  
t i c u l a r ,  some d i l u t i o n  o f  t h e  most a c t i v e  m a t e r i a l  w i t h  l e s s  a c t i v e  m a t e r i a l  i s  t o  be expected, o r  d i l u t i o n  
can be an i n t e g r a l  p a r t  o f  a d i s p o s a l  scenar io.  There i s  an apparent  t r a d e o f f  between i s o l a t i n g  t h e  most 
a c t i v e  m a t e r i a l  o r  d i l u t i n g  i t  t o  meet c o n c e n t r a t i o n  l i m i t s .  The i s o l a t i o n  f a c i l i t a t e s  h a n d l i n g  of  bo th  t h e  
h i g h  and l ow  a c t i v i t y  p o r t i o n s ,  t h e  l a t t e r  g e n e r a l l y  be ing t h e  dominant volume f r a c t i o n .  Some d i l u t i o n  o f  
t h e  h i g h  a c t i v i t y  p o r t i o n  c o u l d  f o l l o w  i t s  i s o l a t i o n ,  b u t  i n c e n t i v e s  t o  keep t h e  volume low can be expected. 

The STARFIRE s t u d i e s  emphasized env i ronmenta l  concerns; they  p r o v i d e  much i n s i g h t  i n t o  t h e  r e l a t i v e  a c t i v a -  
t i o n  o f  d i f f e r e n t  r e a c t o r  components. They a l s o  p r o v i d e  examples o f  i n t e g r a t e d  m a t e r i a l s  management. V o g l e r  
e t  a 1  c a r r i e d  ou t  an i n t e r e s t i n g  exe rc i se  i n  which d e t a i l e d  scena r ios  were deve loped f o r  d i s p o s i n g  o f  
S T A R F I R E  b l a n k e t  and magnet  m a t e r i a l s ,  some t h r o u g h  r e c y c l i n g  and some as w a s t e . [ Z l ]  For examp le .  t h e y  
conc luded t h a t ,  w h i l e  r e c y c l i n g  p o s s i b i l i t i e s  f o r  magnet m a t e r i a l s  c o u l d  be enhanced by d i l u t i o n  o f  h i g h l y  
a c t i v e  m a t e r i a l  w i t h  l e s s  a c t i v e  o r  v i r g i n  m a t e r i a l ,  t h i s  was n o t  a v i a b l e  app roach  f o r  a m a t u r e  f u s i o n  
economy because i t  would l ead  t o  a s u r p l u s  o f  magnet m a t e r i a l s .  

5.3 Conc 1 us i on 

Deve lop ing  reduced a c t i v a t i o n  m a t e r i a l s  i s  an impor tan t  o b j e c t i v e  t h a t  shou ld  be d i l i g e n t l y  pursued. 
w i l l  n o t  o n l y  reduce t h e  env i ronmen ta l  impact o f  f u s i o n  power, b u t  w i l l  reduce t h e  c o m p l e x i t y  and cos ts  o f  
m a t e r i a l  h a n d l i n g  and d i s p o s a l .  A t  t h i s  t ime, however, e v a l u a t i o n  c r i t e r i a  a r e  n o t  deve loped s u f f i c i e n t l y  
t o  d e f i n e  compos i t i on  l i m i t s  a c c u r a t e l y  f o r  f u s i o n  r e a c t o r  m a t e r i a l s  i n  terms o f  neu t ron  a c t i v a t i o n .  

I t  

The s t r a i g h t f o r w a r d  work, t h e  i d e n t i f i c a t i o n  o f  t h e  dominant r a d i o n u c l i d e s ,  w i l l  soon be complete. 
impor tan t  t o  m a i n t a i n  t h e  r e s u l t s  of  t h i s  work i n  pe rspec t i ve .  
made n e g l i g i b l e ,  t h e  requ i rements  on m a t e r i a l  compos i t i on  w i l l  remain s o f t  f o r  a l o n g  time. Waste manage- 
ment and r e c y c l i n g  c r i t e r i a  must be developed. A t t a i n a b l e  i m p u r i t y  l e v e l s  w i l l  e v o l v e .  And, most impor-  
t a n t l y ,  t h e  methods by which a component i s  recovered,  d ismant led ,  and packaged w i l l  s t r o n g l y  i n f l u e n c e  
what compos i t ions  a re  accep tab le  f o r  t h e  m a t e r i a l s  of t h e  component. The a c t i v a t i o n  of t h e  component w i l l ,  
i n  t u rn ,  a f f e c t  how t h e  component i s  decommissioned. 

I t  i s  
Even if t h e  computa t iona l  u n c e r t a i n t i e s  a r e  
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I n  t h e  near term, then, f u s i o n  m a t e r i a l s  programs s h o u l d  use a c t i v a t i o n  c a l c u l a t i o n s  as a guide. The 
consequences shou ld  be determined of  r educ ing  common a1 l o y i n g  c o n s t i t u e n t s  such as N i  and Ma t o  even l o w e r  
l e v e l s  t h a n  suggested by Tab le  1. 
t i e s  on t h e  bas i s  o f  a c t i v a t i o n .  

But  i t  wou ld  be premature t o  accept  any deg rada t i on  of  d e s i r a b l e  p roper-  

I m p u r i t i e s  have taken on a new s i g n i f i c a n c e .  Sample m a t e r i a l s  must be ana lyzed more t h o r o u g h l y  t han  he re to-  
f o r e  t o  de te rm ine  p o s s i b l e  l ow  l e v e l s  o f  unusual  i m p u r i t i e s .  T h i s  i n f o r m a t i o n  w i l l  be t h e  b a s i s  f o r  assess- 
i n g  t h e  need f o r  long- range i m p u r i t y  c o n t r o l  programs. 

Some elements c o u l d  be s u b j e c t  t o  more r e s t r i c t i v e  compos i t ion  r e s t r a i n t s  t han  c u r r e n t l y  i n d i c a t e d  th rough 
inc reases  i n  r e q u i r e d  component l i f e t i m e  f l uences ,  changes i n  neut ron  spectra,  o r  changes i n  r e g u l a t o r y  
c r i t e r i a .  I t  i s  w e l l  t o  remember a l s o  t h a t  it i s  t h e  t o t a l  a c t i v i t y  o f ,  o r  dose from, a component t h a t  i s  
impor tan t ,  so t h a t  r educ ing  t h e  c o n t r i b u t i o n  from one element p r o v i d e s  inore f l e x i b i l i t y  f o r  accommoddting 
t h e  o t h e r s .  
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Fu tu re  Work -__ 8 .O 

Work on t h e  c o n t e x t u a l  framework o f  reduced a c t i v a t i o n  m a t e r i a l s  s t u d i e s  w i l l  con t inue,  

9.0 Pub1 i c a t i o n s  

The work r e p o r t e d  he re  i s  t h e  con ten t  o f  a paper t o  be presented  a t  t h e  I n t e r n a t i o n a l  Conference on Fus ion  
Reactor  M a t e r i a l s  i n  Tokyo on Dec. 3-6, 1884. 
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TABLE 1 

SOME ELEMENTS HAVING CONCENTRATION LIMITS UNOER SHALLOW BURIAL GUIDELINES FOR RADWASTE 

Element 

N 

N i  

c u  

M b  

Ma 

Ag 

B i  

C o n t r o l  1 i ng  
- I s o t o p e  

c-14 

Ni- 63 

N i- 63  

Nb-94 

Mo-93 

Ag-108 

Bi- 208 

H a l f l i f e  
M 

5.7 ( 3 )  

1.0 ( 2 )  

1 . 0  ( 2 )  

2.0 ( 4 )  

3.5 ( 3 )  

1.3 ( 2 )  

3.7 (5) 

( a )  

pflf 

C l a s s  C 
L i m i S  

80 .  

7000.  

7000. 

0.2 

1301 

131 

lO.11 

( b l  

C o n c e n t r a t i o n  
L i m i t  (vel.%) 

0.3 

0.9 

1. 

.- I 

3 ( - 4 )  

[ O . O S ]  

I1 ( - 4 ) l  
C1 ( - 3 ) l  

[a) B r a c k e t s  I] i n d i c a t e  t h a t  l i m i t  was e s t i m a t e d  because i t i s  n o t  i n c l u d e d  i n  IOCFR61. 

(b)  Note t h a t  t h i s  " l i m i t "  i s  f o r  a 10 MW-y/mZ f i r s t w a l l  exposure i n  STARFIRE. 

TABLE 2 

SOME ELEMENTS THAT ARE EXPECTED TO HAVE CONCENTRATION LIMITS UNDER RECYCLING CRITERIA.* 

C o n c e n t r a t i o n  
L e v e l  Element 

]-lo% S i ,  Cu 

0.o i - iy .  N i ,  l r ,  MO 

I 

10-100 ppm A l ,  E r  

1-10 QQm K ,  Nb, Ag, Ba, Ho 

< I  ppm Eu, Tb, Ir,  B i ,  Th, U 

* Assumptions a r e  10 MW-yIm' a t  STARFIRE f i r s t  w a l l  p o s i t i o n ,  100 y r  decay,and s u r f a c e  dose 
l i m i t  o f  2.5 mremlhr. 
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S w e l l i n g  o f  Fe-Cr-Mn Ternary A l l o y s  i n  FFTF 

H. R. Brager and F. A. Garner (Hanford Eng ineer ing  Development Labo ra to ry )  

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

The o b j e c t  o f  t h i s  e f f o r t  i s  t o  de termine those f a c t o r s  which c o n t r o l  t h e  s w e l l i n g  of  a l l o y  systems which 
have t h e  p o t e n t i a l  f o r  reduced a c t i v a t i o n .  

2.0 Summary 

The s w e l l i n g  o f  n i n e  s imple  Fe-Mn b i n a r y  and Fe-Cr-Mn t e r n a r y  a l l o y s  has been measured by  an immersion 
d e n s i t y  techn ique a f t e r  i r r a d i a t i o n  a t  n520°C t o  3.2 x 1022 n/cm2, E > 0.1 MeV, o r  *15 dpa. 
s w e l l i n g  o f  t hese  a l l o y s  decreases w i t h  manganese b u t  e x h i b i t s  a dependence on manganese con ten t  t h a t  i s  
weaker t han  t h a t  o f  n i c k e l  i n  Fe-Cr-Ni a l l o y s .  The dependence on chromium i s  even weaker, i n  sharp 
c o n t r a s t  t o  t h e  behav io r  observed i n  Fe-Cr-Ni a l l o y s .  

The 

3.0 Program 

T i t l e :  I r r a d i a t i o n  E f fec 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 ry  

4.0 Re levant  DAFS Program Plan TaskrSubtask 

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 .  

5.0 Accomplishments and S ta tus  

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

I n  an e a r l i e r  r e p o r t  i t  was noted t h a t  a s e r i e s  o f  a u s t e n i t i c  a l l o y s  b s d on manganese s u b s t i t u t i o n  f o r  
n i c k e l  was i n c l u d e d  i n  t h e  MOTA-1B exper iment f o r  i r r a d i a t i o n  i n  FFTF.PI7 MOTA-1B has been d i scha rged  
f rom t h e  r e a c t o r  and t h e  measurement o f  d e n s i t y  changes i s  i n  progress .  Whi le  d a t a  w i l l  e v e n t u a l l y  be 
a v a i l a b l e  f o r  i r r a d i a t i o n s  a t  400, 520 and 600'C on manganese s t a b i l i z e d  comnerc ia l  a l l o y s ,  developmental  
a l l o y s  and s imple  b i n a r y  and t e r n a r y  a l l o y s ,  o n l y  d a t a  on t h e  l a t t e r  i r r a d i a t e d  a t  520°C a r e  a v a i l a b l e  at 
t h i s  t ime.  The specimens were s tandard  TEM microscopy d i s k s  wh ich  were i r r a d i a t e d  t o  3.2 x 10z2 n/cm2 
( E  > 0.1 MeV) o r  n 1 5  dpa. 

5.2 Resu l t s  

F i g u r e  1 shows t h e  d e n s i t y  changes measured i n  these a l l o y s .  
t e r n a r y  a l l o y s  i r r a d i a t e d  i n  t h e  A A - V I 1  exper iment i n  EBR- I I . (? )  
F i g u r e  2 f o r  Fe-Cr-Ni a l l o y s  b racke t  t h e  Fe-Cr-Mn data, b o t h  i n  i r r a d i a t i o n  tempera ture  and exposure l e v e l  

F i g u r e  2 shows a comparison w i t h  Fe-Cr-Ni 
The i r r a d i a t i o n  c o n d i t i o n s  d e p i c t e d  i n  
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wt% MANGANESE 

FIGURE 1. Swelling Observed in Fe-Cr-Mn Alloys Irradiated in FFTF to 3 .2  x l oz2  n/cmz ( E  > 0.1 MeV) 
at 1.520'C. 

F I G U R E  2. Comparison o f  S w e l l i n g  of Fe-Cr-Ni Alloys i n  E B R - I 1  and Fe-Cr-Mn Alloys 
Irradiation Conditions. 

in FFTF Under Comparable 
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5.3 Discussion 

While swelling decreases with manganese content, it does so at a much lower rate than would nccur if the 
alloys were stahilized with nickel. Even more importantly, there is very little dependence of  swelling on 
chromium level, in sharp contrast to the behavior of Fe-Cr-Ni alloys. The lesser impact of manganese 
level on swelling is similar to the reduced effectiveness of manganese relative to nickel in promoting the 
stability of the austenite phase. 

The MOTA irradiation temperature of 520°C lies right between the 510 and 538°C irradiation temperatures of 
the AA-VI1 experiment in EBR-11. It was in the range 510-538°C that Fe-Cr-Ni alloys with low nickel 
levels departed from their temperature-independent hehavior and began tn develop longer transient regimes 
of swelling. 
swelling behavior developed by the Fe-Cr-Ni alloys below 510°C. 
of the Fe-Cr-Mn system is also ?.l%/dpa. 

The maximum swelling o f  -5% in the Fe-Cr-Mn alloys at 15 dpa is quite consistent with the 
These data suggest that the swelling rate 

6.0 References 
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Progress Report DOE/ER-0046/16, February 1984, p. 38. 

7.0 Future Work 

Density change measurements will continue on the other alloys irradiated at 520°C and on alloys irradiated 
at 2420 and ~520°C. Electron microscopy examination will also be initiated. 

8.0 Publications 

None 
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COMPOSITIONAL DEPENDENCE OF ION-INDUCED SWELLING 1 N  Fe-Cr-Mn ALLOYS 

E. H. Lee and L .  K. Mansur (Oak Ridge National Laboratory) 
F. A. Garner and H. R. Brager (Hanford Engineering Development Laboratory) 

I .O Objective 

The ob,ject of this effort is to determine the response of swelling with composition in simple Fe-Cr-Mn 
alloys. These data will be used to guide the search for swelling-resistant austenitic alloys with low 
activation characteristics. 

2.0 Summary 

A series of simple Fe-Cr-Mn alloys has been prepared and will be irradiated with iron ions in order to 
determine the influence of alloy composition on void swelling. 

3.0 Program 

Title: Irradiation Effects Analysis 
Principal Investigator: 0. G. Doran 
Affiliation: Hanford Engineering Development Laboratory 

4.0 Relevant Program Plan Task/Suhtask 

Subtdsk II.C.l, Effect of Material Parameters on Microstructure 

5.0 Accomplishments and Status 

5.1 Introdiict ion 

Earlier it was reported that a series of Fe-Cr-Mn alloys had been irradiated as TEM disks in the MOTA-1B 
experiment in FFTF.I 
which covered the base composition ranqe of existing commercial alloys. 
Fe-30Mn-(O-IO)Cr, which were selected in the hope that the correlation observed in Fe-Cr-Ni alloys between 
swelling resistance and Invar-like anomalous properties also existed in the Fe-Cr-Mn system. 

The potential for development of Fe-Cr-Mn alloys depends strongly on their swelling resistance relative to 
that of other alloys. However, high fluence data are needed to study swelling resistance and such data 
necessarily take years to generate in fission reactors. It has been demonstrated, however, that the early 
ion bomhardment studies of Johnston and coworkers2 yielded a correct description o f  the relative composi- 
tional dependence of swelling in neutron-irradiated Fe-Cr-Ni a l l ~ y s . ~ , ~  

Therefore a similar set of ion irradiations will be conducted on a wide range of compositions in the 
Fe-Cr-Mn system to determine the swelling behavior. Since the objectives of this experiment are of inter- 
est t o  both fundamental and applied programs, it will be conducted jointly by the OAFS and ADIP activities 
of the DOE Fusion Materials program and also the Basic Energy Science (BES)  program of DOE. 
T. Lauritzeri and W .  G. Johnston of General Electric agreed to provide assistance and guidance on how the 
previous irradiations on Fe-Cr-Ni alloys were performed. 

5.2 Status of Experiment 

The dual-ion irradiations will be conducted at Oak Ridge National Laboratory using coinjected helium and 
4 MeV Fe+ ions. 
assisted by the participants of the fusion programs. 
to determine the consequences (relative to the work of Johnston) of using Fe+ rather than Ni+ ions and 
a different ion energy. 
15 appm preinjection was used in the earlier experiments. The data will he extracted both by step-height 
measurement and electron microscopy. 
these masks were specially manufactured for this experiment by Johnston. 
and are 3 mm in diameter and 0.025 mm thick. 

These alloys comprised two compositional ranges. The first was Fe-lSMn-(i-lS)Cr 
The second set of alloys was 

In addition, 

Specimen examination and data analysis will he done primarily by the BES program and 
Some Fe-Cr-Ni alloys will also be irradiated in order 

Simultaneous helium injection will also be employed in the present study, while 

This requires a special mask for the specimens. Approximately 600 of 
They are made of pure molybdenum 

34 



The Fe-Cr-Ni a l l o y s  were p rov ided  by L a b r i t z e n  and Johnston and a re  i d e n t i c a l  t o  those of t h e i r  e a r l i e r  
s t u d i e s .  These a l l o y s ,  as w e l l  as t h e  Fe-Cr-Mn a l l o y s ,  were processed a t  HEDL t o  sheet  form (0.015 i n .  
t h i c k )  and vacuum annealed a t  103OOC f o r  112 hour,  f o l l owed  by a i r  coo l i ng .  
f o r  i r r a d i a t i o n  was completed a t  ORNL. 

It i s  a n t i c i p a t e d  t h a t  two ho lde rs  w i t h  n i n e  specimens each w i l l  be i r r a d i a t e d  a t  b o t h  625'C and 6 7 5 T  t o  a 
dose of  %120 dDa. A f i f t h  h o l d e r  w i l l  c o n t a i n  Fe-Cr-Ni sDecimens. The s i x t h  h o l d e r  w i l l  p r o v i d e  lower  

F i n a l  p r e p a r a t i o n  o f  specimens 

doses and perhaps d i f f e r e n t  he l iumldpa r a t i o s  f o r  s e l e c t e d  specimens, depending on t h e  r e s u l t s  ob ta ined  
f r om t h e  o t h e r  specimens. 

P r e i r r a d i a t i o n  e l e c t r o n  microscopy o f  t h e  Fe-Cr-Mn a l l o y s  i s  nea r i ng  comple t ion  a t  ORNL. 

6.0 References 

1. H. R .  Brager and F. A. Garner, "Fundamental A l l o y  Stud ies ,"  DAFS Q u a r t e r l y  Progress Repor t  
DOE/ER-0046/17, May 1984, p. 93. 

2. W .  G. Johnston e t  a l . ,  "The E f f e c t  of  M e t a l l u r g i c a l  Va r i ab les  on Void Swe l l i ng , "  R a d i a t i o n  Damage i n  
-9 Meta ls  N. L. Peterson and 8. 0. Harkness, Eds., Am. SOC. of Meta ls ,  1976, p. 227. 

3. F. A. Garner, J. Nucl .  Mater., 117 (1983), p.  177. 

4. F. A.  Garner and H. R .  Brager,  " Swe l l i ng  o f  A u s t e n i t i c  Fe-Ni-Cr Ternary  A l l o y s  Du r i ng  F a s t  Neut ron  
I r r a d i a t i o n , "  ASTM STP 8970, i n  press.  

7.0 Fu tu re  Work 

T h i s  e f f o r t  w i l l  con t i nue ,  f ocus ing  p r i m a r i l y  on t h e  i o n  i r r a d i a t i o n  a t  ORNL. 
i s  a n t i c i p a t e d  t o  commence i n  t h e  near f u t u r e .  

8.0 Pub l ica t . ions  

None 

The i r r a d i a t i o n  exper iment  
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CHAPTER 4 

FUNDAMENTAL MECHANICAL BEHAVIOR 
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SHEAR PUNCH AND BALL MICROHARDNESS MEASUREMENTS OF 14-MeV NEUTRON I R R A D I A T I O N  HARDENING I N  FIVE METALS 

G.E. Lucas, K. Shinohara, and G.R. Odette ( U n i v e r s i t y  o f  C a l i f o r n i a ,  Santa Barbara) 
* 

1.0 Ob jec t i ves  

Th is  study was performed t o  i n v e s t i g a t e  the  combined use o f  b a l l  microhardness and shear punch t e s t s  t o  
determine s t r eng th  and d u c t i l i t y  changes i n  specimens i r r a d i a t e d  by h i gh  energy neutrons. 

2.0 Summary 

The i r r a d i a t i o n  hardening response of f i v e  metals  i r r a d i a t e d  i n  RTNS-I1 was i nves t i ga ted  us ing  a combina- 
t i o n  o f  b a l l  microhardness and shear punch t e s t  techniques. The metal specimens were t ransmiss ion  e l e c t r o n  
microscopy d i sks  o f  pure n i c k e l ,  N i- 5  w t  % S i ,  pure i r o n ,  s o l u t i o n  annealed prime candidate a l l o y  (PCA) f o r  
Path A, and 40% c o l d  worked MFE 316 s t a i n l e s s  s t e e l .  Specimens were i r r a d i a t e d  i n  RTNS-I1 t o  f luences i n  
t he  range 6 x 1OI6 t o  6 x l o L 7  n/cm2. 
d i s k  th ickness.  However, t he  b a l l  microhardness data obta ined were i n  good agreement w i t h  shear punch 
data. 
x 1017 n/cm2, b u t  Ni- 5 S i  e x h i b i t e d  s i g n i f i c a n t  hardening a f t e r  6 x 10'' n/cm2. 
s i m i l a r  t o  t h a t  observed i n  s o l u t i o n  annealed 316 s ta i n l ess  s t e e l ;  and hardening i n  40% c o l d  worked MFE 316 
was r e l a t i v e l y  small a f t e r  6 x 10'' n/cm2. 

Only l i m i t e d  b a l l  microhardness data cou ld  be obta ined because of 

It was found t h a t  t he  pure metals  e x h i b i t e d  l i t t l e  hardening a f t e r  exposure t o  f luences o f  1 1  
Hardening i n  PCA was 

3.0 

T i t l e :  
P r i n c i p a l  I nves t i ga to r s :  G.R. Odette and G.E. Lucas 
A f f i l i a t i o n :  U n i v e r s i t y  o f  C a l i f o r n i a ,  Santa Barbara 

Damage Analys is  and Fundamental Studies f o r  Fusion Reactor Ma te r i a l s  Development 

4.0  Relevant DAFS Proqram Plan T a s k h b t a s k  

Subtask B Mechanical P rope r t i es  

5.0 Accomplishments and Status 

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

The development of ma te r i a l s  f o r  f us i on  reac to r s  and u l t i m a t e l y  t he  design of t he  f us i on  reac to r  necessi- 
t a t e s  t he  a p p l i c a t i o n  o f  a f i s s i o n  reac to r  i r r a d i a t i o n  da ta  base t o  fus ion  cond i t ions .  
c o r r e l a t i o n s  w i l l  i n  t u r n  requ i re  a fundamental understanding of t he  comparative behavior  o f  ma te r i a l s  i n  
d i f f e r e n t  neutron environments. One o f  the  steps i n  developing t h i s  understanding i s  t he  genera t ion  of a 
m i c ros t ruc tu re  and mechanical p roper ty  data base f o r  ma te r i a l s  i r r a d i a t e d  i n  14 MeV neutron environments; 
and because o f  t he  volume l i m i t a t i o n s  of c u r r e n t  and near term h igh  energy neutron sources, t he  specimens 
used f o r  these purposes are necessar i l y  small .  

Such f i s s i on- fus ion  

For t h i s  reason, we have been engaged i n  t he  development o f  a v a r i e t y  o f  t e s t  t e c  n1 
app l i ed  t o  r e l a t i v e l y  small  specimens t o  e x t r a c t  mechanical p rope r t y  in fo rmat ion .  ?'"y Two o f  these ( 6 ,  

techniques, t he  b a l l  microhardness t e s t  and t he  shear punch t e s t ,  have been developed most ex tens ive ly .  
Althouoh each t e s t  Drovides s t r eno th  and f l o w  o rooe r t v  in format ion.  t he  na ture  o f  the  da ta  p rov ided by each 

es which can be 

techni4ue i s  somewhat d i f f e r e n t .  "Consequently, <he p h p o s e  o f  t h i s  i n v e s t i g a t i o n  was twofo id .  
attempted t o  demonstrate t h a t  the  shear punch and b a l l  microhardness t e s t s  a re  complementary, bo th  i n t h e  

* V i s i t i n g  scientist from Department of Nuclear Engineering,  Kyushu University, Japan 

Fi rs t - ,  we 
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way t h e  t e s t  i s  conducted and i n  t h e  way t h e  da ta  from each t e s t  can be i n t e r p r e t e d .  
t h i s  combinat ion  of  t e s t  techn iques t o  i n v e s t i g a t e  t h e  h i g h  energy neu t ron  i r r a d i a t i o n  harden ing  response 
of  f i v e  meta ls  f o r  wh ich  r e s u l t s  have n o t  been r e p o r t e d  p r e v i o u s l y .  

Secondly,  we a p p l i e d  

5 . 2  M a t e r i a l s  

We i n v e s t i g a t e d  a t o t a l  o f  19 specimens i n  t h e  fo rm o f  t r a n s m i s s i o n  e l e c t r o n  microscopy (TEM) d i s k s  taken 
from f i v e  d i f f e r e n t  m a t e r i a l s .  These were p rov ided  cou r tesy  of  U r .  H. He in i sch ,  Westinghouse Hanford Co. 
The d i s k s  were f a b r i c a t e d  by punch ing  f r om sheet  s tock  and d e b u r r i n g  by a mechanical p o l i s h  techn ique.  
Each d i s k  c a r r i e d  i t s  own laser- engraved, f o u r  d i g i t  i d e n t i f i c a t i o n .  
u n i r r a d i a t e d ,  w h i l e  t h e  o t h e r  h a l f  were i r r a d i a t e d  a t  ambient tempera ture  (* 'C) i n  RTNS-I1 a t  Lawrence 
Livemore N a t i o n a l  Labo ra to ry  as p a r t  o f  HEDL exper iments 11, 111, and I V .  
t h e i r  m e t a l l u r g i c a l  c o n d i t i o n s ,  t h e  specimen i d e n t i f i c a t i o n ,  and t h e  neu t ron  f l uence  f o r  each specimen i s  
g i v e n  i n  Tab le  1. 

Approx imate ly  h a l f  o f  t h e  d i s c s  were 

A summary o f  t h e  m a t e r i a l s ,  

5 .3  Exper imental  Procedure 

Both  u n i r r a d i a t  d and i r r a d i a t e d  specimens were f i r s t  t e s t e d  u s i n g  b a l l  microhardness t e c h n i  ues w i t h  an 
automated Tukon microhardness t e s t e r .  The techn ique and equipment a re  desc r i bed  elsewhere.  p 6 j  
t u n a t e l y ,  t h e  a v a i l a b l e  b a l l  s i z e s  and spec'm n t h i cknesses  (* .25 mm) p rec luded  o b t a i n i n g  many d a t a  p o i n t s  
p e r  specimen. The i d e n t a t i o n  s i z e  c r i t e r i a 1 6 y  were v i o l a t e d  a t  i n t e r m e d i a t e  t o  h i g h  l oads ,  and t h e  
i n d e n t a t i o n s  e i t h e r  became t o o  d i f f i c u l t  t o  see (specimen surfaces were i n  t h e  a s - r o l l e d  c o n d i t i o n ,  n o t  
h i g h l y  p o l i s h e d )  o r  t o o  smal l  a t  low loads.  
loads on t h e  o r d e r  o f  200-700 g were o f  a v a l i d  and observab le  s i ze .  I f  t h e  specimens had been t h i c k e r  
(-.5mm) o r  i f  b e t t e r  s u r f a c e  c o n d i t i o n s  had been achieved, c o n s i d e r a b l y  more d a t a  c o u l d  have been ob ta ined  
and w i t h  a w ide r  range of  b a l l  s i z e s  and l oads ;  t h i s  i n  t u r n  means t h a t  f l o w  s t r e s s  ove r  a w i d e r  s t r a i n  
range c o u l d  have been obta ined.  It i s  recommended t h a t  f u t u r e  i r r a d i a t i o n s  o f  TEM d i s k s  f o r  use a5 
microhardness specimens be f a b r i c a t e d  w i t h  a t  l e a s t  0 .5  mm th i ckness .  
be improved b y  p o l i s h i n g  p r i o r  t o  t e s t i n g  t o  ex tend t h e  s t r a i n  range o f  t h e  d a t a  ob ta inab le .  

F o l l o w i n g  b a l l  microhardness t e s t i n g ,  each specimen was sub jec ted  t o  a shear punch t e s t  a t  room tempera ture  
u s i n g  a 1 m punch. P recau t i ons  
were taken i n  t h e  case of  b o t h  b a l l  microhardness and shear punch t e s t i n g  o f  i r r a d i a t e d  m a t e r i a l  t o  
min imize  personne l  doses and con tam ina t i on  of t e s t  equipment. 
d i s k s  were v e r y  smal l  (< 2mr/h), and no con tam ina t i on  of  e i t h e r  microhardness o r  shear punch equipment was 
found a f t e r  t e s t i n g  and w ip ing .  

6 .  Unfo r -  

Hence o n l y  d a t a  ob ta ined  w i t h  a 0.25 mm d iameter  b a l l  f o r  

I n  a d d i t i o n ,  specimen sur faces  c o u l d  

The techn ique and apparatus a r e  desc r i bed  i n  more d e t a i l  e lsewhere . (6)  

However, doses a t  c o n t a c t  o f  i n d i v i d u a l  

5 . 4  Resu l t s  and D i scuss ion  

Us ing  t h e  c o r r e l a t i o n s  desc r i bed  elsewhere,  t h e  shear punch da ta  were used t o  de termine y i e l d  s t r e s s  (u ), 

t h e  specimens t e s t e d .  
m a t e r i a l s  a r e  n o t  a v a i l a b l e  so d i r e c t  q u a n t i t a t i v e  comparisons cannot be made. 
q u a l i t a t i v e l y  c o r r e c t  and some i n d i r e c t  comparisons can be made. 
have r e l a t i v e l y  low y i e l d  s t r e n g t h s  (100-200 MPa), h i g h  work harden ing  exponents ( n  * . 2 ) ,  and h i g h  RA 
(70-80%); whereas t h e  c o l d  worked m a t e r i a l  has h i g h  y i e l d  s t r e n g t h  (700 MPa), and low va lues  o f  n and RA. 
The va lues  o f  y i e l d  s t r e s s  (100-200 MPa) f o r  u n i r r a d i a t e d  N i  and Fe a r e  i n  agreement w i t h  p u b l i s h e d  va lues  
of  pu re  f i n e - g r a i n e d  m a t e r i a l s . ( " \  
u n i r r a d i a t e d  PCA and MFE 316 SS a r e  s i m i l a r  t o  those r e p o r t e d  by E r a s k i  and Maziasr(11,'2) f o r  PCA i n  t h e  
f u l l y  r e c r y s t a l l i z e d  c o n d i t i o n  (u 
worked c o n d i t i o n  (ay * 688 MPa, U f S  
i r r a d i a t i o n  can be compared t o  some l i t e r a t u r e  da ta ,  and t h i s  p o i n t  i s  addressed s h o r t l y .  

u l t i m a t e  t e n s i l e  s t r e n g t h  (UTS), work harden ing  exponent (n), and r e d u c t i o n  i n  a rea  (RA)  va lues  f o r  eac x of  
The r e s u l t s  o f  t h i s  a n a l y s i s  a r e  shown i n  Tab le  2. T e n s i l e  d a t a  on t hese  s p e c i f i c  

However, these d a t a  a r e  
The u n i r r a d i a t e d  r e c r y s t a l l i z e d  m a t e r i a l s  

The va lues  of y i e l d  s t r e s s  and u l t i m a t e  t e n s i l e  s t r e n g t h  f o r  

* 220 MPa and UTS * 529 MPa) and MFE 316 s t a i n l e s s  s t e e l  i n  t h e  20% c o l d  
791 MPa). Furthermore,  t h e  change i n  y i e l d  s t r e n g t h  a f t e r  

To compare t h e  shear punch d a t a  t o  b a l l  microhardness da ta ,  t h e  f o l l o w i n g  was done. 
curve  was determined i n  l o g  0 - l o g  t P  space f rom t h e  shear punch d a t a  assuming a r e l a t i o n s h i p  l o g  a = A + n 
l o g  t p ,  where 0 i s  t h e  t r u e  f l o w  s t r e s s  and E, ,  a t r u e  p l a s t i c  s t r a i n .  
a t  t = .002. Where m u l t i p l e  va lues  o f  0 were a v a i l a b l e ,  t h e  spread i n  va lues  was t r e a t e d  as an uncer-  
t a i n t y  range. = tu = n, assuming t h e  v a l i d i t y  o f  t h e  
c o n s t i t u t i v e  r e l a t i o n  and Cons ide re ' s  c r i t e r i a .  ( I 3 \  However, we have noted i n  p r e v i o u s  t e n s i l e  t e s t s ( ' ' \  
t h a t  t h e  va lue  of  u n i f o r m  e l o n g a t i o n  tu can be s i g n i f i c a n t l y  l e s s  t han  n by as much as a f a c t o r  o f  two or 
more. Hence, we have t r e a t e d  t h i s  by e v a l u a t i n g  an a l t e r n a t i v e  second te rm inus  a t  u = UTS a t  t p  = 0.5 n 
and t r e a t i n g  t h e  two t e r m i n i  as an u n c e r t a i n t y  range. 
F i g .  1. Superimposed on these a r e  t h e  t r u e  s t r e s s - s t r a i n  p o i n t s  eva lua ted  f rom b a l l  microhardness t e s t s .  

A t r u e  s t r e s s  s t r a i n  

The l ower  te rminus  was s e t  b y  u = uy 

The upper t e rm inus  was determined by 0 = UTS a t  & P 

The s t r e s s  s t r a i n  curves  so c h s t r u c t e d  a r e  shown i n  
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TABLE 1 

Characteristics of Test Materials 

ID Designation Condition - Materi a1 

Pure Nickel 

Pure Iron 

Nickel-5 wt% Silicon 

Prime Candidate Alloy 
for Path A, Austenitic5 

Ni Fully Recrystallized 1T4X 
1T53 
1TF6 
1 THV 

Fe Fully Recrystallized 7xuv 
7XZT 

Ni-5 S i  Fully Recrystallized 55N4 
55N4 
55u3 
55V1 

PCA Fully Recrystallized 462E 
46XT 
46AT 
46U5 

M F E  316 Stainless Steel MFE 316 SS 40% Cold Worked 4914 
493E 
49A5 

Neutron Fluence 
(nfcm ) 

2 

_ _  
17 1.057 x lol7 

1.105 x IO 

_ _  
16 9.60 x lol6 

9.74 x 10 

_ _  
17 6.12 x lol7 

6 . 3 6  x 10 

_ _  
16 6.18 x lol7 

2.87 x 10 

_ -  
17 6.14 x 10 

TABLE 2 

PCA 

- -* _ _  > (685) > (1068) :;; > (.I]) 42.4 _ .  MFE 
6 . 1  x 10 17 740 1029 .09 49.6 

"Scale change during tests resulted in uncertain displacement evaluations in the latter portion of the test, 
hence disallowing RA determinations. 
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Figure 1: Comparison o f  ball microhardness data with stress-strain curves derived from shear punch data 
for both unirradiated and irradiated material. 
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Agreement between b a l l  microhardness da ta  and curves d e r i v e d  f rom shear punch da ta  i s  q u i t e  good except  i n  
a few ins tances .  
s i t i v i t y  e f f e c t s  by procedures o u t l i n e d  elsewhereC6' u s i n g  an assumed s t r a i n  r a t e  s e n s i t i v i t y  o f  
m = d l o g  u/d l o g  i 2 .06 which i s  t y p i c a l  f o r  m i l d  s t e e l s .  
microhardness d a t a  would be s h i f t e d  down r e l a t i v e  t o  t h e  s t r e s s  s t r a i n  curves.  In t h e  case of  MFE 316 S S ,  
t h e  y i e l d  s t r e n g t h  o f  t h e  m a t e r i a l  approaches 1/2.5 t h e  y i e l d  s t r e n g t h  o f  t h e  b a l l  m a t e r i a l .  
may have b en some b a l l  de fo rma t i on  i n  these  t e s t s  which would l e a d  e f f e c t i v e l y  t o  h i g h e r  p r e d i c t e d  va lues 
of  s t ress . "s )  I n  t h e  remain ing  cases, smal l  d i sc repanc ies  m igh t  be a t t r i b u t a b l e  t o  u n c e r t a i n t i e s  i n  b o t h  
shear punch and microhardness da ta  and t o  u n c e r t a i n t i e s  a r i s i n g  f rom t h e  procedures by wh ich  t h e  s t r e s s  
s t r a i n  curves  were cons t ruc ted .  Indeed, we have found t h a t  b a l l  microhardness da ta  t e n d  t o  be system- 
a t i c a l l y  high r e l a t i v e  t o  a c t u a l  t e n s i l e  da ta  f o r  a m a j o r i t y  o f  m a t e r i a l s .  However, even f o r  those cases 
where microhardness da ta  do n o t  f a l l  on t h e  s t r e s s - s t r a i n  curves,  t h e  s lopes of  t h e  two da ta  s e t s  a r e  
comparable. I n  any event ,  t h e  o v e r a l l  agreement between microhardness and shear punch d a t a  suggests t h a t  
t h e  procedure  by  wh ich  shear d a t a  were used t o  c o n s t r u c t  s t r e s s  s t r a i n  curves  i s  a good approx imat ion .  
Moreover, t h e  use o f  microhardness da ta  t o  eva lua te  shear da ta  demonstrates t h e  complementary n a t u r e  of  t h e  
t e s t  da ta  and t h e  usefu lness  o f  per fo rming more than  one t e s t  techn ique.  

I n  t h e  case o f  Fe, t h e  b a l l  mic 0 ardness d a t a  were c o r r e c t e d  f o r  s t r a i n  r a t e  sen- 

If m were a c t u a l l y  l a r g e r  t han  t h i s ,  t h e  

Hence, t h e r e  

The e f f e c t s  o f  i r r a d i a t i o n  determined from shear punch t e s t s  a r e  g i v e n  i n  Tab le  2. 
N i- 5 S i ,  t h e  e f f e c t s  o f  i r r a d i a t i o n  on uy, UTS, n, and RA a r e  smal l  or n e g l i g i b l e .  
i s o n ,  we have eva lua ted  t h e  change i n  y i e l d  s t r e s s  as a f u n c t i o n  o f  f l u e n c e  f o r  t h e  meta 5 I n  a b l e  2 and 
p l o t t e d  these  da ta  a g a i n s t  curves  determined f o r  s i m i l a r  m a t e r i a l s  by  o t h e r  researchers .  116'23J F i g u r e  2 
compares t h e  da ta  ob ta ined  f o r  PCA and MF 
316 s t a i n l e s s  s t e e l  by Vandervoort  e t  a 1 . f 2 0 j  a t  LL L u s i n g  m i n i a t u r e  t e n s i l e  specimens, a d y Panayotou 
e t  a l .  a t  HEDL u s i n g  m i n i a t u r e  t e n s i l e  specimens(1sy and conven t i ona l  microhardness t e s t s .  '13' D i f f e r e n t  
heats  of  s t e e l  were used i n  each case, which may e x p l a i n  i n  p a r t  why t h e  two t r e n d  curves do n o t  comp le te l y  
over lap.  A l though PCA i s  a T i  mod i f i ed  316 s t a i n l e s s  s t e e l  and thus  has a somewhat d i f f e r e n t  compos i t i on  
t h a n  316 s t a i n l e s s  s t e e l ,  t h e  da ta  f a l l  i n  t h e  t r e n d  band o f  s o l u t i o n  annealed 316 s t a i n l e s s  s t e e l  data.  
However, t h e  y i e l d  s t r e n g t h  change f o r  t h e  c o l d  worked MFE 316 of  my 55 MPa a t  6 .4  x 1017 n/cm2 f a l l s  
s l i g h t l y  below t h e  t r e n d  band. Whi le  t h i s  y i e l d  s t r e n g t h  change i s  smal l  r e l a t i v e  t o  t h e  u n i r r a d i a t e d  
va lue  of  u , and thus  i s  s u b j e c t  t o  a g r e a t e r  u n c e r t a i n t y  t han  va lues o f  Aay f o r  t h e  PCA and pu re  me ta l s ,  
i t  suggests t h a t  t h e  p r e - e x i s t i n g  d i s l o c a t i o n  network  has suppressed t h e  i n i t i a l  harden ing re@tyse .  
i s  i n  agreement w i t h  low tempera ture  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  d a t a  on 316 s t a i n l e s s  s t e e l .  

Except f o r  t h e  case o f  
For  purposes o f  compar- 

3 6 SS w i t h  t h e  t r e n d  curves determined f o r  s o l u t i o n  annealed 

T h i s  

F i g u r e  3 compares y i e l d  s t r e n g t h  changes f o r  Fe 
determined fo  
K ~ l c i n s k i . " ~ '  The t r e n d  cu rve  determined by Z i n k j e  and K u l c i n s k i  f o r  Cu, Cu-5 A l ,  and Cu-5 N i  i s  ' n  
agreement w i t h  t h a t  de termined by  Brager e t  a l .  2 1  f o r  t h e  same m a t e r i a l s  and w i t h  M i t c h e l l  e t  f o r  
pu re  Cu. ( I t ' s  a l s o  i n t e r e s t i n g  t o  no te  t h a t  t h e  t r e n d  l i n e s  f o r  Cu and PCA a r e  s i m i l a r . )  
Brager  e t  a l .  found no d i f f e r e n c e s  between t h e  response o f  Cu-5 Mn and pure  Cu, Z i n k l e  and K u l c i n s k i  
r e p o r t e d  a s h o r t e r  i n c u b a t i o n  t i m e  f o r  harden ing and hence a g r e a t e r  harden ing a t  a g i v e n  f l uence  f o r  
Cu-5 Mn, as shown i n  F ig .  3. The d a t a  ob ta ined  on Fe and N i  i n  t h i s  s tudy  show l i t t l e  harden ing a t  
1 x 10" n/cm2 i n  agreement w i t h  t h e  response observed f o r  V and T i .  
t h a t  observed f o r  Cu t he same f luence; i n  a d d i t i o n ,  Panayotou r e p o r t e d  -20% inc rease  i n  hardness i n  N i  
a f t e r  1 x ioi7 n/cm2. '27' 
t o  t h e  response observed by Z i n k l e  and K u l c i n s k i  f o r  Cu-5 Mn. 

It i s  i n t e r e s t i n g  t o  note  t h a t  t h e  r a t i o  o f  atomic r a d i i  f o r  S i / N i  (1.94) and Mn/Cu (1.88) a r e  s i g n i f i -  
c a n t l y  l e s s  than 1 ,  whereas Ni and Cu have s i m i l a r  r a d i i  and A1 has a l a r g e r  r a d i u s  than  Cu. Moreover, a t  
room temperature ,  t h e  Mn i n  Cu and S i  i n  N i  a re  c l o s e  t t e s o l u b i l i t y  l i m i t s ,  whereas A1 i s  w e l l  below 
i t s  s o l u b i l i t y  l i m i t  and Cu-Ni i s  an isomorph ic  system.P249 Hence, t h e r e  may be an i r a  i a t i o n  induced 
p r e c i p i t a t i o n  response o c c u r r i n g  i n  b o t h  N i - 5  S i  and Cu-5 Mn. A l though Brager e t  a l .  '21g r e p o r t e d  o n l y  
d e f e c t  c l u s t e r s  i n  Cu-5 Mn which  were s i m i l a r  i n  s i z e  and number d e n s i t y  t o  t hose  observed i n  Cu and 
Cu-5 N i ,  t hey  a l s o  concluded t h a t  70% o f  t h e  d e f e c t s  i n  Cu-5 Mn were sma l l e r  t han  t h e  r e s o l u t i o n  
l i m i t  of t h e i r  microscope. I n  a d d i t i o n ,  i t  can be seen f rom Tab le  2,  t h a t  for N i - 5  S i ,  t h e  p r e d i c t e d  work 
harden ing exponent decreases d r a m a t i c a l l y  w i t h  i n c r e a s i n g  hardening.  T h i s  suggests t h a t  t h e  d e f e c t s  formed 
m igh t  be shearable,  hence c o n t r i b u t i n g  t o  work s o f t e n i n g ;  and such a response would be expected t o  g i v e  
r i s e  t o  f l o w  l o c a l i z a t i o n .  T h i s  behav io r  i s  t y p i c a l  of Fe-Cu a l l o y s ,  f o r  i ns tance ,  wh r e  smal l  sheara l e  
bcc copper p r e c i p i t a t e s ,  i n v i s i b l e  i n  TEM, can be nuc lea ted  by e i t h e r  thermal  ag ing(25P o r  i r r a d i a t i o n t z 6 )  
and g i v e  r i s e  t o  b o t h  harden ing and f l ow  l o c a l i z a t i o n .  
t o  examine t h e  m i c r o s t r u c t u r e  
a p p l i c a b l e  t o  smal l  specimens.P5,141 

N i ,  and N i - 5  S i  t o  y i e l d  s t r e n g t h  versus f luence curves 
V and T i  by B rad ley  and Jones"6' and f o r  Cu, Cu-5 A I ,  Cu-5 N i  and Cu-5 Mn b y  Z i n k e l  and 

However, w h i l e  

However, t h e  harden ing was l e s s  t h a n  

The harden ing response o f  N i - 5  S i  on t h e  o t h e r  hand was q u i t e  l a r g e  and s i m i l a r  

Hence, f o r  f u t u r e  research,  i t  would be i n t e r e s t i n g  
f t h ' s  a l l o y  and l o o k  f o r  evidence o f  f l o w  l o c a l i z a t i o n  w i t h  techn iques 
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5 . 5  Conclusions 

We have i n v e s t i  a t ed  the  i r r a d i a t i o n  hardening response o f  5 meta ls  i r r a d i a t e d  i n  RTNS-I1 t o  f luences up t o  

mechanical p rope r t y  changes. I t  was found t h a t :  
6 . 4  x 10" n/cm 9 . Both b a l l  microhardness techniques and shear punch t e s t  techniques were used t o  eva lua te  
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Only a l i m i t e d  amount o f  microhardness da ta  cou ld  be obta ined because o f  i nden ta t i on  s i z e  cons t r a i n t s  
imposed by specimen th ickness and i nden ta t i on  obse rvab i l i t y .  
d i s k s  be f ab r i ca ted  a t  l e a s t  0.5 mm t h i c k .  
surfaces were po l i shed  p r i o r  t o  t e s t i n g .  

It i s  recommended t h a t  future hardness 
Add i t i ona l  data cou ld  a l s o  be obta ined if specimen 

B a l l  microhardness da ta  and shear punch data a re  complementary and can be used t o  cons t r uc t  approxi-  
mate s t r e s s - s t r a i n  curves for the  t e s t  m a t e r i a l .  

Both u n i r r a d i a t e d  and i r r a d i a t e d  values of mechanical p rope r t i e s  were i n  reasonable agreement w i th  
da ta  obta ined i n  o t he r  s tud ies  on comparable m a t e r i a l .  

The i r r a d i a t i o n  hardening response was g rea tes t  f o r  Ni- 5 S i  and s i m i l a r  t o  t h a t  r epo r t ed  by Z i n k l e  
and K u l c i n s k i  f o r  Cu-5 Mn. 
hardening exponent, suggesting t h a t  the  extended de fec ts  produced by i r r a d i a t i o n  might  be shearable. 
Th is  may be an i r r a d i a t i o n  induced p r e c i p i t a t i o n  e f f e c t  s i m i l a r  t o  t h a t  observed i n  Fe-Cu a l l o y s  and 
warrants f u r t h e r  i n v e s t i g a t i o n .  

I r r a d i a t i o n  hardening i n  Ni- 5 S i  was accompanied by a drop i n  work 
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RADIATION-IFIOUCED SEGREGATION O F  PHOSPHORIIS IN FUSION REACTOR MATERIPLS 

J.L. Rrimhall, 0.R. h e r ,  R . H .  Jones (Pacif ic  Northwest Laboratory) 

1.0 flhject i ve 

The purpose of t h i s  study i s  t o  determine t.he c r i t i c a l  material ar? i r radia t ion parameters which control 
the radiation induced segregation of impurit.v elements in fusion reactor materials.  

2 .0 Sumnary 

Bombardment of iror-phosphorus and nickel phosphorus alloys t o  very low dose levels  has n o t  produced 
s ignif icant  surface segregation of phosphorus. These ohservstions rule o u t  t.he possihi1it.y t h a t  
radiation induced segregatinn may he very r a p i d  in there alloys and the phosphorus laver formed a t  low 
dose would be subsequently removed by ion sputterinp as radiation continued. The observation confirms 
the conclusion t h a t  the magnitude of radiation induced segrcnation i s  inherently much l ess  i n  these 
alloys compared t.o 31fi s t a in less  s t e e l .  Radiation induced segregation o f  phosphorus in a n  F f  t 25% Ni t 
.022% P 7-phase a l loy was somewhat greater than in the f e r r i t i c  a l loys ,  h u t  a lso  considerably l e ss  t h a n  
i n  316 SS. 

3.0 Prnqram 

T i t l e :  Mechanical Properties 
Principal 1nvestigat.or: R. H.  Jones 
Aff i 1 ia t ion:  Pacific Northwest Laboratory 

4.0  Relevant OAFS Program Plan Task/Sub-Task 

Subtask II.t.14 Mo6e15 of Flow and Fracture Under Irradiation 
Suhtask II.C.1 Effect of llaterial Parameters on Picrostructure 

5.0 Accomplishments a n d  Status 

5 . 1  Introductinn 

Radiation induced segregation (RIS) af alloying elements t o  in terfacia l  sinks i s  a well established 
phenomenon. Various physical and mechanical properties can be a l tered by radiation induced segregation 
of cer ta in  elements. 
have a marked e f fec t  on such properties as  f racture  toughness, hydrogen embrittlement, s t r e s s  corrosion 
o r  corrosion fa t igue.  
studied, however, a n d  i s  the main suh,iect of the current research reported here. 

The radiation induced segregation of phosphorus and c ther  impurity elements i n  a var ie ty  of candidate 
fusion reactor alloys has been previously reported ( 1 - 3 ) .  
i r radia t ion t o  induce segrPgat.ion near the f r e e  surface of  the a l loys .  I n  the present work, the dose 
dependence of the phosphorus segregation i n  iron and nickel alloys w a s  extended t o  very low doses. 
addition, a phosphorus-containina, iron-nickel y-phase a l loy h a s  a lso  been studied. 

Segregation of such impurity elements as phosphorus t o  the qrain boundaries may 

The radiation induced segregation of impurity elements has not been widely 

This research bas u t i l i zed  heavy ion 

I n  
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5.2 E x p e r i v e n t n l  k t a i l s  

The su r face  s e q r q a t i o n  o f  phosphorus was analyzed i n  f e r r i t i c  HT-9, Fe + .03 % P ,  Fe + .1 “P, IJi + .03 SP 
and Fe + 75% N i  + ,022 %P. 
t r e a t m e n t  r e p o r t e d  p r p v i o u s l v  ( 1  ) .  
a1lo.vs were annealed 8 t  1315K f o r  30 o i n .  and f u r n a c e  cooled.  
and o iven  a f i n a l  e l e c t r n p o l i s h  a f t e r  t h e  he$; !reatments t.n remove an), deqree of thermal  s e g r r a a t i o n .  
A l l  t h e  a l l o y s  were i r r a d i a t e d  w i t h  5 t+V N i  i o n s  t o  dose l e v e l s  r a n g i n q  f rom 0.02 t o  1.: dpa a t  875 K.  
The i iear  sur face compos i t i on  a f t e r  i r r a d i a t i o n  was analyzed hy Auqer F l e c t r o n  Spectroscopy fP.ES). The 
conrent ra t . ion p r o f i l e s  o f  up to s i x  elements were o b t a i n e d  by s p u t t e r  p r o f i l i n g  u s i n g  A r  i o n s  i n  t h e  P F S  
chamber. A spi i t t .Pr removal r a t e  o f  O.05omlmin was used f o r  t h ?  w a r  sur face r e g i o n  and t h e  r a t e  was 
increast3d at .  greater depths f rom t h ?  s u r f a c e .  F u l l  range AES scans were p e r i o d i c a l l y  taken t o  check t h e  
e n t i r e  compos i t i ona l  spectrum. The da ta  i s  present.ed as t h e  peak h e i g h t  r a t i o  ( P H R )  of  t h e  p a r t i c u l z r  
element t o  t h e  b u l k  i r o n  ( o r  n i c k e l )  s i g n a l .  
maximuni phosphorus r o n c e n t r a t i o n ,  so t h e  i r o n  s i q n a l  i n  t h e  b u l k  r e q i o n  was cons ide red  more a p p r o p r i a t e  
f o r  n o r m a l i i i n o  t h e  da ta .  

The 111-9 was oht.ained from t h e  f u s i o n  m a t e r i a l s  s t o c k p i l e  and t h e  p r i o r  hpa t  
The i ron- phosphorus,  n icke l- phosphorus and i ron- n icke l - phosphorus  

Thp specimens were mechan ica l l y  p o l i s h e d  

The i r o n  s i g n a l  was changinq r z p i d l y  i n  t h e  r e g i o n  of 

5 .3  R e s u l t s  and D iscuss ion  

The PHR f o r  phosphorus a s  a f u n c t i o n  o f  t h e  r a d i a t i o n  dose i n  dpa i s  shown i n  F i g u r e  1 f o r  a number o f  
a l l o y s .  
t h e  maximum segreoa t ion  occur red  a t  doses npare r  t o  0.2 dpa. 
doses. The segreaa t ion  i n  t h e  Fe+O.l%P a l l o y  d i d  n o t  show much v a r i a t i o n  w i t h  dose up t o  1 dpa. The 
a b s o l u t e  va lues  of t h e  phosphorus peak h e i g h t s  i n  these  a l l o y s  a r e  n o t  much ahove background so t h e m  i s  
c o n s i d e r a h l e  u n c e r t a i n t y  i n  t h e  da ta .  
a l l  t h e  a l l o y s  s t i i d i e d .  For  comparison, t h e  dose dependence f o r  phosphorus segregat. ion i n  31655, taken 
f rom t h e  p r e v i o u s  work ( 3 ) ,  i s  a l s o  shown. 

