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FOREWORD 

T h i s  r e p o r t  i s  t h e  t w e n t y - f i f t h  i n  a s e r i e s  o f  Q u a r t e r l y  T e c h n i c a l  P rog ress  
R e p o r t s  on  Damage A n a l y s i s  a n d  F u n d a m e n t a l  S t u d i e s  (DAFS), wh ich  i s  one 
ele i i ient  o f  t h e  F u s i o n  Reactor  M a t e r i a l s  Program, conducted i n  s u p p o r t  o f  t h e  
Magnet ic  F u s i o n  Energy Program o f  t h e  U.S. Department o f  Energy (DOE). 
f i r s t  e i g h t  r e p o r t s  i n  t h i s  s e r i e s  were numbered OOE/ET-O065/1 t h r o u g h  8. 
Other  e lements  o f  t h e  F u s i o n  M a t e r i a l s  Program a re :  

The 

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

A l ' l o y  Development f o r  I r r a d i a t i o n  Performance (ADIP) 

The DAFS program element i s  a n a t i o n a l  e f f o r t  composed o f  c o n t r i b u t i o n s  f r o m  
a nurnber o f  N a t i o n a l  L a b o r a t o r i e s  ana o t h e r  government l a b o r a t o r i e s ,  
u n i v e r s i t i e s ,  and i n d u s t r i a l  l a b o r a t o r i e s .  I t  was o r g a n i z e d  b y  t h e  
P i d t e r i a ~ I s  and R a d i a t i o i i  E f f e c t s  Branch, DOE/Off ice o f  F u s i o n  Energy, and a 
Task Group on Damage A n a l y s i s  a n d  F u n d a m e n t a l  S t u d i e s ,  which o p e r a t e s  
unaer  t h e  ausp ices  o f  t h a t  branch.  
t o  p r o v i o e  a w o r k i n g  t e c h n i c a l  r e c o r d  o f  t h a t  e f f o r t  f o r  t h e  use o f  t h e  
progrdm 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  g e n e r a l ,  and t h e  DOE. 

T h i s  r e p o r t  i s  o r g a n i z e d  a l o n g  t o p i c a l  l i n e s  i n  p a r a l l e l  t o  a Program P l a n  
o f  t h e  same t i t l e  so t h a t  a c t i v i t i e s  and accompl ishments 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 P lan .  Thus, t h e  work o f  a g i v e n  
I a b O r d t o r y  may appear th roughou t  t h e  r e p o r t .  Note  t h a t  a new c h a p t e r  has  
been added on Reduced A c t i v a t i o n  M a t e r i a l s  t o  accornmodate work on a t o p i c  
n u t  i n c l u d e d  i n  t h e  e a r l y  prograin p l a n .  The Con.tents i s  anno ta ted  f o r  t h e  
conven ience o f  t h e  r e a d e r .  

T n i s  r e p o r t  has been co inp i lea  and e d i t e d  under t h e  gu idance o f  t h e  Chairman 
o f  t h e  Task Group on Damage A n a l v s i s  a n d  F u n d a m e n t a l  S t u d i e s ,  D. G .  Doran, 
HdnfOru E n g i n e e r i n g  Development L a b o r a t o r y  (HEUL). H i s  e f f o r t s ,  t h o s e  o f  
t h e  s u p p o r t i n g  s t a f f  o f  HEDL, and t h e  inany persons who made t e c h n i c a l  
c o n t r i b u t i o n s  a r e  g r a t e f u l l y  acknowledged. 
t t a u i a t i o r i  E f f e c t s  Branch, i s  t h e  UUE c o u n t e r p a r t  t o  t h e  Task Group Chairman 
and has r e s p o n s i b i l i t y  f o r  t h e  DAFS program w i t h i n  DOE. 

The purpose o f  t h i s  s e r i e s  o f  r e p o r t s  i s  

T .  C .  Reuther ,  M a t e r i a l s  and 

G .  M .  Haas, C h i e f  
Reactor  Techno log ies  Branch 

O f f i c e  o f  F u s i o n  Energy 
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IRRADIATION TEST FACILITIES 
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RTNS-I1 IRRADIATIONS AND OPERATIONS 

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

1.0 

The objectives of this work are operatim of KPNS-I1 (a 14-MeV neutron source facility), mchine 
developnent, and support of the experimental program that utilizes this facility. 
include dosimetry, handling, scheduling, coordination, and reporting. 
U.S. and J a p  and is dedicated to mterials research for the fusion p e r  program. 
aid in the developnent of d l s  of high-energy neutron effects. 
projecting to the fusion environment, engineering data obtained in other spectra. 

Drperimenter services 
RPNS-I1 is supported jointly by the 

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

Irradiations were performed for 13 different experimters during this quarter. 
targets imploded. 
terminals. 
vacuum leak. 

'Two fifty-centimeter 
 on source developnent continues. naefely's iso-transfomr had arcing betwen output 

Target water system mlfunctimed due to tEqerature controller. HEDL furnace shut dam due to 
The fourth U.S.-Jap Steering Camittee meeting was held February 27-28 at ms-11. 

Title: Rl'NS-I1 *rations (WZJ-16) 
Principal Investigator: C. M. lagan 
Affiliation: Lawrence Livemre National Laboratory 

4.0 

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

D. W. HeLkklneD and M. W. . .  5.0 

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

nter P or A* .%.m-ted 

R. Snither (ANL) 

K. Saneyoshi (TIT) 

A 

A 

~l - the *7~l(n,m)26~ cross 
section near threshold 

LiF - determine the feasibility of 
TID self irradiation as a tritium 
production monitor 

D. Heikkinen (LLNL) A Nb - dosirretry calibration 
K. Ah? (Tohoku) P 
H. Matsui (Tohoku) 
H.  Kayano (Tohoku) 
M. Kiritani (Hokkaido) 
H. Takahashi (Hokkaido) 
K. Shinohara (Kyushu) 

Metals -mechanical properties 
roan temperature 

2 



E. Kurmto (Kyushu) 
N. Yoshida (Kyushu) 
T. Kinashita (Kyushu) 
N. Igata (Tokyo) 
A. Kohym (Tokyo) 
K. Mihayara (Tokyo) 
H. Kawanishi (Tokyo) 
K. m d a  (Nagoya) 
M. Iseki (Nagoya) 
K. Sata (Nagoya) 

M. Kiritani (Hokkaido) 
N. Yoshida (Kyushu) 

H. Yoshida (Kyoto) 
S. Ishino (Tokyo) 
N. Igata (Tokyo) 
H. Takahashi (Hokkaido) 
E. Kuramoto (Kyushu) 

Y. Shimomura (Hiroshima1 

M. EOyama (Tokyo) 

H. Heinisch (HDL) 
N. Yoshida (Kyushu) 
M. Kiritani (Hokkaido) 
H. Takahashi (Hokkaido) 
S. Ishino (Tokyo) 
Y. Shimmura (Hiroshim) 
E. Kuramoto (KyuShu) 

K. Sumi ta  (Osaka) A 

Y. Tabata (Tokyo) 

Y. Yamaoka (Kyoto) 

P. Hahn (Vienna) 

K. Kawamura (TIT) 

K. Okamura (Tohoku) 

P 

P 

A 

A 

A 

A 

A 

Metals - lau temperature 
experiment - cascade and 
microstructural damages 

Metals-3isplacement damaae & 
mechanical at 90 and 290 C 

Insulators - electrical and 
mechanical properties 

Polymers - tensile strength 
Polymers - tensile strength 
W-Ti - masure fluxoid pinning 
strength 

WBoSizo - Property Change 
Silicon carbide fibers - 
mechanical 

Neutron detectors - calibration 

*P - primry, A = Add-on 

tatus C. M. D. W. Helkkrnen . .  - 5.1 

The ion source system developnent continues on the right machine. 

Both the left and right machines had a target in@&; an investigation is in progress as to the reason why. 

The Haefely iso-transformer on the right machine was breaking down between terminals, due to improper 
grounding. 

The target wter chiller for the left machine failed due to a temperature cmtroller. 
installed. 

The HFDL furnace failed due to a vacuum leak during irradiation on the left machine. 

It was repaired and has had no further malfunction. 

A new control~er was 

6.0 - 
Irradiations will he continued for K. Abe (Tohoku) et al., Y. Shimcmura (Hiroshima) et al., K. Sumita 
(Osaka), K. Saneyoshi (TIT) H. Heinisch (HEDL) et al., D. Heikkinen (LUL) and R. Smither (ANL) . Also 
during this period, irradiations for J. Fowler (IANL) will be initiated. 

3 
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HAFNIUM CORE PIECE TEST I N  ORR-MFE4 

L. R. Greenwood and R. K. Smither (Argonne Nat iona l  Laboratory)  

Ob jec t i ve  ____ 1.0 

To t e s t  the neut ron ics  design o f  a hafnium core  p iece to be used i n  t h e  WE4 s p e c t r a l - t a i l o r i n g  experiment 
i n  ORR. 

2.0 Sumnary __ 

Dosimetry measurements were conducted i n  the  ORR du r i ng  February 1984 t o  t e s t  the performance of a hafnium 
core p iece  f o r  t h e  MFE4 s p e c t r a l - t a i l o r i n g  experiment. 
w i t h  and w i thou t  t he  hafnium l i n e r .  
o t h e r  experiments i s  sumnarized i n  Table I .  

F lux  grad ients  were measured i n  p o s i t i o n  C3, bo th  
The r e s u l t s  agree r a t h e r  we l l  w i t h  expecta t ions .  The s t a t u s  of a l l  

TABLE I 

STATUS OF DOSIMETRY EXPERIMENTS 

F a c i l  i ty/Experiment StatusIComments 

ORR 

HFIR 

mega West 

ERR I 1  
IPNS 

Program __- 3.0 

- MFE 1 
- MFE 2 - MFE 4A1 - MFE 4A2 - MFE 48 - MFE 4C - T0C 07 - TRIO-Test - TRIO- 1 - H f  Test  - CTR 32 
- CTR 31, 34, 35 - CTR 30 
- T2, RE1 - T1, CTR 39 - RB2, RB3,  T3 
- CTR 40-52 - JP 1-8 - Spectra l  Ana lys is  - HEDLl 
- HEDL2 - X287 
- Spectral  Ana lys is  - LANLl (Hur ley)  - Hur ley  - Coltman 

Completed 12/79 
completed 06/81 
Completed 12/81 
Completed 11/82 
Ana lys is  i n  Progress 
I r r a d i a t i o n  i n  Progress 
Completed 07/80 
Completed 07/82 
Completed 12/83 
Completed 03/84 
Completed 04/82 
Completed 04/83 
I r r a d i a t i o n  i n  Progress 
Completed 09/83 
Cmp le ted  01/04 
I r r a d i a t i o n s  i n  Progress 
I r r a d i a t i o n s  i n  Progress 
I r r a d i a t i o n s  i n  Progress 
Completed 10/80 
Completed 05/81 
Samples Sent 05/83 
Completed 09/81 
Completed 01/82 
Completed 06/82 
completed 02/83 
Completed 08/83 

T i t l e :  Dosimetry and Damage Ana lys is  
P r i n c i p a l  I n v e s t i g a t o r :  L. R .  Greenwood 
A f f i l i a t i o n :  Argonne Nat iona l  Labora tory  

5 



Relevant DAFS Program Plan Task/Subtask .- ____ - 4.0 

Task I 1  .A .1  F i s s i o n  Reactor Dosimetry 

Accomplishments and Sta tus  _________~_ 5.0 

Dosimetry measurements have been completed f o r  a t e s t  o f  the hafnium core  p iece  designed f o r  t he  WE4 
SpeCt ra l - t a i lO r i ng  experiment i n  t he  Oak Ridge Research Reactor (ORR). The purpose o f  the H f  l i n e r  i s  to 
reduce the  thermal f l ux ,  thereby reduc ing  he l ium product ion  from the  b o - s t e p  thermal capture on 58Ni .  A 
recent  d e s c r i p t i o n  of the experiment has been pub l ished by R. A. L i l l i e  (Neutronics Ca lcu la t i ons  i n  Support 
o f  t he  ORR-WE-4A and 48 S p e c t r a l - T a i l o r i n g  Experiments, A l l o y  Development f o r  I r r a d i a t i o n  Performance, 
Semiannual Progress Report, pp. 38-39, DOE/ER/-0045/11, September 1983). The present  t e s t s  were conducted 
i n  core p o s i t i o n  C3 of the ORR on February 25-26, 1984, both  w i t h  and w i thou t  t he  Hf l i n e r .  
i r r a d i a t i o n s  l a s t e d  f o u r  hours a t  a reduced power l e v e l  of 330 kW. 

Both 

Dosimetry tubes were placed a t  four l o c a t i o n s  i n s i d e  the core p iece,  l a b e l l e d  North, South, East ,  and West. 
Each aluminum dosimetry tube measured 18" i n  l e n g t h  and contained Fe, N i ,  T i ,  and Co-A1 dosimetry wires.  
Fo l l ow ing  the  i r r a d i a t i o n s ,  t h e  tubes were shipped t o  Argonne f o r  ana l ys i s .  Each w i r e  was c u t  i n t o  
17 p ieces,  16 one- inch pieces,  and one 1/2" piece.  The w i res  were then weighed and mounted f o r  Ge(L i )  
g a m a  spectroscopy. I n  a l l  o the r  cases 
o n l y  every t h i r d  sec t i on  o f  each w i r e  was analyzed. 

The Co and N i  w i res  were complete ly analyzed on the  Nor th  s ide.  

The measured r a d i o a c t i v i t i e s  a re  l i s t e d  i n  Tables 11-VI and p l o t t e d  i n  F igures  1-2. 
est imated accuracy o f  +1.5% i n  a l l  cases. 
a t  about 5" below midplane. The uncovered thermal f l u x  a l s o  r i s e s  a t  about 4" above midplane corresponding 
t o  t h e  top o f  the i nne r  aluminum core  p iece  which a l s o  c l e a r l y  a t tenuates  the thermal f l u x  by about 4 0 4 0 % .  

The values have an 
As can be seen, t h e  bare w i res  i n d i c a t e  t h a t  the f l u x  peak occurs 

TABLE I 1  

59Co(n,,160Co A C T I V I T I E S  MEASURED I N  ORR-Hf TEST 

A c t i v a t i o n  Rate, x 10-11 atom/atom-s 
(Average power = 330 kW; co re  p o s i t i o n  C3) 

Bare H f  Sh ie ld  
~ .-. ___.- 

Average Height ,  i n .  N E S W N E S W 

-9.84 7.22 6.71 6.71 6.85 4.53 4.55 4.36 4.46 
-8.84 7.48 3.91 
-7 .84 7.87 3.90 
-6.84 
-5.84 

~ ~~ 

8.23 7.99 7.73 ?.fig 3.94 3.82 3.67 3.60 
8.28 3.87 

-4.84 8.33 3.91 
-3.84 8.34 7.95 7.74 7.93 3.83 3.93 3.62 3.60 
-2.84 7.90 3.69 
-1.84 7.51 3.50 
-0.84 6.78 6.56 6.66 6.54 3.33 3.28 3.23 3.13 
0.16 6.06 3.09 . .. .... ~ ~~ 

1.16 5.58 2.99 
2.16 5.26 5.18 5.14 5.07 3.41 3.47 3.65 3.44 
3.16 4.84 4.11 
4.16 5.34 5.79 5.81 5.62 5.25 5.13 5.71 5.51 
5.16 
5.41 

7.12 

5.91 7.09 7.31 7.35 6.93 6.87 7.16 
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TABLE I 1 1  

58Ni  (n,p)58Co ACTIVITIES MEASURE0 I N  ORR-Hf TESl 
A c t i v a t i o n  Ra te ,  x 10-13 atom/atom-s 

Average He igh t ,  

-9 .&I 
-8.84 
-7.84 
-5.84 
-5.84 
-4.84 
-3.84 
-2.84 
-1.84 
-0.84 
0.16 
1.16 
2.16 
3.16 
4.16 
5.16 
5.41 
5.91 

Bare Hf S h i e l d  

i n .  N E S W -~ 
1.78 1.72 1.64 1.65 
1.90 
1.97 
2.04 2.02 1.94 1.99 
2.03 
2.01 
1.92 1.98 1.93 1.91 
1.81 
1.70 
1.55 1.73 1.68 1.62 
1.47 
1.34 
1.25 1.37 1.38 1.31 
1.17 
1.04 1.12 1.17 1.06 
0.945 

0.955 
0.883 0.934 0.982 

N E 5 W 

1.59 1.55 1.45 1.50 
1.71 
1.78 
1.83 1.85 1.70 1.73 
1.83 
1.52 
1.80 1.79 1.71 1.72 
1.69 ~ ~~ 

1.65 
1.48 1.53 1.52 1.51 

0.927 

0.871 0.959 
0.777 0.930 

TABLE I V  

54Fe(n,p)54Mn ACTIVITIES MEASURED I N  WIR-Hf TEST 
A c t i v a t i o n  Ra te ,  x 10-13 atom/atom-s 

~ __ ____ ~ 

Bare H f  S h i e l d  ___ ~- 
Average He igh t ,  i n .  N E S W N E 5 W 

-9.84 1.23 1.25 1.18 1.22 1.22 1.12 1.05 1.10 
-6.84 1.48 1.47 1.41 1.42 1.39 1.30 1.23 1.30 
-3.84 1.43 1.45 1.45 1.40 1.33 1.28 1.22 1.25 
-0.84 1.18 1.26 1.24 1.20 1.09 1.15 1.08 1.06 
2.16 0.936 0.996 0.985 0.954 0.893 0.928 0.909 0.852 
4.16 0.809 0.834 0.862 0.813 0.740 0.814 0.816 0.762 
5.41 0.759 0.702 0.751 0.709 
5.91 0.650 0.680 0.645 0.693 

- __ 

TABLE V 

58Fe(n,r)SgFe ACTIVITIES MEASURED I N  ORR-Hf TEST 
A c t i v a t i o n  R a t e ,  x 10-12 atom/atom-s 

~ 

Bare H f  S h i e l d  
~ __ 

Average He igh t ,  i n .  N E S W N E 5 W 

-9.84 2.20 2.12 2.07 2.06 1.32 1.29 1.27 1.31 
-6.84 2.47 2.38 2.31 2.36 1.04 1.01 0.957 0.947 
-3.84 2.46 2.45 2.31 2.36 1.03 1.01 0.956 1.00 
-0.84 2.02 2.03 1.96 1.95 0.862 0.901 0.842 0.834 
2.16 1.49 1.58 1.54 1.50 0.976 1.01 1.05 1.04 
4.16 1.73 1.63 2.02 1.74 1.70 1.59 1.85 1.79 

2.42 2.11 2.13 2.21 5.41 
5.91 2.28 2.39 2.09 2.19 
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TABLE V I  

46Ti(n,p)%c ACTIVIT IES MEASURED I N  ORR-Hf TEST 
A c t i v a t i o n  Rate, x 10-14 a tom/a tm-s  

~ 

H f  Sh ie ld  Bare 
____ 

Average Height, i n .  N E S W N E S u 

a 

-9.84 1.60 1.62 1.62 1.57 1.53 1.50 1.42 1.47 
~~ ~~ 

-6.84 1.96 1.92 1.83 1.89 1.75 1.71 1.63 1.64 
-3.84 1.87 1.93 1.88 1.82 1.73 1.69 1.64 1.64 
-0.84 1.56 1.59 1.63 1.58 1.46 1.50 1.42 1.42 
2.16 1.28 1.43 1.34 1.25 1.16 1.23 1.21 1.16 
4.16 1.06 1.11 1.15 1.07 1.00 1.14 1.08 1.02 
5.41 
5.91 

~~ 

1.01 0.964 0.969 0.926 
0.920 0.961 0.885 0.956 

59G0 (n, % 1 I 

-12.0 -8.0 -4.0 0.0 4.0 8.0 
HEIGHT fl0OVE MIDPLflNE,in 

60 F I G U R E  1 .  Measured 5 9 C o ( n . ~ )  Co A c t i v i t i e s  for 
the H f  Test  i n  ORR. 
the  Hf s h i e l d  i s  i n d i c a t e d .  

The p o s i t i o n  o f  

y! 
N ,  I SFPE 

58 FIGURE 2. Measured 58Ni(n,p) Co A c t i v i t i e s  f o r  
t h e  H f  Test i n  Orr. 
t h e  H f  s h i e l d  i s  i nd i ca ted .  

The p o s i t i o n  of 

The hafnium covered w i res  c l e a r l y  show a l a r g e  reduc t i on  i n  t h e  thermal f l u x .  
f a l l s  as we go up the  core p iece.  then f l a t t e n s  ou t ,  and f i n a l l y  r i s e s  near t h e  top. The seemingly st range 
behav ior  WI t he  ends i s  c l e a r l y  due t o  "end e f f e c t s " ,  s i nce  our dosimetry w i res  are l onge r  than t h e  hafnium 
s h i e l d .  
F igures  1 and 2. 

Near the  bottom t h e  f l u x  

The Hf p iece measured 12-1/4" i n  l e n g t h  and the  p o s i t i o n  r e l a t i v e  to our w i res  i s  i n d i c a t e d  on 

.O 

The r a d i a l  g rad ien ts  between t h e  four  d i f f e r e n t  tubes a t  a g i ven  h e i g h t  are c e r t a i n l y  r a t h e r  s m l l ,  (10% i n  
a l l  cases. The Nor th  and East  p o s i t i o n s  a re  t y p i c a l l y  5-10% h ighe r  than the  South and West p o s i t i o n s .  p re -  
sumably due to the  f a c t  t h a t  the cen te r  of the ORR core l i e s  Northeast  of the C3 p o s i t i o n .  
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The sh ie l d i ng  e f f e c t  o f  the hafnium l i n e r  i s  about 50% fo r  t he  58Fe and 59C0(n,~)  reac t ions .  
r eac t i ons  a l so  show an e f f e c t  o f  about 10%. probably due to t he  unusual ly  l a r g e  sca t t e r i ng  cross sect ion of 
H f  o f  about lb i n  t he  1- 3  MeV energy range. 

