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FOREWORD 

T h i s  r e p o r t  i s  t h e  t h i r t y - s e c o n d  i n  a s e r i e s  o f  q u a r t e r l y  Technical  Progress Reports on m a g e  Analys is  
and Fundamental S tud ies  (DAFS), which i s  one element o f  t h e  Fus ion Reactor M a t e r i a l s  Program, conducted 
i n  suppor t  o f  t h e  Magnet ic Fus ion Energy Program o f  t h e  U.S. Department o f  Energy (DOE) .  
r e p o r t s  i n  t h i s  s e r i e s  were numbered OOEIET-006511 through 8. 
Program are: 

. Plasma-Mater ia ls I n t e r a c t i o n  (PMI) . Specia l  Purpose M a t e r i a l s  (SPM). 

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 y  Development f o r  I r r a d i a t i o n  Performance (AOIP) 

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 o f  Na t iona l  Labora- 
t o r i e s  and o t h e r  government l a b o r a t o r i e s ,  u n i v e r s i t i e s ,  and i n d u s t r i a l  l a b o r a t o r i e s .  It was organ ized b y  
t h e  M a t e r i a l s  and Rad ia t i on  E f f e c t s  Branch, 00E IOf f i ce  o f  Fus ion Energy, and a Task Group on Damage m a l y -  
s i s  and Fundamental Studies, which operates under t h e  auspices o f  t h a t  branch. The purpose of t h i s  s e r i e s  
of r e p o r t s  i s  t o  p r o v i d e  a working t e c h n i c a l  r e c o r d  of t h a t  e f f o r t  f o r  t h e  use 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. 

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

T h i s  r e p o r t  has been compi led and e d i t e d  b y  N. E. Kenny under the  guidance o f  t h e  Chairman o f  t h e  Task 
Group on Damage Analysis and Fundamental Studies, D. G. Doran, Hanford Engineer ing Development 
Labora to ry  (HEOL). The i r  e f f o r t s ,  those o f  t h e  suppor 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 re  g r a t e f u l l y  acknowledged. T. C. Reuther, Fusion Technologies Branch, i s  t h e  
DOE coun te rpa r t  t o  t h e  Task Group Chairman and has r e s p o n s i b i l i t y  f o r  t h e  OAFS program w i t h i n  DOE. 

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

The Contents i s  annotated 

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

O f f i c e  o f  Fus ion Energy 
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RTNS-I1 IRRADIATIONS AND OPERATIONS 
D. W .  Short and D. W. Heikkinen (Lawrence Livermore National Laboratory) 

1.0 Obi ect ive 

lhe objectives of this work are operation of KITJS-Ii (a 14-MeV neutron source facility), mchine 
development, and support of the experimental program that utilizes this facility. 
include dosimetry, handling, scheduling, coordination, and reporting. KPNS-I1 is supported jointly by the 
U.S. and Japan and is dedicated to mterials research for the fusion power program. Its primry use is to 
aid in the developnent of models of high-energy neutron effects. 
projecting to the fusion environment, engineering data obtained in other spectra. 

Experimenter services 

Such models are needed in interpreting and 

Irradiations were performed on nine different experiments during this quarter. 
from the left target room. 
U.S./Japan Steering Corranittee meeting will be held February 6 and 7, 1986 at HPNS-11. 

3 . 0  E!a3Km 

HEDL furnace was removed 
Terminal isolation transformer was replaced on the left mchine. The next 

Title: mS-I1 Operations (WZJ-16) 
Principal Investigator: D. W. Short 
Affiliation: Lawrence Livemre National Laboratory 

TA5K II.A.2,3,4. 
TASK II.B.3,4 
TASK II.C.1,2,6,11,18. 

5.0 

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

-rimenter P or A* S a I k W l e e d  

D. Heikkinen (LUG) A Nb - dosimetry calibration 
H. Heinisch (HEDL) 
G. PellS (Harwell) 
F. Clinard (LANL) 
M. Kiritani (Hokkaido) 
R. Ohshim (Osaka) 
H. Yoshida (Kyoto) 
K. Abe (Tohoku) 
H. Matsui (Tohoku) 
H. Kayano (Tohoku) 
H. Kawanishi (Tokyo) 
N. Iqata (Tokyo) 
Y. Shimomura (Hiroshima) 
N. Yoshida (Kyushu) 

P Metals - displacement a g e  & 
mchanical properties. Ceramics - 
neutron damage - irradiated at 90% 
and 29OoC 

2 



Sample Irradiated Experimenter P or A* 

A. Kohyam (Tokyo) P Metals - displacement damage & 
S. Nanao (Tokyo) mechanical properties. Ceramics - 
H. Kawanishi (Tokyo) 
K. Miyahara (Tokyo) temperature. 
M. Kiritani (Hokkaido) 
H. Takahashi (Hokkaido) 
K. Abe (Tohoku) 
Y. Higasiguchi (Tohoku) 
H. Kayano (Tohoku) 
K. Okamura (Tohoku) 
H. Matsui (Tohoku) 
M. Hasegawa (Tohoku) 
K. On0 (Hiroshima) 

neutron damage - irradiated at r m  

N. Yoshida (Kyushu) 

K. Kawamura A 

M. Kiritani/T. Yoshiie (Hokkaido) P 

S. Iwasaki (Tohoku) A 

S. Iwasaki (Tohoku) A 

E. Goldberg (LUG) A 

T. Yoshiie (Hokkaido)/ P 
H. Kawanishi (Tokyo) 

A. Kohym (Tokyo) 

S. Ishino (Tokyo) 
M. Kiritani (Hokkaido) 
H. Takahashi (Hokkaido) 
K. Abe (Tohoku) 
H. Kayano (Tohoku) 
K. Okamura (Tohoku) 
H. Matsui (Tohoku) 
N. Yoshida (Kyushu) 
C. Kinoshita (Kyushu) 
K. Kanata (Nagoya) 
K. Saka (Nagoya) 
M. Iseki (nagoya) 
K. Hirata (Osaka) 
R. ffihim (Osaka) 
Y. Shimomura (Hiroshim) 
T. Kino (Hiroshima) 
H. Yoshida (Kyoto) 
H. Heinisch (HEDL) 
F. Clinard (IN&) 

K. Miyahara (Tokyo) 

Pd80Si20 - Property change 
Ni, Au, Ag, Cu & Fe - cascade damage 
27~1(n,~n) - cross section 
SS & Ni alloy - tensile 
AI-24~a calibration source 

Metals - displacemt damage 6 
mchanical properties. Ceramics - 
neutron damage - irradiated at ZOO0 
and 450% 

*P = Primary, A = Add on 

w. . .  - 5.1 

HEDL Furnace removed from left mchine. 
Terminal isolation transfomr replaced on the left mchine. 
Both neutron sources operated on a near 24/hr, 5-day week schedule. 

6.0 - 
Irradiations will be cmtinued for D. Heikkinen (LLNL), T. Yoshiie (Hokkaido)/H. Kawanishi (Tokyo) et al. 
and G .  Goldberg (LmL). Also during this period, irradiations for M. Sugisaki (Kyushu), M. minan/J. Huang 
(LLNL), R. Borg (LUG), H. Vcnach (Vienna), Y. Shimormra (Hiroshima) et al. and K. Tanimura/N. Itoh (Nagoya) 
will be initiated. 
The Sixth IJ.S./Japn Steering Ccannittee Meeting will be held February 6 and 7, 1986 at KINS-11. 
Operations will begin to be reduced toward the end of next quarter. 
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DOSIMETRY AND DAMAGE ANALYSIS FOR THE HAFNIUM FULL-POWER TEST, JP1, AND JP3 EXPERIMENTS IN HFIR 
L. R .  Greenwood (Argonne National Laboratory) 

1 .O Objective 

To characterize material experiments in terms of neutron fluence, spectra, and damage parameters (dpa, 
gas). 

2.0 ~ummary 

Results are reported for the full-power hafnium test for one cycle (22 days) in HFIR. Neutron 
exposure measurements and damage calculations are similar to the low-power Spectral runs reported pr&- 
vious1y. 
had an identical exposure history resulting in a fast 00.1 MeV) neutron fluence of about 3.9 x 10 n/cm 
producing 32 dpa and 2147 appm helium In 316 stainless steel. The status of all other experiments is 
reported in Table 1. 

Analysis has also been cmpleted for the J P 1  and JP3 experiments in HFIR. These two exp5Simentp 

3.0 

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

4.0 Relevant DAFS Program Plan TaskISubtask 

Task II.A.l Fission Reactor Dosimetry 

5.0 Accomplishments and Status 

5.1 Full-Power Hafnium Tests in HFIR-RB Position 

1 Results were reported previously for tests of a hafnium shield to reduce the thermal neutron 
flux in the RB position of HFIR. These low-power ( -11 M W )  experiments fo r  one hour allowed us to make 
spectral measurements employing our full range of dosimetry materials including short-lived products, 
fissile materials, and thermal shields. The present measurements were performed at full power (100 MW) for 
one reactor cycle (22 days) for 2350 MWH from August 10 to September 3 ,  1985 in order to validate our 
previous results in the normal range of HFIR operations. 

TWO dosimetpy tube9 were irradiated. one In the hafnium sleeve in the RB-1 positlon and one in 
aluminum in the RB- 3 position. Each tube measured 3.2 mm O.D. x 55.6 Cm in length and each was located in 
the center of the RB assemblies. Smaller dosimetry tubes were also located on the outside of the 
assemblies in order to measure the radial flux gradients in the RB positions. The main dosimetry tubes 
contained Fe, Ni. Ti. Cu, Nb. A 1 .  Co, Mn, Zn, Cr, Mo, and V dosimeters and helium gas mOnltor9 (Rockwell 
International). After irradiation all of the samples were gamma counted at Argonne and selected samples 
were sent to Rockwell for helium analysis. 

The measured activation rates are listed in Table 2. The midplane values Were determined by 
fitting the data at eight different vertical heights to our equation: 

2 f ( z )  - a (1 + bz + cz ) 

where a - midplane value, b - 1.80 x 
show an interesting pattern. The thermal flux is nearly constant while the fast neutron flux is falling 
rapidly ( 4 4 % )  from the inner to the outer surface. a distance O f  about 3 Cm. This radial gradient will 
clearly produce a significant gradient in the damage production radially across material samples. 

1 

c - -1.20 x I O - 3 ,  and z - height in cm. The radial activities 

The midplane activities were used to adjust the neutron flux spectrum determined previously in 
our spectral measurements. The results of this STAY'SL analysis are listed in Table 3. Comparison to our 
previous low-power runs indicates a small spectral shift. The full-power fast flux is about 6% lower than 
at low power; however. the thermal flux is about 11% higher In the bare case and only 4% higher in the 
hafnium case. On balance, the total flux is about the Same in the 1 1  MW and 100 MW irradiations and the 
small spectral differences may be due to the presence of the hafnium. 

5 



Table  1 .  S t a t u s  of Dosimetry Experiments 

Fac i l l t y /Expe r imen t  

ORR - MFE 1 

- MFE 2 

- MFE 4A1 

- MFE 4A2 

- MFE 43 

- MFE 4A3. 432 

- TRC 07 

- TRIO- Tes t  

- TRIII-1 

- H? Tes t  

- 56 Tes t  

- JS, 57 

HFIR - CTR 32 

- CTR 31. 34, 35 

- T2, RB1 

- T1, CTR 39 
- CTR 40-45 

- CTR 30. 36, 46 
- RB2 
- CTR 47-56 

- J P l .  JP3 

- J P  2-8 

- H f  S p e c t r a l  Ana ly s i s  

- Hf Test 

Omega West - S p e c t r a l  Ana ly s i s  

- HEDLl 

- HEDL2 
- LRNL 1 

ESR I1 - X287 

I P N S  - S p e c t r a l  Ana ly s i s  
- ILANL 1 (HurlegJ 

- Hurley 

- Coltman 

StatuslComments 

Completed 12/79 

Completed 06/81 

C m p l e t e d  12/81 

C m p l e t e d  1 1  182 

Completed 04/34 

Samples r ece ived  1 1  185 

Completed 07/80 

Completed 07/82 

Completed 12/83 

Completed 03/84 

Completed 07/85 
I r r a d i a t i o n s  i n  P rog re s s  

Completed 04/82 

Completed 04/83 

Completed 09/33  

Completed 01 184 

Completed 09/94 

C m p l e t e d  03/85 

Completed 06/85 
I r P a d i a t i o n S  in P r o g r e s s  

Completed 12/85 

I r r a d i a t i o n s  il P r o g r e s s  

C m p l e t e d  09/85  

Completed 12/85 

completed 10/80 

Completed 05/81 

Samples S e n t  04/85 

Completed 03/84 

C m p l e t e d  09/31 

Completed 01 1 8 2  

Completed 06/82 

Lompleted 02/83  

Lompleted Ut3183 

In any case, t h e s e  a d j u s t e d  s p e c t r a  produce a small s h i f t  i n  t h e  damage parameters  ca12u13ted 
w i t h  SPECTER, as l i s t e d  in Tab le  4.  For a I- year  i r r a d i a t i o n  (365 FPD). we e s t i m a t e  damage r a t e s  O f  11 .3  
( b a r e )  t o  3.9 (Hf)  dpa i n  316 SS wl th  a he l lum p roduc t i on  of 854 ( b a r e )  t o  26 .5  ( H f )  appm. In o t h e r  words,  
t h e  ha f i i um r educes  t h e  y e a r l y  hel ium p roduc t i on  by a factor of 32 w h l l e  t h e  damage r a t e  o n l y  falls by 20%. 
Whether o r  n o t  t h i s  r e d u c t l o n  1s s u f f i c i e n t  f o r  p lanned  materials expe r imen t s  1s now be ing  e v a l ' l a t e d  a t  Sak 
Ridge Na t iona l  Labora tory .  

5.? R e s u l t s  O f  t h e  J P 1  and JP3  Experiments in H F I R  

The J P 1  and JP3  expe r imen t s  are pa r ?  of a U.S./Japanese c o l l a b o r a t i o n  d e s c r i b e d  i n  p r ev ious  2 
r e p o r t s .  Both expe r lmen t s  were I r r a d i a t e d  f o r  ve ry  n e a r l y  t h e  same exposu re  in t h e  t a r g e t  p o s i t i o n  of 
H P I R .  J P 1  was l r r a d i a t e d  f o r  33,634 W d  between J anua ry  4, 1984 and February  1 ,  1984, w h l l e  J P 3  was 
i r r a d i a t e d  f o r  34,009 M'dd between May 1 ,  1984 and May 28 .  1985. 
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Table 2. Ac t iva t ion  Rates f o r  H f  Test i n  HFIR-RB 
Midplane v a l u e s  a t  f u l l  power (100 MW) 

A c t i v a t i o n  Rate, a t l a t - s  
Bare - H f  Reac t ion  - 

58Fe(n,Y) 59Fe(x 10-l' 1 . 1 4  10.11 

5 9 ~ o ( n , y )  6 0 ~ o ( x  1 0 - 9  0.452 3.25 

"IFe(n.p) 54Mn(x 1.34 1.51 

4 6 T i ( n , p )  46Sc(x  lo-'') 1.88 2.09 

55Mn(n,2n) 54Mn(x 4.28 4.67 

6 3 ~ u ( n , v )  6 0 ~ o ( x  10-l") 9.19 10.00 

Radial A c t i v i t y  G r a d i e n t s  

Values are l i s t ed  a t  t h r e e  v e r t i c a l  h e i g h t s  on t h e  o u t e r  s u r f a c e s  of t h e  hafnium tube .  

Reac t ion  -15.0 cm 0 .2  cm f15.5  cm 

I n n e r  - Outer  - I n n e r  __ Outer  - I n n e r  - Outer  

58Fe(n.Y) 59Fe(x  10-l') 6.17 7.16 11.32 10.58 6.28 6.63 
- 

5 9 ~ o ( n , y )  6 0 ~ o ( x  IO-') 2.32 2.35 3.13 3.56 2.49 2.56 

54Fe(n,p) 54Mn(x lu-") 1.23 U.714 1 .92  I .02 1.20 0.671 
- 1.84 1.04 2 . 1 3  1.53 1 .10  46Ti(".P) 46Yc(x 10-12, 

Tab le  3. Neutron F luxes  f o r  HFIR-RB-Hf T e s t  
Midplane v a l u e s  a t  f u l l  power (100 MW) 

Neutron F lux ,  x lo1'  n/cm2-s 

Bare - H f  - Energy, MeV 

T o t a l  9.61 24. I1 

Thermal ( (0 .5  ev) 1.14 11.07 

0 . 5  eV - 0.1 MeV 3.78 8.53 
>0.1 MeV 4.15 5.17 

Dosimetry c a p s u l e s  Were placed a t  s i x  d i f f e r e n t  v e r t i c a l  h e i g h t s  i n  each exper iment .  Each  
c a p s u l e  measured about  0.05- in. O.D. x 0.25-1". l e n g t h  and con ta ined  Fe .  Co, Mn, and T i  wires. T h e  upper- 
most d o s i m e t e r s  cou ld  n o t  be r e t r i e v e d  and t h e  T i  wires were n o t  u s a b l e  due t o  severe o x i d a t i o n .  The 
remaining  samples were gamma counted  and t h e  resul tant  ac t iva t ion  rates are l i s t e d  i n  Tab le  5. As can be 
s e e n ,  t h e r e  is  v i r t u a l l y  no d i f f e r e n c e  between t h e  two exper iments .  Consequent ly ,  t h e  results were 
averaged for subsequent  f l u x  ad jus tmen t s  and damage c a l c u l a t i o n s .  

The Vertical a c t i v i t y  g r a d i e n t s  a r e  we l l- desc r ibed  by our  e q u a t i o n  de termined i n  t h e  nearby PTP 
p o s i t i o n ,  as fo l lows :  

( 1 )  
2 f ( z )  - a ( 1  + bz + cz  ) 

where a - midplane v a l u e ,  b - 5.02 x lo-' ,3c - -1.00 x and z = v e r t i c a l  h e i g h t  (cm). Comparison of 
t h e s e  r e s u l t s  t o  t h o s e  r e p o r t e d  p r e v i o u s l y  i n  t h e  nearby PTP p o s i t i o n  i n d i c a t e s  a s l i g h t  s p e c t r a l  s h i f t .  
I n  t h e  p r e s e n t  case, t h e  thermal  f l u x  is about  9% h ighe r  w h i l e  t h e  f a s t  f l u x  is about  5% lower t h a n  i n  t h e  
PTP p o s i t i o n s .  T h i s  s h i f t  i s  expected  s i n c e  we ape about  1-2 cm f u r t h e r  i n t o  t h e  c e n t r a l  t a r g e t  r e g i o n ;  
however, d i f f e r e n c e s  i n  t h e  c a p s u l e  d e s i g n s  may a l s o  have  a n  i n f l u e n c e .  

Neutron f l u x ,  f l u e n c e ,  and damage rates  were c a l c u l a t e d  us ing  t h e  STAY'SL and SPECTER computer 

Helium p roduc t ion  and d i sp l acemen t  
codes  and t h e  r e s u l t s  are l i s t e d  i n  Tab le s  6 and I .  
v a l u e s  a t  o t h e r  v e r t i c a l  h e i g h t s  can be de termined us ing  Eq. 1 above. 
damage i n  n i c k e l  and s t a i n l e s s  steel is l i s t e d  s e p a r a t e l y  i n  T a b l e  8. Thermal damage e f f e c t s  are also 
l i s t e d  for copper i n  Tab le  6. 
t o  t h e  t h r e e- s t a g e  r e a c t i o n  through Zn. 

These v a l u e s  r e p r e s e n t  t h e  c o n d i t i o n s  a t  midplane  and 

I n  thg5copper case t h e  helium p roduc t ion  is  i n c r e a s e d  by a f a c t o r  of 7.5 due 
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Table 4. Estimated Yearly Fluence and Damage Parameters for HFIR-RB Position 
Midplane values for 365 FPD at 100 Mw 

Fluence >0.1 MeV 
Element - 
A1 
T t  

V 
Cr 
Mna 
Fe 
coa 

Fast 
Ni 59Ni 

Total 
Fast 

CU 'j5zn 
Total 

N b  

Mo 
316 SSb 

Hf - 
22 1.50 x 10 

DPA He, appm 
11.2 4.21 

9.6 3.68 
11.3 0.14 
9.6 1.03 
10.4 O.Rl 
8.5 1.84 
9.6 0.87 
9.5 26.5 

166.1 - 0.3 
9.8 193.2 
8.5 1.26 

0.02 

8.5 1.28 

8.8 0.34 
6.8 

8.9 26.5 

- 

- 

- - 

- 

Bare 
1 .63 x 10" n/cm 
- DPA He, appm 
19.1 4.52 

11.2 4.01 
13.0 0.15 
10.9 1.13 
12.8 0.94 
9.6 1.99 
13.1 0.94 
10.9 29.0 
11.5 6528.0 

22.4 6551.0 

2 

- - 
9.1 1.36 

1.21 0.01 

9.11 i.51 
9.6 0.38 

1.5 

- - 

- 
11.3 854.0 

a Thermal neutron self-shielding may reduce damage in Mn, Co. 

316 SS: Fe(0.645), N1(0.13), Cr(O.l8), Mn(0.019). Mo(0.026). 

Table 5. Activation Rates for HFIR-JPl, JP3 
Values normallzed to 100 MW 

Activation Rate, at/at-s 

58Fe(n,p) 59Fe 59~o(n.p) 6 0 ~ o  54Fe(n,Y) 54Mn 55Mn(n,2n) 54Mn 
Height. cm ( x  ( x  1 0 9  ( x  10'11) ( x  10-12) 

JP3 - JP1 - JP1 - JP3 JP1 - JP3 JP1 - JP3 - - 
16.5 1 .I3 1 .I2 5.41 5.60 4.91 5.02 1.41 1 .51 

1.1 2.14 2.15 6.21 1.02 6.52 6.51 1.96 2.00 

2.1 2.29 2.28 6.49 1.36 6.44 6.85 2.01 7.01 

-12.1 1.96 1.96 5.10 6.36 5.61 5.68 1 .IO 1.66 

-21 .o 1.41 1.31 4.51 4.60 3.19 3.14 1.13 1.15 

6.0 References 

1 L. R. Greenwood, Damage Analysis and Fundamental Studies Quarterly Progress Report, DOE/ER-0046/23, 
1985. 

2 J. L. Scott and M. P. Tanaka. Alloy Development for Irradiation Performance, Semiannual Progress 
Report, DOE/ER-0045/14. pp. 10-19, July 1985. 

3 L. U. Greenwood. ibid. pp. 22-26. July 1985. 

7.0 Future Work 

Dosimeters have been received from the M1E4A and IIFE4B experiments which have now been concluded I" 
t h e  Oak Ridge  Research Reactor. Analysis is in progress. 
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Table  6. Neutron Flux and F luences  f o r  HFIR-JP1 ,  JP3  
Exposure about  340 MWd a t  100 MW 

2 Fluence ( x  lo2' n/cm ) 
2 Energy. MeV Flux ( x  1015 n/cm - S )  

T o t a l  

Thermal  ( ( 0 . 5  eV) 

0.5 eV - 0.1 MeV 

F a s t  0 0 . 1  M e V )  

5.18 

2.24 

1 .62  

1.32 

Tab le  7. Damage Parameters  f o r  H F I R - J P 1 ,  JP3  
Midplane Values a t  340 FPD (100 MW) 

Element DPA He, appm 

A 1  49.6 24.0 
- - 

T i  

V 

C r  

Mna 

Fe 

coa 

N i  

c u  

Nb 

MO 

316 SS 

31.6 

35.4 

31.1 

34.5 

27.5 

35.4 

F a s t  29.7 

5 9 N i  - 28.8 

6 5 ~ n  - 

T o t a l  58.5 

Fast 26.9 

0.1 

T o t a l  27.0 

26.6 

19.8 

32.1 

15.9 

0.81 

5.50 

4.86 

9.76 

4.81 

12R.0 

16331 .O 

16459 .O 

7.1 

45 .R 

52.9 
- 

1.78 
- 

2147.0 

15.2 

6.57 

4.76 

3.88 

a Thermal n e u t r o n  s e l f - s h i e l d i n g  may reduce  
damage i n  Mn. Co. 

316 ss: Fe(0.645) .  Ni (0 .13) .  c r (0 .18 ) .  
Mn(0.019). Mo(0.026). 

Tab le  8. Helium and DPA for 316 S S  i n  HFIR JP1.  JP3  

He i n c l u d e s  5 9 N i  and  f a s t  r e a c t i o n s  
DPA i n c l u d e s  e x t r a  k i c k  from the rmals  (He/567) 

He igh t ,  cm 

0 

3 

6 
9 

12 

15 

18 

21 

24  

He, appm 

2147. 

2125. 

2062. 

1954. 

1802. 

1603. 

1357. 
1063. 

727 .  

DPA 

32.1 

31.8 

31 .O 

29.5 

27.5 

24.8 

21.6 

17 .7  

13 .3  

- 
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T R A N S M U T A l I O N S  I N  FUSION TEST FACILITIES 

F. M .  Mann (Hanford Eng ineer ing Development Laboratory)  

1.0 Ob jec t i ve  

The o b j e c t i v e  o f  t h i s  work i s  t o  determine how t y p i c a l  m a t e r i a l s  t ransmute i n  va r i ous  fus ion  t e s t  
f a c i l i t i e s .  

2.0 

Using an expanded nuc lea r  data  base, t h e  t ransmuta t i on  of PCA, AMCR33 (a  reduced a c t i v a t i o n  a u s t e n i t i c  
s t e e l ) ,  HT-9, RAFER2 (a reduced a c t i v a t i o n  f e r r i t i c  s t e e l ) ,  V-IS%Cr-S%Ti a l l o y ,  and S i A l O N  (a ceramic) 
were c a l c u l a t e d  f o r  two p o s i t i o n s  i n  t h e  Fast F lux  Test  F a c i l i t y  (FFTF), t h r e e  p o s i t i o n s  i n  t h e  High 
F lux  I so tope  Rear tor  ( H F I R ) ,  and the  f i r s t  w a l l  p o s i t i o n  o f  bo th  t h e  STARFIRE and MARS conceptual  f u s i o n  
reac to rs .  The p e r i p h e r a l  t e s t  (PTP) p o s i t i o n ,  and t o  a l e s s e r  e x t e n t  t h e  r a d i a l  b e r y l l i u m  (RE) p o s i t i o n ,  
of H F I R  show s i g n i f i c a n t  t ransmutat ions which a re  o f t e n  i n  t h e  oppos i te  d i r e c t i o n  t o  t h e  t ransmuta t i ons  
i n  t h e  fus ion  conceptual  designs.  The p o s i t i o n s  i n  FFTF, as w e l l  as t h e  hafnium-covered l o c a t i o n  i n  t h e  
HFIR R B  posi t ion.show r e l a t i v e  minor t ransmutat ions.  

3.0 P r a g r a m  

T i t l e :  I r r a d i a t i o n  E f f e c t s  Ana lys i s  
P r i n c i p a l  I n v e s t i g a t o r :  D. G .  Ooran 
A f f i l i a t i o n :  Westinghouse Hanford Company 

4 . 0  Relevant Program Plan Task/Subtask 

I I . A . 4  Gas Generat ion Rates 
I I .C.4  and I I .C.10 E f f e c t s  o f  S o l i d  Transmutants 

5.0 Accomplishments and Sta tus  

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

Because no f a c i l i t y  e x i s t s  which has a spectrum s i m i l a r  t o  t h a t  expected i n  a f u s i o n  r e a c t o r ,  e x i s t i n g  
f i s s i o n  r e a c t o r s  a re  be ing  used t o  t e s t  t h e  behav ior  o f  ma te r i a l s .  Al though i t  i s  be l i eved  t h a t  t h e  
change i n  m a t e r i a l  behav ior  w i l l  be most s e n s i t i v e  t o  displacement damage, t h e  t ransmuta t i on  of composi- 
t i o n  has l o n g  been considered impor tant .  The major e f f o r t  i s  i n  t h e  gaseous t r a n s n u t a t i o n  products .  
p a r t i c u l a r l y  helium. However, now t h e  importance o f  s o l i d  t ransmutants  i s  be ing  ra i sed .  Also,  i t  i s  
becoming r e a l i z e d  t h a t  t h e  t ransmuta t i ons  i n  thermal r e a c t o r s  can be very  l a r g e  and can comple te ly  
d i s t o r t  t h e  compos i t ion  of a m a t e r i a l .  

To determine t h e  compos i t iona l  change i n  t y p i c a l  f u s i o n  m a t e r i a l s ,  c a l c u l a t i o n s  were performed f o r  t h e  
f i r s t  w a l l  p o s i t i o n s  of two conceptual  f u s i o n  designs and f o r  p o s i t i o n s  i n  h i g h  f l u x  t e s t  r e a c t o r s  used 
by t h e  fus ion  m a t e r i a l s  program. The m a t e r i a l s  were chosen t o  be cand idate  f i r s t  w a l l  m a t e r i a l s ,  an 
i n s u l a t o r ,  and va r i ous  elements t o  p rov ide  a broad t reatment  of p o s s i b l e  m a t e r i a l  combinat ions.  For t h e  
f i r s t  w a l l  candidates,  reduced a c t i v a t i o n  vers ions were a l s o  included. 
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5.2 D e s c r i p t i o n  o f  t he  Ca lcu la t i ons  

To ga in  i n s i g h t  i n t o  t h e  behavior i n  a f us ion  f a c i l i t y ,  t h e  f i r s t  w a l l  p o s i t i o n s  of t h e  STARFIRE and 
MARS conceptual  designs were chosen. Because o f  i t s  use of water as a coo lant ,  STARFIRE has a s t r o n g  
1 / E  low energy neut ron f l u x  shape. The MARS design, on t h e  o t h e r  hand, has r e l a t i v e l y  few low energy 
neutrons.  Most o f  t h e  h i g h  f luence i r r a d i a t i o n s  f o r  t h e  fus ion  m a t e r i a l s  program w i l l  be i n  t h e  FFTF o r  
t h e  H F I R .  Therefore, two p o s i t i o n s  were chosen i n  t h e  FFTF. one a t  core  cen te r  [comparable t o  t h e  
midplane (o r  h i g h e s t  f l u x )  p o s i t i o n  of t h e  M a t e r i a l  Open Tes t  Assembly (MOTA)] ,  and t h e  o t h e r  a t  t h e  
midplane p o s i t i o n  of t h e  ou te r  row (which i s  s i m i l a r  t o  t he  t o p  o f  t h e  MOTA) .  Ca l cu la t i ons  f o r  t h r e e  
p o s i t i o n s  i n  H F I R  were a l s o  performed, t h e  f i r s t  corresponding t o  t h e  PTP, t h e  second t o  a r a d i a l  
b e r y l l i u m  (RB) p o s i t i o n ,  and t h e  l a s t  t o  a hafnium sh ie lded  r a d i a l  b e r y l l i u m  (RB-Hf) p o s i t i o n .  The 
f l uxes  f o r  t h e  l a s t  two p o s i t i o n s  (RB and RB-Hf) were k i n d l y  supp l i ed  by L.  Greenwood (Argonne N a t i o n a l  
Laboratory)  from h i s  dosimetry measurements, w h i l e  f l u x e s  f o r  t h e  o t h e r  p o s i t i o n s  were taken f rom t h e  
s tandard REAC f l u x  l i b r a r y .  

The cross  s e c t i o n  and decay data  needed f o r  t h e  c a l c u l a t i o n s  were taken f rom t h e  newly expanded R E A C  
l i b r a r i e s . ( l )  It should be noted t h a t  f o r  many of t h e  reac t i ons ,  t h e  needed cross  sec t i ons  were e s t i -  
mated. 

The REAC computer code system(2) was used t o  c a l c u l a t e  t h e  change i n  compos i t ion  f o r  a s i x- yea r  exposure 
a t  each p o s i t i o n .  For t h e  H F I R  p o s i t i o n s ,  t i m e  steps were taken t o  be 0.125 year;  f o r  t h e  o t h e r  p o s i -  
t i o n s  t ime s teps were taken t o  be 0.25 year. The m a t e r i a l s  i nc luded  i n  t h e  c a l c u l a t i o n  a re  PCA, V C r T i ,  
HT-9, AMCR33 (a reduced a c t i v a t i o n  a u s t e n i t i c ) ,  RAFER2 (a reduced a c t i v a t i o n  f e r r i t i c ) ,  CuBe, S ia lon ,  
Be, C ,  A l ,  S i ,  Cu, Mo, Nb, and W .  

5.3 Resu l ts  o f  t h e  Ca lcu la t i ons  

Tables 1 through 1 5  g i v e  t h e  r e s u l t s  o f  t he  c a l c u l a t i o n s  f o r  an exposure o f  f i v e  years. F igures  1 and 2 
show t h e  change of V i n  HT-9 and t h e  change of Mn i n  RAFER2, r e s p e c t i v e l y ,  as a f u n c t i o n  of exposure. 

I n  general ,  t h e  most s i g n i f i c a n t  t ransmutat ions occur f o r  t h e  PTP p o s i t i o n  o f  H F I R ,  p a r t i c u l a r l y  f o r  odd 
mass and f o r  h igh  mass n u c l e i .  The RE p o s i t i o n s  of HFIR o f t e n  show s i m i l a r  b u t  sma l l e r  changes than t h e  
P I P  p o s i t i o n s .  The hafnium-covered R B  p o s i t i o n  ( l i k e  t h e  FFTF p o s i t i o n s )  shows p r a c t i c a l l y  no change i n  
composi t ion.  The f i r s t  w a l l  p o s i t i o n s  show l i t t l e  change. The most no tab le  changes i n  compos i t ion  a t  a 
f i v e - y e a r  exposure are:  (1) t h e  l a r g e  burnout o f  Mn i n  H F I R  ( f o r  PTP and R B )  con t ras ted  t o  t h e  i nc rease  
shown f o r  STARFIRE and MARS f o r  PCA, ( 2 )  t h e  sw i t ch  i n  compos i t ion  f rom BO%V 15%Cr 5ZTi t o  12%V 67%Cr 
5 % T i  aga in  a t  t h e  PTP p o s i t i o n ,  (3)  t h e  1300% increase i n  i r o n  i n  V C r T i  f o r  PTP, (4)  t h e  200% inc rease  
o f  Mn i n  HT-9 i n  t h e  f u s i o n  designs, ( 5 )  t h e  burnout o f  Mn (which rep laces N i  i n  t h e  reduced a u s t e n i t i c  
AMCR33) i n  PTP f rom an i n i t i a l  15% t o  1.5%, and ( 6 )  t h e  t rans fo rma t ion  o f  N ( i n i t i a l l y  36%) t o  C (ending 
w i l l  be 18%) f o r  S i a l o n  i n  PTP. Var ious new elements a re  a l s o  created. How s i g n i f i c a n t  these a d d i t i o n s  
are  depends upon t h e i r  m e t a l l u r g i c a l  importance. 

I t  shou ld  be noted some o f  t h e  compos i t iona l  changes a re  n o t  l i n e a r  f u n c t i o n s  o f  t ime.  Vanadium i n  HT-9 
(see F igu re  1) shows t h i s  q u i t e  d r a m a t i c a l l y  f o r  t h e  PTP p o s i t i o n  i n  H F I R .  The amount of V f i r s t  
increases (as i t  does f o r  a l l  t he  p o s i t i o n s  s tud ied ) ,  b u t  then i n  t h e  PTP pos i t i on ,  t h e  vanadium burns 
out .  