A l though some phosphorus segrega t ion  was p v i d e n t  a t  0.02 dpa i n  t h e  Fe+.03P and Ni+.03P a l l o y s ,  
The segrega t ion  decreased a t  s t i l l  h i g h e r  

HT-9 shows t h e  l e a s t  amount of r a d i a t i o n  induced segrega t ion  of 

0 4  - 
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0- - --0 N i t  003% P 
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F I G U R E  1. The d m r  dependence of t h e  s u r f a r e  seqrega t ion  of phosphorus i n  f e r r i t i c  and n i c k e l  a l l o y s  
d u r i n g  i o n  bombardment a t  600°C. The cu rve  f o r  31hSS i s  shown f o r  comparison. 

P smal l ,  b u t  measurable, degree o f  phosphorus seqregated t o  t h e  f r e e  s u r f a c e  d u r i n g  i r r a d i a t i o n  of an 
Fe + 254, N i  + . r 7 Z  P a l l o y .  
a l l o y i n g  and i m p u r i t y  elements. 
Fe-P and N i - P  a l l o y s .  T y p i c a l  s p u t t e r  p r o f i l e s  a r e  shown i n  F i g u r e  2.  

T h i s  a l l n v  rep resen ts  a s imp le  a u s t e n i t i c  a l l o y  w i t h  a l ow l e v e l  of m inor  
The r a d i a t i o n  induced seorega t ion  i s  comparable t.o t h a t  observed i n  t h e  
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FIGIIRF 2. AES s p u t t e r  p r o f i l f  f o r  phmphorus i n  an Fe t 25 N i  + .flZ P a l l o y  a f t e r  i o n  bombardment a t  
600'C. Two i o n  dose l e v e l s  a r e  Fhown. 

The douh le  peak i n  t h e  s p u t t e r  p r o f i l e s  f o r  phosphorus shown i n  F i g u r e  ? was observed i n  ot.her a l l o y s  as 
w e l l .  
c o n c e n t r a t i o n .  It i s  l i k e l y  t .hat t h e  s u l f u r  i s  r e p l a c i n p  t h e  phosphorus i n  t h e  near  sur face reg inn .  
behav io r  o f  t h e  s u l f u r  was e r r a t i c  and non rep roduc ib le  however, i .e . ,  t h e r e  was no c l e a r  i n d i c a t i o n  of a 
r a d i a t i o n  induced s e g r e g a t i o r  c r  d e p l e t i o n  o f  s u l f u r .  
specimens as w e l l .  l h e  s u l f u r  e f f e c t  exemp l i f i ed  hy  t h e  dnuh le  peak makes i t  d i f f i c u l t  t o  know what t h e  
t r u e  phosphorus seg rega t i on  would he i n  t h e  ahsence o f  s u l f u r .  

The o b s e r v a t i o n  o f  o n l y  a smal l  degree of phosphorus seg rega t i on  i n  t h e  a l l o y s  a t  ve ry  low doses 
e l i m i n a t e s  t h e  p o s s i b i l i t y  t h a t  RIS cou ld  he ve ry  r a p i d  i n  f e r r i t i c s .  
seg rega t i on  would produce a segregated phosphorus l a y e r  a t  ve ry  low doses. 
been removed by s p u t t e r i n g  i f  t h e  i n i t i a l  obse rva t i ons  were made a t  h i g h e r  dose l e v e l s .  
t r e n d  i n  t h e  dose dependence i n  t h e  fe r rous  and n i c k e l  a l l o y s  i s  s i m i l a r  t o  t h a t  i n  s t a i n l e s s  s t e e l  i n  
t.hat a maximum i n  t h e  seg rega t i on  occurs  a t  a moderate dose l e v e l  hetween 0.5 t o  1.0 dpa. 
concluded t h a t  l e s s  RIS o f  phosphorus i n  f e r r i t i c  a l l o y s  compared t o  3168s as a.n i n h e r e n t  a l l o y  p r o p e r t y  
a n d  n o t  a r e s u l t  of exper imenta l  anomal ies.  

R I S  o f  phosphorus i s  a l s o  l e s s  i n  a l l o y s  w i t h  t h e  same c r y s t a l  s t r u c t u r e  as 31655, namely t h e  Plit.03P 
a l l o y  and Fet2511it.03P a l l o y .  T h i s  suggests t h a t  t h e  316SS mav he somewhat anomalous i n  showing such a 
s t r o n g  RIS o f  phosphorus. High energy e l e c t r o n  i r r a d i a t i o n  i n  an HVEM was a l s o  ohserved t o  produce a 
s t r o n g  RIS o f  phosphorus t o  g r a i n  boundar ies i n  316 s t a i n l e s s  s t e e l  ( 4 ) .  The 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 r e  complex a l l o y s  w i t h  many minor  and i n p u r i t y  e lements and a p l a u s i b l e  reason f o r  t h e  s t r o n q  e f f e c t s  of  
r a d i a t i o n  o r  seg repa t i on  i s  n o t  p o s s i h l e  a t  t h i s  t ime.  

The minimum i n  t.he pliosphorus concent . ra t ion  g e n e r a l l y  c o i n c i d e d  w i t h  a maximum i n  t h e  s u l f u r  
The 

Su l fu r  sometimes segreqated i n  thermal  c o n t r o l  

The reason ing i s  t h a t  r a p i d  
T h i s  l a y e r  would a l ready  have 

However, t h e  

It i s  
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REIRRADIATION OF HFIR SPECIMENS I N  FFTF 

H. K .  Brager and F. A. Garner (Hanford Engineering Oevelopment Laboratory) 
P. J. Maziasz (Oak Ridge National Laboratory) 

1 .o Objective 

The object of this effort is to determine whether large levels of helium substantially alter the 
development of neutron-induced swelling in austenitic alloys. 

2.0 Summary __ 

A series of AISI 316 and PCA specimens previously irradiated in HFIR to doses ranging from 10 to 44 dpa 
have been measured to determine their density and then included in the MOTA irradiation experiment for 
continued irradiation in FFTF. These specimens were divided into two subsets to he discharged after 30 
and 60 dpa. 

3.0 Program 

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

4.0 Relevant Program Plan Task/Subtask 

Task I I .C .2  Effects of Helium on Microstructure 

5.0 Accomplishments and Status 

5.1 Introduction 

Two alternative interpretations of a unique but limited set of data have he n a vanced in an attempt to 
predict the influence of large levels of helium on the swelling o f  AISI 316?1,2f. Whether or not large 
amounts of helium c n preclude the development o f  the ul%/dpa swelling rate typical of the Fe-Ni-Cr 

that interactions between h l'um huhbles and Tic precipitates in titanium-modified steels can substantially 
alter the swelling behaviorg4J. 
to swell like 316 in the post-transient regimef5,6). 

austenitic system(3 P has not yet been demonstrated to everyones satisfaction. It has also been proposed 

In the absenc of large helium levels Ti-modified steels have been shown 

In an attempt to test the various predictions a series of specimens irradiated in the HFIR reactor have 
been incorporated into the MOTA experiment to accumulate large displacement levels (30 and 60 dpa) without 
adding significantly t o  the large helium levels (500-3600 appm) already attained in HFIR. The specimens 
are in the form o f  TEM disks and were irradiated to doses of 10.5, 22 and 44 dpa at nominal temperatures 
of 400, 500 and 600OC. The alloys included in the experiment are the N-lot heat of AISI 316 and PCA, both 
in the annealed and cold-worked conditions. 
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T A B L E  1 

S P E C I M E N  I R R A D I A T I O N  C O N D I T I O N S  AND MICROSTRUCTURE 

M i c r o s t r u c t u r a l  r a t a 1  
HFlR I r r a d i a t i o n  Cond i t ions  Cond i t ions  c v i  

Alloy/ Specimen Temper- Helium C a v i t y  Concen- S * e i l i n q  
Cond i t ion  I d e n t i f i -  a t u r e  dpa ( a t .  ppm) Size  t r a t i o n  (%)  O i s l o c a t i o n  S t r u c t u r e  Prec ipa te  M i c r m t r m t w e  

c a t i o n  (OC) (d.  m) (m-3) 

PCA. SA ( 6 )  € 0 4 5 ,  
-98, -70. 
-80, -69. 
-94 

( I) ED-16 

( I )  ED-19 

( 1 )  ED-90 

( 2 )  ED-15. 
-18 

( I )  ED-01 

( I )  EO-72 

PCA. 25% CY I21 EC-99. - 68 

PCA. 25% CY ( 1 )  EC-04 

( 1 )  EC-92 

N- l o t  316, (I) AD-04 
2 s  C Y  

(2) AO-19 
-34 

( I )  AD-20 

( I )  AD-53 
-56 

(2) AO-? 

N- l o t  316, (2) AG-3, 
S A  -6 

( 2 )  AG-5, 
- 9  

400 

400 

400 

500 

600 

600 

None 

400 

400 

400 

500 

500 

600 

600 

500 

600 

None None 

r i 0 . 5  ,520 None d e t e c t a b l e  (n.d) 

Q 2  

4 4  

Q2 

rz2 

"44 

-22 

"44 

-22 

-22 

4 4  

Q 2  

4 4  

-22 

-22 

-1700 ( b i -  

6 6 0 0  

modal)  

r l 1 0 0  ( b i -  
modal) 

I750  bubb le r .  
matp ix  
voids.  
QPt. 
v o i d s  

4 6 0 0  bubbles, 
m a t r i x  
voids,  
P"t. 
v o i d s  

111 700 

6600 

4 4 7 5  ( b i -  

4 4 7 5  ( b i -  

modal 1 

rmda l )  

r3000 bubb le r ,  
m a t r i x  
voids,  
QPt. 
w i d 5  

r1475  bubbler ,  
m a t r i x  
vo ids  

4000 bubbler ,  
matp ix  
m i d 5 ,  
PPt . 
v o i d s  

2.5 
6.9 

5.9 

2.2 
10.1 

6.1 
21.9 

53 

4.9 
28 

41 

NOW 

2.3 

3.0  

3.2 
5.4 

4.0 
9 .8  

5.8 
13.3 

60 

4.5 
11.8 

9.3 
29.3 

86 

8.2 x 0.94 

7.8 x I O z 2  0.84 
9.1 x 1021 

1 . 3 x 1 0 2 2  1 . 7  
1 .3  x l0Z1  

3.3 1019 

2.1 x IOz2 6.9 
1 . 1  x 1021 

1.13 x I O z 1  

7.4 x 1022 
1.6 .( I O z 1  0.14 

3.7 x I O z 2  0.25 
1.7 x l02l 0.25 

7.2 x 1022 3.6 
9.9 1. 1021 

1.7 1019 

S o l u t i o n  annealed Same medlum-sized HC p a r -  
t i c l e r  f r o m  f a b r i c a t i o n  

High c o n c e n t r a t i o n  o f  n.d. 
Frank loops 

Some network and C O d l s e T  HC. sane " ' .  and 
many Frank loops p o s s i b l y  s m e  G phase 

Some network and Coarrer  MC and  me ,' 
and many Frank I m p s  

N e t m r k  and Frank coarser "*, a little Y C ,  
l oop$  p o s s i b l y  s m e  G 

f rank  loops HC. and I '  
Network and l a r g e r  Coarse G phase, $me f l n e  

Network and some Coarse G phase. l i t t l e  0' 
m a 1 1  Frank loop$ no MC and I ' 

Cold worked network None 

Network p l u s  many 
Frank 1 0 0 ~ 1  f i n e  HC 

Network p l u s  many F i n e  and c o a r s e i  HC 
f r a n k  IOOQI 

Network p l u s  many sane C O d r P e r  MC ( V C ? ) .  
Frank loops very l i t t l e  I' 

Network p l u s  Frank Many medium-sired MgC 
10llps p a r t i c l e 5  

Network p l u s  Frank Tremendous d e n i r t y  o f  
medium and coarse MgC loops 

Trewndaur  L o n c e n t i a t i o n  o f  

Network p l u s  Frank Some I '  i n  m a t r i x .  codme 
loop$ M6C on f a u l t e d  bands 

Loose network A tremendous a m u n t  O f  
Coarser M6C 

n.m. ".In_ 

".R. n . m .  



Duplicate specimens were exdnlined hy transinission electron microscopy at Oak Ridge National Laboratory and 
were chosen to provide a large variety o f  starting microstructures. A description of these 
microstructures is given in Table I. 

5.2 Status of Experiment 

Density measurements have been made at Westinghouse Hanford Company on all specimens. 
then suhdivided into eleven groups. 
irradiation temperature (400, 500 and 600'C) to one dose level (either 30 or 60 dpa). 
limitations there are no 316 specimens at 400°C and 30 dpa, although there are 316 specimens at 400'C and 
60 dpa. All eleven groups o f  specimens are now being irradiated in FFTF. 

The specimens were 

Due to specimen 
Each qroup consists of one alloy (316 or PCA) to he irradiated at one 

6.0 REFERENCES 

1. H. R. Brager and F.  A. Garner, J. Nucl. Mater., 117 (1983) 159-176. 

2. G. R. Odette, P. J .  Maziasz and J .  A. Spitrnagel, J. Nucl. Mater., 103-104 (1981) 1289. 

3. F.  A. Garner, J. Nucl. Mater., 122 & 123 (1984) 459. 

4. P. J .  Maziasz, J. Maziasz, J. Nucl. Mater., 122 & 123 (1984) 472. 

5. F. A. Garner, Swelling Behavior o f  Titanium-Modified AIS1 316 Alloys, DAFS Quarterly Progress Report 
DOE/ER-0046/17, May 1984, p. 102. 

6. F.  A. Garner and H. R. Brager, "Influence of Titanium on the Neutron-Induced Swelling o f  Austenitic 
Alloys," this report. 

7.0 Future Work 

This effort will resume upon discharge o f  the MOTA-IC and MOTA-1D experiments. 

8.0 Publications 

None 
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INFLUENCE OF TITANIUM ON THE NEUTRON-INDUCED SWELLING OF AUSTENITIC ALLOYS 

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

1 . o  Objective 

The object of this effort is to use breeder reactor data to forecast the potential swelling behavior in 
fusion devices of titanium-modified alloys such as the fusion candidate alloy designated PCA. 

2.0 Sumnary 
~ 

Addition of titanium to variants of AIS1 316 stainless steel does not significantly alter the eventual 
swelling behavior of this class of steel during neutron irradiation. 
temporarily suppress the onset of swellino. 

I n  qeneral, titanium additions only 

3.0 Proqram 
~ 

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

4.0 Relevant OAFS Program Plan Task/Subtask 

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

5.0 Accomplishments and Status 

5.1 Introduction 

It now appears that all austenitic alloys eventually swell at %l%/dpa during fast reactor irradiation.(l) 
This swelling regime is preceded by a transient regime which is sensitive to many environmental and mate- 
rial variables. 
alloys, of intermediate duration for annealed solute-modified alloys and shortest for solute-free or aged 
solute-modified alloys. 
dependence of swelling and the least curvature in swelling. This pattern of behavior continues to be 
observpd in more recently acquired data sets, an example of which is shown in Figure 1 for a comnon Russian 
steel. (2) 

The transient regimes of austenitic alloys are longest for solute-laden and cold-worked 

Aged alloys also exhibit the most abrupt transition reqime, the least temperature 

In another report it was shown that the addition of titanium and other solutes to alloys with composition 
similar to that of AISI 316 does not chanue their hasic swelling behavior from that of unmodified 316 
stainless steel.(3) 
what lower than that of AISI 316, both modified and unmodified 

While the transient reqimes of Ti-modified alloys at 540°C were shown to he some- 
loys eventually approached the l%/dpa 

swelling rate characteristic of all Fe-Ni-Cr austenitic alloys. ( a \  
In the previous report,(3) however, it was not demonstrated that l%/dpa had actually been reached in that 
series of annealed Ti-modified steels. 
not demonstrated in that report that the conclusions drawn at 540°C held equally well at other irradiation 
temeratures. 

Additional data are now available to prove this point. It was also 
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FIGURE 1. Swelling Observed in OKhl6N15M3B steel 
Thermomechanical and Ageing Treatments.?Z) Fig. Id i s  a compilation of a, b, and c. 

t 400 - 550°C in the BOR-60 Fast Reactor After Various 

This latter consideration is particularly important when one considers the nature of swelling of AISI  316 
in response to irradiation temperature. In qeneral, the swelling of annealed 316 exhibits two peaks with 
temperature, the relative maqnitudes of which are determined by solute eve s (particularly carbon) and the 
relative flux and temperature profiles across the irradiated component.14-61 While cold-working tempo- 
rarily suppresses both peaks, its influence is most pronounced for the low temperature peak. 
additions, however, tend to temporarily suppress the hiqh temperature peak and accentuate the low tempera- 
ture peak. Given this opposing interaction between titanium and cold-work at lower temperatures, it is 
important to establish whether titanium-modified steels exhibit swelling hehavior typical of titanium-free 
austenitic alloys in this temperature regime. Additional data are now available t o  address this question. 

Titanium 

5.2 Results 

In the previous report,(3) swelling data at 540°C were provided for twenty-one solution-annealed 
Ti-modified alloys irradiated in the MV-111 experiment to 6.3 and 10.0 x 1022 n cm-2 ( E  > 0.1 MeV). 
This corresponds to 32 and 50 dpa. Data is now available for some of these alloys at 14.9 x 1022 n/cm-2 
(%75 dpa) and can be used to test the assertion that titanium modifications do no t  preclude the inevita- 
bility of swelling rates of -l%/dpa. Figure 2 shows that as the swelling level increases at 540"C, the 
swelling rate indeed approaches l%/dpa. 

In an earlier report it was shown that one way to demonstrate the comparable rate of swelling development 
in various related alloys is to plot he average swelling rate over an exposure interval vs. the maximum 
swelling observed in that interval.(7\ This approach allows comparison of relative swelling rates while 
reducing the impact of variations in transient duration. 
over the two fluence intervals at 54OPC indeed approaches l%/dpa in a consistent manner. 
to recognize that at low swelling levels the average swelling rates are strong underestimates of the 
actual swelling rate at the end of the exposure interval. 

Figure 3 shows that the average swelling rate 
It is important 

Fi ure 3 also contains comparable data for many of these same alloys irradiated at 425°C to 7.6 and 11.3 x 

rates are quite consistent, even though, as shown in Figure 4, the transient regimes in this particular 
alloy series are longer at 475°C than at 540°C. 

5.3 Discussion 

10 9 2 ncm-2 (E > 0.1 MeV). This corresponds to 38 and 56.5 dpa. Note that at 540 and 425'C the swelling 

While the preceeding section demonstrates that the swelling rate at 4 2 5 O C  evolves in a comparable manner 
to that of 540"C, it does not conclusively prove by itself that swelling at 4 2 5 O C  will not divert from 
that trend later. 
ment e h'bited swelling behavior at high fluence typical of AISI 316 even in the lower temperature 
range.13) Whereas the current study concentrates on annealed steel, this inevitability of % dpa 

The earlier report did show, however, that the LS-1 alloy irradiated in another experi- 

behavior was demonstrated earlier for LS-1 in both the annealed and cold-worked conditions. 2 3 i  
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FIGURE 3. Average S w e l l i n g  Rate Observed i n  Annealed T i- mod i f ied  S t e e l s  a t  425 and 540“C, Showing Approach 
of  S w e l l i n g  Rate t o  1Xldpa w i t h  I n c r e a s i n g  S w e l l i n g .  

5.4 Conc lus ions  

A d d i t i o n  of t i t a n i u m  t o  v a r i a n t s  of  A I S I  316 s t a i n l e s s  s t e e l  does n o t  appear t o  a l t e r  t h e  eventua l  s w e l l -  
i n g  behav io r  o f  t h i s  c l a s s  of s t e e l s .  
t r a n s i e n t  reg ime o f  s w e l l i n g .  

In genera l ,  t i t a n i u m  a d d i t i o n s  o n l y  p r o l o n g  t h e  d u r a t i o n  of  t h e  
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7.0 Future Work 

None planned. 
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Composi t ional  M i c r o - O s c i l l a t i o n s  i n  Ion-Bombarded Fe-35.ONi-7.OCr 

H. R .  Brager, F .  A. Garner (Hanford Eng ineer ing  Development Labo ra to r y )  
T. L a u r i t r e n  (General  E l e c t r i c  Company, Sunnyvale, C A )  

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

The o b j e c t  o f  t h i s  e f f o r t  i s  t o  de termine  t h e  o r i g i n s  o f  t h e  cornpos i t iona l  dependence o f  s w e l l i n g  i n  
Fe-Ni-Cr a l l o y s .  

2.0 Summary __ 

The compos i t i ona l  m i c r o - o s c i l l a t i o n s  observed i n  n e u t r o n - i r r a d i a t e d  Fe-35.5Ni-7.5Cr a t  593°C and 38 dpa 
have a l s o  been found i n  Fe-35.ONi-7.OCr i r r a d i a t e d  w i t h  n i c k e l  i o n s  t o  117 dpa a t  625OC. The p e r i o d  o f  
t h e  o s c i l l a t i o n s  found i n  b o t h  specimens i s  on t h e  o rde r  o f  200-400 nm. Dur ing  i r r a d i a t i o n  t h e  m d t r i x  o f  
t h i s  a l l o y  subd i v i des  toward  n e a r - s t o i c h i o m e t r i c  Zones o f  Fe3Ni and FeNi, w i t h  chromium s u b s t i t u t i n g  f o r  
i r o 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  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 :  0. G. Doran 
A f f i l i a t i o n :  Hanford Eng ineer ing  Development Labo rd to r y  

4.0 Re levant  DAFS Program P lan  Task/Subtask 

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

5.0 Accomplishments and S ta tus  

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

I n  an e a r l i e r  r e p o r t  i t  was shown t h a t  t h e  a l l o y  E37, o f t e n  des igna ted  as E l i n v a r ,  Fe-35.5Ni-7.5Cr ( w t  % ) ,  
e x h i b i t e d  a d e n s i f i  a t i o n  upon i r r a d i a t i o n  t h a t  arose as a consequence o f  a s p i n o d a l - l i k e  decompos i t ion  of  
t h e  a l l o y  ma t r i x . ( 15  Th is  decomposi t ion produced m i c r o - o s c i l l a t i o n s  i n  compos i t ion  a t  593°C and 38 dpa 
wh ich  i n v o l v e d  t h e  enr ichment of n i c k e l  i n  some areas w h i l e  i r o n  and chromium were en r i ched  i n  o t h e r s .  
The peak- to-peak d i s t a n c e  between these  f l u c t u a t i o n s  was on t h e  o r d e r  o f  100-200 nm. A hypo thes i s  was 
advanced t h a t  t h e  decompos i t ion  o f  t h i s  a l l o y  was r e l a t e d  t o  t h e  g radua l  l o s s  o f  s w e l l i n g  r e s i s t a n c e  
d u r i n g  i r r a d i a t i o n .  I t  was a l s o  proposed t h a t  t h e  i n c r e a s i n g  tendency toward  decompos i t ion  w i t h  i n c r e a s-  
i n g  n i c k e l  c o n t e n t  was t h e  mechanism op r a t i n g  t o  produce t h e  minimum i n  s w e l l i n g  observed i n  Fe-Ni-Cr 
a l l o y s  i n  t h e  v i c i n i t y  o f  40% 
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Since the minimum in swelling was observed in both neutron and ion-irradiated alloys,(3) it therefore 
followed that such micro-oscillations must have occurred in th MeV Ni+ ion-irradiated specimens as 
well. Since the Fe-Cr-Ni specimens of Johnston and c o - ~ o r t e r s ~ ~ ~  were still available i n  the post- 
irradiation thinned condition, these specimens were forwarded to HEDL for examination by conventional 
energy dispersive X-ra.y (EDX) analysis. 
original foil surface, which corresponds to the peak displacement region examined by Johnston and 
co-workers. 
irradiated specimen. To date, one specimen has been examined, that of Fe-35.ONi-7.OCr irradiated to 117 
dpa at 625°C.  

The regions available for examination were 850-1050 nm from the 

The procedures used in the EDX analysis were identical to those used for the neutron- 

Very little swelling (4.1%) was found by Johnston to have occurred in that specimen.(3) 

5.2 Result5 ___ 

Few areas o f  the as-received specimen were acceptable for the requirements of this analysis. Since the 
micro-oscillations occur over a small scale, they must be measured in uniformly thin sections which are 
also relatively large in extent. Such areas must also contain a minimum of microstructural sinks which 
would tend to alter the composition. 

Although there were very few microstructural features in suitable areas of the specimen, compositional 
traces were obtained startinq at features which appeared to be surface contamination particles. 
shows four such sets of measurements. 
400 nm and that the chromium and iron traces tend to be mirror imaqes of that of nickel. 

Figure 1 
Note that the period of the oscillations is on the order of 200- 

5.3 Discussion 

In Figure 2 each of the chromium and nickel points shown in Figure 1 has been plotted to show that they 
indeed segregate in opposite directions. Similar data points for the neutron-irradiated specimen are also 
shown. Note that in addition to the similar trend of the two sets of data that there is an offset between 
the two sets. Although a small offset arises from the slight difference in composition in the two alloys, 
it is thought that the offset ari e primarily from an 'on induced modification of the average composition 
at the depth examined. Johnston,t4f as well as others,15-j) have shown that the elemental distribu- 
tion along the ion path in Fe-Ni-Cr alloys is changed. This is due to the combined influence of the foil 
surface and the qradient in displacement rate, oueratinq in con.iunction with the Inverse Kirkendall effect 
and other diffusion mechanisms.' Large-area compositional scans-(compiled in Table 1) confirm that the 
average composition at this depth was shifted from the original level. 

TABLE 1 

LARGE AREA MEASUREMENTS OF AVERAGE COMPOSITION 

Area 

#1 
#?  

#3 
#4 
#5 
#6 

- Cr (wt % )  Ni (wt % )  

6.1 33.9 
5.8 33.6 

6.3 34.5 
6.6 34.8 
6 .6  33.4 
6.3 33.9 - - 

Average 6.3 34.0 

Another interesting point is that the composition at the end-points of the distribution in Figure 2 
correspond to (Fe,Cr)3Ni and (Fe,Cr)Ni. 
shown schematically in Figure 3. 
iron in the Fe3Ni and FeNi near-stoichiometric compounds. 
than coincidental for two reasons. 

The tendency of E37 to decompose into these two compounds is 
In other words, small amounts of chromium appear to be substituting for 

This set of end points appears to be more 
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First, the electron beam used i n  the EDX analysis has an effective diameter of one-tenth of the oscilla- 
tion period but beam scattering within the specimen enlarqes the volume of specimen contributing X-rays to 
the detector. The oscillations are also assumed to occur over the thickness of the foil. This thickness 
is typically 150 nm, or about one-quarter of the oscillation period. 
composition over a substantial volume, yielding a net composition of that volume that is closer to the 
centroid of the compo\itional distribution than it is to the actual composition at any one point. There- 
fore, the actual ranges of composition tend to lie more towards the ends of the distribution than indic- 
ated in Figure 2, which is distorted by the averaging of composition in the volume measured by the X-ray 
procedure. 

Thus the beam tends to average the 

Second, there i s  a large amount of published literature that shows that Fe-Ni alloys have a tendency, 
during either aging or irradiation, to decompose into two f.c.c. phases. Some of these references are 
listed i n  Ref. 8-15. Dependinq on the nickel level of the alloy, the split i s  either between Fe3Ni and 
FeNi or between FeNi and NiiFe. The alloys in the lnvar range (45% Ni) have been extensively studied 
and are known to split between Fe3Ni and FeN'. 
phases of these stoichiometric compounds,(I6j 79: chromium in this alloy does not appear to totally pre- 
clude the tendency of iron and nickel to segregate to near-stoichiometric levels. 

Although chromium additions tend to suppress the ordered 

According to published literature, the tendency toward decomposition manifests itself i n  several ways, 
depending on the composition, temperature history, cold-wnrk level and the presence or absence of irradia- 
tion. Both short-range and long-range order have heen observed and several investigators have argued that 
spinodal decomposition should also 0ccur.(17,~8) 
study may provide the first experimental confirmation of this prediction. 

The compositional micro-oscillations observed in this 

I n  the neutron irradiation at 593"C, the oscillation period was found to be 100-200 nm, while that of the 
ion-irradiated specimen at 625°C was 700-400 nm. It appears that the period of oscillation i s  rather sen- 
sitive to irradiation temperature and/or displacement rate. 

5.4 Conclusions 

The tendency of the Elinvar alloy to decompose during irradiation with spinodal-like micro-oscillations in 
composition appears to be a general feature of Invar-like alloys at high irradiation temperatures. The 
period of these oscillations i s  rather large, increases with temperature and seems to be subdividing 
the alloy matrix into near-stoichiometric zones of Fe3Ni and FeNi with chromium substituting for a 
Dortion of the iron. 
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7.0 Future Work 

Examination of other irradiated Fe-Cr-Ni specimens will continue in order to determine the origin and 
consequences o f  the radiation-induced decomposition process. 

8.0 Publications 

None 
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INFLUENCE OF COLD WORK ON THE NEUTRON-INDUCED SWELLING OF SIMPLE Fe-Ni-Cr TERNARY ALLOYS 

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

1 .o  Objective 

The object of this effort is to determine the origins of tile sensitivity o f  void swelling in irradiated 
metals to environmental and material variables. 

2.0 Summary 

The swelling of simple Fe-Ni-Cr ternary alloys in E B R - I 1  appears to be sensitive to both irradiation 
temperature and cold-work. 
to order during irradiation and thereby affects swelling. 

It i s  suggested that cold-work interacts with the tendency of Fe-Ni-Cr alloys 

3.0 Program 

Title: Irradiation Effects Analysis (AKJ) 
Principal Investigator: 0. G. Doran 
Affiliation: Hanford Engineering Development Laboratory 

4.0 Relevant DAFS Program Plan Task/Subtask 

Subtask I I . C . l  Effecis of Material Parameters on Microstructure 

5.0 Accomplishments and Status 

5.1 Introduction 

I n  earlier reports it was shown that cold-working of solute-bearing austenitic alloys affects their ph se 
evolution, thereby controlling the composition of the alloy matrix and the onset of void swelling.(1-3y 
In the absence of solutes such as carbon and silicon, there is very little tendency to form precipitate 
phases. It was therefore proposed that cold-work might exert no influence on swelling of f.c.c. metals 
and alloys in the absence of such solutes.(3) 
fluence neutron irradiations of p r aluminu copper and nickel produced either small increases in swel- 
ling with cold-work or no change.Y4? Holmes?b) also showed that 50% cold-working did not influence 
the swelling of pure nickel over the range 399-455'C, as shown in Figure 1. 
swelling of both annealed and 20% cold-worked specimens of "pure 316" (Fe-17Cr-16.7Ni-2.5Mo) designated a 
alloy P-7 was measured after irradiation in the Oak Ridge Research (ORR) reactor at several temperatures.t6) 
No effect of 20% cold-work on swelling was observed. It now appears that this result may not have been a 
fair test of the hypothesis, however. 

This suggestion was supported by observations that low 

To test this hypothesis the 

It was later learned that this alloy contained in excess of 1000 appm oxygen and it appears that void 
nucleation was dominated by this anomalous aspect of the alloy. 
supposition is that the swelling behavior of P- 7  in the High Flux Isotope Reactor (HFIR) was completely 
atypical of that observed in other heats of AIS1 316 as well a s  other Fe-Ni-Cr alloys irradiated in both 
HFI2  and EBR-11.  Whereas all Fe-Cr-Ni alloys irradiated to date have exhibited a minimum transient regime 
of %10 dpa and a post-transient swelling rate of %.l%/dpa, the P-7 alloy i 

One possible indication of this 

HFIR had no measurable 
transient regime and a temperature-independent swelling rate of O.S%/dpa. 7 7 )  

6 2  



Although many simple Fe-Ni-Cr ternar lloys have been irradiated in EBR-I1 and reported in the DAFS 
Quarterly Progress Report series,(8-fOj all of these alloys were irradiated in the solution-annealed 
condition. 
were irradiated side-by-side in EBR-I1 at 425 and 54OOC to fluences of 3.7 and 4.9 x 1022 n/cm2 ( E  > 
0.1 MeV) respectively. 
with very low levels of the usual solutes.(87 

In the AA-XI experiment, however, both annealed and 30% cold-worked conditions of alloy E20 

Alloy E20 is Fe-24.4Ni-14.9Cr These exposures corr spond to 18.5 and 24.5 dpa. 

5.2 Results __ 

The swelling was determined by imnersion density measurements and is shown in Table 1 .  

TABLE 1 

SWELLING OBSERVED I N  ALLOY E20 IN  THE AA-XI EXPERIMENT 

Temperature Displacement A1 loy Swelling 
O C  Level (dpa) Condition % 

425 18.5 Annealed 12.8* 
425 18.5 30% CW 3.8* 

540 
540 

24.5 
24.5 

Annealed 1.14* 
30% CW 4.81** 

3.61** 

*Average swelling of four identical specimens exhibiting very small differences in density. 
**Separate measurements on two nominally identical specimens. 

5.3 Discussion 

Contrary to our previous expectations, it appears that cold-working can indeed affect the swelling of 
solute-free ternary alloys although the results above indicate that swelling can be either increased or 
decreased, depending on the irradiation temperature. Note in Figure 2 that the swelling of solution- 
annealed specimens in this study agrees reasonably well with the behavior observed in the same alloy in 
the AA-VI1 experiment. on istent with the similarity observed between specimens irradiated in 
the AA-VI1 and AD-1 experiments.!lOf 

This is 

With some caution, one can make another observation. 
temperature-insensitive regime (4O0-51O0C), cold-working led to decreased swelling. 
was performed above the order-disorder transition temperature (which lies somewhere in the range 510 < T 
< While it is too early to draw definitive 
conclusions, it appears that this unexpected result may be due to the influence of cold-working in 
destroying the tendency of the alloys to exhibit short-range order. 
implicated in controlling of the swelling behavior of Fe-Ni-Cr a l l ~ y s . ( l l - ~ ~ ~  

Note that when the irradiation was performed in the 
When the irradiation 

538OC) the effect of cold-work was to increase the swelling. 

Orderin processes have recently been 
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Fe-Ni-Cr Alloys, ASTM STP 870 (in press), also in this report. 

Future Work 

This effort will continue, focusing on the examination of these and other Fe-Ni-Cr ternary specimens using 
electron microscopy and x-ray analysis. 

8.0 Pub1 ications 

None. 
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SWELLING ~ OF NEUTRON-IRRAOIATEU 85Ni-15Cr . at . . ~ 400-650°C ~ _ _  

F.A. Garner (Hanford Engineering Development Laboratory) 

1 .o Oh ject ive 

The object of this effort is to deterrnirie the factor< which control the swelling and creep Of irrddiated 
metals. 

2.0 Summary 

The binary alloy 85Ni-15Cr swells during neutron irradiation in a manner quite unrepresentative of either 
Fe-Ni-Cr ternary alloys or pure nickel. Chroiiiiuin additions appear to depress void nucleation in nickel 
but also appear to suppress the tendency of nickel to saturate in swelling a t  !high exposure. 
transition temperature somewhere in the range 538°C < T < 593'C the swelling is quite insensitive to 
irradiation teinperature. 
these higher temperatures the alloy densifies at low fluences, which is also indicative of the possible 
occurrence O f  long or short-range order. 
with the critical temperature for order-disorder transformation. 

Below a 

At Above the transition temperature the swelling behavior is mort? complex. 

The swelling transition temperature also appears to coincide 

3.0 Program 

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

4.0 Relevant DAFS Proqram Plan Task/Subtask 

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

5.0 Accomplishments and S t c t s  

5.1 Introduction 

I n  a series of earlier reports it was shown that the parametric dependence o f  swelling in Fe-Ni-Cr alloys 
lies primarily in t e e fect o f  material and environmental parameters on the duration of the transient 
regime of swelling.?l32f It was also shown that the post-transient rate of swelling in all Fe-Ni-Cr 
alloys was %l%/dpa, essentially independent of composition. 
nickel content was explained in terms of the competition between the increase in the effective vacancy dif- 
fusion coefficent (which lowers the vacancy supersaturation and decreases the void nucleation rate) and the 

~ ~ ~ ~ ~ ~ ~ ~ ? ~ )  One manifestation of this tendency toward ordering is th generation of compositional micro- 
osci 1 lations found in both ion and neutron-irradiated Fe-35.5Ni-7.5CrP4,5). These micro-oscil lations 
tend to destroy the swelling resistance of high nickel alloys by generating volumes which are enriched in 
chromium and depleted in nickel, both of which favor void nucleation. These micro-oscillations also lead 
to significant changes in lattice parameter, causing the alloy to d n ify. 
be a general consequence of disorder-order transitions in the Fe-NiT6j and Ni-ir 

The dependence of the transient duration on 

tendency of Fe-Ni alloys to form short-range and long-range order with increasing nickel 

Oensificatio '5 also known to 
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In order to study the correlation between swelling resistance and the tendency toward ordering, the swel- 
ling of 85Ni-15Cr in EBR-I1 was investigated. 
alloy was irradiated in the same experiment which contained the Fe-Ni-Cr alloys described earlier.qi>2) 
Unfortunately, there was no pure nickel included in these studies for comparison. There are data on the 
swelling of pure nickel available from other fast reactor irradiations, however. 

Nickel-chromium alloys are known to exhibit orderin This 

5.2 Results 

Figure 1 shows that the swelling of 85Ni-15Cr in EBR-I1 is remarkably insensitive to temperature in the 
range 400-538' and that the rate of swelling increases continually with accumulated exposure. Even at 2.0 
x 1023 n/cm2 ( E  > 0.1 MeV) or %lo0 dpa, however, this alloy has not yet reached the swelling rate 
of I%/dpa which is characteristic of Fe-Ni-Cr alloys in their temperature-independent regime. Above 538°C 
the transients are longer, but not in a manner typical of Fe-Cr-Ni alloys since the transient at 650°C is 
shorter than that at 593°C. Note also that prior to the onset of significant swelling, the alloy densifies 
4 . 1 5 %  at the higher temperatures. 

5.3 Discussion 

There is only limited neutron irradiation data for p re nickel at high displacement levels. 
shows that the available data in the range 400-460°CY8-12) indicates that nickel initially swells at 
%l%/dpa but tends to saturate in swelling shortly thereafter. This tendency oward saturation at levels 
below 10% has been observed also in ion and electron irradiation e x ~ e r i m e n t s . f l ~ - ~ ~ )  An example of this 
behavior is shown in Figure 3. 

Figure 2 

Since the swelling rate of 85Ni-15Cr is continuously increasing, one would expect that nickel would swell 
more at low displacement levels hut that 85Ni-15Cr would swell more at high displacement levels. 
in Figure 4, this behavior 
pure nickel and Ni-27.5 ~r.?l8) Note also in Figure 4 that the saturation level of swelling in nickel 
must be relatively insensitive to temperature since the swelling curve at 60 dpa is remarkably flat with 
temperature. Figure 5 shows the dependence of ion-induced swelling in Ni-27.5Cr on both temperature and 
displacement level. 
content. The Ni-9Cr alloy was irradiated with ions at 525°C only. 

As shown 
as actually been observed in comparative 46.5 MeV Nit ion irradiations of 

Figure 6 shows that the decrease in the onset of swelling is progressive with chromium 

Figure 7 indicates that the effect of chromium additions is to depress the void nucleation rate. 
in app ren 
alloys?1>3F. There is one interesting difference in behavior, however, between the Ni-9Cr and Ni-27.5 
alloys at 525'C. 
nucleation in Ni-9Cr at 525°C was relativ 1 continuous. The eventual density of voids in the two Ni-Cr 

This is 
disagreement with the effect of chromium additions on the swelling o f  Fe-Ni-Cr austenitic 

Both pure nickel and Ni-27.5Cr were observed to cease nucleation by *2 dpa but the 

alloys was essentially identical however. 715) 

I f  the depress'o of void nucleation by chromium additions is to be explained in terms of the previously 
advanced model/37, then either the effective vacancy diffusion coefficient Dgff o f  Ni-Cr alloys must 
be higher than that of pure nickel or the tendency of Ni-Cr alloys to order must be very large. 
seen from Figure 8 ,  however, the addition of chromiu 

0-14% c ro ium to nickel at 1250°C have essentially no effect on the diffusion of either chromium or 
nickel.?zoT 

As can be 
to nickel at 1100°C tends to depress rather than to 

enhance the diffusion of both nickel and chromium(l9 T . Another researcher has found that additions of 

There is, however, ample evidence that 0th long and short-range order exist in the Ni-Cr system. Short- 
range order has been found in Ni-11.4Crq21) and a review of numerous papers on ordering in a wide range 
of Ni-Cr alloys is contained in Ref. 22. Although short-range order has been observed by many investiga- 
tors, long range order has also be n hserved in Ni-25Cr. Ni-29.2Cr and Ni-33.33- with critical ordering 
temperatures of 550, 580 and 590"CP23?. Thus, the Ni-27.5 Cr alloy whose ion-induced swelling is 
described in Figures 4-6 was irradiated in the temperature regime encompassing the critical temperature. 
Interpolation of the critical ordering temperatures between that o f  Ni-11.4Cr and Ni-25Cr yields a cri- 
tical temperature o f  %540°C for the 85Ni-15Cr alloy. This is coincident with the transition temperature 
observed in the swelling of that alloy in EBR-11. 
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SWELLING 
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1. Swelling o f  85Ni-15Cr irradiated i n  EBR-11,  measured by immersion density. 
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2 .  Swelling observed i n  relatively pure nickel in fast reactors at 4ooDc(8) and at 44O-46O0C(9-12). 
All data are for annealed specimens except for the one 10% cold-worked datum. 
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3. 

SWELLING 
Y" 

Swelling induced in pure nickel by 46.5 MeV N i +  ions at 525°C.(15%16) 

3 v j  NICKEL- 

I 

25 [ 60 dpa 

20 

SWELLING 1%) '1 & 1 151 PURE l i  
Ni-27.5Cr 

Ni-27.5Cr 

450 500 550 600 650 700 750 '450 500 550 600 650 700 

TEMPERATURE, OC TEMPERATURE, 'C 

4. Swelling observed in c m rative irradiations o f  pure nickel, Ni-9Cr and Ni-27.5Cr at 8 and 60 d p a  
with 46.5 MeV Ni+ ions PI!? . 
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18% AT 7 0 ° C  

SWELLING 
1%1 

IRRADIATION TEMPERATURE l°Cl 

5. Tempera ure and dose dependence o f  swelling observed in Fe-27.5Cr irradiated with 46.5 MeV Nit 
ions i 18j. 

SWELLING 
l%I 

DISPLACEMENTS PER ATOM 

6. Comparison o f  ion-induced Swelling o f  Nickel Alloys at 575°C(18) 
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8.  Diffusion of elem nt 1 components in the f.c.c. phases o f  binary solid solutions in the Fe-Ni-Cr 
system at 1100oc.P19P 
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Ordering has been invoked by several theoreticians as a mechanism that influences swelling. Schulson 
proposed that ordering impedes the mobility of irradia ion produced vacancies and thus increases the 
direct recombination of vacancies and interstitialsi 24j! Akhierer and Davydov note that alloys which 
tend to order (but which are not long-range ordered) are characterized by a greater vacancy formation 
energ and, therefore, by a smaller thermal vacancy concentration compared with the disordered pure 
mEtadZ5) This leads to larger supersaturations and greater rates of void nucleation. Alternatively, 
however, they note that in alloys that do not order at any temperature, the nucleation of voids is impeded 
compared with that of the corresponding pure metal. 

Brager and Garner(4,5), however, note that another manifestation o f  the tendency to order is the 
spinodal-like formation at relatively high temperatures of micro-oscillations in compositon. 
oscillations lead to relatively large regions wherein the composition favors void nucleation and other 
regions which do not. 

These 

5.4 Conclusion 

Void formation in pure nickel tends to saturate at relatively low swelling levels during ion or neutron 
irradiation, but nickel-chromium alloys do not. 
to some form of radiation-enhanced ordering. 
related to the unusual swelling behavior of the alloy compared to that of pure nickel or Fe-Ni-Cr alloys. 
It may also be related to the abrupt extension of the transient regime of swelling above 538°C. 
nucleation appears to be impeded by chromium additions, and such additions also induce a swelling behavior 
that is remarkably insensitive to irradiation temperature below the order-disorder transformation 
temperature. 

It is postulated that chromium additions to nickel lead 
This increases the density of the alloy and is possibly 
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7.0 Future Work 

Examination o f  both neutron and ion-irradiated specimens o f  Ni-Cr, Fe-Ni and Fe-Ni-Cr alloys will continue 
in an effort to determine the relationship between swelling and the tendency of alloys to order. 

8.0 Publications 

None. 
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VACANCY CLUSTEK EVOLUTION I N  METALS UNDER IRRADIATION 

M.F. Wehner and W.G. Wolfer ( U n i v e r s i t y  of  Wisconsin)  

1.0 O b j e c t i v e  

Void n u c l e a t i o n  i s  t he  l e a s t  unders tood p a r t  o f  r a d i a t i o n - i n d u c e d  v o i d  s w e l l i n g  i n  meta ls .  The c l a s s i c a l  
v o i d  n u c l e a t i o n  models p r e d i c t  s teady- s ta te  v o i d  n u c l e a t i o n  r a t e s  which vary over o rde rs  o f  magnitude when 
smal l  changes a re  imde i n  c e r t a i n  c r i t i c a l  parameters such as the  sur face  energy and the  v o i d  and d i s l o -  
c a t i o n  b i as .  A S  a r e s u l t ,  t e rm ina l  v o i d  number d e n s i t i e s  cannot be ob ta ined  f rom the  c l a s s i c a l  v o i d  nuc le-  
a t i o n  models w i t h o u t  a r b i t r a r i l y  a d j u s t i n g  soioe o r  a l l  o f  the  c r i t i c a l  m a t e r i a l s  parameters. To remedy t h i s  
s i t u a t i o n .  a new and fundamental approach has been developed. The p resen t  r e p o r t  g i ves  the  f i r s t  account  o f  
t h i s  research.  

2.0 Summary - 

A s t o c h a s t i c  t r ea tmen t  of  vacancy c l u s t e r  f o rma t i on  i n  i r r a d i a t e d  meta ls  i s  formulated i n  terms o f  a Fokker-  
Planck equat ion .  The Fokker-Planck c o e f f i c i e n t s  a re  found t o  depend on the  c l u s t e r  s i z e  d i s t r i b u t i o n  i t -  
s e l f .  T h i s  n o n l i n e a r  equa t i on  i s  so lved by a p r e v i o u s l y  developed numer ica l  pa th  i n t e g r a l  s o l u t i o n .  The 
non l i nea r  dependence p rov ides  an impo r tan t  feedback f o r  t he  e v o l u t i o n  o f  t he  b i as .  Th i s  e v o l u t i o n  b o t h  
i n i t i a t e s  and t e rm ina tes  the  n u c l e a t i o n  process.  The v o i d  s i z e  d i s t r i b u t i o n  f o l l o w s  a b i f u r c a t i o n  process 
i n  which a peaked d i s t r i b u t i o n  of  s t a b l e  vo ids  separates f rom a d i s t r i b u t i o n  o f  small uns tab le  vo ids .  The 
s t a b l e  v o i d  number d e n s i t y  reaches a f i n a l  va lue  which depends on temperature and dose r a t e .  These pre-  
d i c t e d  values a re  i n  c l o s e  ag ree iwn t  w i t h  measured v o i d  number d e n s i t i e s .  

3.0 Program 

T i t l e :  
by EPRI under c o n t r a c t  w i t h  the  U n i v e r s i t y  o f  Wisconsin)  
P r i n c i p a l  I n v e s t i g a t o r :  W.G. Wolfer 
A f f i l i a t i o n :  U n i v e r s i t y  o f  Wisconsin 

R a d i a t i o n  Damage and Performance Ana l ys i s  o f  Ferromagnet ic  S t e e l s  f o r  Fusion A p p l i c a t i o n s  ( suppo r ted  

4 . 0  Relevant  DAFS Program P lan  T a s k h b t a s k  

I I .C.17 M i c r o s t r u c t u r a l  C h a r a c t e r i z a t i o n  
I I .B. 2.3, Subtask C:  C o r r e l a t i o n  Methodology 

Accomplishments and Sta tus-  __ 5.0 

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

The f o rma t i on  o f  vacancy c l u s t e r s  and vo ids  i n  s o l i d s  s u b j e c t  t o  d isp lacement  damage has i n  t he  p a s t  been 
t r e a t e d  i n  the  c o n t e x t  o f  c l a s s i c a l  n u c l e a t i o n  theory  (Katz and Wiedersich.  1971; Russe l l ,  1971. 1970; 
Wol fer  and Si-Ahmed, 19821. 
a l a g  t i m e  e x i s t  d u r i n g  which a s u b c r i t i c a l  c l u s t e r  p o p u l a t i o n  forms. 
n u c l e a t i o n  p e r i o d  d u r i n g  which a c o n s t a n t  f l u x  o f  c l u s t e r s  grows beyond a c r i t i c a l  s ize .  
c l u s t e r  overcomes the  n u c l e a t i o n  b a r r i e r  a t  the  c r i t i c a l  s i z e  o n l y  as  a r e s u l t  o f  growth f l u c t u a t i o n s .  Once 
i t  crosses  the b a r r i e r  i t s  f u r t h e r  growth becomes more d e t e r m i n i s t i c  and growth f l u c t u a t i o n s  become n e g l i -  
g i b l e .  
t e r m i n a t i o n  o f  the  n u c l e a t i o n  p e r i o d  and the  cessa t i on  of  the  s teady- s ta te  n u c l e a t i o n  r a t e .  

The bas i c  assumptions of  the  c l a s s i c a l  theory  a re  t h a t  an i n c u b a t i o n  p e r i o d  o r  
Th i s  p e r i o d  i s  then f o l l o w e d  by a 

An i n d i v i d u a l  

The second impo r tan t  assumption o f  the  c l a s s i c a l  and homogeneous n u c l e a t i o n  theory  concerns t he  
T h i s  t e r m i -  
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n a t i o n  i s  . gene ra l l y  b e l i e v e d  t o  be caused by a depress ion of  the supe rsa tu ra t i on  o f  the c l u s t e r i n g  species,  
namely the concen t ra t i ons  of  vacancies, d ivacanc ies  and s e l f - i n t e r s t i t i a l s  i n  the p resen t  example. For  a 
cont inuous i r r a d i a t i o n ,  the i n c r e a s i n g  vo id  d e n s i t y  i s  b e l i e v e d  t o  e v e n t u a l l y  reduce the vacancy supersatu-  
r a t i o n  and thereby Stop the c l u s t e r  f l u x  across the n u c l e a t i o n  b a r r i e r .  A l thouqh i t  i s  d i f f i c u l t  t o  w e -  
c i s e l y  s p e c i f y  the r e q u i r e d  reduct ion ,  Russe l l  11978) suggests t h a t  a l ower ing  of the vacancy supersatu-  
r a t i o n  by a f a c t o r  of  t en  w i l l  s u f f i c e  t o  t e rm ina te  vo id  n u c l e a t i o n .  

I n  t h i s  c l a s s i c a l  approach t o  vo id  nuc lea t i on ,  the c r i t i c a l  s i z e  and the n u c l e a t i o n  b a r r i e r  a re  determined 
main ly  by the suDerSaturat iOns,  the i n t e r n a l  enersv o f  the c l u s t e r .  and bv the d i f f u s i o n  c o e f f i c i e n t s  of t h e  
mob i l e  species.  ' The  s u b c r i t i c a l  c l u s t e r  popu la t i on  below the c r i t i c a l  s i i e  has no d i r e c t  i n f l u e n c e  on the 
c r i t i c a l  s i z e  and the n u c l e a t i o n  b a r r i e r .  

It i s  one o f  the major goa ls  o f  the p resen t  paper t o  show t h a t  t h i s  l a t t e r  assumption i s  i n c o r r e c t .  To 
abandon i t  r e q u i r e s  a l s o  t o  abandon the c l a s s i c a l  approach o f  s teady- s ta te  nuc lea t i on ,  and t o  develop a 
t ime-dependent theory  which desc r i bes  the e v o l u t i o n  o f  the e n t i r e  c l u s t e r  popu la t i on .  T h i s  p o p u l a t i o n  i s  
represented by a d i s t r i b u t i o n  f u n c t i o n  P(x, t ) ,  where t i s  the t ime and x the number of vacancies con ta ined  
i n  a c l u s t e r .  For  each c l u s t e r  s i z e  x, the master equa t i on  determines the change o f  P ( x , t ) .  The most 
d i r e c t  approach t o  a t ime-dependent n u c l e a t i o n  theory  i s  then t o  n u m e r i c a l l y  so l ve  a s u f f i c i e n t l y  l a r g e  
group o f  master equat ions  (Courtney, 1962; Abraham, 1969, 1971).  Another approach i s  based on the Monte 
Car lo  method. as has been used e x t e n s i v e l y  by B inder  ( 1 9 8 4 ) .  

The f i r s t  approach does n o t  seem t o  be p r a c t i c a l  i n  view of  the f a c t  t h a t  vo ids  observed i n  the e l e c t r o n  
microscope range i n  s i ze  from about  2 nm t o  200 nm i n  diameter.  and the b a r e l y  v i s i b l e  vo ids  a l ready  c o n t a i n  
300 vacancies.  The second approach does n o t  a l l o w  the vo id  s i z e  d i s t r i b u t i o n  p resen t  a t  any moment t o  
i n f l u e n c e  the subsequent e v o l u t i o n  o f  the vo id  popu la t i on .  

Acco rd ing l y ,  a d i f f e r e n t  approach has been developed which proceeds a long  the f o l l o w i n g  l i n e s .  I n  the f i r s t  
step, the master equa t i on  f o r  the c l u s t e r  d i s t r i b u t i o n  f u n c t i o n  P ( x . t )  i s  rep laced  by a Fokker-Planck 
equa t i on  i n  the c l u s t e r  s i z e  space x. 
i s  app l i ed ,  and a new Fokker-Planck equa t i on  i s  ob ta ined  f o r  the c l u s t e r  d i s t r i b u t i o n  f u n c t i o n  F ( r , t ) .  
Fokker-Planck equa t i on  i s  then so lved n u m e r i c a l l y  us ing  a r e c e n t l y  developed techn ique based on the path  
i n t e g r a l  (Wehner and Wolfer, 1903a. 1983b). These steps a r e  d iscussed i n  Sect ions  5.2 and 5.3. 