The f a s t  

The maximum bare and shie lded a c t i v i t i e s  were used t o  a d j u s t  the neutron f l u x  spectrum used p rev ious l y  i n  
t he  ORR-WE4 experiments.1 Table VI1 l i s t s  our  adjusted f l uxes  f o r  each case. 
approximation2 was used t o  ca l cu la te  the  H f  sh i e l d i ng  due t o  the 40 m i l  t h i c k  l i n e r .  Th i s  t r e a t m n t  should 
be a good approximation i n  the  p resent  case due t o  the  s m a l l  th ickness o f  the l i n e r .  However, s c a t t e r i n g  
e f fec ts  a re  no t  t rea ted  proper ly .  
can be seen. t he  e p i t h e n a l  s h i e l d i n g  i s  g rea ter  than t he  t h e n a l  s ince the resonance i n t e g r a l  i s  1900b 
compared t o  a thermal cross sec t ion  o f  104b. 

A simple a n a l y t i c a l  

The sh ie lded  spectrum i s  compared t o  the  bare spectrum i n  Figure 3. AS 

TABLE VI1 

ADJUSTED FLUX VALUES-ORR-Hf TESl  
Average Power 330 kW: Core C3 

Neutron F lux ,  x 1012 nlcm2-s 

Bare H f  Shie ld Shie l  d/Rare 
Enerqy Range ~~~~~-~ ~~ Rat io 

Total 7.22 4.75 0.66 
Thermal* 2.36 1.41 0.60 
0.5eV-0.1 lMeV 2.40 1.05 0.44 
>O . 1 lMeV 2.46 2.29 0.93 

*Total f l u x  <0.5eV assuming an average temperature o f  95OC. 
The 2200 mls f l u x  i s  equal t o  0.79 times the above value. 

.~ ~ ~ _ _ _  

__~_________  

FIGURE3. Comparison of the unshie lded and Hf sh ie lded neutron spectra der ived  by spec t ra l  adjustment w i t h  
the STAYSL c o m u t e r  code. 

The net e f f e c t  o f  the H f  l i n e r  i s  t o  reduce the  thermal f l u x  by 40%. the  e p i t h e n a l  f l u x  by 56%, and the  
f a s t  f l u x  by about 1%. 
R .  A.  L i l l i e  (ORNL). 

These r e s u l t s  w i l l  be compared t o  a more exact neutronics c a l c u l a t i o n  by 
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7.0 Fu ture  Work 

We w i l l  cont inue t o  moni tor  the  progress of the WE4 s p e c t r a l - t a i l o r i n g  experiment i n  ORR. 
be ing  analyzed frm the WE46 experiment. 

Samples are c o w  
Samples were a lso  prepared f o r  f u r t h e r  experiments i n  MIR. 

8.0 Pub l i ca t ions  

TWO papers have been submitted f o r  p u b l i c a t i o n  i n  the  Proceedings o f  the 12 th  I n te rna t i ona l  Symposium on 
the  E f fec ts  o f  Radiat ion on Mate r i a l s ,  Wi l l iamsburg,  VA, 18-20 June 1984. 

1. Measured Radiat ion Environment a t  the  LAMPF I r r a d i a t i o n  F a c i l i t y ,  D. R .  Davidson, R .  C .  Reedy, 
U. F. Somner, and L.  R.  Greenwood. 

2.  The Ca l cu la t i on  of Rad ia t ion  Damage Parameters f o r  t he  LAMPF I r r a d i a t l o n  F a c i l i t y ,  D .  R .  Davidson, 
W. F. Somner, M. S. Uechsler, and L.  R. Greenwood. 
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YEASUREMENT ~ OF 54Fe(n,Zn)53Fe ~-~ CROSS SECTION NEAR THRESHOLD 

R .  I ( .  Smither and L.  R .  Greenwood (Argonne Nat ional  Laboratory)  

1 .o Ob jec t i ve  

To develop new c ross  sect ions and techniques f o r  dosimetry and damage c a l c u l a t i o n s .  

2.0  Sumnary 

A s e r i e s  o f  experiments were performed a t  the  Pr ince ton  Plasma Physics Laboratory t o  measure the  c ross  
sec t i on  o f  the  54Fe(n,Zn)53Fe r e a c t i o n  near th resho ld .  
energies and cover the  1 MeV energy range from th resho ld  (13.64 MeV) to 14.64 MeV. 
sec t i on  was measured r e l a t i v e  t o  t he  27Al(n,p)27Mg c ross  sec t i on  t o  an accuracy o f  a few percent .  
accurate c ross- sec t ion  measurements w i l l  be usefu l  i n  c a l c u l a t i n  damage caused by 14 MeV 0-T plasma 
neutrons i n  Fe and c a l c u l a t i n g  the  p roduc t ion  o f  the  l o n g - l i v e d  23Mn nuc le i  t h a t  account f o r  much of 
t he  b u i l d u p  o f  l o n g - l i v e d  r a d i o a c t i v i t y  i n  s t e e l  s t r uc tu res  and o the r  ferrous m a t e r i a l s  used i n  t he  con- 
s t r u c t i o n  of fus ion  reac to rs .  They w i l l  a l so  p l a y  an important  p a r t  i n  a new method f o r  measuring t h e  
plasma i o n  temperature o f  a 0-T plasma. 

Measurements were made a t  6 d i f f e r e n t  neu t ron  
The 54Fe(n,2n) cross 

These 

3.0 Program 

T i t l e :  Dosimetry and Damage Analys is  
P r i n c i p a l  I n v e s t i g a t o r :  L. R. Greenwood 
A f f i l i a t i o n :  Argonne Nat ional  Laboratory 

4.0 Relevant OAFS Program P lan  Task/Subtask __ 

Task II.A.5 Technique Development f o r  Dosimetry App l i ca t i ons  
Task II .B.1.2 Acau i s i t i on  o f  Nuclear Data f o r  t he  Ca l cu la t i on  o f  Defect  Product ion Cross Sections 

5.0 Accomplishments and . .~ Status  ~~~~~ 

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

The t h resho ld  f o r  the  54Fe(n,Zn)53Fe reac t i on  (13.64 MeV, l a b )  i s  q u i t e  c l ose  t o  t he  Center O f  the  energy 
d i s t r i b u t i o n  of the 14 MeV neutrons generated by a D-T plasma (14.06-14.10 MeV f o r  1-9 keV i o n  temper- 
a tu res ) .  Th is  means t h a t  the (n,2n) cross sec t ion  i s  va ry i ng  r a p i d l y  i n  t h i s  energy reg ion  and i s  q u i t e  
s e n s i t i v e  t o  both the  c e n t r o i d  and t he  w id th  o f  t he  neutron ener y d i s t r i b u t i o n .  It i s  t h i s  s e n s i t i v i t y  

t o  use i t  t o  measure the plasma i on  tem e r a t u r e  i n  D-T plasmas b y  comparing t he  y i e l d  o f  t h i s  r e a c t i o n  t o  
t o  t he  w id th  o f  the  neutron energy d i s t r i b u t i o n  t h a t  makes the  5 fl Fe(n,2n)53Fe very  specia l  and a l lows one 

the  y i e l d  o f  a r eac t i on  l i k e  27Al(n,p)2 P Mg t h a t  does n o t  va ry  r a p i d l y  w i t h  neutron energy. 

Experimental Method 
~ 

5 .2 

The small  D-T neutron generator  a t  t he  P r i nce ton  Plasma Physics Laboratory (PPPl) was used as the neutron 
source t o  i r r a d i a t e  samples o f  i r o n  t h a t  were enr iched t o  97% i n  t he  54Fe isotope.  
t he  i r o n  sample was 56Fe a t  2.57% abundance. 
a mo lecu la r  beam o f  deuterium w i t h  an average beam c u r r e n t  o f  3 ma. 

Most o f  the  r e s t  of 
The neutron generator  was operated a t  1RO keV and acce le ra ted  

The range of neutron energies seen by 
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t he  54Fe samples was c o n t r o l l e d  by va ry i ng  t he  angular p o s i t i o n  of the  sample r e l a t i v e  to t he  d i r e c t i o n  of 
t he  deuteron beam i n  t he  generator .  I n  t h i s  manner t he  mean neutron energy as seen by t he  sample was va r i ed  
from 13.95 t o  14.64 MeV, corresponding t o  an angular  v a r i a t i o n  o f  100" t o  0", respec t ive ly .  
p a r t  o f  the  PPPL i r r a d i a t i o n  f a c i l i t y  i s  t h e i r  f a s t  r a b b i t  t h a t  a l lows one t o  measure sho r t  l i v e d  rad io-  
a c t i v i t y  w i t h  a Ge gama de tec to r  system. The Fe samples were sandwiched between two d isks  of pure A1 . 
The ac tua l  experiment cons is ted  o f  i r r a d i a t i n g  the  Fe-A1 sandwich w i t h  14 MeV neutrons fo r  20 minutes, 
then  t r a n s p o r t i n g  the  sample back t o  t he  count ing  system and count ing  and comparing t he  r a d i o a c t i v i t y  from 
the  S4Fe(n,2n) r e a c t i o n  ( a  378 keV gama w i t h  a h a l f - l i f e  o f  8.53 min.) w i t h  the  r a d i o a c t i v i t y  from the 
Z7Al(n,p) r e a c t i o n  ( a  844 keV gama w i t h  a h a l f - l i f e  o f  9.54 min.). 

An i m w r t a n t  

5.3 Experimental Resu l ts  

A p l o t  o f  the 54Fe(n,2n)53Fe c ross  sec t i on  data as a f unc t i on  of neu t ron  energy i s  shown i n  Fig.  1. 
squares a re  the  e a r l y  data taken i n  J u l y  1983, wh i l e  the  c i r c l e s  a re  the more recent  and more accurate da ta  
taken i n  February 1984. 
27Al(n,p)?7Mg r e a c t i o n  (Ref. 1 )  and t h e  e r r o r s  shown correspond t o  these r e l a t i v e  values.  
p o i n t s  show no e r r o r  bars.  
These e r r o r s  do n o t  inc lude  the  abso lu te  e r r o r  i n  t h e  c ross  sec t i on  f o r  t he  27Al(n,p) r e a c t i o n .  
l i n e  i s  f i t  through the more accura te  da ta  of February 1984. 

The 

These c ross  sec t ions  were measured r e l a t i v e  t o  t he  c ross  sect ion f o r  t he  
SOme of the  data 

The e r r o r s  i n  these p o i n t s  a re  equal t o  o r  l e s s  than t he  Size of t he  P o i n t s .  
A s o l i d  

The two se t s  o f  da ta  agree to w i t h i n  a few 

I I I I 

, 
l I \  

I '  I , &  / \  
/ . : /Y  \ 

,' 0 .  1 
\ .- I I I 

14.0 114.5 15.0 
0 IA 1 1  

13.5 4 
71; 31; 

E , ,  MeV 

FIGURE 1. A p l o t  of the  54Fe(n,Zn)53Fe c ross  sec t ion  as a f u n c t i o n  o f  neu t ron  enerqy. The squares a re  the 
data taken i n  February 1984. 
bu t ions  f o r  D-T plasmas w i t h  i on  temperatures o f  1 keV ( s h o r t  dashed l i n e )  and 9 keV ( l o n g  dashed 
l i n e )  i n  a r b i t r a r y  u n i t s  of neu t ron  f l u x  versus neut ron  energy. 

Superimposed on t he  c ross  sec t ion  data are two neutron energy d i s t r i -  
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percent .  
energies i n  the  16.5 t o  18.0 MeV range. 
neutron energies i n  the  14.0 t o  14.6 MeV range3is n o t  shown because t h e i r  unce r ta i n t i es  are q u i t e  la rge ,  
50% t o  100%. and i n  most cases they a re  3 t o  10 t imes h igher which puts them o f f  scale. The arrow on the 
ho r i zon ta l  ax is  l abe led  "712-", i n d i c a t e s  the threshold f o r  the  54Feln,2n) react ion.  The arrow labe led  
"3 /2 - "  i nd i ca tes  the th resho ld  f o r  the  p roduc t ion  o f  the  3/2- f i r s t  exc i ted  s t a t e  i n  53Fe. This second 
th resho ld  i s  h igh enough i n  neutron energy so t h a t  one can s a f e l y  assume t h a t  most of the observed cross 
sec t ion  observed i n  these experiments i s  associated w i t h  the d i r e c t  p roduc t ion -o f  the 712- ground s t a t e  i n  
53Fe. 

The upper p a r t  o f  the curve i s  f i t  throuqh prev ious ly  publ ished data (Ref. 2 )  fo r  neutron 
The prev ious ly  publ ished data on the  54Fe(n,2n) r eac t i on  f o r  

5.4 Ion Temperature 

Superimposed on t he  cross Section data i n  F ig .  1 are p l o t s  o f  the d i s t r i b u t i o n  o f  neutron energies produced 
by a D-T plasma w i t h  a 1 keV i o n  temperature ( sho r t  dashed l i n e )  and w i t h  a 9 keV i o n  temperature ( l ong  
dashed l i n e ) .  
when i t  operates w i t h  a D-T plasma. 
increases by 34% as the i on  temperature increases from 1 keV t o  9 keV (assuming a thermal e q u i l i b r i u m  d i s -  
t r i b u t i o n  of v e l o c i t i e s )  and should be q u i t e  easy t o  mon i to r  w i t h  these two react ions.1 
t h i s  method of measuring i o n  temperatures depends on l y  on the  e r ro r s  r e l a t e d  t o  the  values o f  the r e l a t i v e  
cross sect ions so i t  i s  no t  necessary t o  know the  value of the absolute cross sections w i t h  any p rec i s i on  
t o  use t h i s  approach. 

These two d i s t r i b u t i o n s  cover the expected opera t ing  range o f  the  new fus ion  reac to r  TFTR 
The r e l a t i v e  y i e l d  o f  the 54Feln,2n) r eac t i on  t o  the 2 7 A l ( n , ~ )  reac t ion  

The accuracy o f  

Production of 53Mn __ 5.5 

53Fe decays to the  l ong- l i ved  nucleus 53Mn which has a 3.8 x 106 y r  h a l f - l i f e .  
be one of the major sources o f  l ong  l i v e d  r a d i o a c t i v i t y  i n  s tee l  and o the r  f e r rous  ma te r i a l s  used i n  the  
cons t ruc t i on  of fus ion  reac to rs .  
accurate ca l cu la t i ons  o f  t h i s  l o n g - l i v e d  a c t i v i t y  from 53Mn t h a t  w i l l  be present  i n  fus ion reac to r  
s t r uc tu res .  
i o n  temperature of the  plasma. The new c ross- sec t ion  values are appreciably lower than most o f  the p re-  
v i o u s l y  publ ished values I 2  t o  10 t imes lower depending on which o l d  r e s u l t s  are used) so t he  ca l cu la ted  
amount o f  l ong- l i ved  53th a c t i v i t y  w i l l  be appreciably lower as w e l l .  

This product ion of 53Mn w i l l  

The accurate cross sect ions measured i n  t h i s  experiinent a l l ow  one to make 

As can be seen i n  F ig .  1 the  p roduc t ion  o f  53Fe and thus 53Mn i s  a sens i t i ve  f unc t i on  of the 
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t r o s s  Section Center, Brookhaven Nat ional  Laboratory, 1976. 

7.0 Pub1 i c a t i o n s  

A paper i s  be ing  prepared descr ib ing  these experiments fo r  p u b l i c a t i o n  i n  The Physical Review. 

8.0 Future Plans 

These h i g h l y  accurate r e l a t i v e  c ross  sect ions for the  54Mnln,2n)53Fe reac t i on  w i l l  be combined w i t h  s i m i l a r  
measurements made on the  27Al(n,Zn)26Al r eac t i on  t o  develop a n e w  method t o  measure D-T plasma i on  temper- 
a tu res  w i th  dosimetry f o i l s .  
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HELIUM GENERATION MEASUREEIENTS FOR EBR-I1 AND ORR 
B. M. Oliver, D. W. Kneff, and R. P. Skowronski (Rockwell International, Energy Systems Group) 

1.0 Objective 

The objectives of this work are to apply helium accumulation neutron dosimetry to the measurement of 
neutron fluences and energy spectra in mixed-spectrum fission reactors utilized for fusion materials 
testing, and to measure helium generation rates of materials in these irradiation environments. 

2.0 Sumnary 

Helium generation measurements have been performed for Fe, Cu, and Ti samples irradiated in the Experi- 
mental Breeder Reactor-I1 (EBR-11) experiment X287 and for iron samples irradiated in the Oak Ridge 
Research Reactor (ORR) experiment MFE4A2. 
helium production rates over the ranlie of fission reactor spectra and fluences used for fusion materials 
testing, and to use the results for integral cross section testing. The present results are significantly 
different from the ENDF/B-V cross section evaluations for all three materials, with the largest difference 
being for titanium (-270%). 
3He, presumably accumulated by the absorption and subsequent decay of tritium from the reactor 
environment. 

These measurements are part of a program to measure total 

The Ti and Cu samples from EBR-I1 also contained significant quantities of 

3 .O 

Title: Helium Generation in Fusion Reactor Materials 
Principal Investigators: 
Affiliation: Rockwell International, Energy Systems Group 

D. W .  Kneff and H. Farrar IV 

4.0 Relevant DAFS Program Plan Task/Subtask 

Task II.A.1 Fission Reactor Dosimetry 
Task II.A.4 Gas Generation Rates 
Subtask II.A.5.1 Helium Accumulation Monitor Development 

5.0 Accomplishments and Status 

Helium generation measurements have been performed for Fe, Cu, and Ti samples irradiated in EBR-I1 and for 
iron samples irradiated in ORR. These measurements are part of a joint Rockwell-Arsonne National Labora- 
tory (ANL) program to measure total helium production rates over the range of fission reactor spectra and 
fluences used for fusion materials testing, and to use the results to integrally test helium production 
cross section evaluations used in damage calculations. 
formed pr viously for nickel samples irradiated i n  nine different materials irradiations in three fission 
reactors.fl) The present results are part of a series of analyses to extend this work to several addi- 
tional materials. 

Measurements and integral testing have been per- 

The Fe, Cu, and Ti sample 
recently supplied by ANL.f2f These samples were etched, to remove all possible surface 

irradiation-generated helium concentrations. 
with good reproducibility. 

rom EBR-I1 were radiometric dosimetry wires from experiment X287 that were 
ects of 

The averaged 4He 

helium recoil, and then segmented and analyzed by high-sensitivity 5as mass spectrometry f5f for their 
Multiple specimens were analyzed for each sample location, 

The absolute uncertainty in each analysis was ?1-2%. 
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measurement results are presented in Column 4 of Table 1. The complete reter!tian of generated helium in 
these materials at the elevated irradiation temperatures has been verified ior be and Cu from a separate 
EBR-I1 experiment, but has not yet been done for titanium. Further verification tests will be performed 
for Ti, Fe,and Cu using encapsulated samples that have been irradiated in EBR-I1 and ORR. 

Irradiation Location 

Material ,(a) Radius 
(cm) (cm) 

TABLE 1 
HELIUM PRODUCTION MEASUREMENTS FOR EBR-I1 EXPERIElENT X287 

4He Concentration 

~ ~ l ~ ~ l ~  e (c) Calculated(c) 
fbf Measured Measur d 

(appm 1 Pb) (appm) 

Fe -0.4 30.0 
-11.4 34.0 
-17.1 33.6 

4.37 3.03 0.69 
2.14 1.54 0.72 
1.52 1.10 0.72 

1.86 2.58 

5.55 2.88 
i;:: I 3.56 

-11.4 34.0 1.93 

Ti t16.2 
-0.4 

-17.1 33.6 I 1.41 3.55 I 2.79 

(a)Distance above core midplane 
(b)Atomic parts per million 
(c)Calculated by L. R. Greenwood usins ENDF/B-V (Ref. 21 

atom fraction) 

Tab1 

sections from the ENDF/B-V General Purpose File. 
concentrations (Table 1, Column 6) show significant differences. 
trations are about 30% and 40% low, respectively, while the helium predictions for titanium are about 270% 
high. 
be made when the helium predictions are recalculated using the ENDFIB-V Gas Production File. 
raise the predictions slightly by includins some previously omitted heliunkproducing reaction channels. 

Selected samples from the EBR-I1 experiment were also analyzed for their 3He content. The 3He concen- 
trations were presumably produced by the accumulation of reactor tritium in the samples, and its subse- 
quent decay t o  3He. 
tion, based on the relatively long tritium half-life (12.33 years!. The titanium samples contained the 
greatest 

tion location 16.2 cm above core midplane, to 8 appn at the irradiation location closest to core midplane 
(-0.4 cm). 
samples during irradiation. 

The analyzed iron samples from ORR experiment ElFE4A2 (MFE4A, over the irradiation period June 12, 1980- 
April 26, 1982) were incorporated in that experiment for both helium accumulation and radiometric dosi- 
metry measurements. After radiometric countins at ANL, they were etched and segmented at Rockwell for 
helium analysis. Helium measurements were then made for multiple segments from each irradiation loca- 
tion. 

1 also includes the helium concentrations predicted in these materials by L. R. Greenwood of 
ANL. P 2 )  These predictions are based on radiometric dosimetry analyses plus helium production cross 

Comparisons between the measured and calculated helium 
The predicted Fe and Cu helium concen- 

Further comparisons will These differences suggest a need for adjustments in the ENDFIB-V files. 
This may 

Much of the 3He appears to have been produced subsequent t o  the 1977-78 irradia- 

oncentrations of 3He, which would be expected because titanium is a good hydrogen Setter. 