5.7 Conclusion 

Whenever m a t e r i a l s  a re  exposed t o  a s i g n i f i c a n t  f luence i n  t h e  PTP p o s i t i o n  i n  HFIR, t h e  compos i t iona l  
change o f  t h e  m a t e r i a l  should be i nves t i ga ted .  However, o t h e r  f a c i l i t i e s  ( i n c l u d i n g  f u s i o n  dev ices)  
a l s o  show some l a r g e  changes f o r  c e r t a i n  m a t e r i a l s .  
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FIGURE 1. The Amount o f  V i n  HT-9 as a F u n c t i o n  o f  T ime i n  STARFIRE, FFTF, and  T h r e e  P o s i t i o n s  i n  H F I R .  
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FIGURE 2 .  The Amount o f  Mn i n  RAFER2 as a F u n c t i o n  o f  T ime i n  STARFIRE, FFTF, and  T h r e e  P o s i t i o n s  i n  
HFIR. 
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Element 
Fe 
N i  
C r  
Mn 
Mo 
S i  
T i  
C 

Element 
H 
He 
Be 
Mg 
A 1  
P 
Ca 
sc 
V 
Co 
cu 
Zn 
Ga 
Ge 
S r  
P 
l r  
Nb 
Tc 
Ru 
Rh 
Pd 

TABLE 1 

TRANSMUTATIONS I N  PCA AFTER 5 YEARS I N  7 FUSION TEST FACIL IT IES  

F r a c t i o n a l  Change (%) i n  I n i t i a l  C o n s t i t u e n t s  

I n i t i a l  FFTF HFIR 
-- Amount 3!z--xZ z E - z R B 4  RB4(KF7 

0.651 0.36 0.13 0.55 2.16 0 .39  
0.152 -1.52 -0.02 - 14.0 - 5.3 -0.88 
0.150 0.10 -0.06 -4.0 - 2.85 -0.77 
0.0190 -3.4 - 4 . 6  -66.0 - 48.0 -8.7 
0.0116 - 3.8 - 1.03 - 7 .1  - 2.83 - 0.91 
0.0099 -0.02 -0.00 - 0.14 -0.04 - 0.01 
0.0035 0.15 -0.00 - 0.13 - 0.14 0.01 
0.0028 -0.03 -0.00 - 0.02 -0.00 0.00 

New E l e m e n t s  ( p a r t s  p e r  t h o u s a n d )  

FFTF HFIR m 290§ PTP RB4 R B 4 ( H F )  -- _- -_ -_ 
2.8 0.009 
0.170 0.016 
0 .001 

3.6 1 .49  0.66 
11.5 6 . 1  0.60 

0 .001  
0.001 0 .001  

0.001 0.012 0.004 0 .001 

0 .201 0 .086 1 .45  3.8 1.37 
0.219 0.013 20.4 2.55 0.178 

0.006 12.0 0.96 0.055 
2.37 0.059 0 .001  

0.262 0.078 
0.136 0.030 
0 .001 

F i r s t  W a l l  
MARS -- ~ F I R E  

0.41 0.75 
-5.6 -5.6 
- 0.43 - 0.30 
39.0 51 .0  
- 2.72 - 2 .01  
- 1.36 -1.37 
14.8 15.2 
- 1.33 - 1.34 

F i r s t  W a l l  
STARFIRE -& M 

17.4 17 .6  
3.1 2.97 
0.011 0 .011 
0.049 0.049 
0 .085 0.086 

0.002 0 .002 
0.004 0 .004 
2.57 2 .31  
1.25 1.29 
0.018 0.004 

0.019 
0.06 

0.001 0.001 

0.44 0.199 0 .073 
0.285 0 .093 0 .021  
0.014 0.002 
0.005 

0.004 0.004 
0.020 0.019 
0.050 0.057 
0.016 0.108 
0.046 0.021 

TABLE 2 

TRANSMUTATIONS I N  V C r T i  AFTER 5 YEARS I N  7 FUSION TEST FACIL IT IES  

F r a c t i o n a l  Change ( % )  i n  I n i t i a l  C o n s t i t u e n t s  

I n i t i a l  FFTF HFIR F i r s t  W a l l  
MARS -- E- -- Amount IE-m? - P T p R X  RB4(HFr S~~RFIRE 

V 
Cr 
T i  
N 
0 
C 
Fe  
Mo 
cu 

0.797 - 1.22 
0.146 6.6 ~.~ ~.~ ~~ 

0 .0528 0.07 
0.00189 2.66 
0.00073 - 0.13 
0.00072 3.7 
0.00050 -0.10 
0.00030 -0.38 
0.00005 -5.8 

- 0.50 - 85.0 -46.0 -7.6 - 2.20 - 0.40 
2.70 460.0 248.0 41.0 9.3 - 0.51  

-0.00 - 1.28 -0.17 - 0.01 7 . 1  7.2 
-0.17 -50.0 -20.0 -3.2 - 2.98 - 2 .81  
-0.00 - 0.15 -0.03 -0.03 - 1.33 - 1.32 

0.44  128.0 52 .0  7.8 5.0 4.3 
-0.02 1270.0 36 .0  0.14 - 1.71 - 1 .80  
- 1.03 -7.1 - 2.82 0.91 -2.73 - 2.01 
- 2.07 -66.0 - 36.0 -6.4 - 7.6 - 4 .9  
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TABLE 2 ( C o n t ' d )  

New E l e m e n t s  ( p a r t s  p e r  t h o u s a n d )  

FFTF HFIR 
2101 -2 9 0 9  PTP RB4 R B 4 ( H F )  __ -- E- 

H 
He 
o t  
Be 
8 
Ca 
sc  
Mn 
c o  
N i  
Zn 
Zr 
NS 
TC 
Ru 

Fe  
C r  
C 
S i  
MO 
Mn 
N i  
V 
W 
P 
S 

Element 
H 
He 
Be 
Mg 
A1 
c1 
T i  
c o  
cu 
In 
Ga 
S r  
Y 
l r  
Nb 
Tc 
Ru 

0.174 
0.037 

0.025 
0.001 
0.001 
0.006 

0 .001 
0.001 

0.007 
0.004 

0.004 1.07 0.40 0.083 
0.035 0.009 0.007 

0.020 0.005 0.005 
0.001 

0 .001  7.6 0.55 0 .021  
0.023 0.001 

0 .001 0.018 0.009 0.002 
0.008 0.003 

0.002 0 .011 0.005 0 .002 
0 .001 0.007 0.002 0 .001  

TABLE 3 

TRANSMUTATIONS I N  HT-9 AFTER 5 YEARS I N  7 FUSION FACIL IT IES  

F r a c t i o n a l  Change (%) i n  I n i t i a l  C o n s t i t u e n t s  

I n i t i a l  FFTF HFIR _- Amount -z!E-zZE 7 R 8 4  _- _- RB4(HFr 

-0.09 0.01 -3.5 - 0.34 -0.04 
0.27 -0.04 -1.68 - 1 .58  -0.64 

0.0092 -0.03 -0.00 -0.02 - 0.00 -0.00 
0.0078 0.03 0.00 - 0.07 - 0 .03  0.00 
0.0057 - 3.8 -1.03 - 7 .1  - 2.82 4.7 
0.0055 5.2 -2.00 14.9 14.6 - 0.90 
0.0047 - 1.52 - 0 .01  154.0  1.70 - 0 .71  
0.0033 3.8 1 .62  - 50.0 49.0 26.0 
0.0015 -17.5 -29.2 - 90.0 -59.0 - 35.0 
0 .0003 - 0.35 - 0.03 - 3.9 - 1.31 - 0 .21  
0.0003 - 0.67 0.03 5.1 1 .93  0.13 

FFTF 
2101 2909 
~ __ 
0.85 
0 .078 
0 .002 
0 .001 

0.005 
0.035 
0.001 

0.002 
0.001 

0 .129 0.038 
0.067 0.015 

New E l e m e n t s  ( p a r t s  p e r  t h o u s a n d )  

HFIR 
PTP R84 R84(HF) -- -- 

0.75 0.189 0 .171  
0.42 0.206 0.032 
0.002 
0.001 

0.001 
0.007 0 .001 0.001 

24 .6  2.27 0.056 
0 .493 0.030 0 .002 
0 .083 0.002 
0 .001 

0.214 0 .098 0.036 
0.140 0 .046 0.010 

F i r s t  W a l l  
MARS -~ STAR F I  RE 

5.3 5.3 
1.32 1 . 3 3  
0.003 0.003 
0.003 0.003 
0.017 0.019 
0.033 0.033 
0.065 0.067 
0 .012 0.009 

0.003 0.002 

0 .001 
0 .001 0 .001  
0.004 0.003 
0 . 0 0 1  0.001 

F i r s t  W a l l  
MARS _- ~ F I R E  

- 1.68 - 1.77 
0.14 0 .17  

- 1.33 -1.34 
- 1 .21  - 1 .21  
- 2.72 - 2 .01  

211.0 228.0 
- 5.6 - 5.6 
62 .0  58 .0  

- 36.0 -10.0 
- 1 .92  - 1 .92  
- 2.09 - 2.23 

F i r s t  W a l l  
STARFIRE -A M RS 
- 

12.3 12.4 
2.33 2.34 
0.036 0.036 
0.039 0 .039 
0.067 0.068 

0 .44  0 . 4 5  
0.065 0.045 
0 . 0 0 1  

0.001 0.001 
0.002 0.002 
0.010 0 . 0 1 0  
0.025 0 .028 
0 .080 0.053 
0 .023 0 . 0 1 0  
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E- 

Rh 
Pd 
Ta 
Re 
os 
Ir 
P t  
Au 

T1 
Pb 

Hg 

E* 

Fe 
M n  
C r  
S i  
C 
N i  

E X  

H 
He 
Be 
Mg 
A1 
P 
T i  
V 
co  
cu  
Zn 

FFTF 
z!E-zB 
0.001 

0.001 0.001 
0.176 0.233 
0.083 0.183 

0.016 
0.002 

TABLE 3 (Cont 'd)  

New Elements ( p a r t s  per  thousand) 

HFIR 
L p r p _ R B 4  R84(HFr 
0.007 0.001 
0.003 

0.233 0.111 
0.118 0.119 0.191 
0.65 0.278 0.167 
0.079 0.112 0.045 

0.006 
0.33 0.109 
0.37 0.003 
0.059 

TABLE 4 

TRANSMUTATIONS I N  AMCR33 AFTER 5 YEARS I N  7 FUSION TEST FACILITIES 
(AHCRSS IS A REDUCED ACTIVATION AUSTENITIC ALLOY) 

F r a c t i o n a l  Change ( X )  i n  I n i t i a l  Cons t i tuen ts  

F i r s t  Wal l  
MARS ~ F I R E  -- 
0.001 

0.003 0.033 
0.210 0.108 
0.241 0.008 
0.066 
0.015 

F i r s t  Wal l  I n i t i a l  FFTF HFIR 
MARS -- Amount m_2909 -- PTP -- RB4 RB4(HF) ~ F I R E  -- 

n 777 1 . l R  1 - 1 2  15.7 13.5 2.59 0.48 -1.70 
~~ ~ _._. 

0.155 -5.8 -5.2 -91.0 -65.0 -12.1 -6.1 3.4 
0.107 0.24 -0.06 -3.9 -2.83 -0.85 3.5 3.8 
0.0107 -0.02 -0.00 -0.01 -0.04 -0.01 -1.37 -1.37 
0.0048 -0.03 -0.00 -0.02 -0.00 -0.00 -1.34 -1.35 
0.0005 -1.49 0.05 1480.0 53.0 -0.29 -5.3 -5.6 

FFTF 
zzI-xE 

New Elements ( p a r t s  per  thousand) 

HFIR r R B 4  RB4(hFT 
F i r s t  Wal l  
m n  

0.69 0.001 0.60 0.135 0.138 10.9 11.0 
0.065 0.105 0.035 0.014 2.12 2.14 
0.001 0.001 0.018 0.019 
0.001 0.001 0.053 0.053 

0.093 0.093 

0.004 0.006 
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TARLE 5 

TRANSMUTATIONS I N  RAFER2 AFTER 5 YEARS I N  7 FUSION TEST FACIL IT IES  
[RAFERZ I S  A REOUCEO ACTIVATION FERRITIC ALLOY) 

F r a c t i o n a l  Change [ % )  i n  I n i t i a l  C o n s t i t u e n t s  

I n i t i a l  FFTF HFIR 
2909 PrP RB4 R ?  -- __ -- -_ Amount -- 

F i r s t  W a l l  
M A R S  -- ~ F I R E  E m  

Fe 
C r  
Mn 
W 
C 

Element 
H 
He 
Be 
T i  
C O  
N i  
cu 
Zn 
H f  
Ta 
Re 
O S  
Ir 
P t  
Au 
Hg 
T1 
Pb 

0 .863 0.01 0.10 -2.05 0.77 0.17 - 1.53 - 1.79 
1 .16  1.18 

50.0 61.0 
0 .0961  - 3.0 -0.00 - 1.46 - 1.48 -0.60 
0.0203 0.40 - 4.4 -66.0 - 45 .0  -7.7 
0.01305 - 17.5 -29.2 -90.0 -59.0 - 35.0 - 36.0 - 10.0 

-1.33 - 1.35 0.00457 -0.03 -0.00 -0.02 -0.00 -0.00 

New E l e m e n t s  [ p a r t s  p e r  t h o u s a n d )  

FFTF HFIR 
2101 2909 PTP RE4 RB4(HF) __ -- -- __ 

F i r s t  W a l l  - 
MARS -~ STARFIRE 

0.78 
0.070 
0 .001  
0.004 
0 .028 

0.005 
1.53 
0 .72  

0.001 0.66 
0.069 

0.147 0.155 
0.016 0.013 

12.0 1 2 . 1  
2.08 2.09 

0 .001 
0.005 

0.012 25.4 

0 .018 0 .018 
0.35 0.36 
0.026 0.005 

0 .001  0 .001 
2 .31  0.051 

8.4 
0.127 
0.010 

0.342 0 .003 0.002 

0.003 0.005 
0.022 0.287 
1.82 0 .94  

0.007 
1.59 
0 .180 1.027 
0 .139 5.6 
0 .017 0.68 

0.006 
2.02 0 .97  
1 .03  1.67 
2 .41  1.45 
0.97 0.39 
0.055 0.003 

2.10 0 . 0 6 8  
0 .58  
0.134 

2.87 
3.2 
0.52 

0.95 0 .001 
0 .030 

TABLE 6 

TRANSMUTATIONS I N  CuBe AFTER 5 YEARS I N  7 FUSION TEST FACIL IT IES  

F r a c t i o n a l  Change [%)  i n  I n i t i a l  C o n s t i t u e n t s  

I n i t i a l  FFTF HFIR F i r s t  W a l l  
m F I R E  MARS -~ -- Amount m -- __ 2909 -P P r  AB4 R B 4 ( H F )  E m  

c u  
Be 

0.874 -4.4 -1.38 -43.0 - 23.6 - 4.2 - 5.9 - 4 . 1  
0.126 -2.26 - 0.01 - 2.66 - 0.48 - 0.46 - 3.8 - 3.9 

New E l e m e n t s  ( p a r t s  p e r  t h o u s a n d )  

FFTF m -1 909 

2.96 0.007 
3.40 0.008 
0.46 0.003 

HFIR 
PTP RB4 R? __ __ 

F i r s t  W a l l  
m F I R E  MARS -- Element 

H 
He 
L i  
Fe  

3 0 2 . ( ? )  1.34 0.49 
0.49 0.77 

13.4 10.2 
8.5 8.5 

0.011 

0.216 0.010 0.015 
219.0 151.0 28.3 
148.0  56.0 8.6 

5.3 0.197 
2.92 0.033 

0.197 0 .47  
0.019 0.021 
1 .97  2.05 

5.4 1.70 
44.0 32.0 

co 
Ni 
Zn 
Ga 
Ge 

0.077 
25.7 8 .9  

9.06 3.2 
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N 
0 
A1 
S i  

H 
He 
L i  
Be 
8 
C 
Ne 
Na 
Mg 
P 
s 

E- 

Be 

E X  

H 
He 
L i  

Element 
C 

TABLE 7 

TRANSMUTATIONS I N  SIALON AFTER 5 YEARS I N  7 FUSION TEST FACILITIES 

F r a c t i o n a l  Change (%) i n  I n i t i a l  Cons t i t uen t s  

I n i t i a l  FFTF HFIR 
_- Amount _zrol r-m 
0.357 -2.66 - 0.17 -50.0 -20.0 -32.0 
0 .214 -0.13 -0.00 -0.16 -0.03 -0.03 
0 .214 -0.28 -0.04 -8.4 - 2.81  -0.39 
0.214 0.24 0 .04  8.2 2.76 0.38 

New Elements ( p a r t s  per  thousand) 

FFTF 
2101  2904  
I_ -- 

HFIR 
PTP RB4 R B 4 ( H F )  _- -- 

5.2 0.60 180.0 71.0 10.7 
5.0 0.015 1.86 0 .95  1 . 0 1  
0 .001  0.001 

4.7 0.015 3.8 0.89 0.94 
5.1 0.60 175.0 71.0 10.7 

0.055 
0.016 0.003 

0.049 0.010 0.010 
0.268 0.089 0.013 
0.009 0.001 

TABLE 8 

TRANSMUTATIONS I N  Be AFTER 5 YEARS I N  7 FUSION TEST FACILITIES 

F r a c t i o n a l  Change ( % )  i n  I n i t i a l  Cons t i tuen ts  

I n i t i a l  FFTF HFIR m 2909 PTP R 84 RB4(HF) __ -_ _- -- Amount _- 
1 .ooo -2.26 - 0 .01  -2.66 -0.48 -0.46 

New Elements ( p a r t s  pe r  thousand) 

FFTF HFIR 
V R B 4  RMJRFJ Z E x  - -- 

not  c a l c u l a t e d  separa te ly  
no t  c a l c u l a t e d  separa te ly  
3 . 1  0.024 0.087 

TABLE 9 

TRANSMUTATION I N  C AFTER 5 YEARS I N  7 FUSION TEST FACILITIES 

F r a c t i o n a l  Change (%) i n  I n i t i a l  Cons t i t uen t s  

I n i t i a l  FFTF HFIR 
2101  2909' -- PTP -- R a y -  R __ __ Amount -- 

1.000 -0.03 -0.00 -0.02 -0.00 -0.00 

F i r s t  Wal l  
MARS -- STARFIRE 

-2.96 - 2.78 
-1.33 - 1.32 
-0.46 - 0.39 
- 1.24 - 1.31 

F i r s t  Wal l  
TXFFIRE -MARS 

1 4 . 1  1 3 . 1  
9.5 9.8  . 
0.56 0.53 
0 .024 0.026 
3.3 3.6 
9 .5  8 .6  
0.004 0.005 
0.024 0.024 
3.6 3.6 
0.006 0.003 

F i r s t  Wal l  
STARFIRE -A M RS 
- 

-3.8 - 3.9 

1.56 3 . 1  

F i r s t  Wal l  
3 m m R E  _AS M R  

- 1.33 -1.35 
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TABLE 9 (Cont 'd )  

New Elements ( p a r t s  per  thousand) 

FFTF HFIR 
2101  2909 PTP RE4 R B 4 ( H F )  - _- -_ __ 

n o t  c a l c u l a t e d  sepa ra te l y  
n o t  c a l c u l a t e d  sepa ra te l y  
0.212 0.197 0.039 0.037 

E m  

H 
He 
Be 

Element 
A1 

E- 

H 
He 
Ne 
Na 
Mg 
S i  

Element 
S i  

E- 

H 
He 
Na 
Mg 
A1 
P 
S 

TABLE 10 

TRANSMUTATIONS I N  A1 AFTER 5 YEARS I N  7 FUSION TEST FACILITIES 

F r a c t i o n a l  Change ( % )  i n  I n i t i a l  Cons t i t uen ts  

F i r s t  Wal l  
MARS -~ STARFI RE 

3.85 3 .89  

I n i t i a l  FFTF HFIR F i r s t  Wal l  _- Amount -2101 -- -RE4 __ RB4(HFr TfAFFIRE MARS -- 
1.000 -0.29 -0.00 -8.4 - 2.81 - 0.39 - 1.32 - 1.26 

New Elements ( p a r t s  pe r  thousand) 

FFTF HFIR F i r s t  Wal l  
MARS -~ -.irm 22.2 0 PTP RE4 R B 4 ( H F )  SfAT(FIRE - -- 

0.68 0.001 
0.139 

0.001 ~ . . . ~  
0.171 
2.77 0.042 

7.4 0.139 0.130 
0.120 0.024 0 .024 

0.137 0.029 0 .028 
84.0 28.1 3.9 

TABLE 11 

TRANSMUTATIONS I N  S i  AFTER 5 YEARS I N  7 FUSION TEST FACILITIES 

F r a c t i o n a l  Change (%) i n  I n i t i a l  Cons t i t uen ts  

8.2 8.2 
5.7 5 .7  
0.012 0.012 
0.099 0 .100 

11.8 11.9 
1.26 0 .56  

I n i t i a l  FFTF HFIR F i r s t  Wal l  
2101  29 m _- PTP RE4 RB4(HF)  m F I R E  -- MARS _- __ Amount -- 

1 .ooo -0.02 - 0.01 - 0.14 - 0.04 -0.01 - 1.36 - 1.37 

New Elements ( p a r t s  p e r  thousand) 

FFTF 
-mrr_2uos 
n o t  c a l c u l a t e d  sepa ra te l y  
n o t  c a l c u l a t e d  sepa ra te l y  

0.095 
0.034 
0.072 0 .013 

HFIR 
PTP RE4  RB4(HF) _- -- 

0.092 0.017 0.016 
0.016 0.005 0.004 
1.25 0.41 0.061 
0.044 0.005 

0.011 0 .012 
5.0 5.0 

0.029 0.016 
8.6 8.7 
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c u  

H 
He 
Fe 
co 
N i  
I n  
Ga 
Ge 

E- 

Nb 

E- 

H 
He 
Sr 
Y 
l r  
Mo 
TC 
Ru 
Rh 

E- 

Mo 

TABLE 1 2  

TRANSMUTATIONS I N  Cu AFTER 5 YEARS I N  7 FUSION TEST FACILITIES 

F r a c t i o n a l  Change (%) i n  I n i t i a l  Cons t i t uen t s  

I n i t i a l  FFTF HFIR 
2101  2 9 m  _ p T p - R E  RB4(HF) _- -_ Amount -- 

1.000 - 4.0 -1.38 - 4 3 . 0  -23.7 -4.2 

New Elements ( p a r t s  p e r  thousand) 

FFTF m -290 9 

no t  separa te ly  c a l c u l a t e a  
not separa te ly  c a l c u l a t e a  

2 9 . 4  10.2 
10.3 3.6 

0.088 

HFIR 
_p.ypW R m  

0.247 0 . 0 1 1  0.017 
251.0 173.0 32.0 
169.0 64.0 9.8 

6.1 0.225 
3 . 3  0.038 

TABLE 1 3  

TRANSMUTATIONS I N  Nb AFTER 5 YEARS I N  7 FUSION TEST FACILITIES 

F r a c t i o n a l  Change (%) i n  I n i t i a l  C o n s t i t u e n t s  

I n i t i a l  FFTF HFIR 
2m 7 R B 4  R l t  __ -- 2 1 0 1  -- ~ 

Amount ___ 
1 .ooo -10.6 -4.0 -66.0 -30.0 -3.5 

New Elements ( p a r t s  per thousand) 

FFTF 
2909 _- 

0.109 
0.034 

HFIR 
PTP RB4 R84(HF) -- -- 
0.236 0.022 0.005 

0.005 0.005 

0.005 0.002 0.001 0.001 
0.236 0.126 0.037 0.040 

0.001 1.48 0.020 
0.151 0 .001  
0.001 

106.0 40.0 660.0 298.0 35.0 

TRANSMU1 

TABLE 1 4  

[IONS I N  M O  AFTER 5 YEARS I N  7 FUSION TEST 

F r a c t i o n a l  Change (%) i n  I n i t i a l  C o n s t i t u e n t s  

- 5.8 - 4.1 

F i r s t  Wa l l  
MARS -- ~ F I R E  

0.022 0.024 
2.25 2.35 

6.2 2 .04 
50.0 3 7 . 0  

-9.2 - 5 .3  

I n i t i a l  FFTF HFIR 
2 1 0 1  290g PTP R E 4  R B 4 ( H F )  -- -- -- __ Amount _- 

1.000 -3.5 -0.93 - 6 . 3  - 2.54 -0 .81 

F i r s t  Wa l l  
MARS -~  FIRE 

5.5 5 .5  
1.15 1 .22  
0.001 0.013 
0 . 2 6 1  0.293 

26.5 28.8 
65.0 24.4 

:ILITIES 

F i r s t  Wa l l  
MARS 

- 2 . 4 4  - 1.81  

-- ~ F I R E  
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TABLE 1 4  (Cont 'd )  

New Elements ( p a r t s  p e r  thousand) 

FFTF HFIR 
2101 2909 PTP RB4 R B 4 ( H F )  __ __ __ __ 

n o t  c a l c u l a t e d  sepa ra te l y  
n o t  c a l c u l a t e d  separa te ly  

Element 
H 
He 
S r  
Y 
l r  
Nb 
Tc 
Ru 
Rh 
Pd 

0.001 
0.029 
0.039 . ~~ 

22.5 6 .72  
11.7 2.56 

0.109 0.003 
0.009 

0.020 0.004 0.005 
0.038 0.010 0.009 

38.0 17.2 6.3 
24.6 8.0 1 . 8 1  

1.22 0.162 0.003 
0.046 0.019 

F i r s t  Wa l l  - 
MARS -~ STARFIRE 

0.109 0.113 
0.31 0.32 
1 . 7 1  1 .62  
4.3 5.0 

14.0 9.3 
4.0 1 .78  
0.009 0.001 

TABLE 15 

TRANSMUTATIONS I N  W AFTER 5 YEARS I N  7 FUSION TEST FACILITIES 

F r a c t i o n a l  Change (%) i n  I n i t i a l  Cons t i t uen t s  

I n i t i a l  FFTF HFIR First Wal l  
MARS 

W 1 .ooo - 17.2 - 29.0 -90.0 - 57 .0  - 34 .0  -36.0 -10.0 

-- 2101  2909 PTP RB4 R B 4 ( H F )  SfaiiFIRE __ -- __ __ Amount -- Element 

New Elements ( p a r t s  p e r  thousand) 

H 
He 
H f  
Ta 
Re 
os 
I r  
P t  
Au 
Hg 
T 1  
Pb 

FFTF 
2101  2909 __ __ 

HFIR 
PTP RB4 R B 4 ( H F )  __ __ 

F i r s t  Wa l l  - 
MARS -- STARFIRE 

0.080 10.8 185.0 111.0 
0.005 1.29 44.0 74.0 30.0 

4.2 0 .263 
185.0 72.0 0.086 
207.0 2 .31  

34.0 0 .058 

44.0 
10.3 

0.012 
0.007 
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____ PHASE UEVELOPMENT AN0 SWELLING I N  Fe-Mn AN0 Fe-Cr-Mn ALLOYS DURING NEUTRON I R R A D I A T I O N  

F. A. Garner, 0. S, Gelles, H. R .  Brager, and J. M. McCarthy, (Hanford Engineer ing Development Labora to ry )  

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

T i e  o b j e c t  o f  t h i s  e f f o r t  i s  t o  determine 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  o f  a l l o y  systems which 
have t h e  p o t e n t i a l  f o r  reduced long- term a c t i v a t i o n .  

2.0 Summary 

Whereas second phases do n o t  form i n  Fe-Cr-Ni t e r n a r y  a l l o y s  d u r i n g  neu t ron  i r r a d i a t i o n  i n  t h e  range 
400-6OO0C, i r o n - r i c h  f e r r i t e  p r e c i p i t a t e s  form i n  s imple  Fe-Mn and Fe-Cr-Mn a l l o y s  a t  520 and 600°C a t  14 
dpa. The cause of t h e  l a r g e  d e n s i f i c a t i o n  (2.2%) e a r l i e r  observed i n  Fe-35Mn a t  9 dpa and 420°C does n o t  
appear t o  be r e l a t e d  t o  p r e c i p i t a t i o n ,  however, and i s  thought  t o  be t h e  r e s u l t  o f  compos i t iona l  segrega- 
t i o n  on a r a t h e r  f i n e  sca le .  

3.0 Program 

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

4.0 - Relevant OAFS Program Plan Task/Subtask 

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- 

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

I n  p rev ious  r e p o r t s ( l - 3 )  i t  was shown t h a t  t h e  s w e l l i n g  o f  s imp le  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  i n  FFTF-MOTA a t  520 and 6 0 0 O C  a t  14 dpa was remarkably i n s e n s i t i v e  t o  t h e  chromium con ten t  and o n l y  
weakly dependent on t h e  manganese l e v e l ,  as shown i n  F igu res  1 and 2. I t  was a l s o  shown t h a t  t h e  s w e l l i n g  
o f  these a l l o y s  a t  420°C and 9 dpa was l i k e w i s e  r a t h e r  i n s e n s i t i v e  t o  compos i t ion  b u t  t h a t  t h e r e  was an 
i n c r e a s i n g  tendency t o  dens i f y  w i t h  i n c r e a s i n g  manganese content ,  approaching 2.2% d e n s i f i c a t i o n  a t  
Fe-35Mn, as shown i n  F i g u r e  2. 

Th is  d e n s i f i c a t i o n  was a l s o  thought  t o  account f o r  t h e  s l i g h t  dependence o f  d e n s i t y  change on manganese 
content  observed a t  520 and 600OC a t  16 dpa. 
change was t h e  sum o f  r e l a t i v e l y  composi t ion- independent v o i d  s w e l l i n g  and compos i t i on- sens i t i ve  phase 
i n s t a b i l i t i e s .  

I n  e f f e c t ,  t h e  observed s w e l l i n g  as measured b y  d e n s i t y  

I n  t h e  most recen t  r e p o r t  i t  was shown t h a t  
t i o n a l  dependence o f  p r e c i p i t a t i o n  a t  52OoC.t3! I n  Fe-1OCr-XMn a l l o y s ,  t h e r e  was an inc rease  found i n  t h e  
fo rma t ion  o f  l a r g e  p r e c i p i t a t e s  ( u n i d e n t i f i e d  a t  t h a t  t i m e )  when t h e  manganese l e v e l  f e l l  f rom 30 t o  20%. 

h re was some b a s i s  for assuming t h a t  t h e r e  was a composi- 
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There was a l s o  a concomitant increase i n  swe l l i ng ,  however, showing t h a t  t h e  i nc rease  i n  p r e c i p i t a t i o n  was 
somehow r e l a t e d  t o  t h e  onset  o f  s w e l l i n g  and was n o t  i n  i t s e l f  t h e  s o l e  cause o f  t h e  s l i g h t  dependence of 
d e n s i t y  change on composi t ion.  

I n  t h i s  r e p o r t  a number o f  t h e  b i n a r y  and t e r n a r y  a l l o y s  have been examined u s i n g  t ransmiss ion  e l e c t i o n  
microscopy and x- ray  ana lys i s .  
t o  be examined. 

I n  some cases t h e  examinat ion was o n l y  c u r s o r y  and a l l  specimens c o n t i n u e  

5.2 Examinat ion o f  Fe-5Cr-15Mn I r r a d i a t e d  a t  6OO0C t o  14 dpa 

As shown i n  F i g u r e  3, t h e r e  were two except ions t o  t h e  general  t r e n d  e s t a b l i s h e d  b y  t h e  s w e l l i n g  d a t a  of 
a l l  o t h e r  a l l o y s  a t  520 and 60OOC. A t  b o t h  520°C and 600'C 
t h e  s w e l l i n g  was s i g n i f i c a n t l y  below t h a t  expected from t h e  t r e n d s  observed a t  h i g h e r  chromium l e v e l s .  
The 52OOC specimen has n o t  y e t  been examined b u t  t h e  6OO0C specimen has been examined. AS shown i n  
F igu res  4a-4b t h e  m a t r i x  has decomposed i n t o  l a r g e  e longated f e r r i t e  p r e c i p i t a t e s ,  on t h e  o r d e r  of 2-10 
microns i n  s i z e )  and a m a t r i x  o f  r e t a i n e d  aus ten i te .  
t o  determine because t h e  a u s t e n i t e  i s  e a s i l y  a t tacked  and dest royed i n  t h e  p o l i s h i n g .  l e a v i n g  t h e  f e r r i t e  
p a r t i c l e s  p r o t r u d i n g  f a r  f rom t h e  su r faces  and edge of t h e  f o i l .  

These except ions b o t h  i n v o l v e d  Fe-5Cr-15Mn. 

The r e l a t i v e  volume o f  t h e  two phases i s  d i f f i c u l t  

An even more i n t e r e s t i n g  obse rva t i on  i s  t h a t  vo ids  were found b u t  t h e y  appeared t o  be coated wi th  a s h e l l  
t h a t  a l s o  r e s i s t e d  e l e c t r o p o l i s h i n g .  Note i n  F i g u r e  4b t h a t  some coated vo ids  a r e  a l s o  suspended from 
p r e c i p i t a t e s  hanging over  t h e  edge o f  t h e  f o i l .  A t  t h i s  p o i n t  i t  i s  assumed t h a t  t h e  v o i d  s h e l l s  a re  
f e r r i t i c  i n  nature,  b u t  t h i s  assumption has n o t  y e t  been tes ted .  

5.3 Examinat ion o f  Specimens I r r a d i a t e d  a t  52OOC t o  14 dpa 

To da te  we have examined Fe-35Mn, Fe-lOCr-30Mn, Fe-15Cr-EOMn and Fe-1OCr-2OMn. 

5.3.1 Examinat ion o f  Fe-35Mn 

A s  shown i n  F i g u r e  5. once aga in  we observe a decomposi t ion i n t o  f e r r i t e  p r e c i p i t a t e s  which r e s i s t  e l e c -  
t r o p o l i s h i n g  and t h e  more e a s i l y  removed r e t a i n e d  aus ten i te .  
i n  s i ze .  
aga in  t h e  vo ids  appear t o  be coated and r e s i s t a n t  t o  e l e c t r o p o l i s h i n g .  
and phase decomposi t ion appeared t o  be r a t h e r  uni form, b u t  ad jacent  g r a i n s  o f t e n  e x h i b i t e d  q u i t e  d i f f e r e n t  
l e v e l s  o f  evo lu t i on .  
o b v i o u s l y  lower  l e v e l s .  

The p r e c i p i t a t e s  range f r o m  0.2 t o  1.5 pm 
I n  t h i s  case t h e  p r e c i p i t a t e s  were analyzed b y  EDX and found t o  be  e s s e n t i a l l y  pure i r o n .  Once 

W i t h i n  any one g r a i n  t h e  s w e l l i n g  

I n  some g r a i n s  i n  which t h e  p r e c i p i t a t i o n  was low, v o i d  s w e l l i n g  was p resen t  b u t  a t  

5.3.2 Examinat ion o f  Fe-lOCr-30Mn 

T h i s  specimen as o r i g i n a l l y  p o l i s h e d  possessed a p o o r l y  p o l i s h e d  su r face  and i n s u f f i c i e n t  t h i n  area. 
was l a t e r  f lash- pol ished,  y i e l d i n g  a t h i n n e r  r e g i o n  f o r  examinat ion b u t  a l s o  caus ing  t h e  f e r r i t e  p r e c i p i -  
t a t e s  t o  p r e f e r e n t i a l l y  e t c h  i n s t e a d  o f  t h e  a u s t e n i t e  ma t r i x ,  as shown i n  F i g u r e  6. Once aga in  i t  was 
obvious t h a t  s u b s t a n t i a l  f e r r i t e  f o r m a t i o n  had occurred. S ince t h e  f e r r i t e  p a r t i c l e s  d i d  n o t  p r o t r u d e  
from t h e  f o i l  edge and c o u l d  n o t  be e a s i l y  analyzed f o r  t h e i r  composi t ion.  a broad beam scan o f  a l a r g e  
area was performed. A drop i n  t h e  o v e r a l l  i r o n  l e v e l  f rom 70 t o  65% was observed, con f i rm ing  t h a t  t h e  
l o s t  f e r r i t e  p r e c i p i t a t e s  were aga in  r i c h  i n  i r o n .  

It 

5.3.3 Examinat ion o f  Fe-lOCr-20Mn 

As shown i n  F i g u r e  7 t h e r e  i s  s u b s t a n t i a l l y  l e s s  f e r r i t e  i n  t h i s  specimen, i n d i c a t i n g  t h a t  decreas ing t h e  
manganese from 30 t o  20% a t  10% chromium a f f e c t s  t h e  r a t e  o f  f o rma t ion  o f  f e r r i t e .  The l o c a l  s w e l l i n g  
l e v e l s  a r e  i n  general  l a r g e r  than  t h a t  o f  t h e  Fe-lOCr-30Mn a l l o y .  The d i s l o c a t i o n  e v o l u t i o n  i s  e a s i e r  t o  
s tudy  i n  t h e  absence of p r e c i p i t a t i o n  and appears t o  be t y p i c a l  o f  t h a t  observed i n  Fe-Cr-Mn a l l o y s .  The 
r e l a t i v e  o r i e n t a t i o n  o f  t h e  f e r r i t e  p r e c i p i t a t e s  were analyzed w i t h  r e s p e c t  t o  t h e  ma t r i x .  
t o  e x h i b i t  t h e  well-known Kurdjimov-Sachs r e l a t i o n s h i p  where ( 1 1 1 ) ~  1 )  (011)o and [Tally 1 1  [Id]=. The were found 
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f i g u r e  1. N e u t r o n- i n d u c e d  s w e l l i n g  o f  Fe-Mn and 
Fe-Cr-Mn a l l o y s  i n  FFTF a t  520°C and 
14 dpa as d e t e r m i n e d  77 & y r s  i o n  
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F i g u r e  2. N e u t r o n - i n d u c e d  d e n s i t y  changes  o f  Fe-Mn 
and fe- Cr- Mn a l l o y s  a 
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F i g u r e  3. ( a )  Compar ison  of s w e l l i n g  of Fe-5Cr-15Mn a t  14  dpa  w i t h  t h e  t r e n d  o f  o t h e r  Fe-Cr-Mn a l l o y s  a t  
520°C and 14  dpa.  
Fe-5Cr-15Mn a t  520'C. 

( b )  P l o t  of 420 and 520'C d a t a  i g n o r i n g  t e m p e r a t u r e ,  w i t h  t h e  e x c e p t i o n  o f  
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Figure 5. Decomposition o f  Fe-35Mn at 520°C and 14 dpa. 

Figure 6. Preferential attack of ferrite particles during flash-polishing of Fe-1OCr-30Mn (520% 14 dpa). 
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Examinat ion o f  Fe-15Cr-ZOMn 

in i n  F i g u r e  8 t h e  f e r r i t e  d e n s i t y  seems t o  have decreased somewhat r e l a t i v e  t o  t h a t  o f  Fe-1OCr-ZOMn 
s w e l l i n g  i s  comparable. The p r e c i p i t a t e s  were found t o  average 7540% i r on .  