Next,  a n o n l i n e a r  t r ans fo rma t i on  between x and the c l u s t e r  r a d i u s  r 
T h i s  

The r e a c t i o n  r a t e s  f o r  the a b s o r p t i o n  and emission o f  mobi le  p o i n t  d e f e c t s  a t  vacancy c l u s t e r s  depend most 
c r i t i c a l l y  on th ree  parameters, namely the so- ca l l ed  b i a s  f a c t o r s ,  the p o i n t  d e f e c t  concen t ra t i ons ,  and the 
c l u s t e r  p r o p e r t i e s .  To make the paper se l f - con ta ined ,  these parameters w i l l  be b r i e f l y  summarized and d i s -  
cussed i n  S e c t i o n  5.4. The r e s u l t s  f o r  the e v o l u t i o n  o f  the vacancy c l u s t e r  s i ze  d i s t r i b u t i o n  w i l l  then be 
presented i n  Sec t i on  5.5, and c r i t i c a l l y  examined i n  Sec t i on  5.6. 

5.2 Master and Fokker-Planck Equat ions 

L e t  x denote the number o f  vacancies conta ined i n  a c l u s t e r  and P(x , t )  the  number d e n s i t y  o f  c l u s t e r s  o f  
s i ze  x a t  t i re  t. 
monovacancies and o f  s e l f - i n t e r s t i t i a l s ,  and by the emiss ion o f  vacancies,  then the f o l l o w i n g  master 
equa t i on  ho lds :  

I f  i t  i s  assumed t h a t  a c l u s t e r  of s i z e  x can change i t s  s i ze  on ly  by the a b s o r p t i o n  of 

d P ( x , t ) / d t  = 6 ( x  - l ) P ( x - l , t )  + [ a ( x  f 1) f e (x  + l ) I P ( x + l , t )  - [ a ( x )  + B(x)  + e ( x ) ] P ( x , t )  . (1)  

Th is  equa t i on  i s  v a l i d  f o r  x > 2, and i t  rep resen ts  a s e t  o f  r a t e  equat ions  as x i s  a d i s c r e t e  v a r i a b l e  as- 
suming on ly  i n t e g e r  values.  The r a t e  c o e f f i c i e n t s  a (x ) .  B(x).  and e ( x )  are  the abso rp t i on  r a t e s  f o r  vacan- 
c i e s  and i n t e r s t i t i a l s ,  and the the rma l l y  induced emiss ion r a t e  o f  vacancies f rom a c l u s t e r  o f  s i z e  x, r e -  
s p e c t i v e l y .  The the rma l l y  induced emission r a t e  o f  i n t e r s t i t i a l s  i s  so smal l  as t o  be e n t i r e l y  n e g l i g i b l e .  
A l though the two a b s o r p t i o n  r a t e s  a r e  s t r i c t l y  f u n c t i o n s  of  t i m e  th rough t h e i r  dependence on the p o i n t  de- 
f e c t  concen t ra t i ons ,  t h i s  dependence can be suppressed f o r  the f o l l o w i n g  reason. The p o i n t  de fec t  concen- 
t r a t i o n s ,  C v  and Ci f o r  vacancies and i n t e r s t i t i a l s .  depend on the r a d i a t i o n  induced p r o d u c t i o n  r a t e ,  Po, 

and on the t o t a l  s i nk  s t r e n g t h  S .  a parameter t h a t  w i l l  be d e f i n e d  l a t e r .  For  a cons tan t  p r o d u c t i o n  r a t e  
Po, the  t i m e  dependence o f  5 determines the t ime dependence o f  the c o n c e n t r a t i o n s  C v  and Ci. These concen- 

t r a t i o n s  a d j u s t  t o  a new s ink  s t r e n g t h  w i t h  a r e l a x a t i o n  t ime on the o rde r  o f  S/Dv o r  less ,  where Dv i s  the  

d i f f u s i o n  c o e f f i c i e n t  f o r  vacancy m i g r a t i o n .  Since t h i s  r e l a x a t i o n  t ime i s  very s h o r t  compared t o  the t ime  
sca le  over which S and P ( x . t )  change, we can indeed assume t h a t  the p o i n t  de fec t  c o n c e n t r a t i o n s  a re  quas i -  
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s t a t i o n a r y ,  and a (x1  and B ( x 1  a re  n e a r l y  t ime- independent. The express ions  f o r  the  r a t e  c o e f f i c i e n t s  t h a t  
w i l l  be used l a t e r  a re  d e r i v e d  from a d i f f u s i o n  model of p o i n t  de fec ts  t o  a s p h e r i c a l  c a v i t y .  Acco rd ing l y ,  
t he  s i z e  v a r i a b l e ,  x, i n  t h i s  model i s  t r e a t e d  as  a cont inuous v a r i a b l e ,  and we s h a l l  t he re fo re  t r e a t  i t  
l i k e w i s e  i n  the d i s t r i b u t i o n  f u n c t i o n  P ( x . t l .  

Fo r  c l u s t e r s  w i t h  s i z e  x >> 1, we may expand the  f i r s t  and second term i n t o  Tay lo r  s e r i e s .  R e t a i n i n g  terms 
on l y  t o  second order,  the  master equa t i on  (11 i s  then approximated by the  Fokker-Planck equa t i on  

w i t h  a d r i f t  f o r c e  de f ined a s  

K(x1  = B ( X )  - 4 x 1  - e(x1 (31 

and a d i f f u s i o n  f u n c t i o n  as 

Q ( x 1  = a(x1  + E ( X )  + e ( x )  . ( 4 1  

The t r u n c a t i o n  o f  the  s e r i e s  expansion a f t e r  the  second o rde r  terms assures, acco rd ing  t o  a theorem by 
Pawula (19671, t h a t  the  d i s t r i b u t i o n  f unc t i on  P ( x , t l  remains p o s i t i v e  everywhere. Because o f  t he  u n i t  s tep  
size, the  expansion f o r  x > >  1 i s  e q u i v a l e n t  t o  t he  so- ca l l ed  system s i z e  expansion of  van Kampen (1981) .  
S i g n i f i c a n t  d i f f e r e n c e s  between t he  s o l u t i o n s  t o  t he  master  and t o  the  Fokker-Planck equat ion  would be ex- 
pected  i n  the  v i c i n i t y  of  x = 1. However, we now i n t r o d u c e  the  boundary c o n d i t i o n  

P(1. t )  = Cv  f o r  t > 0 , ( 5 )  

and thereby f o r c e  the  s o l u t i o n  of  t he  Fokker-Planck equa t i on  t o  agree w i t h  the  s o l u t i o n  t o  the  master  
equa t i on  a t  x = 1. AS a r e s u l t  we expec t  t h a t  the  Fokker-Planck equat ion  w i l l  p rov ide  adequate r e s u l t s  f o r  
the  e n t i r e  s i z e  space x 1. A d d i t i o n a l  boundary c o n d i t i o n s  a r e  

P(x,Ol = 0 f o r  x > I (6) 

and P ( - * t )  = 0 . ( 7 1  

The s o l u t i o n  f o r  the  c l u s t e r  d i s t r i b u t i o n  i n  terms of  t he  s i z e  v a r i a b l e  x i s  n o t  conven ien t  f o r  two reasons. 

F i r s t ,  f o r  l a r g e  vo ids  such as those observed i n  i r r a d i a t e d  m a t e r i a l s ,  x becomes on the  o rde r  of l o 6 .  
Second, v o i d  s i z e  d i s t r i b u t i o n s  a re  measured i n  terms of  the  v o i d  r ad ius .  
i n t r o d u c e  a new c l u s t e r  d i s t r i b u t i o n  f u n c t i o n  

Therefore,  i t  i s  d e s i r a b l e  t o  

where the c l u s t e r  o r  v o i d  r a d i u s  i s  de f i ned  as 

(91 

Here, R i s  the  a tomic  volume, and the  c l u s t e r  o r  v o i d  sur face  i s  d e f i n e d  by t he  cen te rs  o f  t he  surface 
atoms. T h e i r  r a d i i  i s  assumed t o  be equal  t o  h a l f  the  Bu rge r ' s  v e c t o r  b. The equa t i on  (9 )  r ep resen ts  a 
n o n l i n e a r  t r ans fo rma t i on  between two s t o c h a s t i c  va r i ab les ,  x and r. 
c l u s t e r  i s  descr ibed by the  s t o c h a s t i c  d i f f e r e n t i a l  equa t i on  

The change i n  s i z e  of  one i n d i v i d u a l  

dx = K ( x 1  d t  + fi d 5 ( t )  (101 

where t ( t 1  r ep resen ts  a Gaussian w h i t e  no ise .  
equa t i on  (21, on l y  i f  i t  i s  i n t e r p r e t e d  i n  the  I t 0  sense (Gardiner,  1983). Consequently, the  normal r u l e s  
o f  c a l c u l u s  do n o t  app l y  when t rans forming s t o c h a s t i c  d i f f e r e n t i a l  equat ions  be long ing  to-master  equa t i ons  
of the  b i r t h  and death type  such as  Eq. ( 1 ) .  
l u s  must be app l i ed ,  hence Eq. (101 i s  t rans formed i n t o  

Equat ion  (10)  i s  s t r i c t l y  e q u i v a l e n t  t o  t he  Fokker- Planck 

I ns tead  the  t r a n s f o r m a t i o n  r u l e s  f o r  t he  I t o  s t o c h a s t i c  CalCU- 
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2 

dx 

dr  1 d r  
dx 2 K ( r )  = K [ x ( r ) l  - + - ~ [ x ( r ) l  where 

The t ransformed Fokker-Planck equa t i on  i s  then 

(11)  

It w i l l  be shown below t h a t  the r a t e  c o e f f i c i e n t s  a re  a l l  p r o p o r t i o n a l  t o  r. Hence, K (x )  and Q l x )  a r e  bo th  

p r o p o r t i o n a l  t o  x1t3. and the s h i f t  and d i f f u s i o n a l  broadening appear o f  equal importance. I n  c o n t r a s t ,  t h e  

t ransformed d r i f t  f o r ce  behaves as K ( r )  - l t r  and the t ransformed d i f f u s i o n  f u n c t i o n  as i j ( r )  - ltr . There- 
fore ,  w i t h  l a r g e r  v o i d  rad ius ,  the d i f f u s i o n a l  spreading o f  the Size d i s t r i b u t i o n  d im in i shes  and v o i d  growth 
becomes an i n c r e a s i n g l y  d e t e r m i n i s t i c  process when judged by the e v o l u t i o n  o f  the v o i d  r a d i u s .  The dynamics 
of  v o i d  n u c l e a t i o n  and growth are, of  course, independent o f  the coo rd ina te  system used. The n o n l i n e a r  
t r ans fo rma t i on  (9) s imply  i l l u s t r a t e s  t h a t  l a r g e  vo ids  a re  s u b j e c t  t o  smal le r  f l u c t u a t i o n s  i n  s i z e  than a r e  
smal l  vo ids .  The exper imenta l  evidence f o r  t h i s  obse rva t i on  w i l l  be d iscussed i n  Sec t i on  5.6. 

3 

5.3 Path Sum S o l u t i o n  

The formal s o l u t i o n  t o  the Fokker-Planck equa t i on  ( 13 )  s u b j e c t  t o  the boundary c o n d i t i o n s  of  Eqs. ( 5 )  and 
(7) can be cons t ruc ted  v i a  the pa th  sum as shown r e c e n t l y  by Wehner and Wolfer (1983b). 
t ime t i s  assumed t o  be known, the s o l u t i o n  a t  a l a t e r  t ime t + 1 i s  g i ven  by 

I f  the s o l u t i o n  a t  

i s  the n e t  c l u s t e r  cu r ren t ,  and the r a d i u s  of  a monovacancy ( x  = 1) i s  assumed t o  be equal  t o  the Burgers 
vec to r  b. 

I n  the l i m i t  o f  smal l  t ime steps 1, the  propagator o r  Green's f u n c t i o n  can be g i ven  by (Dekker. 1976) 

G ( r , r ' , r )  = ( Z * i j ( r ' ) ~ ] - ' ~ ~  exp [ - [ r  - r '  - ~ ( r ' ) ~ l * / Z i j ( r ' ) ~ l ]  . (16)  

By the repeated a p p l i c a t i o n  of Eq. (14) f o r  N times, the s o l u t i o n  can be found f o r  a f i n i t e  t ime i n t e r v a l  
t - t = NT.  0 
ac tua l  numer ica l  c a l c u l a t i o n s ,  a small b u t  f i n i t e  t ime s t e p  T i s  s e l e c t e d  based on the i n t e r v a l  spacing em- 

p loyed  i n  the numerical  i n t e g r a t i o n  o f  Eq. ( 1 4 ) .  

l i t t l e  i n  the v i c i n i t y  of  r > b, hence the c l u s t e r  c u r r e n t  T ( b . t + r ' )  may be approximated by i t s  va lue a t  

T h i s  s o l u t i o n  becomes exac t  i n  the l i m i t  7 + 0 and N + * such t h a t  N T  remains f i x e d .  I n  

Furthermore,  i f  T i s  s u f f i c i e n t l y  small, p ( r , t )  changes 
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t ime t. 

known and can be evaluated.*  
1983b). S t a r t i n g  w i t h  the  i n i t i a l  c o n d i t i o n ,  Eq. (6). the  p a t h  sum s o l u t i o n  o f  Eq. (14)  then y i e l d s  t he  

e v o l u t i o n  o f  the  d i s t r i b u t i o n  f u n c t i o n  F ( r . t )  w i t h  t ime. 

A s  a r e s u l t  of  the  boundary c o n d i t i o n  i n  Eq. ( 5 ) ,  F ( b , t + r ' )  = Cv .  Hence, t he  r .h .s .  o f  Eq. (14)  i s  

The d e t a i l s  of the  numer ica l  procedure a re  g i ven  elsewhere (Wehner and Wolfer. 

5.4 Rate C o e f f i c i e n t s ,  B ias  Fac to r s  and P o i n t  De fec t  Concent ra t ions  

The fundainental process i n v o l v e d  i n  t he  c l u s t e r  fo rmat ion  i s  the  d i f f u s i o n  o f  the  p o i n t  de fec t s  t o  t he  
s i nks .  I f  we cons ide r  then a c l u s t e r  as a sphe r i ca l  s ink ,  and i f  the  p o i n t  de fec t  abso rp t i on  and emiss ion  
a t  the  s ink  i s  c o n t r o l l e d  by bu l k  d i f f u s i o n ,  then the  r e a c t i o n  r a t e s  a re  g iven by 

a ( r )  = ( 1 7 )  

~ ( r - 1  = ~ V D ~ C ~ Z : ( ~ )  (18) 

e ( r )  = 4 n r 0 ~ ~ : ( r ) ~ : ( r )  (19)  

where C:(r) = C t 4 e x p { 4 r [ u ( r ) r 2  - ~ ( r - ) r ! l / k T ]  ( 2 0 )  

i s  the  vacancy concen t ra t i on  i n  l o c a l  thermodynamic e q u i l i b r i u m  w i t h  a v o i d  o f  r a d i u s  r, Y ( r )  i s  the  surface 
energy, and r_  i s  the  r a d i u s  o f  the v o i d  w i t h  one l e s s  vacancy. The sur face  energy f o r  small vo i ds  i s  
dependent on the  v o i d  r a d i u s  a s  d iscussed by Si-Ahmed and Wolfer (1982). 

The v o i d  b i a s  f a c t o r s  Zp(r) and Z:(r1 account f o r  the  e f f e c t  o f  t he  s t ress- induced i n t e r a c t i o n  o f  the  i n t e r -  

s t i t i a l  and vacancy, r e s p e c t i v e l y ,  w i t h  the vo id .  They have been d e r i v e d  r e c e n t l y  by Sniegowski and Wol fe r  
(1983) f o r  the  case where segregat ion  t o  vo ids  does n o t  occur. Both b i a s  f a c t o r s  a re  g i ven  by 

z O ( i - 1  E I + [ [ K G  - ( 2 1 )  

where n = 4Ar / ( r 3kT  I n  2 )  ( 2 2 )  

(231 

Here, u i s  the  shear modulus, u the  Po i sson ' s  r a t i o ,  k t he  Boltzmann cons tan t ,  and T t he  a b s o l u t e  tern e ra -  

b i a s  f a c t o r s  Z? and Z: can be ob ta ined f o r  the  abso rp t i on  o f  s e l f - 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 .  

F o r  the  m a t e r i a l s  parameters of  so lu t ion- annea led  n i c k e l ,  l i s t e d  i n  Table 1. the  v o i d  b i a s  f a c t o r s  as  shown 
i n  F igu re  1 a re  ob ta ined.  It i s  seen t h a t  small vo i ds  possess a s i g n i f i c a n t  b i a s  f o r  p r e f e r e n t i a l  i n t e r -  
s t i t i a l  abso rp t i on .  However. t h i s  b i a s  d im in i shes  r a p i d l y  w i t h  i n c r e a s i n g  v o i d  r ad ius ,  a f a c t  t h a t  w i l l  
prove to be e s s e n t i a l  f o r  the  emergence o f  a peaked d i s t r i b u t i o n  f o r  vo ids  above the  c r i t i c a l  s i z e .  

t u re .  By i n s e r t i n g  the  a p p r o p r i a t e  va lues  f o r  the  r e l a x a t i o n  volume v and the  shear p o l a r i z a b i l i t y  a e , t h e  

1 

*Note t h a t  s i nce  Eq. (13)  i s  a p a r a b o l i c  p a r t i a l  d i f f e r e n t i a l  equat ion ,  bo th  the  value o f  the  p r o b a b i l i t y  
d i s t r i b u t i o n  and the  c u r r e n t  may n o t  be s p e c i f i e d  independent ly  a t  the  boundary w i t h o u t  a r i s k  o f  ove rspec i -  
f y i n g  the  problem (Morse and Feshbach, 1953). 
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TABLE 1 

MATERIALS PARAMETERS FOR NICKEL 

Boltzmann cons tan t  

temperature 

1 a tti ce parameter 

Bu rge r ' s  v e c t o r  

atomic volume 

vacancy m i g r a t i o n  energy 

vacancy fo rma t i on  energy 

vacancy d i f f u s i o n  c o e f f i c i e n t  

p r o d u c t i o n  r a t e  o f  p o i n t  de fec ts  

recombinat ion  c o e f f i c i e n t  

e q u i l i b r i u m  vacancy concen t ra t i on  

Po i sson ' s  r a t i o  

Young's modulus 

shear modulus 

r e l a x a t i o n  volume 

shear p o l a r i z a b i l i t y  

surface energy of  f l a t  su r face  

surface energy o f  a v o i d  

shape f a c t o r  f o r  d i s l o c a t i o n s  

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

d i s l o c a t i o n  s ink  s t r e n g t h  

d i s l o c a t i o n  b i a s  f a c t o r s  

3.639 x meter 

a t 6  

a314 

1.76 x J o u l e  

2.832 x J o u l e  

-E:/kT 
1.286 x 10+ e (m2/s )  

0 .1  n x (dpa r a t e l  

1 1  8na 
+ - 

1 v  V 

2.64 + 7.7 x 10-5 T ( " c )  

2.097 x 

E/2(1  + v) 

f o r  i n t e r s t i t i a l s  1.8 n 
f o r  vacancies -0.2 n 
f o r  i n t e r s t i t i a l s  -150 eV 

f o r  vacancies -15 eV 

- 1.03 x l o 8  T ( " C l  

2.28 + I1333 - T)0.55 x l o w 3  J/m2 

YO[1 .O - ( 0 . 8 / ( x  + 2 ) ) l  

2 1013 

As ment ioned i n  Sec t i on  5.2,  the  t i rne  sca le  f o r  the r e l a x a t i o n  of  the p o i n t  de fec t  concen t ra t i ons  i s  much 
s h o r t e r  than f o r  s i g n i f i c a n t  change i n  the c l u s t e r  popu la t i on .  Thus the 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  assume 
t h e i r  s t a t i o n a r y  s o l u t i o n s  cor respond ing t o  the e x i s t i n g  s e t  o f  m a t e r i a l  parameters, and Ci and Cv change as 

these parameters change. 

mat ion"  as termed by Haken (1983).  
Ahmed and Wolfer .  1982) 

The approx imat ion  dCi/dt dCv/d t  5 0 i s  a statement of  the " a d i a b a t i c  a p p r o x i -  

The r e s u l t i n g  equat ions  f o r  the p o i n t  d e f e c t  concen t ra t i ons  become ( S i -  
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FIGURE 1. The v o i d  b i a s  f a c t o r s  vs .  v o i d  r a d i i  for i n t e r s t i t i a l s  ( s o l i d  l i n e )  and f o r  vacanc ies  (dashed 
l i n e s )  eva lua ted  from Eqs. (18)  and w i t h  the  parameters l i s t e d  i n  Tab le  1. 

Here the t o t a l  s ink  s t r e n g t h  i s  

DI 

d d  S = 4n d r  [ r ? ( r , t ) l  + A P 
b 

the s ink  averaged b i a s  f a c t o r s  a r e  

d d d  
- 

4n 1 d r  [ r Z o ( r ) ? ( r , t ) l  + Z A P 
b 

S 

and the  averaged vacancy c o n c e n t r a t i o n  i n  e q u i l i b r i u m  w i t h  s i n k s  I S  

<2> = 

- 
4n 

S b 
d r  [ r C z ( r ) Z : ( r ) C ( r . t ) l  + C v  e q d d d  Z V A  P 

cv = <zv> 

( 2 6 )  

( 2 7 )  

( 2 8 )  

One may speak of the f a s t  v a r i a b l e s  ( 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 )  as be ing  " s laved"  by the  slow v a r i -  
a b l e s  ( t h e  average b i a s  f a c t o r s ,  the s ink  s t r e n g t h  and the  averaged vacancy c o n c e n t r a t i o n ) .  
dependence of  the 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  on the c l u s t e r  s i z e  d i s t r i b u t i o n  leads  t o  another  i m p o r t a n t  
consequence. 
Fokker-Planck equa t ion  (13 ) .  Indeed Eq. (13) i s  no l o n g e r  a d i f f e r e n t i a l  equa t ion  b u t  r a t h e r  an i n t e g r o -  
d i f f e r e n t i a l  equa t ion .  
a c t i o n s  p l a y  an i m p o r t a n t  r o l e .  I n  the  p r e s e n t  case, the i n t e g r a l  dependence a r i s e s  from the f a c t  t h a t  the 

Moreover, t h e  

Through Eqs. (17-191 and (25-28) one can see t h a t  t h i s  dependency removes the  l i n e a r i t y  of the  

Such i n t e g r a l  dependencies a r e  common th roughou t  phys ics  whenever many-body i n t e r -  
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mono-defect popu la t i ons  depend on weighted averages of  c e r t a i n  f u n c t i o n s  c h a r a c t e r i s t i c  o f  the system. It 
does not,  however. depend on p a r t i c u l a r  va lues o f  the s i z e  d i s t r i b u t i o n  f u n c t i o n .  Because o f  t h i s  i n t e g r a l  
dependence, t h i s  t r u l y  n o n l i n e a r  equa t i on  can be so lved us ing  the numer ica l  pa th  i n t e g r a l  techn ique by as- 
suming t h a t  f o r  small enough t ime steps the equa t i on  may be regarded as be ing l i n e a r .  Then g iven the so- 
l u t i o n  a t  a p a r t i c u l a r  t ime ,  the s o l u t i o n  a very  s h o r t  t i m e  l a t e r  can be found. T h i s  new s o l u t i o n  i s  used 
t o  r e c a l c u l a t e  the p o i n t  d e f e c t  concen t ra t i ons  (and hence the Fokker-Planck c o e f f i c i e n t s ) .  A r e v i s e d  l i n e a r  
equa t i on  i s  c o n s t r u c t e d  and the whole process repeated. I n  t h i s  manner i t  i s  p o s s i b l e  t o  i n v e s t i g a t e  the 
e f f e c t  o f  the v o i d  s i ze  d i s t r i b u t i o n  on i t s  own development. 

5 . 5  Void Size D i s t r i b u t i o n s  

I n  o rde r  t o  ga in  an i n i t i a l  unders tand ing o f  the dynamics o f  v o i d  nuc lea t i on ,  the n o n l i n e a r  cha rac te r  o f  Eq. 
(13) w i l l  be suppressed. S p e c i f i c a l l y ,  the i n t e g r a l  dependence i n  Eqs. (26-28) w i l l  be neg lec ted .  T h i s  
erroneous assumption leads t o  the conc lus ion  t h a t  the m i c r o s t r u c t u r a l  p r o p e r t i e s  o f  the m a t e r i a l  remain un- 
changed throughout  the n u c l e a t i o n  process. Nevertheless,  c e r t a i n  i n t e r e s t i n g  c h a r a c t e r i s t i c s  o f  c l u s t e r  
n u c l e a t i o n  become t r a n s p a r e n t  i n  t h i s  l i m i t .  

F i g u r e s  2a and 2b show the t rans formed Fokker-Planck c o e f f i c i e n t s  eva lua ted  f o r  parameters l i s t e d  i n  Table 1 
and f o r  a case r e p r e s e n t a t i v e  of i o n  bombardment exper iments a t  a temperature o f  873 K. The genera l  shape 
o f  these p l o t s  i s  t y p i c a l  o f  t h a t  found over the e n t i r e  ranges o f  temperature and dose r a t e  s tud ied.  The 

c r i t i c a l  s i ze  o f  a vo id  i s  d e f i n e d  as t h a t  s i ze  where K"(r) 
o f  the peak o f  the n u c l e a t i o n  b a r r i e r .  A t  t h i s  p o i n t  
i n  the d i scuss ion .  i t  i s  conven ient  t o  i n t roduce  some nomenclature.  Voids o f  l e s s  than the c r i t i c a l  s i z e  
a r e  s u b j e c t  t o  a nega t i ve  d r i f t  fo rce,  hence they a re  more l i k e l y  t o  be d r i v e n  back i n  s i z e  space across  the 
boundary a t  r l b  e 1. Since a " p a r t i c l e "  d r i v e n  across  a boundary i n  an open system i s  l o s t ,  these vo ids  a r e  
r e f e r r e d  t o  as " uns tab le . "  Some vo ids ,  d r i v e n  by the random forces,  w i l l  c ross  the c r i t i c a l  s i ze .  These 
vo ids  are then s u b j e c t  t o  a p o s i t i v e  d r i f t  f o r c e  and tend t o  grow i n  s i ze .  Hence, vo ids  of  a s i z e  g r e a t e r  
t han  the c r i t i c a l  s i z e  a re  termed " s t a b l e . "  

c rosses zero .  
I n  F igu re  2a, t h i s  occurs a t  approx imate ly  r l b  = 3.0. 

Th i s  corresponds t o  the l o c a t i o n  

F i g u r e  3a shows the v o i d  s i z e  d i s t r i b u t i o n  ob ta ined  by s o l v i n g  the l i n e a r  equa t i on  (13) s u b j e c t  t o  the 
Fokker-Planck c o e f f i c i e n t s  o f  F i g u r e  2. AS i s  ev iden t ,  a l a r g e  c o n c e n t r a t i o n  o f  smal l  uns tab le  v o i d s  
( i n v i s i b l e  t o  the e l e c t r o n  microscope) develops q u i t e  r a p i d l y .  I n  a d d i t i o n ,  a f t e r  a c e r t a i n  l e n g t h  o f  t ime, 
a uni form, p l a t e a u - l i k e  d i s t r i b u t i o n  o f  l a r g e r  s t a b l e  vo ids  i s  e s t a b l i s h e d .  The l e a d i n g  edge of  t h i s  
p l a t e a u  con t i nues  t o  propagate i n  s i ze  space as t ime progresses.  

The n u c l e a t i o n  b a r r i e r  f o r  the l i n e a r  Fokker-Planck equa t i on  i s ,  o f  course, t ime- independent.  Acco rd ing l y ,  
t h e  c u r r e n t  across  t h i s  b a r r i e r  q u i c k l y  a t t a i n s  i t s  s teady- sta te  va lue.  T h i s  cons tan t  cu r ren t ,  t oge the r  
w i t h  the s low ly  va ry ing  nature  o f  the d r i f t  f o r c e  o f  F i g u r e  2a i n  the r e g i o n  r l b  > 5 ,  causes the s i z e  
d i s t r i b u t i o n  t o  f l a t t e n  out.  
n o n l i n e a r i t y  o f  Eq. (13) .  

Hence, the p l a t e a u - l i k e  behav ior  i s  a consequence o f  the suppression o f  the 

Computer memory l i m i t a t i o n s  p r o h i b i t  ex tens ion  o f  the c a l c u l a t i o n s  t o  t o t a l  doses much h ighe r  than 0.2 dpa 
f o r  the Fokker-Planck c o e f f i c i e n t s  p l o t t e d  i n  F i g u r e  2. The t rend.  however, i s  t h a t  o f  a development of  a 
p o p u l a t i o n  of vo ids  un i f o rm ly  d i s t r i b u t e d  over a broad range i n  s i ze .  
de f ined as the area under the s t a b l e  p o r t i o n  o f  the v o i d  s i z e  d i s t r i b u t i o n .  con t i nues  t o  i nc rease  w i t h  i n -  
c reas ing  dose. Both  o f  these e f f e c t s  a re  c o n t r a r y  t o  exper imenta l  f i n d i n g s .  Under most i r r a d i a t i o n  con- 
d i t i o n s ,  a very narrow s i ze  c l a s s  o f  vo ids  i s  observed, i . e .  the v o i d  s i ze  d i s t r i b u t i o n  i s  sha rp l y  peaked. 
Also.  the v o i d  number d e n s i t y  does n o t  vary w i t h  t ime  a f t e r  an i n i t i a l  n u c l e a t i o n  p e r i o d  (Glasgow. Si-Ahmed, 
Wolfer ,  Garner, 1981; Mansur 1978). A s  F i g u r e  3a shows, t h i s  cannot  be ob ta ined  by a t h e o r e t i c a l  approach 
which n e g l e c t s  the e f f e c t  o f  the v o i d  p o p u l a t i o n  i t s e l f  on the m i c r o s t r u c t u r a l  p r o p e r t i e s  o f  the m e t a l .  

I n  a d d i t i o n ,  the v o i d  number d e n s i t y ,  

To t h i s  end, the n o n l i n e a r  cha rac te r  o f  Eq. (13) i s  considered.  F i g u r e  3b shows the v o i d  s i z e  d i s t r i b u t i o n  
a t  va r i ous  t imes so lved under the same c o n d i t i o n s  as i n  F i g u r e  3a excep t  t h a t  the i n t e g r a l s  o f  Eqs. (26-28) 
a re  c a l c u l a t e d  a f t e r  each t i m e  s tep and the Fokker-Planck c o e f f i c i e n t s  s u i t a b l y  a d j u s t e d  as desc r i bed  i n  t h e  
p rev ious  sec t i on .  
sha rp l y  peaked a t  the l a t e r  t imes (note  the l o g a r i t h m i c  y a x i s ) .  Also,  the uns tab le  vo ids  d i m i n i s h  i n  num- 
b e r  as ti ine progresses.  Furthermore, a f t e r  the i n i t i a l  n u c l e a t i o n  pe r iod .  t h e  s t a b l e  v o i d  number d e n s i t y  
remains cons tan t  w i t h  i n c r e a s i n g  dose. 

These p l o t s  show a dramat ic  change i n  the v o i d  s i z e  d i s t r i b u t i o n  which now becomes very 
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F I G U R E  28. The transformed d r i f t  func t ion  vs. void  r a d i i  ob ta ined  by n e g l e c t i n g  the e f f e c t  o f  the  vo id  s i z e  
d i s t r i b u t i o n  a t  T = 873 K and a dose r a t e  of 0.001 dpa ls .  
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F I G U R E  2b. The transformed d i f f u s i o n  funct ion vs. void  r a d i i  ob ta ined  by n e g l e c t i n g  the  
s i z e  d i s t r i b u t i o n  a t  T = 873 K and a dose r a t e  o f  0.001 dpals .  
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FIGURE 3a. The v o i d  s i ze  d i s t r i b u t i o n  vs. vo id  r a d i i  a t  va r i ous  t imes ob ta ined  by n e g l e c t i n g  the e f f e c t  o f  
the s i ze  d i s t r i b u t i o n  upon i t s e l f  a t  T = 873 K and a dose r a t e  o f  0.001 dpals.  
c o n c e n t r a t i o n  of uns tab le  vo ids  and the p l a t e a u - l i k e  s i z e  d i s t r i b u t i o n  o f  s t a b l e  vo ids .  The 
t imes i n d i c a t e d  a r e  i n  seconds. 

Note the h i g h  

.5 

FIGURE 3b. The v o i d  s i ze  d i s t r i b u t i o n  vs. v o i d  r a d i i  a t  v a r i o u s  t imes ob ta ined  by c o n s i d e r i n g  the e f f e c t  o f  
the v o i d  s i ze  d i s t r i b u t i o n  i t s e l f  on the m i c r o s t r u c t u r a l  parameters a t  T = 873 K and a dose r a t e  
of  0.001 dpals.  T h i s  re-  
s u l t s  i n  a l ower ing  of  the concen t ra t i on  o f  uns tab le  vo ids  as w e l l  as the i s o l a t i o n  o f  a narrow 
s i z e  c l a s s  o f  s t a b l e  voids.  The t imes i n d i c a t e d  a re  i n  seconds. 

Note the " p inch ing  o f f "  o f  the v o i d  s i ze  d i s t r i b u t i o n  a t  l a t e r  t imes. 
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Such an extreme change i n  the  shape of the  d i s t r i b u t i o n  f u n c t i o n  i l l u s t r a t e s  the  h i g h l y  s e n s i t i v e  na tu re  o f  
v o i d  n u c l e a t i o n  t o  changes i n  the m i c r o s t r u c t u r e  and the  r a t e  c o e f f i c i e n t s .  The feedback mechanisms r e -  
spons ib l e  f o r  the  t e r m i n a t i o n  o f  v o i d  n u c l e a t i o n  a re  two fo l d .  F i r s t  the  inc rease i n  the  v o i d  s i nk  s t r e n g t h  
causes a decrease i n  the  concen t ra t i ons  of  bo th  p o i n t  de fec t s .  Th i s  feedback mechanism i s  however n o t  as  
s i g n i f i c a n t  as t r a d i t i o n a l l y  be l i eved .  As seen f rom the  y - i n t e r c e p t s  i n  F igu re  3b, t he  vacancy 
c o n c e n t r a t i o n  changes l i t t l e  w i t h  t ime.  

The second. and dominant feedback mechanism i s  the  change i n  t he  d i f f e r e n c e  o f  the  capture  r a t e s  B and o. 
Th i s  d i f f e r e n c e  i s  h i g h l y  s e n s i t i v e  t o  changes i n  the  average b i a s  f ac to r s ,  and b e s t  i l l u s t r a t e d  by t he  
t rans formed d r i f t  f o r ce  K ( r ) .  F i g u r e  4 shows t h a t  the  d r i f t  f o r c e  n o t  on l y  changes i n  magnitude b u t  the  

c r i t i c a l  s i z e  i nc reases  as w e l l  w i t h  i n c r e a s i n g  dose. 
r a t h e r  than a d i f f e r e n c e  of  the  r a t e  c o e f f i c i e n t s ,  does n o t  change much w i t h  t ime and has the  genera l  shape 
as i n  F i g u r e  2b. 
t e n t i a l  f u n c t i o n  as  

The t rans formed d i f f u s i o n  f unc t i on .  i j ( r ) ,  be ing  a sum 

The changing shape of the  d i s t r i b u t i o n  f u n c t i o n  can be f u r t h e r  exp la i ned  by d e f i n i n g  a po- 

r -  

b Q ( r ' , t )  

K l r ' , t )  d r t  , G ( r . t )  = -2 I 

The peak va lue  o f  t h i s  p o t e n t i a l  determines the  n u c l e a t i o n  b a r r i e r ,  f f i .  A s  shown i n  F igu re  5, t h i s  b a r r i e r  
inc reases  d r a m a t i c a l l y  w i t h  t ime.  

p o r t i o n a l  t o  e-AG (Russe l l ,  1978),  i t  i s  apparent  t h a t  the  t ime-dependent n u c l e a t i o n  c u r r e n t  cor respond ing  
t o  the  b a r r i e r  o f  F i g u r e  5 i s  reduced s i g n i f i c a n t l y  i n  a very s h o r t  p e r i o d  of t ime.  C l e a r l y ,  t he  a c t u a l  
n u c l e a t i o n  of vo ids  can occur  on l y  i n  t he  very e a r l y  stages o f  the  i r r a d i a t i o n .  

Since the  steady s t a t e  n u c l e a t i o n  c u r r e n t  over  a f i x e d  b a r r i e r  i s  p r o -  

The i r r a d i a t i o n  temperature o f  the  m a t e r i a l  determines t o  a l a r g e  degree the  p o i n t  d e f e c t  concen t ra t i ons .  
Acco rd ing l y ,  t he  dynamics o f  v o i d  n u c l e a t i o n  and growth are  a l s o  expected t o  be s t r o n g l y  a f f e c t e d  by t he  
temperature.  
a t  a temperature o f  613 K. 
two expe r imen ta l l y  c o n s i s t e n t  observa t ions .  F i r s t .  a t  the  lower temperature,  the  s t a b l e  v o i d  number d e n s i t y  
as  w e l l  as t he  vacancy concen t ra t i on  a re  cons ide rab l y  h igher .  Second, t he  n u c l e a t i o n  process r e q u i r e s  more 
t i m e  (hence more t o t a l  dose) a t  the  lower temperature.  However, t he  genera l  shape o f  the  v o i d  s i z e  d i s t r i -  
b u t i o n  i s  t he  same i n  bo th  f i g u r e s .  

F i gu re  6a shows the  c a l c u l a t e d  v o i d  s i z e  d i s t r i b u t i o n  ob ta i ned  f o r  i o n  bombardment o f  n i c k e l  
Comparison w i t h  the  h i ghe r  temperature (873 K) r e s u l t a n t  o f  F i gu re  3b, r e v e a l s  

The damage r a t e  a l s o  a f f e c t s  the  dynamics o f  v o i d  n u c l e a t i o n  and growth by govern ing  d i r e c t l y  t he  p o i n t  
d e f e c t  p roduc t i on .  
n i c k e l  a t  a temperature o f  613 K i s  shown. 
number dens i t y .  and t h a t  more tine b u t  l e s s  t o t a l  damage i s  r e q u i r e d  f o r  the  n u c l e a t i o n  process o c c u r r i n g  a t  
a lower damage r a t e .  

I n  F i g u r e  6b. the  c a l c u l a t e d  v o i d  s i z e  d i s t r i b u t i o n  ob ta i ned  f o r  neut ron  bombarded 
Comparison w i t h  the  p rev ious  f i g u r e  revea l s  a l owe r  s t a b l e  v o i d  

Again the  o v e r a l l  shape o f  t he  v o i d  s i z e  d i s t r i b u t i o n ,  e s p e c i a l l y  i n  t he  s t a b l e  s i z e  regime. i s  the  same. 
comparison w i t h  severa l  d i f f e r e n t  combinat ions of temperature and dose r a t e s  conf i rms t h a t  t he  shape, more 
s p e c i f i c a l l y  the  w i d t h  a t  any f r a c t i o n  of  the  maximum o f  the s t a b l e  v o i d  popu la t i on  remains n e a r l y  cons tan t  
over a wide range o f  values.  I n  t h i s  study a l l  o t h e r  parameters c h a r a c t e r i z i n g  the  m a t e r i a l  were h e l d  con- 
s t a n t .  Other  r e s u l t s  n o t  shown here i n d i c a t e  t h a t  the  w i d t h  of  t he  s i z e  d i s t r i b u t i o n  broadens and t he  
h e i g h t  d im in i shes  as the  d i s l o c a t i o n  s ink  s t r e n g t h  inc reases  s i g n i f i c a n t l y  beyond t he  v o i d  s i n k  s t r e n g t h .  
more d e t a i l e d  a n a l y s i s  o f  the  e f f e c t  of  t h i s  and o the r  m a t e r i a l  parameters on v o i d  n u c l e a t i o n  and growth i s  
for thcoming.  

A 

A 

5.6 D i scuss ion  

The p resen t  r e s u l t s  i n d i c a t e  t h a t  i n  annealed m a t e r i a l s  s u b j e c t  t o  d isp lacement  damage, t he  s t a b l e  v o i d  Size 
d i s t r i b u t i o n  i s  e s t a b l i s h e d  a t  low doses. I n  con t ras t ,  most i r r a d i a t i o n  exper iments a r e  c a r r i e d  t o  h i g h e r  
doses because bo th  lwasurements o f  v o i d  d e n s i t i e s  and v o i d  s w e l l i n g  can be performed w i t h  g r e a t e r  accuracy.  
These measurements a re  aimed a t  o b t a i n i n g  average v o i d  s i zes  and t o t a l  number of  vo ids  per  u n i t  volume. 
Rare ly  a re  d e t a i l e d  v o i d  s i z e  d i s t r i b u t i o n s  ob ta ined.  
been measured w i t h  s a t i s f a c t o r y  s t a t i s t i c a l  counts,  the  f o l l o w i n g  c h a r a c t e r i s t i c s  a re  observed. 
s i z e  d i s t r i b u t i o n  a t  low doses i s  indeed sha rp l y  peaked i n  agreement w i t h  our r e s u l t s .  
c a n t  t a i l  towards l a r g e r  v o i d  s i zes  i s  o f t e n  observed which i s  a t t r i b u t e d  t o  v o i d  coalescence.  
i s  n o t  i n c l u d e d  i n  the  p r e s e n t  a n a l y s i s  based on the  master equa t i on  (1) which a l l ows  o n l y  u n i t  s tep  pro-  

However, i n  the  few cases where d i s t r i b u t i o n s  have 
The v o i d  

However, a s i g n i f i -  
Th i s  process 
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FIGURE 4. The t rans formed d r i f t  f u n c t i o n  vs. v o i d  r a d i i  which l e d  t o  the vo id  s i ze  d i s t r i b u t i o n s  o f  F i g u r e  
3b eva lua ted  a t  those t imes. 

.O 

FIGURE 5. The p o t e n t i a l  f u n c t i o n  vs. vo id  r a d i i  which l e d  t o  the v o i d  s i ze  d i s t r i b u t i o n s  o f  F i g u r e  3b 
eva lua ted  a t  those t imes. 
i nc reases  d r a s t i c a l l y  w i t h  t ime. 

Note how the n u c l e a t i o n  b a r r i e r  ( t he  peak value o f  the p o t e n t i a l )  
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.5 

FIGURE 6a. The vo id  s i z e  d i s t r i b u t i o n  vs. void  r a d i i  a t  var ious t imes w i t h  1 = 673 K and a dose r a t e  of 
0.001 dpals .  

1.5 

FIGURE Lib. The vo id  s i z e  d i s t r i b u t i o n  vs. void  r a d i i  a t  va r ious  t imes w i t h  T = 673 K and a dose r a t e  o f  l o+  
dDa/s. 
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FIGURE 7. Termina l  v o i d  number d e n s ' t i e s  vs. temperature a t  va i o u s  dose r a t e s .  
dpa ls ;  open c i r c l e s  - lo -& dpals;  open squares - lo-' dpals;  s o l i d  squares - l o -% dpa ls .  

S o l i d  c i r  l e s  - 10+ 

cesses. Ex tens i ve  coalescence can fur thermore l ead  t o  bi-modal v o i d  s i z e  d i s t r i b u t i o n s  a t  h i g h  doses. Re- 
n u c l e a t i o n  a t  h ighe r  doses due t o  he l ium p roduc t i on  a l s o  g ives  r i s e  t o  bi-modal v o i d  s i z e  d i s t r i b u t i o n s .  

I t  should a l s o  be noted t h a t  many m a t e r i a l s  of p r a c t i c a l  i n t e r e s t  such as s t e e l  a re  h i g h l y  heterogeneous, 
and the s p a t i a l  d i s t r i b u t i o n  o f  vo ids  r e f l e c t s  t h i s  va ry ing  m i c r o s t r u c t u r e .  

Accord ing ly ,  a comparison between our t h e o r e t i c a l  p r e d i c t i o n s  and exper imenta l  r e s u l t s  i s  b e s t  made on pure 
meta ls .  Since the most commonly observed q u a n t i t y  i s  the v o i d  number dens i t y ,  the s t a b l e  v o i d  s i z e  d i s t r i -  
b u t i o n  was i n t e g r a t e d  f rom a v o i d  r a d i u s  of  1 nm upwards. 
b i l i t y  i n  s tandard  t ransmiss ion  e l e c t r o n  microscopy.  Furthermore.  the c a l c u l a t i o n s  o f  the v o i d  s i z e  d i s t r i -  
b u t i o n  were always c a r r i e d  o u t  t o  a s u f f i c i e n t l y  l a r g e  dose t o  p rov ide  the te rm ina l  v o i d  number dens i t y .  
T h i s  d e n s i t y  i s  p l o t t e d  i n  F i g u r e  7 as a f u n c t i o n  of the i r r a d i a t i o n  temperature f o r  v a r i o u s  dose r a t e s .  I t  
i s  seen t h a t  the v o i d  number d e n s i t y  decreases sha rp l y  w i t h  temperature.  Wi th  i n c r e a s i n g  dose r a t e ,  the 
c h a r a c t e r i s t i c  curve f o r  the t o t a l  v o i d  number d e n s i t y  i s  s h i f t e d  t o  h igher  temperature.  T h i s  s h i f t  i s  w e l l  
known f o r  the swel l ing- tempera ture  r e l a t i o n s h i p s .  When comparing heavy i o n  i r r a d i a t i o n s  o f  a t y p i c a l  dose 

r a t e  of  dpa w i t h  f a s t  neut ron i r r a d i a t i o n s  ( -  10+ dpa ls ) ,  we f i n d  a c h a r a c t e r i s t i c  temperature s h i f t  
f o r  v o i d  n u c l e a t i o n  o t  about 2OO'C i n  the case of n i c k e l .  
sponding s h i f t  f o r  v o i d  growth I B r a i l s f o r d  and Bul lough, 1972). Both the temperature and dose- ra te  depen- 
dence of  the te rm ina l  v o i d  number d e n s i t y  a r e  i n  genera l  agreement w i t h  the exper imenta l  obse rva t i ons .  
Furthermore,  the q u a n t i t a t i v e  comparison i l l u s t r a t e d  i n  F i g u r e  8 demonstrates t h a t  the p r e d i c t e d  v o i d  number 
d e n s i t i e s  ( s o l i d  l i n e )  a re  i n  e x c e l l e n t  agreement w i t h  the measured v o i d  d e n s i t i e s  i n  n i c k e l  i r r a d i a t e d  w i t h  
f a s t  neut rons  a t  temperatures below about 500'C. The exper imenta l  da ta  a t  h ighe r  i r r a d i a t i o n  tempera tures  
r e f l e c t  the presence of gas bubbles.  Some of  the data  on v o i d  number d e n s i t i e s  r e p o r t e d  by Packan. F a r r e l  

and S t i e g l e r  11978) a re  f o r  dose r a t e s  o f  dpals. and t h e r e f o r e  expected t o  f a l l  below t h e  s o l i d  cu rve  

p r e d i c t e d  f o r  a dose r a t e  o f  

T h i s  lower  bound rep resen ts  the l i m i t  o f  v i s i -  

T h i s  s h i f t  i s  somewhat l a r g e r  than the c o r r e-  

dpals.  

The above comparison and agreement between measured and t h e o r e t i c a l l y  p r e d i c t e d  v o i d  number d e n s i t i e s  i s  
remarkable i n  severa l  aspects.  F i r s t ,  no parameter o f  the t h e o r e t i c a l  models r e q u i r e d  ad jus tment .  The 
va lue  of  sur face energy employed i s  the  one measured f o r  a c lean  su r face  o f  n i c k e l ;  the  b i a s  i s  eva lua ted  

87 



- - - 
- 

0 

1.0 

= NHP,KF+JOS(l978) 
= JLB+BM(l96QA) 

FIGURE 8. A comparison o f  the  t h e o r e t i c a l  p r e d i c t i o n  of  the  t e rm ina l  v o i d  number d e n s i t y  vs.  temperature 
w i t h  va r i ous  neut ron  i r r a d i a t i o n  exper iments.  

- 
0 

"0 
3 

based on t he  e l a s t i c  cons tan ts ,  the  Burgers vec to r ,  and the  a c t u a l l y  measured r e l a x a t i o n  volumes f o r  i n t e r -  
s t i t i a l s  and vacancies (Sniegowski and Wolfer .  1984). Second, no gas i s  r e q u i r e d  i n  the  dynamic v o i d  nuc le-  
a t i o n  c a l c u l a t i o n s .  The v o i d  n u c l e a t i o n  i s  bo th  s e l f - s t a r t i n g  and s e l f - t e r m i n a t i n g .  The autonomous process 
f o r  v o i d  n u c l e a t i o n  i n  an annealed metal  r e f l e c t s  t he  importance of  the  feedback mechanisms d iscussed i n  t h e  
p r e v i o u s  sec t ion .  
sha rp l y  peaked v o i d  s i z e  d i s t r i b u t i o n .  Such an e v o l u t i o n a r y  process can no l onge r  be t r e a t e d  w i t h  the  t r a -  
d i t i o n a l  theory  of  steady s t a t e  nuc lea t i on .  The approach developed i n  t he  p resen t  paper, based on t he  t ime 
dependent s o l u t i o n  o f  a t r u l y  n o n l i n e a r  Fokker-Planck equat ion ,  proved very success fu l  i n  t r e a t i n g  the  dy- 
namic n u c l e a t i o n  process and t he  subsequent growth stage i n  a u n i f i e d  formalism. 

Among these, the  e v o l u t i o n  o f  the  average b i a s  p rov ides  the  key f o r  t he  emergence o f  a 

0 
d 

- I 
I , 1 
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7.0 Future Work 

Time dependent v o i d  nuc l ea t i on  ca l cu l a t i ons  w i l l  be repor ted  i n  subsequent per iods fo r  a f e r r i t e  phase, fo r  
pure copper., and pure aluminum. 
cases. 

Comparisons w i t h  measured v o i d  number dens i t i e s  w i l l  a l s o  be made i n  a l l  

8.0 Pub l i ca t i ons  

The p resen t  progress r e p o r t  has been submitted as a p u b l i c a t i o n  t o  the Ph i losoph ica l  Magazine. 
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THE EFFECT OF HELIUM CLIISTEKING ON I I 'S  TRANSIYIRT TO G R A I N  BOIINIIARTFS 

Nasr Y.  Choniem, Jamal N. A l h a j j i  (UC1.A) and Die tmar  K a l e t t a  ( K I K )  

1 .0 Oh j e c  t ive 

The purpose  of t h i s  paper i s  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  of he l ium c l u s t e r i n g  in t h e  m a t r i x  on i t s  
t r a n s p o r t  t o  g r a i n  h a u n d a r i e s  by s i n g l e  gas atom m i g r a t i o n  mechanisms. The work is a combined n u c l e a t i o n -  
d i f f u s i o n  s t u d y  t o  u n d e r s t a n d  v a r i o u s  e f f e c t s  of mic ro  p r o c e s s e s  i n  t h e  m a t r i x  on t h e  a h i l i t y  of h e l i u m  t o  
m i g r a t e  t o  g r a i n  b o u n d a r i e s .  

2 .n Summary 

Using  a rate t h e o r y  model, we d e v e l o p  in t h i s  i n v e s t t g a t t o n  a s o l u t i o n  t o  t h e  problem of t h e  ra te  of he l ium 
a b s o r p t i o n  a t  g r a i n  b o u n d a r i e ? .  I n  f u s i o n  r e a c t o r  c o n d i t i o n s ,  he l ium i s  e x p e c t e d  t o  be niniformly g e n e r a t e d  
i n s i d e  t h e  g r a i n s  of s t r u c t u r a l  m a t e r i a l $ .  With t h e  s i m u l t a n i e t y  o f  d i s p l a c e m e n t  damage p r o d u c t i o n ,  h e l i u m  
a t o m  can be t r a p p e d  in Vacancies or  vacancy c l n s t e r s ,  i n h i h i t i n g  t h e  m i g r a t i o n  of he l ium.  I f  t r a p p e d  
h e l i u m  is again d r t r a p p e d ,  it w i l l  e v e n t u a l l y  f i n d  its way to  g r a i n  h o u n d a r i e s .  Hel ium may also be t r a p p e d  
on h e t e r o g e n e o u s  s i t e s .  such as p r e c i p i t a t e s .  \le have  i n c l u d e d  bo th  hornoneneons and h e t e r o g e n e o u s  n u c l e a-  
t i o n  i n  our  a n a l y s i s  o f  h e l i u m  t r a n s p o r t .  I t  is shown t h a t  m a t r i x  c l u s t e r i n g  is an e f f e c t i v e  impediment t o  
t h e  t r a n s p o r t  of h e l i u m  to  grain b o u n d a r i e s  o n l y  f o r  a s h o r t  i r r a d i a t i o n  t i m e .  Later, t h e  slow l e a k a g e  of 
h e l i u m  from t h e  matrix t o  grain b o u n d a r i e s  l e a d s  t o  t h e  c a p t u r e  of a p e r c e n t a g e  of h e l i u m  produced.  The 
r o l e  of p r e c i p i t a t e s  in t h i s  mechanism i s  d i s c u s s e d .  P r e c i p i t a t e  d e n s i t i e s  below - may be 
i n e f f e c t i v e  h e l i u m  t r a p s .  The e f f e c t  o t  d i s p l a c e m e n t  damage on gas r e- s o l u t i o n  i s  d i s c u s s e d ,  and shown t o  
have a p a r t i c u l a r  s i g n i f i c a n c e  i n  t h e  d e t e r m i n a t i o n  of t h e  average c a v i t y  d e n s i t y .  

3 .n Progran 

T i t l e :  R a d i a t i o n  E f f e c t s  on S t r u c t u r a l  M a t e r i a l s  (DOE DE-SKO3-84ER52110) 
P r i n c i p a l  I n v e s t i g a t o r :  Nasr M. Ghoniem 
A f f i l i a t i o n :  l l n i v e r s i t y  of C a l t f o r n i a  a t  Los Ange les  

4.0 R e l e v a n t  DAFS Program T a s k i s u b t a s k  

S u h t a s k  G r o u p  C: M i c r o s t r u c t u r a l  C h a r a c t e r i z a t i o n ,  C o r r e l a t i o n  Methodolog)  

5.0 Accomplishments  and S t a t u s  

5.1 1"t roduc t i 0" 

When h e l i u m  atoms are i n t r o d u c e d  i n t o  a s o l i d ,  e i t h e r  by i m p l a n t a t i o n  or by n u c l e a r  r e a c t i o n s ,  t h e y  t e n d  t o  
be i n s o l u b l e .  L i k e  o t h e r  n o h l e  gases, t h e  closed e l e c t r o n i c  s t r u c t u r e  r e s u l t s  i n  i t s  s e g r e g a t i o n .  Because 
of  t h i s  i n s o l u b i l i t y ,  t h e r e  is a g r e a t  t endency  f o r  h e l i u m  atoms t o  k t r a p p e d  on v a c a n c i e s ,  i m p u r i t y  atoms 
o r  o t h e r  helium atoms 11-111. 