These measurements demonstrate the presence of relatively large quantities of 3H in the 

The 
measured 5 He concentrations in titanium ranged from 0.04 appm (4 x 10-8 atom fraction) at the irradia- 

The analysis results are sunmarized in Table 2, Column 4. 

Predicted helium concentrations in the MFE4A2 samples are given in Column 5 of Table 2 .  
are also based on the ENDF/B-V General Purpose File 
exposure core-height location (-5.84 cm) for MFE4A214) as an estimate for the -6.27-cn irradiation 
position. Predictions for the other two lccations were calculated from these 
using the ratios of the measured 54Fe(n,p) reaction rates in the four sanples.T4j: The predictions are 
about 10% below the present helium measurements, as seen in Column 6 of Table 2 .  

These predictions 
They use Greenwood's calculations for the naximum- 

a imum-exposure values 
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TABLE 2 

HELIUM PRODUCTION MEASUREMENTS FOR ORR-WE4A2 IRON 

Irradiation Location 

Sample Z(a) Radius 
(cm) 

Fe-5B -6.27 inner 

Fe-8B -6.27 outer 

Fe-48 -14.69 outer 

Fe-1B -14.84 inner 

4 ~ e  Concentration 
Calculat d(C) ~~ Calculated(c) 'leasurfi ) (appmlfb) Measured (appm) 

1.62 1.50 0.93 

1.80 1.57 0.87 

1.58 1.47 0.93 

1.54 1.40 0.91 

(a)Distance above core midplane 
(b)Atomic parts per million (10-6 atom fraction) 
(C)Based on calculations by L. R. Greenwood (Ref. 4; see text) using ENDF/B-V 

Sample preparation and helium analysis work are continuiny for several additional samples of Fe, Cu, and 
Ti incorporated in a number of different experiments in ORR and HFIR (High Flux Isotopes Reactor). More 
detailed integral testing of the ENDF/B-V Gas Production Files will follow, in a joint effort with ANL. 

6.0 References 

1. D. W .  Kneff, R. P. Skouronski, E.  M. Oliver, and L. R. Greenwood, "A Comparison of Measured and 
Calculated Helium Production in Nickel for Fission Reactor Irradiations," in Damage Analysis and 
Fundamental Studies, Quarterly Progress Report July-September 1983, DOE/ER/00'46/15, U.S. Department 
of Energy. 12 (1983). 

2. L. R. Greenwood, "Fission Reactor Dosimetry," in Damage Analysis and Fundamental Studies, Quarterly 
Progress Report July-September 1981, DOE/ER-0046/7, U.S. Department of Energy, 8 (19811. 

3. H. Farrar IV, U. N. FlcElroy, ;nd E. P. Lippincott, "Helium Production Cross Section of Boron for 
Fast-Reactor Neutron Spectra, Nucl. Technol., - 25, 305 (1975). 

4. L. R. Greenwood, "Dosimetry and Damage Analysis for the MFE4A Spectral Tailoring Experiment in ORR," 
in Damage Analysis and Fundamental Studies, Quarterly Progress Report October-December 1982, 
DOE/ER-0046/12 , U.S. Department of Energy, 14 (1983). 

7.0 Future Work 

Helium measurements and integral cross section testing are in progress for Cu, Fe, and Ti, irradiated in 
several mixed-spectrum fission reactor environments. Other materials will follow, including the irradia- 
tion of new materials, such as Cr and flo. The goals of this work are the accurate prediction of helium 
generation in materials irradiation experiments and the further development of helium accumulation fluence 
monitors for stable-product neutron dosimetry. 

8.0 Publications 

None. 

16 



CHAPTER 3 

REDUCED ACTIVATION MATERIALS 
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SWELLING BEHAVIOR OF MANGANESE - BEARING STEEL AIS1 216 
D. 8. Gelles and F. A. Garner (Hanford Engineering Development Laboratory) 

1.0 Objective 

The object of this effort is to provide an early indication of the radiation response of low activation 
austenitic alloys based on manqanese substitution for nickel. 

2 .0 Sumnary __ 

The inclusion of 8.5 wt% manganese in AISI 216 (Fe-6.7Ni-8.5Mn-20Cr-2.7Mo-0.32Si) does no t  appear to alter 
the swelling behavior from that found to be typical of austenitic alloys with comparable levels of 
austenite-stabilizing elements. The swelling in AISI 216 in EBR-I1 is quite insensitive to irradiation 
temperature in the range 400 - 650OC. 
precipitation that occurs in the alloy. 

Microscopy reveals that this may arise from the low level of 

3.0 Prograrn 

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

4.0 Relevant DAFS Program Plan Task/Suhtask 

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

5.0 Accomplishments and Status 

5.1 Introduction 

The development of low activation alloys has been accepted as one of the goals of the materials program of 
the U.S. Magnetic Fusion Energy Program. Toward this objective, irradiation of a series of such alloys has 
already comnenced in FFTF, utilizing the MOTA-15 experiment.lY2 One group o f  these alloys is based on 
the substitution of manganese for nickel as an alternate Path A development approach. 

In order to provide an early forecast of the behavior of such alloys in a radiation environment, three 
steps have been taken. 
tional dependence of swelling. The second involves the use of ion bombardment to provide a survey of the 
compositional dependence of swelling in the Fe-Cr-Mn system. The third effort centers an the examination 
of manganese-stabilized alloys that have already been subjected to irradiation. 

One involves the use o f  a diffusivity-based swelling model t o  predict the composi- 

Several charged particle irradiations of manganese-stabilized austenitics have been reported in the scien- 
tific literature and show that manganese substitution does not in general confer immunity from either swel- 
ling or phase in~tabilities.~-~ 
alloy has been published, however. 

Only one set of neutron-induced swellinq data on a manganese-bearing 
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FIGURE 1 .  
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Nickel Content and Teinpprature for the Solution-Treated I3109 Alloys.6 

TABLE 1 

DENSITY MEASUREMENT RESULTS FOR AISI 216 
SPECIMENS CONTAINED IN THE 6-109 EXPERIMENT. 

Irradiation 
Specimen Temperature Fluence 

Identification ("C) 1022n/cm2 (E > 0.1 MeV) (dpa) 
~ 

NM 400 
NL 427 
NE 454 
NF 482 
NK 510 
NG 538 
NJ 593 
NH 650 

3.3  16.5 
4.3 21.5 
3.4 17 
4.4 22 
5.1 25.5 
5.1 25.5 
5.4 ?7 
5.4 27 

Swelling 
(%)  

0.39 
1.04 

2.08 
2.77 
3.01 
3.35 
2.611 

0.70 

Bates and Powell reported swelling data for a larqe range of commercial alloys irradiated in the 6109 and 
AA-I experiments conducted in EBR-11.6 One o f  the commercial alloys was annealed AISI 216 which has a 
composition (wt%) o f  Fe-6.7Ni-8.5Mn-20Cr-2.7Mo-0.32Si-0.07C-D.16N. As shown in Fiuure 1 and Tahle 1 ,  thi? 
alloy swelled more than the other alloys in the 8109 experiment. Bates and Powell attributed this higher 
swelling primarily to the lower nickel content of the alloy. 

The present report considers the response of A I S 1  216 from the B109 experiment in greater detail. 
Specimens irradiated at 427°C and at 593°C have been examined by transmission electron microscopy to assess 
the consequences on void swelling and microstructural evolution of manganese substitution for nickel. 

5.2 Experimental Procedure 

Specimens of AISI n/cm2 (E > O . 1  MeV) and at 
593°C to 5.4 x 1025 n/cmZ (E > 0.1 MeV) were cbtained from storage. The heat treatment given prior 
to irradiation was 1066°C for 1 hour, followed by a water quench. The specimens were in the form of 3.fl rnm 
diameter x 0.3 mm thick disks which had been sliced from the irradiated 1.3 cm long rods. Specimen pre- 
paration for transmission electron microscopy and examination followed routine procedures. 

16 irradiated in the 6109 Test at 427°C to 4.3 x 
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5.3 Results 
~ 

AIS1 216 was found to have developed microstructures during irradiation similar to those of other 
austenitic stainless steels. Voids were found in both specimens examined; the 593OC condition Contained 
higher void swelling as anticipated from the density measurements. 
tion networks were found in the 427°C specimen but only perfect dislocation networks were ohserved at 
593°C. Only a few precipitates were found in either of the specimens. I n  general, these few precipitates 
were associated with cavities. 

Both Frank loops and perfect disloca- 

Examples o f  these microstructures are provided in Figure 2. 
the vicinity of grain boundaries for specimens irradiated at 427 and 593°C. 
be denuded of voids and contain M23Cg particles. Away from the boundaries, the voids are uniformly 
distributea. The void structures are shown at higher maqnification in Figure 2c and 2d. The voids are 
facetted and are in the shape of truncated octahedra, typical of austenitic steels. Several examples can 
be identified where precipitates are attached to voids. 
field imaging conditions in Fiqures 2e and 2f. 
features in Figure ?e. 
316 (20% C N )  which was irradiated under identical conditions are shown in Figures 2 g  and 2h. It is 
apparent that the swelling is not only lower in AISI 316 but that gamma prime (Ni3Si) and G-phase 
precipitates are present at higher number densities. 

Figures 2a and 2b compare void structures in 
The grain houndaries tend to 

The dislocation structures are shown under dark 
Two of the four sets of Frank loops are visible a s  frinqed 

I n  order to emphasize the reduced precipitation in this alloy, micrographs of AIS1 

5.4 Discussion 

If the results of density measurements for AISI 216 specimens, as given in Tahle 1 ,  are plotted as  a 
function of neutron fluence, a new insight emerges. The swelling o f  annealed AISI 21h appears to exhibit 
essentially no dependence on irradiation temperature between 400 and 650'C. This is consistent wlth the 
temperature-independence of swelling often observed in austenitic alloys,' although it is surprisina that 
the transient regime is insensitive over such a large regime of temperature. This insensitivity is likely 
due to the lack of precipitation in the alloy. The swelling curve for AISI 216 lies in the range hetween 
that usually inhabited by annealed AISI 304 and AISI 316 as might be expected from the total Ni  + Mn level 
of the three steels. This is only a qualitative comparison since the transient duration i s  affected not 
only by the nickel and manganese content but a l s o  by other factors such as the annealing temperature and 
the silicon and carbon content. 

It i s  encouraging, however, to note in a steel in which a substantial portion of the nickel has been 
replaced by manganese that the swelling behavior is quite typical of the class of austenitic stainless 
steels as we currently understand them.' 
involve the radiation-induced segregation and phase evolution as well as  the effect of manqanese content on 
swelling inhibition. If, however, the manganese and nickel are eventually removed from solution by preci- 
?itation in the same manner as is nickel in 300 series alloys, manqanese-stabilized alloys may exhibit a 
lass of austenitic stability. 
pression similar to that observed in Fe-Cr-Ni ternary alloys with high nickel levels. 

The major questions remaining to be explored, therefore, 

It is hoped that much higher levels o f  manganese may provide swelling Sup- 

5.6 Conclusions 

Microstructural examinations of A I S 1  216 specimens which had heen neutron irradiated at 477 and 593°C show 
that manganese levels of 8.5% do not alter the swelling response of the alloy compared to the hehavior of 
other austenitic stainless steels. 
alloy is independent o f  temperature, in qood agreement with the ohserved behavior of other austenitic 
steels. 
reponse remains typical of austenitic stainless steels. 

Post-irradiation density measurements demonstrate that swelling o f  this 

Although a substantial fraction of the nickel content has been replaced by manganese, the Swelling 

6.U References 

1 .  F. A. Garner, H. R. Brager and D. S .  Gelles, "Reduced Activation Activitie8,"pamage Analysgis 
Fundamental Study Progress Report, DOE/ER-0046/16, p .  17 , March 1984. 

2. H .  R. Brdger and F. A. Garner, "Fundamental Alloy Studies," Damage Analysis and Fundamental Studies, 
Quarterly Progress Report DOE/ER-D046/17, p. 9 2 ,  June 1984. 

M. Snykers and E. Ruedl, J .  Nucl. Mater. 103 & 104, p. 1075, 1981. 3. 
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FIGURE 2. Examples o f  Microstructures Observed in AISI 216 Irradiated at 427 and 593°C. 
provide a comparison with 20% cold-worked AISI 316 specimens irradiated under identical condi- 
tions. The density changes of the AISI 316 specimens were -0.13% at 427°C and 1.34% at 593°C. 

Figures 2 g  and 2h 
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FIGURE 3.  Swel l ing i n  AIS1 216 I r r a d i a t e d  w i t h  the  5109 Test P l o t t e d  as a Function o f  Fluence. No st rong 
dependence on i r r a d i a t i o n  temperature i s  observed. 

4.  

5. 

6. 

D. J .  Mazey, J .  A. Hudson and J .  M. Titchmarsh, J. Nucl. Mater. - 107. p. 2, 1982 . 
R. M. Boothby, 0. R. Harr ies and T. M. Will iams, J .  Nucl. Mater. E. p .  16, 1983. 

J. F. Bates and R. W. Powell, 3.  Nucl. Mater. - 102, p. 200, 1981. 

7. F. A. Garner, "Recent I ns i gh t s  on the  Swell ing and Creep o f  I r r a d i a t e d  Aus ten i t i c  Alloys,'' i n  Ref. 1, 
p. 17. ( t o  be publ ished i n  J .  Nucl. Mater.). 

7.0 Future Work 

This  work i s  complete. 

8.0 Pub1 i ca t i ons  

None. 
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CHAPTER 4 

FUNDAMENTAL MECHANICAL BEHAVIOR 
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CORRELATION OF A I S I  316 STAINLESS STEEL YIELD STRENGTH WITH IRRADIATION-INDUCED MICROSTRUCTURE 

R .  L .  Simons (Hanford Engineer ing Development Laboratory)  and L. A. H u l b e r t  ( C o r n e l l  U n i v e r s i t y )  

1.0 O b j e c t i v e  

Tne o b j e c t i v e  of t h i s  e f f o r t  i s  t o  model the  change i n  y i e l d  s t r e n g t h  due the  va r ious  i r r a d i a t i o n- i n d u c e d  
m i c r o s t r u c t u r a l  comvonents. 

2 .o Sunmary __ 

Iniprovements i n  t h e  c o r r e l a t i o n  of change i n  y i e l d  s t r e n g t h  i n  A I S I  316 s t a i n l e s s  s t e e l  w i t h  m i c r o s t r u c t u r e  
were e f f e c t e d  b y  re-examining the  r o l e  o f  short- range obstac les.  
r e l a t i v e  t o  t h e i r  spacing, shape o f  the  obstac les,  and the  d i s l o c a t i o n  co re  r a d i u s  were appl ied.  
t i o n ,  the concept o f  shear ing the  p r e c i p i t a t e s  ins tead  o f  bowing around them was used t o  e x p l a i n  t h e  
e f f e c t s  of p r e c i p i t a t e  hardening. I n  t h i s  ana lys is  i t  i s  concluded t h a t  l a r g e  changes i n  y i e l d  s t r e n g t h  
may be produced i n  h i g h  s w e l l i n g  m a t e r i a l s .  

E f f e c t s  due t o  the  s i z e  of the  obs tac les  
I n  addi-  

3.0 Program 

T i t l e :  I r r a d i a t i o n  E f f e c t s  Ana lys is  (AKJ) 
P r i n c i p l e  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 Labora to ry  

4 .o Relevant OAFS P lan  TaskISubtask 

5 rbrasr  I I .C . L  r f f e c t 5  o f  r?  3 1 1  M I C r O S t r J C t r W  
>4t,tas*. I : . C . 4  t f f e c r s  o f  Su11.1 Trarisi i.tantr ~n Y l C r 0 5 t r U C t . r ~  
Subtask 11.C.14 Models o f  Flow and Frac tu re  Under I r r a d i a t i o n  

5.0 Accomplishments and Status 

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

The neutron s e r v i c e  environment o f  a f u s i o n  device i s  more severe than i s  found i n  a f i s s i o n  r e a c t o r .  The 
f u s i o n  environment can have h igher  dpa r a t e ,  t o t a l  damage exposure, and d i f f e r e n c e s  i n  cascade morphology 
than found i n  f i s s i o n  reac to rs .  
subsequently, d i f f e r e n t  end products w i l l  be formed. Transmutat ion products u l t i m a t e l y  can a f f e c t  the  
dimensional s t a b i l i t y  (vo id/bubbles)  and mechanical i n t e g r i t y  (vo idsfbubbles1 p r e c i p i t a t e s )  o f  t h e  m a t e r i a l .  

The t ransmuta t ion  r a t e  w i l l  be h igher  and w i l l  f o l l o w  d i f f e r e n t  paths, and 

The s t r e n g t h  o f  t h e  meta l  i s  s e n s i t i v e  t o  t h e  i r r a d i a t i o n  induced mic ros t ruc tu re .  
i n  t h e  i r r a d i a t i o n  induced m i c r o s t r u c t u r e s  caused by f i s s i o n  versus t h a t  caused h y  f u s i o n  neutrons are n o t  
e a s i l y  s tud ied .  However t h e r e  have been severa l  attempts t o  p a r t i a l l y  s imu la te  t h e  e f f e c t s  expected i n  t h e  
f u s i o n  environment. I r r a d i a t i o n  i n  the  High F l u x  I so tope  Reactor (HFIR) produces l a r g e  concen t ra t ions  of 
he l ium b u t  t h e  he l ium produc t ion  r a t e  i s  n o t  l i n e a r  i n  t i m e  and the  major  p o r t i o n  o f  t h e  he l ium i s  produced 
i n  a damage exposure regime a f t e r  n u c l e a t i o n  has slowed. 

The e f f e c t  of d i f fe rences  
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Johnson e t  a l . , '  p red i c ted  t he  y i e l d  s t r eng th  change from the  m ic ros t ruc tu re  o f  316 S S .  
behavior  o f  both s o l u t i o n  annealed and 20% CW 316 s t a i n l e s s  s t e e l  were success fu l l y  p red ic ted .  
ana lys is  they  assumed Orowan fo rces  impeded the  mot ion o f  a d i s l o c a t i o n .  
assumed t o  be small  compared t o  t h e i r  separat ion i n  t he  s l i p  p lane.  

Garner e t  a1.,2 r e f i n e d  Johnson's ana lys is  by t r e a t i n g  f a u l t e d  loops as another source o f  d i s l o c a t i o n  
l i n e  length.  
were a d d i t i v e  and t he  components o f  sho r t  range fo rce  were added i n  quadrature as were the  components o f  
long range forces. 

The general 
I n  t h e i r  

The d i s l o c a t i o n  obstacles were 

They a l so  determined t h a t  the  increments o f  y i e l d  s t r eng th  from sho r t  and long  range f o r ces  

Brager e t  al.,3 compared measured y i e l d  s t reng ths  w i t h  p red i c t i ons  f rom the  m ic ros t ruc tu res  observed i n  
the  broken t e n s i l e  g r i p s  of s o l u t i o n  annealed 316 and 304 s t a i n l e s s  s t e e l  specimens. He ound f a i r l y  good 

a f a c t o r  o f  three.  I t  i s  noted that Garners e t  a l ' s  p r e c i p i t a t e  c o n t r i b u t i o n  was based on t he  gama prime 
( y ' )  p r e c i p i t a t e  on l y .  
The r o d  p r e c i p i t a t e  decreased the  mean d is tance  between obstacles by a f a c t o r  o f  th ree .  T h i s  accounts f o r  
t he  success of the  new E (1 /3 )  f a c t o r  used by Brager e t  a l .  Th i s  r e s u l t  i l l u s t r a t e s  a general problem 
t h a t  da ta  on s i ze  and d e n s i t y  of p r e c i p i t a t e  are f r equen t l y  n o t  q u a n t i t a t i v e l y  r epo r ted  because o f  h i gh  
v a r i a b i l i t y  w i t h i n  t he  m a t e r i a l  and a t  t imes w i t h i n  a grain.4 

agreement p rov ided t h a t  the  p r e c i p i t a t e  c o n t r i b u t i o n  t o  the  y i e l d  s t r eng th  used by Garner f was reduced h y  

Brager e t  al. ,  observed both 7 '  (N i3S i )  and a phosphorous r i c h  r o d  p r e c i p i t a t e  (Fez1 

An Orowan obs tac le  impedes the  movement o f  a d i s l o c a t i o n  by r e q u i r i n g  i t  t o  bow around t h e  obstacles.  
loop  should be l e f t  around t he  impeding obs tac le .  However, t h i s  i s  no t  gene ra l l y  observed. An a l t e r n a t e  
approach i s  t o  assume the  obs tac le  i s  sheared by t he  d i s l o c a t i o n .  
l o c a t i o n  by the  obs tac le  i s  i n v e r s e l y  p ropo r t i ona l  t o  the  d is tance  between t he  obstacles.  
i t  was aSSUmed t h a t  the  diameter o f  the  obs tac le  was much smal ler  than the  d is tance  between obstacles i n  
t he  s l i p  plane. These 
and o ther  e f f e c t s  a re  addressed i n  t h i s  paper. 

A 

The f o r c e  necessary t o  pass t he  d i s -  
I n  past  analyses 

For l a rge  obstacles t h e i r  s i ze  can decrease the e f f e c t i v e  d is tance  between them. 