Examinat ion o f  Specimens I r r a d i a t e d  a t  4ZOOC and 9 dpa 

cimens have been examined thus  f a r ,  Fe-35Mn and Fe-30%. 
s t y p i c a l  of low temperature i r r a d i a t i o n .  These were found t o  be sma l l  d i s l o c a t i o n  loops. l a r g e l y  
ed. (<500 A )  and smal l  vo ids  ( < l o 0  A) .  N o -p r e c i p i t a t e s  were observed. Small s t reaks  observed i n  
' f r a c t i o n  p a t t e r n  were found t o  be assoc ia ted w i t h  an ox ide- hydrox ide o f  i r o n  and manganese on t h e  

o f  t h e  f o i l .  

Both e x h i b i t e d  a h i g h  d e n s i t y  o f  c o n t r a s t  

Th is  o x i d a t i o n  r e f l e c t s  t h e  l ack  of chromium i n  these a l l o y s .  

D iscuss ion o f  Resu l t s  

a r i n g  t h e  e v o l u t i o n  of Fe-35Mn a t  (42OoC, 9 dpa) w i t h  t h a t  a t  (520°C, 14 dpa) i t i s  obv ious t h a t  
se s t a b i l i t y  a t  t h i s  composi t ion i s  q u i t e  s e n s i t i v e  t o  temperature.  We c o u l d  p o s s i b l y  a s c r i b e  t h e  
nce t o  t h e  h i g h e r  dose as we l l ,  b u t  t h e r e  i s  no h i n t  of p r e c i p i t a t i o n  a t  42OOC and 9 dpa. Otherwise 
c i p i t a t i o n  response must occur  r a t h e r  ab rup t l y .  Th is  l a c k  of p r e c i p i t a t i o n  a l s o  leaves us w i t h  no 
t i o n  Of t h e  l a r g e  d e n s i f i c a t i o n  (2.2%) p r e v i o u s l y  observed a t  42OoC. The amount o f  d e n s i f i c a t i o n  
C i S  comparable t o  t h e  r e l a t i v e  decrease i n  s w e l l i n g  o f  t h i s  a l l o y  a t  520°C, which leads us i n  t u r n  
eCt t h a t  s u b s t a n t i a l  microsegregat ion has occurred a t  420'C t h a t  has n o t  y e t  caused p r e c i p i t a t i o n  
r .  

mation of f e r r i t e  appears t o  be s e n s i t i v e  t o  manganese con ten t  a t  16% chromium b u t  appears t o  be 
i s i t i v e  t o  chromium con ten t  a t  a l l  l e v e l s  of manganese i n v e s t i g a t e d  thus  f a r .  
ned t h a t  t h e  s h e l l s  around t h e  vo ids  a r e  a c t u a l l y  i r o n - r i c h  f e r r i t e  b u t  t h e i r  r e s i s t a n c e  t o  e l e c t r o -  
i g  leads us t o  suspect t h a t  t h e y  a r e  f e r r i t i c  i n  nature.  
ng species compared t o  manganese and chromium i n  b o t h  t h e  i ron- based f c c  and bcc c r y s t a l  s t r u c t u r e s .  
i t h e  observed behav ior  i n  t h e  Fe-Cr-Ni system t h e  s lowes t  d i f f u s i n g  spec ies i s  expected t o  segre-  

It remains t o  b e  

It i s  a l s o  known t h a t  i r o n  i s  t h e  s lowes t  

t h e  v o i d  su r face  v i a  t h e  Inverse- K i rkenda l l  mechanism. 

)ok a t  t h e  e q u i l i b r i u m  phase diagram f o r  Fe-Mn t h e  boundary between t h e  two phase (a + y )  r e g i o n  
%14% Mn a t  600"C, %l&% Mn a t  52OoC and %23% Mn a t  4ZO'C. The (I f e r r i t e  phase i s  p r e d i c t e d  t o  con- 
more than  3% manganese, which i s  c o n s i s t e n t  w i t h  t h e  f i n d i n g  o f  e s s e n t i a l l y  p u r e  i r o n  p r e c i p i t a t e s  
Yiln a t  52OoC. Chromium a d d i t i o n s  change t h e  phase boundaries only a l i t t l e .  Therefore a l l  b u t  t h e  
loys should  be s t a b l e  a t  t h e  c o n d i t i o n s  o f  i r r a d i a t i o n ,  un less  t h e  i n v e r s e- K i r k e n d a l l  mechanism o r  
i e r  process i s  opera t ing .  Even though t h e  phase boundary i s  c l o s e s t  f o r  most a l l o y s  a t  420'C, t h e  
K i r k e n d a l l  mechanism i s  known t o  opera te  most s t r o n g l y  a t  h i g h e r  temperatures. T h i s  may account 
l a ck  of f e r r i t e  observed i n  t h e  30-35Mn a l l o y s  a t  42OOC. 

! l l i n g  and f e r r i t e  format ion appear t o  be connected b u t  t h e  exac t  r e l a t i o n s h i p  has n o t  y e t  been 
led. P a r t  o f  t h e  d e n s i t y  change may a r i s e  frm a l a t t i c e  parameter change assoc ia ted w i t h  f e r r i t e  
m. p a r t  w i t h  t h e  voidage, and another  p a r t  assoc ia ted w i t h  m ic ro- segrega t ion  of i r o n  and manganese 
'cc phase. 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  dependence o f  d e n s i t y  on manganese c o n t e n t  
s t r o n g  i n  t h e  f cc  phase. The i n c o n s i s t e n t  s w e l l i n g  behav io r  o f  Fe-5Cr-15Mn a t  500 and 600OC may 
a s i t u a t i o n  where t h e  p r e c i p i t a t e  formed a t  such q u a n t i t i e s  p r i o r  t o  t h e  onset  of s w e l l i n g  t h a t  

me of a u s t e n i t e  i s  reduced, l e a d i n g  t o  l e s s  s w e l l i n g  o v e r a l l .  

Conclusions 

;ity changes observed i n  s imple Fe-Mn and Fe-Mn-Cr a l l o y s  d u r i n g  neu t ron  i r r a d i a t i o n  i n v o l v e  n o t  
! l l i n g .  b u t  a l s o  f e r r i t e  format ion and segregat ion- induced changes i n  l a t t i c e  parameter. The 
I system i s  prone t o  phase i n s t a b i l i t i e s  n o t  observed i n  comparable Fe-Cr-Ni a l l o y s  d u r i n g  neu t ron  
. ion. 
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3. 

7.0 F u t u r e  Work 

M i c r o c o p y  a t  t h e  9 and 16 dpa  l e v e l s  w i l l  c o n t i n u e .  D e n s i t y  d a t a  a t  ( 3 5  dpa, 6OO0C), ( 4 5  dpa, 420'C) and 
(45  dpa, 5OO0C) w i l l  b e  o b t a i n e d .  

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

None 
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ACTIVATION CALCULATIONS U S I N G  AN EXPANDED NUCLEAR DATA EASE 

F .  M. Mann (Hanford Eng ineer ing Development Laboratory)  

1.0 Ob jec t i ve  

The o b j e c t i v e  o f  t h i s  work i s  t o  c a l c u l a t e  w i t h  reasonable accuracy and completeness t h e  a c t i v a t i o n  t h a t  
elements i n  f u s i o n  r e a c t o r s  w i l l  exoer ience. 

2.0 Summary 

Using an expanded nuc lea r  data  base, t h e  a c t i v a t i o n  of n i t r ogen ,  aluminum, i r o n ,  n i c k e l ,  copper, z i r -  
conium, niobium, molybdenum, tungsten, and lead were c a l c u l a t e d  f o r  t h e  f i r s t  w a l l  p o s i t i o n s  o f  t he  
STARFIRE and MARS conceptual  f u s i o n  reac to rs .  

3 . 0  Pragram 

T i t l e :  I r r a d i a t i o n  E f f e c t s  Ana lys i s  
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 :  Westinghouse Hanford Conpany 

4.0 Relevant Program Plan TasklSubtask 

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

5.0 Accomplishments and S ta tus  

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

The a c t i v a t i o n  of elements a t  a f us ion  r e a c t o r  f i r s t  w a l l  have been c a l c u l a t e d  a t  t h i s  and o t h e r  l abo ra-  
t o r i e s .  However, a l l  these c a l c u l a t i o n s  are  gene ra l l y  incomplete because t h e i r  assoc ia ted  nuc lea r  data  
l i b r a r i e s  a re  incomplete,  m u l t i - s t e p  r e a c t i o n s  may be excluded o r  t r e a t e d  o n l y  c rude ly ,  and h i g h  f l uence  
e f fec t s  may be i n f e r r e d  i n c o r r e c t l y  from low f luence e f fec ts .  A p r e l i m i n a r y  t reatment  of these e f f e c t s  
was g i ven  i n  a p rev ious  progress r e p o r t . ( l )  

Previous work(2)  has demonstrated t h a t  t h e  r e a c t o r  des ign can a l s o  have a s i g n i f i c a n t  e f f e c t  on t h e  
p roduc t i on  o f  a c t i v a t e d  ma te r i a l .  For example, STARFIRE w i t h  i t s  l a r g e  number of low energy neutrons 
tranmutes more q u i c k l y  through (n.gamma) r e a c t i o n s  than does t h e  MARS design. 

The approach i n  t he  present  work i s  t o  expend t h e  needed cross s e c t i o n  and decay data l i b r a r i e s  and then  
re run  t h e  a c t i v a t i o n  c a l c u l a t i o n s  t o  determine t h e  e f f e c t  of l a r g e  exposures. Thus, d i f f e r e n t  composi- 
t i o n a l  l i m i t s  may be found. Also,  r e a c t i o n s  which need more accu ra te  c ross  sec t i ons  and i s o t o p e s  
needing d i sposa l  l i m i t s  can be determined. 

T h i s  r e p o r t  addresses t h e  e f f e c t  of t h e  new cross s e c t i o n  l i b r a r y ( 3 )  on these quest ions.  However, 
because o f  u n c e r t a i n t i e s  i n  t h e  cross sec t i ons  o f  c e r t a i n  t r a n s n u t a t i o n  chains and i n  t h e  l i m i t s  which 
may be r e l e v a n t  i n  waste d i sposa l ,  t he  q u a n t i t a t i v e  r e s u l t s  must be cons idered t e n t a t i v e .  
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5.2 C a l c u l a t i o n a l  Resu l ts  and Discussions 

The REAC computer code system(4) was used t o  c a l c u l a t e  t h e  a c t i v a t i o n  o f  t h e  va r i ous  elements a f t e r  a 
s i x- yea r  exposure a t  t h e  f i r s t  w a l l  p o s i t i o n  of STARFIRE (corresponding t o  21.6 MW-Ylmeter**Z w a l l  
l oad ing )  and of MARS (cor responding t o  25.8 MW-Y/meter*V) f o l l o w e d  by a 3000-day c o o l i n g  pe r i od .  Time 
s teps f o r  t h e  s i x- yea r  exposure were 0.25 years each. 

Tables 1 through 15 d i s p l a y  t h e  decay r a t e  of p roduct  iso topes f o r  C, N, A l ,  T i ,  V ,  C r ,  Mn, Fe, N i ,  Cu, 
l r ,  Nb, Mo, W, and Pb. 

The d i sposa l  l i m i t s  shown i n  Tables 1-15 a re  f o r  c l ass  C near su r face  b u r i a l  d i sposa l  f o r  metals.  
Fo l l ow ing  t h e  example of t h e  NRC, t he  d isposa l  l i m i t s  f o r  metals a r e  a f a c t o r  o f  10 h ighe r  t han  f o r  
genera l  waste. Other l i m i t s  
a re  taken f rom t h e  work o f  Kennedy.(6) 

Unless o therwise noted, t h e  d i sposa l  l i m i t s  a re  taken f rom 10 CFR 6 l . ( 5 )  

There e x i s t  some iso topes which a re  produced i n  t h e  c a l c u l a t i o n s ,  however, where l i m i t s  have n e i t h e r  
been es tab l i shed  by t h e  NRC or est imated. The most impor tant  a re  IR-192* and Pt193 which are  produced 
when tungs ten  i s  i r r a d i a t e d .  These iso topes may p o t e n t i a l l y  l i m i t  t h e  use o f  tungsten i n  reduced 
a c t i v a t i o n  a l l o y s  f o r  r e a c t o r s  which use I t  shou ld  be noted t h a t  
n o t  o n l y  does t h e  p roduc t i on  of these iso topes r e q u i r e  t h e  a d d i t i o n  o f  a t  l e a s t  6 neutrons and hence 
va r i es  r a p i d l y  w i t h  t h e  f l uence  but  a l s o  t h a t  any of t h e  (n.gamm) cross  sec t i ons  i n v o l v e d  a re  o n l y  
es t imates  and n o t  t r u e  eva lua t i ons .  For o t h e r  cases where d i sposa l  l i m i t s  do n o t  e x i s t ,  i t  i s  u n l i k e l y  
t h a t  p r e v i o u s l y  found compos i t ion  l i m i t s  w i l l  be s i g n i f i c a n t l y  changed. 

water as a coo lan t  such as STARFIRE. 

Besides the  case o f  tungsten which was mentioned above, t h e  most s i g n i f i c a n t  d i f f e r e n c e  from p rev ious  
work i s  f o r  lead. The new l i b r a r i e s  a l l o w  t h e  c a l c u l a t i o n  of b ismuth i so topes  which lower  t h e  d l l owab le  
amount of l ead  (by a f a c t o r  of 2 f o r  STARFIRE and by a f a c t o r  o f  10 f o r  MARS). Other d i f f e rences  a re  
l ess  than a f a c t o r  of 2 and i n v o l v e  t h e  burnout o f  t h e  l i m i t i n g  iso tope.  

5.3 Conclusions 

Ca lcu la t i ons  w i t h  REAC u s i n g  t h e  expanded data  l i b r a r i e s  suggest t h a t  t h e  d i sposa l  o f  tungsten and l ead  
may be more o f  a concern. However, t h e  r e a c t i o n  data  and d i sposa l  l i m i t s  f o r  tungsten a re  h i g h l y  
u n c e r t a i n  so  t h a t  t h e  exact  magnitude o f  t h e  e f f e c t  i s  unknown. Other elements show no s i g n i f i c a n t  
change u s i n g  t h e  new l i b r a r i e s .  
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7.0 Future  Uork 

The near t e r m  e f f o r t  w i l l  be concent ra ted on e s t i m a t i n g  waste d i sposa l  l i m i t s  f o r  t h e  iso topes poten-  
t i a l l y  l i m i t i n g  t h e  use of tungsten and on determin ing the  accuracy o f  t h e  cross sec t i ons  i nvo l ved  i n  
t he  p roduc t i on  of those isotopes. The longer  t e rm w i l l  see t h e  e s t i m a t i o n  o f  o the r  waste d i sposa l  
l i m i t s ,  c a l c u l a t i o n s  f o r  o t h e r  m a t e r i a l s  ( p a r t i c u l a r l y  i s o t o p i c a l l y  t a i l o r e d  ones), and t h e  beg inn ing o f  
t he  i n v e s t i g a t i o n  o f  t he  p o s s i b i l i t i e s  o f  r e c y c l i n g .  

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

H.  L. Heinisch, F. H.  Mann and 0. 6. Doran, "Spect ra l  Dependence o f  A c t i v a t i o n  a t  Fusion Reactor F i r s t  
Wal ls" ,  Fus ion Technology, g (1985) 2704. 

TABLE 1 

ACTIVATION AFTER 6-YEAR R A O I A T I O N ,  3000-DAY COOLING 
CARBON 

Product 

T 
C 14 

Product - 
T 
C 14 

T 
Na 22  
A1 26 

STARFIRE MARS 
D isposa l  L i m i t s  Oecay Rate Oecay Rate 
- ICurieslcm**31 [Curieslcm**3) R a t i o  - ICuries/cm**31 R L !  

8.0e-3 
1.93e-2 
5.91e-6 

* 
1350. 

TABLE 2 

ACTIVATION AFTER 6-YEAR R A D I A T I O N ,  3000-DAY COOLING 
NITROGEN 

7.92e-3 
6.52e-6 

t 

1220. 

STARFIRE MARS 
D isposa l  L i m i t s  Oecay Rate Decay Rate 
- (Curies/cm**31 1Curieslcm**3) - R a t i o  JCurieslcm**3) Ratio 

* 
8.0e-3 

* 1.77e+0 1.57e+0 
5.20e-2 0.15 4.12e-2 0.19 

TABLE 3 

ACTIVATION AFTER 6 YEAR R A D I A T I O N ,  3000-DAY COOLING 
ALUMIUM 

STARFIRE MARS 
Oisposal  L i m i t s  Oecay Rate Decay Rate 

R a t i o  - ICur ies lcm**31 JCurieslcm**31 Ratio ICurieslcm**31 - 
t 
* 

2.0e-5+ 

2.13e-2 
1.01e-4 
6.52e-5 

* 
* 

0.31 

1.97e-2 
1.04e-4 
6.57e-5 

* 
* 

0.30 
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TABLE 4 

Product  

T 
A r  39 
A r  42 
Ca 45 

ACTIVATION AFTER 6-YEAR RADIATION, 3000-DAY COOLING 
TITANIUM 

STAR F I  RE MARS 
Disposal  L i m i t s  Decay Rate Decay Rate 

R a t i o  - ICur ies lcm**31 (Cur ies lcm**3~  R a t i o  1Curieslcm**31 - - 
* 3.34e-1 * 2.92e-1 * 
? 4.39e-5 ? 4.50e-5 ? 
? 1.13e-4 ? 1.16e-4 ? * 2.14e-5 2.22e-5 * 

* NRC l i m t s  a r e  e s t a b l i s h e d  by h e a t i n g  and personnel s h i e l d i n g  requi rements a t  t i m e  of d i sposa l .  
+ Disposal  l i m i t s  es t ima ted  by Kennedy ( re fe rence  6 ) .  
? No l i m i t s  have been e s t a b l i s h e d  by t h e  NRC or es t imated  by Kennedy. 

TABLE 5 

ACTIVATION AFTER 6-YEAR RADIATION, 3000-DAY COOLING 
V A N A D I U M  

Product  

T 
v 49 

STARFIRE MARS 
Decay Rate Decay Rate 

RatiO Disposa l  L i m i t s  
1Curieslcm**3) ICurieslcm**3) Ratio [Curieslcm**3) - 

* 
* 1.53e-1 

l . l l e - 2  
* 
* 1.46e-1 

1.37e-2 
t 

TABLE 6 

ACTIVATION AFTER 6-YEAR RADIATION, 3000-DAY COOLING 
CHROMIUM 

STARFIRE MARS 
Decay Rate D isposa l  L i m i t s  Oecay Rate 

JCurieslcm*'31 (Curies lcm**31 R a t i o  (Cur ies lcm**3 1 R a t i o  
Product  - 
T 

* 
* 

v 49 
Mn 5 4  
Fe 55  

8.72e-1 * 7.36e-1 t 

1.51e-2 * 1.63e-2 * 
1.79e-5 5.35e-6 f 

2.68e-5 * 

TABLE 7 

ACTIVATION AFTER 6-YEAR RAOIATION, 3000-DAY COOLING 
MANGANESE 

STARFIRE MARS 
Decay Rate Decay Rate 

Ratio 
Disposal  L i m i t s  

R a t i o  - I C  u r  i es lcm**3) Product  - 1Curieslcm**3) 1 C u r i e s l c m * * l l  

t 5.34e-2 * 4.97e-2 * 

* * 5.29e-1 4.65e-1 * 1.78e+0 8.07e-2 
* 7.29e-6 

2.31e-6 260.0 2.83e-6 210.0 
T 
Mn 53 
Hn 5 4  
Fe 55 
Co 60 

6.0e-4+ * 
* 

* 
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TABLE 8 

ACTIVATION AFTER 6-YEAR RADIATION, 3000-DAY COOLING 
I R O N  

STARFIRE MARS 
D i s p o s a l  L i m i t s  Decay R a t e  Decay R a t e  

P r o d u c t  - [Cur ies /cm**3 )  (Cur ies /cm**3 )  - R a t i o  (Cur ies /cm**3 )  Ratio 
* * T 1.46e-1 9 .82e-2 

Mn 53 6.0e-4+ 2.61e-5 23.0 3.12e-5 19.0 
Mn 54 3.53e-2 2.86e-2 
Fe 5 5  2.45e+1 2 . 3 6 e + l  
Co 60 3.27e-2 8.83e-5 

* * 
* 

* 
* 
* 

* NRC l i m i t s  a r e  e s t a b l i s h e d  by h e a t i n g  and  p e r s o n n e l  s h i e l d i n g  r e q u i r e m e n t s  a t  t i m e  o f  d i s p o s a l .  
+ D i s p o s a l  l i m i t s  e s t i m a t e d  by Kennedy ( r e f e r e n c e  6 ) .  

TABLE 9 

ACTIVATION AFTER 6-YEAR RADIATION, 3000-DAY C O O L I N G  
NICKEL 

P r o d u c t  

T 
Mn 5 4  
Fe 55  
Fe 60 
co 57 
Co 60 
N i  59 
N i  63 

P r o d u c t  

T 
Fe 5 5  
Fe 60 
Co 60 
N i  59 
N i  63  
l n  65 

STARFI RE MARS 
D i s p o s a l  L i m i t s  Decay R a t e  Decay R a t e  
- p ~ r i e s l c m * * 3 1  1 C u r i e s / c m * * 3 )  - R a t i o  LCur ies /cm**31  Ratio 

f 

? 
t 

2.2e-4 
7.0e-3 

6 .94e-1 
2 .18e-3 
8 .27e+0 
1.69e-6 
1 .17e-1 
8.09e+0 
9.26e-3 
1.58e+0 

* 
* 

? * 

0.024 
0.0044 

TABLE 10 

ACTIVATION AFTER 6-YEAR RADIATION, 3000-DAY COOLING 
COPPER 

6 .21e-1  
2.32e-3 
8 .40e+0 
1.37e-6 
1 .47e-1  
6.73e+O 
5.32e-3 
3 .30e-1 

* 
* 

? * 
t 

0 . 0 4 1  
0 .021 

STARFIRE MARS 
D i s p o s a l  L i m i t s  7 i T c a y t e  Decay R a t e  - ICuries/cm**3). I C u r i e s / c m * * 3 1  - R a t i o  I C u r i  es l cm**31  

* 
? 

2.2e-4 
7.0e-3 

* 

* 

7 * 7 * 
* 1.04e-5 1.09e-5 t 

1.22e-6 ? 
7.15e+0 7.04e+0 

3.55e-6 6 2 . 0  
1.74e+0 0.0040 1.30e+0 0.0054 
4.26e-4 1.39e-4 

* * 

* 
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TABLE 11 

ACTIVATION AFTER 6-YEAR RADIAT ION.  3000-DAY COOLING 
ZIRCONIUM 

STARFI RE MARS 
D isposa l  L i m i t s  Decay Rate Decay Rate 

Product - /Curies/cm**31 [Curieslcm**31 Ratio 1Curieslcm**31 - R a t i o  

T 
K r  85 
S r  90 
lr 93 
Nb 93* 
no 93 
Nb 94 

? 
2.16e-1 
6.72e-5 

* 
? 

6.4 
18.0 

? 

1.94e-1 
6.65e-5 
9.59e-3 
1.33e-4 
5.35e-4 
2.62e-6 
2.94e-6 

* 
? 

7.3 
17.0 

? 
11.5 
0.068 

7.0;-2 
2.2e-3' 

1.10e-2 
1.25e-4 
5.01e-4 ? 

3.0e-5' 
2.0e-7 

2.53e-6 
1.86e-6 

12.0 
0.11 

* NRC l i m i t s  a re  e s t a b l i s h e d  by hea t i ng  and personnel  s h i e l d i n g  requirements a t  t i m e  of d i sposa l  
+ D isposa l  l i m i t s  es t imated by Kennedy (reference 6 ) .  
? No l i m i t s  have been es tab l i shed  by t h e  NRC o r  es t imated by Kennedy. 

TABLE 12 

ACTIVATION AFTER 6-YEAR RADIAT ION,  3000-DAY COOLING 
N I O B I U M  

STARFIRE MARS 
D isposa l  L i m i t s  Decay Rate Decay Rate - ICuries/cm**31 LCuriesIcm**31 - R a t i o  1Curieslcm**3) Ratio Product 

T t 1.37e+0 
9.35e-4 
4.00e-5 

* 
75.0 
55.0 

? 
11.0 

? 

1.27e+0 
7.50e-4 
4.50e-5 

* 
93.0 
49.0 

? 
11.0 

? 
0.0000018 
4.8 

S r  90 
l r  93 
Nb 91  
Nb 92 
Nb 93* 

7.0e-2 
2.2e-3+ 

3.50e-2 
9.67e-6 
4.09e*1 
1.14e-1 
1.39e-4 

.~ ~ ~ 

7.2 9e-2 
2.72e-5 
3.64e+1 
1 . l l e - 1  
6.23e-6 

3.0e-4+ 
? 

2.0e-7 
3.0e-5' 

Nb 94 
MO 93 

0.000002 
0.22 

TABLE 13 

ACTIVATION AFTER 6-YEAR R A D I A T I O N ,  3000-DAY COOLING 
CARBON 

STARFIRE 
Decav Rate 

MARS 
Decay Rate 

I C u r i e s l c m * * 3 ~  Ratio 
4.14e-1 * 

Disposa l  L i m i t s  - ICurieslcm**31 

* 
? 

Product 

T 
K r  85 
Sr 90 
lr 93 
Nb 91  
Nb 93* 
Nb 94 
no 93 
Tc 98 
Tc 99 
R h  102 

~ ~ u r i e ; / c m * * 3 1  - R a t i o  

4.30e-1 * 
1.42e-5 ? 
1.66e-4 420.0 
4.76e-6 460.0 

1146e-5 
1.17e-4 

? 
420.0 
470.0 

? 
? 
0.00012 

0.00049 
? 
0.016 * 

7.0e-2 
2.2e-3* 4.69e-6 

? 
? 

2.0e-7 
3.0e-5+ 

? 
3.0e-5 

t 

1.88e-1 ? 
7.25e-1 ? 
7.11e-4 0.00028 
1 . l l e - 1  0.00027 
4.36e-6 ? 
2.90e-3 0.010 

2.13e-1 
2.99e-1 
1.66e-3 
6.09e-2 
2.97e-6 
1.93e-3 
1.51e-5 2.84e-4 
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TABLE 14 

Product  

T 
H f  178* 
Ta 179 
Re 184* 
Re 186' 
Ir 192' 
P t  193 

ACTIVATION AFTER 6-YEAR RADIATION, 3000-DAY COOLING 
TUNGSTEN 

Disposa l  L i m i t s  
- [Curies/cm**3) 

* 
? * 
* 
? 
? 
? 

STARFIRE 
Decay Rate 

lCur ies/cm**31 - R a t i o  

1.62e-2 * 
9.12e-3 ? 
1.48e-2 
5.64e-6 * 
1.40e-2 ? 
4.28e+0 ? 
5.41e+0 ? 

* 

MARS 
Decay Rate 

(Cur ies fcm**31 Ra t i o  
1.46e-2 * 
4.94e-2 ? 
9.48e-2 
3.07e-5 
1.35e-3 ? 

t 

NRC l i m i t s  a r e  es tab l i shed  by h e a t i n g  and personnel  s h i e l d i n g  requirements a t  t ime  of d isposa l .  
+ Disposal  l i m i t s  es t imated by Kennedy [ r e fe rence  6) .  
? No l i m i t s  have been es tab l i shed  by t h e  NRC o r  es t imated by Kennedy. 

TABLE 15 

ACTIVATION AFTER 6-YEAR RADIATION, 3000-DAY COOLING 
LEAD 

STARFIRE MARS 
D isposa l  L i m i t s  Decay Rate Decay Rate 

Product  - [Cur i es f cm**3~  LCuries/cm**3) - R a t i o  1Curies/cm**31 - R a t i o  

T 
T1 204 
Pb 205 
B i  207 
B i  208 
B i  210* 

* 
* 

5.0e-6+ 
1.13e-5 
1.13e-5 
1.13e-5 

2.13e-3 
1.59e+0 
2.95e-5 
4.99e-5 

1.42e-6 

* 
* 

0.17 
0.23 

8.0 

2.17e-3 
1.59e-1 
2.96e-5 
8.39e-4 
2.46e-6 

* 
t 

0.17 
0.013 
4.6 

NRC l i m i t s  a r e  es tab l i shed  by h e a t i n g  and personnel  s h i e l d i n g  requirements a t  t i m e  o f  d i sposa l .  
+ Disposal  l i m i t s  es t imated by Kennedy ( re fe rence 6). 
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CHAPTER 4 

RADIATION EFFECTS MECHANISMS 
AND CORRELATIONS 
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O W R I R T N S - I 1  LOW EXPOSURE SPECTRAL EFFECTS EXPERIMENT 

H .  L.  He in isch and J .  S.  P i n t l e r  (Hanford Eng ineer ing Development Laboratory)  

1.0 Ob jec t i ve  

The o b j e c t i v e  of t h i s  experiment i s  t o  determine the  e f f e c t  o f  t h e  neut ron spectrum on rad ia t i on- induced  
changes i n  mechanical p r o p e r t i e s  f o r  metals i r r a d i a t e d  w i t h  f u s i o n  and f i s s i o n  neutrons.  

2.0 Summary 

The s t a t u s  of t h e  OWRIRTNS-I1 Low Exposure Spec t ra l  E f fec ts  Experiment i s  reviewed. The pr imary  RTNS-I1 
i r r a d i a t i o n s  and s i x  of t h e  e i g h t  Omega West r e a c t o r  ( O W R )  i r r a d i a t i o n s  have been completed. T e n s i l e  
t e s t s  on specimens from t h e  f i r s t  e levated temperature R T N S - I 1  i r r a d i a t i o n  have been completed. Tests  
have begun on specimens i r r a d i a t e d  i n  OWR. 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  as a func t i on  of 
1 4  MeV neut ron f luence are  repo r ted  here f o r  pure i r o n  and A3026 pressure  vesse l  s t e e l .  Both e x h i b i t  a 
d e f i n i t e  temperature dependence i n  t h e i r  response t o  1 4  MeV neut ron i r r a d i a t i o n .  The f i r s t  t e n s i l e  data  
from OWR a re  compared t o  RTNS-I1 data  a t  90'C. When compared on t h e  bas i s  o f  dpa. t h e  data  f o r  s o l u t i o n  
annealed 316 s t a i n l e s s  s t e e l  c o r r e l a t e  and those f o r  copper do no t .  

3.0 Program 

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

4.0 Relevant OAFS Program Plan TasklSubtask 

Subtask 11.6.3.2 
Subtask II.C.6.3 E f f e c t s  o f  Damage Rate and Cascade S t r u c t u r e  on M ic ros t ruc tu re ;  Low-EnergylHigh 

Subtask II.C.16.1 

Exper imental  C h a r a c t e r i z a t i o n  o f  Pr imary Damage Sta te ;  Stud ies  o f  Metals 

Energy Neutron C o r r e l a t i o n s  
14-MeV Neutron Damage C o r r e l a t i o n  

5.0 Accomplishments and S ta tus  

5 .1  I r r a d i a t i o n s  

The OWRIRTNS-I1 Spec t ra l  E f fec ts  Experiment (HEDL-SEX) o r i g i n a l l y  c a l l e d  f o r  t h r e e  RTNS-I1 i r r a d i a t i o n s  
and e i g h t  OWR i r r a d i a t i o n s .  The f i r s t  two RTNS- I1  i r r a d i a t i o n s ,  R - 1  and R-2, have been completed t o  
peak f luences of 2.4 x 10l8 nlcm2 and 8.8 x 1018 nlcm2 r e s p e c t i v e l y  i n  t h e  HEOL dual- temperature furnace 
a t  temperatures o f  9O'C and 290'C. The t h i r d ,  sho r t - te rm RTNS- I1  i r r a d i a t i o n  has been e l im ina ted .  As 
an ad junc t  t o  t h e  fus ion  neut ron p o r t i o n  o f  t h e  experiment, some HEDL-SEX t e n s i l e  specimens have been 
i nc luded  i n  t h e  ongoing j o i n t  Japan1U.S. long- term i r r a d i a t i o n  u s i n g  t h e  Japanese d u a l - t e m p e r a t u r e  
furnace a t  temperatures of 2OO'C and 450'C. Other specimens were i r r a d i a t e d  a t  room temperature i n  an 
e a r l i e r  Japanese-sponsored i r r a d i a t i o n .  The f o u r  OWR i r r a d i a t i o n s  a t  90'C have been completed, 0-1 t o  a 
t o t a l  neut ron f luence of 5.42 x 1019 nlcm2. 0-2 t o  1.44 x 9-3 t o  5.18 x l o l a ,  and 9-4 t o  an 
es t imated 1.3 x l o z o  nlcm2. The two s h o r t e r  i r r a d i a t i o n s  a t  290.C. 0-6 and 0-7, have a l s o  been completed 
t o  doses comparable t o  0-2 and 0-3, r e s p e c t i v e l y .  I r r a d i a t i o n  0-5 i s  i n  progress,  and 0-8 w i l l  f o l l o w  
immediately.  Dosimetry f o r  t h e  OWR i r r a d i a t i o n s  i s  be ing  analyzed by L. R. Greenwood o f  Argonne N a t i o n a l  
Laboratory .  
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5.2 T e n s i l e  T e s t i n g  

The pr imary  t e n s i l e  t e s t i n g  o f  t h e  R-1 specimens has been completed. Tests were done on 150 specimens 
cove r ing  10 combinat ions of temperature and m a t e r i a l .  The m a t e r i a l s  a re  annealed i r o n ,  annealed copper, 
annealed 316 s t a i n l e s s  s t e e l ,  20% c o l d  worked 316 s t a i n l e s s  s t e e l ,  and A3028 pressure vessel  s t e e l .  
Specimens w i t h  f luences rang ing  f rom 6 x 1016 t o  2 x lOl* nIcm2 were t e s t e d  f o r  each m a t e r i a l .  

The r e s u l t s  f o r  copper and s o l u t i o n  annealed 316 s t a i n l e s s  s t e e l  were repo r ted  i n  an e a r l i e r  progress 
r e p o r t . ( l I  I n  both  m a t e r i a l s  the  change i n  y i e l d  s t r e n g t h  as a func t i on  of 14 MeV neut ron f luence 
e x h i b i t e d  temperature dependence i n  t h e  range f rom room temperature t o  290'C. 

The chanae i n  v i e l d  s t r e n a t h  o f  annealed Marz arade i r o n  as a f u n c t i o n  o f  14 MeV neut ron f luence i n  R-1 
i s  p l o t t e d  i n  k i g u r e  1. One 
might conclude t h a t  t h e  change i n  y i e l d  s t r e n g t h  i s  n e a r l y  independent o f  f luence,  bu t  a t  a d i f f e r e n t  

-There i s  a l a r g e  s c k t e r  i n  t h e  data  f o r  i r o n  a t  both  9O'C and 290'C. 

vaiue f o r  each temperature. -However, t h e r e  appears t o   be^ a s l i g h t  tendency toward l a r g e r  changes i n  
y i e l d  s t r e n g t h  w i t h  i n c r e a s i n g  f luence.  Genera l ly  t h e  l a r g e s t  source o f  e r r o r  i n  m i n i a t u r e  t e n s i l e  
t e s t s  i s  u n c e r t a i n t y  i n  t h e  specimen dimensions (which are  used t o  compute t h e  s t resses ) .  I n  t h e  case 
o f  i r o n ,  t h e  specimens were remarkably uni form, so  u n c e r t a i n t y  i n  t h e  dimensions shou ld  be smal l .  The 
most l i k e l y  source o f  s c a t t e r  i n  t h e  i r o n  data i s  contaminat ion o f  t h e  specimens by i m p u r i t i e s ,  probably  
oxygen and n i t rogen ,  which may have occur red when the  vacuum i n  t h e  furnace f a i l e d  e a r l y  on i n  the  
i r r a d i a t i o n .  The load ld isp lacement  curves f o r  i r o n  show a v a r i e t y  o f  y i e l d  p o i n t  phenomena, f r o m  
d i s t i n c t  upper and lower y i e l d  p o i n t s  t o  none a t  a l l ,  bu t  hav ing  no apparent c o r r e l a t i o n  w i t h  neut ron 
dose. Tests  on i r o n  specimens i r r a d i a t e d  i n  R-2, which has a f l uence  range ove r lapp ing  t h a t  of R-1, 
should p r o v i d e  r e l i a b l e  r e s u l t s .  