U n f o r t u n a t e l y ,  t h e  i n t r o d u c t i o n  of he l ium i n t o  s t r u c t u r a l  materials by n u c l e a r  r e a c t i o n s  r e s u l t s  in a 
g e n e r a l  d e g r a d a t i o n  of t h e i r  p r o p e r t i e s .  I n  f a s t  b r e e d e r  r e a c t o r s ,  as w e l l  as a n t i c i p a t e d  f u s i o n  r e a c t o r s ,  
h e l i u m  g e n e r a t i o n  can l e a d  t o  v o l u m e t r i c  s w e l l i n g  and h i g h  t e m p e r a t u r e  e m b r i t t l e m e n t  of s t r u c t u r a l  
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components. It has been shown by numerow experiments I14-261, that even small amounts of helium can lead 
to a severe loss of ductility. 
reduced at htgh temperature. 
[2hl. 

Thusby,the creep rupture lifetime of structural materials can be drastically 
Fai lure  creep ductilities on the order of less than 1% have been reported 

It has also been experimentally demonstrated that the location of helium production is of strategic 
importance 1271. 
precipitates near the grain boundary. 
distributed throughout the matrix (e.g. by thermomechanical heat treatments). the loss of ductility is not 

Steels with a small amount of boron have shown low ductility, when boron allows 
Experiments have shown that when baron atoms are uniformly 

so greatl271. 

The problem of high temperature helium embrittlement is critical for fast breeder core and vessel structural 
materials. If fus ion  reactor first walls are operated at temperatures above 500°C f o r  steels, helium 
emhrittlement can also he a limiting design factor. It is therefore technically important to adress this 
problem. nuring the past two decades, there has been a significant effort to understand and solve this 
phenomenon ( s e e ,  for example, references (14-27)). A great degree of understanding has been achieved. From 
a theoretical standpoint. the presence of helium i n  grain boundary cavities has been shown to result i n  
growth instabilities that reduce the rupture lifetime (2R-30) .  For these treatments, however. the presence 
of helium inside grain boundary cavities was always assumed. 
a constant gas pressure inside growing grain boundary cavities, while Bullough, Hayns and Harries [301 
assumed a simple form of gas arrival to grain boundary cavities. 
helium effects on grain boundary cavitation, there still seems t o  be two weak links. The first is the 
method of helium transport to grain boundaries. The second tssue of poor understanding. is the process of 
grain boundary cavity nucleation. 

For example, Trinkaus and Ullmaier 1293 assumed 

Even with the greater understanding of 

The migration of single gas atoms to grain boundaries is complicated by the fact that there are competing 
matrix processes that may hinder helium transport to boundaries. Helium atoms, which predominantly migrate 
by an interstitial mechanism, can he trapped at precipitate interfaces, vacancies or i n  vacancy-helium 
clusters. 

We have recently developed theoretical analysis for  matrix helium transport during irradiation 1131. In 
this paper, we develop a rate-theory based model for the study of helium migration from the matrix to the 
grain boundary. Helium atoms are produced i n  the lattice in one of the following ways: 

I .  Nuclear reactions or by direct implantation. This Source produces a uniform distribution of helium 
atoms in the matrix 

2 .  Displacement damage (dynamic re-solution). When helium atoms are trapped, collision cascades or 
direct collisions with the primary particle (neutron or i o n )  can displace it again into the 
lattice. This is an internal Source of helium atoms that is also uniform over space. 
Localised sourcefi. In this case, when elements such as boron are segregated near grain boundaries, 
a high localised mur'ce of helium is introduced. However, the burnup of boron atoms due to neutron 
absorption reactions leads to a transient helium source. 

1. 

The first source of helium is dominant for short times, while the third is transient and relevent only for 
the cazp of neutron irradiation. 

flue. 
time required to achieve about 1 dpa. Consider now the following simple argument. 

The transient time scale for the third mechanism is on the order of 
(0 $1 , where (I i s  a spectral-averaged Boron neutron absorption cros8--Section, and $ is the neutron 

It can he shlown, however, that the second mechanism is the m s t  dominant for times longer than the 

Let us denote the external helium generation rate by 
rate by , and the displacement damage rate by G. In this case, the total fractional helium 
concentration i s  
is therefore, 

(first mechanism), the internal helium generation 

G::,t, where t i s  time. The tot31 fractional helium displacement rate (internal source) 

( 1 )  
He 

He = G tG Gint ex t internal helium source rate = 

For this source rate to exceed the external rate  of helium introduction. 

Therefore, the time required to achieve this condition is on the order of 

T > c' (3 )  

Of course, this is a simplified argument, and the exact value of T will depend on the strength of the 
interaction between displacement damage and helium atoms I311. However, it illustrates the point that the 
time required to achieve this condition is not very long, if gas re-solution rate is the same as the 
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displacement damage rate. 

In addition to sin~le gas atom migration to grain houndaries, helium can also he transported in migrating 
bubbles. In this case,  hubhles can move by a variety Of mechanisms and transfer helium atoms with them.0nce 
a helium atom is trapped in a vacancy, it forms a substitutional atom until other gas atoms or  vacancies 
react with it. I f  that happens, a vacancy-helium complex is said to he formed. Such a vacancy-helium 
complex can grow in principle hy one or a l l  of the following three processes: ( 1 )  it can accept newly 
created, injected o r  re-dissolved gas atoms; ( 2 )  it can accept vacancies either by producing near-Frenkel 
pairs in the low temperature regime (T < 0.3 Tm, where T, is the melting temperature in Kelvin) or by 
absorhing excess  radiation-produced vacancies at high temperatures; and ( 3 )  it can migrate until it 
coalesces with other bubbles. The first two mechanisms are likely to operate in the presence of 
irradiation, while the last can proceed under irradiation a s  well as iinder post-irradiation conditions. 
Since  in this case huhhle migration is the rate-controlling step for bubble growth, bubble coalescence 
occurs  only in the high temperature regime, { . e .  above 0.5 Tn 1321. 

The driving force for bubble migration can be either the Brownian inotion in the absence of temperature or  
stress gradients, o r  sweeping by moving dislncations. In the first case hubhle migration is random while in 
the latter cases it is directed up the gradient. Rubble motion practically stops when the bubble radius 
becomes large ( - 100nm). or when restoring forces occur .  A simple mechanism of delay i s  the self-pinning 
of bubbles by their own stress fields. This m y  occur when the internal gas pressure is so high as to 
plastically deform the surrounding matrix. Recently, gas pressures indicating solid state conditions have 
heen measured for aluminum and nickel [311 .  Important pinning centers f o r  buhhles are the dislocations with 
a restoring force assumed to he constant, precipitates and grain boundaries with forces increasing linearly 
with huhble radius [ 3 2 1 .  

The term "bubble" used here applies to a gas-filled cavity with a diameter above the resolution limit of the 
transmission electron microscope ( - 1.0 nm). Relow this limit, w e  c o n s i d e r  the hubhle to be a "vacancy- 
helium cluster". Although different theoretical mechanisms mist for huhhle re-solution, experimental 
observations suggest that hubhles are highly stable defects. Possihe re-solution rrrocesses are: 

1. Annealing o r  shrinkage at high tempertures. 
2. Re-solution or shrinkage by gas-displacement events. 
3. Re-solution of small bubbles due to Oswald ripening. 
4 .  Absorption o f  huhhlrs by others during coalescence. 

The first three processes supply single gas atoms. thus. enhancing the gas production rate, whereas the 
absorption (and disappearance) of bubbles doe to coalescence does not change the gas production rate. 
Experimental evidence for the first process has not been reported. A l s o ,  observations supporting the re- 
solution of gas atoms by collision events in metals are not reported, in contrast to the re-solution of 
precipitates observed during irradiation. However, direct observations of fission gas bubble re-solution 
have heen reported [ 3 4 1 .  We will therefore consider dynamic re-solution to exist f o r  helium bubbles in 
metals as well. Rubble growth by Oswald ripening has been proposed 1321, but experimental evidence is still 
missing. From both post-irradiation annealing experiments and irradiation experiments, the disappearance of 
small bubbles due to coalescence has heen concluded. Buhhle growth observations versus time growth exponent 

power-law (r - t17') is applied, have been attributed to coalescence growth [ 3 2 1 .  Theoretically, however, 
it could he shown that any growth exponent between 1 .5 and b can he achieved under irradiation independent 
of  the net flax of helium to huhbles 1321 .  Thus, it seems to be questionable, whether the growth mechanism 
represented by the a -value can be concluded from a simple power-law growth hehaviar. 

a larger than 3. hen a 

In the following sections we develop and apply a theory for helium clustering and transport to grain 
houndaries by single  as atom motion. The theory is therefore restricted to the conditions outlined 
above. Section 2 deals with the rate theory of helium clustering and transport. The results of 
calculations are presented in Section 5. The symbols and their units are given in the Nomenclature. 

5.2 Theory of Helium Clustering and Transport to Grain Roundaries 

As was previously mentioned, helium production is achieved via severdl sources. In the present theoretical 
treatment, we will not include "localised" or "time-dependent'' helium sources.  In principle, the present 
work can be extended to allow f o r  these inhomogenieties. Other important space or  time inhomogenieties can 
he due to the nature of irradiation. The production of vacancies, self interstitials and helium are 
stochastic p r o c e s s e s ,  since they are involved i n  collision cascades. Therefore, certain reactions between 
those primary specie3 can be infllienced by the timelspace distribution of the production source. There is 
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some p r o g r e s s  in t h i s  area 135-371, however,  t h e  conclusions are no t  y e t  f o r m u l a t e d  in a way t o  i n c l u d e  i n  a 
r a t e  t h e o r y- t y p e  approach .  We will t h e r e f o r e  assume t h a t  d e f e c t  r e a c t i o n s  are homogeneous in b o t h  s p a c e  and 
t i m e  . 
The mode of c a v i t y  n i t c l e a t i o n  is i m p o r t a n t  t o  d i s c u s s  h e r e .  Recent  s t a h i l i t y  line a n a l y s i s  [381 h a s  shown 
t h a t  there are two genera l  modes of c a v i t y  n u c l e a t i o n .  The f i r s t  mode d r i v e n  by he l ium gas, which h a s  been 
termed " spon taneous"  n u c l e a t i o n ,  is dominant f o r  h i g h  he l ium t o  dpa r a t i o s  ( > 5 ) .  The second  mode is what 
is termed " de layed"  n u c l e a t i o n  by t h e  c o n d e n s a t i o n  of vacancies on themse lves  or r e s i d u a l  i m p u r i t i e s .  T h i s  
occurs  a t  low he l ium t o  dpa r a t i o s .  The t h e o r e t i c a l  a n a l y s i s  of t h i s  l a s t  case is more d i f f i c u l t  t h a n  t h e  
s p o n t a n e o u s  n u c l e a t i o n  case. We will on ly  c o n s i d e r  spon taneous  nucleation i n  t h e  p r e s e n t  work. 

5.2.1 Rate  E q u a t i o n s  

We will w r i t e  h e r e  a p p r o p r i a t e  rate e q u a t i o n s  f o r  t h e  f o l l o w i n g  s p e c i e s :  (1) unoccup ied  vacancies; ( 2 )  
self i n t e r s t i t i a l  a toms ;  ( 3 )  i n t e r s t i t a l  he l ium atoms;  ( 4 )  s u b s t i t u t i o n a l  he l ium atoms;  ( 5 )  d i -  
i n t e r s t i t i a l  he l ium atom c l u s t e r s ;  ( 6 )  d i- he l ium s i n g l e  vacancy c l u s t e r s ;  ( 7 )  bubble  n u c l e i  c o n t a i n i n g  3 
h e l i u m  atoms;  ( 8 )  l a r g e  b u b b l e s  c o n t a i n i n g  m he l ium atoms.  We also d e v e l o p  e q u a t i o n s  f o r  t h e  a v e r a g e  
b u h b l e  size, t h e  a v e r a g e  number of he l ium atoms i n  a bubb le ,  and t h e  amount of h e l i u m  absorbed  on g r a i n  
b o u n d a r i e s .  Fo r  t h e  case of t h e  e x i s t e n c e  of m a t r i x  p r e c i p i t a t e s ,  w e  assume t h a t  one h e l i u m  h u b b l e  is 
a s s o c i a t e d  w i t h  each p r e c i c p i t a t e .  T h e r e f o r e ,  we i n c l u d e  an e q u a t i o n  d e s c r i b i n g  t h e  average p r e c i p i t a t e  
bubb le  r a d i u s .  and a n o t h e r  e q u a t i o n  f o r  t h e  a v e r a g e  number of h e l i u m  a t o m  i n  a bubb le .  The f o l l o w i n g  are 
e q u a t i o n s  f o r  t h e  f r a c t i o n a l  c o n c e n t r a t i o n s  of various s p e c i e s :  

( 1 )  Unoccupied vacancies 

( 3 )  I n t e r s t i t i a l  Helium 

dC 

- = G + E  C + b C C  + R  C C  + m W C  + t G M  +bCM 
g h 

d t  H gv gv gv i,gv i gv 1 b Kb PPt 

+ 2R C C + E C + 3bCC* + R C C* + 2(2bC)C + ZbGC 
i,2R" i 2gv 2gv Zgv i,* i 2R 2gv 

2 
- R  C C  - R  C C  - 2 R  C - R  C C  - K  C C  

g , b  R b g , v  g v g,F. R R,RV g gv g , 2 w  g 2gv 

( 4 )  S u b s t i t u t i o n a l  Helium 

( 5 )  A C l u s t e r  of 2-Helium Atoms and One Vacancy 
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- 2 h c C  - E  C - R  c c  
2pv 2%" 2gv i , 2 g v  i 2gv 

( 6 )  D i - i n t e r s t i t i a l  Helium C l u s t e r s  

( 7 )  n u b b l e  Nucleus 

dC* 
= R  C C  + R  2 C C  - R  C O  

- R C C* - R C C* - 3bCC* 

- 
d t  R , 2 W  R 2RV R .  R g 2R P,* K 

",* " i ,* i 

( R )  M a t r i x  Rubble Concen t ra t ion  

3 
d t  ml R , *  .s 

( 9 )  Average Number of Gas Atoms i n  a Rubble 

( I O )  Average Mat r ix  Rubble  Radius  

( 1 2 )  Average P r e c i p i t a t e  Rubble  Radiu4 

( 1 3 )  T o t a l  Gas i n  P r e c i p i t a t e s  
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While t h e  d e f i n i t i o n s  of various symbols are g iven  i n  t h e  Nomenclature s e c t i o n ,  we g i v e  h e r e  a b r i e f  
d e r c r i p t i o n  f o r  t h e  b a s i s  of t h e  p rev ious  e q u a t i o n s .  The general form of t h e  previous r e a c t i o n s  are:  
d i sp lacement  damage 6 ,  t he rmal  emiss ion  E ,  r a d i a t i o n  r e s o l u t i o n  I% (b is r e- s o l u t i o n  p a r a m e t e r ) ,  and 
r e a c t i o n s  between t y p e  A and t y p e  R mobi le  species RA RCAC . The f i r s t  4 e q u a t i o n s  are g i v e n  f o r  t h e  
p r imary  r e a c t i n g  species; namely vacancies, s e l f  i n t e P s t i t 8 a l s ,  and he l ium atoms. 
t h e  p r e s e n t  e q u a t i o n s  f o r  Cv and C 
w i t h  he l ium atoms i n  t h e  Conservatfon e q u a t i o n s .  
n u c l e a t i o n ,  we have inc luded  e q u a t i o n s  f o r  2 g a s  atoms - s i n g l e  vacancy, and f o r  a d i - i n t e r s t i t i a l  he l ium 
c l u s t e r .  I t  c a n  be shown t h a t  d i - i n t e r s t i t i a l  hel ium c l u s t e r s  are u n s t a b l e  a t  h i g h  t e m p e r a t u r e  due t o  t h e  
low b i n d i n g  ene rgy  [391, and t h a t  t h e i r  c o n t r i b u t i o n  t o  c a v i t y  fo rmat ion  is l i m i t e d  t o  t h e  low t emper tu re  
regime. A c l u s t e r  of 2 hel ium atoms and one or no vacancies is s t i l l  no t  t h e  c r i t i c a l  nuc leus  size, since 
backward r e a c t i o n  r a t e 3  can be s t r o n g .  T h e r e f o r e ,  we c o n s i d e r  t h a t  t h e  c r i t i c a l  nuc leus  size is a c l u s t e r  
of 3 gas atoms and some vacancies (need not  be e x a c t l y  de te rmined) .  T h i s  d e f i n e s  t h e  e a r l y  c l u s t e r i n g  p a r t  
of t h e  ~ T O C ~ S S .  Another l a r g e r  g m o p  of bubh les  is t h e n  in t roduced  w i t h  a c o n c e n t r a t i o n  C . The f o r m a t i o n  
of t h e s e  bubbles  is ach ieved  e i t h e r  by a vacancy or hel ium atom impingement on t h e  c r i t i c a k  nuc leus .  For 
g a s  c o n s e r v a t i o n  purposes ,  t h e  gas- nucleus  r e a c t i o n  r a t e  is reduced by B f a c t o r  of 4/ml. and t h e  vacancy-  
n u c l e u s  r e a c t i o n  r a t e  by a f a c t o r  of 3/m1. These a r e  t h e  r a t i o s  of t h e  number of gas atoms in t h e  r e a c t i o n  
t o  t h e  average number of g a s  atoms i n  t h e  large size bubble  group. With t h i s ,  t h e  f i r s t  moment of t h e  size 
d i s t r i b u t i o n  i s  conserved ( t o t a l  number of hel ium atoms) .  A l t e r n a t i v e l y ,  one can conserve t h e  z e r o e t h  
moment ( t o t a l  bubble d e n s i t y ) ,  bu t  no t  t h e  f i r s t  moment ( t o t a l  gas c o n t e n t )  i f  t h e  n u c l e a t i o n  r a t e  i s  n o t  
coupled wi th  ml as done h e r e .  
p r o g r e s s  on c a v i t y  size d i s t r i b u t i o n s  

The d i f f e r e n c e  between 
and t h e  c o n v e n t i o n a l  ones i s  t h a t  we i n c l u d e  h e r e  c l u s t e r i n g  r e a c t i o n s  

Since it  is assumed t h a t  gas  atoms f o r c e  c a v i t y  

The e f f e c t s  of such a rmdel cannot  be f u l l y  exp lo red  h e r e ,  but work is i n  

5.2.2 Reac t ion  Rates 

We adopt  h e r e  4 basic f e q u e n c i e s  i n  t h e  c l u s t e r i n g  system.  a is t h e  f r equency  of s e l f - i n t e r s t i t i a l  
r e a c t i o n ,  R is t h e  f r equency  of hel ium gas  r e a c t i o n ,  y is t h e  f r equency  of vacancy r e a c t i o n  and 6 is t h e  
r a d i a t i o n  r e- s o l u t i o n  f requency.  These are given by: 

m -1 

m -1 

a = 48 u exp( -E /kT) , 6 

f3 = 48 Y exp( - E /kT) , s 

i i 

6 = b C  , s  (18)  

Also,  b a s i c  the rmal  emiss ion  p r o b a h i l i t i e s  are given by t h e  Boltzmann f a c t o r s :  

B 
e = exp ( -E /kT) 

e = exp ( -E /kT) 
2 y.2h 

1 vh 
R 

(19)  

( 2 0 )  

e = exp ( -E /kT) 
4 " 

The b ind ing  e n e r g i e s  
The vacancy-bubble b ind ing  ene tgy  EB 

E t h  , E: 2h , E;g are determined from exper imen t s  or computer l a t t i c e  c a l c u l a t i o n s .  
is e v a l u a t e d  from t h e  work done in e m i t t i n g  a vacancy as fo l lows :  

v.b 

( 2 4 )  
B f 
v , b  v 

E = E  + b w  
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where 
is determined by using t h e  Van d e r  Waal's e q u a t i o n  of state f o r  hel ium,  i . e .  

Aw is t h e  work done by t h e  change i n  s u r f ace  a r e a  and i n  compress ing t h e  gas. The gas p r e s s u r e ,  p l .  

For  h igh  g a s  p r e s s u r e s  a t  small r a d i i ,  a virial expansion is used.  
i n  our  c a l c u l a t i o n s :  

The f o l l o w i n g  pa ramete r s  are a l s o  used 

7 
L 

Vacancy d i f f u s i o n  c o e f f i c i e n t  = Dv = (&)y ( 2 7 )  
2 

i 48 S e l f - i n t e r s t i t i a l  d i f f u s i o n  c o e f f i c i e n t  = D = (e) 01 ( 2 8 )  

( 2 9 )  
477 R 

D i f f u s i o n- c o n t r o l  c o m b i n a t o r i a l  f a c t u r  f o r  hubbles  = 

E q u i v a l e n t  d i s p e r s e d  vacancy s i n k  c o n c e n t r a t i o n  = 

E q u i v a l e n t  d i s p e r s e d  i n t e r s t i t i a l  s i n k  c o n c e n t r a t i o n  = C 

Equiva len t  g r a i n  boundary s i n k  c o n c e n t r a t i o n  = CGR 

E =&;(a) 

c: 
i 

These q u a n t l t i e s  a r e  given hy: 

W i t h  t h e  previous n o t a t i o n s ,  we r e- wr i t e  t h e  r e a c t i o n  r a t e s  f o r  t h e  various processes. In t h e  f o l l o w i n g ,  we 
t a k e  t h e  b a s i c  c o m b i n a t o r i a l  number as 4 8 ,  and assume t h a t  t h e  c o m b i n a t o r i a l  number w i t h  a c l u s t e r  
c o n t a i n i n g  n p a r t i c l e s  is s imply 4811. A d i s c u s s i o n  on t h e  grain boundary loss term is g i v e n  i n  s e c t i o n  2.4. 

Helium Emission 

I n t e r s t i t i a l  R e a c t i o n s  

E h  = Bel 
g , v  

Recombination = a 

D i s t r i b u t e d  S ink  = c( C 
i 

Ri,gv = a 
Ri,* = 3a 

Vacancy R e a c t i o n s  
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G a s  R e a c t i o n s  

Now the p r e v i o u s  set of ra te  e q u a t i o n s  can be r e - w r i t t e n  i n  the f o l l o w i n g  form: 

f G  + ( E e l  + 6)C -[oCi + BC + y [ C I  + Cgv + 2C + ZC + 3C*I)Cv dCV -_ 
d t  .V P, 2g 2g-J 

( 5 5 )  

( 5 6 )  - dCi - f G  - (Cv + Cgv + 2C + 3C* + C:)aC, 
d t  2.w 

dC 
3 - G H  + (Bel + 6 + aC )C + (Be2 + 2O)C +3(6 + aCi)C* 

d t  1 RV 2 K V  

+ 46C2G + 4 a C  C + m6Cb + 6Mgb + mppt 2v 
- IECb + Cv + 4C + C + 2C + 2C + C + E C 18Cg ( 5 7 )  R RV 20 '  2R GB P P t  P P t  

2 - RC C + (Re2 + 26)C - {Be, + EC 

- [ZEC + 2 6  + Be2 + 2 a C  I C  ( 5 9 )  

+ 6 + a C  I C  ( 5 8 )  
R V  2KV R i w  

* dC2 v 
R i 2gv 

-= 6CgCgv + 36C + Z Y C ~ C ~ ~  d t  

dC 
3- 2BC + 3aCiC - (2yCv + 2AC + 2 6 l C  

* 
(60)  2 

28 d t  R R 

* * 
2 ( c z R v  + cZg)Bcg - 3 ( 8 C  + r C v  + aCi + 6)C ( 6 1 )  d C  

d t  g 
- =  
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where e t 3  i s  c a l c u l a t e d  f o r  a p r e c i p i t a t e  huhhle  in a similar way t o  e ? .  

5.2.3 Cas Conserva t ion  

For  t h e  p r e v i o u s  system of e q u a t i o n s  t o  have a r e a l i s t i c  s o l u t i o n ,  t o t a l  gas  should be conserved.  I n  t h i s  
case, t h e  t o t a l  amount o f  i n j e c t e d  gas should be accounted fo r  in v a r i o u s  c l u s t e r s ,  in bubb le s ,  on  
p r e c i p i t a t e s  and on g r a i n  houndar ies .  Th i s  means t h a t  t h e  fo l lowing  e q u a t i o n  must he s a t i s f i e d :  

The t i m e- d e r i v a t i v e  of t h i s  equa t ion  g i v e s :  
d C  d C  dC dC * d C b  dm 

dC 2 . w  + 2 2 g  + 3- + m - + c - 
d t  d t  h d t  H d t  d t  + 2 7  d t  

G =a+x 
dM dM 

+ > + A  
d t  d t  

(69)  

The r i g h t  hand side of e q u a t i o n  ( h 9 )  is composed of t i m e- d e r i v a t i v e s  of various c l u s t e r  c o n c e n t r a t i o n s .  
Using e q u a t i o n s  ( 5 7 )  through ( h 3 ) ,  and e q u a t i o n s  (65)  and ( 6 6 ) .  it can be e a s i l y  shorn  t h a t  t h e  c o n s e r v a t i o n  
e q u a t i o n  ( h 9 )  is s t r i c t l y  s a t i s f i e d .  We can now calculate t h e  f r a c t i o n  of t o t a l  i n j e c t e d  gas t h a t  ends  up 
on t h e  g r a i n  houndar i e s .  

M 
f = h  

gb G t H 
(70) 

5.2.4  Gra in  Roundary Helium F h x  

The amount of hel ium a r r i v i n g  a t  t h e  g r a i n  boundary is dependent upon t h e  matrix s i n k  f o r  hel ium.  During 
t h e  e a r l y  stages of i r r a d i a t i o n ,  m a t r i x  p r e c i p i t a t e s  and buhbles  are not t h e  dominant s i n k  and one m u s t  
t a k e  i n t o  account  a l l  o t h e r  hel ium s i n k s  (vacancies and smal l  s i z e  c l u s t e r s ) .  The amount of hel ium going t o  
g r a i n  boundar i e s  w i l l  be s m  11 d u r i n g  t h i s  phase ,  however. Now, suppose t h a t  hel ium d i f f u s e s  i n  a medium of 
d i s t r t h u t e d  s i n k  s t r e n g t h  k . And suppose also t h a t  t h e  grain boundary is a p e r f e c t  hel ium s i n k .  The 
d i f f u s i o n  e q n a t i o n  i s  then g iven  by: 

3 

where k2 = 4nRC i n  + 4nr  N + L s m a l l  c l u s t e r s  ( 7 2 )  
b P P  

Equat ton ( 7 1 )  may he  so lved  a n a l y c i c a l l y  f o r  cases where t h e  gas d i f f u s i o n  c o e f f i c i e n t  (Dg), t h e  gas 
2 g e n e r a t i o n  r a t e  (G ) and t h e  s i n k  c o n c e n t r a t i r n  k are all c o n s t a n t s  and no t  f u n c t i o n s  of t ime or  space .  An 

e i ~ e n  f u n c t i o n  s o l u t i o n  results i n  a t ime- ser i e s  r e p r e s e n t a t i o n  140). For t ime- dependent v a r i a t i o n  of D 
G and k 2 ,  Mathews and Wood 1 4 1 1  developed a v a r i a t i o n a l  method f o r  t h e  c a l c u l a t i o n  of g r a i n  boundary g a s  
f fow.  F O ~  our purposes ,  i t  i s  s u f f i c i e n t  t o  adopt  t h e  s t e a d y- s t a t e  s o l u t i o n  g i v e n  by B r a i l s f o r d  and 
Rul lough [ 4 2 1 .  The f o l l o w i n g  s imple  e x p r e s s i o n  i s  used f o r  t h e  " e q u i v a l e n t "  g r a i n  boundary s i n k  s t r e n g t h :  

g 
2' 
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5.2.5 "Constrained" and "Unconstrained" Cavity Growth Modes 

Due to the fact that we have included vacancy-gas reactions in our analysis, not all of the vacancies will 
he readily available for cavity growth by excess vacancy ahsorption. Normally, when there is only two 
reacting species; vacancies and interstttials, the presence of a dislocation bias toward interstitials 
insures a larger vacancy flux to he absorhed at cavities. The growth rate of cavities is directly related 
to the magnitude of dislocation bias in this case. We will term this growth behavior as "unconstrained" 
cavity growth mode. A new situation is encountered when helium atoms are included in this delicate balance 
~ T O C ~ S S .  In one form or another, vacancies and interstitials eventually recombine. except for some "biased" 
interstitials that end up preferentially on dislocations. The cavity growth is therefore dictated by the 
amount of interstitials absorbed. which has an equivalent net number of vacancies in cavities. When helium 
gas preferentially reacts with vacancies, some vacancies are then immobilized and therefore will not he 
available for "unconstrained" cavity growth. If vacancy-helium reactions are significant (i.e. the number 
of substitutional helium atoms is a large fraction of the total vacancy population), a larger flux of self- 
interstitials may arrive at the cavity, therebv inhibiting its growth. When this is the case, cavities can 
only grow by the ahsorption of helium atoms. and not by an excess vacancy flux. This is a very slow 
process, since helium atoms absorbed in the cavity have to produce their own Frenkel pairs due to the 
excessive cavity pressure. We will term the growth behavior in this case "constrained" as opposed to the 
unconstrained growth mode. In the following, we derive an analytical condition for the predominance of one 
of these modes of growth. 

Suppose now that quasi-steady state conditions have heen achieved by the previous system of equations. In 
this case ,  the vacancy and interstitial equations can be descrihed by: 

( 7 5 )  
i dC 

dt v i  i s  - = o = ~ G - ~ c c  -act 

In equations ( 7 4 )  and (75) .  we have lumped allivacancy sinks in the 
and all equivalent intersitial sinks in the C term. Notice that in @hese 
equations there is one "on-symmetric reaction Sate, which is the reaction rate of helium gas with 
vacancies. Subtracting equation ( 7 4 )  from ( 7 5 ) .  and re-arranging, it can he easily shown that: 

Cv term, 

For "unconstrained" cavity growth (equation 6 4 ) ,  yCv/aCi must be greater than unity. 
where <Zi> is the average system hias, then the "unconstrained" growth condition is expressed as: 

Since <Zi> = Ci/C: , 

BC 
<Zi> > ( 1  + 3) 

Yc: 
( 7 7 )  

If <Zi> i s  expressed as: 

<z > = 1 + AZi (78)  i 

then, the "unconstrained" growth condition is 
ac 

YCS 
<AZi> > < ( 7 9 )  

Cavity growth can therefore by "constrained" until this condition is satisfied. In other words, the 
conversion condition from "constrained" to "unconstrained" growth is achieved when: 

(vacancy-sink reaction rate) < A 2  > x(vacancy-helium reaction rate) (80) i 

Equation (80) is the necessary condition for the conversion process. 
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5.3 R e s u l t s  of C a l c u l a t i o n s  

5.3.1 I n f l u e n c e  of C l u s t e r i n g  on S i n g l e  Cas Atom T r a n s p o r t  t o  G r a i n  Rounda r i e s  

Dur ing  t h e  e a r l y  s t a g e s  of i r r a d i a t i o n ,  he l i um is g e n e r a t e d  as an i n t e r s t i t i a l  a tom,  hut  is soon t r a p p e d  
when v a c a n c i e s  herome a v a i l a h l e .  The c o n c e n t r a t i o n  of un t r aoped  h e l i u m  is never v e r y  h i g h .  T h i s  t r a p p i n g  
e v e n t u a l l y  l e a d s  t o  t h e  f o r m a t i o n  of h u h h l e s  from s o h s r i t u t i o n a l  he l i um.  We f i r s t  p r e s e n t  t h e  r e s u l t s  o f  
c a l c u l a t i o n s  f o r  i o n - i r r a d i a t i o n  c o n d i t i o n s .  T h i s  i s  i n t e n d e d  t o  s i m u l a t e  a s t u d y  conduc t ed  by Argonne 
u s i n g  d u a l- i o n  beam i r r a d i a t i o n  a t  a nominal t empera t i i r e  of 625°C on t y p e  316 s t a i n l e s s  s t ee l  1431. The 
d i s p l a c e m e n t  damage r a t e  is 3 x d p a l s e c o n d ,  and  t h e  he l i um/dpa  r a t i o  i s  5 .  Whi le  t h e  r e - s o l u t i o n  
p a r a m e t e r  ( b )  h a s  been s e t  = I ,  and t h e  d i s l o c a t i o n  b i a s  f a c t o r  t o  < Z i >  = 1 . 2 ;  t h e  r ema inde r  of m a t e r i a l  
o a r a m e t e r s  a r e  t h e  s t a n d a r d  v a l u e s  f o r  316 s t a i n l e s s  s t e e l ,  and are g i v e n  i n  T a b l e  ( I ) .  The s e n s i t i v i t y  of 
t h e  c a l c u l a t i o n s  t o  i n p u t  p a r a m e t e r s  is d i s c u s s e d  l a t e r  in t h i s  s e c t i o n .  

We w i l l  d i s c u s s  t h e  i n f l o e n c e  o f  m a t r i x  c l u s t e r i n g  on  t h e  t r a n s p o r t  of he l i um a toms t o  g r a i n  b o u n d a r i e s .  
F i g u r e  ( 1 )  shows t h e  C o n c e n t r a t i o n s  of S i n g l e  vacanc ie s  (Cv) ,  s e l f  i n t e r s t i t i d s  (Ci), i n t e r s t i t i a l  he l i um 
(C 1, s u b s t i t u t i o n a l  he l i um (C 
a d  Ci  is l i t t l e  a f f e c t e d  by tRz presence o f  he l i um.  
c o n c e n t r a t i o n  in t h i s  case is less t h a n  t h e  c o r r e s p o n d i n g  s i t u a t i o n  w i t h o u t  t h e  i n t e r a c t i o n  w i t h  h e l i u m  
g a s .  A f t e r  a s h o r t  p e r i o d  of i r r a d i a t i o n  time ( t  > 0.1 s e c o n d s ) ,  m r e  he l ium is produced by d i s p l a c e m e n t  
r e a c t i o n s  l e a d i n g  t o  a second  peak in t h e  i n t e r s t i t i a l  he l i um c o n c e n t m i o n  around 10 s e c o n d s ,  as can be seen 
in f i g u r e  ( 1 ) .  The s y s t e m  comes t o  near dynamic e q u i l i b r i u m  i n  abou t  1000 s e c o n d s  ( f ew  d p a ' s ) .  F i g u r e  (2) 
shows t h e  d i s t r i b u t i o n  of he l i um i n  c l u s t e r s ,  bubb le s  and g r a i n  b o u n d a r i e s  as a f u n c t i o n  of t i m e .  By 
d e f i n i t i o n ,  vacancy- hel ium c l u s t e r s  a r e  t h o s e  c o n t a i n i n g  3 he l i um a toms o r  l e s s ,  w h i l e  h u h h l e s  c o n t a i n  more 
t h a n  3 h e l i u m  a toms.  Since t h e  h e l i u m  i n j e c t i o n  r a t e  is c o n s t a n t ,  t h e  t o t a l  amount of h e l i u m  i s  linear i n  
t i m e .  Dur ing  e a r l y  i r r a d i a t i o n  times ( < 0.01 d p a ) ,  most  of i n j e c t e d  h e l i u m  r e s i d e s  in small hel ium- vacancy 
clusters. These are c o n v e r t e d  to bubb le s  at a h i g h e r  dose, as shown i n  f i gu re  ( 2 ) .  The l a r g e s t  p r o p o r t i o n  
of  h e l i u m  e n d s  up i n  m a t r i x  b u b b l e s  a t  doses  g r e a t e r  t h a n  ahou t  10 dpa .  I t  i s  o b s e r v e d  t h a t  d u r i n g  t h e  
e a r l y  s t a g e s  of i r r a d i a t i o n  he l i um is c o n t a i n e d  in s m a l l  c l u s t e r s .  L a t e r ,  a large p r o p o r t i o n  goes  t o  g r a i n  
b o u n d a r i e s .  However, t h e  m a t r i x  b u b b l e  c o n c e n t r a t i o n  becomes q i g n i f i c a n t ,  when t h e  f r a c t i o n  of h e l i u m  a t  
g r a i n  h o u n d a r i e s  i s  o n l y  a f e w  p e r c e n t  of t o t a l  i n . i e c t ed  he l ium.  

1, as well as bubb le s  (CB). I t  can he seen t h a t  t h e  t ime  s t r u c t u r e  of C, 
However, t h e  a b s o l u t e  magn i tude  of t h e  vacancy  

5.3.2 Comparison w i t h  E x p e r i m e n t s  

F i g u r e s  ( 3 )  and ( 4 )  d e m o n s t r a t e  t h e  s e n s i t t v i t y  of c a v i t y  e v o l u t i o n  p a r a m e t e r s  t o  v a r i a t i o n s  i n  t h e  re- 
s o l u t i o n  r a te .  I n  f i g u r e  ( 3 ) .  R h i g h e r  r e - s o l u t i o n  r a t e  is shown t o  r e s u l t  in c o n t i n u o u s  c a v i t y  n u c l e a t i o n  
w i t h o u t  s a t u r a t i o n  of t h e  t o t a l  number d e n s i t y .  Low r e- s o l u t i o n  p a r a m e t e r s  (be low 0.1) l e a d  t o  s a t u r a t i o n  
of  t h e  c a v i t y  numher d e n s i t y  a f t e r  a s h o r t  t r a n s i e n t  t i m e .  On t h e  o t h e r  hand,  h i g h e r  r e - s o l u t i o n  p a r a m e t e r s  
r e s u l t  in c o n t i n u o u s  c a v i t y  n u c l e a t i o n .  The exacs v a l u e  of t h e  r e - s o l u t i o n  p a r a m e t e r  i s  a c t u a l l y  a f u n c t i o n  
f o  t h e  PKA e n e r g y  and t h e  c a v i t y  r a d i u s  1441.  
since t h e  e x a c t  dependence  has  n o t  y e t  been c a l c u l a t e d .  The e f f e c t s  of h e l i u m  r e - s o l u t i o n  on t h e  a v e r a g e  
m a t r i x  b u b b l e  r a d i u s  i s  s l iown i n  f i g u r e  ( 4 ) .  A l a r g e r  r e - s o l u t i o n  p a r a m e t e r  l e a d s  t o  a h i g h e r  c o n c e n t r a t i o n  
of  s u b s t i t u t i o n a l  he l i um,  and hence  t o  " c o n s t r a i n e d "  c a v i t y  growth .  

T h i s  r e f i n e m e n t  i s  n o t  i n c h i d e d  in t h e  p r e s e n t  a n a l y s i s ,  

The i n f l u e n c e  o f  t h e  b i a s  f a c t o r  Z i  on t h e  m i c r o s t r u c t u r a l  p a r a m e t e r s  i s  d e m o n s t r a t e d  in f i g u r e  ( 5 ) .  The 
r e a s o n a h l e  v a r i a t i o n  in Zi shows t h a t  t h e  model r e s u l t s  come i n  ag reemen t  w i t h  e x p e r i m e n t s .  The p o i n t  t o  
n o t e  in f i g u r e  ( 5 )  i s  t h e  f a s t  bu i l d- up  of t o t a l  c a v i t y  d e n s i t y .  C a v i t y  n u c l e a t i o n  is shown t o  be a f a s t  
p h y s i c a l  p rocess .  Nowever, t r a i l i n g  n u c l e a t i o n  may s t i l l  p e r s i s t  beyond t h i s  f a s t  p h a s e ,  as i l l u s t r a t e d  in 
f i g u r e  ( 6 ) .  The n u c l e a t i o n  c u r r e n t ,  J ,  is shown as a f u n c t i o n  of i r r a d i a t i o n  t i m e  f o r  e x t r e m e  p a r a m e t r i c  
c o n d i t i o n s .  I t  is i n t e r e s t i n g  t o  n o t e  t h a t  n u c l e a t i o n  d u r i n g  t h e  e n r l y  p a r t s  of i r r a d i a t i o n  
(be low - 0.01 dpa )  is t o t a l l y  i n s e n s i t i v e  t o  p a r a m e t r i c  v a r i a t i o n s ,  and i s  p r i m a r i l y  d e p e n d e n t  upon h e l i u m  
and dpa  g e n e r a t i o n  r a t e s .  Gene ra t ed  h e l i u m  is immed ia t e ly  t r a p p e d  i n  f r e e  vacancies, or  by small vacancy-  
h e l i u m  c l u s t e r s .  T h i s  b e h a v i o r  is similar t o  t h e  c o n c e p t  of a " n u c l e a t i o n  p u l s e "  as d e s c r i b e d  by Trinknus  
1391.  T r a i l i n E  n u c l e a t i o n  may s t i l l  p roceed  at  a s l o w e r  r a t e ,  d i c t a t e d  by i r r a d i a t i o n  c o n d i t i o n s ,  f o r  a 
l o n g  t ime.  C a v i t y  number d e n s i t y  may t h e r e f o r e  i n c r e a s e  by a " c r u c i a l "  few o r d e r s  of magn i tude  over t h e  
p e r i o d  o f  i r r a d i a t i o n .  We will t h e r e f o r e  emphaaiee  t h i s  mechanism as a "dynamic n u c l e a t i o n "  mechanism f o r  
c a v i t y  f o r m a t i o n .  Such dynamic n u c l e a t i o n  can be c o n t i n u o u s  t h roughou t  i r r a d i a t i o n ,  i f  t h e  r e - s o l u t i o n  ra te  
i s  h i g h ,  as demons t r a t ed  in f i g u r e  ( 6 ) .  

h c a n p a r i s o n  of c a l c u l a t i o n s  w i t h  HFIK d a t a  1451 is shown i n  f i g u r e s  ( 7 )  and ( 8 ) .  The h i g h  c a v i t y  d e n s i t i e s  
i n  HFIR e x p e r i m e n t s  may be an  i n d i c a t i o n  of t h e  dominance of  dynamic r e - s o l u t i o n ,  as w e l l  and " c o n s t r a i n e d "  
g rowth  as d e s c r i h e d  e a r l i e r .  A comparison of t h i s  d a t a  w i t h  ERR-I1 d a t a  shows t h a t  c a v i t y  d e n s i t i e s  are 
o r d e r s  o f  magn i tude  h i g h e r  dtie t u  t h e  p ro found  e f f e c t  of he l i um on n u c l e a t i o n .  
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5.3.3 E f f e c t s  of P r e- e x i s t i n g  Mat r ix  P r e c i p i t a t e s  and G r a i n  S i z e  on Grain Roundary Helium Gas 

One p r a c t i c a l  i d e a  t o  p reven t  g r a i n  boundary c a v i t y  n u c l e a t i o n ,  and hence m i t i g a t e  hel ium e m h r i t t l e m e n t .  is 
t o  t r a p  t h e  he l ium on m a t r i x  p r e c i p i t a t e s  [ 2 6 ] .  This  i d e a  has  heen implemented i n  t h e  development of 
T i t a n i u m  modi f i ed  s t a i n l e s s  steels, t h a t  are r e s i s t a n t  t o  hel ium e m h r t t t l e m e n t .  T h i s  s e c t i o n  d e s c r i b e s  t h e  
r e s u l t s  of t h e  p r e s e n t  model r e g a r d i n g  p r e c i p t t a t e  e f f e c t s  on hel ium t r a p p i n g .  F i g u r e  ( 9 )  shows t h e  r e s u l t s  
of such  c a l c u l a t i o n s  for s i m u l a t i o n  of the  Argonne exper iment .  T h e  f i g u r e  shows the grain boundary g a s  
c o n t e n t  (appm), f o  a t o t a l  amount of 150 appm i n j e c t e d  helium. as a f u n c t i o n  of t h e  m a t r i x  p r e c i p i t a t e  
c o n c e n t r a t i o n  (cm-',. 
m a t r i x  p r e c i p i t a t e  c o n c e n t r a t i o n  helow 13' p r e c i p i t a t e l c m ' .  The p r e c i p i t a t e s  were assumed h e r e  t o  he 
s p h e r i c a l ,  and of an average s i z e  R 
d e c r e a s e s  s h a r p l y  as t h  However, even a t  r e l a t i v e l y  
moderate  d e n s i t i e s  (11)" cm-'), few ppm hel ium s t i l l  excape t o  t h e  g r a i n  boundary. F i g u r e  (10) shows hel ium 
hubhle d e n s i t i e s  i n  t h e  m a t r i x ,  a t  p r e c i p i t a t e s  as well as t o t a l  d e n s i t y .  The homogeneous n u c l e a t i o n  of 
m a t r i x  c a v i t i e s  is reduced by t h e  heterogeneous n u c l e a t i o n  of c a v i t i e s  a t  p r e c i p i t a t e s .  The t o t a l  number of 
bubbles  is, by he te rogeneous  n u c l e a t i o n ,  i n  t h e  p r e c i p i t a t e  d e n s i t y  reduced range of 10" - 

I t  t s  shown t h a t  t amount of g r a i n  houndary gas is an i n s e n s i t i v e  f u n c t i o n  of t h e  

T h e  amount of gas f t r a l l y  r e s i d i n g  a t  t h e  g r a i n  boundar i e s  = 100 A .  Pt p r e  i p i t a t e  d e n s i t y  is i n c r e a s e d ,  ahove 1@'om- . 

c K 3 .  

F i g u r e  ( 1 1 )  shows t h e  g r a i n  boundary hel ium c o n t e n t  (appm) as a f u n c t i o n  of g r a i n  d iamete r  (mic romete r s ) ,  
f u r  a t o t a l  i n j e c t e d  hel ium of 150 appm. The g r a i n  boundary g a s  is a s t r o n g  f u n c t i o n  of g r a i n  d iamete r  i n  
t h e  range of 10 - 50 micrometers .  
d i amete r  of 15 m, t o  roughly 1/31) of i n j e c t e d  hel ium a t  a d iamete r  of 60 v m ,  and then  s a t u r a t e s  
t h e r e a f t e r .  A moderate grain d iamete r  of 30-60 um is shown t o  be s u f f i c i e n t  fo r  r educ ing  g r a i n  boundary 
he l ium t r a p p i n g .  L a r g e r  g r a i n  s i z e s  do not  r e s u l t  i n  a c o n s i d e r a h l e  improvement. The amount of hel ium per  
u n i t  s u r f a c e  area is also shown on t h e  same f i g u r e .  T t  is shown t h a t  t h i s  q u a n t i t y ,  which d e t e r m i n e s  g r a i n  
houndary bubhle d e n s i t y ,  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  g r a i n  size. P r e c i p i t a t e s  have heen q u a n t i t a t i v e l y  
shown t o  r e s u l t  i n  a r e d u c t t o n  i n  t h e  amount of hel ium t r a p p e d  a t  g r a i n  boundar i e s .  Wowever, f o r  p r a c t i c a l  
p r e c i p i t a t e  d e n s i t i e s  few ppm of hel ium may s t i l l  r e s i d e  a t  g r a i n  boundar ies .  Increasing m a t r i x  
p r e c i p i t a t e s  14 t h e r e f o r e  concluded t o  be more e f f e c t i v e  i n  r educ ing  hel ium e m b r i t t l e m e n t  t h a n  i n c r e a s i n g  

I t  d e c r e a s e s  s h a r p l y  from about  113 o f  t o t a l  i n j e c t e d  hel ium f o r  a grain 

g r a i n  size. 

5.4 CONCLUSIONS 

I n  C h i s  s t u d y ,  we have shown reasonab le  agreement wi th  a v a i l a b l e  d a t a  on h e l i u m- f i l l e d  c a v i t y  n u c l e a t i o n  and 
growth. More impor tan t  is t h e  demons t ra t ion  of t h e  e f f e c t s  of s e v e r a l  p h y s i c a l  mechanisms t h a t  may he 
impor tan t  i n  i n t e r p r e t i n g  exper imen t s ,  or t h e  f u r t h e r  development of theory  on he l ium c a v i t y  fo rmat ion .  The 
f o l l o w i n g  p o i n t s  are emphasized: 

( 1 )  The i n j e c t i o n  of hel ium gas  i n t o  t h e  s o l i d .  e i t h e r  via n u c l e a r  r e a c t i o n s  o r  by i m p l a n t a t i o n ,  cannot  
be s e p a r a t e d  from t h e  q u e s t i o n  of vacancy m o b i l i t y .  I t  has heen shown t h a t  l a r g e  hel ium c o n c e n t r a t i o n s  l e a d  
t o  t h e  immobi l i za t ion  of a l a r g e  f r a c t i o n  of v a c a n c i e s ,  thushy l e a d i n g  t o  a " c o n s t r a i n e d "  mode of c a v i t y  
growth. p rov ided  t h a t  t h e  c a v i t i e s  o r  c l u s t e r s  are immobile.  

( 2 )  H e l i u m  gas re-solution due t o  the in feract ion  of displacement damage w i t h  g a s- f i l l e d  cavities is a 
process  of prime importance t o  c a v i t y  r e- n u c l e a t i o n .  A t  h igh  r e- s o l u t i o n  r a t e s ,  "dynamic n u c l e a t i o n "  is a 
con t innous  p rocess  throughout  i r r a d i a t i o n .  

( 3 )  T h e o r e t i c a l  models,  and exper imen t s  are hoth needed t o  de te rmine  t h e  e f f e c t s  of r e- s o l u t i o n .  

( 4 )  The e x t e r n a l  source of hel ium i n j e c t i o n  can be l e s s  impor tan t  compared t o  i n t e r n a l  hel ium sources 
due t o  gas r e - s o l u t i o n ,  e f f e c t s  on gas  a r r iva l  r a t e s  a t  gram boundar i e s .  

(5)  During e a r l y  i r r a d i a t i o n ,  hel ium gas  g e t s  t r a p p e d  i n  s m a l l  vacancy c l u s t e r s .  A l a r g e  f r a c t i o n  of 
gas goes  t o  grain boundar i e s ,  u n t i l  m a t r i x  c a v i t y  n u c l e a t i o n  i s  complete .  When t h i s  i s  a c h i e v e d ,  t h e  
m a j o r i t y  of i n t r o d u c e d  gas r e s i d e s  i n  buhbles  and a small pe rcen tage  goes  t o  g r a i n  boundar i e s .  I t  may be 
i m p o s s i b l e  t h e r e f o r e  t o  comple te ly  s u p p r e s s  hel ium from r e a c h i n g  g r a i n  houndar i e s .  

h i g h  (> - 10'' my). 
( 6 )  I n  o r d e r  o r  t r i x  p r e c t p i t a t e s  t o  a c t  as e f f e c t i v e  hel ium t r a p s ,  t h e i r  d e n s i t y  must he 
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Table ( I )  

Standard Material Parameters f o r  316 Stainless stpel 

Notation Paralmeter __ Value units 

m 
g 
m 

B E vh  
B 
v.2h 

E 

E 

EB 

E" 

2g 
F 

F 
i F 

'b  

"1 

" 
g 

Y 
Y 

r 
P 

P 
N 

B 

Lattice Parameter 

Boltzmann's Constant 

Dislocation Density 

G r a i n  Diameter 3 x 

Migration Energy of  Single Interqtitials 

Migration Energy of Interstital He 

MjFration Energy of Single Vacancy 

Detrapping Energy of a Sustitutional He 

Detrapping Energy of a Suh-He-He 

Detrapping Energy of Di-interstitial He 

Formation Energy of a Vacancy 

Formation Energy of an Interstitial 

S u r f a c e  Energy 

Interstitial Vibration Freqiiency 

Helium Vihration Frequency 

Vacancy Vibration Frequency 

Precipitate R a d i u 8  

Precipitate Number Density 

Van der Waals' Constant 

b Resolution Parameter 

Zi Bias Factor of Interstitial8 

n Atomic Volume 1.1958 x 

3.63 

8.h17 x 

3 i n l o  

Cm 

0.2 

0.2 

1.4 

2.4 

3.5 

0.79 

1.6 

4 .ne 

6 . 2 4  1n14 

5 1n13 

5 1013 

5 in12 

10-6 

in1n 
1.75 x 

1 

1 . 2  

b 

6 

8 
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IRRADIATION TIME (sec) 

Helium distribution between 
the different t raps  in the 
material. The irrradiation 
condition is a He (appm)ldpa 
equal to 5 at 3 ~ 1 f l - ~  dpa / sec  
at 6 2 5 ' C .  

J 

I- 

+ O 

Figure (1) The evolution of clusters and 
hubhle concentrations as a 
function of irradlation 
time. Trradiation condition 
is dual ion beam with a He 
(apnrn) to dpa ratio of 5 and 
a damage rate of 3 ~ 1 f l - ~  
dpa l sec  at 6 2 5 ° C .  
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Figure ( 4 )  The efFect of the re-solution 
parameter on bohh le  g rowth .  
Trradiation condition is He 
(appm)/dpa is 5 at 625°C and 
a damage rate of 3xin-3 
dpajsec. 

Figure ( 3 )  The effect of re- so lu t ion  
parameter on the h u b h l e  
concentration for d u a l  ion 
heam irradiation at h 2 5 - C .  
The He (appm)/dpa is 5 and 

dm/sec. 

the damage rate i s  3x10- 1 

i 
lo- '  10' 10' 1 0 5  

10' 

IRRADIATION TIME (sec) 

IRRADIATION TIME (sec) 
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Figure ( S )  The  numher d e n s i t y  of huhbles 
is s t r o n g l y  a f f e c t e d  hy the  
i n t e r s t i t i a l  b ias  f a c t o r  
Zi.  T h e  i r r a d i a t i o n  
condi t ion  i s  l.SxlO-’ 

0 

r 

I 10” 0 

Dynamic Nucleation 

J=at2 

0 

‘Nucleation Pulse’ 

z B=1 B=O. 1 

10‘ 
0.0 

0.0 

IRRADIATION TIME (sed 

Figure ( 6 )  The  nuc leat ion  behavior of bubbles under i r r a d i a t i o n  
f o r  var ious  v a l u e s  of the  re- so lut ion  Dammeter. 
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? 1 0 1 7  c 

Figure ( 8 )  The dependence o f  the  huhhle  
d e n s i t y  on the  h i a s  f a c t o r  as 
a funct ion  of DPA f o r  H P I R  
c o n d i t i o n  a t  4h7OC. A re- 

used i n  t h i s  case 
s o l o t i o n  parameter of 10 i s  

2- 
0 
a + 
U + z 
W 
0 

0 
5 

F i p ~ r r  ( 7 )  T h e  e f f e c t  o f  re-solutlnn 
parameter on t h e  huhhle  
concentration f o r  H F I R  a t  
4 h 7 " C .  The He (aopm) to  don 
r a t i o  i s  69 and the  h e l i u m  
implantat ion r a t e  is h .9x1n-5  
a n m i s e c .  