5.2 Ana lys is  

Three m i c r o s t r u c t u r a l  components are considered i n  t h i s  ana lys is :  
shapes, 2 )  vo ids  o r  bubbles, and 3 )  d i s l oca t i ons ,  e i t h e r  as f a u l t e d  loops o r  d i s l o c a t i o n  l ' nes .  The 
a d d i t i o n  of s t resses  f rom the  var ious  obs tac les  i s  done i n  t he  same manner as Garner e t  a1 . The 
d i s l o c a t i o n  b a r r i e r s  a re  c l a s s i f i e d  as e i t h e r  long range ( L R )  o r  s h o r t  range ( S R ) .  
i n t e r a c t i o n  occurs due t o  t he  s t r ess  f i e l d  around t he  obs tac le  and can a f f ec t  t he  mot ion o f  t he  moving 
d i s l o c a t i o n  even if the obs tac le  and moving d i s l o c a t i o n  a re  no t  on t he  same s l i p  plane. Short  range 
i n t e r a c t i o n s  r e q u i r e  con tac t  between the  d i s l o c a t i o n  and the  obs tac le  on the  same s l i p  plane. I n  t h i s  
ana l ys i s  the  convers ion f rom shear s t r ess  t o  u n i a x i a l  tens ion  s t r ess  i s  by the  Von Mises f a c t o r  (8) 
which i s  incorpora ted  i n  t he  c a l i b r a t i o n  constants f o r  each component o f  t he  h a r r i e r  s t resses .  

1 )  p r e c i p i t a t e s  o f  va r i ous  s izes  and 

3 
The l ong  range 

The change i n  y i e l d  s t r eng th  (Aoys) i s  g iven  by 

The components of t he  LR and SR s t resses  are  added i n  quadrature. That i s  

where doL, i s  the s t r ess  requ i red  t o  pass a s t a t i o n a r y  loop such as a Frank Loop. 

due t o  the  network d i s l oca t i ons .  Di f ferences between screw and edge d i s l o c a t i o n s  are n o t  considered i n  
t h i s  ana l ys i s .  

The s t r e s s  i s  
1 

The components o f  t he  SR s t resses  are 

2 Aa2 = An2 + IAo SR V 1 P i  
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where boy is the contribution due to voids or bubbles and bop 
Precipitates. 

is the contribution due to various 

5.3 Prec ip i t ate8 

There are two niechanisms by which a precipitate may harden a material5.6: 1) Orowan bowing around the 
precipitate, and 2) shearing of the precipitate. The shearing mechanism is expected in small coherent 
precipitates while the bowing mechanism is expected in large coherent or in incoherent precipitates. The 
dpplitd stress necessary to force a dislocation through a coherent precipitate has four components: I )  the 
work to disorder the precipitate, 2) the work to create a jog in the dislocation when the slip planes do 
n o t  match, 3) the work to create additional area within the precipitate during shearing, and 4 )  the work to 
overcome the misfit stress field around the precipitate. 
term. The applied tensile stress required to shear the coherent precipitate is given by 

The first contribution is by far the dominant 

dhere yP is the surface energy due to disordering the coherent precipitate, d is the geometry corrected 
average precipitate diameter (following Kelly7 dZ = h/3d for spheres and dR = &d for rods), b 
is the burgers vector, and L is the slip plane distance between precipitates. The value of L depends on 
the diameter as well as the density of the precipitates (L = /f/A - d), mA is the center to center 
distance between precipitates, f is the fractional volume, and A is the projected area on the slip plane. 

The only unknown is the surface energy yP. 
a critical ordering temperature (T ) for dissolution of a precipitate. The critical temperature used in 
this analysis was 103i°C for Ni3Sii;y') and 1365°C for Fe2P which are the dissolution temperatures in 
the binary system. The values of yP determined for Ni3Si and Fe P were 102 and 44 ergsfcmz, 
respectively. I n  both cases a long range ordering parameter of f . 0  was used. A shift in the critical 
temperature of + l O O ° C  shifts yP by 10%. 
distribution of-r' is considered to be representative of precipitate behavior as a function of 
temperature. The Y '  is not observed above %550"C but is replaced by other precipitates. Each type of 
coherent precipitate should have a unique yP. 

This was estimated by the method of Williams.8 He assumea 

Since many of the precipitate contain silicon, the 

Tne resulting equation describing applied stress (MPa) to shear a spherical coherent 4 precipitate is 

bocs = 513 d 
1 - 0.81 d ."d 

and for rod shaped Fe2P precipitates is 

. 304 d f"C 
C K  1 - a m  

A0 - 

where a is the diameter of the rod or sphere, ! is the length of the rod, and N is the precipitate 
density. 
inore effective obstacles than spherical obstacles for the same volume fractions and surface energy.7 

These expressions account for effective diameters given by Kelly.7 Rod shaped precipitates are 

The dislocation bows around the precipitate when the precipitate becomes very large or is incoherent. 
this case the form of the Orowan equation' relating spherical microstructural obstacles to change in 
yiela strength is 

I n  

bo = Gb Log, (0.81 d/2b) IS 1 - 0.81 d 4Vd ( 7 )  

and for rod shaped obstacles is 

26 



bo = o'20 Gb Log, ( f i d / Z b )  1R I - d a  

where N, L, and d were de f ined  above and G i s  the  shear modulus. 
Poisson r a t i o  of 0.3 and inc ludes  t he  &'Jon Mises f ac to r  and geometral co r rec t i ons .  

The constants 0.28 and 0.20 assumes a 

The ope ra t i ve  hardening mechanism w i l l  be the  one r e q u i r i n g  t he  l e a s t  app l i ed  s t r ess  t o  pass t h e  obs tac le  
i n  the s l i p  plane. The t r a n s i t i o n  occurs when t he  s t r ess  t o  shear and bow are  equal .  Th i s  w i l l  be shown 
g r a p h i c a l l y  f o r  a g iven  p r e c i p i t a t e  d i s t r i b u t i o n .  
s t a i n l e s s  s t e e l  i r r a d i a t e d  i n  Dounreay Fast Reactor 

temperature a re  a l so  shown. A l l  o f  t he  da ta  gene ra l l y  f o l l ow  the  y '  d i s t r i b u t i o n .  
I' diameter versus r e c i p r o c a l  temperature. The diameter o f  I' increases w i t h  inc reas ing  i r r a d i a t i o n  
temperature. 
f a c t o r  of t e n  less .  T h i s  suggests t h a t  the  I' reaches an e q u i l i b r i u m  s i ze  e a r l y  i n  the  i r r a d i a t i o n .  
f o l l o w i n g  emp i r i ca l  equat ions were f i t  t o  Ndp and dp f o r  4 as a f unc t i on  o f  temperature: 

F igure  1 shows Nd f o r  a y '  p r e c i p i t a t e  i n  20% C W  316 
DFR) t o  f luences of 29-39 d a a t  temperatures from 

40O-52O0C.9 The Y '  data  on s o l u t i o n  annealed 316 SS i , and laves and n phaselO,lT da ta  a t  h igher  
F i gu re  2 shows t he  

The da ta  f o r  SA 316 SS f i t  t he  C W  316 da ta  reasonably w e l l  even thouqh t he  exposures i s  a 
The 

(9 )  Nd = 1 
P ''e + 13800/Tk +3.81 x 10 - 2 e -13800/Tk ' 

2.98 x 10- 

4 -3676/Tk (10)  and dp = 2.16 x 10 e 

where Tk i s  the  i r r a d i a t i o n  temperature i n  Ok. 
evaluated us ing  these equat ions.  

The behavior of t he  shear ing and bowing mechanisms were 

F i g u r e  3 shows Ao versus temperature f o r  sphe r i ca l  p r e c i p i t a t e s  us ing  each o f  t he  models. 
comparable curves f o r  Garner e t  a12 and Brager e t  a i ' s 3  normal iza t ion .  
m u l t i p l y i n g  the  former by 1/3 a t  400°C. 
i m p l i c a t i o n  o f  such a normal iza t ion .  
temperature dependences. 
t o  a c r i t i c a l  diameter o f  over 300A. 

Also shown are 

However i t  i s  shown over a broader temperature range t o  show the  
I t  i s  apparent t h a t  the  shear ing and bowing mechanisms have d i f f e r e n t  

The l a t t e r  was made by 

The t r a n s i t i o n  between shear ing and bowing occurs a t  d00"C.  Th is  corresponds 

5.4 

Both network and Frank loop  d i s l o c a t i o n s  a re  t r ea ted  the  same as i n  previous analyses.1,2 The average 
spacing i s  expressed i n  terms o f  t he  d i s l o c a t i o n  dens i t y  and the  p re fac to r  term o f  0.19 i s  m u l t i p l i e d  by 
the  Von Mises f a c t o r .  T h i s  works reasonably we l l  a t  temperatures >350°C. A t  lower temperatures the  
p re fac to r  may be 30% h igher .  
should be 0.25.12 
p re fac to r  o r  nonobserved hardening mechanisms. 
TEM r e s o l u t i o n  l e v e l  ( G 2 O A ) .  However, a t  these low i r r a d i a t i o n  temperatures the  he l ium atoms are  n o t  
expectea t o  be mobi le enough t o  forin bubbles i n c l u d i n g  more than a few atoms. 
r e s i d u a l  An not  accounted f o r  by Frank l o o  s and network d i s l o c a t i o n s  i s  a t t r i b u t e d  t o  t he  b lack  spots.  
Tne b lack spots were repor ted  t o  be loops1$. However, t he  p r e f a c t o r  deduced from the  da ta  (0.80d = 
1.39) i s  cons i s tan t  w i t h  Orowan hardening obstacles.  

D i  s 1 ocat  i on s 

C o r r e l a t i o n  o f  u n i r r a d i a t e d  MFE heat  316 SS da ta  i n d i c a t e  t h a t  t he  p re fac to r  
Furthermore, c o r r e l a t i o n  o f  the  H F I R  i r r a d i a t e d  da ta  requ i res  e i t h e r  a l a r g e r  

One p o s s i b l i t y  i s  microvoids w i t h  d iameter  l ess  than t he  

I n  t h i s  ana l ys i s  t he  

5.5 Voids and Bubbles 

I n  t h i s  ana l ys i s  the  equat ion f o r  v o i d  hardening developed by Scattergood and Bacon13 i s  used. 
o f  t h e i r  equat ion f o r  the  case o f  a zero sur face  energy parameter i s  

The fo rm 

1 '"ld (1-0.81 d m )  bo = aGb 
( 1  - 0.81 d AVT) 

__ 

where G i s  the  shear modulus, N i s  t he  dens i t y  o f  vo ids  o r  bubbles, d i s  the  vo id  o r  bubble diameter, and 
a and n are  ad jus tab le  parameters. 
the  d q  equat ion t o  the  r e s i d u a l  b o  a f t e r  s u b t r a c t i n g  t he  c o n t r i b u t i o n s  due t o  t he  o the r  hardening 
components i n  SA 316 SS data.3. 
d i f f e r e n c e  between two l a r g e  numbers. 

The parameters ( a  = 1.39 and n = 3.3) were determined by f i t t i n g  

Th is  approach i s  f a i r l y  unce r ta i n  because A V  i s  determined f rom t h e  
The c o r r e l a t i o n  equat ion i n  F igure  4 ex t rapo la tes  t o  zero a t  
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%10A. 
severai  burgers vec to rs  i n  diameter should n o t  c o n t r i b u t e  t o  hardening because they  a re  t o o  smal l  t o  
s i g n i f i c a n t l y  lower t he  d i s l o c a t i o n  energy. 
ve ry  small  vo ids  o r  bubbles du r i ng  s low deformation processes. 
da ta  on 3He doped 309 SS which conta ined a h i gh  dens i t y  o f  458 bubbles. I n  f a c t  t he  30488 and 30985 
aa ta  suggest a void/bubble hardening th resho ld  may e x i s t  a t  about 408. 

Th i s  i s  cons i s ten t  w i t h  Brown and Hams6 conten t ion  t h a t  vo ids  o r  bubbles on t he  o rder  o f  

Furthermore cross s l i p  o r  c l imb  cou ld  he a means o f  bypassing 
Equat ion (11)  d i d  no t  f i t  T h o m p s ~ n ' s ~ ~  

5.6 Discussion 

The a iscuss ion  w i l l  i n vo l ve  a p p l i c a t i o n  of the  aforemention hardening models. 
discussed: 
sa tu ra ted  (i.e., 1.15 dpa) and 2 )  h igh  f l uence  (i.e., h igh  s w e l l i n g  cond i t i ons ) .  

Two areas w i l l  be 
1 )  nominal sa tu ra t i on  l e v e l s  of y i e l d  s t r eng th  when c o n t r i b u t i o n s  o the r  than vo ids  have 

I n  order t o  c a l c u l a t e  buyS a t  s p e c i f i c  damage exposures, t he  m ic ros t ruc tu ra l  components Nd and d are 
needed. 
f o r  Y '  p r e c i p i t a t e ,  t o t a l  d i s l oca t i ons ,  Frank 1 ops and voids.  

y'  a t  t he  same r a t e  and u l t i m a t e  dens i ty ,  and Y '  i s  r ep resen ta t i ve  o f  a l l  p r e c i p i t a t e  i n  316 SS. 
F i gu re  1 shows Nd f o r  laves and n-phase p r e c i p i t a t e s  i n  C W  and SA s t a i n l e s s  s t e e l s  genera l l y  agrees w i t h  
the  c o r r e l a t i o n  curve  f i t  t o  t he  Y *  data. These p r e c i p i t a t e s  are a l l  associated w i t h  N i  and S i  which 
cou ld  be t he  reason f o r  t h i s  t rend .  The t o t a l  d i s l o c a t i o n  (F igure  5)  and Frank loop (F igure  6 )  d i s l o c a t i o n  
d e n s i t i e s  a re  assumed t o  be sa tu ra ted  l e v e l s  f o r  a l l  exposures ,15 dpa. 

F igures  1, 2 and 5 through 8 show these m ic ros t ruc tu ra l  parameters as a f unc t i on  o f  temperature 
The l a t t e r  t h ree  m i c r o s t r u c t u r a l  param- 

e t e r s  a re  based on Brager and St raa lsund 's  da ta  9 5. I t  w i l l  be assumed t h a t  SA and C W  316 p r e c i p i t a t e  

F igure  7 shows Ndv f o r  vo ids  normalized by t he  he l ium content  (appm) and i r r a d i a t i o n  temperature ('k). 
The no rma l i za t i on  i s  based on t he  assumption t h a t  the  vo id  dens i t y  i s  p ropo r t i ona l  t o  an equ iva len t  
d i s t r i b u t i o n  of e q u i l i b r i u m  bubbles. The c o r r e l a t i o n  between the  e q u i l i b r i u m  bubbles and the  observed 
vo ids  i s  an exponen t i a l l y  decreasing f u n c t i o n  o f  i r r a d i a t i o n  temperature. The c o r r e l a t i o n  shown i n  
F igure  7 appears t o  be e q u a l l y  good f o r  c o l d  worked and s o l u t i o n  annealed 316 SS.  
dppears t o  be low. 
F i gu re  8 shows the  v o i d  diameter d i v i ded  by t he  square r o o t  of dpa versus i r r a d i a t i o n  temperature. 
normal ize vo id  diameter i s  independent of i r r a d i a t i o n  temperature between 400 and 700°C f o r  exposures 
> l o  apa. 

Above 650'C t he  equat ion 
The temperature dependent f unc t i on  steepens w i t h  decreasing exposure below 15 dpa. 

The 

These m i c r o s t r u c t u r a l  c o r r e l a t i o n s  were used t o  c a l c u l a t e  t he  A ~ S  i n  SA 316 SS a t  15 dpa. 
a re  shown i n  F igu re  9 a long w i t h  Blackburn e t  a1.16 assessment of t he  maximum A m ( s  i n  SA 316 SS. The 
c a l c u l a t e d  values appear t o  be h igh  by 50-100 MPa. 
low. The b o y s  i s  measured from the  i n t r i n s i c  y i e l d  s t r eng th  of t he  m a t e r i a l  i n  a w e l l  annealed s t a t e  
which i s  no t  necessa r i l y  t he  u n i r r a d i a t e d  y i e l d  s t r en th .  
m a t e r i a l  used b y  Blackburn e t  al., was poss ib l y  s l i g h t l y  c o l d  worked. 
m a t e r i a l  w i l l  reach e q u i l i b r i u m  w i t h  temperature and f l u x  independent o f  t he  s t a r t i n g  l e v e l  o f  d i s l o c a t i o n  
dens i ty .  Thus, where smal l  changes i n  y i e l d  s t r eng th  are observed, subs tan t i a l  a l t e r a t i o n  i n  t he  
m ic ros t ruc tu re  can be present. 
y i e l d  s t r eng th  o f  a w e l l  annealed ma te r i a l ,  they agree w i t h  the  c a l c u l a t e d  values. 

The r e s u l t s  

However, i t  can be argued t h a t  the  measured values a re  

The i n i t i a l  y i e l d  s t r eng th  o f  some o f  t he  
The d i s l o c a t i o n s  i n  a cold-worked 

The (+ )  symbols show t h a t ,  when t he  da ta  are normal ized t o  t he  i n i t i a l  

Since Nd i s  r e l a t e d  t o  t he  square r o o t  o f  he l ium concent ra t ion  i n  F igure  ? and the  he l ium produc t ion  
r a t e  i s  !ow i n  a f a s t  reac to r ,  t he  b o y s  w i l l  he inc reas ing  s l ow l y  i n  t he  apparent s a t u r a t i o n  exposure 
r e g i o n  (>15 dpa). T h i s  behavior  was seen by Barnby,17 and the  v a r i a t i o n  i s  i l l u s t r a t e d  w i t h  t he  bars 
on h i s  da ta  po in ts .  

The p a r t i t i o n  of boys between t he  var ious  m i c r o s t r u c t u r a l  components i s  of i n t e r e s t .  
and long range obstacles,  i t  was found a t  1.15 dpa t h a t  the  short- ranged obs tac les  ( vo ids  and 
p r e c i p i t a t e s )  c o n t r i b u t e  63% t o  days wh i l e  the  long- range obstacles ( d i s l o c a t i o n  loops and network)  
c o n t r i b u t e s  37%. 
d i s t r i b u t i o n  (i.e., 40-60 s p l i t ) .  
f a c t  t h a t  t he  d i s l o c a t i o n  s t r u c t u r e  en ters  e a r l y  i n  the  i r r a d i a t i o n  and the  sho r t  range s t r u c t u r e  develops 
l a t e r  i n  t he  i r r a d i a t i o n  and i t  con t r i bu tes  a l a r g e r  increase i n  boys  then the  d i s l o c a t i o n  s t r u c t u r e .  
Furthermore, the  p a r t i t i o n  of b o y s  between sho r t  and long-ranged obs tac les  i s  independent o f  
i r r a d i a t i o n  temperature between 300 and 800°C a t  15 dpa. Th i s  i s  poss ib l y  due t o  the  s i m i l a r i t y  o f  the  
temperature dependences o f  t he  i n t e r s t i t i a l  and vacancy s inks.  

Also of i n t e r e s t  i s  t he  p a r t i t i o n  of c o n t r i b u t i o n s  t o  the  long  and sho r t  ranged obstacles.  
u t o r s  t o  the  former are shown i n  F igure  10. 
however, t h a t  gas-bubbles below TEM r e s o l u t i o n  may he inc luded i n  t he  b lackspot  c o n t r i b u t i o n  due t o  the  

Comparing s h o r t  

T h i s  i s  i n  c o n t r a s t  t o  Brager e t  a l ' s . ,3  da ta  a t  3.3 dpa which showed t he  oppos i te  
The d i f f e r e n c e  between t he  d i s t r i b u t i o n s  a t  3.3 and 15 dpa i s  due t o  the  

The c o n t r i b -  
Black spot damage dominates a t  low temperatures. Note, 
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normalization method used in this analysis. 
important. Above 600OC the network dislocations are the primary contributors. 
the data3 shows the transition from Frank loop to network microstructure is shifted to low temperatures 
either due to the lower damage rate or damage exposure than the data at 15 dpa. 

At intermediate temperatures the Frank loops are most 
At 400°C and 3.3 dpa 

Short ranged contributions are shown in Figure 11. 
the precipitates contribute as much as 25%. 
rate but show a 50-50 split at the high damage rate. 

The voids totally dominate up to 1600°C. Above 500°C 
Data3 at 3.3 dpa show similar results at the low damage 

Apparently, microstructural evolution changes the hierarchy of hardening mechanisms as a function of time. 
The first hardening source is dislocations, followed by precipitates, and then voids. However, at +igh 
exposures, voids may become the dominant hardening mechanism at all temperatures. The dislocation 
structure saturates at levels nearly independent of temperature and is only weakly dependent on damage 
rate.18 
Can increase the boys  until the irradiation conditions terminate void nucleation and growth. 

The precipitate contribution is limited by the amount of precipitate material available. Voids 

Since the void microstructure eventually dominate the hardenin 
this source further. Packan and Farre1119 and Ayrault et al.,?O looked at microstructure evolution in 
stainless steel irradiated with dual ions (Ni and Helium) at 1 6 0 0 O C .  The helium to dpa ratio Ihpaldpa) 
useti to simulated a fusion environment varied between 5:l to 50:l. 

in stainless steel, it is of value to study 

I n  the former study, which reached 250 dpa, saturation of swelling at ?5% was observed. 
real swelling phenomenon or is caused by injected intertitial effects is open to dehate.21 
bmys was calculated from the observed microstructure. The results are shown in Figure 12. Whereas 
neutron irradiation results show "saturation" at %100-150 MPa, these results indicate d n y ~  may reach 
1600 MPa with *O% of the hardening due t o  voids. 
b o y s  after irradiation with ions or neutrons may he due to differences in damage rate. Figure 13 shows 
Farrell and Packan'sZZ tiata comparing neutron, dual ion, and single ion Ndv data after 
exposure when the hpa/dpa ratio is a.2. Above 600"C, the data are in substantial arqreement even though 
the aisplaceinent rates differ by several orders of magnitude. 
large rate effect in the transient evolution of the microstructural parameter Nd,. 
Packan and Farrell's data with hpa/dpa = 10 shows much higher Aoys then 4yrault et al., data at the 
same apa level. 