The change i n  y i e l d  s t r e n g t h  of A302B pressure vessel  s t e e l  as a f u n c t i o n  o f  14 MeV neut ron f l uence  i s  
p l o t t e d  i n  F i g u r e  2. There i s  l e s s  s c a t t e r  i n  t h e  A3028 data than i n  i r o n .  However, t h e  u n c e r t a i n t y  i n  
specimen dimensions may very l i k e l y  c o n t r i b u t e  t o  t h i s  s c a t t e r ,  s i n c e  t h e  A3028 specimens were con- 
s i d e r a b l y  l ess  u n i f o r m  i n  th i ckness  than usua l  m i n i a t u r e  t e n s i l e  specimens. There i s  a d e f i n i t e  tempera- 
t u r e  dependence o f  change i n  y i e l d  s t r e s s  w i t h  14 MeV neut ron f luence.  The curves, f i t t e d  t o  t h e  data  
p o i n t s  a t  each temperature,  a re  f u n c t i o n s  o f  t h e  form 

whereAoy i s  t h e  change i n  y i e l d  s t reng th ,  a t  i s  t he  f luence,  and A and 8 are  constants .  Dependence of 
t h e  y i e l d  s t r e s s  change on t h e  square r o o t  o f  t h e  f l uence  i s  what one might expect if a loop p roduc t i on  
s t reng then ing  mechanism i s  i n  e f fec t .  The a d d i t i o n  o f  data f rom R-2 a t  h ighe r  f l uences  w i l l  p r o v i d e  a 
b e t t e r  data base f rom which t o  i n v e s t i g a t e  s t reng then ing  mechanisms. 

The u l t i m a t e  t e n s i l e  s t reng ths  o f  i r o n  and A302B pressure vessel  s t e e l  a t  both  9O'C and 290'C are  
p l o t t e d  as a f u n c t i o n  o f  f l uence  i n  F igu re  3. There i s  l i t t l e  e f f e c t  of 14 MeV neut ron i r r a d i a t i o n  o r  
temperature on t e n s i l e  s t r e n g t h  i n  t h i s  range o f  temperatures and f luences.  

Specimens from R-2, 0-1, 0-2 and 0-3 a r e  now be ing  tes ted .  The specimens i n  R-2 w i l l  p r o v i d e  data a t  
h ighe r  f l uences  o f  14 MeV neutrons than ever achieved before. There a re  a l s o  specimens i n  R-2 t h a t  have 
been i r r a d i a t e d  i n  t h e  same dose range as R-1, but  a t  a s lower r a t e .  Comparisons o f  R-1 and R-2 data 
w i l l  address p o s s i b l e  r a t e  e f f e c t s .  

The f i r s t  data  f rom OWR i r r a d i a t i o n s  i s  presented i n  F igures 4 and 5, f o r  annealed 316 s t a i n l e s s  s t e e l  
and annealed copper, r e s p e c t i v e l y .  The change i n  y i e l d  s t r e n g t h  i s  p l o t t e d  as a f u n c t i o n  of d isplacement 
per  atom (dpa) f o r  specimens i r r a d i a t e d  i n  0-1, 0-2, and 0-3 and compared w i t h  those from R-2 a t  9O'C. 
These p r e l i m i n a r y  r e s u l t s  i n d i c a t e  t h a t  displacements per  atom (dpa) i s  a good damage parameter f o r  
c o r r e l a t i n g  y i e l d  s t r e s s  changes i n  s o l u t i o n  annealed 316 s t a i n l e s s  s t e e l  i n  f i s s i o n  and f u s i o n  env i ron-  
ments. The f a i l u r e  o f  dpa t o  completely c o r r e l a t e  e a r l i e r  316 SS t e n s i l e  data i s  apparen t l y  due t o  
temperature e f f e c t s ,  which a re  observed i n  t h e  present  data. I n  pure copper, however, dpa i s  no t  an 
e f f e c t i v e  c o r r e l a t i o n  parameter. I n  316 SS t h e  s t reng then ing  e f f e c t  per dpa i s  t h e  same i n  both  neut ron 
spect ra ,  wh i l e  t h e r e  are  a d d i t i o n a l  s p e c t r a l  e f f e c t s  i n  copper. T e n s i l e  t e s t s  a re  i n  progress on h i g h e r  
f l u e n c e  316 SS and copper specimens, as w e l l  as on f e r r i t i c  m a t e r i a l s  and copper a l l o y s .  
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MICROSTRUCTURAL EXAMINATION OF Fe-Cr BINARY FERRITIC ALLOYS FOLLOWING IRRADIATION TO 15 DPA I N  FFTF 

0. S. Ge l l es  (Hanford Engineer ing Development Laboratory)  

1.0 O b j e c t i v e  

The o b j e c t i v e  o f  t h i s  work i s  t o  de te rm ine  t h e  e f f e c t  o f  neut ron i r r a d i a t i o n  on m i c r o s t r u c t u r a l  
development i n  s imple f e r r i t i c  a l l o y s .  The present  experiment a l s o  a l l ows  comparisons due t o  spectrum 
d i f f e r e n c e s  between E S R - I 1  and FFTF. 

2.0 Summary 

M i c r o s t r u c t u r a l  examinat ions a r e  r e p o r t e d  f o r  s i x  Fe-Cr b i n a r y  a l l o y s  (from 3 C r  t o  18 C r ]  f o l l o w i n g  
i r r a d i a t i o n  i n  FFTF a t  430'C t o  15 dpa. A l l  specimens conta ined r a d i a t i o n  damage such as d i s l o c a t i o n  
l o o p s  and v o i d s .  S w e l l i n g  was h i g h e s t ,  0.26 percent,  i n  t h e  Fe-9Cr a l l o y  w i t h  a corresponding 
d i s l o c a t i o n  network compr is ing equal p a r t s  of a <loo> and d 2  < 1 1 D  Surgers vectors .  Less s w e l l i n g  was 
found i n  o t h e r  a l l o y s  w i t h  corresponding d i s l o c a t i o n  s t r u c t u r e s  composed ma in l y  o f  a < l o o >  loops. An 
example o f  a deformat ion s l i p  band con ta in ing  elongated vo ids  was found which i n d i c a t e s  t h a t  channel 
f r a c t u r e  may occur i n  f e r r i t i c  a l l o y s  t h a t  con ta in  uni form vo id  swe l l i ng .  

T i t l e :  I r r a d i a t i o n  Effects Ana lys i s  (AKJ) 
P r i n c i p a l  I n v e s t i g a t o r :  0.  6. Doran 
A f f i l i a t i o n :  Hanford Engineer ing Development Laboratory  

4.0 Relevant Program P lan  TasklSubtask 

Subtask I I . C . l  E f fec ts  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  
Subtask 1I.C. E f f e c t s  o f  Damage Rate and Cascade S t r u c t u r e  on M i c r o s t r u c t u r e  

5.0 Accomplishments and Sta tus  

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

M i c r o s t r u c t u r a l  e v o l u t i o n  i n  i r o n  and f e r r i t i c  a l l o y s  as a r e s u l t  o f  i r r a d i a t i o n  has been a t o p i c  f o r  
i n v e s t i g  i for  almost 25 years. E a r l y  e f f o r t s  were concerned w i t h  t h e  n a t u r e  o f  p o i n t  d e f e c t  
c l u s t e r s  at-o9 and it was found t h a t  a l though u12 <111> c l u s t e r s  were expected, a <loo> c l u s t e r s  cou ld  
form as(y$J). Most o f  t h e  e a r l y  t h e o r e t i c a l  e f f o r t s  at tempted t o  e x p l a i n  the  presence of a <loo> loops 
i n  i r o n  (whereas ~ & l p O >  loops were no t  found i n  o t h e r  body centered cub ic  (bcc) me ta l s ] .  Then 
vo ids  were i d e n t i f i e d ,  a l though s w e l l i n g  was low f o r  t h e  i r r a d i a t i o n  c o n d i t i o n s  examined. (&6P 
r e c e n t  e f f o r t s  have v e r i f i e d  t h a t  i r o n  and f e r r i f i y - l v l s  a r e  r e l a t i v e l y  low s w e l l i n g  m a t e r i a l s .  
S e v e r a l  exp lana t ions  have been g i ven  f o r  t h i s  bu t  t h e  most reasonable exp lana t ion  p r e s e n t l v  
a v a i l a b l e  a t t r i b u t e s  t h e  low s w e l l i n g  t o  t h e  bcc s t r u c t u r e  which has i n h e r e n t l y  1 e r  r e l a x a t i o n  volumes 
f o r  v a c a n c i e s  and i n t e r s t i t i a l s  due t o  l o w e r  n e a r e s t  n e i g h b o r  packing. ( l f l  Th is  r e s u l t s  i n  a 
s i g n i f i c a n t l y  lower  b i a s  f o r  i n t e r s t i t i a l s  a t  d i s l o c a t i o n s  and lower s w e l l i n g  r a t e s  i n  bcc as compared t o  
fcc s t r u c t u r e s .  

I n  p a r t ,  t h e  low s w e l l i n g  of f e r r i t i c  a l l o y s  has l e d  t o  t h e i r  cons ide ra t i on  f o r  app l i ca t i pg las  s t r u c t u r a l  
m a t e r i a l s  i n  n u c l e a r  r e a c t o r s ,  i n c l u d i n g  t h e  f i r s t  w a l l  o f  a f u s i o n  r e a c t o r .  Therefore ,  
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m i c r o s t r u c t u r a l  e v o l u t i o n  i n  general  and vo id  s w e l l i n g  i n  p a r t i c u l a r  f o r  f e r r i t i c  a l l o y s  a re  o f  i n t e r e s t  
t o  t h e  Damage Analys is  and Fundamental Stud ies  e f f o r t  of t h e  Fus ion Reactor M a t e r i a l s  Program. The 
p r e s e n t  r e p o r t  desc r ibes  t h e  l a t e s t  i n  a s e r i e s  o f  exper iments by t h e  au tho r  in tended t o  examine 
m i c r o s t r u c t u r a l  e v o l u t i o n  i n  Fy$,r1$fnary a l l o y s  due t o  neut ron damage. E a r l i e r  r e p o r t s  gave r e s u l t s  
f o l l o w i n g  i r r a d i a t i o n  i n  E R R- I 1  and inc luded  m i c r o s t r u c t u r a l  examinat ions f o l l o w i n g  i r r a d i a t i o n  t o  
doses as h i g h  as 20 dpa and d e n s i t y  change measurements f o l l o w i n g  i r r a d i a t i o n  t o  doses as h i g h  as 105 
dpa. The m i c r o s t r u c t u r a l  examinat ions v e r i f i e d  t h a t  s w e l l i n g  occur red i n  neut ron i r r a d i a t e d  f e r r i t i c  
a l l o y s  bu t  was low, t h a t  d i s l o c a t i o n  e v o l u t i o n  was complex i n c l u d i n g  bo th  a12 < I l l >  and a <loo> Burgers 
vec to rs  present  i n  t h e  same specimen and t h a t  p r e c i p i t a t i o n  cou ld  develop i n  a l l o y s  w i t h  g r e a t e r  than 10 
percent  chromium, t h e  p r e c i p i t a t e  be ing  a', chromium-rich reg ions  w i t h  bcc c r y s t a l  s t r u c t u r e .  F u r t h e r  
d e t a i l s  can be found i n  Reference 14. 

The d e n s i t y  change r p s u l t s ( l O )  a re  summarized i n  F i g y f  1. Peak s w e l l i n g  found was 4.72 percent  f o r  a 
specimen o f  Fe-12Cr i r r a d i a t e d  a t  425'C t o  18.7 x 10 S i m i l a r  r e s u l t s  were obta ined 
f o r  Fe-6 and Fe-9Cr specimens whereas o t h e r  composi t ions were s i g n i f i c a n t l y  l o w e r .  However, f o r  
spec imens i r r a d i a t e d  t o  approximately 50 dpa, t h e  s w e l l i n g  values a t  400 and 450'C c l o s e l y  match 
a n t i c i p a t e d  r e s u l t s  f o r  425'C. Therefore,  it appears t h a t  a peak s w e l l i n g  r a t e  on t h e  o rde r  of 0.06%ldpa 
a p p l i e s  f o r  most c o n d i t i o n s  o f  Fe-6 t o  12 percent  chromium over t h e  tempey85yre range 400 t o  450'C. T h i s  

b u t  a r - s t i m a t e  based on i s  a f a c t o r  of t h r e e  lower than t h e  t h e o r e t i c a l  p r e d i c t i o n  o f  O.Z%ldpa, 
more r e p r e s e n t a t i v e  s ink  d e n s i t i e s  lowered t h a t  p r e d i c t i o n  t o  0.04%ldpa t o  0.06Zldpa. 

nlcm2 o r  90 dpa. 

(7 5$ 

5.2 Exper imental  D e t a i l s  

The a l l o y  s e r i e s  s tud ied  c o n s t i t u t e d  Fe-Cr b l n a r y  a l l o y s  wi th  c h r m i u m  va ry ing  from 3 t o  18 p e r c e p t 0 f f 4 j  
pe rcen t  increments. 
D isk  specimens 0.3 cm i n  d iameter  by 0.02 cm t h i c k  were engraved w i t h  f o u r  d i g i t  i d e n t i f y i n g  codes and 
loaded i n t o  f o u r  i d e n t i c a l  TEM d i s k  packets so t h a t  each a l l o y  was represented by a m u l t i p l i c i t y  of 10. 
The packets were i n s e r t e d  i n t o  MOTA-1B i n  weeper p o s i t i o n  2F designed t o  operate  a t  a p p r o x i m a t e l y  
425'C. The f i r s t  o f  these packets i d e n t i f i e d  as FT was removed a f t e r  Run 19 hav ing rece ived 1 5  dpa 
exposure a t  431'C 5 5'C. Specimens were I d e n t i f i e d  and prepared f o r  TEM examinat ion us ing  standard 
techniques. Examinat ions were performed on a JEOL JEM-1200 E X  STEM microscope us ing  a double t i l t i n g  
s ide- en t ry  g o n i m e t e r  stage. Table 1 i s  prov ided t o  a i d  i n  t h e  Burgers vec to r  a n a l y s i s  as descr ibed i n  
t h e  t e x t .  

The present  s t u d i e s  a re  in tended t o  expand t h e  e a r l i e r  m i c r o s t r u c t u r a l  observat ions(14),  t o  p r o v i d e  
comparison of s p e c t r a l  e f fec ts  (by comparing FFTF and E B R - I 1  damage behav ior )  and t o  g i v e  a bas i s  f o r  
h i g h e r  f l uence  m i c r o s t r u c t u r a l  examinations. 

D e t a i l s  of a l l o y  f a b r i c a t i o n  and compos i t ion  have been pub l i shed  p rev ious l y .  

5.3 Resu l ts  

A l l  specimens examnnru Z~IUWCU mvLrusrr-uctural  f ea tu res  t y p i c a l  o f  r a d i a t i o n  damage i n  f e r r i t i c  a l l o y s .  
Voids and d i s l o c a t i o n  loops o r  networks were found i n  a l l  specimens. However, i n  t h e  Fe-3Cr a l l o y  
specimen, loops and vo ids  were non-uniformly d i s t r i b u t e d  whereas i n  the  o t h e r  a l l o y s ,  t h e  d i s t r i b u t i o n s  
were much more un i form.  The non- un i fo rm i t i es  i n  Fe-3Cr were a r e s u l t  of l o o p  and v o i d  development i n  t h e  
v i c i n i t y  o f  p r e - e x i s t i n g  d i s l o c a t i o n s .  Also, p r e c i p i t a t e  development was found i n  e-3Cr, Fe-lZCr, 
Fe-15Cr and Fe-18Cr specimens, t h e  former be l i eved  t o  be due t o  i m p u r i t i e s  i n  t h e  a l l o y ( d )  and t h e  l a t t e r  
t h r e e  t o  a' format ion. 

Examples of t h e  i r r a d i a t e d  m i c r o s t r u c t u r e s  a re  g i ven  i n  F igu re  2. F igu re  2a shows t h e  d i s l o c a t i o n  
s t r u c t u r e  o f  Fe-3Cr a t  low magn i f i ca t i on .  D i s l o c a t i o n  loops appear i n  non- un i formly  d i s t r i b u t e d  bands 
which i n  two cases can be i d e n t i f i e d  w i t h  l ong  d i s l o c a t i o n s .  [The imaging c o n d i t i o n  used, g = 011, 
shou ld  show 213 o f  t h e  p o s s i b l e  a <loo> d i s l o c a t i o n s  and 112 _of t h e  p o s s i b l e  a12 <111> d i s l o c a t i o n s . ]  
I n d i v i d u a l  loops appear t o  be o r i e n t e d  i n  rows p a r a l l e l  t o  (011). The f i n e  background which can be seen 
i s  due t o  p r e c i p i t a t i o n  and a few examples o f  smal l  vo ids  can be i d e n t i f i e d .  F igures 2b and c show 
a l l o y s  Fe-6Cr and Fe-9Cr a t  i n te rmed ia te  magn i f i ca t i on .  I n  both  cases, vo ids  a re  w e l l  developed, bu t  t h e  
a l l o y s  have d i f f e r e n t  d i s l o c a t i o n  s t r u c t u r e s .  The Fe-6Cr specimen con ta ins  i n d i v i d u a l  d i s l o c a t i o n  loops 
predominant ly  o f  a <loo> t ype  whereas t h e  Fe-9Cr d i s l o c a t i o n  s t r u c t u r e  has evolved i n t o  a d i s l o c a t i o n  
network. F igu re  2b of Fe-6Cr i s  i n  200 c o n t r a s t  near an (010) f o i l  o r i e n t a t i o n  so t h a t  113 o f  t h e  
p o s s i b l e  a <loo> d i s l o c a t i o n s  and a l l  o f  t h e  a12 <111> d i s l o c a t i o n s  a re  v i s i b l e .  F igu re  2c o f  Fe-9Cr i s  
i n  a complex c o n t r a s t  c o n d i t i o n  near an 010 f o i l  o r i e n t a t i o n .  F igu res  2d, e and f show a l l o y s  Fe-12Cr. 
Fp-15Cr and Fe-18Cr a t  h ighe r  magn i f i ca t i on .  In a l l  t h r e e  cases, t h e  d i s l o c a t i o n s  a re  imaged i n  101 
c o n t r a s t  near an 010 f o i l  o r i e n t a t i o n  so t h a t  213 of t h e  a <loo> d i s l o c a t i o n s  and 112 of t h e  a12 <111> 
d i s l o c a t i o n s  can be seen. I n  each case, t h e  d i s l o c a t i o n  s t r u c t u r e  con ta ins  bo th  types of Burgers 
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TABLE 1 

IG CRITERION FOR VARIOUS bcc 
IS AND BURGERS VECTOR POSSIBILITIES 

b 

a/? [iii] a [ l oo ]  a [010] a [001] 

1 2 0 0 

1 0 2 0 

1 0 0 2 

1 0 1 1 

1 1 1 0 

0 1 1 0 

1 1 0 1 

2 1 1 2 

1 1 2 1 

1 2 1 1 

0 2 1 1 

2 2 1 1 

1 1 1 2 

2 1 2 1 

L - 

present .  Therefore, t h e  m i c r o s t r u c t u r a l  development as 
ibed as f o l l o w s .  The m i c r o s t r u c t u r a l  e v o l u t i o n  i s  most 
a t i o n  network has been a t t a i n e d .  Fe-12 t o  Fe-18 a r e  n o t  
g inn ing t o  form. The Fe-6Cr i s  l e s s  advanced and con ta ins  
Fe-3Cr a l l o y  i s  l e a s t  developed w i t h  l a r g e  reg ions  where 
i t  i s  l i k e l y  t h a t  i n  t h e  Fe-3Cr specimen, t h i s  i s  due t o  
mber d e n s i t y  of smal l  p r e c i p i t a t e  p a r t i c l e s .  

u c t u r e  o f  t h e  Fe-3Cr specimen i n  g r e a t e r  d e t a i l .  The same 
i f f e r e n t  d i s l o c a t i o n  imaging cond i t i ons .  The l a r g e r  vo ids  
:es and 111 f a c e t t e d  corners .  Comparison o f  t h e  v o i d  and 
i r m  i n  t h e  reg ions  where d i s l o c a t i o n  loops a r e  developed. 
loops, no r  does t h e  n u c l e a t i o n  s i t e  of t h e  v o i d  appear t o  

l r j son  of t h e  loops i n  F igu res  3b and c r e v e a l s  t h a t  t h e  
11 shows c m p l e t e l y  d i f f e r e n t  popu la t ions  of loops. T h i s  
In  be shown from Table  1. (Some confus ion e x i s t s  due t o  
t h e  h a b i t  p lane  of a l l  loops i s  { l o o )  as revea led  by 

es idua l  images are be l leved  due t o  t h e  a n i s o t r o p i c  n a t u r e  
a l l  a < l o o >  loops should be v i s i b l e  i n  F i g u r e  3d w i t h  172 
t c o n t r a s t .  A lso note t h a t  t h e  l o n g  d i s l o c a t i o n  runn ing  
i shown and i s  i n  s t r o n g  c o n t r a s t  i n  F igu re  3d. There fo re  
screw i n  character .  I t  was probably  r e t a i n e d  from t h e  

e- 6Cr  m i c r o s t r u c t u r e  i n  g r e a t e r  d e t a i l .  The same area i s  
i s l o c a t i o n  c o n t r a s t  c o n d i t i o n s  f o r  a f o i l  near an (001) 
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FIGURE 3. The M i c r o s t r u c t u r e  of Fe-3Cr I r r a d i a t e d  a t  430'C t o  15 gpa 
Shown i n  Var ious Imaging C o n d i t i o n s i  a) Void Cont ras t ;  b )  200 
Contrast ;  c )  011 Contrast ;  and d )  112 Contrast ,  F o i l  Thickness ... 

s def ine o p e r a t i n g  g vectors .  

Therefore,  t h e  vo iu  sndpe ria, wrii a l t e r e d  i n  changing t h e  composi t ion from 3Cr t o  6Cr. The d i s l o c a t i o n  
s t r u c t u r e  cons is t s  p r i m a r i l y  o f  smal l  u n f a u l t e d  loops on (OOl] planes. Comparison of F igures 4b (showing 
a [loo] loops i n  s t rong  c o n t r a s t )  and 4d (showing a [OlO] loops i n  s t r o n g  c o n t r a s t )  does r p e a l  i n  bo th  
cases l a r g e r  weak d i s l o c a t i o n  images which can be seen more c l e a r l y  i n  F igu re  4c u s i n g  110 Contrast .  
These weaker images must be of a12 ~111, t ype  and t h e r e f o r e  both  types o f  d i s l o c a t i o n s  a re  present .  

' nd i ca tes  t h a t  t h e  a12 O f  p a r t i c u l a r  note  i s  t h e  a12 <ill> l o o p  marked by t h e  arrow 
<111> d i s l o c a  grew from loops which de ime as d i d  t h e  a Cool> 
100PS. Howev ' d i s l o c a t i o n s  c l i m b  more 

I. . ' - '  

t i o n  s t r u c t u r e  probably  
er,  apparent ly  a12 < 1 1 D  

i r l m c  a n  m r n r n n l n  fnr t h o  

i n  t i g u r e  4c. i n i s  1 
veloped a t  t h e  same ti 
r a p i d l y .  

a t  410-c t" 1s d n n .  1 F igu re  5 p rov  ",, _"_... r . _  . - .  Fe-9Cr a l l o y  i r r a d i a t e d  _ _  - _. .. _ - . _ _  :he imaging c o n d i t i o n s  
a re  s i m i l a r  t o  those- f o r  F igu re  3, w i t h  a f o i l  o r i e n t a t i o n  near (011). F igu re  5a shows t h e  v o i d  
s t r u c t u r e  i n  weak 011 d i s l o c a t i o n  con t ras t .  The vo ids  a re  found t o  be o f  t runca ted  octahedra l  shape 
( w i t h  {lll) faces and t runca ted  (100) co rne rs ) .  As very few smal l  vo ids  can be i d e n t i f i e d  i t  i s  l i k e l y  
t h a t  v o i d  n u c l e a t i o n  has been completed. D i s l o c a t i o n  s t r u c t u r e  i s  shown i n  F igures 5b, c and d. F i g u r e  
5b i s  shown i n  200 d i s l o c a t i o n  c o n t r a s t  so t h a t  a [loo] d i s l o c a t i o n s  are  i n  s t r o n g  c o n t r a s t  and a l l  
p o s s i b l e  a12 <111> d i s l o c a t i o n s  a re  shown i n  weaker con t ras t .  I n  genera l ,  t h e  s t rong  v e r t i c a l  images a re  
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1 

e - 6 C r  I r r a d i a t e d  a t  430'C t o  1 5  dpa 
Condi t ions:  a) Void Cont ras t ;  b) 200 
; and d) 020 Cont ras t ,  F o i l  Thickness 

d i s l o c a t i o n  loops have grown t o  e i t h e r  i n t e r s e c t  o the r  
: i on  c l i m b  has apparen t l y  occur red more r a p i d l y  i n - t h e  
d c should revea l  a [ l O O ] ,  d 2  [lll], and a12 [ill] 
I a [ O O l ]  _only i n  F igu re  5c whereas d i s l o c a t i o n s  which 
o r  a12 [lll] types. The loops showing i n  F igu re  5c a re  
pparent  t h a t  severa l  have grown q u i t e  l a rge ,  p o s s i b l y  by 
iere a d i s l o c a t i o n  network i n c l u d i n g  a <loo> components 
r12 [ l l f ]  d i s l o c a t i o n s  can a l s o  be i d e n t i f i e d  as p a r t  o f  
coc ta ins  both  a <loo> and a/2 <111> components. F igu re  
1111 i n  s t rong  c o n t r a s t  and a [ l o o ]  and a/2 [lll] i n  
e a [ l o o ]  and a/2 [lll] are  no t  v i s i b l e .  

i l l o y  which g i ves  s i m i l a r  geometr ies t o  those shown i n  
wn i n  F igu re  6a which i n d i c a t e s  a range o f  vo id  shapes 
ica ted 100 corners  t o  more equiaxed shapes w i t h  111 and 
background fea tu res  i n d i c a t i v e  o f  a '  p r e c i p i t a t i o n .  The 

Comparison o f  F igures 6b and 6d show t h e  two c and d. 
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FIGURE 5. The M i c r o s t r u c t u r e  of Fe-9Cr I r r a d i a t e d  a t  430'C t o  15 dpa 
Shown i n  Variou? Imaging Conditions; a) Void Cont ras t ;  b) 200 
Contrast ;  c )  011 Contras t ;  and d) 112 Contrast ,  F o i l  Thickness, 
116 nm. 

s e t s  o f  a [loo] and a [OlO] loops o r i e n t e d  o r thogona l l y .  Weakly imaged a r e  t h e  a t 2  <T11> t y p e  
d i s l o c a t i o n s .  F igu re  6c shows t h e  u12 [lll] and a12 [lll] d i s l o c a t i o n s  i n  s t ronger  c o n t r a s t  and because 
t h e  u l 2  <llT> d i s l o c a t i o n s  a re  longer,  aga in  i n d i c a t e s  t h a t  a12 <ill> d i s l o c a t i o n  c l i m b  i s  more r a p i d  
than a <loo> c l imb.  Therefore, except f o r  observed p r e c i p i t a t i o n  t h i s  s t r u c t u r e  appears t o  be very  
s i m i l a r  t o  t h a t  of Fe-6Cr as shown i n  F igu re  4. 

F igu re  7 shows t h e  i r r a d i a t e d  Fe-15Cr m i c r o s t r u c t u r e  under c o n d i t i o n s  s i m i l a r  t o  those o f  F igu re  6. The 
f o i l  i s  near an (001) o r i e n t a t i o n  and as shown i n  F igu re  l a ,  vo ids  appear as equiaxed h i g h l y  t runca ted  
octahedra w i t h  100 and 111 faces. The d i s l o c a t i o n  s t r u c t u r e  i s  predominant ly a <loo> loops bu t  seve ra l  
examples of a12 <111> loops and some network s t r u c t u r e  can be i d e n t i f i e d ,  most e a s i l y  found i n  F i g u r e  l c .  
F igu re  7 a l s o  revea ls  smal l  dark images, most n o t i c e a b l e  i n  F igu re  l c ,  bu t  a l s o  p resen t  i n  F igu res  l a ,  b 
and d. S i m i l a r  features can be found i n  F igu re  6. The cause o f  such fea tu res  i s  n o t  y e t  understood. 
They appear s u r p r i s i n g l y  s t r o n g l y  i n  t h e  weak d i s l o c a t i o n  c o n t r a s t  c o n d i t i o n s  of F igu re  l a  and d i f f e r e n t  
f e a t u r e s  show i n  F igures 7c and l d .  Therefore, these f e a t u r e s  may be smal l  d i s l o c a t i o n  loops o f  
Burgers v e c t o r  d i f f e r e n t  than ci <loo> o r  a12 <111> but  more l i k e l y  they a re  images which a r i s e  frm a 
p r e c i p i t a t e s .  The a '  p r e c i p i t a t e s  a re  o f  a s i m i l a r  s i ze .  

49 





F I G U R E  7 .  The M i c r o s t r u c t u r e  o f  Fe-15Cr I r r a d i a t e d  a t  430'C t o  1 5  dpa 
Shown i n  Var ious Imaging Condi t ions:  a) Void Cont ras t ;  b)  200 
Contrast ;  c )  110 Cont ras t ;  and d) 020 Cont ras t ,  F o i l  Thickness 174 nm. 

The micrograph s e r i e s  presented i n  F igures 3 through 8 were used t o  p rov ide  q u a n t i t a t i v e  v o i d  and 
d i s l o c a t i o n  i n f o r m a t i o n  as a func t i on  o f  chromium content.  A f t e r  t he  f o i l  t h i ckness  was determined f o r  
t h e  area o f  i n t e r e s t ,  vo ids  were measured t o  p rov ide  vo id  volume (Av fv ) ,  mean diameter (d)  and number 
dens i t y .  Ana lys is  f o r  CL <loo> loops was based on one 200 imaging c o n d i t i o n  and t h e  r e s u l t s  were t r i p l e d  
i n  order  t o  account f o r  t h e  o the r  o r i e n t a t i o n s .  The 200 imaging c o n d i t i o n  was a l s o  used t o  determine t h e  
a12 <111> d i s l o c a t i o n  l i n e  l eng th  p e r  u n i t  volume (weak images) and where r e l e v a n t ,  t h e  a < l o o >  
d i s l o c a t i o n  l i n e  l eng th  p e r  u n i t  volume ( s t r o n g  images) exc lud ing  loops, t h e  measurement t r i p l e d .  The 
r e s u l t s  a r e  g iven i n  Table 2 .  Where both  a <loo> loops and d i s l o c a t i o n  tang les  were present,  t h e  va lue 
f o r  t h e  a <loo> l i n e  l eng th  inc ludes both measurements. 

From Table 2 ,  i t  can be shown t h a t  s w e l l i n g  i s  found t o  be g r e a t e s t  i n  the  Fe-9Cr a l l o y ,  l e s s  i n  t h e  
Fe-6Cr and Fe-12Cr a l l o y s  and l e a s t  i n  t h e  Fe-leCr, Fe-15Cr and Fe-3Cr a l l o y s ,  i n  t h a t  order .  The h i g h e r  
s w e l l i n g  i n  t h e  Fe-3Cr a l l o y  of 0.26 percent  a r i s e s  from t h e  growth o r  l a r g e r  vo ids  than i n  t h e  Fe-6Cr o r  
Fe-12Cr a l l o y s .  The v o i d  number d e n s i t y  i s  i n  f a c t  h ighes t  i n  t h e  Fe-15Cr and Fe-18Cr a l l o y s .  The 
s w e l l i n g  as a f u n c t i o n  o f  chromium content  i s  shown i n  F iqu re  10. The d i s l o c a t i o n  measurements show t h a t  
the  h i g h e s t  d e n s i t y  f o r  a <loo> loops occur red a t  Fe-6Cr and Fe-12Cr, bu t  t h e  g r e a t e s t  s w e l l i n g  occur red 
i n  Fe-3Cr when t h e  a 4 0 0 1  d i s l o c a t i o n  l i n e  l eng th  was lower and about equal t o  t h e  a12 <11D d i s l o c a t i o n  
l i n e  length .  
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5.4 Discuss ion 

5.4.1 Comparison w i t h  Prev ious Resu l t s  

Two 7iTfif.f s t u d i e s  o f  n e u t r o n  damage i n  i ron-chromium a l l o y s  can be compared w i t h  t h e  p resen t  
work. The levT]a,of s w e l l i n g  g i ven  i n  Tab le  2 compare favorab ly  w i t h  those on t h e  same a l l o y s  
i r r a d i a t e d  i n  EBR-11. T h i s  can be shown by examining F igu re  1 which presents  t h a t  da ta  base. 
S w e l l i n g  on t h e  o rde r  o f  0.25 pe rcen t  o r  l e s s  a t  a f l uence  o f  15 dpa e x a c t l y  corresponds t o  p rev ious  
va lues obta ined f o l l o w i n g  i r r a d i a t i o n  a t  450'C t o  14 dpa. However, t h e  s w e l l i n g  as a f u n c t i o n  of 
compos i t ion  i s  somewhat d i f f e r e n t  and t h e  v o i d  d e n s i t y  i s  h igher .  S w e l l i n g  as a f u n c t i o n  o f  c h r m i u m  
con ten t  i s  more sha rp l y  peaked a t  9Cr than had been found p r e v i o u s l y  w i t h  t he  same a l l o y s .  The most 
p l a u s i b l e  exp lana t i on  r e l a t e s  t o  t h e  d i f f e r e n c e  i n  d i s l o c a t i o n  e v o l u t i o n  found as a f u n c t i o n  o f  chranium 
content .  T h i s  d i f f e r e n c e  rep resen ts  t h e  i ncuba t i on  dose determin ing f a c t o r .  Area t o  area v a r i a t i o n s  i n  
i n c u b a t i o n  dose m igh t  e x p l a i n  t h e  s w e l l i n g  d i f fe rences.  T h i s  exp lana t i on  suggests t h a t  o the r  areas i n  
t h e  Fe-9Cr specimen would be found t o  con ta in  l e s s  swe l l i ng .  The i n te rmed ia te  s w e l l i n g  a t  Fe-15Cr and 
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FIGURF q A nefnrmatinn Rand i n  110 C o n t r a s t  i n  F e- C r  I r r a d i a t e d  a t  430'C _ _  ... .~~ ..~ ~ 

t o  15 dpa and Then Deformed Dur ing  Handl ing. 

Fe-18Cr i s  i n  b e t t e r  agreement w i t h  r e s u l t s  by L i t t l p l g y d  Stow. tlflis i s  shown i n  F i g u r e  11 where t h e  
p resen t  r e s u l t s  a r e  compared w i t h  r e s u l t s  f rom EBR-I1 and DFR . Therefore, i t  can be a n t i c i p a t e d  
t h a t  lower i r r a d i a t i o n  temperatures w i l l  produce h ighe r  s w e l l i n g  i n  h i g h  chromium a l l o y s  and t h a t  h ighe r  
chromium a l l o y s  have somewhat lower peak s w e l l i n g  temperatures.  T h i s  d i f f e r e n c e  i s  Drobably due t o  u' 
p r e c i p i t a t i o n .  

The major  d i f f e r e n c e  between t h e  p resen t  r e s u l t s  and prev ious r e s u l t s  i s  m i c r o s t r u c t u r a l  scale.  The 
p resen t  r e s u l t s  g i v e  v o i d  number d e n s i t i e s  a t  a f a c t o r  of 4 t o  6 h ighe r  and d i s l o c a t i o n  d e n s i t i e s  about a 
f a c t o r  o f  3 h ighe r  than prev ious r e s u l t s  f o r  t h e  same a l l o y s  i r r a d i a  i n  ERR-11. Void number d e n s i t i e s  
were s t i l l  lower i n  the  Dounreay Fast Reactor (DFR) experiments. w, The d i f f e r e n c e  can be p a r t l y  
exp la ined based on improved image r e s o l u t i o n  between t h e  present  work and prev ious r e s u l t s  on t h e  same 
specimens. However, i t  i s  more l i k e l y  t h a t  t he  d i f fe rences a r i s e  frm d i f f e r e n t  r e a c t o r  exper imenta l  
c o n d i t i o n s  such as d i f f e r e n c e s  i n  displacement r a t e  o r  i r r a d i a t i o n  temperature. Fu r the r  work i s  needed 
t o  r e s o l v e  t h i s  p o i n t .  
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5.4.2 Swe l l i ng  Incuba t i on  

The p r e s e n t  r e s u l t s  i n d i c a t e  s t e a d y  s t a t e  s w e l l i n g  r a t e s  cons ide rab l y  below maximum r a t e s  found 
p r e v i o u s l y  (0.264% i n  15  dpa or O.O18%/dpa as compared t o  0.06%/dpa). Therefore s w e l l i n g  i ncuba t i on  
parameters g rea te r  than zero  probably apply.  The present  m i c r o s t r u c t u r a l  r e s u l t s  can be i n t e r p r e t e d  t o  
suggest t h a t  s w e l l i n g  w i l l  o n l y  approach steady s t a t e  i n  Fe-Cr a l l o y s  a f t e r  a d i s l o c a t i o n  network i s  
obtained. Specimens w i t h  t he  g r e a t e s t  s w e l l i n g  have the  most advanced d i s l o c a t i o n  network development. 
Other examinat ions by the  author  are  i n  agreement w i t h  such a model. 