PRECIPITATE DENSITY (cm*) 

Figure (IO) The effect of precipitates on 
t h e  bubble concentrations. 
Total injected helium is 150 
appm at 625°C. 

4 

z 
W 
0 z 
0 
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W 

Figure ( 9 )  The e f f e c t  of matrix 
precipitates on the amount of 
helium a t  the  rrain 
houndary. Tota l  i n j e c t e d  
helium i s  150 appm at 625'C. 
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F i g u r e  ( 1 1 )  T h p  i n f l u e n c e  of g r a i n  s i z e  on t h e  amount of gas  a t  
t h e  g r a i n  bounda ry .  T o t a l  injected gas is 150 appm 
at 625'C. 
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5. NOMENCLATURE 

SYMBOL DESCRIPTION 

a Lattice parameter 

R Van der Waals' constant 

b Re-solution parameter 

Cb Matrix hubhle concentration 

Cg Interstitial helium concentration 

Cgh 

c Rv Substitutional helium concentration 

Clg Di-interstitial helium cluster concentration 

Equivalent grain boundary s i n k  concentration 

Total hhhle concentration in the grain 

2-helium atoms and one vacancy cluster concentration 

Self-interstitial concentration 

Equivalent dispersed self-interstitials sink concentration 

Equivalent dispersed vacancy s ink concentration 

S i n g l e  vacancy concentration 

Matrix precipitates Concentration 

Ruhble nucleus concentration 

Equilibrlum vacancy concentration 

Grain diameter 

Diffusion coefficient of vacancies 

Diffusion coefficient of interstitial 

Thermal emission prohahility from a substitutional helium 

Thermal emission probability f r o m  a vacancy-di-helium cluster 

Thermal emission probability from a bubble 

e& 

e5 

e; 

Thermal formation probability for a vacancy 

Dissociation probability for a di-gas atom c lus t er  

Thermal emmision probability from a precipitate bubble 

Eh Emission rate constant of a helium atom from a substitutional 
g'v helium 

E Emission rate constant of a helium from a di-helium single 
2g,v vacancy cluster 

Emission rate constant of a helium from a di-helium cluster 

Binding energy of a substitutional helium 
2R 

I? 

Evh 

v , 2 h  

En 
2g 

E Binding energy for a vacancy and a di-helium 

Binding energy for a di-helium 

( I l s e c )  

( l/sec) 
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R i n d i n g  ene rgy  f o r  a vacancy and a bubble  

vacancy f o r m a t i o n  ene rgy  

F r a c t i o n  of vacancies surviving t h e  cascade 

Fraction of t h e  t o t a l  gas  t h a t  ends u p  a t  t h e  g r a i n  boundary  

F r e n k e l  pair  generarion r a t e  

Helium atom g e n e r a t i o n  rate 

I n t e r n a l  He g e n e r a t i o n  r a t e  

E x t e r n a l  H e  g e n e r a t i o n  r a t e  

F l u x  of h e l i u m  to  t h e  g r a i n  boundary  

Ro l t rmnnn ' s  C o n s t a n t  

Numher of gas atoms in a matrix bubble  

Number of gas atoms i n  a p r e c i p i t a t e  huhb le  

T o t a l  nunher of gas atoms a t  t h e  g r a i n  boundary 

T o t a l  number of gas atoms a t  p r e c i p i t a t e s  

Rate of bubb le  a r r i v a l  a t  t h e  g r a i n  boundary 

P r e s s u r e  in a m a t r i x  hubh le  

Pressure i n  a p r e c i p i t a t e  bubble  

A b s o r p t i o n  ra te  of helium a t  t h e  g r a i n  boundary  

Radios of a m a t r i x  h u b h l r  

Average hubh le  r a d i u s  

Rad ius  of a p r e c i p i t a t e  bubb le  

Rad ius  of a p r e c i p i t a t e  

R e a c t i o n  r a t e  be tween s i n g l e  he l ium and a vacancy 

Reaction ra te  between vacancies and t h e  e q u i v a l e n t  vacancy sink 

R e a c t i o n  r a t e  between vacancies and a d i- he l ium c l u s t e r  

R e a c t i o n  r a t e  be tween v a c a n c i e s  and  a s u b s t i t u t i o n a l  h e l i u m  

R e a c t i o n  ra te  between vacancies  and a d i- gas  s i n g l e  vacancy c l u s t e r  

R e a c t i o n  r a t e  be tween vacancies and a c r i t i c a l  bubb le  n u c l e u s  

R e a c t i o n  rate between i n t e r s t i t i a l s  and a di- gas  single 
vacancy  c l u s t e r  

R e a c t i o n  r a t e  be tween i n t e r s t i t i a l s  and a c r i t i c a l  bubble  nucleus 

R e a c t i o n  r a t e  be tween i n t e r s t i t i a l s  and t h e  e q u i v a l e n t  
i n t e r s t i t i a l  sink 

R e a c t i o n  r a t e  be tween s e l f  l n t e r s t i t i a l s  and a s u b s t i t u t i o n a l  
h e l i u m  c l u s t e r  

Reaction rate between i n t e r s t i t i a l  h e l i u m  and bubb le s  

R e a c t i o n  r a t e  between i n t e r s t i t i a l  gas a t o m  and s i n g l e  vacanc ies  

1 1 2  



R e a c t i o n  r a t e  between i n t e r s t i t i a l  gas atoms 

Reac t ion  r a t e  between i n t e r s t i t i a l  gas atoms and s u b s t i t u t i o n a l  

Rg,g 

Rg*gv helium c l u s t e r s  

R Reac t ion  r a t e  between i n t e r s t i t i a l  gas and a di- gas single 
g,2gv vacancy c l u s t e r  

grain boundary 
R e a c t i o n  rate between i n t e r s t i t i a l  gas and t h e  e q u i v a l e n t  

Reac t ion  r a t e  between i n t e r s t i t i a l  gas and di- pas atom c l u s t e r s  

Reac t ion  r a t e  between i n t e r s t i t i a l  pas  and R critial bubble  nucleus 

R e a c t i o n  r a t e  between i n t e r s t i t i a l  gas atoms and p r e c i p i t a t e s  

Time 

Temperature  

Line d i s l o c a t i o n  b i a s  f a c t o r  f o r  vacancies 

L i n e  d i s l o c a t i o n  b i a s  f a c t o r  f o r  s e l f - i n t e r s t i t i d s  

Line dislocation d e n s i t y  

Atomic volume 

Bubble s u r f a c e  t e n s i o n  

Frequency f a c t o r  f o r  recombinat ion 

Frequency f a c t o r  f o r  hel ium 

Frequency f a c t o r  f o r  vacancies 

R e s o l u t i o n  f r equency  

D i f f u s i o n- c o n t r o l  combina to r i a l  f a c t o r  f o r  bubbles  
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THE INFLUENCE OF Sll . lCON ON VO!D NLICI.FATI0N I N  I R R A D I A T E D  AI.I.OYS 

B .  Esn la i l rddeh,  A .  Kuinar ; l l n i v e r s i t y  o f  M i s i o u r i - R o l l a )  
F .  A. Garne r  ( H a n f o r d  E n g i n e e r i n g  Drvr loprnent  L a h o r a t o r v )  

I . u  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  use  b r e e d e r  r e a c t o r  d a t a  t o  provid ' ,  models  f o r  t.he c o m p o s i t i o n a l  
dependence of r a d i a t i o r i - i n d u c e d  chanqes i n  mechan i ca l  p r o p e r t i e s  o r  d imens ions.  These models w i l l  t b e n  h r  
!JS~?U t o  g u i d e  t h e  developinent o f  f u s i o n - r e l e v a n t  s t u d i e s .  

2 . u  Summary 

The a d d i t i o n  o f  s i l i c o n  t o  p u r e  n i c k e l ,  N i - C r  a l l o y s  and F e - V i - C r  a l l o y s  r a i s e s  t h e  d i f f u r i v i t y  o f  
t a c h  u f  t i l e  a l l o y  components. The r e s u l t a n t  i n c r e a s e  i n  t h e  e f f e c t i v e  vacancy d i f f u s i o n  c o e f f i c i e n t  
causes l a r g e  r e d u c t i o n s  i n  t h e  n u c l e a t i o n  r a t e  o f  v o i d s  d u r i n q  i r r a d i a t i o n .  T h i s  ex tends  t h e  t r a n s i e n t  
reg ime  of s w e l l i n g ,  wh ich  i s  c o n t r o l l e d  n o t  o n l y  b y  t h e  amount of q i l i c o n  i n  s o l u t i o n  h i r t  a l s o  h y  t h e  
p r e c i p i t a t i o i i  k i n e t i c s  o f  p r e c i p i t a t e s  r i c h  i n  nicki.1 and s i l i c o n .  

Proprdin _- - 3.0 

r 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  ( A K J )  
P r i n c i p a l :  I n v e s t i g a t o r :  D .  G .  f lo ran 
A f f i i i a t i o n :  Ha r i f o rd  E n g i n e e r i n g  Development L a h o r a t o r y  

R e l e v a n t  DAFS Program Plan T a c k / S u h t a s i  __ 4 .ii 

S u b t d s k  11 .C.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  
5ubtask  I I .C .14  Models o f  F low  and F r a c t u r e  Under I r r a d i a t i o n  

Accompl ishments  and S t a t u s  ____ __ 5.0 

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

I t  has r e c e n t l y  heen shown t h a t  t h e  p r i m a r y  i n f l u e n c e  o f  a l l  e n v i r o n m e n t a l  and m a t e r i a l  v a r i a h i e s  on 
t h e  r a d i a t i  n induced s w e l l i n g  o f  a u s t e n i t i c  Fc- Cr-Ni  a l l o y s  l i e s  i n  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  r e q i m e  
O f  i w e l l l n g ? 1 ' 3 ) .  
i s  r e l a t i v e l y  i ndependen t  o f  t hose  f a c t o r s  c o n t r o l l i n n  t.he t r a n s i e n t  reg ime .  A model p r e v i o u s l y  advanced 
h y  t he  a u t h o r s  r e l a t e s  t h e  c o m p o s i t i o n a l  dependence o f  t h e  t r a n s i e n t  req ime  t o  t h e  e f f e c t  of c o m o o s i t i o n  
i n  d l t e r i n g  t h e  e f f e c t i v e  vacancy d i f f u s i o n  c o e f f i c i e n t .  T h i s  a l t e r s  t h e  v o i d  n u c l e a t i o p  r a t e ,  o a r t i c u -  
l d r l y  a t  h i g h e r  i r r a d i a t i o n  t empera t i i r es . (4 .5 )  

I n  t h e  p o s t ~ t r a n s i e n t  req ime  t h e  s w e l l i n q  r a t e  n f  a u s t e n i t i c  a l l o y s  i s  %l%/dpa and 

I t  i s  w e l l  known t h a t  some s o l u t e s ,  s!i h a s i l i c o n ,  a r e  much more r f f e c t i v e  t h a n  o t h e r  e lemen ts  i n  
r x t e n a i n g  t h e  t r d n s i e n t  r e g i m e  o f  s w e l l i n g . f z ~ h ?  The p l i rpose o f  t h i s  paper  i s  t o  demons t ra te  t h a t  
s i l i c o n ' s  e f f e c t  on vacancy d i f f u s i o n  and v o i d  n u c l e a t i o n  i s  q r r i t e  q t r o n g  and 5 u f f i c i e n t  i n  i t s e l f  t o  
d r c w n t  f o r  t h e  obse rved  s u p p r e s s i o n  o f  s w e l l i n g  b y  s i l i c o n .  

114 



5.2 Silicon’s lfiluence on Vacancy Diffusion 

I n  an earlier paper Garner and W~lfer(~) demonstrated that the addition of small amounts of 
fast-diffusing elements to pure nickel decreased void nucleation strongly by increasinq the effective 
vacancy diffusi n coefficient Gfff. 
and R ~ s s e l l ( ~ ~ ~ ~  and used a dilute approximation model to describe the deoendence of Dgff on the 
tracer diffusion coefficient of the solute. T h u s .  

They employed the KWR void nucleation model of Kat2 Wiedersich 

where Dv is the diffusion coefficient for migration of a free vacancy in the pure nickel and Os is the 
diffusion coefficient for a solute-vacancy pair. C, is the solute concentration, K = 12 exp(Eh/kT) is 
the mass action constant for solute-vacancy dissolution in an fcc lattice, and Eb iS the SOlute-VaCanCy 
binding energy. 

If O s  >>Dv then the above formula predicts significant chanqes in 0gff. Silicon is known 
to have a solute diffusivity which is several orders of yyjt,ude qreater than that of pure nickel or that 
of the major constituents of various austenitic steels.( 

hds been provided by various researchers. Using radioisotope tracers Assassa and 6uiraldenq?by have 
shown that silicon additions to Fe-14Ni-16Cr increases the diffusivity of all t.hree elements(14), as 
shown in Figure 1. 
tions to Fe-15Cr-20Ni.f15P Unfortunately neither of these qroups measured the diffusivity of silicon 
itself in these alloys, since there is no suitahle radioisotope for silicon. Johnston, however, has 
recently studied diffusion of silicon and chromium in Ni-Si and Ni-Cr-Si alloys irsinq an electron prohe 
microanalyzer to determine he concpntration profiles that developed across the intprfaces of eleven 
different diffusion couplestl3). He not only found silicon to be a fast-diffusing element but found 
that silicon had a strong effect on its own diffusion rate as  well as on the diffusion rate of chromium. 
He inferred that the diffusion of nickel was also enhanced in the Ni-Cr-Si alloys. Johnston also found 
that silicon’s diffusivity was slightly sensitive to the chromium concentration, but that the cross 
diffusion coefficient Dsicr was about an order of magnitude less than DSiSi. 

A confirmation of silicon‘s influence on the overall diffusivity of the solvent compone of alloys 

Ro hm n, Nowicki and Murch have likewise shown a similar behavior for silicon addi- 

TEMPERATURE. OC 

p’ cm 1.n 

1m nm 1m 

1~~~ 

0 . m  SI 

10-12 

6.6 7.0 7.6 8.0 u.5 u 7.0 7.6 (1.0 

Figure 1. Influence of silicon on tracer diffusio 
of silicon was observed in Fe-20Ni-15Cr?15? and reveral Ni-Cr alloysf 13).’ 

c efficient8 in Fe-14Ni-16Cr(14) A similiar effect 

To the first order, therefore, we shall assume that the diffusivity of silicon in Fe-Ni-Cr alloys is 
also independent of both the nickel and the iron and chromium concentrations. 
approximation 
atomic fluxes,T16? since silicon is known to diffuse by a vacancy mechanism. Therefore, 

Rather than use a dilute 
od 1 for Osff, however, we define the vacancy flux to be equal to the sum of the 
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D e f f  = DvAXA + D X t . . . + DvnXn  
V vR I? 
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DvA = D,* /(Cfq . f )  
where 

( 2 1  
f 31 

14)  " 

?!A i s  t h e  d i f f u s i o n  c o e f f i c i e n t  of t h e  component A i n  t h e  m a t r i x  ( ( i d  a vacancv exchanqe 
mechanism. 
t r a c e r  d i f f u s i o n  c o e f f i c i e n t  f o r  comuoncnt A and CCq i s  t h e  f r e e  vacancy c o n c o n t r a t i o n .  
H t  d r e  t h e  e n t r o p y  and e n t h a l p y  c f  vacancy f o r m a t i o n ,  r e c o e c t i v e l y .  

Xh i s  t h e  a tom ic  f r a c t i o n  o f  s o c c i e s  A ana f i s  0.7fl146 f o r  f c c  : a t t i c e c .  02 i s  t h e  
St an.' 

R e s u l t s  o f  v o i d  niic l e a t i o n  c a l c u l a t i o n s  -~ 5.3 

U s i n q  t h e  d i f f i i s i a n  d a t a  p u b l i s ! i e d  by t h e  v a r i o u s  re5edrchers c i t e d  above i t  i s  p o s s i b l e  t o  (use 
e q u d t l o n  2 and t h e  KWR v o i d  n u c l r a t i o n  t h e o r y  t o  o r e d i c t  t h e  e f f e c t  of  s i l i c o n  on v o i d  n u c l e a t i o n .  P s  
s h o n  i n  [more dep th  e lsewhere,  t h e  ma jo r  c o n c l u s i o n s  o f  t h i s  c t u d y  a r e  n o t  a f f e c t e d  hy t h e  c h o i c e  o f  
v a r i o i i i  a d j u s t a b l e  pa rame te rs  s i ich as t h e  d i s l o c a t i o n  The s t j op resT ion  o f  v o i d  n u c l e a t i o n  i s  
s e n s i t i v e  t o  ( m i c r o s t r u c t u r a l  s i n k  s t r e i q t h s ,  however,  w i t h  t h e  q r e a t e s t  e f f e c t  o c c i i r r i n q  a t  s i n k  s t r e n q t h s  
r e p r e s e n t a t i v e  of h i g h l y  i r r a d i a t e d  d l l o y s .  

Wliereas Garner  and W o l f e r  p r e d i c t e d  t h a t  t h e  i n f l u e n c e  o f  s i l i c o n  cn t h e  e f f e c t i v e  vacancy d i f f u s i o n  
c u e f f i L i e n t  I n  N i - S i  a l l o y s  wou ld  5 a t u r a t e  w i t h  i n c r e a s i n g  s i l i c o n ,  F i q u r e  2 shows t h a t  i t  c o n t i n u e s  t o  
i n c r e a s r  due t o  s i 1 i : on ' s  i n f l u e n c e  on  it.8 own d i f f u s i o n .  
c a l c u l a t e d  v o i a  n u c l e a t i o n  r a t e s  f o r  ? ! i r e  n i c k e l  and f o r  i e -14N i -1 f iC r  and Ce-7nNi-1SCr a l l o v s .  

F i g u r e s  3-5 show t h e  i m a c t  of s i l i c o n  on 

F i g u r e  2 .  C a l c u l a t e d  i n f l u e n c e  o f  s i l i c o n  on qff i n  N i - S i  alloys. 

1 1 6  
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Figure 3. Calculated absolute void nucleation rates versus the average as $atio for various silicon 
contents a t  both 300°C and 410°C and sink strengths of 5 x loyi rn-< and 5 x 
The displacement rate is 10- dpa/s. 
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Figure 4. Calculated influence of silicon on vacancy diffusivity and void nucleation rate i n  Fe-14Ni-16Cr. 
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F i g u r e  5 .  C a l c u l a t e d  i n f l u e n c e  o f  s i l i c o n  on vacancy d i f f u s i v i t y  and v o i d  n u c l e a t i o n  r a t e  i n  Fe-20Ni-15Cr. 

5.4 D i s c u s s i o n  

T h i s  paper demonstrates a s imp le  mechanism f o r  t h e  s t r o n g  r o l e  o f  silicon i n  suppress ion of v o i d  
n u c l e a t i u n  i n  i r r a d i a t e d  meta ls .  
i n a j o r i 1 y ) o f  the  exper imenta l  o b s e r v a t i o n s  o f  v o i d  suppress ion by s i l i c o n .  A s  d iscussed i n  depth e l s e-  
where, t h e r e  i s  no c o n f l i c t  concern ing  t h e  a c t i o n  o f  t h i s  mechanism in o p p o s i t i o n  w i t h  o t h e r  postu-  
l a t e d  mechanisms, i . e . ,  s o l u t e  m i g r a t i o n  b y  bound i n t e r s t i t i a l  complexes. A t  c o n c e n t r a t i o n  l e v e l s  of 0.1 
t o  4.0 dtomic pe rcen t ,  t h e  m a j o r i t y  of s i l i c o n  atoms a t  any one i n s t a n t  a r e  n o t  i n t e r a c t i n g  w i t h  e i t h e r  
vacancies o r  i n t e r s t i t i a l s .  Thus, b o t h  mechanisms c o u l d  be o p e r a t i n g  independent ly .  I n  a d d i t i o n ,  
however, i t  must be recognized t h a t  l a r g e  s i l i c o n  l e v e l s  q u i c k l y  l ead  t o  heavy p r e c i p i t a t i o n  of n i c k e l  and 
s i l i c o n - r i  h r c i  i a t e s ( I 8 ) .  
n u c l e a t i o n  f2,a,Pg,30f and a l s o  s u b s t a n t i a l l y  changes t h e  s i n k  d e n s i t y .  All  o f  these  f a c t o r s  must be 
cons ide red  as m a n i f e s t a t i o n s  o f  s i l i c o n ' s  i n f l u e n c e  on v o i d  n u c l e a t i o n  k i n e t i c s  and t h e  subsequent 
d u r a t i o n  o f  t h e  t r a n s i e n t  regi i i ie o f  s w e l l i n g .  

S i l i c o n ' s  i n f l u e n c e  on D:ff i s  s u f f i c i e n t  t o  account f o r  t h e  

T h i s  dep le tes  t h e  m a t r i x  o f  two elements known t o  a f f e c t  v o i d  

5 . 5  AAnowLedgernents_ 

6. Eslndilzadeh and A. Kumar were suppor ted by t h e  U n i v e r s i t y  o f  M i s s o u r i - R o l l a  and F. A .  Garner by 
the  U.S. Department o f  Energy. 
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DUAL 1:lll IRRADIATION: IMPACT OF THE CONFLICTING ROLES OF HEL IUM ON VOID NUCLEATION 

A. Kumar (Unversity of Missouri-Rollaiand F. A.  Garner ( Hanford Engineering Development Laboratory j 

~- 

1 . o  Objective 

The ohject of this effort is to determine the limitations o f  the experimental tools used to simulate the 
fusion environment and also to provide guidance on the application of simulation data to desiqn of fusion 
devices. 

7.0 Summary __ 

It has recently been demonstrated that ion simulations of neutron-induced swelling are strongly affected by 
the presence of  the injected ion acting as an extra interstitial atom. 
shown to exert a strong influence on tioth the void nucleation and steady-state regimes of swelling. 
dual-ion irradiations where helium anti self-ions are injected simultaneously, the helium acts a s  a 
nucleation-assisting gas atom once it finds a vacancy cluster. While diffusing to the cluster, however, 
helium has a high probahility of trapping a vacancy and creating an unpaired interstitial. 
role, large l e v e l s  of roinjected helium t e n d  t o  strongly suppress void nucleation, not o n l y  at t h e  lower 
irradiation temperatures cited by other researchers, but also at higher temperatures. The major conse- 
quence of the injected interstitial effect of large helium levels is to increase the duration of the 
transient reqime o f  swelling. A similar helium-generated interstitial effect a l s o  occurs in neutron irra- 
diations, but the impact is negligible under most conditions due to the non-linearity of the injected 
interstitial effect and to the absence of the larger influence of injected ions. 

The injected interstitial has heen 
In 

I n  this latter 

3 . 0  Program 

Title: Irradiation Effects Analvsis ( A K J )  . .  
Principal Investigator: D. 6 .  Doran 
Affiliation: Hanford Engineering Development Laboratory 

4.0 Relevant Program P l a n  Task/Subtask 

Suhtask II.C.2 Effects of Helium on Microstructure 

Suhtask II.C.I6 Composite Correlatinn Models and Experiments 

5.0 Accomplishments and Status 

5.1 Introduction 

Ion boinhardment has often been used in both the fission and fusion reactor materials programs to simulate 
the consequences of neutron-induced atomic displacements. 
an important fusion-relevant variable, that of large amounts of transmuted helium. The introduction o f  
helium is accomplished either by preinjection o r  by simultaneous coinjection at a rate appropriate to that 
of the environment being simulated. The latter method is generally acknowledged as being the most realis- 
tic approach. 

It has also been employed to study the action of 
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There are two features of the ion bombardment technique that require carefiil evaluation of the results. 
First, the confident use of this approach requires that one assess the impact on the ion-neutron correla- 
tion of the trade-offs and shortcomings inherent in such simiilation studies. (lW3) The major shortcomings 
of the ion technique are the strong influence of the surface, the compressive and atypical stress-state in 
the bombarded region, and the influence of the bombarding ion acting as an injected interstitial. Second, 
there is the possibility that the neutron-relevant variable being studied in the simulation may interact 
with one of these shortcomings in a manner which strongly distorts the influence of that variable. This 
paper brings to light an example of the latter consideratian. 

Helium in relatively large quantities is known, or in some cases, thought to cause suhsta 
of the microstructural evolution of metals during irradiation. In several recent reviews 
invoked to directly stabilize the cavity and change the critical radius far promotion of vacancy clusters 
into hias-driven growth, and to indirectly change the critical radius by altering the sink strengths of 
other component such as dislocations. Helium also appears to prolon the transient regime of dislocation 
loop Pvolution,?4) but not to change the eventual network density.(6-8) In addition to a refinement of 
cavity microstructure, it has also heen suggested that the radiation-induced segregation that precede 
swelling in solute-hearing alloys may he altered by the presence of higher loop and cavity den~ities.7~) 
Injected helium may also slow the loss of dislocations to the specimen surface, particularly in relatively 
soft metals without solute-hardening elements. The net resiilt of all these roles for helium can he either 
an increase or decrease in swelling, depending on the alloy and the environmental conditions. 

There is another role of helium which should he Considered. The production of neutron-induced helium from 
an (n,.) reaction represents the introduction of two new atoms and the loss of only one original atom. 
At its birth the helium atom is in effect an extra interstitial atom that is not mdtched with a correspond- 
ing vacancy. In typical fast reactor irradiations, the influence of helium in this role is negligible com- 
pared to its role as a gas atom acting to stabilize small cavities against dissolution by thermal emission 
of vacancies. 

I t  has recently become clear, however, that in charged particle irradiations the injected interstitial 
represe ted b 
all~ys.l~,~-~~)Garner has shown that the injected interstitial effect not only appears to prolong the 
transient regime of swelling, hut that it 
dence of the post-transient swelling rate.T3? 
tials the post-transient swelling rate of austenitic alloys ' 8  zl%/dpa, relatively independent of 
compositional, fabricational and environmental variables. 
that th 
he1 i~m.?1~? 

the bomharding ion has a strong effect on void nucleation and growth in austenitic 

1 o depresses the magnitude and distorts the temperature depen- 
It is now known that in the absence of injected intersti- 

Furthermore, Brager and Garner have shown 
p st-transient swelling rate at temperatures above 500°C is not altered by large levels of 

While Plumton and coworkers have emonstrated theoretically and experimentally the influence of injected 
interstitials on void n cleation,?10-12) Mansur and coworkers have shown that the post-transient swelling 
is also affected,(l5-T6y although to a lesser extent. Figure 1 shows the strong effect of injected 
interstitials on void nucleation predicted by Plumton and Wolfer. 

It is important to note, however, that the coimplanted helium in dual ion irradiations also generates an 
extra interstitial whose influence is additive to that of the homharding ion. This occurs because helium 
atoms quickly interact with vacancies by trapping and immohilizing them, but the corresponding self- 
interstitial is not immobilized. While helium-as-stabilizer acts after finding the vacancy cluster, the 
helium-generated interstitial exerts its influence on void nucleation prior to the time helium reaches the 
cluster. Even if the immobilized vacancy interacts with another interstitial and recombines, releasing the 
helium atom, another trapping event will quickly occur, preserving the extra interstitial. 

Due to the strong nonlinearity in the response of void nucleation to extra interstitials, the influence of 
helium-generated interstitials is amplified in ion irradiations beyond that which would occur in highly 
thermalized fission reactors which produce large levels of helium and which also are used to simulat 
environments. Due to the delay involved in the first stage of the %i(n,y) 59Ni(11,a)5~Fe reaction,Tl? 
a substantial number of voids nucleate at lower levels of helium/dpa in thermal reactors, a consideration 
which further magnifies the difference hetween the response of metals to helium's influence in dual ion and 
fission soectrum irradiations. 

f sion 

In order to illustrate the impact of helium-generated interstitial, the nucleation theory will be briefly 
outlined, then the results o f  calculations will he presented. 
transient swelling will then be discussed. 

Experimental examples of helium-delayed 
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FIGURE 1. The e f f  c t  o f  i n j e c t e d  i n t e r s t i t i a l s  on v o i d  n u c l e a t i o n ,  as p r e d i c t e d  by P lumton and 
Wo l fe r .? lO)  
n i c k e l  a t  a d i sp lacemen t  r a t e  o f  l W 2  d p a l s .  
b i n e  w i t h i n  t h e  cascade and t h i s  f a c t o r  i s  i n c l u d e d  i n  t h e  e x c e s s  i n t e r s t i t i a l  f r a c t i o n  c i t e d  
above. The f r a c t i o n a l  amount o f  d e f e c t s  w h i c h  a r e  i n j e c t e d  i n t e r s t i t i a l s  i s  n e a r  t h e  
su r face ,  5 x n e a r  t h e  peak and  n e a r  t h e  end o f  r ange .  The i n t e r a c t i o n  o f  d i s -  
p lacemen t  r a t e  u a r i a t i o n s  and i n j e c t e d  i n t e r s t i t i a l s  i s  shown i n  ( b ) .  

The c u r v e s  shown i n  ( a )  co r respond  t o  14 MeV n i c k e l  i o n  i r r a d i a t i o n  o f  p u r e  
75% of t h e  F r e n k e l  p a i r s  a r e  assumed t o  recom- 

5 . 2  N u c l e a t i o n  Theory  

The s t e a d y - s t a t e  v o i d  n i c l  a t i o n  t h e o r y  employed h e r e  was deve loped  b y  Katz ,  W i e d e r s i c h  and R u s ~ e l I , ( ~ ~ ~ ~ ~ )  
and ex tended  b y  Wo l fe r . i z f l 7  The s t e a d y - s t a t e  n u c l e a t i o n  r a t e  i s  

where N i s  a c l u s t e r  s i z e  wh ich i s  l a r g e  compared t o  t h e  c r i t i c a l  c l u s t e r  s i z e ,  and t h e  c r i t i c a l  s i z e  i s  
d e f i n e d  a t  t h e  maximum O f  AG(x) ,  w h i c h  r e p r e s e n t s  t h e  n o n e q u i l i h r i u m  c o u n t e r p a r t  o f  t h e  Gibbs f r e e  e n e r g y  
f o r  a c l u s t e r  c o n t a i n i n g  x vacanc ies .  

X 

AG(x )  = - kT C I n  c r n ( j i  + y ( j ) ] / ~ ( j  - 1 1 1 ,  ( 2 )  
j = 2  

where a ( j ) ,  B ( j )  and y ( j )  a r e  t h e  r e a c t i o n  r a t e s  f o r  i n t e r s t i t i a l  a b s o r p t i o n ,  vacancy a b s o r p t i o n  and 
vacancy r e - e m i s s i o n  a t  t h e  c l i i s t e r  s u r f a c e .  These r e a c t i o n  r a t e s  depend on t h e  p o i n t  d e f e c t  f l u x e s .  

( 3 )  0 " ( x )  = 4 n r ( x )  Z,(x) DiCi 

B ~ X )  = 4 n r ( x )  ~ : ( x )  D ~ C ~  

y ( x )  = 4 n r j x )  Z;(X) D ~ C ; ( X )  

( 4 )  

( 5 )  

0 
where r j x )  i s  t h e  v o i d  r a d i u s ,  Z i ( x )  and Z!(x) a r e  t h e  v o i d  b i a s  f a c t o r s  f o r  i n t e r s t i t i a l  and vacancy 
c a p t u r e ,  D i  and Dv 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  i n t e r s t i t i a l  and vacancy m i g r a t i o n ,  C i  and C, 

1 2 2  



are the average point defect concentrations in the alloy matrix and Ce is the equilibrium vacancy concen- 
tration at the cluster surface. 
radius of the cavity. 

C: depends on the gas pressure in the cavity, the surface energy and 

The concentrations Ci and Cv are given by the solution of the rate equations describing the partition 
o f  point defects between recombination events and the various microstructural sinks. 
ous loss terms must equal the production rates, Pi and Pv, which in this analysis are not considered to 
be equal due to the presence of the injected interstitials represented by the bombarding ions. 
Pv in this analysis are the original displacement rates prior to any form of in-cascade or post-cascade 
recombination event. 

The sum of the vari- 

Pi and 

DiCi = Dv7vf 

and 

= D (7 .F  + ) - (Pi - Pv) TvS. DVCV v 1 V ( 7 )  

In these equations S is the total sink stength, Ti and TV are the sink-averaged bias factors and rv is the 
average vacancy on entration in thermodynamic equilibrium at all sinks. 
detail elsewhereflo! and contains factors describing the balance of sinks and sources, including the 
injected interstitials as well. 

The factor F is described in 

Note in Equation 7 that the vacancy flux to the cluster is diminished by any imbalance between interstitial 
and vacancy production rates. 
approaching at the most an excess interstitial fraction ~i of where 

Under most circumstances the number o f  extra interstitials is small, 

P. - P 
( 8 )  

1 v .  
E .  =- 

PV 1 

The influence o f  such small fractions is magnified in a very non-linear manner, however, by the approxi- 
mately ten-fold reduction in displacements due to in-cascade recombination, and is further magnified by any 
process that significantly reduces the net flow of vacancies to the cluster. Recombination events at lower 
temperatures are very effective in this respect and so is the increased vacancy re-emission at higher 
temperatures. 

In this paper we define si to have two components, one due to the bombarding ion (assumed to be Nit) 
and the other generated by the presence of the coimplanted helium. 

5.3 Calculation of the Helium-Generated Interstitial Effect 

There are three minor problems to be surmounted prior to initiatin 
using the same nucleation code employed by Plumton and coworkers.(qo-12) First, there are a variety of 
adjustable parameters to he ho en. For all physical and diffusional properties of the matrix, the values 
chosen by Plumton and WolferflOy were employed to allow a direct comparison with their results. Likewise, 
point defect properties and bias factors were also chosen to be the same. 
a range of in-cascade survivability fractions. This value is a factor 
of 1.3-2.0 below that usually chosen and is based on the work o f  English and coworkers who showed that the 
solutes in commercial all0 s erve to defocus atomic collision sequences and enhance vacancy-interstitial 
recombination in cascades.[217 We also chose a displacement rate of 3 x 10-3 dpa/s to match a 3.0 MeV 
Ni+ dual ion data set to be considered in the next section. 

the calculation, which was performed 

However, their work investigated 
We chose this fraction to be 0.08. 

The injected interstitial fraction is very sensitive t o  the choice o f  damage calculat'on 1 code employed, 
the energy o f  the ion and the depth within the specimen where the comparison is made.122J For 3 MeV 
Ni+ ions it appears that the injected interstitial fraction E / ' +  ranges between 1 x and 5 x 
in the region from which data are usually derived. The displacement damage created by the coinjected helium 
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i s  s m a l l  and i s  i g n o r e d  i n  t h e  c a l c u l a t i o n .  Co i  ' c t i o n  r a t e s  o f  5, 16 and 5 5  appm h e l i u m  p e r  dpa were 

d e v i c e s  and t h e  HFIR m ixed- spec t rum r e a c t o r .  
r e p r e s e n t a t i v e  o f  t h o s e  t h a t  e x i s t e d  i n  t h e  d u a l - i o n  expe r imen t  o f  r e f e r e n c e  7 d u r i n g  t h e  t r a n s i e n t  r e g i m e  
o f  s w e l l i n g .  

chosen t o  match a p a r t i c u l a r  d u a l - i o n  expe r imen t  237 and t o  span t h e  range  cove red  b y  v a r i o u s  f u s i o n  
The t o t a l  s i n k  s t r e n g t h s  employed i n  t h e  c a l c u l a t i o n  a r e  a l s o  

The second o b s t a c l e  t o  surmount i s  t o  d e c i d e  how t o  i l l u s t r a t e  t h e  h e l i u m - a s - i n t e r s t i t i a l  e f f e c t  s e p a r a t e l y  
f rom h e l i u r n ' s  g a s - s t a b i l i z a t i o n  r o l e .  
o f  one mechanism o r  v a r i a b l e  on n u c l e a t i o n  w h i l e  i g n o r i n g  t h e  a c t i o n  o f  a n o t h e r  mechanism, p r o v i d i n g  t h e  
r e s u l t s  a r e  exp ressed  i n  r e l a t i v e  n u c l e a t i o n  r a t e s  where t h e  r e l a t i v e  e f f e c t  o f  o t h e r  v a r i a b l e s  can-  
c e l ~ . ( ~ 0 , 2 ~ )  A t  low tempera tu res  t h e  i n f l u e n c e  o f  g a s - s t a b i l i z a t i o n  on n u c l e a t i o n  i s  n o t  l a r g e ,  b u t  a t  
r e l a t i v e l y  h i g h  tempera tu res  t h i s  mechanism i s  much more i m p o r t a n t .  l l i e d e r s i c h  and H a l l  showed t h a t ,  when 
c a v i t i e s  a r e  t r e a t e d  as n e u t r a l  s i n k s ,  t h e  i n f l u e n c e  o f  gas s t a b i l i z a t i o n  a t  h i g h  tempera tu res  i s  s t r o n g e s t  
a t  low h li m l e v e l s  and t h a t  l i t t l e  enhancement o f  n u c l e a t i o n  was a c h i e v e d  f o r  c o n c e n t r a t i o n s  i n  excess o f  
10 apprn.Tz4Y When t h e  h i a s  of s m a l l  c a v i t i e s  t o w a r d  i n t e r s t i t i a l s  i s  t a k e n  i n t o  account ,  i t  i s  found 
t h a t  c o n s i d e r a b l y  more gas i s  r e q u i r e d  t o  s t a b i l i z e  c a v i t i e s  a t  r e l a t i v e l y  h i g h  i r r a d i a t i o n  tempera u r  s 
b u t  t h e  t endency  toward  s a t u r a t i o n  o f  v o i d  d e n s i t y  w i t h  i n c r e a s i n g  h e l i u m  l e v e l  i s  s t i l l  
The re fo re ,  i t  appears  t o  be a p p r o p r i a t e  t o  s t u d y  t h e  h e l i u m - a s - i n t e r s t i t i a l  e f f e c t  w h i l e  i g n o r i n g  t h e  gas -  
s t a b i l i z a t i o n  r o l e .  There  w i l l ,  o f  cou rse ,  be some c a n c e l l a t i o n  b y  t h e  two c o n f l i c t i n g  r o l e s ,  t h e  deg ree  
o f  wh ich  w i l l  be de te rm ined  l a t e r .  

I t  has heen shown e a r l i e r  t h a t  one can s t u d y  t h e  r e l a t i v e  i n f l u e n c e  

F i n a l l y ,  t h e r e  a r e  a number of o t h e r  parameters  t h a t  d e t e r m i n e  t h e  shape o f  an i on- induced  p r o f i l e  o f  
s w e l l i n g  v5 .  dep th .  Some o f  t h e s e  a r e  t h e  s t r o n g  i n f l u e n c e  o f  t h e  specimen s u r f a c e  on p o i n t  d e f e c t  and 
d i s l o c a t i o n  d e n s i t i e s ,  d i f f u s i o n a l  s p r e a d i n g  o f  p o i n t  de fec t s ,  g r a d i e n t s  i n  b o t h  t h e  d i sp lacemen t  r a t e  and 
t h e  i n j e c t e d  i n t e r s t i t i a l  p r o f i l e ,  and t h e  presence o f  s w e l l i n g - i n d u c e d  compress i ve  s t r e s s e s .  Many o f  
t h e s e  e f f e c t s  have been i n c l u d e d  i n  v a r i o u s  r a t e  t h e o r y  o r  n u c l e a t i o n  t h e o r y  c a l c u l a t i o n s  h u t  a r e  n o t  
necessa ry  h e r e  t o  i l l u s t r a t e  t h e  s t r o n g  and n o n - l i n e a r  p a r a m e t r i c  dependence o f  t h e  h e l i u m- g e n e r a t e d  i n t e r -  
s t i t i a l  e f f e c t .  The re fo re  t h e s e  o t h e r  c o n s i d e r a t i o n s  have n o t  been i n c l u d e d  i n  t h i s  s tudy ,  even though 
t h e y  o f t e n  a c t  s y n e r g i s t i c a l l y  t o  change t h e  i n f l u e n c e  o f  t h e  i n t e r s t i t i a l  e f f e c t .  

F i g u r e  2 shows t h e  p a r a m e t r i c  i n f l u e n c e  on  v o i d  n u c l e a t i o n  o f  an i n j e c t e d  i n t e r s t i t i a l  f r a c t i o n  ci4i+ = 
5 x 
l a r g e s t  a t  l o w  s i n k  d e n s i t i e s  c h a r a c t e r i s t i c  o f  t h e  e a r l y  s tages  o f  an annea led specimen unde r  i r r a d i a t i o n .  
(Conve rse l y ,  co ld- worked  specimens would  e x p e r i e n c e  a l e s s e r  i n f l u e n c e  o f  i n j e c t e d  i n t e r s t i t i a l s . )  Second, 
5 5  appm h e l i u m  p e r  dpa r e p r e s e n t s  a v a l u e  o f  +e = 0.55 x 10-4, wh i ch  produces a s t r o n g  a d d i t i v e  b u t  
n o n - l i n e a r  e f f e c t  o f  t h e  he l i um- genera ted  i n t e r s t i t i a l .  A t  low tempera tu res ,  t h e  n u c l e a t i o n  r a t e  d rops  
r o u g h l y  f o u r  o r d e r s  o f  magni tude due t o  5 5  appm/dpa h e l i u m .  A t  t h e  peak n u c l e a t i o n  r a t e  t e m p e r a t u r e ,  t h e  
s u p p r e s s i o n  e f f e c t  v a r i e s  f rom %0.5 t o  %1.5  o r d e r s  o f  magni tude,  i n c r e a s i n g  as t h e  t o t a l  s i n k  s t r e n g t h  
decreases.  

and a h e l i u m  i n j e c t i o n  r a t e  o f  5 5  appm/dpa. Three p o i n t s  s h o u l d  he no ted .  F i r s t ,  t h e  e f f e c t  i s  
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FIGURE 2 .  T h e , i n f l u e n c e  on v o i d  n u c l e a t i o n  o f  i n j e c t e d  i n t e r s t i t i a l s  due t o  b o t h  bombard ing i o n s  
( cy "  = 5 x 1G-4) and h e l i u m  atoms a t  55  appm/dpa and 3 x 10 
s e n s i t i v e  t o  b o t h  s i n k  s t r e n g t h  and tempera tu re .  

dpa/s.  The s u p p r e s s i o n  i s  
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Third, note that under some conditions the sup ressi n effect of helium-generated interstitial increases 
again at higher temperatures. Earlier studies?1n-12j focused only on the suppression at low temperature, 
reflecting attempts to model experimental results at relatively low temperature. The increase of suppres- 
sion again at high temperatures reflects the large role of thermal vacancy emission in reducing the 
flow of vacancies into the cluster, producing a condition where the influence of the extra interstitial 
again becomes relatively large. 

Figure 3 emphasizes the strong dependence of the suppression by 55 appm/dpa on both irradiation temperature 
and sink strength. 
ratio, injected interstitial fraction and temperature. 

Figure 4 demonstrates the dependence of the suppression of nucleation on helium/dpa 

3 x l o 3  dpals< 
1.0 I I I I 

s = 5 I( 1013 ,-2 

I 
Io 
- 

TEMPERATURE, "C 

FIGURE 3. Relative Void Nucleation Rate I / I o  for coinjection of 55 appni/dpa helium, where Io is the 
nucleation rate without helium, but one which is already suppressed by the injected interstitial 
represented by the bombarding Ni+ ion. 

5.4 Discussion 

Thk strong nonlinearity of the injected interstitial effect is most pronounced at relatively low irradiation 
temperatures but reasserts itself again at relatively high temperatures, particularly for low sink strengths 
which are  characteristic o f  annealed specimens. These low sink strengths are a1 o characteristic of  low 
displacement rates, high temperature and low energy ions of shallow penetration.f8) 
response allows high helium/dpa rates to significantly reduce the steady-state nucleation rate and thereby 
prolong the transient regime o f  swelling. = 1 x 10-5 (10 appmfdpa) 
would influence swelling rates only below 1400°C. 
would be expected for helium-generated interstitial5 acting alone in a mixed spectrum reactor such as HFIR,  
altho h helium-as-stabilizer does enhance void densities in A I S 1  316 by one t o  two orders o f  magni- 
tude.yg4) 
transien 
role.(14\ 

This nonlinearity of 

Note in Figure 1 that a value of 
Therefore, little effect of large levels o f  helium 

However, since most of the helium was produced relatively late in the irradiation, both the 
duration and post-transient swelling rate at 2600°C were unaffected by helium acting in any 

Agarwal and coworkers showed that a helium/dpa ratio of 5.0 shortened the duration of the transient regime 
of swelling relative to that obtained by 15 appm preinjection (no coinjection) in annealed Fe-20Ni-15Cr 

small compared to a change in nickel level from 20 to 25%. (3 )  
that a variation almost a large as that due to helium is achieved merely by decreasing the displacement 
rate by a factor of four.i3) This implies that helium's influence is a second order effect on void 
nucleation at 700'C compared to that o f  nickel, and is comparable to moderate changes in displacement rate. 

However, they also showed that helium/dpa ratios of 16 and 55 then increased the transient 
ote that the entire range of helium influence in both its conflicting roles is relatively 

The results for Fe-E5Ni-15Cr a l s o  show 
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FIGURE 4 .  Influence on void nucleation of temperature, tota; sink strength, helium/dpa ratio and 
injected interstitial8 represented by bombarding Ni+ ions. 
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FIGURE 5. Relative influen e o f  helium, nickel content and displacement rate on swelling of Fe-Ni-Cr 
alloys at 7 O f ~ " C . f ~ )  All data were taken at cornparahle values o f  E!?'. This ADIP coopera- 
tive experiment was conducted by three separate laboratories at 2 x 
(designated by triangles) which was conducted at 5 x 

dpals, except for one 
dpa/s. 
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It is important to note, however, that the transient regimes observed for the ion-irradiated Fe-25 1 15Cr 
alloy were much longer than that of the neutron-irradiated alloy at all temperatures studied,(2*26r'- 
probably due to the comhined influence of injected interstitials and surface effects. As shown in Fig- 
ure 6, the temperature dependence of the transient regime for the Fe-P5Ni-15Cr alloy also looks very much 
like that expected from the temperature dependence of the injected interstitial, although a strong surface 
influence is also suspected to be operating on the high temperature end of the swelling regime. 

Fe- 15 C r - 2 5  Ni 
1.2 , 

BEHAVIOR IN EBR-I1 
(1.8 

 STEADY^ 
STATE 

SWELLlNG 
RATE 

%Idpa 

0 6  

SUPPRESSION 
BY INJECTED 
INTERSTITIAL n 

SUPPRESSION 
BY SURFACE 
EFFECTS 

TLMPERATURL. OC 

FIGURE 6. Comparison o f  the steady-s ate swelling rates of Fe-25Ni-15Cr observed in E B R - I 1  and Ni+ ion 
irradiation experiments.(31 No coinjection of helium was involved in these experiments. Note 
the limited and much more temperature-dependent range of ion-induced swelling compared to that 
of neutron-induced swelling. 

Anpther conclusion can be drawn from this work. 
c F ' +  fraction is much larger (2 1 x lcF3) one would expect the helium suppression effect to become 
more pronounced, perhaps outweighing completely the gas stabilization role. 
impossible to examine any irradiated portion of the foil that is not dominated by such large syi+.lllj 
Gilbon, R've a and Levy reported recently on single ion and dual-ion studies of AIS1 316 using 0.5 MeV 
Ni+ ions.l277 Their results show that annealed AIS1 316 with no helium exhibits a relatively long 
transient regime ( 6 0  dpa) but that 10 appmldpa coinjection extended the transient regime by %20 dpa. 
The post-transient swelling rates were comparable, however. 

I n  those instances where the injected interstitial 

For 0.5 MeV Nit ions 't ' 8  

It i s  obvious that helium plays mare than one role i n  microstructural evolution, and that some effects of 
helium must cancel the influence of others. 
helium-generated interstitial role clearly does not. However, the indirect effects of helium on disloca- 
tion, loop and precipitate evolution probably increase at a wide range of rates, depending on the balance 
of other environmental and material parameters. While we cannot with certainty point to a clear example of 
helium acting in the single dominant role of injected interstitial, neither are we justified in ignoring it 
or selecting another role as being dominant. 
role can be as large or larger than that of all other mechanisms advanced to date. 
eration is the realization that ion irradiation experiments are already so perturbed by factors atypical of 
the neutron environment that the balance can easily be further shifted by another factor such as coinjected 
helium acting to generate extra interstitials. Thus we must accept the possibility that the often observed 
depression of ion-induced swelling by coinjected helium may in itself be an artifact of the simulation pro- 
cedure rather than representing a neutron-relevant phenomenon. 

Helium-as-stabilizer probably saturates quickly while the 

The calculations show that the helium-generated interstitial 
The important consid- 
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When helium i s  preinjected, the helium-generated interstitial mechanism i s  not expected to operate. 
helium will quickly find sinks such ds vacancies or dislocations, and vacancy equilibrium will be reestab- 
lished prior to the heginning of the ion bombardment. The total cavity and loop sink strength early in the 
irradiation ,dill be changed by preinjection, however, and may affect nucleation as a consequence. 
and coworkers assert t.hat for large levels of helium preinjection the cavity influence can become so 1 rge 
compared to that o f  dislocations that the post-transient swelling rate can also he strongly depressed.t4,5) 

The 

Mansur 

There i s  an interesting parallel between helium-generated int.erstitials operating on void nucleation and a 
quite similar role proposed for heliirm in the nucleation of Frank loops. Mansur and Coghlan suggested that 
one c n eqirence o f  coinjected helium would be enhanced loop nucleation i n  the very early stages o f  irradia- 
tion.P5? Trapping of hi.lium atoms by vacancies would free additiondl self-interstitials that would then 
auglnent loop nucleation. While Mansur and Coghlan did not specifically lahel this mechanism in terns of 
injected interstitials, it is directly analoqous i n  nature but opposite i n  consequence to the mechanism 
proposed i n  this paper for void nucleation. 

5.5 Conclusions 

Helium, when coinjected into ion-bombarded specimens, acts both i n  a gas-stabilization role and a s  a sup- 
pressor of void nucleation v i a  its icfluence as  a generator of an extra mobile interstitial. 
pounded with the influence of the bombarding i o n  used to create the hulk of the damage, large amounts of 
coinjected helium tend to act more as an inhibitor of void nucleation. 
minimum with temperature and increases whenever recombination or vacancy re-emission strongly reduces the 
net flow o f  vacancies to void embryos. 
transient regime, it is expected that the temperature regime of dual ion-induced sweliing will be much 
smaller at a given damage level than that obtained in neutron irraditions. The helium-as-inhibitor effect 
is also expected to be smaller in cold-worked specimens. 

When com- 

This inhibitor role exhibits a 

Since the rate of void nucleation determines the duration of the 
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7.0 Future Work 

This effort is complete. 

8.0 Publications 

This paper will be published in the Proceedings of the 12th International ASTM Conference on Effects of 
Radiation in Materials, ASTM STP 870, June 1984, Williamsburg, VA, F. A .  Garner and J. S .  Perrin, Eds.  
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SWELLING OF COMMERCIAL COPPER ALLOYS AND NiBe IRRADIATED IN FFTF 

H. I?. Brager and F.  A. Garner (Hanford Engineering Developlnent Laboratory) 

1 .o Objective 

The object of this effort is to provide data on the swelling of high conductivity alloys in response to 
high fluence fast reactor irradiation and thereby predict their behavior in anticipated fusion environ- 
ments. 

2.0 Summary 

The swelling of tensile specimens irradiated i n  the MOTA-IB experiment at %450"C has been measured 
using immersion density. The majority of these specimens were fabricated from various commercial copper 
alloys and exhibited volume changes ranging from -0.66% to 16.6% swelling. The latter was obtained in a 
copper-0.1% silver specimen that reached 16 dpa, implying a swelling rate of at least l%/dpa. 

3.0 Program 

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

4.0 Relevant DAFS Program Plan Task/Subtask 

Subtask Il.C.1, Effects of Material Parameters on Microstructure. 

5.0 Status and Accomplishments 

5.1 Introduction 

In an earlier report(]) it was noted that nine copper-base alloys in thirteen material conditions had 
been inserted into the MOTA-10 experiment for irradiation in FFTF at 4 5 O 0 C .  
also included. 
specimens do not include all of the alloy treatment conditions that are included in the TEM disks. 
first discharge of MOTA-15 has occurred with the average fluence in the 450OC capsule at '2.5 x loz2 n/cm2 
(E > 0.1 MeV). 
displacement threshold energy, it corresponds to 4 6  dpa. 
changes in density, using standard immersion density techniques. 

Ni-1.9Be and AIS1 316 were 
The experiment involved both TEM disks and miniature tensile specimens. The tensile 

The 

For stainless steel this exposure corresponds to *12 dpa, but for copper, which has a lower 
The tensile specimens have been measured for 

5.2 Results __ 

The measured changes in swelling of the miniature tensile specimens are given below: 
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TABLE I 

SWELLING OF VARIOUS COMMERCIAL COPPER ALLOYS, Ni-l.9Be AND AISI 116 IN MOTA-1B 
AT w a o c  AND 2.5 x 1 0 2 7  n/crn2 ( E  > 0.1 M ~ V )  

Alloy 
Cuj99.949% ) 

Condit inn 
Anne a 1 e d 

% Swellinq 
6.5 

Cu-0.1 Ag 20% CW 16.6% 
Cu-0.3 Ag-0.06 P-.09 Mq 20% c w  7.9 

CU-1.8 Ni-0.3 Be (B) Annealed R Aged ( A T )  0.79 

cu-7.0 Be ( 0 )  Annealed & Aged -0.66 

Cu-1.8 Ni-0.3 Be (A) 2WL CW R Aged (1/2 HT) 1.70 

Cu-2.0 Be ( A )  2Wk CW R Aged (1/2 H i )  -0.18 

Cu-0.9 Cr-0.1 Zr-0.05 Mg Aged & 90% CW 1.03 
Cu-0.25 A1203 20% cw 0.13 
Ni-1.9 Be Annealed & Aged -0.37 
AISI  316 (lot CN-13)* Annealed -0.70 

*Included as a standard reference material 

5 . 3  Discussion 

The 16.6% swelling observed in the 20% cold-worked Cu-0.1 Ag alloy represents a swelling rate 
l%/dpa which is comparable to that ohserved in pirre nickel and Fe-Ni-Cr simple ternary alloys.?2) Zone- 
refined copper i n  the annealed condition swelled only 6.5%. however, which is initially surprising since 
most solutes added to pure metals result in a reduction of swelling. 
known to he an exception, however. As shown in figure 1 ,  Makin found that the addition of 1% silver 
greatly suppresses the tendency of copper to saturate in swelling during electron irr diation at 25OPC.(3) 
Barlow also studied copper with 0.1 and 1.0 wt.% silver using electron 
0.1% alloy behaved like pure copper at all temperatures, hut the 1% Aa allov swelled at a hiaher rate than 

f at least 

The addition of silver to copper is 

He found that the 

pure copper at 150-250OC. I n  the range 350-450°C the swelling rate O F  the Plectron irradiated pure copper 
and copper +1% silver were the same. 