Whether this is a 
I n  any case, 

At high dpa some of the difference between calculated 

dpa 

The agreement implies that there is not a 
On the other hand, 

Thus, the dual ion data do not as yet resolve hpaldpa and damage rate effects. 

I n  the Ayrault et al's study, the helium to dpa ratio was varied by a factor of ten for damage exposures to 
*30 dpa. 
that the hpa/dpa ratio affects the rate of increase in A q s .  Neutron irradiation data at the same 
teniperatures hut at a lower damage rate show a long incubation period prior to increase in  any^.^^ 
Platting the same data versus hpa (Figure 15) shows that the neutron data are following the low hpaldpa 
oual ion data very closely. 
which follows the helium content. 
tion shown in Figure 7. 

Calculated bays  based on their microstructural data are shown in Figure 14. It appears 

This supports the premise that the neutron data show a very slow increase 
This is consistent with the correlation of Ndv with helium concentra- 

It also appears that the Ndv parameter is independent of hpa/dpa up to about 5. 

Swelling is an important limiting property in a fusion environment. Equation 1 1  can he rewritten in terms 
of swelling and thus boys can be related to the swellinq condition present in the stainless steel. 
swelling fraction is approximately given by S = Nd3/(2-Nd3). 

The 
Equation 1 1  becomes 

1.39 Gb hSl(1+S) 0.81 [1-0.R1 RSl(1 + S ) l  b o  = " d L1-0.81 OS/O +3) 5 

The swelling at 15 dpa is 21% for the results shown in Figure 9. I n  the design o f  reactor components, it 
is not reasonable to accommodate swelling in excess of 10-20%. Using data from Figure 8 for dv, assuming 
an incubation swelling dose of 24.5 dpa, and a swelling rate of 112% per dpa from Brag r and Garner'sz2 
evaluation of swelling in EBRII and HFIR, the swelling at 45 dp3 would be 10%. Garners3 indicates that 
the swelling is independent of temperature over a broad temperature range. The A ~ ( S  for high swelling 
material at 28, 45, and 65 dpa (corresponding to S = 1, 10, 20%) is shown in Figure 16. The yield stress 
contribution due to a tiislocation density of 6 x 1010/cm2 is also shown for comparison. 
that the imaterials which exhibit high swelling may potentially show high boys. 
effect of swelling on the shear modulus, G, was made. 

It is apparent 
No correction for the 
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F I G U R E  16. Hardening Due t o  Voids w i t h  Swe l l i ng  Equal t o  1,  10,  and 20% 

Nuw l e t  us examine Equat ion 12. 
peak value on the order  of four .  
t h e  p r e f a c t o r  back t o  zero. The same f a c t o r  i n  the denominator has the  p o t e n t i a l  t o  d r i v e  
i n f i n i t y .  c o n d i t i o n  S and d are p r o p o r t i o n a l  t o  /dpa, consequently these two term5 
tend t o  cancel.  The [ I - O . Q l  h] f a c t o r  i s  st rongest  i n s i d e  the  logar i thmic  term and i t  w i l l  
even tua l l y  c o n t r o l  t he  boys upper l i m i t .  The f a c t o r  i n  the denominator comes from the  s i z e  of t h e ,  
vu ids k i n g  la rge  compared t o  t h e i r  separat ion.  The shear modulus decreases w i t h  inc reas ing  s w e l l l n g  b u t  
i t  i s  not  expected t o  va ry  by niore than lO%.23 
t he  r e l a t i o n s h i p  i n  Equation 12 be extended hefore i t  breaks down o r  another inechanisnl comes i n t o  p l a y  t o  
l i m i t  ~ q s  increases. 

The product of the p re fac to r  (1.39) and the looar i thmic  term reaches a 
The [l-0.81 h S / ( l + S ) ]  term i n  the logar i thmic  term e v e n t u a l l y  d r i v e s  

t o  
For  a l a r g e  s w e l l i n  

The quest ion n o t  y e t  answered i s  t o  what Value of 5 Can 

It i s  a l so  of i n t e r e s t  t o  no te  t h a t  fo r  a constant  s w e l l i n g  c o n d i t i o n  t he  A y s  w i l l  depend on the  s i z e  
o f  the  voids. 
S imulat ion work t o  date i n d i c a t e s  t h a t  the v o i d  d i s t r i b u t i o n  i n  a f u s i o n  environment ( i .e. ,  h i g h  hpa/dpa) 
w i l l  con ta in  a smal ler  s i r e  and h igher  dens i t y  o f  vo ids  than i n  a f i s s i o n  neutron environment. 
expectea t h a t  a corresponding h igher  b o y s  w i l l  be observed i n  a f u s i o n  environment compared t o  a 
f i s s i o n  environment. 
i r r a d i a t e d  a t  the same nominal temperature i n  H F I R  b u t  h igher  hpa/dpa than found i n  EBR-11.  

Large, low d e n s i t y  voids w i l l  cause a smal ler  A O ~ S  than small ,  h i g h  d e n s i t y  vo ids.  

Thus, i t  i s  

Th is  may a l s o  e x p l a i n  some o f  the s c a t t e r  i n  t e n s i l e  data obta ined from specimens 

I n  the  event t h a t  p r e c i p i t a t e s  reach a c r i t i c a l  s ize, o r  they are incoherent,  they  w i l l  harden the  s t e e l  b y  
Orowan bowing around the  obstac le.  
Equation 12 f o r  s w e l l i n g  and the l i m i t a t i o n s  discussed f o r  s w e l l i n g  app l ies .  
t h a t  can p r e c i p i t a t e  i s  l i m i t e d  b y  the a v a i l a b l e  m a t e r i a l .  
N l o t  s t a i n l e s s  s t e e l  shows i r r a d i a t i o n  so f ten ing  beyond Q5 dpa.74 
f o r  a f i x e d  p r e c i p i t a t e  volume f r a c t i o n ,  coalesance of p r e c i p i t a t e s  w i l l  l ead  t o  a decrease i n  "5. 
T h i s  along w i t h  a decrease i n  the  shear modulus w i t h  inc reas ing  s w e l l i n g  c o u l d  e x p l a i n  the  decrease 
Observed i n  days w i t h  inc reas ing  dpa exposure. 

I n  t h i s  case the  form o f  the Orowan equat ion should he s i m i l a r  t o  
However the volume f r a c t i o n  

I t  has been noted e a r l i e r  t h a t  the  low s w e l l i n g  
Examining Equation 12 shows t h a t  

5.7 Conclusions 

Improvements i n  the  c o r r e l a t i o n  of change i n  y i e l d  s t reng th  i n  A I S 1  316 s t a i n l e s s  s t e e l  w i t h  m ic ros t ruc tu re  
were ef fected b y  re-examining the r o l e  of short- ranged obstac les.  E f f e c t s  due t o  the  s i z e  o f  the obs tac le  
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r e l a t i v e  t o  t h e i r  spacing, shape of the  obstac les,  and t h e  d i s l o c a t i o n  core  r ad i us  were appl ied.  
co r rec t i ons  become i nc reas i ng l y  important  a t  h iqh  exposures where l a r g e  increases i n  y i e l d  s t r eng th  may h e  
observed. 

These 

The shear ing of p r e c i p i t a t e  r a t h e r  than Orowan bowing around t h e  p r e c i o i t a t e  was used as a hardening 
mechanism w i t h  t h e  coherent I '  p r e c i p i t a t e .  
and a l t e r s  t h e  temperature dependents o f  p r e c i p i t . a t e  hardening. 

Voids were found t o  be a p o t e n t i a l l y  dominat inq hardeninq mechanism i n  meta ls  which e x h i h i t  h i q h  swe l l i nq .  
For  210% s w e l l i n g  i n  A I S I  316 s t a i n l e s s  s tee l ,  increases i n  y i e l d  s t r eng th  may exceed 1000 MPa. 
exact  l e v e l  o f  y i e l d  s t r eng th  w i l l  depend on the  s i z e  and dens i t y  o f  vo ids.  
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7.0 Fu tu re  Work 

M i c r o s t r u c t u r a l  based modeling o f  work hardening i n  A I S I  316 S ta i n l ess  S tee l  i s  being developed. 

8.0 Pub l i ca t i ons  
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A RATE-THEORY MOOEL FOR THE EVOLUTION OF NETWORK DISLOCATIONS I N  IRRAOIATEU METALS 

N.G. Uo l fe r .  8.8. Glasgow and Ji- Jung Kai ( U n i v e r s i t y  of Wisconsi,n-Hadison) 

1.0 Ob jec t i ve  

The e v o l u t i o n  o f  the d i s l o c a t i o n  dens i t y  du r ing  the e a r l y  stages of  i r r a d i a t i o n  in f l uences  the subsequent 
v o i d  nuc lea t ion  as w e l l  as the leng th  o f  the t r a n s i e n t  p e r i o d  preceding s teady- sta te  swe l l i ng .  Furthermore, 
t h i s  e v o l u t i o n  i s  a l s o  i n  p a r t  respons ib le  f o r  the change i n  mechanical p r o p e r t i e s  such as y i e l d  and u l t i -  
mate s t rength,  d u c t i l i t y  and f r a c t u r e  toughness. Accordingly,  the purpose of t h i s  study i s  t o  develop a 
phys ica l  model based on r a t e  theory, and t o  compare i t s  p r e d i c t i o n s  w i t h  experimental  data. It i s  hoped 
t h a t  t h i s  w i l l  e l u c i d a t e  the m j o r  f a c t o r s  which determine i n  s t r u c t u r a l  a l l o y s  both the s t a b i l i t y  of t h e  
u n i r r a d i a t e d  m i c r o s t r u c t u r e  and the causes f o r  i t s  e v o l u t i o n  du r ing  i r r a d i a t i o n .  In a d d i t i o n ,  t h e  model 
forms an impor tan t  component i n  p r e d i c t i n g  the p e r f o r m n c e  of copper a l l o y s  and f e r r i t i c  s t e e l s  i n  f u t u r e  
fus ion  r e a c t o r s  fo r  which p resen t l y  l i t t l e  experimental  i n fo rmat ion  i s  a v a i l a b l e .  

2 .o Sumnary 

The growth o f  d i s l o c a t i o n  loops and the c l imb o f  edge d i s l o c a t i o n s  can r e s u l t  both i n  an increase of d i s -  
l o c a t i o n  l i n e  l e n g t h  as w e l l  as i n  the a n n i h i l a t i o n  of d i s l o c a t i o n  d ipo les .  These two competing processes 
from the basis of an e v o l u t i o n  model fo r  the d i s l o c a t i o n  network, and both processes are eva luated w i t h  r a t e  
theory .  I n  order  t o  p rov ide  a mechanism f o r  d i s l o c a t i o n  c l imb  i n  t h e  absence of voids i t  i s  necessary t o  
i n t roduce  the f a c t  t h a t  the d i s l o c a t i o n  b i a s  possesses a var iance. 

The a n n i h i l a t i o n  of d i s l o c a t i o n  d ipo les  invo lves  both c l imb and g l i d e .  As a r e s u l t ,  the f r i c t i o n  St ress f o r  
d i s l o c a t i o n  g l i d e  e n t e r s  as a parameter i n  the model. 
l eng th  of the network, or on the average d is tance between p i n n i n g  centers .  Th is  m i c r o s t r u c t u r a l  parameter 
i s  obv ious ly  r e l a t e d  t o  the p r e c i p i t a t e  dens i t y  and t o  mechanical p r o p e r t i e s  such as the f r i c t i o n  Stress, 
the y i e l d  s t rength,  e tc .  It appears i n  f a c t  t h a t  the reso lved shear s t r e s s  for  d i s l o c a t i o n  g l i d e  i s  de te r-  
mined by the mesh length.  Hence, on ly  t h i s  mesh l e n g t h  and the d i s l o c a t i o n  b ias  var iance a r e  t r e a t e d  as 
ad jus tab le  parameters. 

The increase i n  l i n e  leng th  depends on the mesh 

These 010 ad jus tab le  parameters are determined by f i t t i n g  the model p r e d i c t i o n s  t o  experimental  data f o r  the 
d i s l o c a t i o n  dens i t y  i n  i r r a d i a t e d  type 316 s t a i n l e s s  s t e e l s .  P r e d i c t i o n s  are subsequently made f o r  the d i s -  
l o c a t i o n  e v o l u t i o n  i n  f e r r i t i c  s tee ls .  

3.0 Prpgram 
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P r i n c i p a l  I n v e s t i g a t o r :  W.G. Wolfer 
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(Supported by EPRI under c o n t r a c t  RP1597-2 w i t h  the U n i v e r s i t y  of Wisconsin) 
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5.0 Accomplishment and Sta tus  

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

The displacement damage i n  metals  a t  e leva ted  temperature leads t o  a change of the d i s l o c a t i o n  S t ruc tu re  
and. i n  a l l oys ,  a l s o  t o  a change o f  the p r e c i p i t a t e  s t r uc tu re .  Both changes profoundly a f f e c t  the mechani- 
c a l  p rope r t i es  as w e l l  as the  incubat ion  t ime f o r  swe l l ing .  
stand the f a c t o r s  which determine the evo lu t i on  of the d i s l o c a t i o n  densi ty .  I n  a p rev ious  paper Garner and 

Wolfer( ')  have reviewed the  data f o r  the  d i s l o c a t i o n  dens i ty  i n  i r r a d i a t e d  a u s t e n i t i c  s t a i n l e s s  S tee ls  and 
o u t l i n e d  a model which can i n  p r i n c i p l e  exp la i n  the f o l l o w i n g  aspects o f  the experimental f i nd i ngs .  F i r s t ,  
t he  dose dependence of the  network d i s l o c a t i o n  dens i ty  can be r a t i o n a l i z e d  by tdo  competing processes: a 
generat ion r a t e  which depends on the present  d i s l o c a t i o n  dens i ty  t o  a power between 112 and 1; and an an- 
n i h i l a t i o n  term which depends on the d i s l o c a t i o n  dens i ty  t o  a power between 312 and 2. Second, i t  was 
argued t h a t  both terms are  furthermore p ropo r t i ona l  t o  the d i s l o c a t i o n  c l imb v e l o c i t y .  As a r e s u l t ,  t he  
steady s t a t e  o r  s a t u r a t i o n  dens i ty  reached a f t e r  h igh  doses becomes near ly  independent o f  the i r r a d i a t i o n  
temperature, as suggested by the experimental observat ions.  
r a t i o n  dens i ty  i s  independent of the  i n i t i a l  d i s l o c a t i o n  densi ty .  
w h i l e  t o  develop i t  f u r t h e r  and t o  p u t  i t  on a f i r m  rate- theory bas is  i n  order  t o  i n t e g r a t e  i t  w i t h  v o i d  
nuc lea t i on  and vo id  growth models. 
model i n  d e t a i l .  

For these reasons, i t  i s  impor tan t  t o  under- 

The t h i r d  aspect o f  the model i s  t h a t  the  Satu- 
The success o f  t h i s  model makes i t  worth-  

The f o l l o w i n g  sec t ions  descr ibe the development and r e s u l t s  of t h i s  

5.2 The Basic Model 

As mentioned above, t he  d i s l o c a t i o n  evo lu t i on  i s  thought  t o  be the  r e s u l t  o f  two competing processes, the  
generat ion o f  d i s l o c a t i o n  l i n e  leng th  by cl imb, and the  a n n i h i l a t i o n  o r  recovery of d i s l o c a t i o n  dens i ty  by 
t he  recombinat ion o f  edge d i s l oca t i ons  w i t h  opposi te Burgers vectors.  These two processes w i l l  be analyzed 
i n  d e t a i l  below, and i t  w i l l  become ev iden t  t h a t  they l ead  t o  the  f o l l o w i n g  evo lu t i on  equat ion fo r  the ne t-  
work d i s l o c a t i o n  dens i ty  P: 

2 - dp = BP - AP 
d t  

The r a t e  c o e f f i c i e n t s  A and B are p ropo r t i ona l  t o  the  c l imb r a t e  o f  edge d i s l oca t i ons  and there fo re  weakly 
dependent on the  d i s l o c a t i o n  dens i ty  i t s e l f .  AS a r e s u l t ,  Eq. (1)  must be i n teg ra ted  numer ica l l y  f o r  accu- 
r a t e  r e s u l t s .  
s tan ts .  Then, 

However, an approximate s o l u t i o n  of Eq. (1) can be obta ined by cons ider ing  A and B t o  be con- 

where P~ = ~ ( 0 )  i s  the s t a r t i n g  d i s l o c a t i o n  dens i ty .  

The s a t u r a t i o n  dens i ty  i s  i n  t h i s  approximation simply g iven by pS = BIA. 
ously determined the " constants"  B and A from the exper imenta l l y  observed sa tu ra t i on  dens i t y  and from one 
measured dens i t y  value p ( t )  a t  a f luence i n  the t r a n s i e n t  regime. 
a l  t o  the c l imb v e l o c i t y  o f  edge d i s l oca t i ons ,  and are therefore dependent on dose ra te ,  temperature, and 
t he  s ink  st rengths.  
r a t e  theory. 

Garner and Wolfer(" have p rev i -  

These "constants"  are  however p ropo r t i on-  

I n  the  f o l l ow ing  sect ion,  A and B w i l l  be evaluated and incorpora ted  i n  a comprehensive 

5.3 The Recovery Process 

It i s  assumed i n  the p resent  w d e l  t h a t  the  recovery mechanism under i r r a d i a t i o n  f o r  the  d i s l o c a t i o n  network 
i s  i n  p r i n c i p l e  the same as under thermal annealing. 
r a d i a t i o n  enhances cl imb. A r ep resen ta t i ve  d i s l o c a t i o n  mechanism fo r  recovery i s  the  a n n i h i l a t i o n  o f  a d i s -  
l o c a t i o n  d ipo le ,  i l l u s t r a t e d  i n  Fig. 1. 
t h i s  ' "vacancy- type" ( o r  i n t e r s t i t i a l - t y p e )  d i po le  w i l l  reduce i t s  w id th  h. If the mutual i n t e r a c t i o n  be- 
tween the two edge d i s l oca t i ons  can overcome the c r i t i c a l  reso lved  shear s t ress,  the d i p o l e  c o n f i g u r a t i o n  

The major d i f f e rence  l i e s  merely i n  the f a c t  t h a t  i r -  

Upon the p r e f e r e n t i a l  absorp t ion  o f  i n t e r s t i t i a l s  ( o r  vacancies), 
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FIGURE 1. Possib le D ipo le  Conf igura t ions  of Two Edge D i s l oca t i ons  on P a r a l l e l  G l i de  Planes w i t h  Separat ion 
Distance h. 

w i l l  be mainta ined a t  about an angle o f  n/4, and the d i s l oca t i ons  w i l l  i n e v i t a b l y  a n n i h i l a t e .  

If T o  i S  the c r i t i c a l  resolved shear s t r ess  f o r  d i s l o c a t i o n  g l i d e ,  a converging d i po le  w i l l  on ly  be formed 
if the g l i d e  i n t e r a c t i o n  force can overcome I ~ .  Th i s  Cond i t ion  i s  expressed by the r e l a t i o n s h i p  

which de f ines  the maximum d ipo le  w id th  hmax. 

Poisson's r a t i o .  
may form a converging d i po le  i s  g iven by 8 /Jn0 /3 .  
a t i ons :  The number o f  d i s l o c a t i o n s  belonging t o  one o f  the 12 poss ib l e  g l i d e  systems i s  pb = ~ 1 1 2 .  
the poss ib l e  p a i r s  of p a r a l l e l  edge d i s l oca t i ons  only one p a i r  ou t  o f  f ou r  w i l l  form a converging d i p o l e  
when i n t e r s t i t i a l s  a re  p r e f e r e n t i a l l y  absorbed (see F ig .  11. To i nc l ude  then the case o f  a h igh  d i s l o c a t i o n  
dens i ty  P which may con t ro l  the maximum d ipo le  d is tance  hmax we s e l e c t  i t  such t h a t  

Here, u i s  the shear modulus, b the Burgers vector ,  and v the  

Th is  value i s  obta ined from the f o l l o w i n g  consider-  
When the d i s l o c a t i o n  densiQJs large,  the  d is tance  between two p a r a l l e l  d i s l o c a t i o n  which 

Among 

- 
hmax = Min [ 8 / / n p / 3  , ub/C2n(l - Y I T ~ ] ]  ( 4 )  

The g l i d e  motion o f  d i s l o c a t i o n  i s  i n  many metals and a l l o y s  r e s t r i c t e d  by obstacles o r  p i nn ing  cen ters  such 
as p r e c i p i t a t e  p a r t i c l e s .  
between p inn ing  centers,  func t ion  as Frank-Read sources when a g l i d e  f o r ce  ac ts  upon them. 
shear s t r ess  70 may there fo re  be approximated by the  shear s t r ess  necessary t o  a c t i v a t e  a Frank-Read 

source. Hence 

I n  such cases, pinned sec t ions  o f  mesh l eng th  E ,  where E i s  the average d is tance 
The c r i t i c a l  

T =  0 Z"[l  * - V)E I n  (E/bl . (5) 

Combining t h i s  equat ion w i t h  Eq. (41 we f i n d  

hmax = Min [ 8 / / a ,  E / l n ( U b l ]  . (6) 

Next, i t  i s  necessary t o  eva lua te  the number o f  converging d ipo les  o f  a g iven w id th  between h and h + dh a t  
any g iven t ime. We imagine t h a t  if any two d i s l o c a t i o n s  belonging t o  the same g l i d e  system encounter each 
o the r  w i t h i n  a g l i d e  i n t e r v a l  of leng th  Lh (see Fig.  11 a s tab le  d i po le  i s  formed. The number o f  such d i -  

poles i s  then pbLhdh/4. As long  as h < hmax, Lh i s  on the  order  o f  2h, and the t o t a l  number o f  converging 

d i po les  on a l l  g l i d e  systems and w i t h  w id th  between h and h + dh i s  then 

2 

1 P 2  2 12 2h dh = &  P h dh . 

The l i f e t i m e  o f  these d ipo les  i s  now given by 
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h 

b 
r ( h )  = I dh ' /ZV(h ' )  (7) 

where V(h) i s  the  c l imb v e l o c i t y  o f  one d i s l oca t i on .  
i n i t i a l  w id th  o f  h,, o r  less  i s  equa l l y  probable, the r a t e  o f  d i s l o c a t i o n  a n n i h i l a t i o n  i s  f i n a l l y  g iven by 

Assuming, then, t h a t  the number o f  d ipo les  formed w i t h  

(8) hmax h dh T -1 (h )  . 
AP' = P Ib 

Under i r r a d i a t i o n ,  the  c l imb v e l o c i t y  i s  due t o  two causes, the p r e f e r e n t i a l  absorp t ion  o f  i n t e r s t i t i a l s  and 

the c l imb f o r ce  between the two d i s l oca t i ons .  
cancy concent ra t ion  i n  e q u i l i b r i u m  w i t h  the d i s l oca t i ons  of the d i po le  as g iven by 

Kroupa(') has shown t h a t  the c l imb f o r ce  g ives r i s e  t o  a va- 

C:(h) = C t q  exp(Hb/h) ( 9 )  

where H = uR/[Zn(l - v )kT ]  , (10) 

and R i s  the  atomic volume, k the Boltzmann constant, and T the absolute temperature. 