5.5 - Conclusions 

Fe-Cr b i n a r y  a l l o y s  cover ing the  compos i t ion  range 3 t o  18 percent  chromium have been examined us ing 
t ransmiss ion  e l e c t r o n  microscopy f o l l o w i n g  i r r a d i a t i o n  i n  FFTF t o  15  dpa a t  430'C. Rad ia t i on  damage i n  
t he  form o f  vo ids  and d i s l o c a t i o n  loops was found i n  each cond i t i on .  Peak s w e l l i n g  occurred i n  a 
specimen of Fe-9Cr which corresponded w i t h  a network d i s l o c a t i o n  s t r u c t u r e  of equal p a r t s  a < l o o >  and a 1 2  
<111> Burgers vec tors .  In  comparison Fe-6Cr and Fe-12Cr had l ess  s w e l l i n g  and Fe-15Cr and Fe-18Cr even 
l ess ,  i n  a l l  cases t h e  m ic ros t ruc tu res  c o n s i s t i n g  o f  un i fo rmly  d i s t r i b u t e d  vo ids  and a <loo> d i s l o c a t i o n  
loops w i t h  some l a r g e r  a12 <111> loop  and d i s l o c a t i o n  l i n e s  present.  The Fe-3Cr showed the  l e a s t  
m i c r o s t r u c t u r a l  development due t o  n o n- u n i f o r m  n u c l e a t i o n  o f  l o o p s  and v o i d s  nea r  p r e - e x i s t i n g  
d i s l o c a t i o n s .  An example of s l i p  band deformat ion was i d e n t i f i e d  i n  a specimen o f  Fe-6Cr which appears 
t o  i n d i c a t e  t h a t  channel f r a c t u r e  may occur i n  f e r r i t i c  a l l o y s  which c o n t a i n  v o i d  s w e l l i n g .  

5.6 Fu tu re  Work 

T h i s  work w i l l  be cont inued by performing examinat ions of t h e  same a l l o y s  i r r a d i a t e d  i n  FFTF t o  40 dpa. 
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TARLE 2 

S U M M A R Y  OF QUANTITATIVE MEASUREMENTS OF V O I D  AND OISLOCATION STRUCTURES 
I N  FE-CR B I N A R Y  ALLDYS IRRADIATED I N  FFTF TO 15 DPA AT 430'C 

SWELLING 

A V I V  d 
Alloy m o  
Fe-3Cr 0.007 8.6 

Fe-6Cr 0.147 12.2 

Fe-9Cr 0.254 16.9 

Fe-12Cr 0.106 10.8 

Fe-15Cr 0.060 8.7 

Fe-18Cr 0.087 8.9 

Dens i t y  
(llcm3) 
2.0 1014 

1.7 1015 

1.2 1015 

1.8 x 1015 

2.3 1015 

3.1 1015 

d rn 
19.6 

18.4 

N.M. 

18.9 

19.2 

16.1 

D I SLOCATI ON S 
012 <111> 

a <loo> Loops - D i s l o c a t i o n s  D i s l o c a t i o n s  
Number L i n e  L i n e  
Dens i ty  
(#/cm3] 
1.6 1015* 

6.2 i o15  

4.9 1015 

3.1 1015 

1.9 1015 

N.M. 

Length 
1cm/cm31 

9.9 109 

9 .6  109 

3.6 x 101O 

4.2 x 1O1O 

1.9 x 1010 

2.0 x 1010 

Length 
1cm1cm31 

1.3 109* 

8.7 109 

5.0 109 

3.2 109 

7.9 109 

1.0 x 1010 

*Nan-uniformly d i s t r i b u t e d  

N.M. - Not  Measured 
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NUCLEATION OF G R A I N  BOUNDARY C A V I T I E S  UNDER THE COMBINED INFLUENCE OF HELIUM AND APPLIED STRESS 

J .  N. A l - H a j j i  ( U n i v e r s i t y  o f  Kuwait) and N. M. Ghoniem ( U n i v e r s i t y  o f  C a l i f o r n i a ,  Los Angeles) 

1.n Ob jec t i ve  

The o b j e c t i v e  o f  t h i s  aspect of t h e  program i s  t o  deve lop  t h e o r e t i c a l  unders tand ing o f  t h e  speed and magni- 
tude  of g r a i n  boundary c a v i t y  n u c l e a t i o n  under f i r s i on  cond i t i ons .  
s t r e s s  and h igh he l ium p roduc t i on  on n u c l e a t i o n  k i n e t i c s  i s  t h e o r e t i c a l l y  s tud ied.  Th i s  mechanis t ic  
unders tand ing may p rov ide  a bas i s  f o r  t a i l o r i n g  m a t e r i a l s  t o  m i t i g a t e  h e l i u m  embr i t t l emen t  a t  h i g h  
temperatures.  

The i n f l u e n c e  o f  t h e  combinat ion o f  

7.0 Summary - 

Modeling c a v i t y  n u c l e a t i o n  a t  g r a i n  boundar ies i n  s t r u c t u r a l  a l l o y s  under t h e  combined i n f l u e n c e  o f  he l i um 
and s t r e s s  i s  t h e  pr imary  o b j e c t i v e  o f  t h i s  paper. The r o l e  o f  s t r e s s  i n  c a v i t y  n u c l e a t i o n  i s  analyzed by 
u s i n g  c l a s s i c a l  n u c l e a t i o n  theory ,  t a k i n g  i n t o  account g r a i n  boundary s l i d i n g  t o  d e s c r i b e  s t r e s s  concentra-  
t i o n  bu i l dup  and r e l a x a t i o n  a t  p a r t i c l e s  and t r i p l e - p o i n t  j unc t i ons .  Hel ium c l u s t e r i n g  i n  t h e  m a t r i x  i s  
modeled us ing  r a t e  theory.  The he l ium f l u x  t o  g r a i n  boundar ies i s  determined by t h e  a p p l i c a t i o n  o f  s i n k  
s t reng th  theory  which takes i n t o  account t h e  var ious competing c l u s t e r i n g  mechanisms i n  t h e  m a t r i x .  Hel ium 
c l u s t e r i n g  on g r a i n  boundar ies i s  a l s o  modeled. The work conf i rms t h e o r e t i c a l  obse rva t i ons  t h a t  i r r a d i a t i o n  
r e s u l t s  i n  g r a i n  boundary bubble d e n s i t i e s  which a r e  o rde rs  o f  magnitude l a r g e r  t han  c a v i t y  popu la t i ons  ob-  
servpd i n  convent iona l  creep experiments. It i s  shown t h a t  even if t h e  t o t a l  i n j e c t e d  he l i um i s  as l i t t l e  
as one p a r t  pe r  m i l l i o n ,  Such 
c a v i t y  popu la t i on  exceeds t y p i c a l  g r a i n  boundary c a v i t y  d e n s i t i e s  assoc ia ted w i t h  c reep exper iments.  Grain 
boundary bubble d e n s i t i e s  a re  shown t o  reach steady s t a t e  f o r  i n j e c t e d  he l i um amounts on t h e  o r d e r  o f  10  
p a r t s  pe r  m i l l i o n .  

i t  can r e s u l t  i n  g r a i n  boundary hubh le  d e n s i t i e s  on t h e  o r d e r  o f  l o 9  cm-?. 
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5.0 Accomplishments and Sta tus  

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

Over t h e  past  decade, a numher of t h e o r e t i c a l  and exper imenta l  i n v e s t i g a t i o n s  have addressed t h e  ques t i on  of 
c a v i t y  n u c l e a t i o n  a t  g r a i n  boundaries r1-101. For example, Raj  and Ashhy C41 developed a k i n e t i c  model o f  
c l a s s i c a l  heterogeneous nuc lea t i on  by vacancy c l u s t e r i n g  a t  i n t e r f a c e s  hetween p r e c i p i t a t e  p a r t i c l e s  and 
g r a i n  boundaries. T h e i r  work revealed t h a t  c a v i t y  n u c l e a t i o n  i s  i n  f a c t  s t r e s s  c o n t r o l l e d .  However, under 
i r r a d i a t i o n  a t  h igh  temperatures,  i t  has heen ohserved r10-151 t h a t  t h e  p o p u l a t i o n  o f  vo ids  a t  g r a i n  hound- 
a r i e s  i s  t y p i c a l l y  4 t o  5 orders  of magnitude h i g h e r  t han  u n i r r a d i a t e d  creep- tes ted specimens. 
been a t t r i b u t e d  t o  t he  presence of he l ium a t  such boundar ies.  The d i s t i n c t i o n  between c a v i t y  n u c l e a t i o n  by 
he l i um versus s t r e s s  has t o  be made. 

Th is  has 
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I n  t h e  present  paper, t h e o r e t i c a l  i n v e s t i g a t i o n  o f  c a v i t y  n u c l e a t i o n  a t  t h e  g r a i n  hounrlary under t h e  
i n f l uence  of s t r e s s  and he l ium i s  given. 
(using c l a s s i c a l  n u c l e a t i o n  theory ,  t a k i n g  i n t o  account t h e  r o l e  o f  s l i d i n g  i n  gene ra t i ng  h i g h l y  l o c a l i z e d  
s t r e s s  concent ra t ions  a t  boundary i r r e g u l a r i t i e s  and t r i p l e - p o i n t  j u n c t i o n s .  
c a v i t y  n u c l e a t i o n  i s  modeled by us ing  r a t e  t h e o r y  t o  d e s c r i b e  t h e  c l u s t e r i n g  o f  he l i um atoms a t  g r a i n  
houndar ies i n t o  s t a b l e  n u c l e i .  

The s t r e s s - c o n t r o l l e d  mode o f  c a v i t y  n u c l e a t i o n  i s  analyzed by 

The he l i u rn - con t ro l l ed  mode o f  

5.2 Stress- Cont ro l led  Nuc lea t i on  o f  C a v i t i e s  

A t  e levated temperatures o f  - 0.6 T, and medium app l i ed  s t resses  o f  - 
houndary c a v i t i e s  a re  
i n t o  t h e  g r a i n  houndary. 
overcom? the  shr inkage tendency under t h e  a c t i o n  of surface energy forces. 
a cons iderab le  r o l e  i n  a i d i n g  c a v i t y  emhryos t o  grow through a s i z e  range where growth i s  e n e r g e t i c a l l y  
unstahle.  

G (G i s  t h e  shear moduliis), g r a i n  

The l o c a l  t e n s i l e  t r a c t i o n  p lays  

nucleated hy d i f f u s i o n a l  t r a n s f e r  o f  atoms from g r a i n  boundary p r e c i p i t a t e  surfaces 
Th i s  r e s u l t s  i n  t h e  fo rmat ion  o f  a vacancy c l u s t e r  which i s  l a r g e  enough t o  

C lass i ca l  nuc lea t i on  theory  i n d i c a t e s  t h a t  t h e  n u c l e a t i o n  r a t e  C ( t h e  product  o f  t h e  number o f  n u c l e i  a t  t h e  
c r i t i c a l  s ize,  t he  p r o b a b i l i t y  t h a t  a vacancy w i l l  he added t o  a c r i t i c a l  nucleus,  and t h e  Ze ldov ich  f a c t o r  
which takes i n t o  account thermal f l u c t u a t i o n s  hetween t h e  s u b c r i t i c a l  and s u p e r c r i t i c a l  regimes) i s  g i v m  hy 
Clfil 

where Cmax i s  t h e  maximum number o f  a v a i l a b l e  n u c l e a t i o n  s i t e s  p e r  u n i t  area o f  g r a i n  houndary, F v  i s  t h e  
vo lume t r i c  shape fac tor ,  ys i s  t h e  c a v i t y  sur face energy, k i s  Bol tzmann's cons tan t ,  T i s  t h e  temperature,  
A i s  t he  boundary th ickness,  oL i s  t h e  l o c a l  s t r e s s ,  Ob i s  t h e  g r a i n  boundary d i f f u s i v i t y ,  bGC i s  t h e  change 
i n  t he  f ree energy due t o  t h e  i n t r o d u c t i o n  o f  c a v i t i e s  on a s t ressed  boundary and i t  i s  g i ven  by 

3 2  
bGC = 4ysFV/aL , 

o r  bGC = vcFvoL/2 , 3 

where rc = 2ys!oL. Equat ion  (1) doe5 n o t  account f o r  t h e  f a c t  t h a t  once a c a v i t y  i s  nucleated,  i t s  s i t e  i s  
no longer  a v a i l a b l e  f o r  any a d d i t i o n a l  nuc lea t i on .  An a d d i t i o n a l  p r o b a b i l i s t i c  f a c t o r  needs t o  he 
i nc luded t o  account f o r  t h e  decreas ing number o f  a v a i l a b l e  n u c l e a t i o n  s i t e s .  Th i s  i s  g i ven  hy 

- c  
P S 7 .  '"ax 

ma x s 

I n c l u d i n g  Eq. ( 3 )  i n t o  Eq. (1) g ives  

(3) 

If we denote a l l  terms w i t h i n  t h e  l a r g e  b racke ts  by A ( t ) ,  t hen  we can r e w r i t e  Eq. (4)  as 

The te rm A ( t )  i s  s t r o n g l y  t ime  dependent s i n c e  t h e  l o c a l  s t r e s s  i s  a conplex f u n c t i o n  o f  t i m e  as i t  i s  
in f luenced by t he  d i f f u s i o n a l  f low o f  matter .  Equat ion ( 5 )  i s  s u b j e c t  t o  t h e  i n i t i a l  c o n d i t i o n  t h a t  a t  
t = O , C = O .  
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So lv ing  Eq. ( 5 )  r e s u l t s  i n  

- / A  ( t  )d t C = C m a x [ l  - e I .  

Cav i t y  n u c l e a t i o n  c a l c u l a t i o n s  are  c a r r i e d  o u t  u s i n g  t h e  corrplex t i m e  dependence o f  t h e  l o c a l  s t ress .  

I n s p e c t i n g  Eq. (4).  we n o t i c e  two values which have been t h e  c e n t e r  o f  cont roversy ,  o and F . Typ ica l  
s t resses  necessary f o r  n u c l e a t i o n  a r e  found t o  be about 30 t imes  g r e a t e r  t h a n  a p p l i e d  s t r e s s k  r171. 
ever, such h igh  s t r e s s  concen t ra t i ons  may be reached due t o  t h e  ins tantaneous s t r e s s  r e l a x a t i o n  by d i f -  
fus iona l  f low of ma t te r  [l]. It has a l s o  been argued C1,41 t h a t  c a v i t i e s  assume t h i n ,  c rack- type shapes. 
Such shapes h e l p  c a v i t i e s  reach e q u i l i b r i u m  w i t h o u t  t h e  need f o r  t h e  e x i s t a n c e  o f  s t r e s s  concen t ra t i ons .  

Examining t h e  behav ior  o f  A G ~  f o r  a shape f a c t o r  o f  0.01 and a t y p i c a l  sur face energy o f  2 J/m2 shows t h a t  
even i n  t h e  presence o f  a r e l a t i v e l y  h i g h  l o c a l  s t r e s s ,  t h e  b a r r i e r  t o  n u c l e a t i o n  i s  h i g h  (22.13 eV f o r  an  
app l i ed  s t r e s s  o f  300 MPa). 
Eqs. (2a)  and (2b) they show t h a t  t h e r e  a re  two p o s s i b l e  ways t o  reduce t h e  energy b a r r i e r  t o  n u c l e a t i o n :  
( 1 )  t h e  c a v i t i e s  m s t  be extremely t h i n  ( reduc ing  Fv) .  and to r  ( 2 )  t h e  l o c a l  s t r e s s  has t o  reach ext remely  
h igh values. It can be shown t h a t  i f  t h e  l o c a l  s t r e s s  i s  100 MPa, t h e  shape f a c t o r  should he i n  t h e  ne igh-  
borhood of 10% otherwise n u c l e a t i o n  w i l l  be impossible.  Such extreme values o f  F v  have been suggested hy 
Reidel  r l l  and Raj and Ashby C41. The o t h e r  p o s s i b i l i t y  i s  t h a t  s t r e s s  concen t ra t i ons  have t o  be present  a t  
i n c l u s i o n s  and t r i p l e  p o i n t s  i n  order  f o r  c a v i t y  n u c l e a t i o n  t o  proceed C8,10,181. The c r i t i c a l  f r e e  enertLy 
f o r  c a v i t y  format ion va r ies  s i g n i f i c a n t l y  as a f unc t i on  o f  t h e  l o c a l  s t r e s s  It i s  concluded 
t h a t  a s t r e s s  concen t ra t i on  mechanism has t o  be present  i n  o rde r  t o  make n u c l e a t i o n  p o s s i h l e  ( t y p i c a l  eng i -  
neer ing s t resses under creep a re  - 100 t o  200 MPa). 
as reasonahle hy many i n v e s t i g a t o r s  C4,191. 
of - 0.3 accord ing t o  t h e i r  exper imental  observat ions. 
F... The next  s e c t i o n  dea ls  w i t h  s t r e s s  concen t ra t i on  e v o l u t i o n  a t  o re fe r red  s i t e s  a t  t h e  a r a i n  bound- 

L How- 

Th is  corresponds t o  a d i m i n i s h i n g  va lue f o r  t h e  n u c l e a t i o n  r a t e .  If we examine 

(bGc - o r 2 ) .  

i n v e s t i g a t o r s  (201 asser ted t h a t  F v  has a va lue 
The shape f a c t o r  va lue o f  about 0.01 has heen adopted 

However, o t h e r  
Th is  shows an u n c e r t a i n t y  i n  t h e  a c t u a l  va lue o f  

aTies. 
f o r  var ious p o s s i h l e  shape fac tors .  

Th is  w i l l  then he fol lowed by n u c l e a t i o n  c a l c u l a t i o n s  w h i c h ' i n c o r p o r a t e  s t r e s s  c o n i e n t r a t i o n  f a c t o r s  

5.2.1 St ress Concent ra t ion a t  P a r t i c l e s  and T r i p l e - P o i n t  Junc t i ons  

A t  h igh  temperatures, t h e  shear ing r e s i s t a n c e  o f  g r a i n  boundaries i s  apparen t l y  l e s s  than  t h e  shear ing 
res i s tance  o f  i n d i v i d u a l  g ra ins  themselves (e.g., Ref. 21). However, if p a r t i c l e s  a r e  present  a t  s l i d i n g  
g r a i n  boundaries,  s t r e s s  concen t ra t i ons  approaching t h e  i d e a l  cohes ive s t r e n g t h  l i m i t  w i l l  be present  a t  
p a r t i c l e  faces. Th is  has been shown by Lau C221 and a l s o  by [ll. 
f o r c e  balance o f  a p a r t i c l e  on a s l i d i n g  boundary. 
as located on a boundary. A shear s t r e s s  T w i l l  then g i v e  a l o c a l i z e d  p a r t i c l e  f a c i a l  s t r e s s  o f  oP = 
2(L/P)?. 
boundaries are  p r e f e r e n t i a l  s i t e s  f o r  c a v i t y  nuc lea t i on .  Re ide l ' s  c a l c u l a t i o n s  C11 show t a t  i n  t h e  ahsence 
o f  any d i f f u s i o n a l  f low, t h e  average s t r e s s  on t h e  p a r t i c l e  i s  on t h e  o rde r  of op  = r(L1P)'. 

Th i s  can be r e a d i l y  seen by a s imple  
Le t  us denote  t h e  p a r t i c l e  spac ing as L and i t s  d iameter  

Such a p a r t i c l e  s t r e s s  i s  q u i t e  s u b s t a n t i a l  and can e x p l a i n  t h e  f a c t  t h a t  obs tac les  a t  s l i d i n g  

C. W .  Lau C221 made c a l c u l a t i o n s  o f  t h e  s t ress -concen t ra t i on  f a c t o r s  assoc ia ted w i t h  g r a i n  houndary i n c l u -  
s ions and t r i p l e - p o i n t  j u n c t i o n s  i n  a power-law c reep ing  m a t e r i a l  u s i n g  t h e  f i n i t e  element technique. H is  
work shows t h a t  a s i n g u l a r i t y  develops a t  t h e  t r i p l e - p o i n t  j u n c t i o n  (F ig .  1) which i s  o f  t h e  form 

For a creep exponent o f  m = 1, i t  i s  s h w n  C221 t h a t  

oOO/o, = 0.3(d/x)0.449 . ( 8 )  

Lau 's  S o l u t i o n  (221 o f  t h e  s t r e s s  d i s t r i b u t i o n  around t r i p l e - p o i n t  j u n c t i o n s  shows resemblance t o  t h e  s o l u -  
t i o n  o f  t h e  t e n s i l e - s t r e s s  concen t ra t i on  o f  a s ingle-mode- I1 penny-shaped crack loaded by t h e  shear s t r e s s  
oJ2. The penny-shaped-crack problem has been adopted by Evans, R ice and H i r t h  [ S I  t o  s tudy  t h e  t i m e -  
dependent behav ior  o f  t h e  s t r e s s  s i n g u l a r i t y  a t  t r i p l e - p o i n t  j u n c t i o n s .  



5.1.2 Stress  Bu i ldup and Re laxa t i on  a t  P a r t i c l e s  

The s imp les t  d e s c r i p t i o n  of s t r ess  l o a d i n g  and un load ing i s  p rov ided by a phenomenological v i s c o- e l a s t i c  
m d e l  which y i e l d s  an express ion g iven by [23,241 

where rL ami T~ represent  t h e  l o a d i n g  and r e l a x a t i o n  t imes,  respec t i ve l y .  For  a l l  p r a c t i c a l  purposes 

7 _ ' T  o ' 5  app1 ied l2  * 

* 
and T = ro/ f  > 

where f = (P IL)?  . 

f i s  t h e  
d i f f u s i o n  c o n t r o l l e d ,  i s  t he  s h o r t e s t  r e l a x a t i o n  t i m e  f o r  smoothing o u t  t h e  s i n g u l a r i t y .  

The c h a r a c t e r i s t i c  t i m e  f o r  s t r e s s  l o a d i n g  a t  p a r t i c l e s  i s  g i ven  as [SI 

f r a c t i o n a l  area o f  t h e  boundary occupied by p a r t i c l e s ;  rR, which i s  vo lumelgra in  boundary 

where n i s  t h e  boundary v i s c o s i t y  which i s  g i ven  hy Ashby C251 as 

kT "iiq ' 

and 6(P/L) = cosh~1[l/Ccos(n12)1(I-PlL)] , 

B accounts f o r  t h e  i n t e r a c t i o n s  o f  i n t e r - p a r t i c l e  p l a n a r  segments on t h e  g r a i n  boundary. 

The c h a r a c t e r i s t i c  t i m e  fo r  boundary d i f f u s i o n a l  r e l a x a t i o n  o f  t h e  s t r e s s  c o n c e n t r a t i o n  a t  p a r t i c l e s  i s  
g iven i n  t h e  l i t e r a t u r e  by K o e l l e r  and Ra j  [XI. For  very  r i g i d  p a r t i c l e s  t h e  r e l a x a t i o n  t i m e  i s  g i ven  by: 

L3kT 
%,RDIFF lFTTpi 

Now if we use t h e  usual c r i t e r i a  f o r  a changeover f r om  boundary t o  volume d i f f u s i o n  (Db A + LDv) r271,  we 
o h t a i n  
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5.2.3 St ress  Loading and Re laxa t i on  a t  Gra in  Boundary P a r t i c l e s  and T r i p l e- P o i n t  Junc t i ons  

When a s t r e s s  i s  suddenly app l i ed  t o  p o l y c r y s t a l i n e  s o l i d s  a t  e l eva ted  temperature,  ins tantaneous homogene- 
ous e l a s t i c  deformat ion se ts  i n .  The reso lved shear s t r e s s  a t  t h e  g r a i n  boundary i n t e r f a c e s  a r e  re laxed  by 
s l i d i n g ,  which r e s u l t s  i n  s t r e s s  concen t ra t i ons  a t  g r a i n  boundary i r r e g u l a r i t i e s  such as i n t e r f a c e  p a r t i -  
c les .  However, d i f f u s i o n a l  t r a n s f e r  o f  m a t t e r  from these s i t e s  l eads  t o  r e l a x a t i o n  o f  t h e  h i g h  l o c a l i z e d  
s t ress .  
sca le  (i.e., a gradual bu i l dup  o f  s t r e s s  concen t ra t i on  a t  t r i p l e - p o i n t  j u n c t i o n s ) .  
H i r t h  s o l u t i o n  r 5 ]  of t he  t imedependen t  behav ior  o f  t h e  s t r e s s  s i n g u l a r i t y  a t  t r i p l e - p o i n t  j u n c t i o n s  y i e l d s  

Th i s  r e s u l t s  i n  a gradual b u i l d u p  o f  a s t r e s s  concen t ra t i on  a t  i r r e g u l a r i t i e s  o f  a l a r g e r  s p a t i a l  
The Evans, R i ce  and 

where 
3 TPJ = (1 - v)kTd 

Dh '' TU 

i s  a c h a r a c t e r i s t i c  s t r e s s  r e l a x a t i o n  t ime  constant.  
v i c i n i t y  of t r i p l e - p o i n t  j unc t i ons .  
F o l l o w i n g  Yo0 and Tr inkaus r233, a c h a r a c t e r i s t i c  exponen t i a l  l o a d i n g  t i m e  can he i n t roduced  i n t o  t h e  Evans 
e t  a l .  model t o  desc r i be  t h e  o v e r a l l  t i m e  hehav ior  o f  t h e  s t r e s s  a t  t r i p l e - p o i n t  j u n c t i o n s .  
express ion r e s u l t s  f o r  t h e  normal s t r e s s  a t  t h e  i n t e r s e c t i o n  

Equat ion (18) desc r i bes  t h e  s t r e s s  r e l a x a t i o n  i n  t h e  
However, t h i s  express ion does n o t  t a k e  i n t o  account any l o a d i n g  t ime. 

The f o l l o w i n g  

I n  t h i s  expression, rTPJ represents  a c h a r a c t e r i s t i c  l o a d i n g  t i m e  o f  s t r e s s  a t  t r i p l e - p o i n t  j u n c t i o n s  and i s  
determined by t h e  oveba l l  i n t r i n s i c  v i s c o s i t y  o f  t h e  boundary, i n c l u d i n g  t h e  e f f e c t  o f  p a r t i c l e s  a t  t h e  
boundary C241 

TPJ d kT P4 1 
TL - m i i n q  

5.3 Theory o f  Helium Transport  and C l u s t e r i n g  a t  Gra in  Boundar ies 

When he l i um atoms are  in t roduced 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  o r  by nuc lea r  reac t i ons ,  t hey  tend t o  
be i n s o l u b l e .  
Because o f  t h i s  i n s o l u b i l i t y ,  t h e r e  i s  a g r e a t  tendency f o r  he l i um atoms t o  he t rapped on vacancies, ~ m p u r i -  
t y  atoms, o r  o the r  he l ium atoms C28-401. The t r a n s p o r t  o f  he l i um t o  g r a i n  boundar ies i s  p r i m a r i l y  hy migra-  
t i o n  o f  s i n g l e  gas atoms through t h e  m a t r i x  [40] which i s  n a t u r a l l y  i n f l uenced  by competing c l u s t e r i n g  p ro-  
cesses. Hel ium atoms, which m ig ra te  predominant ly  by an i n t e r s t i t i a l  mechanism, can be t rapped a t  p r e c i p i -  
t a t e  i n t e r f a c e s ,  vacancies, or  i n  helium-vacancy c l u s t e r s  ( H V C s ) .  4 r a t e  t h e o r y  model has heen developed t o  
study he l i um m i g r a t i o n  f rom t h e  m a t r i x  t o  t h e  g r a i n  boundary. 
l i s h e d  elsewhere [41], a b r i e f  summary w i l l  be presented he re  f o r  t h e  sake o f  se l f - cons i s tency .  

L i k e  o the r  noble gases, t h e  c losed e l e c t r o n i c  s t r u c t u r e  o f  h e l i u m  r e s u l t s  i n  segregat ion.  

Whi le  d e t a i l s  o f  t h e  motlel have been pub- 

I n  t h i s  m a t r i x  t r a n s p o r t / c l u s t e r i n g  model C411, a p p r o p r i a t e  r a t e  equa t i ons  were g i ven  f o r  t h e  f o l l o w i n g  
species:  (1) unoccupied vacancies, ( 2 )  s e l f - i n t e r s t i t i a l  atoms, (3 )  i n t e r s t i t i a l  he l i um atoms, 
( 4 )  s u b s t i t u t i o n a l  he l i um atoms, ( 5 )  d i - i n t e r s t i t i a l  he l i um atom c l u s t e r s ,  ( 6 )  d i - h e l i u m  single- vacancy 
c l u s t e r s ,  ( 7 )  buhble n u c l e i  c o n t a i n i n g  t h r e e  he l i um atoms, and ( 8 )  l a r g e  bubbles c o n t a i n i n g  m he l i um atoms. 
Equat ions f o r  t h e  average bubble s i ze ,  t h e  average number o f  h e l i u m  atoms i n  a bubble,  and t h e  amount o f  
he l i um absorbed on g r a i n  boundar ies were a l s o  developed. 
assoc ia ted w i t h  each p r e c i p i t a t e .  
and another  equat ion f o r  t h e  average number o f  he l i um atoms i n  a bubble were inc luded.  
developed t o  account f o r  s i n g l e  i n t e r s t i t i a l  he l i um atoms escap ing t h e  competing m a t r i x  processes u n t i l  
t rapped a t  t h e  g r a i n  boundary. 
l i z e d  he l ium sources such as boron were not  inc luded,  b u t  an a d d i t i o n a l  equat ion can e a s i l y  he i nc luded  t o  
account f o r  such g r a i n  boundary he l ium sources. 

It i s  a l s o  assumed t h a t  one he l i um buhble i s  
Therefore, an equat ion 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  bubble r a d i u s  

A key equat ion was 

Th i s  was adopted as t h e  s o l e  source o f  he l i um a t  t h e  g r a i n  boundary. Loca- 
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Helium produc t ion  a t  t h e  g r a i n  houndary i s  p r i m a r i l y  due t o  s i n g l e  i n t e r s t i t i a l  he l ium atoms escaping t h e  
i n t e r i o r  g ra i n  t raps .  
he l ium t r a n s p o r t  t o  g r a i n  houndaries r241. 
n e g l i g i h l e  e f f ec t  on he l ium t r a n s p o r t  t o  g r a i n  boundaries C241. 
i r r a d i a t i o n ,  t h e  p roduc t ion  o f  he l ium a t  t h e  g r a i n  houndary i s  t i m e  dependent. 
a r i e s  a re  assumed t o  be r e a d i l y  a v a i l a b l e  t o  t r a p  he l i um  i n t e r s t i t i a l s .  
boundary, i t  can accept newly a r r i v e d  gas atoms t o  form h i a h e r  o r d e r  c l u s t e r s  on t h e  o r a i n  boundarv. (Xce a 

Bubble m o b i l i t y  has been considered and was shown t o  have a n e g l i g i b l e  e f f e c t  on 
Bubble m o b i l i t y  has been considered and was shown t o  have a 

Since i n t e r i o r  g r a i n  t r a p s  change w i t h  
Vacancies a t  g r a i n  bound- 

When t h i s  i s  formed on t h e  g r a i n  
~ ~~ ~~ ~ 

t r i - h e l i i i m  c l u s t e r  i s '  formed-with some-vacancies (number need n o t  be determined) ,  a b i b b l e  embryo ; s  formed 
on t h e  g r a i n  boundaries. 

I n  t h i s  sec t ion ,  four  equat ions a r e  developed f o r  t h e  f o l l o w i n g  species:  (1) s i n g l e  
( 2 )  d i - h e l i u m  atomic c l u s t e r $ b ( a l s o  a bubble nucleus)  c o n t a i n i n g  two  he l i um  atoms Cgb, and (3 )  large9hubbles 
c o n t a i n i n g  m he l ium 
buhble i s  a l s o  presented. 

he l ium atoms Cgh, 

atoms Cb . An equat ion  t h a t  desc r i bes  t h e  average number ofZ9hel ium atoms i n  a 

1. S ing le  Hel ium Atoms Concent ra t ion  

2. Di-Hel ium C lus te r  Concent ra t ion  

3.  Grain Boundary Buhble Concent ra t ion  

4. Average Number of Gas Atoms i n  a Bubble 

We now i n t r oduce  a has ic  frequency t o  desc r i be  t h e  c l u s t e r i n g  r a t e s  a t  t h e  g r a i n  boundary. 
as: 

a can he de f i ned  

The comb ina to r i a l  f a c t o r  f o r  bubbles a t  t h e  g r a i n  boundary i s  descr ibed  i n  t h e  same way as i n  t h e  m a t r i x  
C411; t h a t  i s ,  

( 2 7 )  
4n R 

= (XI * 

Wi th t h e  r e a c t i o n  frequency [I and t h e  comb ina to r i a l  number E ,  t h e  gas r e a c t i o n  r a t e s  a t  g r a i n  boundaries a re  
g iven by 
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Rgb = 2u , 
9.9 

9,zg 
~g~ = 2a , 

Rgb = 
g,b ‘GBU * 

Now t h e  p rev ious  set  o f  equat ions can be r e - w r i t t e n  i n  t h e  f o l l o w i n g  form: 

dCgb 2 + = 
ogb - 4acgb - 4acgb 9 cgb 29 - EGB acggb c i b  - 

dCgh 2 

a ~ : ~  c;ipt 9 

3 ii 2,Cgb - 2aCgb Cgb - 2bKC:b , d t  9 9 29 

- = _  6a Cgh Cgb 
d t  mh g 79 ’ 

dmgb -& = sGB oCgb - bKm:h . 
9 

bKCgb 
4 ’  

Equat ion (31) represents  t h e  r a t e  o f  change o f  s ing le- he l i um atom concen t ra t i on  a t  g r a i n  boundaries,  Cgh. 
The source o f  he l i um Ogb. which i s  supp l ied by he l i um t r a n s p o r t  th rough t h e  ma t r i x .  i s  halanced by the9  
format ion of he l i um c l u s t e r s ,  by abso rp t i on  a t  newly formed bubbles, by p r e c i p i t a t e s .  o r  by r a d i a t i o n  
r e - s o l u t i o n  back i n t o  t h e  ma t r i x .  Equat ion (32) desc r ihes  t h e  r a t e  o f  change o f  d i - h e l i u m  c l u s t e r s  w h i l e  
Eq. (33)  i s  f o r  t he  nuc lea t i on  r a t e  o f  h e l i u m - f i l l e d  c a v i t i e s  a t  g r a i n  boundaries. The l a s t  equat ion 
[Eq. ( 3 4 ) l  determines t h e  r a t e  of change o f  t h e  average number o f  he l i um atoms i n  a ca ‘ t y  mgb, due t o  t h e  
halance between t h e  abso rp t i on  ra te ,  cGBaCgb, and r a d i a t i o n  r e - s o l u t i o n  a t  t h e  r a t e  bKmJa. Ob$iously t h i s  
s e t  o f  equat ions has t o  be solved s e l f - c o n g i s t e n t l y  w i t h  t h e  cor responding s e t  r e p r e s k n t i n g  m a t r i x  
processes; the  coup l i ng  r a t e  being 4 For d e t a i l s ,  t h e  reader i s  r e f e r r e d  t o  Ref. [411. gb’ 

5.4 Resu l t s  o f  Ca lcu la t i ons  f o r  S t ress- Con t ro l l ed  C a v i t y  Nuc lea t i on  

F igu re  2 shows t h a t  t h e  o v e r a l l  t i m e  dependence o f  s t r e s s  e v o l u t i o n  a t  t r i p l e - p o i n t  j u n c t i o n s  i s  much s lower  
than t h a t  a t  p a r t i c l e  i n te r faces .  
t r i p l e - p o i n t  j u n c t i o n s  i s  character ized by a wide spectrum o f  r e l a x a t i o n  t imes,  i.e., sho r t  r e l a x a t i o n  t imes 
c o n t r o l l i n g  t h e  e a r l y  stages and long  ones c o n t r o l l i n g  t h e  l a t e r  stages [SI. 
s t r e s s  r e l a x a t i o n  t imes of p a r t i c l e s  i n  which d i f f u s i o n a l  m a t t e r  f low needs on ly  t o  occur  over sho r t  d i s t a n -  
ces i n  order  t o  r e l i e v e  the  s t ress .  Th is  f i g u r e  a l s o  shows t h a t  t h e  d u r a t i o n  of t h e  s t r e s s  pu lse  hecomes 
q u i t e  sho r t  a t  h ighe r  temperatures. A t  lower  temperatures,  t h e  t r i p l e - p o i n t - j u n c t i o n  s t r e s s  becomes q u i t e  
p e r s i s t e n t  f o r  a reasonably l ong  time. This may e x p l a i n  observed t r i p l e - p o i n t  c r a c k i n g  a t  temperatures 
below about 400°C C421, s ince  p e r s i s t e n t  s t r e s s  concen t ra t i on  a t  t r i p l e - p o i n t  j u n c t i o n s  leads t o  crack 
i n i t i a t i o n .  

This i s  because t h e  t i m e  dependence o f  t h e  s t r e s s  concen t ra t i on  a t  

Th is  i s  i n  c o n t r a s t  w i t h  

St ress pulses shown i n  F ig .  2 are  used l a t e r  i n  n u c l e a t i o n  c a l c u l a t i o n s .  