Since the influence of the solute silver was shown in HVEM studies to be dependent on its concentration, 
it is not surprising that the Cu-0.3 Ag-0.06 P-0.08 Mg alloy swelled in MOTA to a level intermediate t o  
that of pure copper and Cu-0.1% Ag. No data 
are available for phosphorus, hut the addition of  0.7% m nesium at 600°C led to a slight reduction in 

The phosphorus and mdgnesium probably also played a role. 

the swelling of copper irradiated with 150 KeV Cu+ i o n s .  731 

The data i n  Table 1 show that berylliuni i s  an effective suppressor of swelling in copper, particularly at 
the 2% level. Makin also showed in his electron irradiation st dies that the addition o f  1% beryllium at 
250°C resulted in a total suppression of swelling to 100 dpa.(3Y One clue to beryllium's effectiveness 
in suppressing swelling lies in the large densification observed in the C u - 2 %  Be alloy. 
density are usually associated with segregation and/or formation of ordered phases, particularly when sub- 
stantial solute-solvent misfit is involved. 

Beryllium additions were also shown to strongly enhance diffusion in copper during irradiation. (7) 

Such changes in 

Indeed, beryllium has a large negative misfit 
forms CuBe precipitates during i o n  irradiation o f  Cu-1.35 at % Be in the range o f  300-700°K. 

Nickel has a smaller misfit (-8%) and diffuse5 slower than does copper in Cu-Ni alloys.(7) 
tion was found to he inhibited by nickel additions during 4 

nickel additions could hoth increase or decrease swelling, depending o n  the irradiation temperature and 
nickel level. 
additions led tn a reduction hut not total suppression of swelling. 

Vo'd forma- 
5 MeV Ni+ irradiation at 40 C ( 8 1  In  elec- 

that tron irradiations of various copper-nickel alloys, Barlowi47'and ILeffers and coworkers(9 9" showed ' 

In the MOTA experiment, the combined effect of  1.8% nickel and small (0.3%) heryllium 
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I I I I I 
PURE COPPER 

1 5 t  # 

DISPLACEMENTS PER ATOM 

FIGURE 1. Swellil3)of Pure Copper and Copper ti% Silver During Irradiation With 1.0 MeV Elections at 
250°C. 

The most interesting swelling response in the MOTA experiment was that o f  Cu-0.25 Al2O3. Alumina addi- 
tions should be inert at this temperature and yet the swelling was reduced f r o m  the 6.5% level of pure 
copper to only 0.13%. 

Since the tensile specimens do not include the entire range o f  alloy conditions covered by the TEM disks, 
we cannot at this time make definitive statements about the effect o f  cold-work on swelling. 
sions must await the measurement of density changes in the TEM disks. 

Such conclu- 

Table I also shows that a substantial densification occurred in the strong and moderately conductive 
Ni-1.9 Be alloy irradiated in MOTA at 450°C. The suppression o f  sw lling in ion-irradiated nickel with 
beryllium additions has been demonstrated b several authors.(lO,llT Ordered precipitates of NiBe were 
also found to develop during 'rr diation.(lj) The swelling of pure nickel during fast neutron irradiation 
is covered in another report.ll2Y 

5.4 Conclusions 

Copper alloys have the potential for swelling at a rate of about l%/dpa during neutron irradiation at 
450°C. Zone-refined copper tends to swell to lower levels, however, and may he saturating at levels o f  
swelling which are at least as large as 8%. Additions of various alloying elements can delay or suppress 
swelling, hut the addition of silver tends to increase swelling, apparently by precluding the possibility 
of saturation. 
either charged particle or neutron irradiation is quite similar. 

6.0  

The data developed in this report show that the response of various copper alloys to 
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Future Work 

Density change data will continue to he generated on the ?EM disks. Tensile, resistivity measurements and 
electron microscopy examination will also he performed. 

8.0 Publications 
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TENSILE PROPERTY CHANGES OF COMMEKCIAL COPPER ALLOYS NEUTRON IRKADIATEU AT 450'C 

ti. L .  Heinisch and H. R. Brager (Hanford Engineering Development Laboratory) 

1 .O Objective 

The object of this effort is to provide data on the changes in mechanical properties of high conductivity 
alloys in response to high fluence fast reactor irradiation and thereby predict their behavior in antici- 
pated fusion environments. 

2.0 Summary 

Tensile tests were performed on miniature Specimens of high-purity copper and eight copper alloys that were 
irradiated t o % 1 6  dpa at+450°C in the MOTA experiment in FFTF. Tensile properties o f  these alloys 
were also examined after aging at 400°C for 1000 hours. 
Changes in tensile properties of most, but not all, of the irradiated alloys seem to be primarilv deDendent 
on thermal effects rather than the effect of atomic displacements. 

3.0 - Pro= 

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

4.0 

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

5.0 Accomplishments and Status 

5.1 Introduction 

~ 

The results of these tests are presented here. 

Relevant DAFS Program Plan Task/Subtask 

A series o f  representative commercial copper alloys is now being irradii d in the Materials Open 
Assembly (MOTA) in the Fast Flux Test Facilit 
occurred for specimens irradiated to 2.5 x nlcm ( E  > 0.1 MeV). This corresponds to s16 dpa 
in pure copper. 

(FFTFh. The first of four discharges of this exper 

Only data for one temperature, +450"C, is currently available. 

St 
ent has 

The alloys were irradiated in the form of miniature tensile specimens and standard microscopy disks, both 
of which were punched from the same sheet. While the disks will be used only for microscopy, the tensile 
specimens provide data on changes in density, electrical conductivity and tensile properties, all measured 
at room temperature. The copper specimens span four classes: pure metal, and solution-strengthened, 
precipitation-hardened and dispersion-strengthened alloys. 
are described in companion reports in this volume. The report on conductivity included a full description 
of the alloy compositions and starting conditions. Identical tensile specimens were also subjected to 
thermal aging at 400, 500, 600 and 700'C for 1000 hours and others are being aged to 10,000 and 30,000 
hours. 
effects of temperature and irradiation. 

5.2 Measurements and Results 

Miniature tensile specimens nominally 1.27 cm long by 0.25 cm wide (0.5 x 0.1 inch) were punched from 
sheets of about 0.025 cm (10 mils) thickness. The widths and thicknesses of the gauge sections of all 
non-irradiated specimens were measured prior to testing. The thicknesses of the irradiated specimens were 
measured, but their widths were assumed to he the average of  the unirradiated specimens of the same type 
(which had only about 2% variation). 

All specimens were tested in the mini-tensile frame especially designed for that purp0se.l 
are shown in Table 1. The yield stress, ultimate tensile strength, uniform elongation and total elongation 
(elastic plus plastic) were determined from plots of load versus deflection. The values in Table 1 are for 
one specinien only for each condition. Control specimens of 304 stainless steel were tested intermittently, 
giving yield and ultimate strength values within an established two-sigma control band of +6%. 

The electrical conductivity and density changes 

Those specimens aged at 400'C for 1000 hours have been examined in order to partially separate the 

The results 
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The i r r a d i a t e d  speci inens were l l ledsured and t e s t e d  b e h i n d  l e a d  body s h i e l d i n g ,  u s i n g  l o n g  tweezers .  The 
h o t t e s t  specimens, t h o s e  c o n t a i n i n g  N i  and Be, measured up t o  300 mR/hr a t  c o n t a c t ,  w h i l e  t h e  o t h e r s  were 
f a c t o r s  o f  10 t o  20 below t h a t .  Speciinens f r o m  t h e  h i g h e r  f l u e n c e  FFTF i r r a d i a t i o n s  now i n  p r o g r e s s  w i l l  
b e  t e s t e d  i n  a h o t  c e l l ,  a s i t u d t i o n  f o r  wh i ch  t h e  m i n i - t e n s i l e  f r ame  was s p e c i f i c a l l y  des igned.  

A l l  t h e  a l l o y s  showed a r e d u c t i o n  i n  s t r e n g t h  a f t e r  i r r a d i a t i o n  o r  ag ing .  
t h e  d i f f e r e n c e s  between t h e  s t r e n g t h s  o f  aged and i r r a d i a t e d  specimens were snia11. 
changes d u r i n g  i r r a d i a t i o n  were a p p a r e n t l y  aue p r i m a r i l y  t o  t he rma l  e f f e c t s  r a t h e r  t h a n  d i sp lacemen t  damage. 

However, f o r  most of t h e  a l l o y s ,  
F o r  t h e s e  a l l o y s  t h e  

6 . 0 k f e r e n c e s  

I .  ti. F .  Panayotou, R .  J .  Pu igh  and E .  K.  flpperman, " M i n i a t u r e  Specimen T e n s i l e  Data  f o r  H igh  Energy 
Neu t ron  Source Exper iments ,"  .I. Wuucl. r l a t . ,  103 & 104, 1 5 2 3  ( 1 9 8 1 ) .  

7.0 F u t u r e  Work 

2 e l a t i o n s h i p s  between t h e  changes i n  d e n s i t y ,  e l e c t r i c a l  c o n d u c t i v i t y  and t e n s i l e  p r o p e r t i e s  o f  t h e s e  
a l l o y s  due t o  i r r a d i a t i o n  and t h e r m a l  e f f e c t s  a r e  b e i n g  i n v e s t i g a t e d .  
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C O N D U C T I V I T Y  CHANGES I N  N E U T R O N- I R R A D I A T E D  C O M M E R C I A L  COPPER ALLOYS AT %450"C 

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

1.0 Ob jec t i ve  

The ob jec t  of t h i s  e f f o r t  i s  t o  determine t he  response o f  h i gh- conduc t i v i t y  h igh- s t rength  copper a l l o y s  t o  
h igh  f luence neutron i r r a d i a t i o n .  

2.0 Sumnary 

The e l e c t r i c a l  c o n d u c t i v i t y  changes induced i n  n i ne  copper-base a l l o y s  dur ing  i r r a d i a t i o n  a t  450°C i p  FFTF 
have been measured. 
e l e c t r i c a l  conduc t i v i t y ,  w h i l e  those t h a t  do n o t  con ta i n  b e r y l l i u m  e x h i b i t  a decrease i n  conduc t i v i t y .  The 
change i n  c o n d u c t i v i t y  appears t o  c o r r e l a t e  w i t h  the  o r i g i n a l  c o n d u c t i v i t y  o f  the  a l l o y .  

~ 

A l loys  which con ta i n  b e r y l l i u m  a s  one o f  t h e i r  cons t i t uen t s  e x h i b i t  an increase i n  

3.0 Program 

T i t l e :  I r r a d i a t i o n  E f fec ts  Analys is  (AKJ) 
P r i n c i p a l  I nves t i ga to r :  D. G. Uoran 
A f f i l i a t i o n :  Hanford Engineering Development Laboratory 

4.0 Relevant DAFS Program P l a n  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 ic ros t ruc tu re .  

5.0 Accomplishments and Status 

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

I n  an e a r l i e r  r e p o r t ( 1 )  i t  w a s  noted t h a t  a se r i es  o f  commercial copper a l l o y s  were i n s e r t e d  i n t o  t he  
MOTA i r r a d i a t i o n  experiment i n  FFTF a t  t he  lowest temperature ava i lab le ,  %450°C. The f i r s t  d ischarge a t  
2.5 x 1022 n cm-2 ( E  > 0.1 MeV) corresponds t o  a displacement dose of ,~15 dpa f o r  copper. 
ments o f  room temperature c o n d u c t i v i t y  have been made on m in ia tu re  t e n s i l e  specimens bo th  p r i o r  t o  and 
a f t e r  i r r a d i a t i o n  us ing  a f ou r - po in t  r e s i s t i v i t y  measuring device. 

5.2 Resul ts  and Discussion 

Table 1 shows t he  r e s i s t i v i t y  measurements obta ined p r i o r  t o  and a f t e r  the  i r r a d i a t i o n .  F igure  1 demon- 
s t r a t e s  t h a t  t he  c o n d u c t i v i t y  changes can be p o s i t i v e  o r  negat ive  b u t  t h a t  t he  percentage change i n  
c o n d u c t i v i t y  appears t o  be r e l a t e d  t o  t he  o r i g i n a l  c o n d u c t i v i t y  o f  t he  u n i r r a d i a t e d  a l l o y .  

Another p o i n t  t o  n o t i c e  i s  t h a t  t he  p o s i t i v e  changes i n  c o n d u c t i v i t y  are a l l  associated w i t h  h i g h l y  p re-  
c i p i t a t i on- ha rdened  a l l o y s  con ta in ing  bery l l i um.  
Cu-1.8 Ni-0.3 Be had changes of 14-17%. 
b e r y l l i u m  content ,  a t  l e a s t  i n  t he  presence o f  n i c k e l .  It i s  a n t i c i p a t e d  t h a t  t he  t e n s i l e  p rope r t i es  o f  
these specimens w i l l  show some reduc t ion  of a l l o y  s t r eng th  due t o  a r e d i s t r i b u t i o n  i n  s i z e  and concentra-  
t i o n  o f  second phase p a r t i c l e s .  

5.0 References 

Measure- 

Cu-2.0 Be a l l o y s  had changes o f  58-61% w h i l e  t he  
This imp l ies  t h a t  t h e  rad ia t ion- induced change i s  n o t  l i n e a r  w i t h  

(1)  H. R .  Brager and F. A. Garner, " i r r a d i a t i o n  of Copper A l l oys  i n  FFTF," DAFS Q u a r t e r l y  Progress Report 
UOE/ER-0045/17, May 1984, 133.  

7.0 Future Work 

Tens i l e  t e s t s  on these specimens w i l l  cont inue.  Examination o f  i r r a d i a t e d  TEM d i sks  by e l e c t r o n  micro-  
scopy w i l l  a l so  proceed. Add i t i ona l  da ta  w i l l  a l so  be a v a i l a b l e  a t  several  h igher  f luence l eve l s .  

8.0 Pub l i ca t i ons  

None 
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TABLE 1 

C O N D U C T I V I T Y  MEASUREMENTS ON COPPER ALLOYS 

E l e c t r i c a l  C o n d u c t i v i t y  
(% I A C S  @ 20°C) 

Post- 
Composit ion Cond i t ion*  P r e i r r a d i a t i o n  I r r a d i a t i o n  Mate r i  a1 

cu cu (99.99%) cw in1 86 

Cu Ag Cu - 0.1 Ag cw 97 77 

Cu Ag P cu - 0.03 Ag - 0.06 P - 
0.08 M g  CWA qfi R O  

A1-25 cu - 0.25 ~ 1 2 0 3  cw 84 73 

M Z C  Cu - 0.9 C r  - 0.1 2 r -  
0.05 Mg CWA 83 77 

Cu Be N i  Cu - 1.8 N i  - 0.3 Be CWA (1 /2 HT) 74 84 

Cu Be N i  Cu - 1.8 N i  - 0.3 Be S A A  (AT) fi1 71 

Cu Be cu - 2.0 Be CWA (1 /2  HT)  18 29  

Cu Be Cu - 2.0 Be SAA (AT) 20 37 

*CW = c o l d  worked, CWA = c o l d  worked and aged, SAA = s o l u t i o n  annealed and aqed, 1 /2 HT and A T  are 
i n d u s t r y  d e s i g n a t i o n s  f o r  " ha l f - hard  and tempered" and "annealed and tempered," r e s p e c t i v e l y .  

I I I I I I I 

ELECTRICAL CONDUCTIVITY OF UNIRRADIATED ALLOY IIACS, %I 

F i g u r e  1 .  C o n d u c t i v i t y  Changes Observed i n  Copper Alloys A f t e r  I r r a d i a t i o n  t o  16 dpa i n  FFTF a t  ~450'C. 
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WELLIIUC OF BERYLLIUM 

W . t i .  Wo l fe r  ( U n i v e r s i t y  o f  Wisconsin-Madison) and T.J. M c C a r v i l l e  (TRW, Energy Development Group) 

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

B e r y l l i u m  i s  cons ide red  as a p o s s i b l e  m a t e r i a l  f o r  l i m i t e r s  i n  JET as w e l l  as f u t u r e  f u s i o n  r e a c t o r s .  A C -  
c o r d i n g l y ,  i t  i s  o f  i n t e r e s t  t o  assess the  r a d i a t i o n - i n d u c e d  s w e l l i n g  and the  predominant  mechanism f o r  i t. 

2.0 Summary 

A comparison o f  the d i s p l a c e v e n t  r a t e  and the he l i um p r o d u c t i o n  r a t e  produced i n  b e r y l l i u m  by 14 MeV 
neu t rons  shows t h a t  t he  h e l i u m  p r o d u c t i o n  r a t e  i s  t he  predominant  mechanism f o r  s w e l l i n g .  A s imp le  model i s  
deve loped which rep roduces  the  da ta  f o r  s w e l l i n g  produced i n  f i s s i o n  r e a c t o r s .  

3.0 Progrdm 

T i t l e :  E f f e c t s  o f  R a d i a t i o n  and High Hea t  F l u x  on t h e  Performance o f  F i r s t - W a l l  Components 
P r i n c i p a l  I n v e s t i g a t o r :  W . G .  Wolfer 

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

Task I I .C .17  M i c r o s t r u c t u r a l  C h a r a c t e r i z a t i o n  
Subtdsk I I .R . 2 . 3  C o r r e l a t i o n  Methodology 

5.0 Accompl ishments and S t a t u s  

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

B e r y l l i u m  and g r a p h i t e  a r e  two l e a d i n g  c a n d i d a t e s  f o r  l i m i t e r  m a t e r i a l s  i n  immedia te  c o n t a c t  w i t h  the  plasma 
i n  tokamak dev i ces .  I n  f a c t ,  r e c e n t  expe r imen ts  on the  I S X - a  d e v i c e  w i t h  a b e r y l l i u m  l i m i t e r  demons t ra ted  
t h e  s u i t a b i l i t y  o f  t h i s  m a t e r i a l ,  and i t  i s  t h e r e f o r e  b e i n g  c o n s i d e r e d  a l s o  f o r  use i n  t h e  JET dev i ce .  
B e r y l l i u m  has the  l o w e s t  a tom ic  number o f  any me ta l  s u i t a b l e  f o r  s t r u c t u r a l  a p p l i c a t i o n ,  and i t s  presence i n  
the  plasma as an i m p u r i t y  m in im izes  the  Bremsst rah lung l osses .  

Wi th  r e g a r d  t o  f u t u r e  f u s i o n  r e a c t o r s ,  i t s  p o t e n t i a l  use depends c r i t i c a l l y  on i t s  r a d i a t i o n  r e s i s t a n c e  t o  
f a s t  neu t rons .  Because o f  i t s  l a r g e  c ross  s e c t i o n  f o r  t he  (n,Zn) r e a c t i o n  w i t h  the a s s o c i a t e d  h e l i u m  p ro-  
d u c t i o n ,  and because o f  t he  h i g h  PKA energy c r e a t e d  by t h e  14 MeV neu t rons ,  s w e l l i n g  i s  o f  major  concern.  

A t  t he  p r e s e n t  t ime ,  no d a t a  on the  e f f e c t s  o f  f a s t  neu t ron ,  h i g h - f l u e n c e  i r r a d i a t i o n  on t h e  d imens iona l  
changes o f  b e r y l l i u m  e x i s t s .  However, da ta  on b e r y l l i u m  specimens i r r a d i a t e d  i n  b o t h  t h e  ETR and ATR have 

been r e p o r t e d  by Beeston and coworkers.',' 

up t o  abou t  3.5 x 10'' n/cm2 ( E  > 1 MeV), and some were subsequent ly  annealed t o  h i g h e r  t empera tu res  t o  
s tudy  the  f o r m a t i o n  o f  h e l i u m  bubb les .  These data  p r o v i d e  an  i m p o r t a n t  source of i n f o r m a t i o n  t o  t e s t  t h e  
models o f  r a d i a t i o n - i n d u c e d  d imens iona l  changes i n  b e r y l l i u m  wh ich  were deve loped d u r i n g  the  course of t h i s  
s tudy .  However, i t  i s  i m p o r t a n t  t o  f i r s t  d i s c u s s  some b a s i c  aspec ts  o f  d i f f u s i o n ,  d i sp lacemen t  damage, 
he1 i um p r o d u c t i o n ,  and r a d i  a ti o n- i  nduced d imens iona l  change s .  

The specimens i n  ETK were i r r a d i a t e d  a t  abou t  1OO 'C  t o  f l uences  
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Since b e r y l l i u m  i s  an an i so t rop i c  metal w i t h  a hexagonal closed-packed c r y s t a l  s t ruc tu re ,  the f o l l ow ing  
dimensional changes can be produced by neutron i r r a d i a t i o n :  

a) vo id  swe l l ing .  
b )  bubble swe l l ing ,  
c )  an i so t rop i c  o r  i r r a d i a t i o n  growth, 
d) i r r a d i a t i o n  creep, 
e) microcrack format ion.  

Void swe l l ing  has been observed t o  occur i n  most metals sub jec t  t o  fast- neutron i r r a d i a t i o n  a t  e leva ted  
temperatures. Two cond i t ions  must, i n  general,  be met f o r  vo id  swe l l i ng  t o  occur. F i r s t ,  the i r r a d i a t i o n  
temperature r u s t  be h igher than the temperature f o r  vacancy m ig ra t i on  b u t  lower than the temperature f o r  
s i g n i f i c a n t  s e l f - d i f f u s i o n .  Second. the r a t i o  o f  Heldpa must be small o r  e lse  swe l l i ng  w i l l  be gas-driven 
( i . e , ,  bubble swe l l i ng  w i l l  be the dominant mechanism f o r  swe l l ing  a t  h igh Heldpa r a t i o s ) .  

During vo id  swel l ing,  s e l f - i n t e r s t i t i a l s  form d i s l o c a t i o n  loops o r  a re  absorbed a t  edge d i s l oca t i ons .  
the  d i s l o c a t i o n  loops and the edge d i s l oca t i ons  have a p re fe r red  c r ys ta l l og raph i c  o r i e n t a t i o n .  as expected 
fo r  an i so t rop i c  metals such as bery l l i um.  vo id  swe l l ing  i s  accompanied by an i so t rop i c  growth o r  i r r a d i a t i o n  
growth. The l a t t e r  may even occur i n  the absence of vo id  format ion i f  vacancies are absorbed p r e f e r e n t i a l l y  
a t  d i s l oca t i ons  w i t h  Burgers vectors o f  d i f f e r e n t  o r i e n t a t i o n  than those f o r  d i s l oca t i ons  which capture 
s e l f - i n t e r s t i t i a l s .  An iso t rop ic  growth i n  p o l y c r y s t a l l i n e  m t e r i a l s  w i l l  even tua l l y  lead t o  microcrack 
formation, and hence, swel l ing.  A t  the same time, the f r ac tu re  s t reng th  w i l l  be reduced. 

I f  

Radiation-enhanced creep requ i res  displacement damage, and i t  increases w i t h  the void swe l l i ng  ra te .  

For an assessment o f  a l l  these dimensional changes, three processes are o f  c r u c i a l  importance: the vacancy 
d i f f u s i o n  ra te ,  the displacement ra te ,  and the hel ium product ion ra te .  
product ion r a t e  i n  b e r y l l i u m  dominates a l l  o ther  considerat ions.  

I t  might  be expected t h a t  the hel ium 

5.2 D i f f us i on  Proper t ies  o f  Bery l l ium 

S e l f - d i f f u s i o n  data i n  pure metals have recen t l y  been reviewed by P e t e r ~ o n . ~  
the C-axis i n  Be 

For s e l f - d i f f u s i o n  p a r a l l e l  t o  

2 D y  = 0.62 exp(-1.71 eVIkT1 cm 1 s  . 
and perpendicular  t o  the C-axis, 

2 Dl = 0.52 exp(-1.63 eV/kT) cm Is . 
I n  comparison t o  the me l t i ng  p o i n t  o f  Be, T, = 1550 K, the a c t i v a t i o n  energies for s e l f - d i f f u s i o n  are low. 
For example, the a c t i v a t i o n  energy f o r  n i c k e l  i s  2.8 eV, so t h a t  a t  about h a l f  o f  i t s  me l t i ng  p o i n t  o r  a t  
873 K, the s e l f - d i f f u s i o n  c o e f f i c i e n t  i s  equal t o  2.2 x 

2 and D L  = 1.03 x 
comes a s i g n i f i c a n t  process i n  Be a t  about 250°C. 

cm2/s. 

A s  a r e s u l t  of the low a c t i v a t i o n  energy, s e l f - d i f f u s i o n  be- 

In comparison. DI - 2.1 x cm2/s 

cm 1 s  i n  Be a t  523 K. 

5.3 Displacement and Helium Production Rates 

The energy of primary r e c o i l  atoms (PKAI produced i n  b e r y l l i u m  by f a s t  neutrons i s  l a rge  compared t o  other  
metals as a r e s u l t  o f  the small atomic weight. AS seen from Table 1, the average primary r e c o i l  energy pro-  
duced by 1 MeV and 14 MeV neutrons i s  0.18 MeV and 2.52 MeV, r espec t i ve l y .  For these h igh  PKA energies, the 
e l e c t r o n i c  s topping power i s  dominant f o r  bery l l i um,  which r e s u l t s  i n  the very l o w  damage e f f i c i e n c i e s  shown 
i n  the t h i r d  column of Table 1. The number o f  displacements were obta ined by es t imat ing  the displacement 
energy from the empi r i ca l  r e l a t i o n s h i p  Ed 2 150 kgTm, where kg  i s  the Boltzmann constant  i n  eV, and T, i s  

the inel t ing po in t .  

neutrons w i t h  b e r y l l i u m  i s  about 1 barn and 2.5 barn f o r  1 MeV and 14 MeV neutrons, r espec t i ve l y .  

For bery l l i um,  t h i s  est imate g ives Ed = 19 eV. The e l a s t i c  sca t t e r i ng  cross sec t ion  of 
As a 
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TABLE 1 

DISPLACEMENTS I N  BERYLLIUM 

Neut ron Energy (MeV) Average P r imary  R e c o i l  Energy (MeV) Damage E f f i c i e n c y  Number o f  D i sp lacemen ts  

1 0.18 0.075 355 

14 2.52 0,010 663 

r e s u l t ,  a neu t ron  f l u e n c e  o f  I O z 2  nlcm' (E = 1 MeV) produces abou t  3.5 dpa, whereas a f u s i o n  f l u e n c e  o f  10'' 

n/cm2 (E = 14 MeV) generates  abou t  16 .6  dpa. 

The p r o d u c t i o n  r a t e  o f  h e l i u m  i n  the  ATR and ETR was e s t i m a t e d  by Beeston'  t o  be abou t  4700 appm He pe r  10" 

n/cm2 ( E  > 1 MeV). 
where dpan i n d i c a t e s  t h a t  o n l y  d i sp lacemen ts  by neu t rons  and e x c l u d i n g  those by t h e  decay o f  t he  nuc leus  a r e  
taken i n t o  account .  

Hence i n  these f i s s i o n  r e a c t o r s ,  t h e  Heldpa r a t i o  i s  on the o r d e r  o f  1300 appm Heldpan, 

I n  t he  b e r y l l i u m  moderated f u s i o n  b reeder  b l a n k e t ,  Beeston' e s t i m a t e s  the  h e l i u m  p r o d u c t i o n  r a t e  t o  be i n  

the range o f  5500-7000 appm p e r  10" n/cm2 ( E  > 1 MeV). The h i g h e r  va lue  cor responds t o  the  f r o n t  o f  t h e  
b l a n k e t  where the  neu t ron  spectrum i s  f a s t e r .  
l y  g r e a t e r  than 420 t le ldpan i n  t he  f r o n t  of t he  b l a n k e t  (where the  n e u t r o n  spectrum i s  f a s t e s t ,  b u t  n o t  14 
MeV) and somewhat l e s s  than 1570 Heldpan i n  t h e  back o f  t he  b l a n k e t  (where the  u n c o l l i d e d  f u s i o n  source 
s t r e n g t h  i s  l o w ) .  

I n  t h i s  case, t he  Heldpa r a t i o  i s  expected t o  be s u b s t a n t i a l -  

To p u t  these h e l i u m  p r o d u c t i o n  and d i sp lacemen t  r a t e s  i n  p rope r  p e r s p e c t i v e ,  we n o t e  t h a t  h e l i u m  i o n  implan-  

t a t i o n  f o r  b l i s t e r i n g  s t u d i e s  r e s u l t s  i n  a r a t i o  o f  abou t  1000 appm H ~ I d p a . ~  As these s t u d i e s  have shown, 
s w e l l i n g  i n  t h i s  regime i s  dominated by gas- d r i ven  o r  bubb le  s w e l l i n g  f o r  a l l  i r r a d i a t i o n  tempera tu res .  We 
conc lude,  t h e r e f o r e ,  t h a t  t he  predominant  damage mechanism i n  b o t h  f i s s i o n  and f u s i o n  n e u t r o n  i r r a d i a t i o n s  
o f  Be i s  h e l i u m  bubb le  s w e l l i n g .  A l l  o t h e r  processes ment ioned above w i l l  p l a y  a minor  r o l e  i n  d e t e r m i n i n g  
the  r a d i a t i o n  l i f e t i m e  o f  b e r y l l i u m  components i n  f u s i o n  r e a c t o r s .  

5 .4  Hel ium Bubble S w e l l i n g  o f  Neut ron I r r a d i a t e d  B e r y l l i u m  

The f o r m a t i o n  and g rowth  o f  h e l i u m  bubb les  i n  me ta l s  can take  p l a c e  by b o t h  a thermal  and the rma l  processes,  
depending on the  i r r a d i a t i o n  temperature .  When s e l f - d i f f u s i o n  i s  i n s i g n i f i c a n t .  t he  g rowth  proceeds by t h e  
e m i s s i o n  o f  s e l f - i n t e r s t i t i a l s  which remained t rapped  near  t he  bubble ,  o r  by the  punch ing o f  i n t e r s t i t i a l  
l oops .  Fo r  b o t h  cases t h e r e  e x i s t s  a p ressu re  i n  the  bubble  which g r e a t l y  exceeds the  bubb le  e q u i l i b r i u m  
p ressu re  o f  2 rlr, where r i s  t he  bubble  r a d i u s  and Y t he  sur face energy.  
i n  t he  bubble  remains n e a r l y  equa l  t o  t he  s o l i d  pack ing  d e n s i t y ,  and s w e l l i n g  i s  s imp ly  equal  t o  

I n  f a c t ,  t he  h e l i u m  d e n s i t y  w i t h -  

where n i s  t he  a tom ic  volume O f  t h e  h o s t  me ta l ,  V H ~  i s  t he  mo la r  volume o f  d i s s o l v e d  he l i um,  and CHe i s  t he  
a tom ic  f r a c t i o n  o f  he l i um.  

E q u a t i o n  (1) has been f i t t e d  t o  the  s w e l l i n g  da ta  r e p o r t e d  by Beeston' f o r  b e r y l l i u m  i r r a d i a t e d  a t  abou t  
lOO'C, w i t h  the r e s u l t  t h a t  
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( % )  = 10.52 * 0.231+t , 5 ( 2 )  

where p t  i s  i n  u n i t s  o f  10" n/cm2 ( E  > 1 MeV). 
produced, so t h a t  Eq. ( 2 )  can a l s o  be w r i t t e n  

Per u n i t  o f  t h i s  f luence,  about  0.9 a t . %  o f  he l ium i s  

( X 1  = 10.58 * 0.251CHe(at.%) . (31 v;; 
T h i s  equat ion i m p l i e s  a molar volume o f  he l ium i n  Be o f  

V H ~  = C0.58 * 0.25162 (41 

which i s  i n  e x c e l l e n t  ayreement w i t h  the value of 0.62 ob ta ined  from computer s i m u l a t i o n  s t u d i e s  o f  he l ium 

c l u s t e r s  i n  Cu by Baskes and Holbrook.' 
t u r e s  $ 250°C based on the arguments g iven above on s e l f - d i f f u s i o n .  

Equat ion (31 i s  expected t o  be a p p l i c a b l e  f o r  i r r a d i a t i o n  tempera- 

A t  h igher  temperatures s e l f - d i f f u s i o n  a l lows  bubbles t o  grow by absorp t ion  o f  thermal vacancies. I n  t h i s  
case. the bubble pressure remains c lose  t o  the e q u i l i b r i u m  pressure  

P = 2 r/r . 
If t h i s  equat ion i s  m u l t i p l i e d  by the  bubble f r a c t i o n a l  volume then the  l e f t  hand s ide becomes equal t o  

CHekT i f  an i d e a l  gas law i s  assumed. 

where N i s  the  bubble dens i t y ,  we o b t a i n  

Since the bubble volume can a l s o  be w r i t t e n  as A V / V o  = (4v/3)Nr3, 

Beeston2 has exper imenta l l y  determined the  bubble d e n s i t y  i n  p o s t - i r r a d i a t i o n  annealed b e r y l l i u m  samples. 
For samples i r r a d i a t e d  a t  about 100°C no v i s i b l e  bubbles were found u n t i l  the anneal ing temperatures ex-  
ceeded 300°C. which i s  c lose  t o  the  est imated temperature where s e l f - d i f f u s i o n  becomes impor tan t .  

The measured bubble d e n s i t i e s  f o r  anneal ing temperatures between 400'C and 600'C are g iven by the  e m p i r i c a l  
equa t ion  

N = 1.4 x 1014 exp(0.41 eV/kT) cm-3 . ( 6 )  

The r e p o r t e d  measurements o f  the  sur face energy Y of b e r y l l i u m  a r e  1 J/m2,6 and 1.6 J/m2.' 

l i s t  a va lue of 2 J/m2, which would be i n  b e t t e r  agreement w i t h  e m p i r i c a l  c o r r e l a t i o n s  based upon m e l t i n g  
temperature and cohesive energy. 

However, Mu i re  

Accord ing ly  , 
Eqs. ( 5 )  and 
(3). Hence, 

bubble s w e l l i n g  p r e d i c t i o n s  were made f o r  sur face energy va lues o f  1 J/m2 and 2 J/m2 by us ing  
(6). A t  low temperatures. Eq. (51 p r e d i c t s  s w e l l i n g  va lues below the  values ob ta ined  w i t h  Eq. 
i t  i s  assumed t h a t  the ac tua l  bubble s w e l l i n g  i s  determined by whichever equa t ion  p rov ides  the 

l a r g e s t  value. 
t i v e l y .  
the est imated he1 i um concen t ra t ions .  

The r e s u l t s  a re  shown i n  F igures  1 and 2 f o r  a surface energy o f  1 J/m2 and 2 Jim2, respec-  
Measured s w e l l i n g  values f o r  the annealed samples are a l s o  i n d i c a t e d  i n  these f i g u r e s  toge ther  w i t h  

I t  i s  seen t h a t  b e t t e r  agreement between the t h e o r e t i c a l  p r e d i c t i o n s  and the  measured data i s  ob ta ined  when 

a value o f  2 J/m2 i s  assumed f o r  the sur face energy o f  b e r y l l i u m .  
temperature where e q u i l i b r i u m  bubble s w e l l i n g  becomes equal t o  the  " s o l i d  hel ium" s w e l l i n g  s h i f t s  t o  lower  
values w i t h  the increase i n  the hel ium concen t ra t ion .  

It i s  a l s o  found t h a t  the  t r a n s i t i o n  
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BASIC RADIATION FZFECTS RESEARCH AT OAK R I D G E  NATIONAL LARORATORY 

L. K. mmur (Oak Ridge National  Laboratory)  

The basic r a d i a t i o n  e f f e c t s  program a t  Oak Ridge National  Laboratory is a l a r g e  e f f o r t  with the d u a l  objec- 
t i v e s  of understanding the  atomic and m i c r o s t r u c t u r a l  d e f e c t  mechanisms underlyinq r a d i a t i o n  e f f e c t s ,  and of 
determining p r i n c i p l e s  f o r  the design of r a d i a t i o n  r e s i s t a n t  m a t e r i a l s .  This program is sponsored by the 
Divis ion of M a t e r i a l s  s c i e n c e s  of the U.S. Department of m e r g y .  A s t r e n g t h  of t h i s  e f f o r t  is the para l l e l  
and i n t e g r a t e d  t h e o r e t i c a l  and experimental  approach t o  each major research  area. The experimental  e f f o r t  
i s  a c t i v e  i n  a n a l y t i c a l  e l e c t r o n  microscopy, ion i r r a d i a t i o n s  and ion  beam techniques ,  lreutron i r r a -  
d i a t i o n s ,  s u r f a c e  a n a l y s i s ,  mechanical t e s t i n g  and o t h e r  areas. The t h e o r e t i c a l  e f f o r t  is a c t i v e  i n  deve- 
lop ing  the theory  of r a d i a t i o n  e f f e c t s  based on d e f e c t  mechanisms f o r  a broad range of phenomena, and i n  
applying it t o  the des ign  and i n t e r p r e t a t i o n  of experiments  as well as t o  allay design.  

Because of the importance and r e l a t i v e  l ack  of mechanist ic  understandinq of a n t i c i p a t e d  m a t e r i a l s  problems 
i n  fus ion  r e a c t o r s ,  a s i g n i f i c a n t  f r a c t i o n  of this r e s e a r c h  addresses  the s p e c i a l  c h a r a c t e r i s t i c s ,  
m a t e r i a l s ,  and phenomena t o  be encountered there. The program i n t e r a c t s  with the Alloy Development for 
I r r a d i a t i o n  Performance and the Damage Analysis  and Fundamental S t u d i e s  programs of the o f f i c e  of m s i o n  
Energy. 

Aspects of the work i n  Which s i g n i f i c a n t  p rogress  has been made r e c e n t l y  are i n  the  mechanisms of helium 
i n t e r a c t i o n  with s w e l l i n g  and i n  r e l a t e d  mechanisms of s w e l l i n g  v a r i a t i o n  with a l l o y  type and composition. 
The fol lowing c o n t r i b u t i o n s  d e s c r i b e  t w o  research  e f f o r t s  i n  this area. 
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FXPERIMENTAL DETERMINATION OF THE CRITICAI.  C A V I T Y  RADIIIS 

1.. I,. Horton and I.. K. Mansur, Metals and Ceramics Div i s ion  (Oak Ridge Nat lona l  I a h o r a t o r y l  

IN FE-10% CI FOR I O N  IRHADIATION* 

Abs t rac t  ~- 1.0 

An I o n  bombardment experiment was desrqned t u  i n v e s t i g a t e  the m i n i m u m  c i l t l c a l  radius, for the f e r r i t i c  
a l l o y  Fe-10% cr. Specimens were implanted w i t h  300 appm Helium, annealed,  and then i r r a d i a t e d  t o  30 dpa a t  
8 5 0 ~  with 4 Mev ~ e + +  ions .  The specimens contained a bimodal c a v i t y  d i s t r i b u t i o n  c o n s i s t i n g  of a popula t ion  
of larger C a v i t i e s  (average  r a d i u s  7.6 nm) and a popula t ion  of smal le r  c a v i t i e s  ( ave rage  r a d i u s  1.2 n m l .  
The upper Cut-Off of the c a v i t y  r a d i i  f o r  t h e  smaller Cavities, 2.5 nm, is i n t e r p r e t e d  a5 .E'. 
c a l c u l a t i o n s  of rg* f o r  p h y s i c a l l y  a l lowable combinations of b i a s ,  surface enerqy,  vacancy migra t ion  energy,  
and vacancy formation energy and en t ropy  bere performed usinq the measured minimum c r i t i c a l  r a d i u s  and 
m i c r o s t r u c t u r a l  d a t a .  Thus, an e s t i m a t i o n  of these fundamental parameters  was made f o r  t h i s  a l l o y .  The 
r e s u l t s  Suggest t h a t  a bias of -0 .2  i s  reasonable .  An assessment  of the possible values of the o t h e r  fu.1- 
damental parameters is given.  
which r e s u l t s  i n  the r a t i o  of the  d i s l o c a t i o n  and Cavi ty  s i n k  s t r e n q t h s ,  0,  being much less than u n i t y ,  may 
be p a r t i a l l y  r e s p o n s i b l e  fo r  the l o w  c a v i t y  growth r a t e  i n  this a l l o y .  

.E', 

T h e o r e t i c a l  

In a d d i t i o n ,  the low i r r a d i a t i o n- i n d u c e d  d i s l o c a t i o n  d e n s i t y  ( 1 ~ 1 0 ~ ~  rn- ' l ,  

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

An important  parameter  i n  t h e  c a v i t y  growth process i n  the r a d i u s  above which the c a v i t y  e x h i b i t s  bias- 
driven growth. When b ias- dr iven  growth _curs ,  large values  for the c a v i t a t i o n a l  swelling can r e s u l t .  The 
value for  the c a v i t y  radrus  above which b ias- dr iven  growth occurs i s  r e f e r r e d  t o  as the c r i t L c a l  Cavl ty  
r a d i u s .  A development of the e q u a t i o n s  for  the cr i t ica l  c a v i t y  r a d i u s  and r e l a t e d  concep ts ,  as w e l l  as a 
review of p rev ious  work i n  the area, is given in Reference 1 .  C a l c u l a t i o n s  of this type have demonstrated 
t h a t  the c r i t i ca l  c a v i t y  r a d i u s  is s e n s i t i v e  t o  many exper imenta l  parameters ,  i n c l u d i n g  dose rate2,  irra- 
d i a t i o n  t e m p e r a t u r e 2 r 3 ,  d i s l o c a t i o n  d e n s i t y 4  and the gas pressure with in  t h e  c a v i t y .  
p a r t i c u l a r l y  i n t e r e s t i n q  e f f e c t .  
r a d i u s  decreases .  
c r i t i c a l  value, the c r i t i c a l  r a d i u s  e f f e c t i v e l y  d i sappears  and  b ias- dr iven  c a v i t y  growth occurs r e g a r d l e s s  
of the c a v i t y  rad ius .  The s i z e  for which the c r i t i c a l  r a d i u s  d i s a p p e a r s  upon t h e  a d d i t i o n  of more gas atoms 
is termed the minimum c r i t i c a l  r a d i u s .  Coghlan and Mansur3 have shown how the c a l c u l a t e d  values f o r  ba th  
t h e  c r i t i c a l  number of gas atoms and the minimum c r i t i c a l  r a d i u s  are dependent on the gas law used ln the  
c a l c u l a t i o n s .  

The l a t t e r  has a 
As t h e  number of gas atoms i n  a c a v i t y  i n c r e a s e s ,  the c r i t i c a l  c a v i t y  

AS f i r s t  d i scussed  by Sears5 ,  i f  the number of gas  atoms wi th in  a c a v i t y  exceeds a 

Experimental ly ,  the e f f e c t  of the c r i t i ca l  c a v i t y  r a d i u s  can be seen i n  t h e  bimodal c a v i t y  d i s t r i b u t i o n s  
t h a t  are o f t e n  observed i n  i r r a d i a t e d  materials con ta in ing  helium. Bimodal c a v i t y  d i s t r i b u t i o n s  t y p i c a l l y  
c o n t a i n  a p p u l a t i o n  of c a v i t i e s  with an average diameter  of a few nanometers as w e l l  as a second p p u l a t i o n  
of c a v i t i e s  W L t h  a much larger diameter .  An explana t ion  f o r  these  d i s t r i b u t i o n s  based on t h e  c r i t i c a l  
r a d i u s  concept  sugges t s  that t h e  smal le r  c a v i t i e s  d id  not  ach ieve  b ias- dr iven  growth because t h e i r  r a d i i  are 
less than the c r i t i c a l  value. Thus, the upper cut- off  r a d i u s  for the  s m a l l e r  c a v i t i e s  approximately equals 
t h e  t h e o r e t i c a l  minimum c r i t i c a l  r ad ius .  The larqer c a v i t i e s  are be l ieved  to have r a d i i  g r e a t e r  than t h e  
c r i t i c a l  r a d i u s  and thus have grown i n  a bias- dr iven  mode. 

*Research sponsored by the ~ 1 ~ 1 5 1 o n  of Mater la lS Sciences, 1J.S. Department of Energy, under c o n t r a c t  
nE-AC05-840R71400 with Martln Mdr ie t t a  m e r q y  Systems, In=. 
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~n t h i s  i n v e s t i g a t i o n ,  a n  ion  bomhardment experiment  was designed t o  s tudy  t h e  c r i t i c a l  c a v i t y  r a d i u s  i n  the 
f e r r i t i c  a l l o y  m - l o %  Cr.  The o b j e c t i v e  was to begin wi th  a p r e- e x i s t i n g  p p u l a t l o n  of gas bubbles  t h a t  
spanned t h e  minimum c r i t i c a l  r a d i u s  and c r i t i c a l  number of gas  atoms. Th is  allowed o b s e r v a t i o n  of the spon- 
taneous s e p a r a t i o n  of the d i s t r i b u t i o n  i n t o  a bimodal d i s t r i b u t i o n  upon i r r a d i a t i o n .  The Separa t ion  and 
consequent de te rmina t ion  of the minimum c r i t i c a l  r a d i u s  were then r e l a t e d ,  v i a  t h e  theory and observed 
m i c r o s t r u c t u r e s ,  t o  b d s i c  material parameters, thus prov id ing  a n  e s t i m a t e  of vacancy migra t ion  energy,  
vacancy formation energy and en t ropy .  surface energy,  and b i a s  f o r  t h i s  m a t e r i a l .  I n  o r d e r  t o  g e n e r a t e  a 
popula t ion  of bubbles ,  specimens were implanted with helium and subsequen t ly  annealed. The specimens were 
then  bombarded with heavy i o n s  to form t h e  bimodal distribution. This  procedure is similar to t h a t  used by 
Mazey and Nelson6 and Lee and ManSur' t o  i n v e s t i g a t e  the cr i t ica l  r a d i u s  i n  a u s t e n i t i c  alloys. 
o t h e r  i n v e s t i g a t i o n s  have provided de te rmina t ions  of the c r i t i c a l  c a v i t y  radius f o r  a u s t e n i t i c  m a t e r i a l s ,  
t h e  p r e s e n t  r e s u l t s  are among the f i r s t  a v a i l a b l e  f o r  f e r r i t i c  m a t e r i a l s .  

While 

2.1 Enperimental Procedure 

The Fe-lO% C r  a l l o y  used f o r  t h i s  i n v e s t i g a t i o n  w a s  f a b r i c a t e d  a t  Oak Ridqe Nat iona l  Laboratory.  A f u l l  
d e s c r i p t i o n  of t h e  f a b r i c a t i o n  procedure can  be found i n  Reference R.  B r i e f l y ,  rod s t o c k  (3-mm-dial was 
annealed i n  flowing dry  hydrogen f o r  2 4  h a t  1400 K, furnace cooled ta loo0 K, held a t  l o 0 0  K f o r  2 h ,  and 
then  fu rnace  cooled.  The specimens had a b.c.c. s t r u c t u r e  wi th  a g r a i n  s i z e  of -200um and a d i s l o c a t i o n  
d e n s i t y  of (1n12m-2. Impuri ty  c o n c e n t r a t i o n s  f o r  t h e  a l l o y  a f t e r  annea l ing  are shown i n  Table 1 .  Disk spe-  
cimens of -0.5 mm t h i c k n e s s  were s l i c e d  from t h e  rods and prepared tor ion bombardment us ing  Standard 
t echn iques8 .  F i n a l  specimen t h i c k n e s s e s  were 0.3 mm. 

TABLE 1 

IMFl lRITY CONCENTRATIONS I N  F C l O %  C r  SP5XIMEN MATERIALS IWt ppm) 

C 
H 
N 
n 
A9 
AS 
n 
Ba 
RI 
c1 
Ca 
CO 

C" 
G a  
Ge 

34  
2 
4 
6 
2 

20 
2 
4 
5 

40 
4 
4 

30 
50 
2 0  

ti 
MY 
Mn 
MO 

Na 
N b  
N i  
P 
S 
Sb 
S" 
Ta 
V 
W 
2" 

7 
t3 

( 2  
4 

i n  

2 
2 0  
10 
20 

2 
70 
t 3  

( 1 0  
1 0  

A 3 x 3 a r r a y  of specimens was implanted wi th  300 appm helium a t  room temperature  followed by a 2 h h e a t  
t r e a t m e n t  a t  1000 K. During the i m p l a n t a t i o n ,  the energy of the helium ion  beam was ramped s i n u s o i d a l l y  a t  
2.5 x 10-2 HZ between n.2 and 0.4 ~ e v  i n  o r d e r  t o  implant  the helium even ly  over a region ex tend ing  from 
about  0.65 t o  0.95 um from t h e  specimen sur face .  After  t h e  2 h h e a t  t r ea tment ,  t h e  specimen temperature  was 
reduced to 850 K and s i x  of the specimens were i r r a d i a t e d  with 4 MeV Fe++ i o n s  t o  a damage level of 30 dpa. 
The damage rate dur ing  the heavy ion  bombardment was -8 x dpa/sec.  The remaining specimens were 
covered by a mask dur ing  the i r r a d i a t i o n .  The ion  i r r a d i a t i o n s  and h e a t  t r ea tment  were performed i n  t h e  
t a r g e t  chamber of the van de Graaff f a c i l i t y  a t  ORNL. 

Specimens were prepared for t ransmiss ion  e l e c t r o n  microscopy by e l e c t r o p o l i s h i n g  t o  remove a n.R5 urn t h i c k  
l a y e r  from the i r r a d i a t e d  s u r f a c e  ( " s e c t i o n i n g " )  fol lowed by back th inn ing  t o  p e r f o r a t i o n .  The s e c t i o n i n g  
dep th  was s e l e c t e d  based on t h e  damage-depth p r o f i l e  f o r  i o n- i r r a d i a t e d  i r o n 9 .  
t i o n e d  i n  a v e r t i c a l  j e t  appara tus  with an 80% ethanol-20% p e r c h l o r i c  a c i d  s o l u t i o n  cooled t o  225 K. 
Backthinning was performed a t  285 K with a Tenupol e l e c t r o p o l i s h i n g  a p p a r a t u s  and an e l e c t r o l y t e  of 900 m l  
acetic a c i d ,  100 ml methanol, and 100  ml p r c h l o r i c  a c i d .  The specimens were examined a t  120  kv i n  JEM 120C 
and JEM lZ0Cx t ransmiss ion  e l e c t r o n  microscopes (TEM). The JFM 120C TFM was equipped with a s p e c i a l  objec- 
t i v e  lens pole- piece f o r  t h e  observa t ion  of magnetic materials. 

The specimens were sec- 
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2 . 2  Experimental R e s u l t s  
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The specimens t h a t  were implanted w i t h  helium and annealed contained a homogeneous d i s t r i b u t i o n  of small  
c a v i t i e s ,  or bubbles .  with a n  average d iamete r ,  db ,  of 2 . 7  nm and a c o n c e n t r a t i o n  of 6 x l o 2 *  m - 3 .  
h is togram Of t h e  c a v i t y  d iamete rs  is shown i n  Fig. 1. AS expected,  bubbles  were also found a long  d i s l o c a -  
t i o n s  and grain boundaries .  

- 
A 

- 
I I I I I I 

- ~ . - 3 . 0 ~ 1 0 2 2 ~ - 3  
- 

- d. -2.3 nm 

-_ - 

~ - 

~ - 
C , . 6 . 7 r 1 0 ~ ~ m - ~  

d, - 15.2 nm 
- - 

- 

The heavy ion  damage caused the formation of a bimodal c a v i t y  d i s t r i h u t - i o n  as shown i n  the histogram of the 
CaYlty diameters i n  Fig. 2 and t h e  micrographs i n  Fig. 3. The d i s l o c a t i o n  d e n s i t y  i n  these  speclrnens W a s  

- 1  x l o L 3  m - 2 .  
1 5 . 2  m, y i e l d i n g  a c a v i t a t i o n a l  s w e l l i n g  of 0.2% (volume-averaged c a v i t y  diameter  of 1 7 . 7  nml. The smaller 
c a v i t i e s  i n  the d i s t r i b u t i o n  have a c o n c e n t r a t i o n  of 3 x l o z 2  m - 3  and an average d iamete r ,  d,, of 2 . 3  m. 
As shown in Fig. 2 ,  the  upper cu t -o f f  f o r  the smal l  c a v i t y  d iamete rs  f o r  the bubble p p u l a t i o n  is -5 nm. 
Therefore ,  assuming t h a t  the smal le r  c a v i t i e s  have not  achieved the c r i t i c a l  r a d i u s  and t h e  l a r g e r  c a v i t i e s  
have exceeded the c r i t i c a l  r a d i u s ,  the minimum c r i t i c a l  r a d i u s  i n d i c a t e d  by the exper imenta l  d a t a  15 
-2.5 m. 

- 
The larger c a v i t i e s  have a concen t ra t ion  of 6.7 Y l o z o  m - 3  a n d  an a~erai ie  diamete r ,  d,, of 

- 

35 I 1 I I I I I I 

- 
0 1 2 3 4 5 6 1 8  

CAVITY DIAMETER fnml CAVITY DIAMETER Inml 

F I G U R E  I. Histogram of the c a v i t y  d iamete rs  
p r i o r  to i r r a d i a t i o n  f o r  F e - l O %  C r  
implanted with 300 appm helium and 
annealed.  

F I G l l R E  2. Superimposed h i s t o g r a m  of the c a v i t y  
d iamete rs  f o r  the two Cavi ty  p s p u l a t i o n s  
making up the bimodal d i s t r i b u t i o n  found 
i n  Fe-lo% C r  implanted wi th  300 appm 
hel ium, annealed,  and i r r a d i a t e d  to 
30 dpa. 