The t o t a l  c l imb  v e l o c i t y  i s  now given by 

V = [ZqDiCi - Z&,Cv + ZtDvCd,(h)] (11)  

d d where Zi and Zv  a re  the  b i as  fac to rs  f o r  i n t e r s t i t i a l  and vacancy absorpt ion,  and Di and 0, the  i n t e r s t i t i a l  

and vacancy m ig ra t i on  c o e f f i c i e n t s ,  respec t ive ly .  The p o i n t  defect  concentrat ions,  Ci and C,, can be deter-  

mined from r a t e  theory, and V i s  found t o  be 

(12) 

The f i r s t  t e r m  represents  the rad ia t ion- induced c l imb ra te ,  and i t  depends on the-excess-vacancy concen- 
t r a t i o n  & C y  and the n e t  b ias ;  the l a t t e r  conta ins the sink-averaged b i a s  f a c t o r s  Zi and 2 " .  

represents the thermal ly  induced c l imb r a t e  as d r i ven  by the mutual i n t e r a c t i o n  o f  the d i s l o c a t i o n s  i n  t he  
d ipo le .  

the thermal recovery o f  a cold-worked d i s l o c a t i o n  s t r uc tu re .  

The second te rm 

Th i s  term i s  p resent  i n  the  absence o f  i r r a d i a t i o n  when ACv = 0, and i t  i s  i n  p a r t  respons ib le  fo r  

According t o  Eq. (12)  we can nwJ w r i t e  fo r  the d i po le  l i f e - t i m e  

dh' h 1 ' = 7 Ib VR + VTLexp(Hb/h') - 11 (13) 

When the  exponent ia l  term i s  la rge ,  i .e .  fo r  small values of h ' ,  the in tegrand makes the l e a s t  c o n t r i b u t i o n  
t o  T. Hence, we sha l l  approximate the exponent ia l  by a l i n e a r  Tay lo r  expansion, i .e. 

The c o e f f i c i e n t  f o r  d i s l o c a t i o n  a n n i h i l a t i o n  i s  then given by 
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dx x1 1 
1 

A = -  V Hb 1 
12 T x ~ - ~ i n ( i + x )  

0 

(15)  

where x = VRh/VTHb, xo = VR/VTH, and x 1  = VRhmax/VTHb 

Since no closed- form s o l u t i o n  apparent ly  e x i s t s  f o r  tine i n t e g r a l  i n  Eq. (15), we consider  f i r s t  two l i m i t i n g  
cases 

a) If  VR >> VT, then l / x  I n  x (( 1, and 

V h  A R max 

Th is  approximation i s  v a l i d  a t  temperatures where se l f - d i f f us i on  i s  n e g l i g i b l e .  

A t  very h igh  temperatures when V T  >> VR the  va r i ab le  x << 1. 

x/2, neg lec t  VR, and ob ta i n  
b )  We MY then expand ( l / x )  I n ( l  + x )  Z 1 - 

A r 1 VTHb I n  (hmax/b) 

A S  a r e s u l t  of the s t rong  temperature dependence o f  s e l f - d i f f u s i o n ,  and hence, o f  VT. the  range o f  tempera- 
tures where both VR and VT are of equal importance i s  r a t h e r  narrow. Accordingly, we can simply add the r e -  

s u l t s  of the  two l i m i t i n g  cases t o  ob ta i n  the approximat ion 

(16)  1 
A E & VRhmax + VTHb ln(hmax/b)  , 

s u i t a b l e  f o r  a l l  temperatures. 

5.4 D i s l o c a t i o n  Generati  on 

The d i s l o c a t i o n  dens i ty  may inc rease dur ing  i r r a d i a t i o n  as a r e s u l t  o f  two processes; by the  fo rmat ion  and 
growth of i n t e r s t i t i a l - t y p e  loops, and by the c l imb o f  p inned edge d i s l oca t i ons .  I n  the l a t t e r  process, an 
i n i t i a l l y  s t r a i g h t  edge d i s l o c a t i o n  segment may bow o u t  by the p r e f e r r e n t i a l  absorp t ion  o f  i n t e r s t i t i a l s .  
The r e s u l t i n g  curved segment i s  s i m i l a r  t o  a sec t i on  o f  a p r i s m a t i c  i n t e r s t i t i a l - t y p e  loop.  Hence, by 
t r e a t i n g  only the c l imb o f  pinned edge d i s l oca t i ons ,  i n t e r s t i t i a l  loop growth i s  a l so  covered i n  a t  l e a s t  an 
approxi  mate f as h i  on. 

Accordingly,  consider  a bowed-out segment o f  an edge d i s l o c a t i o n  pinned by two centers separated by a d i s-  
tance 2 .  With the no ta t i ons  and d e f i n i t i o n s  shown i n  Fig.  2 ,  the  area covered by the c l imb  o f  the segment 
i s  g iven by 

F = +  [LR - e R 7 7 i l .  (17) 

The ang le  P extended by the a r c  l eng th  L and the rad ius  o f  curva tu re  R are r e l a t e d  by 

and 

L = $R 

9. = 2R s i n  (P/2) 

(18) 

(19)  

I f  V i s  the c l imb v e l o c i t y  o f  the d i s l o c a t i o n  segment, then the area F increases a t  the r a t e  
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_ -  dL - ~ d L v  (20)  d t  dF and the segment l eng th  a t  the r a t e  

dF=i [R +-] R - LU 
dL 1 - bU From the Eqs. (18) t o  (20)  one f inds  (21) 

where u = @ T - z .  ( 2 2 )  

The d i s l o c a t i o n  segment cont inues t o  climb, and L increases u n t i l  a p a r t  o f  i t  encounters a d i s l o c a t i o n  w i t h  
an opposi te Burgers vec to r  on a p a r a l l e l  g l i d e  p lane and forms a converging d ipo le .  
r e s u l t  i n  a n n i h i l a t i o n  and the format ion of a new segment pinned a t  two centers,  namely a t  one from each o f  
the  p rev ious  d i s l o c a t i o n s  which formed the d ipo le .  The o the r  f a t e  o f  the expanding loop i s  t h a t  i t  en- 
counters new p inn ing  centers, and the loop i s  d i v i ded  i n t o  shor te r  segments, each o f  which repeats the p ro-  
cess o f  c l imb and extension by i t s e l f .  On average, the  loop expands then t o  a maximum a rc  l eng th  L,,,. be- 

comes subdiv ided i n t o  shor te r  segments o f  l e n g t h  e,  and each sho r te r  segment repeats the process of i t s  
paren t  segment. 

Th is  w i l l  e ven tua l l y  

The average r a t e  of increase i n  d i s l o c a t i o n  dens i ty  i s  then obta ined by averaging over one o f  these re-  
generat ion cycles, namely the expansion o f  a nea r l y  s t r a i g h t  segment o f  l e n g t h  e t o  an a r c  o f  l eng th  Lmax. 

I f  there  e x i s t s  on average Nt segments per u n i t  volume, then the r a t e  o f  d i s l o c a t i o n  m u l t i p l i c a t i o n  i s  g iven 
by 

( 2 3 )  

where P 

LmaxJ'. 

If the spacing of the p i nn ing  centers i s  on the  order  of a ,  the arc w i l l  on average extend t o  about a semi- 
c i r c l e  u n t i l  i t  encounters new p inn ing  centers.  

NtLmax i s  on average the d i s l o c a t i o n  dens i ty .  F igure  3 shows the f a c t o r  t B l V  as a f unc t i on  o f  

Hence Lmax = n t l 2 ,  and 8 B l V  ! 1 according t o  Fig. 3. 

FIGURE 2. 
of I n i t i a l  Length due t o  Climb. 

Bow-Out o f  an Edge D i s l oca t i on  Segment 

I I I - 

- 

- - - - - 
- 

I I I 
I 1.5 2.0 2.5 3.0 3.5 4.0 

ARC LENGTH/MESH LENGTH, LmOx 14 

FIGURE 3. V a r i a t i o n  o f  the  Parameter E B l V  w i t h  Arc 
Length of the Cl imbing Edge D i s l o c a t i o n  Segment. 
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I n  the  above development i t  was assumed t h a t  the c l imb v e l o c i t y  o f  the bowed-out d i s l o c a t i o n  i s  independent 
o f  the rad ius  of curva tu re  R. and hence, independent of L. 
A t  temperatures where s e l f - d i f f u s i o n  becomes important  VT can no longer  be neglected. 

l i n e  tens ion  of the l oca t i on ,  the vacancy concent ra t ion  i n  thermodynamic e q u i l i b r i u m  w i t h  the curved d i s -  

This assumption i s  only c o r r e c t  when V R  >> VT. 

A S  a r e s u l t  o f  the 

l o c a t i o n  i s  g iven by f 3 S  

Figure  4 shows the  r a t i o  C!/Ctq f o r  n i c k e l  a t  var ious temperatures and as a func t ion  of (Rib). 

loop  reaches the semi- c i rc le ,  the minimum rad ius  R = a i s  obtained. and C v  a l s o  reaches i t s  minimum value. 

Hence, the minimum cl imb v e l o c i t y  i s  

When the 
b 

(25) b a 
15 I n m ]  - 11 . vm = vR + vT(exp[- 2n(l - v)kT U n  

When t h i s  v e l o c i t y  becomes zero, d i s l o c a t i o n  generat ion i s  no longer  poss ib le  and B = 0. Accordingly,  we 
may assume t h a t  

Vm/e f o r  V m  > 0 

0 f o r  Vm 0 
B E [  (26 )  

5.5 The Impact o f  Bias Variance 

The rad ia t ion- induced c l imb v e l o c i t y  VR i s  according t o  Eq. (12) p ropo r t i ona l  t o  the n e t  b i as  

(Z i lZv  - ?i/?v). For  a m ic ros t ruc tu re  con ta i n i ng  only one s ink  type, f o r  example only edge d i s l o c a t i o n s ,  

t he  n e t  b i a s  would be zero. T h i s  i s  c e r t a i n l y  c o r r e c t  f o r  the mean c l imb v e l o c i t y  averaged over many d i f -  
fe ren t  d i s l oca t i ons ,  b u t  i t  i s  no t  t r ue  f o r  any i n d i v i d u a l  d i s l o c a t i o n .  The reason i s  t o  be found i n  the  
b i a s  var iance which o r i g i n a t e s  from the  p a r t i a l  c a n c e l l a t i o n  o f  the long-range s t r ess  f i e l d s  o f  groups of 
d i s l oca t i ons .  Hence, the b i as  of an i n d i v i d u a l  d i s l o c a t i o n  depends t o  some degree on the  p rox im i t y  of o the r  

d i s l oca t i ons .  
They found t h a t  the b ias  of an edge d i s l o c a t i o n  i n  a narrowly spaced d i p o l e  was only about h a l f  the  value of 
the  i s o l a t e d  d i s l oca t i on .  I n  a r e a l  m i c ros t ruc tu re  w i t h  complex d i s l o c a t i o n  tangles, we may there fo re  
assume t h a t  the i n d i v i d u a l  d i s l o c a t i o n  n e t  b i as  i s  given by 

d d  

Wol fer  e t  a1.(4) have est imated t h i s  b i as  var iance by cons ider ing  d i s l o c a t i o n  n u l t i p o l e s .  

where z i s  a random var iab le .  
i s  assumed t o  be Gaussian. 

t i o n a l  t o  (Z:/Z: - Ti/?,,), where Zi and Z v  are average values f o r  the d i s l o c a t i o n  b i as  f ac to r s .  

above average of VR. bo th  p o s i t i v e  and negat ive c l imb d i r e c t i o n s  a re  inc luded.  

The inc rease of d i s l o c a t i o n  l i n e  leng th  i s ,  however, independent of the c l imb d i r ec t i ons ,  and depends only 
on the abso lu te  value of the c l imh v e l o c i t y .  

The p r o b a b i l i t y  of a d i s l o c a t i o n  having a b ias  dev ia t i on  o f  z from the mean 
Hence, the average of the radiat ion-enhanced c l imb v e l o c i t y  VR remains propor- 

I n  the  d d 

The average o f  the abso lu te  c l imb v e l o c i t y  i s  na, g iven by 

where z i s  the  standard dev ia t i on  of the d i s l o c a t i o n  b i a s  
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FIGURE 4. 
Source Cl imbing by P r e f e r e n t i a l  I n t e r s t i t i a l  Absorpt ion. 

V a r i a t i o n  o f  the Subsatura t ion o f  Vacancies i n  Thermodynamic E q u i l i b r i u m  w i t h  a Bardeen-Herring 

Since_ bo th  the product ion and the a n n i h i l a t i o n  of d i s l o c a t i o n s  depend on ly  on the abso lu te  c l imb v e l o c i -  
ty, V R  i s  t o  be s u b s t i t u t e d  f o r  VR i n  both  Eq. ( 2 5 )  and Eq. (16). 
b i a s  var iance i s  t h a t  d i s l o c a t i o n  e v o l u t i o n  w i l l  proceed even i n  the absence o f  voids, i .e .  when the n e t  
b ias  vanishes. 

The importance of the i n c l u s i o n  of the 

I n  a wel l- annealed ma te r ia l ,  we may assume t h a t  d i s l o c a t i o n s  are i s o l a t e d ,  and the b i a s  var iance i s  n e g l i -  
g ib le .  On the other  hand, i n  a cold-worked ma te r ia l ,  d i s l o c a t i o n s  a re  predominant ly arranged i n  dense 
tangles.  Assuming then t h a t  the b ias  o f  the tang led d i s l o c a t i o n s  can d i f f e r  by a f a c t o r  o f  0.5 from the 
b ias  of an i s o l a t e d  d i s loca t i on ,  the var iance changes from about zero t o  0.5 w i t h  i nc reas ing  d i s l o c a t i o n  
dens i ty .  For  a cont inuous v a r i a t i o n  we assume then t h a t  

5 = 0.5 [l - exp(-Ap) l  ( 2 8 )  

where A E 

c a t i o n  dens i t y  i s  smal ler  than P 2 1015 m-'. 

m2. Th i s  s e l e c t i o n  o f  A ensures t h a t  the b ias  var iance becomes n e g l i g i b l e  when the d i s l o -  

5.6 Resu l ts  

The f o l l o w i n g  p r e d i c t i o n s  f o r  the e v o l u t i o n  o f  the network d i s l o c a t i o n  dens i ty  are c a r r i e d  ou t  f o r  two 
metals, namely n i c k e l  o r  a u s t e n i t i c  s t a i n l e s s  s t e e l  and a-Fe. A t  the present  t ime we cons ider  the proper-  
t i e s  of a-Fe t o  approximate those o f  the f e r r i t e  phase i n  f e r r i t i c  and b a i n i t i c  s tee l s .  

i n  the c a l c u l a t i o n s  are l i s t e d  i n  Table 1. 

formulae g iven by S n i e g w s k i  and Wolfer( ') and us ing the r e l a x a t i o n  volumes, shear p o l a r i z a b i l i t i e s  and 
e l a s t i c  p r o p e r t i e s  given i n  Table 1. With the except ion o f  the mesh leng th  2 ,  a l l  o the r  parameters are 
based on a c t u a l l y  measured values. 

t y  f o r  type 316 s t a i n l e s s  s tee l s  w i l l  be 6 x loL4 m-' f o r  i r r a d i a t i o n  temperatures from 400'C t o  500°C. 

The p r o p e r t i e s  used 
d d The d i s l o c a t i o n  b ias  f a c t o r s  Zi and Z v  a re  eva luated w i t h  the 

The mesh leng th  was se lec ted  such t h a t  the s a t u r a t i o n  d i s l o c a t i o n  densi-  
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TABLE 1 

MATERIALS PARAMETERS 

Parameter N i  o r  316 SS a-Fe 

Displacement Rate, dpals 

Cascade E f f i c i e n c y  

L a t t i c e  Parameter, a,, nrn 

Burgers Vector, nm 

Shear Modulus, GPa 

Poisson's Ra t i o  

Vacancy M ig ra t i on  Energy, J 
Vacancy Formation Energy, J 

Pre-exponential Fac to r  D t ,  m2/s 

Vacancy Re laxa t ion  Volume, n 
I n t e r s t i t i a l  Re laxa t ion  Volume, n 
Vacancy Shear P o l a r i z a b i l i t y ,  J 
I n t e r s t i t i a l  Shear Po la r i zab i  1 i ty. 

D i s l o c a t i o n  Dens i t ies ,  m-2 

f o r  Annealed 
fo r  Cold-Worked 

Mesh Length 2 ,  pin 

J 

10'6 
0.1 
0.3639 
0.2573 
82.95 

1.92 x 10-19 

2.88 10-19 
1.29 x 10-6 

0.264 

-0.2 

1.5 
-2.4 x 10-18 
-2.535 x 

4 x 1012 
7 1015 

0.4 

10-6 
0.1 
0.2866 

o .24a 
80.65 

0.254 
2.016 10-19 
2.464 10-19 
4.463 x lo+ 
-0.5 
0.85 
-2.4 x 10-18 
-2.535 x 

b 
316 SS 
.6 APPM HE/DPA 

b !  
0.0 5.0 10.0 L3.0 20.0 

TIME (DPA) 
"L b 0.0 5.0 10.0 TIME (DPA) 15.0 20.0 

FIGURE 5. D i s l o c a t i o n  Densi ty  Versus Dose f o r  FIGURE 6. Same as i n  F ig .  5 b u t  f o r  a 20% CW 316 
Solut ion-Annealed Type 316 Sta in less  Steel  I r r a d i a t e d  Sta in less  S tee l .  
i n  a Breeder Neutron Spectrum. 
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316 SS 
20 APPM HE/DPA 

0.0 J.0 10.0 15.0 20.0 25.0 

TIME (DPA) 

FIGURE 7. D i s l o c a t i o n  D e n s i t y  Versus Dose f o r  
Solut ion- Annealed Type 316 S t a i n l e s s  S t e e l  I r r a d i a t e d  
i n  a Fus ion  Neutron  Spectrum. 

FILURE 8. Same as i n  F i g .  7 b u t  f o r  a 20% CII  316 
S t a i n l e s s  S t e e l .  

* I\. 316 SS 
20 APPM HE/DPA 

k- 0.0 5.0 LO.0 15.0 20.0 

TIME (DPA) 

FIGURE 9. 

i n  dpa, 1 dpa = lo6 seconds). 

Recovery of D i s l o c a t i o n  Densi ty  i n  U n i r r a d i a t e d  20% CW 316 SS Versus Time ( u n i t  of t ime expressed 
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Th i s  value corresponds t o  the  exper imenta l l y  observed one i n  type 316 SS( l )  i r r a d i a t e d  i n  EBR-11. 

chosen mesh l eng th  parameter P imp l ies  a dens i ty  o f  p i nn ing  centers o f  about lo1' m-3. 

The 

The average p o i n t  de fec t  concent ra t ions  produced dur ing  the  i r r a d i a t i o n s  a re  evaluated w i t h  r a t e  theory.  A 
dens i ty  o f  vo id  embryos i s  assumed t o  e x i s t  from the beginning, i .e. a f t e r  an i r r a d i a t i o n  dose o f  l ess  than 
one dpa. The dens i ty  o f  s u b c r i t i c a l  vo ids  depends on the i r r a d i a t i o n  temperature, and i t s  value i s  assumed 

t o  be equal t o  the te rmina l  vo id  number dens i ty  reached a t  h igh f luences.(6)  
e a r l y  growth o f  these vo id  embryos t o  t h e i r  eventual c r i t i c a l  s i ze  i s  c o n t r o l l e d  by the Heldpa r a t i o .  
Changing t h i s  r a t i o  from 0.6 appm Heldpa, t y p i c a l  o f  breeder reac to rs ,  t o  20 appm Heldpa, t y p i c a l  of fus ion  
reac to rs ,  has however l i t t l e  e f f e c t  on the d i s l o c a t i o n  evo lu t ion .  Th is  can be seen from the  r e s u l t s  shown 
i n  F igs .  5 through 8. The major d i f f e rence  between tne  two cases i s  t h a t  the sa tu ra t i on  d i s l o c a t i o n  dens i t y  
a t  700'C i s  h igher  f o r  i r r a d i a t i o n s  w i t h  20 appm Heldpa than w i t h  0.6 appm Heldpa. 
t h a t  the c l i m b  r a t e  o f  d i s l o c a t i o n s  i s  somewhat h igher when gas-driven swe l l i ng  occurs. 