It has been exper imen ta l l y  observed (e.g., r71 )  t h a t  h i g h  temperature  f r a c t u r e  occurs due t o  t h e  n u c l e a t i o n  
arrl growth o f  c a v i t i e s  a long g r a i n  boundaries which are  most pe rpend icu la r  t o  t h e  app l i ed  s t ress .  However, 
two exper imental  s tud ies  d i r e c t e d  toward unders tand ing c a v i t y  n u c l e a t i o n  a t  h i g h  temperatures (Dyson, 
Loveday and Rcdgers [431, and K ikuch i ,  Shiozawa and Weertman C441) showed t h e  s u r p r i s i n g  r e s u l t  t h a t  most 
nuc leated c a v i t i e s  have formed on g r a i n  boundaries which a r e  p a r a l l e l  t o  t h e  maximum p r i n c i p a l  s t r e s s  ax is .  
However, t h e  experiment by Dyson e t  a l .  [43] a l s o  showed t h a t  p r e f e r e n t i a l  c a v i t y  growth occur red d u r i n g  
subsequent t e n s i l e  creep. Those c a v i t i e s  on p a r a l l e l  boundar ies e i t h e r  remained constant  i n  s i z e  o r  d im in-  
ished, w h i l e  those on boundaries which were orthogonal t o  t h e  app l i ed  s t r e s s  a x i s  grew r e l a t i v e l y  q u i c k l y .  
Th is  behav ior  of c a v i t y  growth can be m is lead ing  i n  t h e  sense t h a t  i t  can be mistaken f o r  p r e f e r e n t i a l  nu- 
c l e a t i o n  on orthogonal boundaries t o  t h e  app l i ed  s t r e s s  and subsequent f r a c t u r e  a long these boundaries.  
essence, i n c l i n e d  boundaries tend t o  host t h e  m a j o r i t y  of t h e  c a v i t y  n u c l e i  popu la t ion,  w h i l e  or thogonal  
boundaries host a small f r a c t i o n  o f  t he  popula t ion.  However, t h e  c a v i t y  p o p u l a t i o n  on or thogonal  houndaries 
tends t o  exper ience p r e f e r e n t i a l  growth du5 ing  t h e  course o f  t h e  creep t e s t  u n t i l  f r a c t u r e .  Chen and Argon 
[7] have exper imen ta l l y  observed a ( s i n  a )  - type d i s t r i b u t i o n  f o r  l a r g e  c a v i t i e s ,  where a i s  t h e  ang le  
between the  boundary normal and t h e  app l ied s t ress .  

I n  
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Stress concen t ra t i ons  a t  p a r t i c l e s  present  on or thogonal  boundaries,  c reated by t h e  d i f f e r e n c e  i n  r i g i d i t y  
between the  p a r t i c l e s  and the  m a t r i x  [45], a re  no t  s i g n i f i c a n t  t o  produce reasonable n u c l e a t i o n  ra tes .  R 
l o c a l i z e d  g r a i n  boundary s l i d i n g  has t o  be present  on or thogonal  boundaries which w i l l  r e s u l t  i n  a l o c a l i z e d  
h igh  s t r e s s  concen t ra t i on  a t  p a r t i c l e s .  
Rshhy [251. 
tered which gives r i s e  t o  a f a i r l y  h igh  s t r e s s  concent ra t ion.  Th is  process o f  l o c a l i z e d  s l i d i n g  should 
occtir i n  p r i n c i p l e  throughout t h e  creep t e s t  i n  response t o  va r ious  de fo rma t ion  processes such as unp inn ing 
of g ra in  boundaries, t r i p l e - p o i n t  cracking, s t r e s s  r e l a x a t i o n  i n  ne ighbor ing  s l i d i n g  reg ions,  t r i p l e - p o i n t  
migra t ion,  e tc .  C461. 

Grain boundaries a r e  h a r d l y  ever  f l a t .  Th is  has been asserted hy 
Idhen t h e  boundary i s  stressed, a c e r t a i n  degree o f  s l i d i n g  occurs u n t i l  a p a r t i c l e  i s  encoun- 

I n  order  t o  model n u c l e a t i o n  a t  o r thogonal  boundaries which e x h i b i t  l o c a l i z e d  i r r e g u l a r i t i e s ,  i t  i s  assumed 
t h a t  a boundary e x h i b i t s  l o c a l i z e d  s l i d i n g  due t o  d e v i a t i o n s  f rom o r t h o g o n a l i t y  by about 10 t o  20 deg. 
F igu re  3 shows t h a t  t h e  n u c l e a t i o n  r a t e  i s  t h e  h i g h e s t  a long  boundaries which a r e  p a r a l l e l  t o  t h e  app l i ed  
s t r e s s  and decreases sha rp l y  as houndaries tend toward o r t h o g o n a l i t y .  A t  o r thogonal  f l a t  boundaries,  nuc le-  
a t i o n  i s  e s s e n t i a l l y  nonex is tant .  The n u c l e a t i o n  p u l s e  c l o s e l y  f o l l o w s  t h e  s t r e s s  pu lse  behav ior ;  t h e  nu- 
c l e a t i o n  pu lse i s  terminated once t h e  s t r e s s  pu lse  has elapsed. 
sec. If t h e  n u c l e a t i o n  r a t e  i s  h igh,  a l l  p o s s i b l e  n u c l e a t i o n  s i t e s  w i l l  be f i l l e d  up by c a v i t i e s .  I f  t h e  
nuc lea t i on  r a t e  i s  low, c a v i t y  n u c l e a t i o n  w i l l  occur  throughout  t h e  creep exper iment f o l l o w i n g  t h e  course o f  
s t r e s s  concen t ra t i on  b u i l d u p  and r e l a x a t i o n  i n  response t o  l o c a l i z e d  s l i d i n g  which should occur 
i n t e r m i t t e n t l y .  

A t  600°C. t h e  n u c l e a t i o n  pu lse  l a s t s  - 100 

F igu re  4 shows t h a t  n u c l e a t i o n  i s  v i r t u a l l y  imposs ib le  f o r  l a r g e  vo lumet r i c  shape f a c t o r s  (Fv > 0.02). 
i s  cons is ten t  w i t h  t h e  idea t h a t  c a v i t i e s  possess a l e n t i c u l a r  r a t h e r  t h a n  a s p h e r i c a l  shape d u r i n g  t h e  
course of nuc leat ion.  
l i m i t  0.01 < Fv  < 0.001. f o r  cons is tency w i t h  exper imental  ohservat ions.  

Th is  

The f i g u r e  a l s o  i l l u s t r a t e s  t h a t  t h e  a c t u a l  va lue o f  Fv may be const ra ined by t h e  

It i s  very impor tant  t o  examine t h e  temperature dependence o f  t h e  n u c l e a t i o n  process (see F ig .  5).  Th is  
f i g u r e  shows t h a t  t h e  n u c l e a t i o n  r a t e  i s  t h e  h ighes t  a t  700°C and decreases as t h e  temperature decreases. 
The behav ior  a c t i i a l l y  t r a n s l a t e s  i n t o  more ex tens i ve  n u c l e a t i o n  a t  h i g h e r  temperatures.  Th is  i s  c o n s i s t e n t  
w i t h  the  exper imental  observat ions presented hy Argon e t  a l .  [SI. The f i g u r e  a l s o  shows another  impor tant  
r e s u l t :  The bas ic  reason 
fo r  t h i s  behav ior  i s  t h a t  s t r e s s  r e l a x a t i o n  i s  f a s t e r  a t  h i g h  temperatures due t o  t h e  more ex tens i ve  atom 
motion. A t  lower temperatures, t h e  d u r a t i o n  o f  t h e  s t r e s s  pu lse  i s  long. However, t h e  n u c l e a t i o n  r a t e  i s  
too  low t o  produce s i g n i f i c a n t  c a v i t a t i o n .  The low c a v i t a t i o n  a t  lower  temperatures can he l i n k e d  t o  t h e  
' l igh thermal b a r r i e r  t o  n u c l e a t i o n  a t  lower  temperatures.  

t h e  d u r a t i o n  o f  t h e  n u c l e a t i o n  pu lse  i s  sha rp l y  c u r t a i l e d  a t  h i g h  tenperatures.  

Exper imental  observat ions by Chen and Argon [71 show t h a t  more ex tens i ve  n u c l e a t i o n  occurs  near  t r i p l e - p o i n t  
j unc t i ons .  11s was shown i n  t h e  p rev ious  sec t i on ,  h i g h  s t r e s s  c o n c e n t r a t i o n  e x i s t s  a t  t r i p l e - p o i n t  j u n c t i o n s  
and p r e v a i l s  f o r  a r e l a t i v e l y  l ong  pe r iod  o f  t ime. Th is  s t r e s s  r e s u l t s  i n  an enhanced s l i d i n g  r a t e  pas t  
g r a i n  boundary i r r e g u l a r i t i e s  and i n  h i g h  s t r e s s  concen t ra t i ons  a t  ne ighbor ing  p a r t i c l e s .  The r e l a x a t i o n  of 
s t r e s s  concen t ra t i on  a t  ne ighbor ing  p a r t i c l e s  i s  p a r t  o f  t h e  r e l a x a t i o n  process o f  t h e  t r i p l e - p o i n t  s t r e s s  
concen t ra t i on .  The r e l a x a t i o n  o f  t h e  t r i p l e - p o i n t  s t r e s s  c o n c e n t r a t i o n  i s  a very  slow one which can be 
a t t r i b u t e d  s imply  t o  t h e  l a r g e  d i s t a n c e  over  which un i fo rm atom p l a t i n g  has t o  occur.  F igu re  6 shows t h a t  
t h e  neighborhood of a t r i p l e - p o i n t  j u n c t i o n  s u f f e r s  more e x t e n s i v e  c a v i t a t i o n .  T h i s  i s  a l s o  c o n s i s t a n t  w i t h  
r e s u l t s  presented i n  t h e  l i t e r a t u r e  [ I ] .  If we examine F ig .  2 again,  i t  shows t h a t  a t  a temperature  which 
i s  t o o  low t o  r e s u l t  i n  any s i g n i f i c a n t  n u c l e a t i o n  (- 4OO0C), t h e  t r i p l e - p o i n t  s t r e s s  concen t ra t i on  p r e v a i l s  
f o r  an ex tens i ve  pe r iod  of t i m e  and can r e s u l t  i n  t h e  opening o f  a c rack a t  t h e  t r i p l e  p o i n t  by decohesion. 
One can conclude t h a t  t r i p l e - p o i n t  c r a c k i n g  can he due t o  decohesion a t  l ower  temperatures;  h u t  a t  h i g h e r  
temperatures, c a v i t a t i o n  near t h e  t r i p l e  p o i n t  p lays  a major r o l e  i n  opening such a crack.  

5.5 Resu l t s  o f  C a l c u l a t i o n s  o f  He l ium-Cont ro l led C a v i t y  Nuc lea t i on  

The r a t e  o f  c l u s t e r i n g  of he l ium a t  g r a i n  boundaries i s  in f luenced ma in l y  by t h e  e f f e c t i v e  m i g r a t i o n  energy 
o f  s i n g l e  he l ium atoms. 
hy Ghoniem e t  a l .  C401. 

The e f f e c t i v e  m i g r a t i o n  energy o f  he l i um i n  t h e  m a t r i x  has heen s t l d i e d  i n  d e t a i l  
However, very l i t t l e  i s  known about i t s  va lue a t  g r a i n  boundaries.  

It i s  genera l l y  be l ieved t h a t  he l i um atoms in t roduced a t  g r a i n  boundaries r e s i d e  i n  a s u b s t i t u t i o n a l  p o s i -  
t i o n  s ince  t h e  supply o f  vacancies a t  g r a i n  boundar ies  i s  n e a r l y  i nexhaus t ib le .  
s e n s i t i v i t y  of t h e  e f f e c t i v e  he l i um m i g r a t i o n  energy on t h e  g r a i n  boundary bubble  d e n s i t y .  
c o n d i t i o n s  simulated i n  t h e  f i g u r e  a r e  t h a t  o f  d u a l  ion-beam i r r a d i a t i o n  which a r e  conducted a t  fi25OC on 
t ype  316 s t a i n l e s s  s t e e l .  The displacement r a t e  i s  3 x 

I nc reas ing  t h e  e f f e c t i v e  m i g r a t i o n  enerqy r e s u l t s  i n  enhanced nuc lea t i on .  
eV r e s u l t s  i n  a bubble d e n s i t y  c o n s i s t e n t  w i t h  those observed e x p e r i m e n t a l l y  [ l l -151.  

F i g u r e  7 i l l u s t r a t e s  t h e  
The i r r a d i a t i o n  

d p a l s  and t h e  h e l i u m  t o  dpa r a t i o  i s  5. 
A m i g r a t i o n  energy o f  1.5 t o  2.0 
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F igu re  8 i s  intended t o  s imu la te  t h e  g r a i n  boundary bubble  n u c l e a t i o n  exper iment conducted by Lane and 
Goodhew [15].  
o u t  a t  6 0 0 T  w i t h  a he l ium t o  dpa r a t i o  o f  1.6 x 10' (appmldpa). The f i g u r e  c l e a r l y  demonstrates t h a t  t h e  
bubble d e n s i t y  increases w i t h  an i n c r e a s i n g  i m p l a n t a t i o n  ra te .  
t rends  as those observed exper imenta l ly .  
he l i um m i g r a t i o n  energy enhances t h e  n u c l e a t i o n  o f  bubbles. 

It shows the  bubble d e n s i t y  as a f un  t i o n  o f  i m p l a n t a t i o n  ra te .  The exper iments were c a r r i e d  

The model success fu l l y  shows t h e  c o r r e c t  
The f i g u r e  a l s o  i l l u s t r a t e s  t h a t  i n c r e a s i n g  t h e  g r a i n  boundary 

F igu re  9 s imula tes  a recent  g r a i n  bo ndary bubble n u c l e a t i o n  exper iment conducted by Ba t fa l sky  and Schroeder 
[12]. The he l i um t o  dpa r a t i o  i s  10 
The s imu la t i on  shows t h a t  t h e  e f f e c t i v e  m i g r a t i o n  e n e r g  i s  approx imate ly  t h e  same as t h a t  f o r  Se l f -  
d i f f u s i o n .  A s e l f d i f f u s i o n  energy of 1.9 eV has been repor ted by Smith and Gibbs [471. 
shows t h a t  t h e  he l ium c l u s t e r i n g  r a t e  i s  ex t remely  l a r g e  i n  t h e  beg inn ing  o f  i r r a d i a t i o n  and i t  slows down 
as t h e  amount of he l i um a r r i v i n g  a t  t he  g r a i n  boundary balances t h a t  which leaves i t  by r a d i a t i o n  r e -  
so l  ( u t i  on. 

1 (appm/dpa). The he l i um i m p l a n t a t i o n  r a t e  i s  100 appmlhr a t  750°C. 

The f i g u r e  a l s o  

5.6 Conclusions 

1. 

2. 

3. 
4. 

5. 

6 .  

7. 

A. 

9.  

10. 

C l a s s i c a l  n u c l e a t i o n  theo ry  can be used t o  study t h e  t imedependen t  n u c l e a t i o n  of creep. On t h e  o t h e r  
hand, r a t e  theo ry  can be s u c c e s s f u l l y  used t o  d e s c r i b e  h e l i u m - c o n t r o l l e d  c a v i t a t i o n  i n  t h e  presence of 
i r r a d i  a t i  on. 
Even i f  t h e  t o t a l  i n j g c t e d  he l ium i s  as l i t t l e  as  one appm, i t  can r e s u l t  i n  a g r a i n  boundary bubble 
d e n s i t y  as h igh  as 10 cm- . Such c a v i t y  p o p u l a t i o n  exceeds t y p i c a l  g r a i n  boundary p r e c i p i t a t e  d e n s i -  
t i e s  which a re  a c t u a l l y  an upper l i m i t  o f  s t r e s s - c o n t r o l l e d  c a v i t y  nuc lea t i on .  
The e f f e c t i v e  m i g r a t i o n  energy o f  he l i um a t  g r a i n  boundaries i s  approx imate ly  t h a t  o f  s e l f d i f f u s i o n .  
The male ls  c o n f i r m  exper imenta l  obse rva t i ons  t h a t  t h e  bubble  d e n s i t y  due t o  i r r a d i a t i o n  i s  orders  o f  
magnitude l a r g e r  than t h e  c a v i t y  p o p u l a t i o n  observed i n  c reep exper iments i n  t h e  absence o f  
i r r a d i a t i o n .  
Gra in  boundary s l i d i n g  and obs tac les  a t  s l i d i n g  boundaries (e.g., p a r t i c l e s  and ledges)  a re  b a s i c  i n -  
g red ien ts  of s t r e s s- c o n t r o l l e d  creep c a v i t y  nuc lea t i on .  I n  t h e i r  absence t h i s  mode of c a v i t y  nuc lea-  
t i o n  i s  v i r t u a l l y  impossible.  He l i um- con t ro l l ed  g r a i n  houndary c a v i t y  nuc lea t i on ,  however, i s  insen-  
s i t i v e  t o  g r a i n  houndary s l i d i n g  and s t r e s s  e v o l u t i o n .  
S t r e s s- c o n t r o l l e d  c a v i t y  n u c l e a t i o n  i s  most probable  on those houndar ies  which a r e  p a r a l l e l  t o  t h e  
maximum p r i n c i p a l  s t r e s s  a x i s  and l e a s t  probable  on or thogonal  boundaries. He l i um- con t ro l l ed  nuc le-  
a t i o n ,  however, i s  not  a f f e c t e d  by t h e  boundary o r i e n t a t i o n  t o  t h e  app l i ed  s t ress .  
Both s t r e s s-  and he l i um- con t ro l l ed  c a v i t y  nuc lea t i ons  a re  q u i t e  f a s t  and a r e  n o t  r a t e  c o n t r o l l i n g  i q  
t h e  de te rm ina t i on  o f  t h e  l i f e t i m e  o f  i r r a d i a t e d  s t r u c t u r a l  a l l o y s  a t  h i g h  temperature.  
S t r e s s- c o n t r o l l e d  c a v i t v  n u c l e a t i o n  r a t e  a t  t r i p l e - p o i n t  j u n c t i o n s  i s  h i g h e r  than  t h a t  f o r  those 

2 

reg ions which are  f a r  G a y  from t r i p l e  po in ts .  ' H e l i u m- c o n t r o l l e d  n u c l e a t i o n  i s  no t  a f fec ted hy t h e  
p r o x i m i t y  t o  t r i  p l e - p o i n t  j unc t i ons .  
H ioher  he l i um i m p l a n t a t i o n  r a t e s  r e s u l t  i n  a h i q h e r  q r a i n  boundary c a v i t y  d e n s i t y ,  even though t h e  
t o t a l  amount of he l i um i n j e c t e d  remains constant.  
The g r a i n  boundary bubble d e n s i t y  reaches a steady s t a t e  a t  i n j e c t e d  he l i um amounts on t h e  o rde r  of 
10 appm. 
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7.0 Nomenclature 

~ Symbol D e s c r i p t i o n  
Re- so lu t ion parameter 

St ress c o n t r o l l e d  n u c l e a t i o n  
r a t e  

Gra in  boundary bubble 
concen t ra t i on  

S ing le- he l ium atom concen- 
t r a t i o n  ( a t  g r a i n  boundary) 

D i  -he1 i urn complex concent r a t i o n  
( a t  g r a i n  houndary) 

Gra in  houndary p r e c i p i t a t e  
d e n s i t y  

Gra in  boundary s e l f  4 i f f u s i o n  
c o e f f i c i e n t  

Vacancy se l  fdi f f u s i o n  
c o e f f i c i e n t  

Gra in  d iameter  

E f f e c t i v e  g r a i n  boundary he l i um 
m i g r a t i o n  energy 

Vo lumetr ic  shape f a c t o r  

Shear mmlul us 

Bol tzmann's constant  

Displacement damage r a t e  

I n t e r - p r e c i p i t a t e  spacing 

Average number o f  gas atoms i n  
a bubble 

P r e c i p i t a t e  d iameter  

Gra in  houndary he l i um f l u x  

React ion r a t e  hetween s i n g l e  
he l i um and buhhles 

Symbol D e s c r i p t i o n  - 
Reaction r a t e  between s i n g l e  
he l ium atoms 

React ion r a t e  hetween s i n g l e  
and d i - h e l i u m  c l u s t e r s  

Temperature 

T i  me 

Dis tance measured f rom 
s i n g u l a r i t y  t i p  

Frequency f a c t o r  

Buhhle sur face energy 

C r i t i c a l  f ree  energy f o r  c a v i t y  
fo rma t ion  

Re-sol u t i o n  frequency 

E f f e c t i v e  w i d t h  o f  t h e  g r a i n  
boundary 

D i f f u s i o n a m t r o l l e d  combina- 
t o r i a l  f a c t o r  f o r  bubbles 

Gra in  boundary v i s c o s i t y  

Range exponent dependent on t h e  
creep exponent 

Poisson's r a t i o  

He1 i um v i  b r a t  i o n  f requency 

Local  s t r e s s  

Accentuated s t r e s s  a t  t h e  
p a r t i c l e  face  

Appl ied s t r e s s  

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

C h a r a c t e r i s t i c  r e l a x a t i o n  t i m e  
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8.0 References 

9.0 Future Work 

Work w i l l  continue t o  develop a comprehensive model f o r  hel ium ernbritt lement and compare w i t h  experiments. 
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F I G U R E  1. I d e a l i z a t i o n  of a t r i p l e - p o i n t  j u n c t i o n .  
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FIGURE 2. S t ress  l oad ing  and r e l a x a t i o n  a t  p a r t i c l e s  
and t r i p l e - p o i n t  j u n c t i o n s  f o r  an app l i ed  s t r e s s  o f  
100 MPa, a g r a i n  s i z e  o f  50 urn, a p a r t i c l e  s i z e  o f  
0.3 urn, and spacing o f  0.21 urn. 

10' 

10' 

10' 

F 
E 

* 10' 
- 
e ._ 
m c 
a, rn 
>. 
> 
6 
0 

- - 10' 

104 

10' 

1 

Loading time (SI 

FIGURE 3. Dens i ty  of c a v i t y  n u c l e i  a t  boundaries o f  
va r i ous  i n c l i n a t i o n s  a t  600°C and Fv = 0.01 as a 
r e s u l t  o f  a s i n g l e  s l i d i n g  pulse.  
s t r ess  i s  100 MPa. 
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FIGURE 4. Dens i ty  o f  c a v i t y  n u c l e i  f o r  va r ious  
values o f  F, a t  6 O O " C ,  a boundary i n c l i n a t i o n  o f  
15 deg, and an app l i ed  s t r e s s  o f  100 MPa. 
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FIGURE 5 .  
temperature f o r  Fv 
15 deg, and an app l l ed  s t r ess  o f  100 MPa. 

Dens i ty  o f  c a v i t y  n u c l e i  as a f unc t i on  of 
0.01, a boundary i n c l i n a t i o n  of 
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FIGURE 7. 
t i o n  energy on t he  g r a i n  boundary bubble dens i t y .  

The e f f ec t  of t he  g r a i n  boundary migra-  
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FIGURE 6. Densi ty  of c a v i t y  nuc le i  i n  the  neighbor-  
hood o f  a t r i p l e - p o i n t  j u n c t i o n  and a t  a d is tance  
f a r  from the  t r i p l e  p o i n t .  The app l i ed  s t r ess  i s  
100 MPa a t  600°C and F, = 0.01. 

I 
T 20- u 

Y 

I 8.L 2 4 6 8 10 

Hellum lmplanlatlon rate (appm/s) 

FIGURE 8. 
on t he  g r a i n  boundary bubble dens i t y .  The t o t a l  
i n j e c t e d  He i s  5600 appm (data f rom Ref. [ 1 5 1 ) .  

The in f luence o f  the  He m i g r a t i o n  energy 
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NEUTRON-INDUCED SPINODAL-LIKE DECOMPDSITION OF Fe-Ni AND Fe-Ni-Cr ALLOYS 

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

1 .o Objective 

Tne affect of this effort is to determine those factors which control the swelling, creep, and mechanical 
response of irradiated alloys. 

2.0 Summary 

Several new experiments continue to illuminate the nature of the spinodalLlike decomposition that occurs 
during neutron irradiation of alloys in the Invar compositional range. 
cyrstallographic orientation characteristic of spinodal decomposition and occurs at temperatures as low as 
42ooc. 

The decomposition exhibits a strong 

3.0 Program 

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

4.0 Relevant DAFS Program Plan Task/Subtask 

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

5.0 Accomplishments and Status 

5.1 Introduction 

In earlier reports it was shown that Fe-Cr-Ni alloys in the Invar compositional regi e t nd to decompose 
in a spinodal-like manner when irradiated with either neutrons or char e particles.r1,2? This proc s 
has been identified as having pronounced consequences on void swelling?3? and mechanical properties.T4S 
Several questions regarding this process are still under investigation. 

5.2 Temperature and Compositional Dependence of Decomposition Process 

The observed increase at 45OOC in yield strength of irradiated Fe-15Cr-XNi alloys with nickel content in 
the range X = 25 - 45 nickel(4) cannot confidently be ascribed to spinodal-like decomposition unless one 
demonstrates that such a process actually operates at 450' . 
micro-oscillations have previously been observed is 55O0C.71) At lower temperatures the wave-length of 
such oscillations is thought to approach or fall below the resolution limit of the EDX technique used to 
study the process. In addition, void swelling occurs sooner at lower temperatures and imposes additional 
perturbations on the composition profiles. These arise due to the operation of the inverse-Kirkendall 
process, by which slower diffusing species are segregated at void surfaces. Thus to study the temperature 
dependence of spinodal-like decomposition it is imperative to acquire specimens which have been irradiated 
sufficiently to develop micro-oscillations but not enough to develop void nucleation. This concern is 

The lowest temperature at which compositional 
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p a r t i c u l a r l y  important  when dens i t y  change measurements a re  used t o  s e l e c t  specimens most l i k e l y  t o  con ta i n  
m ic ro- osc i l l a t i ons .  
q u i c k l y  camouflaged by t he  onset o f  s w e l l i n g  a r i s i n g  from t h e  voids.  

Sp inoda l - l i ke  behavior  leads t o  d e n s i f i c a t i o n s  as l a r g e  as 1%. b u t  t h i s  e f fec t  i s  

The optimum neutron exposure t o  maximize t h e  development o f  m i c r o - o s c i l l a t i o n s  w h i l e  min imiz ing  s w e l l i n g  
i s  f i r s t  o f  a l l  dependent on composi t ion and second dependent on i r r a d i a t i o n  temperature, r e f l e c t i n g  t h e  
two major s e n s i t i v i t i e s  o f  swe l l ing .  The most optimum i r r a d i a t i o n  s e r i e s  conducted t o  da te  has r e c e n t l y  
been discharged f rom FFTF-MOTA. 
9 dpa a t  420°C and t o  14 dpa a t  520°C and 6OOOC. 
known t o  s t a r t  i n  t h i s  Fe-Cr-Ni a l l o y  se r i es  a t  210 dpa i n  t h e  range 420-5OO0C.?5) 

F i f t e e n  annealed a l l o y s  i n  t h e  near- lnvar  regime have been i r r a d i a t e d  t o  
The lower dose a t  420'C i s  co ven ien t  s i nce  s w e l l i n g  i s  

Note from Table I t h a t  wh i l e  s w e l l i n g  has occurred i n  some specimens many o f  these a l l o y s  e x h i b i t e d  dens i-  
f i c a t i o n .  
m i c r o - o s c i l l a t i o n s  most l i k e l y  i s  occurr ing.  Note a l so  t h a t  a d e n s i f i c a t i o n  o f  1.14% occurred a t  600°C i n  
Fe-45Ni. 
n o t  necessary t o  develop micro-oscillations.(l.2) 
supports t he  con ten t ion  t h a t  t he  g rea tes t  co s quences o f  t h i s  process l i e  nearer  t h e  45% l e v e l ,  a conc lu-  
s i on  drawn from mechanical p rope r t y  studies.147 

A t  42OoC, t h e  dens i f i ca t i ons  were as l a r g e  as 0.7%, i n d i c a t i n g  t h a t  phase decomposit ion by 

Th is  and t h e  da ta  f o r  Fe-35Ni con f i rms our  e a r l i e r  conc lus ion  t h a t  t h e  presence of chromium i s  
Comparison of t he  r e s u l t s  a t  35 and 45% n i c k e l  a l so  

Ndny o f  these specimens have been s e t  as ide f o r  l a t e r  examination by EDX and TEM. 

TABLE I 

OENSITY CHANGES OBSERVE0 I N  IRRADIATED N E A R- I N V A R  ALLOYS I N  FFTF-MOTA 

% Swe l l i ng  
400'C, 9 d pa 520°C. 14 d pa m, 14 dpa 

Fe-30Ni-7Cr 

Fe-35Ni 

Fe-35Ni-5Cr 

Fe-35Ni-7.5Cr 

Fe-35Ni-11Cr 

Fe-35Ni-15Cr 

Fe-40Ni-5Cr 

Fe-40Ni -7.5Cr 

Fe-40Ni- l1Cr 

Fe-45Ni 

Fe-45Ni-7.5Cr 

Fe-45Ni-15Cr 

Fe-5ONi-5Cr 

Fe-5ONi-l1Cr 

Fe-55Ni-7.5Cr 

0.52 
_ _  

-0.48 

-0.16 

0.04 

0.51 

-0.70 

-0.27 

-0.33 

0.19 

0.12 

0.39 

-0.66 

-0.11 
_- 

0.63 
-0.55 

-0.09 

0.16 

-0.07 
-- 

-0.31 

0.11 

-0.29 

-0.27 
_ _  
_ -  

-0.14 

-0.16 

-0.28 

-- 
-0.42 

0.16 

-0.01 

-0.13 

0.41 

0.29 

0.11 

-0.38 

-1.14 

0.12 

0.04 

-0.39 
_ _  

-0.10 

5.3 Nature o f  t h e  Spinodal- Like Process 

It has n o t  y e t  been es tab l i shed  whether t h i s  phenomenon i s  merely an i r r ad ia t i on- acce le ra ted  ve rs i on  o f  a 
n a t u r a l l y  occu r r i ng  b u t  s l ugg i sh  process o r  whether rad ia t ion- produced p o i n t  de fec t s  a re  necessary f o r  t h e  
cont inued maintenance o f  t h e  composi t ional  o s c i l l a t i o n s .  
o rder  t o  c o n f i d e n t l y  p r e d i c t  whether t h i s  process can be used as the bas i s  o f  a s w e l l i n g  r e s i s t a n t  a l l o y .  

The answer t o  t h i s  ques t ion  i s  necessary i n  

I n  o rder  t o  s tudy t h i s  question, severa l  experiments a re  i n  progress. F i r s t  a specimen o f  Fe-35.5Ni-7.5Cr 
i r r a d i a t e d  t o  38 dpa a t  593OC has been annealed f o r  24 hours a t  6OO0C and w i l l  be examined by TEM and EDX 
a f t e r  r e t h i n n i n g  t o  avo id  p o t e n t i a l  sur face  e f f e c t s  on microsegregat ion and i t s  r e l a x a t i o n  upon annealing. 
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Th is  specimen has been examined a number of t imes e a r l i e r ,  i n c l u d i n g  r e s u l t s  t o  be shown i n  t h e  nex t  
sec t i on .  
If the  o s c i l l a t i o n s  a re  s t i l l  observed a f t e r  t h e  annealing, t he  specimen w i l l  be annealed again a t  h i ghe r  
temperatures. The o b j e c t  of t h i s  experiment i s  t o  demonstrate whether t h e  rad ia t ion- induced o s c i l l a t i o n s  
a re  s t a b l e  i n  t he  absence o f  r a d i a t i o n .  

I t  has e x h i b i t e d  pronounced m i c r o - o s c i l l a t i o n s  i n  composi t ion and a d e n s i t y  inc rease o f  0.9%. 

Another experiment i nvo l ves  t he  Fe-45Ni specimen a t  (600°C, 14 dpa, 1.1% d e n s i f i c a t i o n )  descr ibed i n  t h e  
p rev ious  sec t ion .  
e t e r  areas t o  be th inned i n  t h i s  s i n g l e  specimen. 
t h i n n i n g  and TEMIEUX studies,  t h e  s t a b i l i t y  o f  these m i c r o - o s c i l l a t i o n s  i n  t h e  absence of r a d i a t i o n  w i l l  
be determined. 

A m u l t i p l e  t h i n n i n g  technique has been developed which a l lows four  separate 1 mm diam- 
Using a l t e r n a t e  d e n s i t y  change measurements, annealing, 

5.4 C rys ta l l og raph i c  Dependence of t h e  Decomposition Process 

One must f i r s t  determine whether t h i s  process r e s u l t s  i n  merely random f l u c t u a t i o n s  i n  composi t ion o r  
whether t hey  are r e g u l a r  and p e r i o d i c  i n  nature.  Second, i f  they  a re  regu la r ,  do these o s c i l l a t i o n s  
e x h i b i t  t he  same dependence on c r y s t a l l o g r a p h i c  d i r e c t i o n  as p red i c ted  f o r  sp inoda l l y  decompos d fcc  
a l loys ,  i n  which t he  longest  o s c i l l a t i o n  wavelength i s  p red i c ted  t o  be a long <loo> d i r ec t i ons . f 6 )  

L .  E. Rehn and P .  R .  Okamoto have r e c e n t l y  suggested i n  a l e t t e r  t h a t  a method e x i s t s  which can be u ed t o  
d i s c r i m i n a t e  between random f l u c t u a t i o n s  and t r u l y  p e r i o d i c  behavior .  C i t i n g  an a r t i c l e  by M. K a c ( l f  
t h e y  note t h a t  i f  random numbers a re  p l o t t e d  a t  equ id i s t an t  i n t e r v a l s ,  t h e  average d i s t ance  between peaks 
i n  t he  da ta  w i l l  approach t h ree  o f  these i n t e r v a l s  as t h e  s e r i e s  o f  numbers grows l a rge r .  
one uses a d i f f e r e n t  sampling i n t e r v a l ,  t he  pe r i od  of o s c i l l a t i o n  should appear t o  change. 
impact o f  t h i s  suggestion i s  s t i l l  be ing assessed w i t h  respec t  t o  quest ions of f o i l  th ickness,  probe 
diameter, etc . ,  t h e  c r y s t a l l o g r a p h i c  dependence cont inues t o  be i nves t i ga ted .  
composi t ional  t r aces  were taken a long u n i d e n t i f i e d  c r y s t a l l o g r a p h i c  vectors,  r e f l e c t i n g  t h e  d i f f i c u l t l y  
associated w i t h  such determinat ions when us ing  t he  s i n g l e  t i l t  stage normal ly  used f o r  EUX ana lys is .  

Therefore if 
While t h e  

I n  p rev ious  s tud ies  t h e  

I n  one recent  study, however, t h e  specimen was p rog ress i ve l y  r o t a t e d  i n  t h e  ho lder  u n t i l  a s u i t a b l y  t h i n  
area was pos i t i oned  w i t h i n  several  degrees o f  a (100) f o i l  normal such t h a t  EUX measurements were f eas ib l e  
a long a s e r i e s  of p a r a l l e l  <loo> l i n e s .  Th is  specimen was de r i ved  from t h e  593"C, 38 dpa i r r a d i a t i o n  o f  
Fe-35-5Ni-7.5Cr p rev ious l y  r epo r ted  i n  e a r l i e r  s t u  1 s .  Using random d i r e c t i o n  t r aces  t he  pe r i od  was 
e a r l i e r  repor ted  t o  be on t h e  o rder  o f  300-400 nm. f1.7 

F i g u r e  1 shows t h a t  i n  a r eg ion  where t he  f o i l  th ickness  was on t he  o rder  o f  75 2 20 nm t h a t  t he  pe r i od  
between minima i n  t h e  n i c k e l  p r o f i l e  a long a g iven  <loo> t r a c e  i s  z l 0 0  nm. F igure  2 shows a comparable 
< loo> t r a c e  i n  a t h i c k e r  (120 - + 25 nm) p o r t i o n  o f  t h e  same area, w i t h  t h e  p e r i c d  between maxima appearing 
t o  be on t h e  o rder  o f  z120 nm. 
n i c k e l .  

I n  bo th  t races  t he  i r o n  and chromium p r o f i l e s  are m i r r o r  images of t h a t  o f  

Although t h e  da ta  presented i n  F igures  1 and 2 con f i rm  t h a t  t he  pe r i od  a long < l o b  d i r e c t i o n s  i s  longer  
than  t h a t  p rev ious l y  observed on random-direct ion t races,  t h e  t r a c e  procedure chosen does n o t  guarantee 
t h a t  a g iven  <loo> t r a c e  w i l l  go through t h e  maxima def ined a long perpend icu la r  t races .  
t h e  r e s u l t s  o f  a time-consuming composi t ional  mapping of a f a i r l y  l a r g e  reg ion  of c r y s t a l  volume, a l l  
conta ined i n  one g ra i n .  The area chosen i s  near t h a t  mapped i n  F igures  1 and 2, was near t h e  f o i l  edge 
and was rough l y  100 nm t h i c k .  
p a r a l l e l  t o  t h e  f o i l  edge. 
apar t  a long a <loo> d i r e c t i o n .  
t o  t he  f o i l  edge precluded t h e  mapping o f  a l a r g e r  area. 
p a r a l l e l  <loo> t races.  No m ic ros t ruc tu ra l  components such as vo ids  o r  d i s l o c a t i o n s  were found i n  t h i s  
c r y s t a l  volume. 