2 .3  T h e o r e t i c a l  C a l c u l a t i o n s  

The c a l c u l a t i o n s  performed i n  t h i s  Study are based on e q u a t i o n s  given by Mansur and Coghlzn'. 
rate of a c a v i t y ,  d r , /d t ,  was c a l c u l a t e d  with the express ion :  

The growth 

where t h e  s u b s c r i p t s  v and i r e f e r  t o  vacanc ies  and i n t e r s t i t i a l s ,  r e s p e c t i v e l y ;  rc i s  the c a v i t y  r a d i u s ;  0 
1 s  the  a tomic volume; ZC 

C i , "  are the p i n t  d e f e c t  c o n c e n t r a t i o n s ;  and c:(rc) is the thermal  vacancy c o n c e n t r a t i o n  near a c a v i t y  of 
r a d i u s  IC. 

are t h e  c a v i t y  c a p t u r e  e f f i c i e n c i e s ;  ~ i , "  are t h e  d i f f u s i o n  c o e f f i c i e n t s ;  

The v a r i a b l e s  c i , v  and ($(rc) are determined by the sink s t r e n g t h s ,  p o i n t  d e f e c t  g e n e r a t i o n  

1, v 
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FIGURE 3. Micrographs of the cav i t i e s  i n  the bimodal s i ze  d i s t r ibu t ion .  Scale marker length is 50 nm. 
A )  Large cav i t i e s ,  specimen thickness of 95 m; 8) small cav i t i e s ,  specimen thickness 25 nm. 

r a t e s ,  p i n t  defect  formation energies,  p i n t  defect  migration energies,  pressure within the c a v i t i e s ,  ther- 
mal vacancy emission r a t e ,  etc.  The complete expressions fo r  these var iables  are given i n  Reference 4. 
The pressure within a cavi ty  was assumed t o  obey a modified van der Waals gas law given by: 

where ng is the number of gas atoms i n  the cavity,  k is Poltzmann's constant ,  T is the i r r ad ia t ion  t e m -  
perature,  and B is  a constant given by: 

( 3 )  
- 2 7  3 B = 6.65 x 10 [ 4 . 5  x lo-' + 5.42/(1890 + TI1 m /atom 

fo r  helium'O. 

the sink strengths and the r a t e  of vacancy emission from the sinks,  the mea 
neters observed i n  the specimens i r r ad ia t ed  to 30 dpa were used. Due to th 
ic+riI.,.+inn +ha -m*, , -v  -"A +ha I.mar -.. .i+in. ..-,-- ",."=<A---A ea..s"s+-,.. 

1n calcula t ing , Sured dis locat ion 
and cavi ty  para, e bimodal nature 
of the cavi ty  d -I---.,_---.., I...---_- l__J-_ --..---__-l O_r l_l_-_l i n  ca lcula t ing 
the sink strength B.  The Sink strengths,  S, for point  defects  are given by: 

I ,  + [m. (5) i n  Reference 11, is given by 

where the subscriprs ana superscripts s ma c rere= ro small ana rarge cav iues ,  respeccivery, N is the con- 
centra t ion,  r is  the average radius,  and L is the d is locat ion density.  The capture e f f i c i enc ies  were 
assumed to be y emission 
from the sinkc 

- 
the same for the small cav i t i e s  and the larae  cav i t i e s .  The r a t e  of thermal vacanc! 
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P 

f f 
where Co= V fl-lexp(S V /k)exp(-Ev/kT) , 

pg and P; a re  the gas pressures i n  the large and s m a l l  c av i t i e s  and y is  the Surface tension. 
s.5 is the vacancy formation entropy and FZ is the vacancy formation energy. 

In  Eq- (6), 

Io more accurately define G,., Eq. (5 )  can he expanded to incorporate the r a d i i  and concentrations of cavi- 
ties fo r  each divis ion of the histograms shown i n  Fig. 2, instead of using the average cavi ty  r a d i i  f o r  the 
small and large  cavi ty  populations. For the observed cavi ty  populations, t h i s  expansion a l t e r s  the calcu- 
la t ed  value of c+ by less than 0.6%. 

For the ca lcula t ion of +, values fo r  P: and P$ must he assumed. 
the  c a v i t i e s  and dislocations- according to the sink s t rengths  (S$ = Z$L = 1 x 1013m-2, S$ = .Z$4WFcNc = 
6.4 x 1013 c2, and 
the  small cav i t i e s ,  -39 appm to the large  cav i t i e s ,  and -6 appm t o  the dislocations.  However, only 
-100 apm helium is required i n  order for the pressure i n  the small c a v i t i e s  to equal the equilibrium bubble 
pressure,  P&,= 2y/rs (assuming y = i j / m 2 ) .  
l a rge  c a v i t i e s  and the d is locat ions ,  -170 appm helium is avai lable  to pressur ize  the large  cav i t i e s .  This 
translates to -2.2 x lo4  helium atoms/cavity or a pressure of -0.6 of P& . 
t h a t  a l l  of the par t i t ioned to v i s ib le  sinks. If  a portion of the implanted helium is attached to small 
vacancy-helium c l u s t e r s ,  the helium avai lable  to pressurize the c a v i t i e s  m u l d  be reduced. For the calcula-  
t i o n s  of c+, P: = P& and p"s = 0 were assumed. 
thermal vacancy emission from c a v i t i e s  of large  radius of curvature approaches t h a t  fo r  f l a t  surfaces [Eq. 
(5)]. 
Of <2%. 

If  the implanted helium is par t i t ioned to 

= 7$4TrsNS = 4.2 x 1014 n r 2  fo r  z$ = .Z$ = 1 )  then -255 appm helium is  pa r t i t i oned  to 

I f  the remaining 200 appm helium is  par t i t ioned between the 

The above discussion assumes 

The ac tua l  value fo r  P5 has l i t t l e  e f f e c t  on c+ because 

FOT PC - 0, ~ 1 .  = 5.218 x ~ o ~ ~ m - ~ s e c - ~  while f o r  Pg = 0.6 P&, G,. = 5.129 x 1024m-3sec-1, a change of 4 -  

When the c r i t i c a l  cavi ty  radius ,  rE, or the c r i t i c a l  number of gas atoms, n; is  a t ta ined,  dr /d t  is equal to 
zero. Figure 4 shows typical  r e s u l t s  fo r  the present ca lcula t ions .  
f o r  two values of rC. 
the l a rge r  value is rg. 
to rs. 
Fig. 4, drc/dt = 0 fo r  only one value of rc, refer red  
driven cavi ty  growth regardless of the cavi ty  radius. 

F When ng is l e s s  than %, dr,/dt = 0 
The lower of these values is rg, the radius  fo r  which the cavi ty  is s t ab le ,  while 

A cavi ty  with ng < n; and a radius between rg and rE w i l l  shrink (i.e., drc/dt < 0 )  
The cavi ty  w i l l  exh ib i t  bias-driven growth only when rc > 

to as =E'. rg. 
For ng > 4. the cavl ty  w i l l  exh ib i t  bias- 

when ng I n;, 7s is also shown i n  

In  this inves t igat ion,  values fo r  n; and re' were determined fo r  a range of point  defect  and other  fundamen- 
tal parameters. The parameters t h a t  were held constant i n  the ca lcula t ions  are summarized i n  Table 2.  The 
parameters i n  Table 2 are necessary to perform calcula t ions  with FXI. ( 1 )  (see Ref. 11.  In addi t ion ,  the 
vacancy formation energy, F$, was assumed to be equal to the di f ference  between the se l f - d i f fus ion  energy, 
S D ,  and the vacancy migration energy, E$. 
assuming t h a t  the d is locat ion sink s t rength  was much greater  t h a n  the cavi ty  sink strength.  However, the 
experimental data fo r  the d is locat ions  and c a v i t i e s  observed fo r  *-lo% Cr indica tes  that this assumption is  
inval id  here. 

Analytical  ~ o l u t i o n s ~ * ~  f o r  n; and I$* have teen obtained 

Therefore, a numerical approach was used to determine the values fo r  rE* and n;. 

2.4 Theoretical  Results 

The values of rg* and n; determined fo r  a se l f -d i f fus ion  energy of 2.6 eV and a number of values fo r  y, @, 
b ias  and $ are  shown i n  Table 3. 
terms of mltzmann's constant ,  i.e., s.6 = 0.5k = 4.308 x 10-5 eV/K. 
calcula t ions  assuming t h a t  ESD = 2.7, 2.8 or 2.9, y > 1 J/m2, and S; = 1.5 k. 
of parameter values is discussed i n  the next section.  
the  experimentally determined value fo r  the minimum c r i t i c a l  radius ,  fo r  severa l  combinations of y, SD, e, 
zd and S$. The bias  ranges from O . O W . 4 .  

Here, the bias  is defined as <z$ - *Z$. In this tahle ,  6 is l i s t e d  i n  

The basis fo r  the se lec t ion 
AS shown i n  Tables 3 and 4. =E' is equal to 2.5 nm, 

Tabte 4 summarizes a s e r i e s  of 

I' 
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P l o t s  of d r , /d t ,  the r a d i a l  growth r a t e ,  as a func t ion  of the Cavity r a d i u s  are shown f o r  several b i a s e s  i n  
Figure 5. 
d e n t  on the b i a s .  For example, a l though each of the curves shown i n  Fig. 5 for  a b i a s  of 0.4 used d i f f e r e n t  
combinations Of the  r e s t  Of the fundamental parameters ,  the  r a d i a l  growth r a t e  i n d i c a t e d  f o r  a c a v i t y  with a 
r a d i u s  >5 nm is about 5 p. /yc .  
displacement  r a t e  of 8 Y 10 
0.2, 0.17 nm/dpa f o r  a b i a s  of 0.1 and 0.08 nm/dpa fo r  a b i a s  of 0.05. 

For l a r g e r  c a v i t i e s  i n  c a l c u l a t i o n s  with rE' = 2.5 m, the value f o r  dr,/dt is p r i m a r i l y  depen- 

I n  terms of displacement  r a t e ,  this growth r a t e  i s  0.62 nm/dpa f o r  a 
dpa/sec. S i m i l a r l y  the  r a d i a l  growth r a t e  is about  0.38 nm/dpa f o r  a b i a s  of 

2.5 Discussion 

The helium implantation/anneal/heavy ion  bombardment sequence s u c c e s s f u l l y  generated a bimodal Cavity 
d i s t r i b u t i o n  i n  ~ e - l n %  cr. FOT the 1150 K i r r a d i a t i o n  temperature,  the experimental  value f o r  the minimum 
C r i t i c a l  c a v i t y  r a d i u s  i n d i c a t e d  by this d i s t r i b u t i o n  i s  -2.5 nm. 
f o r  a range of values f o r  the  parameters 
t i o n a l  values are assumed f o r  these parameters ( y  = 1 J / m 2 ,  s$,= 1.5 k, b i a s  = 0.05, ESD = 2.6 ev and 
E! = 1.2 ev), extremely high values are c a l c u l a t e d  f o r  both I$ 
f o r  ESD = 2.6, the b i a s  is 0.2 or g r e a t e r ,  y is (1  ~ / m ~  
r e l a t i v e l y  l o w  values f o r  y and s$. 

C a l c u l a t i o n s  of .E' and n; were performed 
y, ESD, E$, sf, and the bias .  AS shown i n  Table 3,  when t r a d i -  

and n;. I n  o rder  f o r  .E* to equal 2.5 nm 
and s5 is equa l  to or less than k. These are 

FOT a temperature of 1723 K, the s u r f a c e  energy f o r  f r e e ,  clean 

0 1 2 3 4 5 6 7 0 9 1 0  
CAVITY RADIUS lnml 

0 1 2  3 4 5 6 7 8 9 10 
CAVITY RADIUS lnml 

FIGURE 4. Typical  p l o t s  of the r a d i a l  growth r a t e  as FIGURE 5. P l o t  of the r a d i a l  growth r a t e  as a 
a func t ion  of c a v i t y  r a d i u s  f o r  ng < n;, ng= func t ion  of c a v i t y  r a d i u s  c a l c u l a t e d  f o r  

Fe-10% Cr with rE* = 2.5 m and b i a s e s  
ranging from 0.05 to 0.40. 

n;, and ng > ni. 

TABLE 2 

values f o r  parameters  used i n  c a l c u l a t i o n s  f o r  rE* and n;. 

Displacement r a t e ,  G 
p o i n t  d e f e c t  s u r v i v a l  f r a c t i o n ,  f 
Recombination r a d i u s ,  rr 
Dif fus ion  pre-exponentials ,  0: 

I n t e r s t i t i a l  migrat ion energy, e 
Sink e f f i c i e n c i e s  
Experimental s ink  parameters 

DO 
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TABLE 3 

values f o r  r:" and n; c d l c u l a t e d  f o r  the parameters  l i s t e d  and assuminq EsD= 2.6 ev. 

1.2 1 . 5  
0.7 1.5 
0.7 1 .o 

1 0.7 0.5 
0.75 0.7 0.5 

.n5 24 131,000 

.n5 22 io8,onn 

.05 1R 69, non 

.05 14 
-05 1 1  

39,500 
20,500 

0.75 0.7 0.5 .2 4.1 2,300 
0.5 0.7 0.5 
0.75 0.7 0.5 
0.5 0.7 1 .n 
0.6 1.2 0.5 

.2 2.8 

.4 2.5 

.4 2.5 

.4 2.5 

730 
719 
525 
595 

*values f o r  s5 are shown i n  terms of Boltzmann's c o n s t a n t ,  k. 

TABLE 4 

va lues  for  =E* and n; c a l c u l a t e d  f o r  the  parameters  l i s t e d  and assuminq S$ = 1.5 k. 

"* m 
FY - - - lev )  l n m l  

Y2 
(J/m ) 

1 0.7 2.7 .4 2.5 
2 1.2 2.R .4 2.5 
1.5 0.7 2.8 .2 2.5 
1 0.7 2.R .1 2.5 
2 1.2 2.9 .1 2.5 
1.5 0.7 2.9 .os 2.5 
1.25 1.2 2.9 .n5 2.5 

900 
1400 

935 
1425 
1100 

in70 

950 

s u r f a c e s  i n  i r o n  has been measured as 1.95 J/m2 with a c a l c u l a t e d  temperature c o e f f i c i e n t  ( a - i r o n )  of 
-1.4 x J/m2-K.11 with these parameters ,  ycalc = 1.95 - 1.4 x 

ycalc = 2.1 J/m2.  
value of y t2.1 J/m2 would no t  be s u r p r i s i n g .  
ycalc due to s e g r e g a t i o n  is about  50%, y i e l d i n g  an  expected range f o r  y of -1 t o  2 J / m 2 ,  r a t h e r  than y (1 as 
suggested above. I f  
s5 1s assumed to be 1.5 k and y is  assumed to be wi th in  the  1 t o  2 J/m2 range,  rE' = 2.5 nm can be calcu- 
l a t e d  o n l y  f o r  @D >2.6 e V  as shown i n  Tahle 4. 
t o  2.9 ev13. 
A s  discussed  i n  Reference 14, t h e s e  range from high values, 1.2-1.4 eV, t o  l o w  values,  0.6-0.8 e V .  For 

(T-1723) J/m2 or, f o r  R50K. 
Since many impur i ty  s p e c i e s  adsorbed on the  void s u r f a c e s  would r e s u l t  i n  y t Y c a l c ,  a 

However, it is u s u a l l y  assumed t h a t  the  maximum r e d u c t i o n  i n  

Likewise, a l though  no measured values f o r  si are a v a i l a b l e ,  S$ < k may be u n l i k e l y .  

Reported values for 8 D  f o r  pure i r o n  range from 2.5 eVi2 
Likewise, several values have been proposed f o r  the vacancy migra t ion  energy f o r  i r o n .  

= 2.h ev (Table 3 ) ,  a low value f o r  E$, 0.7 ev, allows higher ,  and p o s s i b l y  more reasonable ,  va lues  f o r  
y and 2 when rg* = 2.5 nm than are p o s s i b l e  with @ = 1.2 ev. 
2.5 nm can be obta ined  with reasonable values for y and SE for both E$ = 0.7 and 1.2 ev. 

For h igher  va lues  of sD. however, =E' = 

The c a v i t y  growth r a t e  is d i c t a t e d  by many of the Same parameters  as the c r i t i c a l  c a v i t y  r a d i u s .  However, 
t h e  f u n c t i o n a l  forms of the  paramet r ic  dependences are d i f f e r e n t .  Thus, a comparison Of theoretical and 
exper imenta l  c a v i t y  growth r a t e s  can be used to advantage. S e t s  of paramet r ic  values t h a t  do n o t  g ive  
reasonable va lues  for both c r i t i c a l  c a v i t y  r a d i u s  and c a v i t y  growth rate can be e l imina ted .  with the  para- 
meter combinations given i n  Tables  3 and 4, the b i a s  ranges from 0.05 to 0.4 when rg' = 2.5 m, with the 
l o w e s t  b i a s e s  p o s s i b l e  o n l y  when ESD = 2.9 ev. I f  t h e  Cavity growth rates i n d i c a t e d  by the c a l c u l a t i o n s  are 
assumed to apply  f o r  the  e n t i r e  i r r a d i a t i o n  t i m e  up to 30 dpa, a growth rate of 0.62 nm/dpa ( b i a s  of 0.41 
y i e l d s  a c a v i t y  diameter  of 37 nm, a r a d i a l  growth r a t e  of 0.38 m/dpa  ( b i a s  of 0.2) y i e l d s  a Cavity 
diameter  of 23 nm, and a growth r a t e  of n.17 nm/dpa ( b i a s  of 0.1)  y i e l d s  a c a v i t y  diameter  of 1 1  m. while 
t h e  above assumption f a i l s  t o  cons ider  the larger growth rates f o r  small c a v i t i e s  and the v a r i a t i o n  i n  the  
s i n k  s t r e n g t h  with dose,  the  purpose of the above c a l c u l a t i o n  is  on ly  t o  o b t a i n  an o r d e r  of magnitude est i-  
mate. With t h i s  understanding,  the  growth r a t e  f o r  b i a s  of 0.1 to 0.2 y i e l d s  a c a v i t y  diameter  close t o  the 
average Cavity diameter  of 15.2 nm found experimental ly .  Therefore,  it Seems t h a t  a b i a s  of i0.2 may be 
more v a l i d  f o r  ~e-io% cr than a b i a s  of 0.4. A b i a s  of 0.2 is also i n  approximate agreement with the  n e t  
b i a s  sugqested by sniegowski and Wolfer15 f o r  f e r r i t i c  a l l o y s .  Based on vacancy and i n t e r s t i t i a l  re laxa-  
t i o n  volumes, they c a l c u l a t e d  t h a t  the n e t  b i a s  is 0.2 to O.2R f o r  Cavity r a d i i  of 2 nm to 50 nm, respec-  
t i v e l y .  Snieqowski and Wolfer d e f i n e  the  n e t  b i a s ,  B ( r ) ,  as a func t ion  of the c a v i t y  r a d i u s ,  as 
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Zd/Z$  - zF(r)/zC,(r) .  TO compare t h i s  b i a s  to the  n e t  b i a s  term used i n  t h i s  s tudy,  it is  only necessary 
m i l t i p l y  ' ~ ( r )  by z$z;(r). 
t h e  b i a s  can be d i r e c t l y  compared. The b i a s  suggested by both of t h e s e  s t u d i e s  i s  r e l a t i v e l y  low, which 
r e s u l t s  i n  a low c d v i t y  growth r a t e .  as discussed  above. Thus a low b i a s  could be respons ib le  f o r  the  low 
swel l ing  r a t e s  f o r  t h e  f e r r i t i c  a l l o y s .  

€or z $ - z e ( r ) = i ,  a good approximation f o r  c a v i t i e s  with r > 2  nm, the values f o r  

A t  t h i s  p i n t ,  a b r i e f  d i s c u s s i o n  of the impact of the value of f ,  the  d e f e c t  s u r v i v a l  f r a c t i o n ,  on the  
c a l c u l a t i o n s  is r e l e v a n t .  I" the  c a l c u l a t i o n s  p resen ted  h e r e ,  f was assumed t o  be 0.5. I f  a lower Value i s  
assumed, e.g. f = 0 .2 ,  =E* = 2.5 m cannot  he c a l c u l a t e d  f o r  ESo = 2.6 eV u n l e s s  y < 0.5 J / m 2  and Sf < 0.5 k. 
with f = 0.2 and ESD > 2.8 ev, =E* = 2.5 nm can be c a l c u l a t e d  with s6 r 1.5 k and v i  1 J/m2. 
l o w e r  value f o r  f ,  th; r a d i a l  growth r a t e s  are lower than  those  repor ted  f o r  c a l c u l a t i o n s  with f = 0.5. 
Comparison of the c a l c u l a t e d  and experimental  r a d i a l  growth r a t e s  Suggests  t h a t  a b i a s  of 0.2 to 0.3 is most 
reasonable  with f = 0.2. 

WithVthis  

The value f o r  r:' determined exper imenta l ly  f o r  Fe-10% C r ,  2.5 nm, i s  S imi la r  t o  values f o r  rE' repor ted  f o r  
some a u s t e n i t i c  m a t e r i a l s ;  f o r  n icke l- ion  i r r a d i a t i o n  of specimens p r e i n j e c t e d  with helium, a minimum c r i -  
t i c a l  r a d i u s  of -3 nm 1s repor ted  f o r  PElh i r r a d i a t e d  a t  898 K6 and a value of 
Fe-Cr-Ni t e r n a r y  a l l o y  i r r a d i a t e d  a t  948 K.' It should be noted,  however, t h a t ,  f o r  the Same fundamental 
parameters  and s i n k  s t r e n g t h s ,  the c a l c u l a t e d  value f o r  =E' m u l d  be about  an  o rder  of magnitude h igher  
(-25 nm) f o r  Fe-lO% C r  i f  the  i r r a d i a t i o n  temperature had heen 950 K, the  peak swel l ing  temperature f o r  ion-  
i r r a d i a t e d  a u s t e n i t i c  alloys, r a t h e r  than 850 K ,  t he  peak swel l ing  temperature for  i o n- i r r a d i a t e d  €e-10% 
Cr  . 

-5 m is repor ted  f o r  a 

The c a v i t a t i o n a l  swel l ing  repor ted  i n  the  s t u d i e s  of the a u s t e n i t i c  m a t e r i a l s  is much h igher  than the  
s w e l l i n g  observed i n  Fe-10% C r .  
t o  the  0.2% s w e l l i n g  repor ted  here f o r  Fe-10% Cr.  After  40 dpa, the  swel l ing  i n  the  €e-Ni-Cr alloy. a low 
s w e l l i n g  a u s t e n i t i c  a l l o y ,  w a s  1.17%.? The swel l ing  d i f f e r e n c e s  may be r e l a t e d  t o  the values f o r  Q, the  
r a t i o  of the d i s l o c a t i o n  s ink  s t r e n g t h  t o  the c a v i t y  Sink s t r e n g t h ,  fox the  m a t e r i a l s .  while  the Cavity 
s i n k  s t r e n g t h s  f o r  a l l  the  m a t e r i a l s  are i n  the  range of 1.2 to 5 x 1014m-2, t h e  d i s l o c a t i o n  s ink  s t r e n g t h s  
vary  from - 1015m-2 f o r  the  a u s t e n i t i c  m a t e r i a l s  compared t o  only 1013m-2 f o r  Fe-10% cr. 
corresponding values f o r  Q are -4.5 f o r  PE16, -1 f o r  Fe-Cr-Ni, and -0.02 f o r  €e-lO$ Cr.  For Q > l ,  p l ,  and 
p l ,  the  r e s p e c t i v e  s w e l l i n g  is expected t o  be g r e a t e r  than l i n e a r ,  l i n e a r  and less than l i n e a r  i n  d0se. l  
A l s o ,  f o r  e i t h e r  w < l  or Q > > l  the magnitude of the swel l ing  r a t e  is expected t o  be low. For Fe-l0% C r ,  i f  p 
were t o  be made equal t o  u n i t y  by Somehow i n c r e a s i n g  the d i s l o c a t i o n  d e n s i t y ,  i .e. ,  L = 4.88 x 1014m-z, then 
f o r  rg* = 2.5 m, t h e  c a l c u l a t e d  c a v i t y  growth r a t e  for r > 5  m is -10 pn/sec or 2.5 nm/dpa f o r  a b i a s  of 
0.05. €01 t h i s  b i a s  and Q -0.02, the c a l c u l a t e d  c a v i t y  growth rate i s  -.06 nm/dpa. Thus, the lower 
s w e l l i n g  i n  the  Fe-10% cr may be due, i n  p a r t ,  to the low d e n s i t y  of the i r rad ia t ion- produced  d i s l o c a t i o n s ,  
which l e a d s  to @ < l  and consequently to a l o w  swelling rate. 

€01 example. a 2.7% swel l ing  was observed i n  PE16 a f t e r  30 dpa6 compared 

The 

One f e a t u r e  of the experimental  r e s u l t s  t h a t  is no t  addressed with the  p r e s e n t  c a l c u l a t i o n s  is the obser-  
v a t i o n  t h a t  the c a v i t y  concent ra t ion  i n c r e a s e s  a f t e r  heavy i o n  bombardment. This Suggests t h a t  all of 
helium/vacancy complexes are not  v i s i b l e  a f t e r  helium implan ta t ion  and anneal ing.  Fur ther  c a l c u l a t i o n s  are 
i n  p rogress  to d e r i v e  the  c a v i t y  d i s t r i b u t i o n  observed a f t e r  i r r a d i a t i o n  from the  p r e- i r r a d i a t i o n  bubble 
d i s t r i h u t i o n . l 6  

2.6 Summary 
~ 

The major r e s u l t s  of t h i s  i n v e s t i g a t i o n  inc lude :  1 )  A bimodal c a v i t y  s i z e  d i s t r i b u t i o n  was observed i n  a 
Fe-lO% C r  a l l o y  implanted with 300 appm Helium, annealed and i r r a d i a t e d  with 4 MeV €e++ i o n s  a t  850 K to 
30 dpa. The minimum C r i t i c a l  c a v i t y  r a d i u s  i n d i c a t e d  by this d i s t r i b u t i o n  i s  2.5 nm and i s  comparable to 
t h a t  repor ted  f o r  i o n- i r r a d i a t e d  a u s t e n i t i c  m a t e r i a l s  for the peak s w e l l i n g  temperature.  21 C a l c u l a t i o n s  
have shown t h a t ,  while a unique set of fundamental parameters  cannot  be e s t a b l i s h e d  based on the  present 
measurement of the minimum c r i t i c a l  r a d i u s ,  the  b i a s  is ~0.4. Comparisons of both experimental  and calcu- 
l a t e d  c a v i t y  growth r a t e s ,  as well as experimental  and c a l c u l a t e d  values of the  minimum c r i t i c a l  r a d i u s ,  can 
be used t o  g r e a t l y  reduce the  number of Sets of parameters. This  approach sugges t s  t h a t  a b i a s  of -0.2 may 
be reasonable f o r  f e r r i t i c  a l l o y s .  3 )  This  experiment also sugges t s  t h a t  the low c a v i t y  growth r a t e  i n  
Fe-10% C r  is due, i n  part, to the low i r r a d i a t i o n- i n d u c e d  d i s l o c a t i o n  d e n s i t y  (low Q) i n  a d d i t i o n  to the 
r e l a t i v e l y  low b i a s .  

Fur ther  experiments  are c l e a r l y  necessary to e s t a b l i s h  b e t t e r  va lues  f o r  t h e  s e l f - d i f f u s i o n  energy,  vacancy 
migra t ion  energy,  etc., f o r  f e r r i t i c  a l l o y s .  An experiment s i m i l a r  to t h a t  repor ted  here  with a d i f f e r e n t  
i r r a d i a t i o n  temperature would be expected to reduce the number of p o s s i b l e  combinations of values f o r  t h e s e  
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parameters. 
s i t y  introduced a f t e r  the  bubble popula t ion  was formed, the explana t ion  f o r  the l o w  swel l ing  r a t e  based on 
l o w  Q could be t e s t e d  d i r e c t l y .  

S imi la r ly .  i f  this experiment was repeated with the same a l l o y  b u t  with a high d i s l o c a t i o n  den- 
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EVIDENCE FOR A MECHANISM OF SWELLING VARIATION WITH COMPOSITION I N  IRFSDIATUI Fe-Cr-Ni ALLOYS* 

E. H. Lee and L. K. Mansur (Oak Ridge National  Laboratory)  

1 .o Abst rac t  

i r r a d i a t i o n s  with 4 Mev N i  i ons  and 2 0 W 4 0 0  kev ne ions  were c a r r i e d  o u t  on t w o  a l l o y s ,  Fe- iSCr- iS~i  and 
Fe-15Cr-35Ni, a t  675OC and doses up to 84 dpa. Fmth dual- ion i r r a d i a t i o n  experiments  and sequenced He 
inject ion-anneal-Ni  i r r a d i a t i o n s  were used. The dual- ion experiment showed t h a t  the  t w o  a l l o y s  e x h i b i t e d  
l a r g e  d i f f e r e n c e s  i n  m i c r o s t r u c t u r a l  development, with the low n i c k e l  a l l o y  having s i g n i f i c a n t l y  g r e a t e r  
swel l ing .  The i n j e c t i o n- a n n e a l- i r r a d i a t i o n  experiment was designed to test the hypothes i s ,  suggested by our 
earlier work, t h a t  the lower swel l ing  of the high n i c k e l  a l l o y  may r e s u l t  from a l a r g e r  c r i t i c a l  
r a d i u s / c r i t i c a l  number of gas  atoms requi red  to achieve b i a s  d r iven  swel l ing .  This experiment provided a 
d i r e c t  measurement of these  c r i t i c a l  q u a n t i t i e s  by the induc t ion  of a bimodal Cavity s i ze  d i s t r i b u t i o n .  The 
measurement gave minimum c r i t i c a l  r a d i i  of about  5 nm f o r  the high n i c k e l  a l l o y  and t0.5 nm f o r  the  low 
n i c k e l  a l l o y ,  values c o n s i s t e n t  with the hypothesized mechanism. The h a s i s  of this d i f f e r e n c e  i n  c r i t i c a l  
q u a n t i t i e s  was f u r t h e r  i n v e s t i g a t e d .  Evidence sugges t s  t h a t  i n t e r s t i t i a l  absorp t ion  a t  i n t e r s t i t i a l  type 
d i s l o c a t i o n  loops i s  s i g n i f i c a n t l y  more d i f f i c u l t  i n  the high n i c k e l  a l l o y .  

2.0 In t roduc t ion  

A u s t e n i t i c  Fe-Cr-Ni t e r n a r y  a l l o y s  are the  b a s i s  of s t a i n l e s s  s t e e l s  and r e l a t e d  a l l o y s  for  s t r u c t u r a l  
m a t e r i a l s  both i n  f a s t  r e a c t o r s  and i n  designs for fus ion  reactors, and thus have been the s u b j e c t  of a 
number of i n v e s t i g a t i o n s .  
as a func t ion  of composition using 5 ~ e v  Ni-ion i r r a d i a t i o n ,  and found a t rend of swel l ing  reduc t ion  with 
i n c r e a s i n g  n i c k e l  or decreas ing  chromium. S imi la r  observa t ions  were made f o r  Fe- Cr- Ni t e r n a r y  a l l o y s  
neutron i r r a d i a t e d  i n  the Experimental Breeder Reactor I E B R - 1 1 )  by Bates and Johnston.2 Hishinuma e t  al.3,4 
s t u d i e d  high p u r i t y  Fe-17Cr-xNi with x=12, 35, 50 wt .  % using 1 Mev e l e c t r o n  i r r a d i a t i o n s  and found a n  
i n c r e a s i n g  t rend  i n  the  dose t o  the  Onset of swel l ing  as n i c k e l  was inc reased .  Recent ly ~ a r n e r  and ~ o l f e r , ~  
and Garner and Brager6 presen ted  a d d i t i o n a l  da ta  and repor ted  t h a t  swel l ing  r a t e  was i n s e n s i t i v e  t o  COD- 

p o s i t i o n ,  confirming t h a t  the composi t ional  s e n s i t i v i t y  res ided  mainly upon the d i f f e r e n c e  i n  the per iod  t o  
the  o n s e t  of swel l ing .  

Johnson et a].' performed an e x t e n s i v e  c h a r a c t e r i z a t i o n  of the swel l ing  behavior 

The ques t ion  of the  mechanism(s) underlying this composi t ional  S e n s i t i v i t y  is a long s tand ing  and important  
one. A number of s t u d i e s  have been made t o  shed l i g h t  on t h i s  ques t ion .  Changes i n  the  d i f f u s i o n a l  proper- 
ties of the a l l o y i n g  elements  with composition have been s t u d i e d  i n  r e l a t i o n  to sweli ing.7-9 Changes i n  
overall s h e a r  modulus with composition have also been c o r r e l a t e d  wi th  swel l ing  behavior.1° The e f f e c t s  on 
s w e l l i n g  of l o c a l  changes i n  e l a s t i c  or d i f f u s i o n a l  properties around s i n k s ,  which are induced when s o l u t e  
Segrega t ion  changes the local composition with re fe rence  to the bulk average values have been examined i n  
d e t a i l  over the p a s t  several years.11-15 

The purpose of the p r e s e n t  paper is to f u r t h e r  i n v e s t i g a t e  the mechanisms f o r  swel l ing  v a r i a t i o n  with n i c k e l  
c o n t e n t .  The theory  of c a v i t y  swel l ing  p r e d i c t s  t h a t  rap id  Swell ing occurs only when c a v i t i e s  achieve a 
c r i t i c a l  r a d i u s  or accumulate a c r i t i c a l  number of gas  atoms. our r e c e n t  work i n  this area has led  us to 
t h e  hypothes i s  t h a t  the  proximate cause of swel l ing  v a r i a t i o n  with n i c k e l  c o n t e n t  may be a dependence of the  
C r i t i c a l  q u a n t i t i e s  on n i c k e l  content .  Higher n i c k e l  a l l o y s  would r e q u i r e  l a r g e r  c r i t i c a l  c a v i t y  S ize  and 
c r i t i c a l  numbers of gas atoms, and thus  should begin swel l ing  l a t e r  i n  dose. Experiments have been c a r r i e d  
o u t  to measure c r i t i c a l  c a v i t y  s i z e s .  The r e s u l t s  are c o n s i s t e n t  with t h e  proposed hypothesis .  Fur ther  
m i c r o s t r u c t u r a l  evidence i s  d i scussed  regarding the basis of the v a r i a t i o n  i n  c r i t i c a l  q u a n t i t i e s .  

*Research sponsored by the Divis ion of Mater ia l s  Sciences,  U.S. Department of m e r g y ,  under c o n t r a c t  
DE-AC05-f l40RZ1400 with Martin Mar ie t ta  m e r g y  Systems, 1nc. 
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3.0 Background 

3.1 Theory 
~ 

A w e l l  known r e s u l t  of the theory  of c a v i t y  formation is t h a t  rap id  c a v i t y  growth can begin on ly  when a 
c a v i t y  surpasses  a c r i t i c a l  radius.16-24 
i n  the c a v i t y ,  as w e l l  as on m a t e r i a l s  properties and i r r a d i a t i o n  condi t ions .  The theory  has been reviewed 
and f u r t h e r  developed with r e s p e c t  to a p p l i c a t i o n s  i n  the p r e s e n t  c o n t e x t  by Mansur and Coghlan. l 6  

%, the c a v i t y  w i l l  r e s i d e  a t  a s t a b l e  r a d i u s  r: (n ) ,  and the corresponding number of contained gas atoms, 
c r i t i c a l  r a d i u s  t h a t  must be achieved f o r  bias- driven growth i s  r: ( n 9 ) &  
rz by s t o c h a s t i c  c l u s t e r i n g  processes .  
upward f l u c t u a t i o n  leads  to a s i z e  above 1:. a f t e r  which the c a v i t y  w i l l  grow inexorably.  
added, rz i n c r e a s e s  and r," decreases.  
r: meet a t  what is termed the  minimum C r i t i c a l  r a d i u s  r:. I f  any more gas i s  added, the c r i t i c a l  r a d i u s  
abru  t l y  d i sappears  and bias- driven growth is ensured. It has been shown t h a t  r$ i s  never less than 2 /3  
of rc, the C r i t i c a l  r a d i u s  corresponding to gas- free swell ing.16 
t h e  c r i t i c a l  r a d i u s  without  q u a l i f i c a t i o n  regarding the number of con ta ined  gas atoms t h e r e  is l i t t l e  
ambiquity. 

The c r i t i c a l  r a d i u s  depends on the  number of gas  atoms contained 

For a 

9 FlUCtUatlOnS i n  s i z e  occur about 
The c a v i t y  tends t o  r e t u r n  t o  rc a f t e r  any f l u c t u a t i o n  unless an 

AS mre gas i s  
when a c r i t i c a l  number of gas  atoms n* is accumulated, rz and 9 

8 Thus, when we r e f e r  i n  g e n e r a l  t e r m s  to 

lWo q u a l i t a t i v e l y  d i f f e r e n t  pa ths  are a v a i l a b l e  t h e r e f o r e  f o r  n u c l e a t i o n  of b i a s  d r iven  c a v i t i e s .  
F l u c t u a t i o n s  may take c a v i t i e s  con ta in ing  var ious  q u a n t i t i e s  of gas ,  n 
t h e i r  corresponding c r i t ica l  r a d i u s  rE(ng)  , o r  beyond. 
l a t e  4 gas atoms, a t  which p o i n t  the  c r i t i c a l  c a v i t y  r a d i u s  drops from i t s  minimum f i n i t e  value r: to zero. 
When this l a t t e r  pa th  is fol lowed,  b i a s  d r iven  growth is  ensured.  no f l u c t u a t i o n s  are requ i red .  when the 
c r i t i c a l  r a d i u s  is smal l ,  corresponding t o  c a v i t i e s  con ta in ing  t e n s  to hundreds of vacancies .  the f l u c-  
t u a t i o n  pa th  is l i k e l y  and few c a v i t i e s  may remain to accumulate enough gas to reach S t a b l e  s i z e s  t h a t  are 
n e a r l y  equal to e:. However. when r: i s  l a r g e ,  a few nanometers, corresponding t o  c a v i t y  volumes of tens 
of thousands to hundreds of thousands of vacancies ,  the s i t u a t i o n  is  d i f f e r e n t .  C a v i t i e s  must accumulate 
n e a r l y  

from their S t a b l e  r a d i u s  r;(ng) to 
A l t e r n a t i v e l y ,  snough gas  may be absorbed to accumu- 

gas atoms, so t h a t  r: is n e a r l y  equal t o  rz before  apprec iab le  nuc lea t ion  of b i a s  d r i v e n  c a v i t i e s  
can begin. F l u c t u a t i o n s  are i n e f f e c t i v e  a t  br idg ing  volumes corresponding t o  nanometers i n  c a v i t y  rad ius .  

The Occurrence of r: and r," i n  the t h e o i e t i c a l  s o l u t i o n s  g ive  rise t o  the e x p e c t a t i o n  of bimodal Cavity s i z e  
d i s t r i b u t i o n s .  The c a v i t i e s  i n  the group of the bimodal a t  s m a l l e r  s i z e  r e s i d e  a t  their r: corresponding to 
t h e i r  p. The c a v i t i e s  i n  the group of the bimodal a t  l a r g e r  s i z e s  have achieved c r i t i c a l  s i z e  and cont inue  
t o  grow. In g e n e r a l  the upper r a d i u s  cu tof f  of the smal le r  group i n  the bimodal can be i n t e r p r e t e d  as a 
lower l i m i t  to the minimum c r i t i c a l  r a d i u s ,  $. 
3.2 Experiment =s ign  

Through a p p l i c a t i o n  of the above concepts  it is clear t h a t  when a bimodal c a v i t y  s i z e  d i s t r i b u t i o n  is 
induced by the i n t r o d u c t i o n  of gas ,  a measure of the cr i t ica l  r a d i u s  can be obtained.  A sequenced He 
inject ion- anneal- Ni ion  i r r a d i a t i o n  experiment was designed to measure the c r i t i c a l  r a d i i  i n  both the h i  h 

The o b j e c t  here  is to c r e a t e  s i m i l a r  d i s t r i b u t i o n s  of helium bubbles  i n  each a l l o y  by the i n j e c t i o n  and 
anneal s t e p s ,  Spanning the c r i t i c a l  r a d i i  i n  both a l l o y s .  Subsequent i r r a d i a t i o n  should cause 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 s  to s p l i t  i n t o  two p a r t s ,  with the upper Cutoff of the lower group i n  each a l l o y  g i v i n g  
a measure of the  corresponding c r i t i c a l  radius.* 

and l o w  n i c k e l  a l l o y s .  A s i m i l a r  experiment  has r e c e n t l y  been repor ted  on the f e r r i t i c  a l l o y  Fe - lO%Cr .  22 

~~ 

'There is a rearrangement of the  d i s t r i b u t i o n s  under i r r a d i a t i o n .  
c o n s i s t e d  of equ i l ib r ium bubbles ,  f o r  example, the  equ i l ib r ium bubble a t  the s i z e  that w u l d  c o i n c i d e  with 
rg u p n  i r r a d i a t i o n  would c o n t a i n  t h r e e  times ( i d e a l  g a s )  or more (non- idea l  g a s )  as much gas  as requ i red  
for b i a s  d r iven  growth In;)! , &  much smal le r  equ i l ib r ium bubble would move up to r: upon i r r a d i a t i o n .  where 
t h e  r e l a t i o n  between the i n i t i a l  equ i l ib r ium bubble s i z e  and t h e  c a v i t y  s i z e  a t  the minimum c r i t i c a l  r a d i u s  
u p "  i r r a d i a t i o n  is rEq = rz/31/3,  f o r  i d e a l  gas  behavior . '6  
d i s s o l v e  by e j e c t i n g  gas atoms r e s u l t i n g  from e n e r g e t i c  c o l l i s i o n s  or d i sappear  by coa lesc ing  with o t h e r  
c a v i t i e s ;  and by t h e s e  processes l a r g e r  bubbles may be promoted to above c r i t i c a l  s i z e  a t  the expense of 
smal le r  bubbles ,  consequently reducing the smal l  bubble populat ion.  

I f  the d i s t r i b u t i o n  a f t e r  annea l ing  

During i r r a d i a t i o n  smal le r  bubbles  may also 
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FIGURE 2. Wse dependence of microstructures for 15Ni and 35Ni a l loys  i r r ad ia t ed  with 4 wv Ni-ions and 
in j ec ted  with 0.4 appm/dpa helium a t  675OC. 

densi ty ,  however again approached a similar value of 4-5 x 1013 r2. 
but cavi ty  w e l l i n g  was s t i l l  qu i t e  low with a value of 0.5% a t  83.5 dpa. 

A few cav i t i e s  were found a t  44.7 dpa, 

The mature of d is locat ion loops was determined for  a 35 N i  a l loy  specimen i r r ad ia t ed  t o  1 dpa. 
analys is  was carr ied  out by using 4.1; i n v i s i b i l i t y  c r i t e r i a  and the "inside-outside" con t ra s t  method 
according to the procedure described by m r e t t o  and Smallman.2g For instance with the FS/RH convention, an 
i n t e r s t i t i a l  loop has a Burgers vector upward with respect  to the plane of the loop and gives a strong out- 
s ide  con t ra s t  f o r  (?-6)>O or (?-6)Sg>0 when the deviation parameter, sg is  taken as posi t ive .  Changing the 
g d i r ec t ion  only then gives a weak ins ide  contras t  with ( ~ * ~ ) s g < o  condition. 
depicted i n  Fig. 3, and the r e s u l t s  of the deta i led  analyses of the loops are presented i n  Table 2 .  
analys is  indicated t h a t  a l l  loops were e x t r i n s i c  ( i n t e r s t i t i a l )  i n  nature. 
displacement vectors and the unfaulted loops had b=a<110>/2 displacement vectors. 
found frequently as doublets (Fig. 3) or occassionally as t r i p l e t s  (Fig. 4 ) .  
within the other but were never coplanar. 

The loop 

- 
Some of these examples are 

The 
The faul ted  loops had b=a<111>/3 

In teres t ingly ,  loops were 
These loops were arranged one 

The smaller loops were on a l t e rna te  j l l o ]  planes. Figure 4 
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FIGURE 3. Selected micrographs used i n  Wlrgers vector analys is  of d is locat ion loops i n  35Ni a l loy .  
I r r ad ia t ion  condit ions are the Same as Fig. 2. 
(c)  T = [702l, B- [ l l l l r  (d )  7 = [ 2 O 1 l r  8-[1111, ( e )  7 = [Tool, B-[0121, and ( f )  7 = [2001, 
BI[0121. 

( a )  7 = L Z O l ,  8-[0011, ( b )  4 = I2201, BI[oOll, 

5.2 Sequenced I r r ad ia t ion  

H e l i u m  was implanted to a l eve l  of 400 appm during a one hour period a t  675 C, and the specimens were then 
aged fo r  an addi t ional  hour a t  675 C pr ior  t o  ion bombardment, t o  coarsen a bubble microstructure. 
mination of as-implanted and aged samples revealed t h a t  bubble d i s t r ibu t ions  were uniform and t h e i r  den- 
s i t ies  =re also s imi lar  for  both a l loys ,  being i n  the range 3 to 5 x l o 2 '  m - 3 ,  Fig. 7. 
average bubble diameter i n  the 15Ni a l loy  was -7.5 nm, about 50% la rge r  than  that of the 35Ni a l loy  (- 4.9 
nm) ,  Table 3. About 0.03 dpa displacement damage was produced by helium implantation, which led  to disloca-  
t ion loops i n  both a l loys .  However the loop density and s i ze  was d i f f e r e n t  i n  the t w o  a l loys .  
n ickel  a l loy ,  the loop density m s  -5 x 1OI9 r3 with an average diameter of 30 nm. 
showed only a few large  loops (-100 nm d i a . ) ,  whose density was estimated t o  be l e s s  than 1 x l o l 8  n r 3 .  

TEN exa- 

However, the 

In  the low 
The high nickel  a l loy  
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FIGURE 6. mS analys is  of chemical compcsition a t  matrix and cavi ty  i n  15Ni a l loy  i r r ad ia t ed  to 52.6 dpa 
with 0.4 apm/dpa helium injec t ion r a t e  a t  675OC. 
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a a l  cavi ty  s i ze  d i s t r ibu t ion  i n  15Ni a l loy  and (b) Bimodal cav i ty  s i z e  
loy a f t e r  -40 dpa i r r a d i a t i o n  i n  sequenced heium injeetion-annealinq- 

i s t e n t  with the hypothesis t h a t  the proximate cause of the di f ference  i n  
a l loys  is that the minimum crit ical  r a d i i ,  and correspondingly the cri t ical  
bias  driven swelling, d i f f e r  by a large  factor.  The measured cri t ical  
a l loy  i n  the sequenced i r r a d i a t i o n  corresponds to a c r i t i c a l  number of gas 

Using these f igures  d i r e c t l y ,  and based on the cav i ty  densi ty  a t  

of 15 dpa a t  a r a t e  of 0.4 appm per dpa. This is of the same order as the 

swelling u n t i l  a r e l a t i v e l y  large  value of n$ was accumulated. 

560 appm. 
eriment, swelling should have begun when each cavi ty  accumulated 1.1 x lo* 

as found to begin somewhat below 45 dpa, and re inforces  the. idea t h a t  the 

guenced experiment a r i s e  because of d i f f e r e n t  sink dens i t i e s  and counting 
ion to be addressed i n  turn is wfiy the c r i t i c a l  r a d i i  i n  the two a l l o y s  a re  
appealing to the theory. Speci f ica l ly ,  the derived equation f o r  the mini- 

rradia t ion and Daterials parameters can be used to shed l i g h t  on this 
modified Van der Waals gas30 can be expressed i n  the simple exact  form16 
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* 4Y 3 1+6 
rc = if I- -), 2 2+6 

where 

f =-1” kT s I ( 2 )  R 

where s is the q u a n t i t y  (Z&,DV - z~~ici)/o,C~. 
enerqy, 6 = J1+3B, where 6 = Bf/kT, 0 i s  the  van d e r  Waals volume exclusion c o r r e c t i o n ,  kT has i ts  usual 
meaning, D is the d i f f u s i o n  c o e f f i c i e n t ,  c is the c o n c e n t r a t i o n ,  Cv i s  the  thermal vacancy concent ra t ion  and 
zc is the c a v i t y  cap ture  e f f i c i e n c y  f o r  p o i n t  d e f e c t s .  The symbols D, C and Zc are s p e c i a l i z e d  by t h e  
s u b s c r i p t s  v and i ,  which denote vacancies  and i n t e r s t i t i a l s ,  r e s p e c t i v e l y .  Deta i led  express ions  f o r  these  
q u a n t i t i e s  in terms of m a t e r i a l  and i r r a d i a t i o n  parameters  are given i n  Ref. I161. Eq. ( 1 )  reveals the sen- 
s i t i v i t i e s  of the  c r i t i c a l  r a d i u s  to a l l  the  i r r a d i a t i o n  and m a t e r i a l s  parameters t h a t  can a f f e c t  it. 

The symbols are  def ined  as fol lows:  y i s  the  s u r f a c e  f r e e  

I n  examining these  s e n s i t i v i t i e s ,  we have explored p h y s i c a l l y  reasonable ranges f o r  the parameters .  From 
t h i s  work it became clear t h a t  o n l y  a reasonable d i f f e r e n c e  i n  the b i a s  could change the c r i t i c a l  r a d i u s  so 
s t r o n g l y  from the low to the  high nickel a l l o y .  
of Fq. ( 2 ) .  
t h a t  the c a v i t y  growth r a t e  also is d i c t a t e d  by some of the  same parameters  a f f e c t i n g  r:, a l though  with 
d i f f e r e n t  dependencies. We noted from the high dose d a t a  t h a t  the Cavity growth r a t e ,  the s w e l l i n g  r a t e  and 
t h e  f i n a l  d i s l o c a t i o n  d e n s i t i e s  were n o t  g r e a t l y  d i f f e r e n t  i n  the two a l l o y s .  Thus, the p a r a m e t e r ( s )  we 
s e l e c t  as most l i k e l y  to e x h i b i t  a d i f f e r e n c e  i n  the two alloys and t o  have a S e n s i t i v e  enough dependence t o  
he respons ib le  f o r  the large d i f f e r e n c e  i n  c r i t i c a l  r a d i u s  i n  the  two a l l o y s ,  must a l s o  g ive  rise t o  the  
p r e d i c t i o n  of r e l a t i v e l y  l i t t l e  d i f f e r e n c e  i n  Cavi ty growth r a t e .  S p e c i f i c a l l y ,  the c a v i t y  growth r a t e  is 
d i r e c t l y  p r o p o r t i o n a l  to b i a s 1 6 ,  when C a v i t i e s  are l a r g e  enough t o  render  thermal emission unimportant.  

The b i a s  is def ined  as (zdZc - Zdzc) and is implicit  in s 
V Here Zd denotes  the cap ture  e f f i c i e n c y  of d i s l o c a t i o n s  for  p i n ?  d e f e c t s .  However. we know 

We are t h e r e f o r e  confronted with an  apparen t  paradox. From the  t h e o r e t i c a l  expression (11,  we deduce t h a t  
t h e  most l i k e l y  parameter respons ib le  f o r  the d i f f e r e n c e  i n  c r i t i c a l  r a d i u s  is the  b ias .  our c a l c u l a t i o n s  
us ing  Fq. ( 1 )  show t h a t  t o  achieve the  measured d i f f e r e n c e  requires a d i f f e r e n c e  i n  b i a s  of a f a c t o r  of 150. 
However, this l a r g e  a d i f f e r e n c e  i n  b i a s  also produces a f a c t o r  of change of the Same order  of magnitude i n  
the  c a v i t y  growth r a t e  when the s ink  d e n s i t i e s  are the same i n  both cases. Such a large d i f f e r e n c e  i n  
c a v i t y  growth r a t e s  was not  ohserved. We b e l i e v e  t h i s  problem is resolved by r e f e r e n c e  t o  the  micros t ruc-  
t u r e .  A t  low and moderate doses in the  high n i c k e l  alloy, when s w e l l i n g  is not  occur r ing ,  the microstruc-  
t u r e  is dominated by f a u l t e d  d i s l o c a t i o n  loops. A t  the h i g h e s t  dose in the  high n i c k e l  a l l o y ,  l i n e  
d i s l o c a t i o n s  are predominant and the m a t e r i a l  swells r e a d i l y .  In  t h e  low nickel a l l a y ,  l i n e  d i s l o c a t i o n s  
are predominant a t  a l l  doses and the  m a t e r i a l  swells r e a d i l y .  We take this c o r r e l a t i o n  as a clue t h a t  t h e  
long l i v e d  f a u l t e d  loop micros t ruc ture  i n  the  high n i c k e l  a l l o y  may be c o r r e l a t e d  with low b i a s ,  while a f t e r  
evo lv ing  after very high dose t o  a d i s l o c a t i o n  network, the  bias achieves a value necessary for ready 
swel l ing .  

These deduct ions are made based on a n a l y s i s  of the experimental  d a t a  i n  terms of the theory. There is  inde-  
pendent evidence i n  the micros t ruc ture  t h a t  may be i n t e r p r e t e d  as an i n d i c a t i o n  of low b i a s  i n  the  f a u l t e d  
loop  micros t ruc ture .  Many observatLons of double and t r ip le  i n t e r s t i t i a l  loop5 were made i n  the high n i c k e l  
a l l o y ,  f o r  example, r e f e r  to Figs. 3 and 4. I f  the  i n i t i a l  i n t e r s t i t i a l  loop in one of these groups were a 
good absorber  of i n t e r s t i t i a l s ,  we would expec t  t h a t  i n t e r s t i t i a h  d i f f u s i n g  i n t o  the region would be 
r e a d i l y  absorbed a t  the d i s l o c a t i o n  core of the loop. However, e v i d e n t l y  this is not  always the case. Some 
i n t e r s t i t i a l s  d i f f u s i n g  i n t o  the region nuc lea te  new loops r a t h e r  than a t t a c h i n g  to the  o r i g i n a l  loop. This 
is  a process  we would o n l y  expec t  to happen i f  the  i n t e r s t i t i a h  were a t t r a c t e d  by the  stress f i e l d  of the 
i n i t i a l  loop bu t  upon a r r i v i n g  were no t  absorbed. This t h e r e f o r e  may be regarded as independent microstruc-  
t u r a l  evidence Suggest ing t h a t  i n t e r s t i t i a l  absorp t ion  a t  t h e  f a u l t e d  i n t e r s t i t i a l  loops,  a process respon- 
sible f o r  b i a s  d r i v i n g  Swell ing,  is d i f f i c u l t  in the  high nickel a l l o y .  