The s t a b i l i z a t i o n  and the  

Th is  i s  due t o  the f a c t  

The s a t u r a t i o n  d i s l o c a t i o n  dens i ty  i s  found t o  be independent of  temperature between 300°C and 500"C, hut i t  
begins t o  decrease w i t h  i nc reas ing  temperature above about 550'C. The reason f o r  t h i s  i s  the  i nc reas ing  
c o n t r i b u t i o n  of thermal ly- induced c l imb as s e l f - d i f f u s i o n  becomes important .  The thermal ly- induced c l imb i s  
of course a l s o  respons ib le  f o r  the high- temperature recovery o f  cold-worked mater ia ls .  Th is  can a l so  be de- 
Scr ibed by the p resent  model by simply t u rn i ng  o f f  the p o i n t  de fec t  p roduc t ion  ra te .  F igure  9 gives the re-  
s u l t s  f o r  the thermal recovery of the  d i s l o c a t i o n  s t r u c t u r e  i n  cold-worked 316 S S .  For purposes of compari- 
son w i t h  the previous f igures ,  the t ime u n i t s  o f  dpa have been re ta ined ;  1 dpa corresponds t o  11.57 days of 

thermal annealing. I t  i s  seen t h a t  the d i s l o c a t i o n  dens i ty  recovers t o  a value o f  5 x 1013 m-', t y p i c a l  o f  
so lut ion- annealed mater ia l ,  w i t h i n  about 1 2  days a t  an anneal ing temperature o f  700°C. Annealing a l so  
occurs a t  60O"C, b u t  i t  becomes i n s i g n i f i c a n t  f o r  temperatures a t  o r  below 500°C. These p r e d i c t i o n s  are i n  
agreement w i t h  observation, though no d i s l o c a t i o n  dens i ty  measurements have a c t u a l l y  been found i n  the  
1 i te ra tu re .  

The se t  of F igs .  10 t o  13 shows the p red i c t i ons  f o r  the d i s l o c a t i o n  e v o l u t i o n  i n  the f e r r i t i c  phase of a 
f e r r i t i c  s t ee l  such as 2-114 Cr-1 Mo. Comparison w i t h  the r e s u l t s  f o r  type 316 SS shows t h a t  thermal r e-  
covery p lays  a r o l e  i n  f e r r i t i c  s t ee l s  a l ready a t  a temperature o f  500°C. I n  f ac t ,  an i r r a d i a t o n  tempera- 
tu re  o f  500'C i n  f e r r i t i c  ma te r i a l s  corresponds roughly t o  650°C i n  a u s t e n i t i c  s teels,  and t h i s  d i f f e r e n c e  
i s  due t o  the  d i f f e rence  i n  the  s e l f - d i f f u s i o n  energies f o r  the two s tee ls .  A t  i r r a d i a t i o n  temperatures o f  
400°C and below, the  sa tu ra t i on  dens i t i es  become again independent o f  temperature. The r a t e  o f  recovery i s  
i n  f a c t  very s i m i l a r  t o  the  r a t e  i n  20% CW 316 S S .  However, f o r  annealed mater ia ls ,  the d i s l o c a t i o n  dens i ty  
increases a t  a lower r a t e  a t  400'C o r  below i n  the f e r r i t i c  s t r u c t u r e  than i n  the a u s t e n i t i c  s t r u c t u r e  a t  
500°C o r  below. The reason i s  t o  be found i n  the  lower d i s l o c a t i o n  b i as  i n  f e r r i t i c  versus a u s t e n i t i c  
a l l oys .  

5 . 7  Discussion 

The model developed f o r  the evo lu t i on  o f  the  network d i s l o c a t i o n  dens i t y  reproduces remarkably w e l l  the 
experi inental observat ions.  Th is  i s  s i g n i f i c a n t  f o r  two major reasons. F i r s t ,  the ma te r i a l s  parameters r e-  
qu i red  are very fundamental and reasonably w e l l  known i n  the case of a u s t e n i t i c  s t a i n l e s s  s tee l s .  There- 
fore, w i t h  the except ion of the mesh l eng th  parameter P and the b i as  var iance 5 ,  no o ther  parameters r e q u i r e  
adjustments. The value chosen f o r  e ,  namely 400 nm, i s  a l so  reasonably c lose t o  the  w s h  l eng th  of bowed- 
Out d i s l oca t i ons  observed i n  micrographs o f  i r r a d i a t e d  s tee l s .  

The second impor tan t  i m p l i c a t i o n  o f  the successfu l  model i s  t h a t  the  complex d i s l o c a t i o n  s t r u c t u r e  and i t s  

e v o l u t i o n  can i n  f a c t  be understood i n  terms o f  two simple processes: 
c l imb i n  a ma te r i a l  w i t h  supersa tura t ion  o f  p o i n t  defects;  and the cl imb- induced a n n i h i l a t i o n  of d i s l o c a t i o n  

dipoles.( ')  

the Bardeen-Herring process(3 '  o f  

The f a c t  t h a t  d i s l o c a t i o n  loops have n o t  been e x p l i c i t l y  considered i n  the p resent  model c o n s t i t u t e s  both 
one o f  i t s  s t reng ths  and i t s  weaknesses. Large loops increase t h e i r  l i n e  l eng th  very much l i k e  a bowed-out 
d i s l o c a t i o n  segmnt,  independent of the  presence o r  absence o f  a s tack ing  f a u l t .  When the  s tack ing  f a u l t  

energy i s  l o w ,  as i s  the  case i n  type 316 SS,(7)  the s tack ing  f a u l t  does n o t  con t r i bu te  s i g n i f i c a n t l y  t o  the  

l i n e  t ens ion  and t o  the  vacancy concent ra t ion  C v  in Eq.  (24 ) .  

edge d i s l o c a t i o n s  can indeed be t r ea ted  as one a t  h igher  temperatures. 

b .  Therefore, d i s l o c a t i o n  loops and bowed-out 
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FIGURE 10. 
nealed F e r r i t e  Phase of 2-114 C r - 1  Mo S t e e l  I r r a d i -  
a t e d  i n  a Breeder Neu t ron  Spectrum. 

D i s l o c a t i o n  Dens i t y  Versus Dose i n  the  An- 

2,  I 

FIGURE 12. 
nealed F e r r i t e  Phase of 2-1/4 C r - 1  Mo S tee l  I r r a d i -  
a t e d  i n  a Fusion Neutron Spectrum. 

D i s l o c a t i o n  D e n s i t y  Versus Dose i n  t h e  An- 

-L-- a, 0.0 5.0 10.0 TIME (DPA) i.0 

FIGURE 11. Same as F i g .  10 Excep t  f o r  a 
D i s l o c a t e d  F e r r i t e  Phase. 

-5 

H e a v i l y  

I 
i o  

FIGURE 13. Same as F ig .  12 Except  f o r  a H e a v i l y  
D i s l o c a t e d  F e r r i t e  Phase. 
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However, when d i s l o c a t i o n  loops are small. i t  i s  no longer  adequate t o  model them as edge d i s l o c a t i o n  seg- 
ments. I n  t h i s  case, loops and network d i s l oca t i ons  must be considered as d i f f e r e n t  s inks,  and t h e i r  evo- 

l u t i o n  w i l l  have t o  be descr ibed by d i f f e r e n t  m d e l s .  
t y  increases and t h e i r  s i ze  decreases w i t h  decreasing i r r a d i a t i o n  temperature. It i s  therefore expected, 
t h a t  small  d i s l o c a t i o n  loops are  p resent  i n  type 316 SS a t  an i r r a d i a t i o n  temperature of 300"C, and t h a t  
these loops make a major c o n t r i b u t i o n  t o  the t o t a l  d i s l o c a t i o n  dens i t y .  Accordingly, the  p resent  model 
should n o t  be app l i ed  t o  the e n t i r e  d i s l o c a t i o n  s t r u c t u r e  i n  ma te r i a l s  con ta i n i ng  a h igh  dens i t y  o f  small 
d i s l o c a t i o n  loops. 

Based on exper imental  observation,( ')  the  loop densi-  
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_ _  RELATIONS AMONGJNSILE TEST TEMPERATURE AND STRAIN  RATE I N  THE FRACTURE OF HEL IUM- IRRADIATED TYPE 316 SS 

R. 0.  Gerke and W .  A. Jesser (Un i ve rs i t y  of V i r g i n i a )  

1.0 Ob jec t i ve  

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  i s o l a t e  the  cond i t ions  under which temperature, s t r a i n  r a t e  and so lu te  
segregat ion become dominant i n  causing i n te rg ranu la r  f a i l u r e  i n  i r r a d i a t e d  a u s t e n i t i c  s t a i n l e s s  s t e e l .  

2 .0  

Helium i r r a d i a t e d  m i c r o t e n s i l e  specimens t e n s i l e  t es t?d  under dual temperature t e s t  cond i t ions  f a i l e d  
i n t e r g r a n u l a r l y  when d crack was  i n i t i a t e d  a t  700°C but  chz-ged t o  t ransgranu la r  f a i l u r e  when the  temper- 
a tu re  was lowered t o  550°C. Th is  suggests t h a t  hel ium and/or impu r i t y  atoms d i d  no t  segregate a t  700°C i n  
such a manner as t o  permi t  i n t e rg ranu la r  f a i l u r e  a t  the  lower temperature. 
s t r a i n  r a t e  and temperature dependent, and does no t  seem t o  he associated w i t h  bubbles on g ra i n  boundaries 
o r  g r a i n  boundary s l i d i n g .  I t  seems t h a t  when the  co r rec t  temperature and s t r a i n  r a t e  cond i t ions  are met, 
d i s l oca t i ons  a c t  t o  b r i n g  a tom is t i c  o r  submicroscopic c l u s t e r s  of hel ium t o  g r a i n  boundaries i n  s u f f i c i e n t  
numbers t o  produce the  cond i t ions  f o r  i n t e rg ranu la r  f a i l u r e .  

Hel ium embr i t t lement  seems t o  be 

3 . 0  Progrdm 

T i t l e :  
P r i nc i pa l  I nves t i ga to r s :  W .  A. Jesser and R .  A .  Johnson 
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5.0 Accomplishments and Status 

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

The mechanism o f  hel ium embr i t t lement  i s  an important  area o f  i n v e s t i g a t i o n  i n  the  fus ion coniinunity. 
e f f ec t  on candidate f i r s t  wa l l  ma te r i a l s  i s  o f  pr imary concern. There a re  many hel ium embr i t t lement  
theor ies  c u r r e n t l y  being i nves t i ga ted  today. Perhaps one o f  t he  m o s t  popular  theor ies  involves a hel ium 
bubble model. Helium embr i t t lement  i s  thought t o  be caused by s t r ess  induced growth o f  hel ium f i l l e d  cav- 
i t i e s  o r  bubbles on g r a i n  boundaries. F ina l  f r ac tu re  of the  g r a i n  boundaries i s  thought t o  occur by the 
coalescence of these c a v i t i e s  E11 o r  by propagating a wedge crack through them [ Z ] .  

i s  s tud ied  by d i r e c t  i n j e c t i o n  o f  hel ium ions i n t o  a specimen and by neutron i r r a d i a t i o n  which produces 
(n,a) t ransmutat ional  hel ium i n  specimens. A wide range o f  hel ium concentrat ions i s  possib le,  however, 
i n t e rg ranu la r  f a i l u r e  a t  h i gh  temperature can occur a t  hel ium concentrat ions as low as 0.1 appm (atomic 
pa r t s  per  m i l l i o n )  131. 
i t  has been observed t h a t  a s i g n i f i c a n t  amount of e m b r i t t l i n g  occurred i n  creep t es ted  D I N  1.4970 s ta i n l ess  
s tee l  w i t h  as l i t t l e  as 5 appm hel ium [41. 
l ess  s tee l  specimens conta in ing  l a r g e  amounts o f  helium, i r r a d i a t e d  w i t h  hel ium ions  t o  an est imated 10,000 
appm hel ium and h igher ,  f a i l e d  i n  a pu re l y  t ransgranu la r  mode [5]. Many hel ium embr i t t lement  theor ies  
t r e a t  the  amount of hel ium f i l l e d  c a v i t i e s  on the  g r a i n  boundaries as a c r i t e r i o n  f o r  b r i t t l e  f a i l u r e .  
However, the  presence o f  l a rge  amounts o f  hel ium does n o t  seem t o  be s u f f i c i e n t  by i t s e l f  t o  cause e m b r i t t l e -  
ment. Typical  parameters t h a t  a re  i nves t i ga ted  such as the  g r a i n  boundary area f r a c t i o n a l  coverage by 
hel ium bubbles, a , [4,6,7] and pressure i n  g ra i n  boundary bubbles [4,6-8] may no t  be important  i n  de te r-  
mining a mechanisg f o r  hel ium embr i t t lement .  Grain boundary bubble spacing has been shown t o  he an irnpor- 
t a n t  parameter when p l o t t e d  aga ins t  t e n s i l e  t e s t  temperature 161. 
f o r  l a r g e  bubble spacings (and diameters) and a temperature independent reg ion  f o r  small (and non v i s i b l e )  
bubbles and spacings which de f ine  the  onset of i n t e rg ranu la r  f a i l u r e .  These r e s u l t s  a re  p l o t t e d  a s  a 
f r a c t u r e  map of c a v i t y  spacing versus t e n s i l e  t e s t  temperature and produce a J-shaped boundary between a 
t ransgranu la r  f r ac tu re  reg ion  of the map and an i n t e r g r a n u l a r  reg ion .  This J-curve together  w i t h  the  lack  

Relevant OAFS Program Plan Task/Subtask 

Ef fects of Helium and Displacements on Crack I n i t i a t i o n  and Propagation. 
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Helium embr i t t lement  

Helium seems t o  have a pronounced e f f e c t  on h igh  temperature f r a c t u r e .  A t  700'C 

A t  t e s t  temperatures below 7 O O O C  ( T <  - 500°C) type 31G s t a i n -  

There i s  a temperature dependent reg ion  
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o f a c r i t i c a l  Ya lueofaRbe ing  found Seem t o  preclude any f u r t h e r  cons idera t ion  of a model o f  hel ium em- 
b r i t t l e m e n t  based on a weakening of g r a i n  boundaries due t o  the  presence o f  hel ium bubbles. 

There i s  some experimental evidence o f  h i gh  temperature hel ium ass i s ted  so lu te  segregat ion w i t h  neutron 
i r r a d i a t e d  specimens. H igh l y  e m b r i t t l i n g  phospherous and s u l f u r  impu r i t y  atoms a re  suspected t o  accumulate 
a t  t he  i n t e r g r a n u l a r  f r a c t u r e  surface. 
w i t h  i m p u r i t y  segregat ion t o  g r a i n  boundaries. 
b r i t t l e m e n t  model of i m p u r i t y  segregat ion d r i v e n  by t he  presence o f  hel ium. 
imens a l t e r s  the  f r a c t u r e  behavior  a t  h i gh  temperatures and under appropr ia te  m i c r o s t r u c t u r a l  cond i t i ons  
a l t e r s  the  f a i l u r e  mode a t  low temperatures (even room temperature) [6]. 

Another impor tan t  v a r i a b l e  which a s s i s t s  i n  the  promotion of i n t e r g r a n u l a r  f r a c t u r e  i s  s t r a i n  r a t e .  
in te rmed ia te  s t r a i n  r a tes ,  t e n s i l e  t e s t s  revea l  f r a c t u r e  behavior  as dep ic ted  by t he  ' J '  curve. However, 
a u s t e n i t i c  s t a i n l e s s  s t e e l s  con ta i n i ng  -20 appm hel ium t e n s i l e  t es ted  a t  slow s t r a i n  r a t e s  and temperatures 
of -700°C f a i l e d  i n t e r g r a n u l a r l y  w h i l e  s i m i l a r  specimens t es ted  a t  f a s t  s t r a i n  r a tes  f a i l e d  t r ansg ranu la r l y  
[4,9]. The presence o f  
v i s i b l e  hel ium bubbles on g r a i n  boundaries e x i s t i n g  due t o  thermal t reatment  o r  by p l a s t i c  deformat ion does 
n o t  seem t o  be s u f f i c i e n t  cause f o r  he l ium embritt1ement.A u n i f i e d  hel ium embr i t t lement  mechanism has n o t  
emerged due t o  d isc repenc ies  between experiment and theory .  I t  does seem l i k e l y  t h a t  the embr i t t lement  i s  
associated w i t h  hel ium inc reas ing  i t s  presence a long g r a i n  boundaries under the  i n f l uence  of app l i ed  s t r ess .  
Temperature and s t r a i n  r a t e  have an e f f e c t  i n  the  temperature dependent r eg ion  o f  the  ' J '  curve. Impu r i t y  
atoms may a l s o  have an e f f e c t  a t  h i gh  temperatures. I t  i s  t he re fo re  impor tan t  t o  i s o l a t e  cond i t i ons  under 
which each c o n t r i b u t i n g  f a c t o r  becomes dominant. 

A u s t e n i t i c  s t a i n l e s s  s tee l  specimens were he l ium i o n  i r r a d i a t e d  and t e n s i l e  t es ted  i n - s i t u  i n  a h i gh  vo l t age  
e l e c t r o n  microscope (HVEM) a t  h i gh  temperatures. 
reference t o  i t s  dependence on s t r a i n  r a t e  and temperature. A poss ib l e  mechanism r e l a t i n g  f r a c t u r e  behavior  
i n  the  temperature dependent and independent reg ions  o f  t h e  ' J '  curve i s  suggested. I n t e r g r a n u l a r  f r a c t u r e  
was i nves t i ga ted  w i t h  p a r t i c u l a r  re fe rence t o  i t s  dependence on s t r a i n  r a t e  and temperature. 

I n t e r a c t i o n  w i t h  excess n i c k e l  and chromium i s  a l s o  known t o  occur 
I f  t h i s  i s  t o  occur  then the  p o s s i b i l i t y  e x i s t s  f o r  an em- 

The presence o f  he l ium i n  spec- 

A t  

Bubble dragging by moving d i s l o c a t i o n s  have been invoked t o  e x p l a i n  these r e s u l t s .  

I n t e r g r a n u l a r  f r a c t u r e  was i nves t i ga ted  w i t h  p a r t i c u l a r  

5.2 Experimental Resul ts  and Discussion 

5.2.1 Experimental Procedure 

As rece ived  A I S 1  Type 316 s t a i n l e s s  s t e e l  f o i l ,  40um t h i c k ,  was punched i n t o  r ec tangu la r  m i c r o t e n s i l e  spec- 
imens 12.5 mm x 2.5 mm i n  s i ze .  
t i o n  i n  a 90% a c e t i c  ac id-10% pe rcho lo r i c  a c i d  s o l u t i o n  a t  room temperature. 

m-25-1) were produced us ing  80 keV he l ium ions and i r r a d i a t i o n  temperatures were est imated t o  be -300°C. 