F igure  3 presents  

The mapping i s  done a long <lob d i r e c t i o n s ,  one of which was conven ien t ly  
Note t h a t  t he  t h ree  minima (def ined as 530% N i )  a re  spaced a t  zl000 nm (51 "m) 

The l a r g e  d is tances  invo lved  and t h e  g rad ien t  i n  th ickness  perpend icu la r  
The l o c a l  maxima appear t o  be o f f s e t  on o t h e r  

5.5 Conclusions 

I t  i s  apparent t h a t  t h e  composi t ional  m i c r o - o s c i l l a t i o n s  induced i n  I nva r  a l l o y s  du r i ng  i r r a d i a t i o n  e x h i b i t  
a s t r ong  dependence on c r y s t a l l o g r a p h i c  d i r e c t i o n ,  w i t h  t h e i r  longes t  pe r i od  found t o  da te  t o  be a long 
< l o b  d i r e c t i o n s .  
p e r s i s t  t o  temperatures as low as 420°C. More work i s  r equ i red  t o  determine t he  na ture  o f  these o s c i l l a -  
t i o n s  and t he  f o r ces  which lead t o  t h e i r  format ion.  

Based on d e n s i t y  change in fo rmat ion  i t  a l s o  appears t h a t  these m i c r o - o s c i l l a t i o n s  
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Figure 1. Compositional traces along <lob Figure 2. Trace similar t o  that o f  Figure 1 in a 
direction in Fe-35.5Ni-7.5Cr irrad- 
iated at 593OC t o  38 dpa, in a region 
1 7 5  nm thick. 

region 1100 nm thick. 
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Figure 3. (a) Two-dimensional compositional map of Fe-35.5Ni-7.5Cr along <lob directions using 
a 200 nm sampling interval, (b) major features derived from the detailed map shown in (a). 
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7 .O F u t u r e  Work 

Pos t- annea l ing  exper iments w i l l  be performed o n  severa l  a l l o y s  and examina t ion  o f  b o t h  n e u t r o n  and i o n  
bombarded specimens will con t inue .  

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

None 
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THE INFLUENCE OF UNCERTAINTIES I N  MATERIAL PROPERTIES, AN0 THE EFFECTS OF DIMENSIONAL SCALING ON THE 
PREDICT ION OF F US ION STRUCTURE L l  FETIMES 

James P. Rlanchard and Nasr M.  Ghoniem ( U n i v e r s i t y  o f  C a l i f o r n i a ,  Los Angeles) 

1.0 O b j e c t i v e s  

The o b j e c t i v e s  o f  t h i s  work a re  t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  u n c e r t a i n t i e s  i n  measurements o f  s w e l l i n g  and 
creep r a t e s  on p r e d i c t i o n s  o f  t h e  l i f e t i m e  of m i r r o r  r e a c t o r  b lanke ts .  Also, t h e  work exp lo res  t h e  e f f e c t s  
o f  d imensional  s c a l i n g  o f  commercial s i z e  b l a n k e t s  on t h e  l i f e t i m e  f o r  t e s t i n g  purposes. 

2.0 Summary 

The s e n s i t i v i t y  of l i f e t i m e  p r e d i c t i o n s  f o r  f u s i o n  r e a c t o r  b l a n k e t  s t r u c t u r e s  i s  i n v e s t i g a t e d  by a p p l y i n g  
t h e  Monte Car lo  numer ica l  technique.  A s t r u c t u r a l  computer d e ,  STress A n a l y s i s  I n c l u d i n g  R a d i a t i o n  
E f f e c t s  (STAIRE), developed f o r  t h e  a n a l y s i s  of m i r r o r  f u s i o n  b l a n k e t s ,  i s  used as a d e t e r m i n i s t i c  mn le l  f o r  
the  p r e d i c t i o n  o f  t h e  l i f e t i m e  of s e m i c i r c u l a r  c o o l a n t  tubes. 
t r e a t e d  as p r o h a h i l i s t i c  i n p u t s  t o  t h e  STA IRE  code and o u t p u t  d i s t r i b u t i o n s  a r e  obtained. 

U n c e r t a i n t i e s  i n  m a t e r i a l  v a r i a b l e s  a r e  

I r r a d i a t i o n  creep r a t e s  are shown t o  be s u f f i c i e n t  f o r  r e l a x a t i o n  o f  swe l l i ng- induced  s t r e s s e s  under most 
c o n d i t i o n s .  I n  absence of h igh  s t resses ,  t h e  creep l i m i t  seems t o  he l i f e - l i m i t i n g ,  a l though  t h i s  depends 
on t h e  des igndependent  s w e l l i n g  l i m i t  
des ign,  a l i f e t i m e  o f  severa l  hundred dpa i s  shown t o  be h i g h l y  probable. 

I n  t h e  case o f  t h e  M i r r o r  Mvanced Reactor Study (MARS) b l a n k e t  

3.0 Program 

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  
P r i n c i p a l  I n v e s t i g a t o r :  N. M. Ghoniem 
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 ,  Los Angeles 

4.0 Relevant  OAFS Program Task/Subtask 

Subtask 111.8.2.3 C o r r e l a t i o n  methodology 

5.0 Accomplishments and S ta tus  

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

The lack  of a l a r g e  d a t a  base f o r  m t e r i a l  p r o p e r t i e s  i n  a p r o t o t y p i c a l  f u s i o n  environment comp l i ca tes  t h e  
process o f  component l i f e t i m e  p r e d i c t i o n .  A cons iderab le  degree o f  u n c e r t a i n t y  i s  assoc ia ted  w i t h  measure- 
ments aimed a t  assessing 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 .  If we cons ider  s t r u c t u r a l  s w e l l i n g  di ie 
t o  neutron d isp lacement  damage as an example, we r e a l i z e  t h e  s i z a b l e  degree o f  amb igu i t y  i n  t h e  s w e l l i n g  
behav io r  due t o  t h e  n a t u r e  of t h e  i r r a d i a t i o n  environment. Displacement damage ra te ,  h e l i u m  genera t ion  
r a t e ,  and hel ium- to-dpa r a t i o  are j u s t  a few o f  t h e  parameters t h a t  i n f l u e n c e  s w e l l i n g .  
may r e s u l t  f rom heat- to- heat  v a r i a t i o n s ,  compos i t i ona l  d i f f e r e n c e s ,  sample c o n d i t i o n s ,  etc. 
a wide range o f  c o n d i t i o n s ,  a l i f e t i m e  p r e d i c t i o n  o f  a f u s i o n  r e a c t o r  component i s  bes t  t r e a t e d  as a prob-  
a b i l i s t i c  q u a n t i t y .  

Other u n c e r t a i n t i e s  
In  view o f  such 

Th is  i s  e s p e c i a l l y  t r u e  i f  v a r i o u s  phenomena i n t e r a c t  i n  a n o n- l i n e a r  fashion. 

A s e n s i t i v i t y  a n a l y s i s  of a b l a n k e t ' s  l i f e t i m e  can be used t o  guide f u t u r e  m a t e r i a l s  t e s t i n g .  
t i m e  i s  p a r t i c u l a r l y  s e n s i t i v e  t o  a measurable p r o p e r t y ,  such as t h e  c reep  modulus o r  t h e  s w e l l i n g  r a t e ,  

If t h e  l i f e -  



M d i t i o n a l  t e s t i n g  i n  t h a t  area can be q u i t e  valuahle t o  designers.  4 l t e r n a t i v e l y .  t e s t i n g  o f  parameters 
fo r  which unce r ta i n t y  has l i t t l e  impact on b lanket  l i f e  can be deemphasized. The p o t e n t i a l  f o r  equipment 
and manpower savings are obvious. 

4 useful by -pra luc t  of a d e t a i l e d  l i f e t i m e  ana l ys i s  i s  a se t  o f  s c a l i n g  f unc t i ons  which con ta i n  t h e  depend- 
ence of the  b lanket  dimensions. 
commercial fus ion i s  achieved. To reach t h i s  goal, however, sma l l e r  s i z e  modules may have t o  he used i n  
order  t o  study i n t e r a c t i v e  phenomena a t  a reasonable cost .  
Is i t  poss ib l e  t o  preserve t h e  " s t r u c t u r a l  s t a t e "  o f  a h l anke t  module when i t s  s i z e  i s  scaled down? In  
o ther  wonis: Can t he  f a i l u r e  o f  a s t r u c t u r e  he simulated by a sca le  model? The s c a l i n g  func t ions  can be 
u t i l i z e d  t o  address these questions. 

F u l l - s i z e  f us i on  reac to r  b lanke t  modules must even tua l l y  he tes ted  be fore  

An i n t e r e s t i n g  ques t i on  a r i s e s  i n  t h i s  regard: 

We have recen t l y  developed t he  computer code STAIRE f o r  t h e  de te rm ina t i on  o f  b lanke t  s t r u c t u r a l  response i n  
m i r r o r  fus ion reac to rs  C11. The model has been app l ied  t o  t h e  ana l ys i s  o f  t he  MARS [2 ]  b lanke t  modules. 
The s i g n i f i c a n t  fea tu res  o f  t h i s  work are t he  i n c l u s i o n  o f  r a d i a t i o n  s w e l l i n g  and creep, as w e l l  as thermal 
creep. With t h i s  i n  hand, i t  i s  poss ih l e  t o  per form a complete s t r u c t u r a l  ana l ys i s  of sem ic i r cu la r  t u b u l a r  
fus ion b lankets,  as descr ibed i n  t he  MARS design. 

We a i m  t o  accomplish two ob jec t i ves  i n  t h i s  paper: (1) t o  e s t a b l i s h  t h e  s e n s i t i v i t y  of l i f e t i m e  p r e d i c t i o n s  
t o  u n c e r t a i n t i e s  i n  ma te r i a l  p rope r t i es  and ( 2 )  t o  develop sca l i ng  func t ions  f o r  t h e  study o f  t he  e f f ec t s  o f  
geometrical dimensions on l i f e t i m e  determinat ion.  

I n  t he  f o l l ow ing  sect ion,  we d iscuss  s t r ess  and s t r a i n  l i m i t s  t h a t  determine t h e  s t r u c t u r a l  l i f e t i m e .  I n  
Sec. 3 we present simple a n a l y t i c a l  equations f o r  t he  de termina t ion  o f  component l i f e t i m e  hased on swe l l i ng ,  
s t r ess  o r  creep s t r a i n  l i m i t s .  This i s  fo l lowed by a b r i e f  d e s c r i p t i o n  o f  t h e  s t r ess  ana l ys i s  model as 
appl ied t o  a m i r r o r  fus ion  reac to r  b lanket .  We then proceed t o  develop methodology f o r  de te rmin ing  t he  sen- 
s i t i v i t y  of l i f e t i m e  p red i c t i ons  t o  ma te r i a l  va r i ab les  i n  Sec. 5 and s c a l i n g  r e l a t i o n s h i p s  i n  Sec. 6. 
Sect ion 7 i s  devoted t o  the  r e s u l t s  of t h e  ana lys is .  Conclusions a re  g iven i n  Sec. 8.  

5.7 Stress and S t r a i n  L i m i t s  

A f t e r  per forming a thorough s t r ess  ana lys is ,  t h e  s t r u c t u r e ' s  l i f e  i s  determined by imposing l i m i t s  on e i t h e r  
the  s t r a i n  or s t ress .  S t r a i n  l i m i t s  account f o r  impaired performance due t o  e i t h e r  l a r g e  d e f l e c t i o n s  o r  
damage which causes f r a c t u r e  o r  rupture,  w h i l e  s t r e s s  l i m i t s  account f o r  a number o f  f a i l u r e  modes. I n  t h i s  
paper, l i m i t s  of 10% s w e l l i n g  (excessive deformat ion)  and 1% t o t a l  creep s t r a i n  (damage) a re  considered. 
The creep l i m i t  i s  based on gu ide l i nes  i n  t h e  ASME Code [3], d e s p i t e  t h e  f a c t  t h a t  t h e  code does no t  t r e a t  
i r r a d i a t i o n  creep e x p l i c i t l y .  I n  t h i s  context ,  t h e  l i m i t  i s  somewhat con t r i ved  h u t  i t  can s t i l l  be meaning- 
f u l  if considered as a conserva t ive  l i m i t .  Since i t  has been argued t h a t  i r r a d i a t i o n  creep i s  nondamaging 
[41 ami thermal creep ra tes  i n  HT-9 are low f o r  t he  temperature a t  which t h e  MARS b lanke t  operates [SI, t he  
ac t i ia l  damage l i m i t  could a c t u a l l y  be rmch h ighe r  than  1%. Conservat ive l i m i t s  a re  adv isah le  though, ,un t i l  
more i s  known about mater ia l  f a i l u r e  i n  a f us i on  environment. 

Stress l i m i t s ,  such as those i n  t he  ASME Code, at tempt t o  account f o r  a number o f  poss ib l e  f a i l u r e  mechan- 
isms, i n c l u d i n g  t e n s i l e  i n s t a b i l i t y  and creep rupture.  Again, t he  present  ana l ys i s  employs s t r ess  l i m i t s  
suggerted by the  ASME Code, a l though these l i m i t s  do  no t  e x p l i c i t l y  i nc l ude  r a d i a t i o n  e f f e c t s .  
damage l i m i t ,  t he  s t ress  l i m i t  used i n  t h i s  paper i s  conservat ive,  a l though f o r  d i f f e r e n t  reasons. I n  t h e  
ASHE Code, thermal s t resses ( r e fe r red  t o  as secondary s t resses)  have h i ghe r  a l l owab le  l e v e l s  because they 
are s e l f - l i m i t i n g .  However, a key d e f i c i e n c y  o f  t h e  Code i s  t h e  absence of any t imedependent  s t r a i n  t h a t  
would be analogous t o  void swe l l ing .  F a i l u r e  due t o  s t resses  developed by such a phenomenon w i l l  l i k e l y  be 
hounded hy the  we l l  understood pr imary ami secondary st resses considered i n  t h e  Code, so t he  conserva t ive  
pr imary s t r ess  l i m i t  has been used because of t he  u n c e r t a i n t y  involved.  

4s w i t h  t h e  

The values i n  Table 1 i l l u s t r a t e  s t r ess  l i m i t s  f o r  t he  two s t r u c t u r a l  m a t e r i a l s  HT-9 and 2-114 Cr-1Mo C51. 
The l i m i t s  a re  determined according t o  t h e  ASME R a i l e r  and Pressure Vessel Code gu ide l i nes  f o r  Smt. 

5.3 L i f e t i m e  Equations 

This sec t i on  presents ma te r i a l  behavior  equat ions t h a t  a r e  used t o  model s w e l l i n g  and i r r a d i a t i o n  creep. 
I n  each case, these equations a re  t he  s imp les t  ava i l ab le ;  t he re fo re  some p o t e n t i a l l y  s i g n i f i c a n t  e f f e c t s  a re  
ignored. The s w e l l i n g  equation, f o r  instance,  ignores  temperature dependence o f  t h e  i ncuba t i on  dose ami 
s t r ess  dependence of t he  s w e l l i n g  rate.  Also, t he  i r r a d i a t i o n  creep r a t e  i s  assumed t o  be independent of 



Table 1 
Stress L i m i t s  (MPa) f o r  F e r r i t i c I M a r t e n s i t i c  A l l oys  (Without I r r a d i a t i o n )  

2 1lqCr-lMo HT-9 

Temperature ("C) 

450 

475 

500 

525 

550 

5.3.1 Swe l l i ng  L i m i t  

I f  one assumes t h a t  t he  swe l l i ng  r a t e  i n  a ma te r i a l  i s  independent o f  t h e  s t r e s s  s ta te ,  t h e  l i f e t i m e  can he 
e a s i l y  determined. I n  general,  t he  swe l l i ng  r a t e  depends on t h e  h y d r o c t a t i c  s t r ess  C63, hu t  t h i s  e f f e c t  i s  
assumed t o  he small .  The vo lumet r i c  s w e l l i n g  bV/V i s  g iven by an equat ion of t h e  form: 

S(T) = Av/V = i ( T ) ( 6  - al) , ( 1 )  

where 6 i s  t he  dose i n  displacements per atom (dpa), 6 
r a t e  a t  a g iven temperature T. 

i s  t h e  i ncuha t i on  dose, and S(T) i s  t h e  s w e l l i n g  

a i m  The l i f e t i m e  ( i n  dpa) due t o  a s w e l l i n g  l i m i t  S . i s  then g iven hy: 

3 years 30 years 3 years 30 years 

170 170 190 1R5 

160 130 ian  155 

130 i n 0  1 5 5  130 

i o n  80 130 105 

80 60 105 en 

( 2 )  S aL(T) = S . /i t 6I , a i  m 
where S . i s  a predetermined engineer ing s w e l l i n g  l i m i t ,  which i s  des ign  dependent. For t h e  YAARS design 
[Zl, th&'$verage s w e l l i n g  i s  about 213 o f  t he  peak swel l ing,  due t o  t h e  p red ic ted  temperature v a r i a t i o n s  i n  
the  swe l l i ng  r a t e  [71, so one must he ca re fu l  t o  spec i fy  whether t h e  peak o r  average s w e l l i n g  i s  l i f e  
1 i m i  t i  ng. 

5.1.z Creep L i m i t  

Commonly, i r r a d i a t i o n  creep i s  maleled according t o  [SI: 

2 = c bo , (3) 

where 6' i s  t h e  creep s t r a i n  r a te  (s-l), Cb i s  t he  creep compliance (MPa-' 5 - l )  and a i s  t h e  e f f e c t i v e  
s t ress .  
the  l o c a l  s t r ess  i n  t he  b lanke t  p ipes C11: 

Using m w i i f i e d  beam theory,  which app l i es  t o  t h e  MARS b lanke t ,  one f i nds  t h e  f o l l o w i n g  equat ion f i r  

where o 
dose, ah A i s  a r e l a x a t i o n  parameter g iven by 

i s  the  thermal s t ress ,  0 i s  t he  creep- free r a t e  o f  s t r e s s  inc rease (MPaIdpa), 6 I  i s  t h e  i ncuha t i on  

A = 1 I C E  , ( 5 )  

where E i s  Young's Modulus. 
n e n t i a l  approach o f  the  l o c a l  s t r ess  t o  a s teady- s ta te  value of OA. 

Equation ( 4 )  features an exponentia! decay o f  t he  thermal s t r ess  and an expo- 

I n t e g r a t i n g  Eq. ( 3 )  w i t h  Eq. ( 4 )  and assuming t h a t  t he  l i f e t i m e  i s  much g rea te r  than  t h e  i ncuha t i on  d o s e  
(which seems t o  he v a l i d  f o r  f e r r i t i c  s t e e l s ) ,  one f i nds  
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where E'. i s  a p redetermined creep l i m i t .  Hence, f o r  a g iven mater ia l ,  t h e  creep l i f e  depends on ly  
upon oopl#lyl 0, which are design dependent. 

5.3.3 Stress L i m i t  

The s t r ess- l im i t ed  l i f e  i s  e a s i l y  obtained from Eq. (4) .  Assuming 6: > 61, one f inds  

where a . i s  t he  s t r ess  l i m i t .  
p o s i t i  v&lm 

I n  d e r i v i n g  t h i s  equation, t h e  q u a n t i t y  i n  b racke ts  was assumed t o  be 

5.4 Model 9 e s c r i p t i o n  

The i n v e s t i g a t i o n  i n  t h i s  paper i s  gener ic  and can be app l ied  t o  any i r r a d i a t e d  s t r u c t u r e  once a s t r ess  
ana lys is  approach has been adopted. 
code STA IRE  [Il .  
i n e l a s t i c  r a d i a t i o n  s t r a i ns .  The method has been success fu l l v  a m l i e d  t o  t h e  MARS r21 b lanket  c o n f i w r a -  

To g i ve  s p e c i f i c  conclus ions,  however, we w i l l  app ly  t h e  s t r u c t u r a l  
Th is  computer code has been developed by a mod i f i ca t i on  o f  beam and arch theory  t o  i nc l ude  

- . .  
t i on .  
ca t i on  t o  the  MARS study. 

For  the  reader 's  b e n e f i t ,  we i nc l ude  i n  t h i s  sec t i on  a b r i e f  d e s c r i p t i o n  o f  th; method and it; a p p l i -  

F igure  1 shows one p ipe  of t he  MARS blanket. 
hol low cross sect ion.  Recause the  pipes a re  indeterminate,  t h e  st resses and d e f l e c t i o n s  a re  coupled and 
must he s imul taneously found by s e t t i n g  up t h ree  equat ions f o r  t h e  d e f l e c t i o n s  a t  t h e  end of t he  p i p e  i n  
terms of the  i n e l a s t i c  s t r a i n s  and t he  unknown end reac t ions .  For example. t h e  equat ion f o r  t he  r a d i a l  d i s -  
placement a t  the  end AR i s :  

I n  our  model, we t r e a t  t h e  p i pe  as an inde termina te  beam o f  a 

The q u a n t i t y  w '  i s  t h e  change i n  curva tu re  due t o  t h e  i n e l a s t i c  s t r a i n s  and 5 '  i s  t h e  average i n e l a s t i c  
s t r a i n  over t h e  c ross- sec t iona l  area A. Combining Eq. (8 )  w i t h  equat ions f o r  t h e  a x i a l  end d isplacement and 
end r o t a t i o n ,  the  system can be solved f o r  t h e  end reac t i ons  XM. XF, and XP. 

Once t he  reac t ions  are known, t he  st resses i n  t h e  p i p e  can he determined w i t h  t h e  use o f  simple s t a t i c s .  
The moment M anl  a x i a l  force F, a t  any angle 0, can be found i n  terms o f  t h e  reac t ions .  The a x i a l  s t r ess  i s  
then  g iven by: 

E w ' )  - AV E(eC + + aT - 
I. 

where KI and K I I  a re  constants determined by t h e  p i pe  dimensions. 
a t  a given cross sec t ion ,  I the  momnt o f  i n e r t i a ,  
a i s  the  coe f f i c i en t  of thermal expansion. and E i s  Young's Modulus. For f u r t h e r  d e t a i l s  o f  t h e  method, t h e  
reader should consu l t  Ref. C13. 

5 i s  t h e  d i s t ance  f rom t h e  neu t ra l  a x i s  
ec i s  t h e  creep s t r a i n ,  A V / ~ V  i s  t h e  s w e l l i n g  s t r a i n ,  

5.5 Uncer ta in ty  Analys is  

5.5.1 Monte Car lo Technique 

Because t he  i r r a d i a t e d  behavior  of many f e r r i t i c  s t e e l s  i s  e s s e n t i a l l y  unknown, an i n v e s t i g a t i o n  o f  t h e  
response o f  a f i r s t  w a l l  t o  changes i n  t he  ma te r i a l  parameters i s  u s e f u l  f o r  addressing t h e  r e l a t i v e  
importance of these unknowns. If t h e  b lanke t  l i f e  c a l c u l a t i o n  i s  n o t  s e n s i t i v e  t o  v a r i a t i o n s  i n  a g iven  
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parameter. then prec ise  knowledge o f  t he  value o f  t h a t  parameter i s  r e l a t i v e l y  unimportant  and t e s t i n g  
should he focused elsewhere. 
random input ,  w i t h  a p r o b a b i l i t y  d i s t r i b u t i o n  centered about some average value. 
random and i t s  d i s t r i b u t i o n  about an average i n d i c a t e s  i t s  s e n s i t i v i t y  t o  a p a r t i c u l a r  i n p u t  o r  groups o f  
inpu ts .  

These types o f  eva lua t ions  can be made by cons ide r i ng  ma te r i a l  parameters as 
Then t h e  response i s  a l s o  

There a re  two has ic  methods f o r  i n s e r t i n g  random va r i ab les  i n t o  a s t r u c t u r a l  model. 
termed l i n e a r  s t a t i s t i c a l  ana lys is  [SI, uses a t runca ted  T a y l o r ' s  se r i es  expansion t o  c rea te  a r e l a t i o n s h i p  
between the  i npu t  var iah les  and t he  random response. 
l i m i t e d  i n fo rma t i on  about the  response f unc t i on  [E l .  

The f i r s t ,  which i s  

The drawback of t h i s  method i s  t h a t  i t  on ly  y i e l d s  

The second methal i s  a Monte Car lo technique [8], which i s  i d e a l  f o r  use w i t h  an e x i s t i n g  computer code. 
I n  essence, the  method s imulates an experiment by generat ing a random number t o  represent  t he  unce r ta i n t y  i n  
each inpu t  parameter and then ca l cu la tes  t he  corresponding parameter accord ing  t o  an assumed d i s t r i b u t i o n  
funct ion.  The s t r u c t u r a l  response t o  these i npu t s  i s  then ca lcu la ted .  A f t e r  repeat ing  t h i s  process many 
times, a response d i s t r i b u t i o n  i s  ohtained. Th is  method i s  genera l l y  more favored than t h e  T a y l o r ' s  se r i es  
approach because i t  y i e l d s  t he  complete response func t ion ,  regardless o f  t h e  degree o f  n o n - l i n e a r i t y  i n  t he  
r e l a t i o n s h i p  between i npu t  am! output. 
hecause i t  adapts very we l l  t o  use w i t h  t he  STAIRE computer code. 

The Monte Ca r l o  method w i l l  be used here f o r  t h e  above reasons and 

5.5.7 Inpu t  Representat ion 

I n  represent ing  a random i n p u t  o r  output, one assigns t o  i t  a p r o b a b i l i t y  d e n s i t y  f unc t i on  p ( z ) .  where 
p (z )dz  i s  def inR1 as t h e  p r o b a b i l i t y  t h a t  a va r i ab le  e x i s t s  between z and ( z  t dz) .  
a l so  consider  t h e  cumulat ive p r o b a b i l i t y  d i s t r i b u t i o n  f unc t i ons  P(z) ,  which g ives  t he  p r o b a b i l i t y  t h a t  t h e  
va r i ab le  w i l l  have a value l ess  than o r  equal t o  z. 

I n  add i t i on ,  one can 

I n  t h i s  sect ion,  t he  var iah les  C,  6 
w i l l  be character ized by normal 

and i w i l l  be t r ea ted  as random. For comparison purposes, a l l  t h r e e  
p r h i a b i l i t y  d e n s i t y  funct ions.  

To d e f i n e  these func t ions ,  an average and standard d e v i a t i o n  must he suppl ied. 
var iab les ,  t he  standard d e v i a t i o n  i s  chosen t o  he 10% o f  t h e  average values g iven i n  Table 2. 

For t he  t h ree  random i n p u t  

5.6 Sca l ing  Re la t ionsh ips  

For a g iven set  o f  design l i m i t s  and ma te r i a l  parameters, t h e  l i f e t i m e  depends on ly  on G and a , which are 
geometry dependent. 
sions as given i n  Table 2. 
d i f f e rence  hetween t he  sh ie l d- s i de  and plasma-side temperatures, i s  assumed t o  be independent o f  E.  

As shown i n  Fig.  1, t h e  MARS coo lan t  p ipes  a re  semi- c i rcu la r ,  w i t h  t h e  hage l ine  dimen- 
For s i m p l i c i t y ,  t he  temperature d i f f e r e n c e  over t h e  cross sec t ion ,  i.e., t h e  

I n  o rder  t o  a l l ow  max!mum f l e x i b i l i t y  i n  us i ng  t he  l i f e t i m e  equat ions generated i n  Sec. 3, r e l a t i o n s h i p s  a re  
developed f o r  0 

pe ra tu re  d i f f e r h c e  AT and t h e  r a d i a l  header t r a n s l a t i o n  d, which i s  t h e  r a d i a l  d i s t ance  t r ave led  by one end 
of t he  p ipe  r e l a t i v e  t o  t he  other .  I f  t he  p ipes a re  r i g i d l y  at tached t o  a f i x e d  header, then no t r a n s l a t i o n  
i s  allowed and d = 0. On t he  o the r  hand, thermal expansion i s  b e t t e r  accomadated by a l e s s  r i g i d  connect ion 
a t  the  header. 
l i f e .  I n  t h i s  model, d i s  p o s i t i v e  inward so a negat ive  value w i l l  reduce t h e  st resses.  

and 0 i n  terms o f  f o u r  key parameters. F i r s t ,  t h e  s t resses  a re  g iven  i n  terms o f  t h e  tem- 

Al low ing  some r a d i a l  header motion then, can r e l i e v e  t h e  s t resses  and inc rease t he  b lanke t  

The second set  o f  equations 
and R. 

gives t he  s t r ess  parameters oo and i n  terms o f  geometric q u a n t i t i e s  r, t, 

I l s ing  equations developed prev ious ly  [11, t h e  maximum thermal s t r ess  ( i n  MPa), i s  found t o  he 

= 103.3 + 0.745 AT + 187.3 d , 
a ~ . ~ ~ ~  
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R = 64 cm 

r - 5 c m  

T = 0.25 cm 

6 I  = 90 dpa 
C 

E . = 0.01 
I Tin - Tref = 32OoC 

a = 11.3 x l o m 6  " C - l  

C = 7.25 x 

S = 0.03%/dpa 

MPa-' dpa-' 

Tout - Tref = 470°C I - t i m  
ani- = 180 MPa ' C  AT = -30' 

j. ,111 

5 . = 10% (average) 
_ _  

d = O  
E = 180 GPa 

assuming a l l  parameters o ther  than AT ( i n  K) and d ( i n  cm) a re  constant. Vary ing R,  r, and t, and keeping 
AT and d constant, one a lso  f inds  

0.355 + 1.2# 

1 + 1 . 2 ( 3  
= 2372 w [ '] , (13) 

where u = t l r  and w = r I R .  According t o  Eq. (13), 4epends on ly  on t h e  r a t i o s  o f  p i p e  dimensions, so 

i f  a sca le  morlel preserves these r a t i o s  and t h e  temperatures, t h e  i n i t i a l  s t r e s s  w i l l  be preserved. 

Recause t he  s w e l l i n g  equat ion used p rev ious l y  [l] was a h i g h l y  non l i nea r  f unc t i on  o f  temperature, equat ions 
f o r  i could no t  he der ived  ana ly t i ca l l y . .  
s t r ess  due t o  a constant  s w e l l i n g  r a t e  5 ,  values o f  0 f o r  var ious  values o f  w, u, and R were generated. 
These da ta  po in t s  were f i t t o  equat ions s i m i l a r  t o  Eqs. (12) and (13)  w i t h  a least- squares f i t t i n g  rou t i ne .  
The r e s u l t s  ( i n  MPa/%) are: 

l l s ing  t h e  STAIRE code t o  determine t h e  inc rease i n  t h e  l o c a l  

K = 65.6 - 3.97 AT . 
I 1  , 

and 9.52 (0.355+201 u2 

1 + 201 u2 3 K = 103 + 332 u + w[74.5 t 
U where 

A - K S  . (16) 

5.7 Resul ts  - 

5.7.1 L i  fe t ime Pred i c t i o n s  

Given the l i f e t i m e  c r i t e r i a  from Eqs. (2),  (6) ,  and (7 ) ,  t h e  l i f e t i m e  i s  t h e  lowest  of 6:, 6;. a d  6". 
f o l l ow ing  r e s u l t s  w i l l  consider  t h e  s t r ess  l i m i t  a long  w i t h  e i t h e r  o f  t h e  s t r a i n  l i m i t s ,  IO 
creep and s w e l l i n g  can be accounted f o r  separafely. A f te r  choosing values f o r  a,, (81  MPa) and K (185 
MPa/%), t he  l i f e t i m e  can be p l o t t e d  i n  terms o f  S, as seen i n  Fig. 2. 
leads t o  a d e f l e c t i o n  a t  t h e  p i p e ' s  cen ter  o f  approximately  4.4 cm, i s  t h e  most conserva t ive  o f  t h e  t h r e e  
l i m i t s ,  but  the  a l lowab le  s w e l l i n g  may be lower i n  o the r  designs. 

The 
t h e  e f f kc t s  o f  

The 15% peak s w e l l i n g  l i m i t ,  which 

The importance of t he  s t r ess  l i m i t  depends on t h e  r e l a t i v e  creep and s w e l l i n g  ra tes .  
l o r ,  the  s t r ess  w i l l  increase r a p i d l y  and t h e  s t r e s s  l i m i t  w i l l  q u i c k l y  be reached. 
r e l a t i v e l y  h igh  creep r a t e  w i l l  r e l a x  t h e  s t r ess  l e a d i n g  t o  a s teady- s ta te  s t r e s s  below t h e  l i m i t ,  thus 
render ing t he  s t r ess  l i m i t  inconsequent ia l .  
leads t o  a c reep- l im i ted  l i f e  
creep r a t e  of 
swe l l i ng  ra tes  above O.O3%/dpa. 

I f  t h e  creep r a t e  i s  
On t h e  o the r  hand, a 

MPa-' dpa-' 
Mwever, a 

As shown i n  Fig. 2, a creep r a t e  o f  7.3 x 
f o r  fny value o f  s i n  t h e  range expected f o r  f e r r i t i c  s t ee l s .  

1.6 x l f l -7  MPa-' dpa- does invoke t h e  s t r ess  l i m i t ,  l ead ing  t o  r a t h e r  sho r t  l i v e s  f o r  

To i n v e s t i g a t e  t he  impact of t he  swe l l i ng l c reep  r a t i o ,  one can p l o t  curves o f  constant  l i f e  i n  swe l l i ng-  
creep space. For  a g iven ma te r i a l ,  t h e  swe l l ing /c reep 
r a t i o  
i s  determined by t he  i n t e r s e c t i o n  w i t h  t he  c o n s t a n t - l i f e  curve. 
t o  invoke t he  s t r ess  l i m i t .  Using da ta  gathered by Gel les and Puigh C93, t h e  S I C  r a t i o  o f  a t y p i c a l  

F igure  3 shows a t y p i c a l  p l o t  f o r  5[ = 420 dpa. 
(SIC) can be represented by a s t r a i g h t  l i n e  f rom t h e  o r i g i n  and t h e  l i f e t i m e  (and t h e  re l evan t  l i m i t )  

As seen, t h e  . r a t i o  must be above 1790 MPa 
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f e r r i t i c  s tee l  i s  approximately 500 MPa, so t h e  s t r ess  l i m i t  w i l l  n o t  l i k e l y  be impor tan t  f o r  t he  MARS 
b lanket .  The design would have t o  be more h i g h l y  constra ined ( thereby i nc reas ing  K )  before t h e  s teady- s ta te  
s t r e s s  exceeded t he  s t r ess  l i m i t .  

5.7.2 Monte Car lo  Resu l ts  

Recause t he  Monte Car lo  method i s  a sampling process, i t s  accuracy o f  representa t ion  improves as t h e  number 
o f  samples o r  t r i a l  runs i s  increased. Unfor tuna te ly ,  t he  cost  increases w i t h  t he  number o f  samples, so  one 
must choose a count t h a t  i s  s u f f i c i e n t l y  accurate and y e t  affordable. F igure  4 shows t he  p r o b a b i l i t y  dens i -  
ty func t ion  ( p i f )  fo r  the  b lanke t  l i f e ,  assuming t h a t  C, 6 and S a re  a l l  va r iab le .  As seen, t he  r e s u l t  
does not  converge t o  a s i n g l e  func t ion  as t he  number o f  sa&les increases,  so i t  i s  no t  apparent t h a t  even 
1000 runs a re  s u f f i c i e n t  f o r  t he  analys is .  

The cumulat ive d i s t r i b u t i o n  func t ion  (cdf) ,  on t h e  o the r  hand, i n t e g r a t e s  ou t  many o f  t h e  v a r i a t i o n s  i nhe r -  
ent I n  t he  d e n s i t y  f unc t i on  so l ess  samples are necessary f o r  t he  same accuracy. This i s  ev iden t  i n  F ig .  5, 
which shows t he  d i s t r i b u t i o n  func t ion  o f  t h e  b l anke t  l i f e  f o r  t h e  same th ree  random inputs .  
even 100 samples would be s u f f i c i e n t  f o r  most analyses. 
r e s u l t s  can be es tah l i shed [lo], h u t  t h i s  i s  ou t s i de  t h e  scope o f  t h e  p resent  study. 

Apparently, 
The e f f ec t s  o f  sample s i z e  on t h e  accuracy o f  

The f a i l u r e  c r i t e r i a  used i n  t he  ana lys is  can s i g n i f i c a n t l y  impact t h e  b lanke t  l i f e .  
l i f e t i m e  d i s t r i b u t i o n  f o r  t he  s w e l l i n g  and creep l i m i t s .  
creep c o e f f i c i e n t  C i s  r e l a t i v e l y  h igh and t he  st resses are  correspondingly low. The d i s t r i b u t i o n  f unc t i ons  
a re  o f  s i m i l i a r  shape but  t he  swe l l i ng- l im i t ed  curve i s  s h i f t e d  almost 200 dpa up t h e  scale.  
the  r e s u l t s  o f  the  Monte Car lo  s imu la t ions  a re  smoothed i n  F igs.  5 through 7 f o r  c l a r i t y .  