Having t raced  the  d i f f e r e n c e  i n  swel l ing  i n  t h e  a l l o y s  to t w o  s u c c e s s i v e l y  more fundamental causes, we are 
confronted with y e t  another  underlyinq ques t ion  of why the d i s l o c a t i o n  loops i n  the high nickel a l l o y  are 
pour absorbers  of i n t e r s t i t i a l s .  The answer to t h i s  i s  probably beyond the  observa t iona l  c a p a b i l i t i e s  of 
e l e c t r o n  microscopy, as it has to do with the  absorp t ion  mechanisms of p o i n t  d e f e c t s  a t  the d i s l o c a t i o n  
core. Several s p e c u l a t i v e  p o s s i b i l i t i e s  SUyqeSt themselves. The d e n s i t y  of j o g s ,  where d e f e c t s  are pref-  
e r e n t i a l l y  absorbed, may depend on composition. The extreme smoothness of the  d i s l o c a t i o n  loop p e r i p h e r i e s  
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i n  the very sharp  images of the high n i c k e l  a l l o y  may lend Some credence to t h i s  p o s s i b i l i t y .  The e x t e n t  of 
the  d i s l o c a t i o n  core may be d i f f e r e n t  i n  the t w o  a l l o y s .  This p o s s i b i l i t y  is motivated by the f a c t  t h a t  
s t a c k i n g  f a u l t  energy is known to vary with n i c k e l  Content.  For example, i n  Fe-lBCr-xNi a l l o y s ,  it was 
found t h a t  s t a c k i n g  f a u l t  energy increased  near ly  l i n e a r l y  from 0.015 t o  0.05 s / m z  when x inc reased  from 15 
to 35.31 of course, the loops i n  the  P r e s e n t  experiments f i n d  themselves i n  h igh ly  n i c k e l  r i c h  reg ions  i n  
hoth a l l o y s ,  as shown by Figures  5 and 6. This cons idera t ion  must be f a c t o r e d  i n  to any d i s c u s s i o n  of 
s t a c k i n g  f a u l t  energy dependence on composition. Changes i n  e l a s t i c  i n t e r a c t i o n s  and local  changes of d i f -  
f u s i v i t i e s  of p o i n t  d e f e c t s  with segrega t ion  to loops may also produce l a r g e  changes i n  d i s l o c a t i o n  loop 
cap ture  e f f i c i e n c i e s .  S imi la r  r e s u l t s  have been demonstrated t h e o r e t i c a l l y  f o r  segrega t ion  e f f e c t s  on the 
cap ture  e f f i c i e n c y  of cavities.11-15 
the  more important ,  however. This view is also supported by nothman e t  al. bulk d i f f u s i o n  d a t a . 9  They 
measured p a r t i a l  d i f f u s i o n  c o e f f i c i e n t s  of Fe,  C r ,  and N i  and found t h a t  the d i f f u s i o n  c o e f f i c i e n t s  
decreased i n  the o r d e r  Cr, Fe, N i ,  bu t  t h a t  their a c t i v a t i o n  e n e r g i e s  f o r  d i f f u s i o n  were i n v a r i a n t  between 
t h e  compositions Fe-15Cr-22Ni and Fee-15Cr-45Ni. They thus  concluded t h a t  there was no c o r r e l a t i o n  between 
s w e l l i n g  and the  d i f f u s i o n a l  behavior of the major components. I n  any case, however, the observed insen-  
s i t i v i t y  of c a v i t y  growth to a l l o y  composition a t  high dose sugges t s  t h a t  segrega t ion  a f f e c t e d  c a p t u r e  e f f i -  
c i e n c i e s ,  a t  l e a s t  a t  t h a t  s t a g e ,  of c a v i t i e s  and d i s l o c a t i o n s  i n  the  t w o  d i f f e r e n t  a l l o y s  do no t  r e s u l t  i n  
s u b s t a n t i a l l y  d i f f e r e n t  b iases .  

E l a s t i c  i n t e r a c t i o n  e f f e c t s  r a t h e r  than changes i n  d i f f u s i v i t y  may be 

I n  examining the i n f l u e n c e  of p h y s i c a l  parameters on the c r i t i c a l  r a d i u s  v i a  ~ q .  ( 1 ) .  several p o s s i b i l i t i e s  
t h a t  were e l imina ted  as a M i ”  underlying cause of the d i f f e r e n c e  between high and low n i c k e l  a l l o y s  are 
worthy of d i scuss ion .  The f i r s t  is s u r f a c e  energy. A s  Can be seen from Eq. ( l ) ,  the c r i t i c a l  r a d i u s  is 
p r o p o r t i o n a l  to the s u r f a c e  energy. Thus to produce the measured result of a f a c t o r  g r e a t e r  than 3 i n  cri-  
t i ca l  r a d i u s .  the s u r f a c e  energy would have to vary by a s i m i l a r  f a c t o r .  We b e l i e v e  this is u n l i k e l y .  The 
Surface e n e r g i e s  Of F e- C r- N i  base s t e e l s  and of each of the pure components Fe ,  Cr, and N i  are all i n  the 
same range about  2 s / m 2 . 3 2  I t  is 
i m p l i c i t  in S and v a r i a t i o n s  i n  it have a very s t r o n g  e f f e c t  on the p o i n t  d e f e c t  concent ra t ion  and con- 
sequent ly  on r:, 
s u b s t a n t i a l  change i n  the o v e r a l l  importance of p o i n t  d e f e c t  recombination. This i n  t u r n  changes the c a v i t y  
growth rate s u b s t a n t i a l l y .  an effect t h a t  i s  absen t  i n  the high dose d a t a .  

A second p h y s i c a l  parameter to cons ider  is the vacancy migra t ion  energy. 

However, we f i n d  t h a t  to produce the f a c t o r  of 10 v a r i a t i o n  i n  r: produces a s u b s t a n t i a l  

An a n a l y s i s  of p o i n t  d e f e c t  r e t e n t i o n  a t  the very lowest  doses ,  e s p e c i a l l y  for the sequenced experiment  
where the i n j e c t i o n  of helium produces a small  displacement  dose,  shows a major d i f f e r e n c e  between the two 
alloys even a t  t h a t  s tage .  A t  the low doses achieved dur ing  He i n j e c t i o n ,  p o i n t  d e f e c t s  t h a t  surv ive  recom- 
b i n a t i o n  p a r t i t i o n  most ly to bubbles and i n t e r s t i t i a l  d i s l o c a t i o n  loops. Thus, the r e t a i n e d  d e f e c t  f r a c t i o n  
can be est imated.  
averaged bubble r a d i u s  Nc the corresponding c a v i t y  d e n s i t y  and Q IS the Etomic volum;. 
nunber of r e t a i n e d  i n t e e s t i t i a l s  is N i  = n r 2 N  /a, where r 
corresponding loop d e n s i t y  and a is  the area per  atom i n  &e p l a t e l e t .  
6.4 x io25m-3 and N .  = 6.1 x 1025m-3 f o r  the low n i c k e l  a l l o y  and N 
f o r  the high n i c k e l l a l l o y .  
a l l o y .  These values correspond to a b u t  2% and 0.7% r e t e n t i o n  r a t e  i n  low and n i c k e l  a l l o y s ,  r e s p e c t i v e l y .  

The number of r e t a i n e d  vacancies  is given by N = 4nr3/3Q where r is  the volume 
V s i m i l a r l y  the 

is  the  area averaged loop r a d i u s ,  N is  the L L  a The r e s u l t s  a t  0.03 dpa g ive  Nv = 

= 2.5 x 1025m-3 and N i  = 1.4 x 1 0 ~ ~ m - ~  
V The p o i n t  d e f e c t  r e t e n t i o n  r a t e  was about  three times higher  i n  the low n i c k e l  

7.0 summary - 
lwo types of ion  i r r a d i a t i o n  experiments  were performed on the alloys Fe-15Cr-lS~i  and Fe-15Cr-35~i to 
i n v e s t i g a t e  the mechanisms r e s p o n s i b l e  for the  l a r g e  d i f f e r e n c e  i n  s w e l l i n g  behavior  between the two a l l o y s .  
The f i r s t  was a dual- ion i r r a d i a t i o n  with 4 MeV N i  ions t o g e t h e r  with 200-400 kev He i o n s  to g ive  a helium 
implan ta t ion  r a t e  of 0.4 appm/dpa. This experiment showed t h a t  the high n i c k e l  a l l o y  swelled s u b s t a n t i a l l y  
less than the  low n i c k e l  a l l a y .  The d i f f e r e n c e  i n  s w e l l i n g  appears  to be mainly in the dose i n t e r v a l  to the 
o n s e t  of swell ing.  S u b s t a n t i a l  d i f f e r e n c e s  i n  the d i s l o c a t i o n  S t r u c t u r e s  were observed. D i s l o c a t i o n  loops 
were unfau l ted  and forming networks i n  the low n i c k e l  a l l o y  a t  1 dpa, while d i s l o c a t i o n  loop growth and 
u n f a u l t i n g  were very slow i n  the high n i c k e l  a l l o y ,  with loops p e r s i s t i n g  up to doses of 84 dpa. 

The second experiment  c o n s i s t e d  of sequenced helium i n j e c t i o n ,  annea l ing ,  and i r r a d i a t i o n .  The experiment  
was designed on the basis of t h e o r e t i c a l  c o n s i d e r a t i o n s  that show a bimodal c a v i t y  d i s t r i b u t i o n  should 
r e s u l t  and that from it a measure of the cri t ical  c a v i t y  r a d i u s  can be obtained.  The experiment  was m o t i -  
vated by the hypothes i s  t h a t  the c r i t i c a l  r a d i i  and cor responding ly  the c r i t i c a l  number of gas  atoms m y  
he S u b s t a n t i a l l y  d i f f e r e n t  i n  the t w o  a l l o y s  and t h a t  this might e x p l a i n  the d i f f e r e n t  dose i n t e r v a l s  to the 
o n s e t  of swell ing.  I n  the high n i c k e l  a l l o y ,  a bimodal was observed while i n  the low n i c k e l  alloy o n l y  a 
unimodal was observed. 1n the high n i c k e l  alloy, t h e  c r i t i c a l  r a d i u s  was measured as 5 m and i n  the low 
n i c k e l  a l l o y  it is be l ieved  to be t0.5 m, the r e s o l u t i o n  l i m i t  of e l e c t r o n  microscopy used i n  this study.  
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I t  is Concluded t h a t  t h e  basis f o r  t h e  d i f f e r e n t  Swel l ing  behav io r  i n  t h e  t w o  a l l o y s  a large d i f f e r e n c e  i n  
t h e  c r i t i c a l  r a d i u s  and c r i t i c a l  number of gas atoms r e q u i r e d  f o r  b i a s  d r i v e n  swel l ing .  The u n d e r l y i n g  
cause f o r  t h i s  d i f f e r e n c e  i n  c r i t i c a l  q u a n t i t i e s  h a s  teen i n v e s t i g a t e d  u s i n g  bo th  d e r i v e d  t h e o r e t i c a l  
e x p r e s s i o n s  and a n a l y s i s  of m i c r o s t r u c t u r e s .  I t  is  sugges ted  that a S u b s t a n t i a l  d i f f e r e n c e  i n  h i a s  is 
r e s p o n s i b l e .  I” the h igh  n i c k e l  a l l o y ,  it appears that  i n t e r s t i t i a l  d i s l o c a t i o n  loops do n o t  absorb  
i n t e r s t i t i a l s  r e a d i l y ,  t h u s  e l i m i n a t i n g  the p o s s i b i l i t y  of excess vacancy a b s o r p t i o n  a t  c a v i t i e s ,  while i n  
t h e  l o w  n i c k e l  a l l o y  ready a b s o r p t i o n  is e v i d e n t .  M u l t i p l e  i n t e r s t i t i a l  loop format ion i n  the high n i c k e l  
alloy was observed and i s  taken as evidence of poor i n t e r s t i t i a l  a h s o r p t i o n  a t  i n t e r s t i t i a l  loops. S e v e r a l  
p o s s i b i l i t i e s  f o r  t h e  d i f f e r e n c e s  i n  i n t e r s t i t i a l  a b s o r p t i o n  a t  i n t e r s t i t i a l  loops are suggested.  
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AN APPKOXIMATE ANALYTICAI. CALCULATION OF PRECIPITATE DISSOLUTION RATE USING A SLOWING DOWN-DIFFUSION THEORY 
FOR CHARGED PARTICLES* 

PhiliD CHOU and Nasr >I. GHONIEM (UCLA)  

1.0. Objective 

The pt~rpose of this paper is to develop an approximate analytical solution to the calculation of the disso- 
lution rate of precipitates due to collision cascades. 

2.0. 

The dynamic dissolrition of microstructures by radiation induced collision cascades is theoretically calcu- 
lated. Coupled cascade-slowing down diffusion eouations are formulated. The resulting equations are 
decoupled and analytically solved by using the Neumann series expansion for total particle fluxes. Specific 
examples illustrating the dependence of precipitate dissolution rate on its size and the incident PKA energy 
are Riven. Spatial fluxes and currents of precipitate and matrix atoms are calculated. 
parameters which control the stahility of precipitates show that the concept of a modified '"escape zone" for 
preciptate atoms from its surface is R valid representation of the phenomenon. It is shown that, f o r  large 
precipitates, the dissolution rate is approximately proportional to the incident i on  energy and inversely 
proportional to the precipitate radius. 

nissolution 

3.0. Program 

Title: Radiation Effects on Structural Materials 
Principal Investigator: Nasr M. Ghoniem 
Affiliation: University of California at Lo6 Angeles 

4.0. Relevant DAFS Program TnsklSuhtask 

Suhtask Group C: Microstructural Characterization, Correlation Methodolgy 

5.0. Accomplishments and Status 

5 . 1 .  Introduction 

The evolution of microstructural features during irradiation involves complex physical phenomena. Dynamic, 
diffusional and microchemical processes cooperate synergisticlly to produce changes in the properties of 
these features. Atomic diffusional processes can now be adequately modeled by the rate theory of chemical 
kinetics. Microchemical changes durinx irradiation are more complex to describe, but can be accounted for 
hy using chemical thermodynamics. However, the effects of radiation on microstructural features through 
dynamic collisions is a relatively unexplored area. Neutron collisions with materials create PKA's (Primary 
Knock-on Atoms) which i n  turn lead to atomic displacements. Average energy PKA's emerging from collisions 
with 14 MeV neutrons can cause atomic displacements on the order of a few thousands. It is therefore con- 
ceivahle that if these displacements lead to the ejection of precipitate atoms into the matrix, precipitates 
would he unstable under irradiation. Ralance hetween microstructural processes, such as is dissolution due 
to high energy collision events and re-formation rate by atomic diffusion, eventually control precipitate 
stahility.l1,2] 

*Mark supported by National Science Foundation Grant CPE 81 11571. 
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The 8 t r e n ~ t h  of dynamic d i 8 a o l u t i o n  p r o c e n i e i  can be i~ealur8d by 8 d i i i o l u t i o n  pa ramete r ,  
d e f i n e d  as t h e  r a t i o  of p r e c i p i t a t c  a tomic e j e c t i o n  rate to  matrix diaplocement  r a t e .  When t h i s  r a t i o  is 
u n i t y ,  every d i sp lacement  of a p r e c i p i t a t e  atom leadn  t o  i t s  permanent i m p l a n t a t i o n  i n t o  t h e  m a t r i x .  T h i s  
p r o c e s s  is, in a way, similar t o  a tomic  d i sp lacement s .  However, t h e  ene rgy  invo lved  i n  a d i s s o l u t i o n  e v e n t  
is much h i g h e r  than  t h e  d i sp lacement  energy.  due t o  t h e  fact t h a t  e n e r g i e s  are r e q u i r e d  f o r  t h e  d i sp lacement  
of p r e c i p i t a t e  atoms a s  w e l l  as t h e  t r a n s p o r t  of t h o s e  atoms i n t o  t h e  ma t r ix .  T h e r e f o r e ,  i t  is expec ted  
t h a t  such long-range d i sp lacement  e v e n t s  are much m r e  d i f f i c u l t  as compared t o  t r a d i t i o n a l  a tomic  d i s p l a c e-  
m e n t  e v e n t s .  In an earlier p a p e r ( 3 1 ,  w e  deve loped  a Monte Carlo computer program, TRIPOS,  t o  s t u d y  t h e  - TRansport of loris i n  E l y a t o m i c  j o l i d s .  The i n t e r a c t i o n  between collision cascades  and p r e c i p i t a t e s  waq 
n u m e r i c a l l y  s imula ted .  I n  t h i s  p a p e r ,  an approximate  a n a l y t i c a l  theory  is developed f o r  t h e  s t u d y  of t h e  
dynamic i n t e r a c t i o n  between Pr imary  Knock-On Atoms (PKA's) and m i c r o s t r u c t u r a l  f e a t u r e s .  A d i f f u s i o n  formu- 
l a t i o n ,  d e r i v e d  from t r a n s p o r t  t h e o r y ,  is g iven .  Coupled p a r t i c l e  s l o w i n g- d i f f u s i o n  e q u a t i o n s  are  s o l v e d  by 
expanding t h e  f l u x  i n  Neumann series. The d i s s o l u t t o n  paramter  is e v a l u a t e d  based upon an average PKA 
g e n e r a t e d  from n e u t r o n s  a t  d i f f e r e n t  e n e r g i e s .  F i n a l l y .  an e m p i r i c a l  fo rmula  f o r  t h e  d i s s o l u t i o n  pa ramete r  
is g i v e n ,  t o g e t h e r  wi th  a comparison wi th  r e s u l t s  by Nelson.141 

T h i s  can be 

5.2. n i f f u s i o n - s l o v i n g  D O W ~  R e p r e s e n t a t i o n  

Consider charged p a r t i c l e  ba lance  i n  d i f f e r e n t i a l  space  d:dEdd about  p o s i t i o n  
d i r e c t i o n  d . 
e l e c t r o n i c  i n t e r a c t i o n s ,  and p a r t i c l e  p roduc t ion :  t h e  f o l l o w i n g  form of t h e  Boltzmann t r a n s p o r t  e q u a t i o n  is 
o b t a i n e d  15.61: 

? , energy E ,  and 
A t  s t e a d y  s t a t e ,  by e q u a t i n g  l o s s e s  from leakage  e l a s t i c  c o l l i s i o n s ,  s lowing down by 

where 

+(:,E,& = p a r t i c l e  angtilar f l u x  = ( p a r t i c l e  speed)  
x ( p a r t i c l e  number d e n s i t y )  

+ + + + +  + +  
n V+(r,E,n)drdEdn = n e t  r a t e  a t  which p a r t i c l e s  are l o s t  from drdEdn 

due t o  l e a k a g e  

L (E) = t o t a l  macroscopic  cross s e c t i o n  
t 

+ +  t 
C (E)+(r ,E,O)drdEdn = r a t e  at which p a r t i c l e s  undergo 

n u c l e a r  i n t e r a c t i o n s  in drdEdn. 
t + +  

* +  
C (E'*E,n'+Q) = d i f f e r e n t i a l  s c a t t e r i n g  ccoss s e c t i o n  

s 

+ + + *  + + +  
[I d n '  IdE'C (E'  + E ,  0' + f l )+(r .E ' ,O ' ) ldrdEdn 

s + +  
= rate a t  which p a r t i c l e s  s c a t t e r  i n t o  drdEdn 

a's(E)~"'E'if) '~:dEdb = n e t  rate a t  which p a r t i c l e s  slow down 
i n t o  d:dEd?i due t o  Coulomh i n t e r a c t i o n s  w i t h  
e l e c t r o n s .  

aE 

?,(E) = e l e c t r o n i c  s t o p p i n g  cross s e c t i o n .  

For charged p a r t i c l e  t r a n s p o r t  problems such  as t h e  s lowing  down of F'KA's in m a t e r i a l s ,  s c a t t e r i n g  p r o c e s s e s  
are due t o  n u c l e a r  as w e l l  as e l e c t r o n i c  i n t e r a c t i o n s .  Nuc lea r  i n t e r a c t i o n s  occur  rnainly by s c r e e n e d  
Coulomb c o l l i s i o n s  hetween a moving atom and background atoms. 
c o l l i s i o n s  between moving atoms and t h e  background e l e c t r o n  c loud.  Due t o  t h e  f a c t  t h a t  e l e c t r o n i c  
collisions are h i g h l y  fo rward ,  we were a b l e  t o  r e p l a c e  t h e  e l e c t r o n i c  i n s c a t t e r i n g  i n t e g r a l  in t h e  t r a n s p o r t  
e q u a t i o n  by s u b s t i t u t i n g  an e l e c t r o n i c  s t o p p i n g  term f o r  t h e  i n t e g r a l  i n  t h e  t r a n s p o r t  e q u a t i o n  (1). 

E l e c t r o n i c  i n t e r a c t i o n s  are of Coulomb t y p e  
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The p r e v i o u s  t r a n s p o r t  e q u a t i o n  has  six degrees  of freedom; namely, t h r e e  s p a t i a l ,  one ene rgy  and t h e  
remainder  from v e l o c i t y  d i r e c t t o n  cosine dependence. Assuming t h a t  t h e  angular f l u x  h a s  n e a r l y  i s o t r o p i c  
d i s t r i b u t i o n ,  d i f f u s i o n  e q u a t i o n s  can be d e r i v e d  from t h e  t r a n s p o r t  equa t ion .  Such s i m p l i f i c a t i o n  l e a d s  t o  
t h e  e l i m i n a t i o n  of two independent  variables ( v e l o c i t y  d i r e c t i o n  cosines) and t h e  reduction a f  d e g r e e s  of 
freedom from h t o  4 .  Computer s i m u l a t i o n s  have shown t h a t  d i sp lacement  collisions are i s o t r o p i c  in c a s c a d e s  
over n o s t  of t h e  energy range. Also PKA 60urces have i s o t r o p i c  and homogeneous d i s t r i b u t i o n s .  We w i l l  
t h e r e f o r e  use t h e  s i m p l e r  d i f f u s i o n  approximat ion i n  our a t t empt  t o  c a l c u l a t e  a d i s s o l u t i o n  parameter .  T h e  
o n l y  independent  v s r i a h l e s  i n  t h e s e  e q u a t i o n s  are space and energy. 1" o r d e r  t o  s i m p l i f y  ma themat ic s ,  and 
f o r  t h e  sake of obtaining approximate  a n a l y t i c a l  s o l u t i o n s ,  we will assume t h a t  n u c l e a r  s c a t t e r i n g  i s  ap- 
prox imate ly  i s o t r o p i c .  However, e l e c t r o n i c  s t o p p i n g  is h i g h l y  a n i s o t r o p i c .  and we will t a k e  accoun t  of t h i s  
by u s i n g  an average  s c a t t e r i n g  cosine of u n i t y  f o r  e l e c t r o n i c  s t o p p i n g .  S i n c e  t h e  PKA Source i s  s p a t i a l l y  
i s o t r o p i c ,  t h e  error i n  t h e  assumption of i s o t r o p i c  n u c l e a r  s c a t t e r i n g  is expected t o  be ve ry  s m a l l ,  as is 
t h e  case in n e u t r o n  t r a n s p o r t  c a l c u l a t i o n s . [ 7 1  The d i f f u s i o n  approx imat ion  has t h e  f o l l o w i n g  expression, 
where t h e  a n g u l a r  dependence is e l i m i n a t e d  from t h e  t r a n s p o r t  fo rmula t ion :  

?(:,E) = - - V+(:,E) (2)  
3 5  

= - 0 $ +(;,E) 

where D is t h e  d i f f u s i o n  c o e f f i c i e n t ,  and C t  is t h e  t o t a l  cross s e c t i o n .  

+ 
Ry i n t e g r a t i n g  Equa t ion  ( I )  over do  and s u b s t i t u t i n g  Equa t ion  ( 2 ) .  we o b t a i n  

* 
+ E)B(:.E,) ( 3 )  

d -D '?+ + Z t +  = 0 + & S + )  + r,dE'Zs(E' 

where T2 d e s c r i b e s  s p a t i a l  d i f f u s i o n ,  f is t h e  energy c u r r e n t  and $ is t h e  ene rgy  f l u x .  

T h i s  e q u a t i o n  is s t r i c t l y  v a l i d  f o r  monoatomic homogeneous media. For an inhomogeneous polyatomic medium, 
coupled d i f f u s i o n  eqniations must be used. Le t  us c o n s i d e r  a p r e c i p i t a t e  emhedded i n  an i n f i n i t e  m a t r i x ,  an 
example is t h e  c a r b i d e  p r e c i p i t a t e  MZ3C6 in s t e e l .  I n  o r d e r  t o  s i m p l i f y  t h e  t r e a t m e n t ,  an average  atom type  
w i l l  be used t o  r e p r e s e n t  t h e  two t y p e s  of atom8, L( and C ,  i n  t h e  p r e c i p i t a t e .  Fur the rmore ,  we expand t h e  
s e l f  atom i n s c a t t e r i n g  term i n t o  d e f l e c t e d  and recoil terms. We also s e p e r a t e  t h e  r e c o i l  terms due t o  atoms 
coming from d i f f e r e n t  s p a t i a l  regions from t h o s e  due t o  s e l f  atoms. With t h i s  coup l ing  between d i f f e r e n t  
a t o n i c  species and d i f f e r e n t  s p a t i a l  regions, t h e  a n a l y t i c a l  solution of e q u a t i o n  (3 )  is s t i l l  a d i f i c u l t  
t a s k .  We w i l l  invoke h e r e  one more assumption f o r  t h e  sake of s i m p l i c i t y ,  and t h a t  is t o  r e n d e r  t h e  elec- 
t r o n i c  ene rgy  loss rate zero, but subsume i t s  e f f e c t  i n  a modif ied d i f f u s i o n  l e n g t h  as e v a l u a t e d  from t h e  
Monte C a r l o  range c a l c u l a t i o n s .  The coupled d i f f u s i o n  e q u a t i o n s  f o r  a p r e c i p i t a t e  in an i n f i n i t e  m a t r i x  are  
t h e n  given below 

-D $ep i C t p p m p  - IEspp(E'+E)mp(E')dE' + Jcspp(E'+E'-E)m (E')dE' 
PP P 

( 4 )  

( S )  

(E'+E'-E)mm(E')dE' + S (E) 
J'spm P 

- Dpm8em + Etpm@m - IZspm(E'X)em(E')dE'  

= n m p ( e ' + e ) m  (E')dE' ( 6 )  
2 -n o m  + z  m 

mP P tmp P P 

Two s u h s c r i p t s  are used f o r  p h y s i c a l  pa ramete r s  i n  Eq. ( 4 )  - (7). "p" stands f o r  p r e c i p i t a t e  and 'h" s t a n d s  
f o r  m a t r i x .  The f i r s t  s u b s c r i p t  d e p i c t s  t h e  r e g i o n  where t h e  e q u a t i o n  is v a l i d  and t h e  second s u b s c r i p t  
r e p r e s e n t s  t h e  atom type  being s tud ied .Equa t ion  ( 4 )  is f o r  t h e  d i f f u s i o n  of p r e c i p i t a t e  atoms i n  t h e  p r e c i p-  
i t a t e ,  Equa t ion  ( 5 )  is f o r  t h e  d i f f u s i o n  of m a t r i x  a t o m  i n  t h e  p r e c i p i t a t e ,  Equat ion (6 )  is f o r  p r e c i p i t a t e  
atoms in t h e  m a t r i x ,  and Equa t ion  ( 7 )  is f o r  m a t r i x  atoms in t h e  ma t r ix .  Equa t ions  ( 5 )  and ( 6 )  can no t  be 
n e g l e c t e d  due t o  t h e  f a c t  t h a t  f o r e i g n  r e c o i l s  i n  t h e  l o c a l  medium do c o n t r i h u t e  g r e a t l y  t o  t h e  g e n e r a t i o n  
of l o c a l  r e c o i l s  around t h e  i n t e r f a c e .  Four boundary c o n d i t i o n s  are r e q u i r e d  t o  solve for e i t h e r  m a t r i x  or 
p r e c i p i t a t e  atom f l u x e s ;  t h e s e  are: 
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J(o) = 0 

where tb is  a v e c t o r  deF in ing  t h e  m i c r o s t r u c t u r e  s u r f a c e .  

I f  t h e  mass of p r e c i p i t a t e  atoms is d r a s t i c a l l y  d i f f e r e n t  from m a t r i x  a toms,  as is t h e  g e n e r a l  case, t h i s  
can l e a d  t o  d i f f e r e n t  s lowing  down behav io r s  f o r  t h e s e  atoms. 
t h e  i n t e r a c t i n g  p a r t i c l e s ,  s lowing down energy  ranges  w i l l  have t o  be modif ied and t h e  s o l u t i o n  is more 
complex, as  is t h e  case f o r  n e u t r o n  slow in^ down in non-hydrogenous media ( r e f e r r e d  t o  as P l a z e c ' s  
w i ~ g 1 e ) I R l .  
t r a n s f e r  f a c t o r .  A , which d e s c r i h e s  t h e  maximum f r a c t i o n  of energy t h a t  an i n c i d e n t  p a r t i c l e  of mass M I  can 
t r a n s f e r  t o  a r e c o i l  p a r t i c l e  wi th  mass M2. 

In o r d e r  t o  c o n s i d e r  mass d i f f e r e n c e s  among 

A good measure f o r  t h e  mass d i s p a r i t y  among i n t e r a c t i n g  p a r t i c l e s  is t h e  k i n e t i c  ene rgy  

I t  is d e f i n e d  as 

i f  t h e  masses are t h e  same, A is u n i t y ,  and i f  t h e  m s s e s  are d r a s t i c a l l y  d i f f e r e n t ,  A approaches  zero. 
A l s o .  (I , t h e  minimum f r a c t i o n  of energy  t h a t  an i n c i d e n t  p a r t i c l e  can emerge with a f t e r  a collision, is 
g i v e n  a6 

- Mz ) *  a -  I - A  = (- 
M1 + M2 

T h i s  f a c t o r  a f f e c t s  t h e  s lowing  down energy  range;  i f  a e q u a l s  z e r o  an i n c i d e n t  p a r t i c l e  can lose all of i t s  
ene rgy  in a s i n g l e  c o l l i s i o n ,  w h i l e  f o r  t h e  case a approaches  u n i t y  i t  needs  a large number of c o l l i s i o n s  
b e f o r e  t h e  i n c i d e n t  p a r t i c l e  can be slowed down to  a small energy.  F o r t u n a t e l y ,  f a r  t h e  case of p r e c i p i t a t e  
MZ3C6, such  as pure  molybdenum c a r b i d e ,  i n  steel, t h e  a v e r a g e  mass f o r  p r e c i p i t a t e  atoms is about  1.5 times 
t h a t  of iron atoms. T h i s  g i v e s  a A of 0.97 and ana of  0.03. These two pa ramete r s  are v e r y  close t o  t h o s e  
o f  t h e  case when p r e c i p i t a t e  and steel atom have t h e  same mass. T h e r e f o r e .  we can u s e  t h e  f o r m u l a t i o n  of 
e q u a l  masses f o r  t h i s  a n a l y s i s .  T h i s  can c o n s i d e r a b l y  s i m p l i f y  t h e  problem as what is f a c e d  i n  n e u t r o n  
s lowing  down problem 181. 

5.3. Method of S o l u t i o n :  Neumann Expansion 

We can s o l v e  t h e  coupled d i f f u s i o n  e q u a t i o n s  by expanding t h e  energy f l u x e s  f o r  p r e c i p i t a t e  and m a t r i x  atoms 
i n t o  a Neumann s e r i e s  of t h e  f o l l o w i n g  form 

where $ i s  t h e  succesive c o r r e c t i o n s  t o  t h e  z e r o t h  o r d e r  s o l u t i o n .  Each term i n  t h e  Neumann s e r i e s  expan- 
sion h a t  t h e  ana logy  of c o l l i d e d  f l u x  as from t r a n s p o r t  e q u a t i o n s .  By a p p l y i n g  a Neumann expansion f o r  t h e  
f l u x e s .  we can decoup le  t h e  i n s c a t t e r i n g  i n t e g r a l  from t h e  s p a t i a l  dependence terme. However, a new series 
o f  d i f f u s i o n  e q u a t i o n s  arise as shown below 

z e r o t h  o r d e r  e q u a t i o n s  
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m = n  2 
+pmV @m,o ' 'tpm m,o 

2 
-0 V @ + = J L  ( E ' + E ) Q  (E')dE' + I 1  (E'+E'-F)@ (E')dP.' 

mm m,n tm m,n smn m,n-1 s m  m,n-1 

+ IZ (E'+E'-E)m (E ' )dE'  ( 2 2 )  
smp p,n-l 

w i t h  t h e  houndary c o n d i t i o n s  (8-11) a p p l i e d  t o  each f l u x  component. 
In t h e  p r e s e n t  a n a l y s i s ,  two d i f f e r e n t  geomet r i e s  f o r  p r e c i p i t a t e  shapes  are c o n s i d e r e d ;  namely, p l a n e  and 
s p h e r i c a l .  w i t h  t h e  co r respond ing  a p p r o p r i a t e  e x p r e s s i o n  f o r  t h e  o p e r a t o r  V2 . The o p e r a t o r  f o r  s p h e r i c a l  
geometry causes  some d i f f i c u l t i e s .  Ry a chanxe of v a r i a h l e  such as: 

(23)  
Y 

@ = -  
r '  

we o b t a i n  similar d i f f u s i o n  e q u a t i o n s  t o  t h o s e  of t h e  p l a n a r  case w i t h  '4 i n  p l a c e  of m . However, t h e  
e x t e r n a l  PKA source term is rQ f o r  s p h e r i c a l  geometry r a t h e r  than  Q as f o r  p lane  geometry. 

The s o l u t i o n  t o  t h e  p r e v i o u s  set of e q u a t i o n s  s t i l l  r e q u i r e s  a numerical  approach,  i f  compl ica ted  n u c l e a r  
s c a t t e r i n g  c r o s s- s e c t i o n s  a r e  used.  Our major o b j e c t i v e  is t o  o b t a i n  a s imple  a n a l y t i c a l  approx imat ion ,  
r a t h e r  t h a n  invo lved  numerical  c a l c u l a t i o n s .  
l e n t "  ha rd  s p h e r e  c r o s s- s e c t i o n ,  t h a t  is v a l i d  over t h e  e n t i r e  energy range. I t  is known t h a t  t h e  
Ln te raCt ion  p o t e n t i a l  goes from n e a r l y  pure  Coulomb s c a t t e r i n g  a t  h igh  energy t o  a Born-Meyer t y p e  
i n t e r a c t i o n  p o t e n t i a l  a t  low energies. I n  our s i m p l i f i e d  a n a l y s i s ,  t h e  ' "equ iva len t"  hard- sphere  cross- 
sec t ion  is on ly  a model of t h e  e n t i r e  i n t e r a c t i o n  range.  The va lue  of t h i s  c r o s s- s e c t i o n  i s  d e t e r i m i n e d  
such  t h a t  t h e  a tomic  d i sp lacement  r a t e  is normal i sed  t o  t h e  more s o p h i s t i c a t e d  Monte C a r l o  numer ica l  s imula-  
t i o n s  of our code TRIPOS 131.  Hence, t h e  r e s u l t s  of t h e  p r e s e n t  c a l c i i l a t i o n s  give o n l y  " r e l a t i v e "  v a l u e s  of 
d i s s o l u t i o n  t o  d i sp lacement  r a t e s .  

For t h i s  purpose,  we w i l l  assume t h e  e x i s t e n c e  of an "equiva- 

For hard  s p h e r e  nuclear s c a t t e r i n g ,  we have 

Ls(E'+E) = L (E ' ) /E '  ( 2 4 )  

Also in t h e  process of slowing down f o r  PKA's, t h e  t o t a l  cross s e c t i o n  is e s s e n t i a l l y  t h e  same as t h e  scat- 
t e r i n g  cross s e c t i o n ,  i.e., u n t i l  t h e  energy f a l l s  below a c e r t a i n  ene rgy  l i m i t  when t h e  s lowing  
down p rocess  is t e rmina ted  and t h e  p a r t i c l e  is cons ide red  t o  be absorbed. Also from t h e  f a c t  t h a t  
p r e c i p i t a t e  atoms have s imi l a r  masses and a tomic  numbers as t h o s e  of m a t r i x  atoms, i t  f o l l o w s  t h a t  they  have  
s i m i l a r  a tomic  s c a t t e r i n g  and d i f f u s i o n a l  behaviarfi .  T h e r e f o r e ,  we have 

Ts = E t ,  

1 7 5  



Equations (19) to (22 )  can be further simplified by combining the deflected and recoil inscattering terms 
for self  atoms. The simplified diffusion-slowing down equations are: 

for n > I 

in precipitate: 

in matrix: 

Z(:,E')$ n-, ( '+ .E')dE'  

E' + r  
for n-0, we don't have the inscattering terns on the right side. 
for Equation (27) and matrix source term for Equation ( 3 0 ) .  

Let all the PKA's start with energy E,, using the following transformations, 

However, ye have a precipitate source term 

y - r/L (31)  

E = E / E ~  (32)  

where I., - 
as below (for plane geometry) in dimensionless units, 

for " > 1 

is the diffusion length, E, is the PKA source energy. Eqiiations (27-30) can be rewritten 
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For  n=O again, we don ' t  have t h e  i n s c a t t e r i n g  term on the  r i g h t  side of the above f o u r  equa t ions ,  however 
p r e c i p i t a t e  source and matr ix source terms do e x i s t  on the  r i g h t  s i d e  of Equat ions (33) and ( 3 6 ) *  
respect ively.The followinR s o l u t i o n s  a r e  obtainpd for plane and s p h e r l c a l  geometr ies ,  when the  v 
is replaced hy i t s  a p p r o p r i a t e  r e p r e s e n t a t i o n :  

o p e r a t o r  

(dm,o + Cm.o,o e - y )  & ( E  - 1) 
%.o = 

whi le  f o r  n>O, the  following s o l u t i o n  is obtained: 

( 4 0 )  

n 
4m.n rdm,n + e-y ykl In"-1 (E) ( 4 4 )  k=n %n,k 

The solution c o e f f i c i e n t s ,  a , b , c  and d ,  fo r  both plane and s p h e r i c a l  geometr ies , ,  are given in appendix A. 

The t o t a l  p r e c i p i t a t e  and matr ix atom f l u x e s  and c u r r e n t s  are the  sum of component f luxes  and c u r r e n t s  f o r  
each type over the  whole PKA slowing down energy regime, as defined i n  equat ion (14 ) .  

The d i s s o l u t i o n  r a t e  of the p r e c i p i t a t e  is propor t iona l  t o  the  t o t a l  p r e c i p i t a t e  atom c u r r e n t  t h a t  crosses 
the  p r e c i p i t a t e  surface. And the  d i s s o l u t i o n  parameter ,  b, can now be c a l c u l a t e d  as: 

where V and A a r e  the  volumes and surface area f o r  t h e  p r e c i p i t a t e  and req is the  equ iva len t  r a d i u s  for t h e  
p r e c i p i t a t e .  

5.4. R e s u l t s  

I n  these c a l c u l a t i o n s ,  we consider a p r e c i p i t a t e  of the  M23C6 type  and the  s t e e l  matr ix is considered t o  
c o n t a i n  i ron  atoms only. Average atnms are used f o r  the  r e p r e s e n t a t i o n  of p r e c i p i t a t e  atoms. I n  o t h e r  
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words,  an average  mass and an average  a tomic  number are used t o  c h a r a c t e r i z e  p r e c i p i t a t e  atoms. I n  t h e  
p r e s e n t  method, i t  is not  p o s s i b l e  t o  c a l c u l a t e  p r e f e r e n t i a l  d i s s o l u t i o n  rates of p r e c i p i t a t e  components, as 
h a s  been accomplished u s i n g  t h e  Monte C a r l o  Method 111. Average P K A ' s  are used in t h e  s lowing  dom-  
d i f f u s i o n  theory  c a l c u l a t i o n s .  For i n s t a n c e ,  t h e  average PKA energy is about  0.5 M e V  f o r  t h e  R o t a t i n g  
T a r g e t  r e u t o n  Zource (RTNS) f u s i o n  neutron6 and 37 keV f o r  f i s s i o n  neu t rons .  The c u t o f f  energy is t aken  t o  
be t h e  bulk  d i sp lacement  ene rgy  which e q u a l s  25 eV. By s o l v i n g  t h e  p r e v i o u s  s e t  of coupled e q u a t i o n s ,  
p r e c i p i t a t e  atom f l u x e s  and m a t r i x  atom f l u x e s  are o b t a i n e d  throughout  t h e  medium. Neumann s e r i e s  of up t o  
45 terms was found n e c e s s a r y  h e f o r e  f l u x e s  would converge. 

- 

F i g u r e  ( I )  shows t h e  f l u x  p r o f i l e s  f o r  hoth  ma t r ix  and p r e c i p i t a t e  atoms f o r  a p lane  p r e c i p i t a t e  wi th  h a l f  
t h i c k n e s s  of 5 d i f f u s i o n  l e n g t h s .  For t h e  c a s e  c o n s i d e r e d ,  p r e c i p i t a t e  and mat r ix  atoms are of similar 
masses ,  s i m i l a r  a tomic numbers. and same source s t r e n g t h .  The combined f l u x  f o r  p r e c i p i t a t e  and m a t r i x  
a toms,  t h a t  is, $ and 0, i s  e s s e n t i a l l y  t h e  Same as t h a t  f o r  an i n f i n i t e  medium. 
f l u x  in t h e  i n f i n y t e  medium, t h e  r eade r  is r e f e r r e d  t o  Appendix B at t h e  end of t h i s  paper .  Y igure  (1)  
i l l u s t r a t e s  t h a t  t h e  sum of p r e c i p i t a t e  and m a t r i x  f l u x e s  does  converge t o  t h e  i n f i n i t e  medium f l u x .  
Figures (2) and (3 )  show t h e  f l u x e s  i n  Neumann s e r i e s  terms. 
F i g u r e  ( 3 )  g i v e s  t h e  31" t o  t h e  35th terms.  
However, i t  is known t h a t  g e n e r a l l y  p r e c i p i t a t e s  have e p h e r i c a l  shapes .  T h e r e f o r e  a q u e s t i o n  arises 
r e g a r d i n g  t h e  v a l i d i t y  of p l a n e  geometry c a l c u l a t i o n s  f o r  s p h e r i c a l  p r e c i p i t a t e s .  An " e f f e c t i v e  r a d i u s"  f o r  
a p l a n a r  p r e c i p i t a t e  is c a l c u l a t e d  by conse rv ing  t h e  volume t o  s u r f a c e  r a t i o  of t h e  p r e c i p i t a t e .  Le t  t 
e q u a l  h a l f  t h i c k n e s s  of t h e  p l a n a r  p r e c i p i t a t e ,  t hen  t h e  a s s o c i a t e d  e f f e c t i v e  r a d i u s  is 3 t l 2 .  F i g u r e  ( 4 )  
$how$ a comparison of f l u x e s  a t  t h e  p r e c i p i t a t e  s u r f a c e  between plane and s p h e r i c a l  geomet r i e s  as f u n c t i o n s  
of e q u i v a l e n t  r a d i i .  I t  shows t h a t  f o r  l a r g e  sizes, p r e c i p i t a t e  f l u x e s  f o r  s p h e r i c a l  and p l a n a r  models are 
s i m i l a r  w h i l e  f o r  small sizes, p r e c i p i t a t e  f l u x e s  f o r  t h e  s p h e r i c a l  model are s m a l l e r  than  t h o s e  f o r  t h e  
p lanar  models.  However, t h e  p h y s i c a l  e n t i t y  t h a t  d e p i c t s  t h e  d i s s o l u t i o n  p r o ~ e s s e s  is t h e  c u r r e n t  t h a t  
crosses t h e  p r e c i p i t a t e  s u r f a c e .  
w i t h  t h e  c u r r e n t .  The b e s t  way t o  r e p r e s e n t  t h e  d i s s o l u t i o n  pa ramete r  is t o  e x p r e s s  i t  as a f r a c t i o n  of t h e  
dpa r a t e .  As we know, f o r  ve ry  s m a l l  p r e c i p i t a t e s ,  t h e  d i s s o l u t i o n  r a t e  is e s s e n t i a l l y  e q u a l  t o  t h e  dpa 
r a t e .  The d i s s o l u t i o n  pa ramete r  can t hen  be normal ized t o  t h e  dpa r a t e  a t  v e r y  small  r a d i i .  F i g u r e  ( 5 )  
shows a cornpartson of d i s s o l u t i o n  pa ramete r s  between p lane  and s p h e r i c a l  model. The r e s u l t s  are abou t  t h e  
same f o r  l a r g e  and small  r a d l i  and w i t h i n  a d i f f e r e n c e  of 2% f o r  i n t e r m e d i a t e  = a d i t .  

For more d e t a i l  on t h e  

F i g u r e  (2 )  gives t h e  6th t o  t h e  l o t h  term and 
A p l a n e  p r e c i p i t a t e  is cons ide red  f o r  t h e  above e v a l u a t i o n s .  

The d i s s o l u t i o n  pa ramete r  can be e v a l u a t e d  by u s i n g  Equa t ion  (47)  a l o n g  

I n  t h e  f i v e  f i g u r e s  above, t h e  d i s t a n c e  is expressed  in u n i t s  of d i f f u s i o n  l e n g t h .  In o r d e r  t o  make t h e  
r e s u l t s  have e x p e r i m e n t a l  s i g n i f i c a n c e .  i t  is n e c e s s a r y  t o  measure and conver t  t h e  d i f f u s i o n  l e n g t h  i n t o  
real u n i t s .  A r u l e  of thumb f o r  t h e  d i f f u s i o n  l e n g t h  is t h a t  i t  i s  about  one s e v e n t h  t o  one s i x t h  t h a t  of 
t h e  PKA ranges .  
h a s  shown t h a t  t h e  d i r e c t  d i s s o l u t i o n  pa ramete r  peaks f o r  p l a n a r  p r e c i p i t a t e  w i t h  h a l f  t h i c k n e s s  correspond-  
ing  t o  6-7 d i f f u s i o n  l e n g t h s .  The peak co r responds  t o  t h e  r anges  of PKA's. Fur the rmore ,  expans ions  fOK 
Neumann series of up t o  about  40 terms are r e q u i r e d  f o r  t h e  f l u x  c a l c u l a t i o n  t o  r each  convergence.  T h i s  
s u g g e s t s  t h a t  i t  t a k e s  about  40 c o l l i s i o n s  f o r  PKA t o  slow down i f  we remember t h a t  t h e  n ' t h  term i n  t h e  
Neumann series expansion in d i f f u s i o n  t h e o r y  co r responds  t o  t h e  n ' t h  c o l l i d e d  term from t r a n s p o r t  theory .  
T h i s  a l s o  s u g g e s t s  t h a t  6-1 d i f f u s i o n  l e n g t h s  co r respond  t o  t h e  range of a PKA from random work t h e o r y .  
Tha t  is, t h e  square of t h e  t r a v e l  d i s t a n c e  is e q u a l  t o  t h e  number of jumps (collisions) t imes  t h e  s q u a r e  of 
t h e  jump s t e p  ( d i f f u s i o n  l e n g t h ) .  
PKA's. 
of loris in E l y a t o m i c  S o l i d s ) .  

Our e a r l i e r  work on t h e  c o n t r i b u t i o n  of d i r e c t  d i s s o l u t i o n  from t h e  s e l f  c o l l i s i o n  c a s c a d e  

We have t h e r e f o r e  t a k e n  t h e  d i f f u s i o n  l e n g t h s  as 1/6.5 of t h e  r anges  of 
The ranges  of t h o s e  PKA's are c a l c u l a t e d  by u s i n g  a Monte Carlo computing program, TRIPOS ( E a n s p o r t  

F i g u r e  (5 )  shows t h e  d i s s o l u t i o n  r a t e  as a f u n c t i o n  of t h e  e q u i v a l e n t  p r e c i p i t a t e  r a d i u s .  
d i f f e r e n t  e n e r g i e s  have t h e  same slowing down behav io r .  
o b t a i n e d  by u s i n g  t h e  real u n i t s  in p l a c e  of d i f f u s i o n  l e n g t h s  f o r  PKA's a t  d i f f e r e n t  e n e r g i e s .  F i g u r e  
(6) .  
0.2 MeV, and 0.5 MeV ( f u s i o n ) ,  r e s p e c t i v e l y .  
Log s c a l e s ,  i t  can be observed t h a t  t h e  p l o t  has  two asympto t i c  l i m i t s ,  one w i t h  zero s l o p e  f o r  s m a l l  
p r e c i p i t a t e s  and t h e  o t h e r  w i t h  a s l o p e  of -1. 
e q u i v a l e n t  r a d i u s  of abou t  1.0 d i f f u s i o n  l e n g t h  or ,  0.588 d i f f u s i o n  l e n g t h ,  t o  be e x a c t .  
PKA's at  d i f f e r e n t  e n e r g i e s  c a l c u l a t e d  by u s i n g  TRIPOS f o r  Ye on Fe can be approximated by 

PKA's a t  
A group of d i s s o l u t i o n  pa ramete r  curves can be 

The f i g u r e  shows f i v e  curves from l e f t  t o  r i g h t  w i t h  PKA e n e r g i e s  of 1 keV, 10 keV, 37 keV ( f i s s i o n ) ,  
By examinat ion of t h e  d i s s o l u t i o n  pa ramete r s  p l o t t e d  in Log- 

The i n t e r s e c t i o n  of t h o s e  two asympto t i c  l i n e s  is a t  an  
The ranges  of 

(48)  0.911 
R ( r a n g e )  = 5.3[E(keV)I 

where S is i n  t h e  u n i t s  of a n g s t r o m  and E is t h e  a v e r a g e  PKA energy.  And t h e  d i f f u s i o n  l e n g t h  is t h e r e f o r e  
g iven  

(49)  0.911 L = R (range)/6.5 = 0.815E 

The d i s s o l u t i o n  pa ramete r ,  b ,  can t hen  he  e m p i r i c a l l y  g i v e n  by 
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where rb is the radius of the precipitate in angstroms and E is the PKA energy in KeV. 
concept proposed by Nelson[41 for resolution of fission gas bubbles in fission environments has the 
expression as below, 

The "escape zone" 

h =  1 r. < d ( 5 1 )  

where rh is the hhhle radius and d is an empirical escape distance on the order of 15h . 
By examination of equations (50) and ( 5 1 ) .  it is shown that the original Nelson concept a€ an "escape-zone" 
for fission gas huhhles can now be extended to precipitate dissolution. The dissolution rate is approx- 
imately linear with incident PKA energy and inversely proportional t o  the precipitate radius. 
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Figure 1 .  P r e c i p i t a t e  (ppt)  and matrix f l u x e s  
as functions of d i s tance  from the 
center  of a slab p r e c i p i t a t e  with 
ha l f- th ickness  equal t o  5 d i f f u s i o n  
lengths .  The sum of p r e c i p i t a t e  and 
matrix f l u x e s  converges t o  the f l u x  
for an i n f i n i t e  medium. 
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Figure 3 .  ?ISt  - 35th Neumann expansion 
c o l l i s i o n  f luxes as funct ions  of 
d i s t a n c e  from the center  of a s l a b  
p r e c i p i t a t e  wi th  h a l f- t h i c k n e s s  equal 
t o  5 d i f f u s i o n  l e n g t h s .  
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Figure  6 .  

Figure 5 .  D i s s o l u t i o n  parameters f o r  plane and 
s p h e r i c a l  p r e c i p i t a t e s  as f u n c t i o n s  
o f  equ iva lent  p r e c i p i t a t e  t h i c k n e s s  
i n  diffusion l e n g t h s .  
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APPENDIX A: Solution Constant8 

The constants a,b,c and d i n  the Neumann series expansion can be solved by using the houndary conditions as 
well as the recursive relationship. 
given for both planar and spherical geometries. 

In Table  I ,  solution constants f o r  the zeroth Neumann expansion are 

yb is the radius  (half thickness) of the precipitate. 
recursive relationships are given as below. 

For higher order Neumann series expansion, the 

p , n  - 2dp*"-l I(n-1) (A-1) 

(A- 2) a p , n , n  = (a  p,n-1,n-1 + a  m,n-1,n-1 /Z)/n(n-I) 

'p,n,n = c  p,n-1,n-1 /2n(n-1) (A- 4)  

'm,n,n = bm.n-l,n-l 12n(n-1) (A-7) 
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for k < n 
k+l 

(A-9) - (a + a  /2)/k(n-l) + - a 
'p,n,k p,n-1,k-1 m,n-1,k-1 2 p,n,k+l 

(A-IO) k+ 1 /2)/k(n-I) + - b 
b p,n,k = (bp.n-l,k-l + bm,n-l,k-l 2 p,n,k+l 

k+ 1 
= c  /2k(n-1) + - c (A-1 1) 'p,n,k p,n-1.k-l 2 p,n-1,k-1 

k+ I 
- a  /2k(n-1) + - a (A-12) am,n,k m,n-1,k-1 2 n,n,k+l 

k+l 
/2k(n-1) + - b (A-13) m,n,k bm,n-l,k-l 2 n,n,k+l 

b 

(A-14) 
k+l 

C + c  /Z)/k(n-l) +- a  m,n,k - (cm,n-l,k-l p,n-1,k-I 2 rn,n,k+l 

TABLE I. Solution Constants for Zeroth Neunann Solution 

C P.O.0 

Plane Geometry 

-Y 
0.5e 

-'b - 0.5e Q, 

a P,O,O 

'b -'b) 0.5Qm(e - e 

QD 

Om 

Spherical Ceometq 

0.5(l+yb)e Q, -'b 

-'b 
QP 

- 0.5(l+yb)e 
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Appendix B: F l u x  in I n f i n i t e  Medium 

F o r  t h e  case  of Cascade s lowing down i n  i n f i n i t e  medium, t h e r e  is no s p a c e  d i f f u s i o n  tern. T h e r e f o r e  we 
have 

Zt(E)$(E) = 21Zs(E'+E)$(E')dE' + Q6(E-Eo) (a-1) 

where t h e  dependence on has  been removed. Let  us assume consant  c r o s s- s e c t i o n  and ha rd  s p h e r e  s c a t t e r i n g ,  
we t hen  have 

Z s ( E )  = Zt(E) = r: (8-2) 

Zs(E'+E)  = Zs(E')/E'  = ZlE' (R-3) 

Equa t ion  (B-1) can be r e w r i t t e n  as 

Let  Z$(E) = F(E) (B-5) 

Again Eq. (8 -4 )  h a s  t h e  new form 

Def ine  a new v a r i a h l e ,  G(E), as 

G(E) = F(E) - Q6(E-Eo) 

i.e. 

F ( E )  - G ( E )  q6 (E-Eo)  

S u b s t i t u t e  Eq .  (B-7h) i n  Eq. (R-6). we have  

(B-7a) 

(B-7b) 

Equat ion (B-8) can be s i m p l i f i e d  by d i f f e r e n t i a t i n g  i t  w i t h  r e s p e c t  t o  E ,  we have 

The s o l u t i o n  f o r  Eq .  ( 8 - 9 )  is 

G(E) = CE-' 

by G ( E J  = 2Q/Eo, we know 

C = ZQE, 

t h e r e f o r e  

20% 

2 
E 

Z$(E) = - + QG(E-Eo) 

(8-10) 

(B-11) 

(B-12) 



Therefore, we know that $(E) has a l / E Z  dependence for E<Eo 

The total f lux is 
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