F igure  6 gives t he  
The s t r ess  l i m i t  i s  no t  s i g n i f i c a n t  because t h e  

Not ice  t h a t  

The s t r ess  l i m i t  en te rs  t h e  p ' c t u r e  as t he  average creep c o e f f i c i e n t  i s  decreased. If t h e  average value of 
C i s  lowered t o  1.6 x 
l i m i t  leads t o  end- o f- l i f e  a t  150 t o  400 dpa, When s t r ess  l i m i t s  a re  reached e a r l y  i n  l i f e ,  t h e  s t r a i n  
l i m i t s  only a f f e c t  the  remaining b lankets,  i. e.. t he re  i s  no i n t e r a c t i o n  between t he  c r i t e r i a .  These fea- 
tu res  are d isp layed i n  Fig. 7 which d i f f e r s  from Fig. 6 on ly  i n  t h e  average value of C.  For t he  h igher  
average creep c o e f f i c i e n t ,  the  frequency o f  f a i l u r e  i s  e s s e n t i a l l y  zero below about 320 dpa. 

MPa-' dpa", t he  l i f e t i m e  d i s t r i b u t i o n  becomes more complex because t he  s t r ess  

5.R Conclusions 

It i s  shown i n  t h i s  paper t h a t  an analogue Monte Ca r l o  technique can success fu l l y  be coupled t o  a de te rmin-  
i s t i c  i n e l a s t i c  s t r u c t u r a l  ana lys is  c d e .  Such a s t r a tegy  a l lows i n v e s t i g a t i o n s  of t h e  in f luence o f  mater-  
i a l  p roper ty  unce r ta i n t y  propagat ion on t h e  p r e d i c t i o n  o f  s t r u c t u r a l  f a i l u r e .  The need f o r  such a technique 
i s  p a r t i c u l a r l y  important  i n  fus ion reac to r  app l i ca t i ons ,  s ince  p r o t o t y p i c a l  t e s t i n g  environments a re  non- 
e x i s t e n t  and r a d i a t i o n  e f f e c t s  on ma te r i a l  p r o p e r t i e s  a re  uncerta in.  The f o l l ow ing  a re  conclus ions o f  t h e  
present work, which s p e c i f i c a l l y  apply t o  t he  s t r u c t u r a l  ma te r i a l  HT-9 i n  a m i r r o r  fus ion  reac to r :  

1 .  When cons ider ing  t h e  bu i l dup  o f  s t resses  caused by swe l l ing ,  t h e  s t r e s s  l i m i t  i s  p o t e n t i a l l y  t h e  
most severe o f  t he  three l i f e t i m e  c r i t e r i a  used i n  t h i s  paper. 

For f e r r i t i c  s tee ls ,  t he  creep r a t e  seems h igh  enough t o  r e l a x  t h e  s w e l l i n g  s t resses  and t h e  s t r ess  
l i m i t  i s  r e l a t i v e l y  unimportaqt. 

3. The s t r a i n  l i m i t  i s  l i f e - l i m i t i n g  i n  a l l  cases analyzed. 

4. 

2. 

A l i f e t i m e  of several hundred dpa i s  h i g h l y  probable f o r  a f e r r i t i c  s t ee l  b lanke t  i n  m i r r o r  fus ion  
reactors.  

These conclus ions suggest t h a t  fu tu re  ma te r i a l  t e s t i n g  o f  f e r r i t i c  a l l o y s  should consider  r a d i a t i o n  creep, 
t o  a degree. Once i t  has been shown t h a t  the  creep ra tes  o f  f e r r i t i c  s t e e l s  a re  h igh  enough t o  r e l i e v e  
s w e l l i n g  s t resses  be fore  s i g n i f i c a n t  bu i ldup  occurs, t h e  ac tua l  va lue of t h e  creep r a t e  i s  unimportant. 
Th is  i s  because t he  accumulated creep s t r a i n  i s  d r i v e n  by t h e  amount of s w e l l i n g  s t r a i n  i t  must o f f s e t ,  
r a t h e r  than by t he  creep rate.  When t he  creep r a t e  i s  large,  t h e  accumulated creep i s  very nea r l y  equal t o  
the  accumulated swe l l i ng  s t r a i n  ( w i t h  opposi te s ign) .  Hence, accurate knowledge o f  t h e  s w e l l i n g  behavior  o f  
a ma te r i a l  i s  more important  than p rec i se  r a d i a t i o n l c r e e p  d a t a  f o r  r e l i a b l e  l i f e t i m e  estimates. 
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SWELLING OF PURE COPPER AN0 COPPER ALLOYS AFTER HIGH FLUENCE IRRADIATION I N  FFTF AT 445O'C 

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

1.0 Ob jec t i ve  

The ob jec t  o f  t h i s  e f f o r t  i s  t o  p rov ide  da ta  on t h e  s w e l l i n g  of h i g h  c o n d u c t i v i t y  a l l o y s  i n  response t o  
f a s t  r eac to r  i r r a d i a t i o n  and ex t rapo la te  these da ta  t o  p r e d i c t  a l l o y  behavior  i n  a n t i c i p a t e d  f us i on  
environments. 

2.0 Sumnary 

The swe l l i ng  of pure copper and var ious  copper-base a l l o y s  has been determined a t  47 dpa a f t e r  i r r a d i a t i o n  
i n  FFTF-MOTA a t  ~450°C. 
broad ca tegor ies :  those t h a t  swe l l  appreciably, sometimes w i t h  an S-shaped behavior, and those t h a t  r e s i s t  
swe l l i ng  t o  very  h i gh  neutron exposures. 
%l%/dpa t h a t  i s  o f t e n  no t  reached because of i t s  tendency toward s a t u r a t i o n  of swe l l i ng .  
swe l l i ng- res i s t an t  a l l o y s  examined t o  da te  are CuA125, MZC and Cu-2.0Be. 

Data a re  a l so  becoming a v a i l a b l e  a t  63 dpa. The a l l o y s  tend  t o  f a l l  i n t o  two 

I t  appears t h a t  copper may have an i n t r i n s i c  s w e l l i n g  r a t e  of 
The most 

T i t l e :  I r r a d i a t i o n  E f f ec t s  Ana lys is  (AKJ) 
P r i n c i p a l  I n v e s t i g a t o r :  0. G. Doran 
A f f i l i a t i o n :  Hanford Enqineer ing Development Laboratory 

4.0 Relevant OAFS Program P lan  Task/Subtask 

Subtask I I . C . l ,  E f f ec t  o f  M a t e r i a l  Parameters on M ic ros t ruc tu re  

5.0 Accomplishments and Sta tus  

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

In e a r l i e r  r e p o r t s ( l . 2 )  t he  swe l l i na  
i r r a d i a t i o n  i n  FFTF-MOTA t o  2.69 x 10q2 n/cm2 (E > 0.1 MeV) a t  a temperature est imated t o  be between 
420 and 450T .  
because copper would reac t  w i t h  t h e  l i q u i d  sodium coolant ,  which was mainta ined a t  407: 5OC. 
t h e  packet con ta i n i ng  t h e  copper specimens was f i l l e d  wi th  he l ium gas r a t h e r  than w i t h  sodium. 
sodium coo lan t  leads t o  a somewhat h igher  bu t  inde te tminant  l e v e l  of gama  heat inq.  

f pure  copper and var ious  copper-base a l l o y s  was repor ted  a f t e r  

For  pure copper t h i s  neutron exposure y i e l d s  16 dpa. The unce r ta i n t y  i n  temperature arose 
Therefore, 

The l ack  o f  

The composi t ion o f  each a l l o y  i s  q iven  i n  Table 1. 
experiences ~ 3 3 %  more displacements than  do Fe-Cr-Ni a l l oys .  The specimens were i n  two forms, t h a t  o f  
TEM d i s k s  and m in ia tu re  t e n s i l e  specimens. 
s tock and annealed together ,  no d i f f e rence  i n  behavior  i s  an t i c i pa ted .  

Data a re  now beco 'ng av i l a b l e  f o r  these same copper a l l o y s  i r r a d i a t e d  t o  47 dpa (7.6 x l o z 2  n/cm2) and 
63 dpa (1.03 x loy1 n/cm$). The l a t t e r  displacement l e v e l  represents  t h e  cont inued i r r a d i a t i o n  of companion 
specimens t h a t  a re  i d e n t i c a l  t o  those i r r a d i a t e d  t o  16 dpa and t h a t  were i r r a d i a t e d  i n  t h e  same MOTA 

Note t h a t  f o r  a q iven  neutron exposure, copper 

Since bo th  types o f  specimens were prepared from t h e  same sheet 

89 



capsule. 
w i t h  t h a t  of t h e  f i r s t  i r r a d i a t i o n ,  and t h e  c o o l a n t  temperature was a l s o  s l i g h t l y  h i q h e r  (426 vs 407OC). 

The second i r r a d i a t i o n  o f  47 dpa was conducted a t  a m a r g i n a l l y  h i g h e r  d isp lacement  r a t e  compared 

5.2 R e s u l t s  

Whereas, t h e  16 dpa d a t a  were d e r i v e d  from t h e  m i n i a t u r e  t e n s i l e  specimens, t h e  h i g h e r  f l u e n c e  d a t a  were 
e x t r a c t e d  from t h e  TEM d isks .  There was o f t e n  more t h a n  one d i s k ,  a l l o w i n q  f o r  an e s t i m a t e  of t h e  v a r i -  
a b i l i t y  of swe l l i ng .  
s e l f - w e l d i n g  and have been s e t  a s i d e  f o r  l a t e r  examination. 
d a t a  a t  63 dpa a re  s t i l l  be ing c o l l e c t e d .  A l l  c u r r e n t l y  a v a i l a b l e  d a t a  a re  shown i n  Table 1. 

The m i n i a t u r e  t e n s i l e  specimens i n  t h e  second i r r a d i a t i o n  e x h i b i t e d  cons iderab le  
Whi le  d a t a  c o l l e c t i o n  a t  47 dpa i s  complete, 

F i g u r e  1 shows t h e  s w e l l i n g  behav io r  observed f o r  those  a l l o y s  t h a t  e x h i b i t  a moderate- to-hiqh amount o f  
s w e l l i n g .  Pure copper e x h i b i t s  a p o s s i b l e  tendency toward S-shaped behavior ,  reach ing  31% a t  63 dpa. 
Copper w i t h  0.1 w t %  s i l v e r  s w e l l s  i m n e d i a t e l y  a t  a r a t e  o f  * l%/dpa w i t h  no p e r c e p t i b l e  i n c u b a t i o n  per iod ,  
and then  f a l l s  i n  s w e l l i n g  r a t e ,  reach ing  47.5% a t  63 dpa. 
much s i l v e r  and smal l  amounts of phosphorus and magnesium, s w e l l s  l e s s  b u t  w i t h  a pronounced S-shaped 
behavior .  
t i o n  heat  t reatment .  Note, however, t h a t  t h e  cold-worked and aged c o n d i t i o n  i s  approaching a s w e l l i n g  r a t e  
o f  cl%/dpa. 

The copper a l l o y  CuAqP, w i t h  t h r e e  t imes  as 

CuNiBe i n i t i a l l y  swe l led  l e s s  than  pure  copper o r  CuAg, t h e  amount depending on t h e  p r e i r r a d i a -  

The a l l o y s  MZC, CuBe and CuA125 swe l led  much s m a l l e r  amounts and e x h i b i t  some degree of s c a t t e r ,  as shown 
i n  Tab le  1. 
d e n s i t y  changes and n o t  t o  be t h e  r e s u l t  of v o i d  swe l l i nq .?3)  The accuracy o f  these measurements i s  
- +0.16%. 

The s w e l l i n q  o f  MZC a t  *l% was shown e a r l i e r  t 16 dpa t o  be t h e  r e s u l t  o f  phase- re la ted  

TABLE 1 

SWELLING OF VARIOUS COMMERCIAL COPPER ALLOYS AT 4 5 0 ° C  

% S w e l l i n g  
A l l o y  A l l o y  Composit ion (wt%) C o n d i t i o n  16 dpa 47 dpa 63 dpa 

Cu (MARZ) c u  (99.99%) annealed 6.5 23.3, 22.2 31.3, 30.1, 
33.2 

CuAg Cu-0.1 Ag 20% cw 16.6 38.2, 35.5 47.4 

CuAgP CU-0.3 Ag-0.06 P-008 Mg 20% CW 7.9 16.0, 16.2 17.1 

CuNi8e ( 1 / 2  HT)* Cu-1.8 Ni-0.3 Be 20% CW and aged 1.70 14.6, 13.9 24.6, 22.3 
( 3  h a t  480OC) 

CuNiBe ( A T ) *  Cu-1.8 Ni-0.3 Be 20% CW and aged 0.29 3.05 5.73, 6.59 
( 3  h a t  48OOC) 

CuBe (1 /2  HT) Cu-2.0 Be 

CuBe (AT) Cu-2.0 Be 

20% CW and aged -0.18 0.18, 1.10. 1.01, 1.53 
( 2  h a t  320'C) 1.18 

annealed and aged -0.66 -0.45, -0.24, -0.25, -0.43 
( 2  h a t  32OOC) +0.12 

MZC Cu-0.9 Cr-0.1 Zr-0.05 Mq 90% CW, aqed 1/2 h 1.03 0.79 _ _ _  

Cu-A125 Cu-0.25 A1 ( a s  A l f l 3 )  20% cw 0.13 0.11, 0.32, _ _ -  
a t  470°C 

0.70 

Cu-A125 Cu-0.25 A1 (as  Al2O3) 20 CW + aged 1 h - _ _  0.12, 0.82 _ _ _  
a t  55OoC 

*1/2 HT and AT a r e  i n d u s t r v  d e s i g n a t i o n s  f o r  h a l f - h a r d  and tempered, and annealed and tempered, 
r e s p e c t i v e l y .  
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FIGURE 1. Swellinq observed in pure copper and several copper-base alloys after irradiation in FFTF at 
450'C. 
doses were derived from TEM disks. 

The data at 16 dpa were derived from miniature tensile specimens, those at hiqher 

5.3 Discussion 

The alloys examined in this study fall into two broad categories: those that exhibit pronounced swelling 
(sometimes with S-shaped behavior) with increasinq displacement level and those that resist the on t f 
swelling t o  rather The S-shaped curves are typical of those seen for copper 
and copper-ni~kel(~~'alloys in charged particle irradiations, an example of which i s  shown in Figure 2. 
Note also that Figure 2 shows that addition of one atomic percent silver leads to a complete loss of the 
incubatio 
behavior.k'! This same trend was observed in the current neutron irradiation study at *450DC with two 
important exceptions. 
incubation period. 
experiment, a tendency toward saturation eventually develops. 

If one ignores the possible effect of phosphorus and maqnesium, comparison of the swelling of the CuAg and 
CuApP alloys suggests that increasing the level of silver leads to a subsequent decrease in swelling. 
similar conclusion was r ched in a study wherein 200 KeV copper ions were used to cause swelling in Copper 
binary alloys. Leister(57 found that 0.1 atomic percent of Ag, Au, Sb, Ni, Be and Pt all caused increases 
in swelling compared with that of pure copper, but that 1.0 atomic percent of any of these solutes yielded 
a relative decrease in swellinq. 

15.49 igh exposure levels. 

eriod durinq electron irradiation at 250°C and the development of a linear-with-dose swelling 

First, only 0.1 wt% (0.06 atomic percent) silver is needed t o  eliminate the 
Second, at swelling levels greater than that reached in the electron irradiation 

A 

The tendency toward saturation observed in both charqed particle and neutron irradiations of pure copper 
has also been observed i n  pure nickel, as shown in Figure 3. 
incubation period when irradiated at the same temperature as that of current studv, however. 
tends to swell at bl%ldpa before the onset of saturation behavior. 

Note that the nickel alloy exhibits no 
Nickel also 
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FIGURE 2. Swelling o f  
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FIGURE 3.  Swelling observed in relatively pure nickel i n  fast reactors at 40OoC and at 44O-46O0C.(5)  
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5.4 Conclus ions 

The s w e l l i n g  o f  copper a l l o y s  a t  
p r e c i p i t a t e  con ta ined  i n  each a l l o y .  Pure copper tends t o  s w e l l  w i t h  a S-shaped behav io r  w i t h  i n c r e a s i n g  
f luence  and t h e  i n c u b a t i o n  p e r i o d  can be shortened o r  pro longed b y  a p p r o p r i a t e  s o l u t e  m o d i f i c a t i o n  and 
thermal-mechanical t reatment .  The most s w e l l i n g - r e s i s t a n t  a l l o y s  examined t o  d a t e  a r e  CuA125, MZC and 
Cu-2.0Be. 

45OoC i s  ve ry  s e n s i t i v e  t o  t h e  t y p e  and amount o f  s o l u t e  a n d l o r  
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7.0 F u t u r e  Work 

D e n s i t y  chanqe measurements a t  63 dpa w i l l  cont inue.  
wecimens.  

Microscopy w i l l  be i n i t i a t e d  on t h e  h i g h  f l u e n c e  

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

None. 
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NEUTRON I R R A D I A T I O N  OF COPPER AND HIGH-CONDUCTIVITY COPPER ALLOYS I N  E B R - I 1  

R.J. L ivak  and T.G. Zocco (Los Alamos Nat iona l  Laboratory)  and 
L.W. tiobbs (Massachusetts I n s t i t u t e  of Technology) 

1 . 0  Objec t i ves  

Character ize the  m ic ros t ruc tu ra l  changes produced by f a s t  neutron i r r a d i a t i o n  of copper and h iyh-  
c o n d u c t i v i t y  copper a l l o y s  f o r  h igh  heat- load app l i ca t i ons .  

2.0 Summary 

The alumina-dispersed copper a l l o y s  (G l idcop A1-20 and A1-60) exh ib i t ed  the  g rea tes t  r es i s t ance  t o  neutron 
damage among t he  s i x  ma te r i a l s  tested.  
a l l o y  con ta in ing  C r  and Zr d i d  no t  show evidence upon TEN examination o f  m i c r o s t r u c t u r a l  a l t e r a t i o n s  a f t e r  
i r r a d i a t i o n .  I n  con t ras t  t o  the  M Z C  a l l o y ,  t he  A M Z I R C  a l l o y  underwent r e c r y s t a l l i z a t i o n  and so f ten ing .  
Large, faceted vo ids  were produced i n  the  MAR2 and oxygen- free coppers by the  neutron i r r a d i a t i o n .  

For the  cond i t i ons  o f  t h i s  experiment ( 1 5  dpa a t  385'C), the  HZC 

3.0 Program 

T i t l e :  

P r i n c i p a l  I n v e s t i y a t o r :  R.J. L ivak 
A f f i l i a t i o n :  Los Alalnos Nat iona l  Laboratory 

iiigh-Dose Neutron Rad ia t ion  Damage Study o f  Copper A l l oys  f o r  the  CRFPR F i r s t  Wall 
( Independently Supported R & 0 - LANL) 

4.0 Relevant DAFS Program Plan TasklSubtask 

Subtask I I . C . l  E f f ec t s  o f  Ma te 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  

Recent i n t e r e s t  i n  the  design o f  h i gh  power-density, compact magnetic f us i on  devices has focused a t t e n t i o n  
on s t r u c t u r a l  m a t e r i a l s  w i t h  good thermal c o n d u c t i v i t y  requ i red  t o  d i s s i p a t e  the  h i gh  thermal loads i n  the  
fus ion power core. Copper-base a l l o y s  have the h ighes t  thermal c o n d u c t i v i t y  of commonly a v a i l a b l e  s t r uc-  
t u r a l  m a t e r i a l s  and are able t o  w i ths tand r e l a t i v e l y  h igh  thermal s t resses.  i l l  
r eve rsed- f i e l d  p inch reac to r  (CRFPR) developed a t  Los Alamos 121 incorpora tes  the  M Z C  copper a l l o y  as the  
candidate f i r s t - w a l l  m a t e r i a l  because o f  i t s  s a t i s f a c t o r y  thermal-mechanical rank ing  along w i t h  low cos t  and 
ease o f  f a b r i c a t i o n .  

Very l i m i t e d  da ta  are a v a i l a b l e  on r a d i a t i o n  damage e f f e c t s  i n  copper a l l o y s  exposed t o  nuc lear  r eac to r  
cond i t ions ,  e i t h e r  f a s t  f i s s i o n  or f us i on  neutron spectra. Because o f  t he  cu r ren t  i n t e r e s t  i n  the  use o f  
copper a l l o y s  f o r  fus ion  app l i ca t i ons ,  experimental s tud ies  have r e c e n t l y  been i n i t i a t e d  a t  several  labor-  
a t o r i e s .  [3-6] Fast neutron damage e f f e c t s  i n  f o u r  commercial, h i gh- conduc t i v i t y  copper a l l o y s  have Seen 
evaluated a t  Los Alamos for samples i r r a d i a t e d  t o  about 15 dpa damage a t  385'C i n  the  E B R - I 1  t e s t  r eac to r .  
M i c r o s t r u c t u r a l  changes i n  these i r r a d i a t e d  capper a l l o y s ,  as determined by t ransmiss ion  e l e c t r o n  microscopy 
ITEM). are descr ibed below. Changes i n  dens i t y  i 7 ] ,  t e n s i l e  p r o p e r t i e s  [ 7 ] ,  and e l e c t r i c a l  r e s i s t i v i t y  ~ 8 j  
fo r  t h i s  se t  of EBR-I1 samples have been repor ted  p rev ious ly .  

The design o f  a compact 

5.2 Experimental Procedure 

Two elemental coppers and foyg d i l u t e  copper a l l o y s  were i r r a d i a t e d  i n  E B R - I 1  a t  385'C t o  two f luences ( E  > 
0 .1 MeV) of 0.4 and 2.0 x 10 nlm' corresoondina t o  about 3 and 15 doa. The nominal comoosit ions o f  the  
s i x  copper t e s t  m a t e r i a l s  ( i n  wt%) 
p u r i t y ,  A1-20 - 0.20% alumina, A 1 4 0  - 0.60% alumina, A M Z I R C  - 0 .17% Z r ,  and HZC - 0.5% C r  + 0.18% Zr + 
0.04% Mg. Contro l  samples were annealed a t  the  same t ime and temperature ( 2 4 5  days a t  385'C) as the  f u l l -  

a re  MARZ-gra& copper - 99.999% p u r i t y ,  oxygen- free (OF) copper - 19.95% 
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power days exposure o f  t h e  i r r a d i a t e d  samples. The i r r a d i a t i o n  temperature used i s  a r e a l i s t i c  near-maximum 
temperature f o r  h i g h  power-density, f i r s t  w a l l  des igns based on copper a l l o y s .  

The p r i o r  thermomechanical t reatment  o f  t h e  t e s t  m a t e r i a l s  has been descr ibed  p rev i ous l y .  [ 7 ]  The i r r a d i -  
a ted  and c o n t r o l  samples inc luded 3 mm d iameter  d i s k s  approximate ly  0.15 mn t h i c k  in tended f o r  t h e  prepara-  
t i o n  o f  TEM f o i l s .  These samples were i n i t i a l l y  cleaned t o  remove any ox ide  us ing  a chemical p o l i s h  con- 
t a i n i n g  40% n i t r i c  ac id ,  10% hyd roch lo r i c  acid, and 50% or thophosphor ic  ac id.  The d i s k s  were then e l e c t r o -  
chemica l l y  th inned  i n  a t w i n - j e t ,  Tenupol-2 p o l i s h i n g  u n i t  (Stuers, S t r o n g s v i l l e ,  Ohio) us ing  an e l e c t r o l y t e  
of 25% phosphoric ac i d  and 15% water cooled t o  0-1O'C a t  a vo l t age  o f  6-8 V dc. Th in  f o i l s  of the  i r r a d i -  
ated samples were examined i n  a JEOL 2008 e l e c t r o n  microscope operated a t  an acce le ra t i ng  vo l t age  of 200 kV. 
Both t h e  JEOL 2008 inst rument  and a P h i l i p s  EM 400T e l e c t r o n  microscope operated a t  120 kV were used t o  
examine t h e  c o n t r o l  samples. 

5.3 Resu l ts  

Examples o f  micrographs taken i n  the  TEM examination o f  the  i r r a d i a t e d  and c o n t r o l  samples a re  g i ven  i n  
F igures  1-6. The c o n t r o l  samples of t h e  two e lementa l  coppers had r e c r y s t a l l i z e d  g i v i n g  a l a r g e  g r a i n  s i z e  
o f  about 50 um diameter  w i t h  few d i s l o c a t i o n s  present .  The two pure copper m a t e r i a l s  developed vo ids  a f t e r  
t h e  3 dpa neutron exposure a t  385'C. as shown i n  F i gu re  1. The face ted  vo ids  a re  u n i f o r m l y  d i s t r i b u t e d  and 
a re  r e l a t i v e l y  l a r g e  w i t h  d iameters o f  about 200 nm. No he l ium bubbles were observed i n  over-  and under- 
focused TEM micrographs taken o f  t h e  i r r a d i a t e d  copper samples. 
t h e  15 dpa f luence  copper samples because o f  t h e  l a r g e  volume f r a c t i o n  o f  vo ids  (6.6-6.8%. as measured by 
dens i tomet ry ) .  

It was d i f f i c u l t  t o  prepare t h i n  f o i l s  o f  

FIGURE 1. B r i g h t  
t h e  net 

f i e l d  micrograph o f  the  3 dpa M A R Z  copper sample showing la rge ,  faceted 
i t r o n  i r r a d i a t i o n .  Note t h e  d i s l o c a t i o n s  between t h e  voids. 

.A --- L___I.._^* . " , T O P  _,,̂ .. !--A - ..^,, A -..- ,......A -..I."*><" -* -..- C , ,  ..̂ 4" + 

vo i ds  produced by 

The cold-worked arlv ayr- l la lu~r lru nllLlnL 

(F i gu re  Za). 
l a r g e r  i n c l u s i o n s  a l s o  present .  
t h i s  a l l o y  a f t e r  t h e  3 dpa neutron exposure; and the  subgrain s t r u c t u r e  was re ta i ned  w i t h  a f a i r l y  h i gh  
d i s l o c a t i o n  d e n s i t y  p resen t  (F igure  2b). Coherency s t r a i n  c o n t r a s t  was observed around some of t h e  small  
p r e c i p i t a t e s .  
The vo ids  were observed t o  be inhomogeneously d i s t r i b u t e d  f r e q u e n t l y  i n  bands; and t h e  sample had rec r ys-  
t a l l i z e d .  There was no apparent change i 

l u y  lloy a w , ,  y c v c l v ~ l c y  ,uyy,.a,II , L I Y C L U 1 5  ,,, .he c o n t r o l  samples 
The smal l ,  d ispersed Cu Zr p r e c i p i t a t e s  [9] are un i f o rm l y  d i s t r i b u t e d  i n  t h e  m a t r i x  w i t h  a few 

No v8 ids  were observed i n  over-  and under- focused micrographs taken of 

F igure  3 shows l a r g e  vo i ds  p resen t  i n  the  A M Z I R C  a l l o y  a f t e r  the  15 dpa neu t ron  exposure. 

The c o n t r o l  sample o f  t h e  MZC a l l o y  a l s o  
few l a r g e  c o n s t i t u e n t  p a r t i c l e s  p resen t  and a uni form d i spe rs i on  o f  sma l le r  p r e c i p i t a t e s ,  presumably Cu Zr. 
Th i s  a l l o y  d i d  n o t  show v o i d  fo rmat ion  a f t e r  the  15 dpa neutron exposure, i n  c o n t r a s t  t o  t h e  A M Z I R C  a l l 8 y .  
Comparison of t h e  m i c r o s t r u c t u r e  a f t e r  neutron i r r a d i a t i o n  t o  1 5  dpa revealed no apprec iab le  change i n  t h e  
d i s l o c a t i o n  subs t r uc tu re  and t h e  p r e c i p i t a t e  d ispers ion .  

a n S 1 8  y s v s ~ y ~ ' s u  s u u y , m 3 r o  D b I u L b y J c  ms 311vwll  i n  F i g u r e  4 w i t h  a 
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The two alumina-dispersed copper alloys (Al-20 and A1-60) had similar microstructures that were heavily 
dislocated with a small subgrain size as shown in Figure 5. 
any discernible changes in the microstructures of these alumina-dispersed alloys. 
either the A1-20 or A1-60 samples after the 15 dpa neutron exposure, and the alumina particles appeared to 
remain stable under the test irradiation conditions. 

Neutron irradiation at 385'12 did not produce 
No voids were observed in 

FIGURE 5 .  Bright field micrograph of the A1-60 control sample showing the small dislocation cell size that 
was not altered during irradiation. 

The alumina particles produced by internal oxidation are present in the copper matrix as small (10-20 nm), 
triangular platelets as shown in the carbon extraction replica of Figure 6. 
particles in internally oxidized copper have been reported by Ashby and Smith. [IO] 
cas made o f  the control samoles. the A1-20 allov contains a uniform disoersion of oarticles. whereas the 

Similar observations of alumina 
As deduced from repli- 

A1-60 alloy has many small,' uniiormly dispersed'particles with a few, lirger isolated partiiles present. 
Electron diffraction has identified the particles to be the gamma-A1203 phase. 

FIGURE 6. Extraction carbon replica prepared from the A1-60 control sample showing the alumina particle 
morphology and dispersion. 
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5.4 Discussion 

The observed behavior  o f  t he  neutron i r r a d i a t e d  NARZ and OF coppers i s  i n  agreement w i t h  p r e v j t u s  r e s u l t s  
repor ted  i n  t he  l i t e r a t u r e .  j l l - 1 3 1  For neutron i r r a d i a t i o n  above 250'C and f luences >1 x 10 nlm' ( E  > 1 
Mev). t he  vo id  i s  t he  dominant de fec t  observed i n  copper [11,12], w i t h  a peak s w e l l i n g  temperature near 
335'C. [12] The i r r a d i a t i o n  temperature o f  385'C i s  0.48 o f  t he  absolute m e l t i n g  p o i n t  o f  copper and h igher  
than  t h e  r e c r y s t a l l i z a t i o n  temperature. Large face ted  vo ids  have been observed p rev ious l y  i n  OF copper 
i r r a d i a t e d  i n  a nuc lear  power r eac to r  a t  327'C. [13] 

Comparison of the  c o n t r o l  and 15 dpa f l uence  samples of t h e  A M Z I R C  a l l o y  revea ls  t h a t  t he  f as t  neutron 
i r r a d i a t i o n  a t  385'C accelerated t he  r e c r y s t a l l i z a t i o n  o f  t he  i n i t i a l l y  cold-worked mic ros t ruc tu re .  S ing le  
i o n  i r r a d i a t i o n  s tud ies  on t h i s  a l l o y  by Z ink l e  e t  a l .  [14] a l so  found radiat ion-enhanced d i s l o c a t i o n  
recovery and r e c r y s t a l l i z a t i o n .  The presence o f  a h i g h  d i s l o c a t i o n  d e n s i t y  appears t o  have suppressed vo id  
format ion i n  t he  3 dpa f luence A M Z I R C  sample, which had n o t  r e c r y s t a l l i z e d .  S i m i l a r  observat ions have been 
made i n  o the r  i r r a d i a t e d  m e t a l l i c  a l l o y s  where t he  d i s l o c a t i o n s  a c t  as e f f i c i e n t  p o i n t  de fec t  s i nks  and thus 
prevent  excess-vacancy d r i v e n  vo id  formation. 
i r r a d i a t e d  t o  15 dpa has a l s o  been observed i n  dua l- ion  i r r a d i a t e d  samples o f  the  same ma te r i a l .  [5] No 
remanent m i c r o s t r u c t u r a l  heterogenei ty  has been i d e n t i f i e d  i n  t h i s  m a t e r i a l  associated w i t h  t he  areas 
con ta i n i ng  voids.  Some copper-base a l l o y s  show evidence of so lu te  o r  impu r i t y  banding r e s u l t i n g  from the  
p r i o r  cas t i ng  and mechanical working of t he  ingots,  and t h i s  chemical segregat ion e f f e c t  may be present  i n  
t he  ANZ IRC a l l o y  studied.  

The NZC a l l o y  exh ib i t ed  g rea te r  r es i s t ance  t o  r a d i a t i o n  e f f e c t s  from a neutron f luence of 2 x l oz6  nlm" than 
t he  A M Z I R C  a l l o y  i n  t h i s  experiment a t  385'C. The chromium and magnesium a d d i t i o n s  i n  t he  MZC a l l o y ,  which 
a re  n o t  present  i n  AMZIRC, may be c o n t r i b u t i n g  i n  some way t o  t he  g rea te r  s t a b i l i t y  o f  t h i s  a l l o y  t o  r ad ia-  
t i o n  damage. 
f ec t  s inks  t o  i n h i b i t  vo id  formation. However, fo r  h igher  i r r a d i a t i o n  temperatures o r  l a r g e r  f luences  t h a t  
w i l l  a l t e r  t he  p r e c i p i t a t e  d i s t r i b u t i o n ,  t he  MZC a l l o y  i s  a l so  expected t o  undergo r e c r y s t a l l i z a t i o n  and 
subsequent vo id  formation. Measured t e n s i l e  p r o p e r t i e s  repor ted  p rev ious l y  i 7 ]  show t h a t  t h i s  a l l o y  l o s t  a 
t h i r d  of i t s  y i e l d  s t r eng th  a f t e r  the  h igh- f luence i r r a d i a t i o n ,  i n d i c a t i n g  t h a t  some d i s l o c a t i o n  recovery 
may have occurred du r i ng  neutron i r r a d i a t i o n .  

The alumina-dispersed copper a l l o y s  (Al -20 and A1-60) e x h i b i t e d  t he  g rea tes t  r es i s t ance  t o  neutron r a d i a t i o n  
damage o f  t he  s i x  m a t e r i a l s  tested.  These a l l o y s  r e t a i n  good s t r ess  rup tu re  s t r eng th  a t  850'C. [15] The 
alumina p a r t i c l e s  formed by i n t e r n a l  o x i d a t i o n  were thermodynamical ly s t a b l e  a t  t he  i r r a d i a t i o n  temperature 
of 385'C and e f f e c t i v e l y  pinned t he  d i s l o c a t i o n  subs t ruc tu re  t o  i n h i b i t  recovery and subsequent l o s s  o f  
s t reng th .  

I o n  i r r a d i a t i o n  s tud ies  by Spi tznagel  and Davis on t he  A1-60 m a t e r i a l  j161  found evidence o f  p a r t i c l e  reso-  
l u t i o n  under s i l i c o n  i o n  i r r a d i a t i o n  a t  temperatures below 350'C. Theo re t i ca l  mode l l ing  o f  i o n  i r r a d i a t i o n  
damage has p red i c ted  i n t e r n a l  " spu t t e r i ng"  o f  p a r t i c l e s  caused by r e c o i l  e f f e c t s .  [17]  Add i t i ona l  neutron 
i r r a d i a t i o n  experiments a t  temperatures below 400'C are  necessary t o  determine i f  p a r t i c l e  r e s o l u t i o n  w i l l  
occur i n  these alumina-dispersed copper a l l o y s  under f as t  neutron i r r a d i a t i o n .  
observed i n  t he  i on  i r r a d i a t e d  A1-60 m a t e r i a l  a t  250-35O'C. [16] The vo ids  were found i n  reg ions  o f  t he  
f o i l  con ta in ing  a few l a r g e  alumina p a r t i c l e s  and were n o t  observed where t he  p a r t i c l e s  were smal le r  and 
denser i n  concentrat ion.  T h i s  observa t ion  suggests t h a t  t he  smaller, f i n e l y  d ispersed alumina p a r t i c l e s  may 
be more e f f e c t i v e  recombinat ion s i t e s  f o r  excess p o i n t  de fec ts  and thus may i n h i b i t  vo id  format ion.  

The non-uniform occurrence o f  vo ids  i n  t h e  A M Z I R C  a l l o y  

Also, t he  h igher  dens i t y  o f  p r e c i p i t a t e s  i n  t he  MZC a l l o y  may be more e f f e c t i v e  as p o i n t  de- 

A few i s o l a t e d  vo ids  were 

5.5 

Th i s  i n i t i a l  neutron i r r a d i a t i o n  experiment has shown t h a t  some h igh- conduc t i v i t y  copper a l l o y s  may be 
r e s i s t a n t  t o  neut ron  damage and thus a re  p o t e n t i a l  cand ida te  m a t e r i a l s  far high heat- load a p p l i c a t i o n s  i n  
fus ion  devices. 
neutron i r r a d i a t i o n  a t  385'C w i t h  no evidence of vo id  format ion.  
worked a l l o y s  (AMZIRC and NZC) were n o t  s t ab le  t o  r a d i a t i o n  e f f e c t s  f o r  the  experimental cond i t i ons  studied.  
Lower temperature neutron i r r a d i a t i o n  experiments a re  needed t o  understand more complete ly  t h e  r a d i a t i o n  
damage response o f  these promis ing oxide-dispersed, h i gh- conduc t i v i t y  copper a l l oys .  

Conc 1 us i ons 

The alumina-dispersed copper a l l o y s  exh ib i t ed  good m i c r o s t r u c t u r a l  s t a b i l i t y  t o  f a s t  
The two prec ip i ta t ion- hardened and co ld -  
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