The e f f e c t i v e  depth o f  pene t ra t i on  o f  t he  he l ium i ons  i n  the  type  316 s t a i n l e s s  s t e e l  a t  t h i s  f a c i l i t y  has 
been c a l c u l a t e d  by Horton [ll] us ing  the  computer code E-DEP-1 o f  Manning and Mue l l e r  [12] which can ca lcu-  
l a t e  the  displacements oer atom (dpa) as a f u n c t i o n  o f  depth f o r  a g iven i n c i d e n t  species, energy and t a r -  
g e t  m a t e r i a l .  
f o r  i on  i r r a d i a t i o n s  i s  ca l cu la ted .  Un l i ke  the  un i fo rm displacement curve f o r  neutrons, the  displacement 
curve f o r  ions  e x h i b i t s  a sharp maxima a t  a c e r t a i n  f o i l  th ickness  and then r a p i d l y  t a i l s  o f f  as the  f o i l  
th ickness  cont inues t o  increase,  due t o  t he  f a c t  t h a t  80 keV neutrons can produce d i s  lacement d3mage much 

ions  m-zsec-1) the  maximum number of displacements pe r  atom i s  about 2 dpa a t  a 230 nm f o i l  depth. 
t h e  two f o i l  surfaces a c t  as e f f i c i e n t  s inks  f o r  t he  oncoming ions ,  the  he l ium depos i t i on  i s  assumed t o  be 
a gaussion d i s t r i b u t i o n  w i t h  a c a l c u l a t e d  p ro j ec ted  hel ium range of 281.6 nm and a standard d e v i a t i o n  Of  
77.9 nm f o r  80 keV hel ium [5].  It has been demonstrated t h a t  he l ium has an e f f ec t  on t he  f r a c t u r e  mode a t  
a much g rea te r  depth than t he  c a l c u l a t e d  pene t ra t i on  depth [11,13]. To inc rease the  e f f e c t  of the  range 
of 80 keV he l ium ions  i n  316 s t a i n l e s s  s t e e l ,  i r r a d i a t i o n s  were conducted on both s ides o f  the  f o i l  m ic ro -  
specimens. This procedure insured  t h a t  hel ium had an e f f e c t  on a wider range of specimen th ickness  as t he  
propagat ing crack,  i n i t i a t e d  a t  the  e l ec t ropo l i shed  pe r f o ra t i on ,  l e f t  t he  e l e c t r o n  t ransparen t  r eg ion  and 
entered ' t h i c k e r '  reg ions  of the  specimen. I n  a d d i t i o n ,  specimens were g iven  a p o s t - i r r a d i a t i o n  anneal i n  
a vacuum (10-4Pa o r  b e t t e r )  a t  900°C t o  coarsen t he  m i c r o s t r u c t u r a l  fea tu res .  Tens i l e  t e s t i n g  i n  the  HVEM 
was c a r r i e d  o u t  i n  a h y d r a u l i c a l l y  operated s i n g l e  t i l t  q u a n t i t a t i v e  load-e longat ion  t e n s i l e  stage capable 
o f  hea t ing  t he  specimen t o  about 700°C [14]. 
between about  55O0-7OOoC and a t  s t r a i n  r a t e s  between -10-4 sec -?and -1 sec-1. Dur ing t e n s i l e  t e s t i n g  HVEM 
observat ions were recorded on s t i l l  micrographs i n  o rder  t o  o b t a i n  the  t ype  o f  f a i l u r e .  D u c t i l i t y  was de te r -  
mined p r i m a r i l y  by t he  na ture  o f  crack propagat ion through a specimen ( i n  slow s t r a i n  r a t e  exper iments) .  
If most o f  t he  cracks propagated t r ansg ranu la r l y  then the  specimen was s a i d  t o  f a i l  i n  a d u c t i l e  (T) mode. 
When g r a i n  boundary f a i l u r e  was observed ( i n  the  HVEM) t he  specimen was s a i d  t o  f a i l  i n  a b r i t t l e  i n t e r -  
g ranu la r  ( I )  mode. Mixed mode f a i l u r e  ( I  + T) was a l so  observed. 
were a l s o  used t o  determine mode o f  f a i l u r e  i n  f a s t  s t r a i n  r a t e  t e n s i l e  t e s t s  ("1 sec-1) where HVEM ob- 
serva t ions  were n o t  p r a c t i c a l .  In a l l  experiments, where HVEM and SEM observat ions were ava i l ab le ,  bo th  

Next the  c e n t r a l  p o r t i o n  o f  each specimen was e l ec t ropo l i shed  t o  per fora-  
5 ecimens were then i o n  i r r a d -  

i a t e d  i n  an HVEM-ion acce le ra to r  f a c i l i t y  [ l o ] .  Fluences o f  9.4 x 1020 i ons  m- 5 ( f l u x  = 3 .9  x i ons  

Energy depos i t ion  as a f u n c t i o n  o f  depth and a p ro j ec ted  range beneath t he  f r o n t  surface 

f a r t he r  than he l ium ions  o f  the  same energy. Thus a t  a f luence o f  9.4 x l o z o  i o n s  m- 5 ( f l u x  3 .9  x 1018 
Because 

Specimens were t e n  i l e  t es ted  t o  f a i l u r e  a t  temperatures 

Frac tu re  surfaces observed i n  a SEM 
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large  concentrations of helium (above 100 appm) i s  n o t  a su f f i c ien t  condition fo r  intergranular f a i l u r e  a t  
t e s t  temperatures below about 600'C [15,16]. Clearly, the presence of large amounts of helium i s  not s u f f i -  
c ien t  by i t s e l f  t o  cause embrittlement. 
the cause fo r  high temperature embrittlement through grain boundary weakening [17].  The f ract ion of grain 
boundary area occupied by bubbles,aR, has been proposed as a c r i t e r i a n  f o r  intergranular f a i l u r e  by 
Trinkaus and Ullmair 171. 
grain boundary, and the more susceptible to  intergranular f a i l u r e .  A c r i t i c a l  value of CXR = 0.1 was assign- 
ed f o r  b r i t t l e  f a i l u r e .  However, Bennetch and Jesser  showed strong evidence tha t  aR i s  n o t  a c r i t i c a l  para- 
meter f o r  the onset of b r i t t l e  f rac tu re  i n  neutron and helium ion i r radia ted aus ten i t i c  s t a in less  s teel  [6]. 
I n  cer ta in  cases,  helium f i l l e d  cav i t i e s  have served to  increase specimen d u c t i l i t y  [16,18]. 
can be assumed t h a t  only the presence of helium f i l l e d  cav i t i e s ,  a t  any temperature, occupying area on grain 
boundaries of i r radia ted specimens i s  not su f f i c ien t  t o  cause intergranular f a i l u r e .  

Helium embrittlement has been shown to  be a thermally activated process in aus ten i t i c  s t a in less  s t ee l  [6]. 
A graph of edge to  edge (grain  boundary) bubble spacing, L ,  plotted versus t e n s i l e  t e s t  temperature reveals 
a f rac tu re  'map' indicating regions of transgranular and intergranular f a i l u r e  separated by a J-shaped 
boundary of mixed mode f a i l u r e ,  a s  schematically shown in Figure 2 .  

The presence of large grain boundary bubbles has been suggested as 

They s ta ted t h a t  the more f ract ional  area occupied by bubbles, the weaker the 

Therefore i t  

There are  two d i s t i n c t l y  d i f fe ren t  

. , -  
0 200 400 600 8C 

TEST TEMPERATURE ( "C  

FIGURE 2.  Schematic Plot of Cavity Spacing 
versus Tensile Test Temperature f o r  Neutron 
and Helium Irradia ted Austenitic Sta inless  
Steel (After Bennetch e t  a1 [6 ] ) .  Notice 
t h a t  Transgranular Failure i s  Separated 
from Intergranular Failure by a ' J '  Shaped 
Region of Mixed Mode Failure. 

boundaries of the L versus T graph, one temperature independent (< -550°C) and one temperature dependent 
( >  -550°C). This r e s u l t  suggests tha t  two processes of helium embrittlement occur in aus ten i t i c  s t e e l s .  

A t  temperatures below -550"C, the parameters L, d(bubb1e diameter) and possibly helium bubble pressure seem 
to  be s ignif icant  [6]. A p lot  of d versus T closely pa ra l l e l s  the ' J '  shape of Figure 2 since d i s  probably 
not independent of L .  
f rac tu re  occurs. This would suggest a bubble hardening mechanism in t h i s  temperature range where a h i g h  
density of small (possibly over pressurized) bubbles provide obstacles to  dis locat ions  moving t h r o u g h  the 
grain i n t e r i o r .  A high density of small d is locat ion loops can increase the yie ld  s t r e s s  by a fac to r  in- 
versely proportional t o  the loop spacing [19,20]. 
y ie ld  s t r e s s  by a greater  amount than an equal density of dislocation loops 1211. In addition, untrapped 
helium tha t  d i f fuses  t o  grain boundaries ra ther  than escaping t o  the surface during i r radia t ion may cause 
grain boundary bubbles t o  be more overpressurized than matrix bubbles, thus weakening the grain boundary 
r e l a t i v e  t o  the hardened matrix. The poss ib i l i ty  f o r  b r i t t l e  f rac tu re  may therefore e x i s t  below -550°C. 
A t  temperatures below -550°C cleavage cracks dominated the transgranular f a i l u r e  mode which suggested that  
extremely c lose  packed small bubbles can embrit t le sol ids  by acting a s  e f fec t ive  dislocation obstacles [61. 
In the temperature dependent region of the ' J '  curve helium embrittlement was shown to  be a function of only 
temperature f o r  cavity spacings ranging over two orders of magnitude (-30 nm t o  > 3000 n m ) .  
below 55OOC resulted in transgranular f a i l u r e ,  and mixed mode ( I  & T )  f a i l u r e  occurred between 550°C a n d  
700°C while an intergranular mode of f a i l u r e  occurred fo r  a l l  t e s t  temperatures above 700°C. 
of t h i s  paper t o  r e l a t e  the two regi.ons of behavior, temperature independent and temperature dependent, 
where f rac tu re  behavior i s  governed primarily by small (sometimes non v i s ib le )  bubbles and large bubbles, 
respectively.  There a r e  numerous examples of intergranular f a i l u r e  above and below 550°C occurring with- 
out v i s ib le  helium bubbles ( l e s s  than -2 nmm) [4,9,22-241. Sagues e t  a l  141 observed tha t  specimens im- 
planted w i t h  helium and creep tested a t  700°C fa i l ed  intergranularly b u t  did not show v i s ib le  evidence 
of helium bubbles. 
solution acting a s  a mechanism causing intergranular f a i l u r e ,  possibly exis t ing in 

There a re  c r i t i c a l  values of L < -  30 nm and d c - 4  nm fo r  which the onset of b r i t t l e  

Also, a given density of small bubbles may increase the 

Temperatures 

I t  i s  an aim 

This suggests tha t  high temperature helium embrittlement may involve helium in 
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smal l  c l u s t e r s  o r  even a t o m i s t i c  he l ium. Other ev idence t h a t  smal l  c l u s t e r s  o r  a t o m i s t i c  he l ium c o n t r i b u t e  
t o  he l ium e m b r i t t l e m e n t  e x i s t .  Room temperature t e n s i l e  t e s t s  o f  specimens c o n t a i n i n g  He3 f r a c t u r e d  i n t e r -  
g r a n u l a r l y  [15] and specimens i r r a d i a t e d  w i t h  He4 i o n s  f r a c t u r e d  i n  a mixed mode a t  room temperature [23] 
and i n t e r g r a n u l a r l y  a t  500°C [24]. These r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e  ' J '  curve  because they  correspond 
t o  t h e  bot tom o f  t h e  ' J ' ,  where c r i t i c a l  va lues  o f  c a v i t y  spacing, L, and bubble d iameter ,  d, below 550°C 
a r e  -30 nm and -4 nm, r e s p e c t i v e l y .  These va lues a r e  t h r e s h o l d s  below which t h e  onse t  o f  b r i t t l e  f r a c t u r e  
occurs [61. S ince smal l  c l u s t e r s  of a t o m i s t i c  he l ium m i g r a t i o n  i s  c u r r e n t l y  imposs ib le  t o  observe d i r -  
e c t l y ,  means o f  i n d i r e c t  measuring must be used. Claus ing and Bloom f r a c t u r e d  neu t ron  i r r a d i a t e d  type  304 
s t a i n l e s s  s t e e l  specimens c o n t a i n i n g  28 appm he l ium w i t h  no v i s i b l e  bubbles (as  shown by TEM) i n  an Auger 
spect roscopy system and found i n t e r g r a n u l a r  f a i l u r e  t o  occur  [22] .  
i d u a l  gas a n a l y z e r .  They concluded t h a t  t h e  he l ium segregated t o  t h e  boundar ies as a p a r t i a l  monolayer o r  
i n  bubbles l e s s  than  2 nm i n  d iameter  (co r respond ing  t o  a p o s s i b l e  bubble spacing of -10 nm and a~ -0.045). 
I t  was a l s o  concluded t h a t  t h e  he l ium may n o t  be u n i f o r m l y  d i s t r i b u t e d  b u t  concen t ra ted  i n  r e g i o n s  o f  "bad 
fit." T h i s  r e s u l t  suggests  t h a t  t h e  he l ium c o n c e n t r a t i o n  on t h e  g r a i n  boundar ies i s  h i g h e r  than t h e  m a t r i x  
e x i s t i n g  i n  smal l  c l u s t e r s  r a t h e r  than i n  l a r g e  bubbles. I n  t h e  temperature dependent r e g i o n  o f  t h e  ' J '  
curve where i n t e r g r a n u l a r  f a i l u r e  occurs a t  h i g h  temperature and i n  t h e  presence o f  l a r g e  ( v i s i b l e )  bubbles 
i t  may be p o s s i b l e  t h a t  d u r i n g  t h e  p l a s t i c  de fo rmat ion  process t rapped  he l ium i s  re leased  f rom t h e  t r a p s  
and e i t h e r  m i g r a t e s  o r  more l i k e l y  i s  c a r r i e d  by d i s l o c a t i o n s  t o  t h e  g r a i n  boundary t o  r e s i d e  t h e r e  as 
d i s s o l v e d  h e l i u m  o r  v e r y  smal l  he l ium p o i n t  de fec t  c l u s t e r s .  T h i s  l a t t i c e  hel ium, p o s s i b l y  d i s t r i b u t e d  i n  
r e g i o n s  o f  "bad fit" as suggested by C laus ing  and Bloom [22], then  a c t s  t o  reduce specimen d u c t i l i t y  and 
promote i n t e r g r a n u l a r  f a i l u r e .  In o r d e r  f o r  these processes t o  occur ,  c e r t a i n  c o n d i t i o n s  must be p resen t .  
Obvious ly  h i g h  temperature and an a p p l i e d  s t r e s s  must e x i s t  f o r  i n t e r g r a n u l a r  f a i l u r e  t o  occur .  
i n  which t h e  s t r e s s  i s  a p p l i e d  a t  h i g h  temperature may be i m p o r t a n t .  

Hel ium r e l e a s e  was measured by a r e s-  

The manner 

5.2.5 C o n t r i b u t i o n s  t o  Embr i t t l ement  Due t o  S t ress  and S t r a i n  

A p p l i e d  s t r e s s  t o  i r r a d i a t e d  specimens i s  v e r y  i m p o r t a n t  t o  t h e  m i g r a t i o n  o f  h e l i u m  i n t o  bubbles. 
observed t h a t  specimens creep t e s t e d  a t  800'C e x h i b i t e d  l a r g e  bubbles ( s e v e r a l  hundred angstroms i n  d iamete r )  
on g r a i n  boundar ies,  
s t r e s s e d  showed v e r y  smal l  h e l i u m  bubbles [41. 
s t e e l  was r e q u i r e d  t o  p r e c i p i t a t e  bubbles (10-20 nm i n  d iamete r )  a t  76OOC a t  a c o n c e n t r a t i o n  o f  30 appm 
he l ium w h i l e  i n  u n s t r a i n e d  samples no bubbles were observed u n t i l  a f t e r  a fou r  hour anneal a t  815°C [3]. 
Bo th  of these r e s u l t s  a r e  c o n s i s t e n t  w i t h  the  p o s s i b i l i t y  o f  d i s l o c a t i o n  a s s i s t e d  he l ium m i g r a t i o n .  

More i m p o r t a n t  than  s imp ly  a s t r e s s  a s s i s t e d  he l ium e m b r i t t l e m e n t  i s  t h e  a d d i t i o n a l  v a r i a b l e  s t r a i n  r a t e .  
Experiments i n v o l v i n g  s t r a i n  r a t e  as a v a r i a b l e  a t  h i g h  temperatures have shown t h a t  s low s t r a i n  r a t e  ten-  
s i l e  t e s t s  on i r r a d i a t e d  a u s t e n i t i c  s t a i n l e s s  s t e e l  f r a c t u r e  i n t e r g r a n u l a r l y  w h i l e  a h i g h  s t r a i n  r a t e  t e s t  
r e v e a l s  t r a n s g r a n u l a r  f a i l u r e  [4,9]. 
t e n s i l e  s t r e n g t h ,  y i e l d  s t r e s s  and e l o n g a t i o n ,  i n  t ype  316 s t a i n l e s s  s t e e l  i r r a d i a t e d  up t o  20 appm he l ium 
t e s t e d  a t  700°C [91. 
b u t  no i r r a d i a t i o n  e f f e c t  was d i s c e r n i b l e  when t h e  s t r a i n  r a t e  exceeded 4.2 x 10-2s-1. 
t h e  s t r a i n  r a t e  t h e  g r e a t e r  t h e  e f f e c t  of i r r a d i a t i o n .  
showed by use of TEM t h a t  a t  slow s t r a i n  r a t e s  (i = 4.2 x 10-%-I )  i n t e r g r a n u l a r  f a i l u r e  was c h a r a c t e r i z e d  
by he l ium fill d 

bubbles i n  t h e  l a t e r  case were r e o o r t e d  t o  be d i s t i n c t l v  s m a l l e r  bo th  i n  s i z e  and number than i n  t h e  case 

Sagues 

p r e c i p i t a t e s  and on g r a i n  b o u n d a r y - p r e c i p i t a t e  i n t e r f a c e s  w h i l e  s i m i l a r  specimens n o t  
Kramer e t  a1 observed t h a t  2% s t r a i n  i n  t y p e  304 s t a i n l e s s  

Matsumoto e t  a1 showed t h e  e f f e c t  o f  s t r a i n  r a t e  on t e n s i l e  p r o p e r t i e s ,  

In a l l  cases t h e  e f f e c t  of i r r a d i a t i o n  was e v i d e n t  below s t r a i n  r a t e s  of 4.2 x lO-3S- l ,  
A lso,  t h e  s lower  

Of more impor tance t o  t h i s  i n v e s t i g a t i o n ,  they  

a v i t i e s  (bubbles)  l o c a t e d  on g r a i n  boundar ies and h i g h  s t r a i n  r a t e  t e n s i l e  t e s t s  
(i = 4 .2  x 10- 7 7  S' ) t r a n s g r a n u l a r  f a i l u r e  revea led  bubbles s t r u n g  a long,  b u t  n o t  on, g r a i n  boundar ies.  The 

~~ ~ ~~ 

o f  s low s t r a i n i n g  d e s p i t e  t h e  g r e e t e r  a p p l i e d  s t r e s s  a n h  s t r a i n .  
f a i l u r e  was suggested t o  be a s s o c i a t e d  y i t h  moving d i s l o c a t i o n s  sweeping t h e  bubbles toward t h e  g r a i n  boun- 
d a r i e s .  

The proposed mechanism f o r  i n t e r g r a n u l a r  

These r e s u l t s  agreed w i t h  Beere who observed 100-200 8 bubbles dragged by d i s l o c a t i o n s  i n  h e l i u m  
i r r a d i a t e d  copper during~recrystallization [25]. However, t h i s  does n o t  e x p l a i n  how t h e  two r e g i o n s  of be- 
h a v i o r  i n  t h e  ' J '  curve  a r e  r e l a t e d ,  because v i s i b l e  bubbles a r e  n o t  e v i d e n t  i n  t h e  temperature independent  
r e g i o n  (bot tom o f  ' J ' )  and y e t  i n t e r g r a n u l a r  f a i l u r e  occurs.  The f o i l  m i c r o t e n s i l e  specimens t e s t e d  i n  t h i s  
i n v e s t i g a t i o n  under r a p i d  and s low s t r a i n  r a t e s  were t e s t e d  a t  610"C, a temperature where mixed mode ( I  + T) 
f r a c t u r e  behav io r  i s  shown t o  occur  ( F i g u r e  2 ) .  
t y p e  o f  f a i l u r e  and changed t o  t r a n s g r a n u l a r  f a i l u r e  a t  f a s t  s t r a i n  r a t e s  suppor ts  p rev ious  work b u t  a l s o  
suggests t h a t  t h e r e  i s  a t e m p e r a t u r e- s t r a i n  r a t e  r e l a t i o n s h i p .  A t  an i n t e r m e d i a t e  temperature,  between 
550°C and 700°C f o r  a u s t e n i t i c  s t a i n l e s s  s t e e l s  as suggested by F i g u r e  2, mixed mode f a i l u r e  i s  shown t o  
occur  f o r  normal t e n s i l e  t e s t  s t r a i n  r a t e s .  I t  has been shown here t h a t  t r a n s g r a n u l a r  f a i l u r e  occur red  
under  t h e  same c o n t r o l l e d  c o n d i t i o n s  w i t h  o n l y  a change i n  s t r a i n  r a t e .  It i s  a n t i c i p a t e d  t h a t  an a l l  
i n t e r g r a n u l a r  f a i l u r e  i s  p o s s i b l e  a t  t h i s  i n t e r m e d i a t e  temperature if t h e  a p p l i e d  s t r a i n  r a t e  i s  s low 
enough, perhaps i n  t h e  c reep  regime (-10%-1), 
i s  v a r i e d  a p p r o p r i a t e l y  a l l  t h r e e  modes o f  f a i l u r e  c o u l d  be observed. 
t e n s i l e  t e s t e d  under t y p i c a l  t e n s i l e  t e s t  s t r a i n  r a t e s .  The boundar ies o f  t h e  ' J '  curve  a r e  suspected t o  
s h i f t  t h e i r  r e l a t i v e  p o s i t i o n  w i t h  r e s p e c t  t o  temperature if d r a s t i c a l l y  d i f f e r e n t  s t r a i n  r a t e s  were app- 
l i e d .  
Conversely, when t h e  a p p l i e d  s t r a i n  r a t e  i s  r a p i d  t h e  ' J '  would be s h i f t e d  t o  h i g h e r  temperatures.  

I t  seems from t h e  above d i s c u s s i o n  t h a t  he l ium e m b r i t t l e m e n t  i s  caused by more than  j u s t  a p p l y i n g  a h i g h  
temperature.  

The f a c t  t h a t  t h e  s low s t r a i n  r a t e  e x h i b i t e d  a mixed mode 

Also,  a t  a f i x e d  s t r a i n  r a t e  i t  seems t h a t  if temperature 
F i g u r e  2 suggests t h i s  f o r  specimens 

For  example, t h e  ' J '  may s h i f t  t o  lower  temperatures f o r  specimens p u l l e d  a t  creep s t r a i n  r a t e s .  

When h e l i u m  i s  b rough t  t o  t h e  g r a i n  boundary by d i f f u s i o n  i t  appears t h a t  l a r g e  bubbles fo rm 
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and are  n o t  a c t i v e  i n  promoting i n t e r g r a n u l a r  f a i l u r e .  
t h i s  sec t i on  showing t h a t  l a r g e  g r a i n  boundary bubbles can promote d u c t i l e  f a i l u r e .  
r a t e  o f  ( p l a s t i c )  deformation i s  very  impor tan t  i n  causing embr i t t lement .  
searchers t h a t  d i s l o c a t i o n s  drag o r  sweep hel ium bubbles t o  g r a i n  boundaries and t he re fo re  cause i n te rg ran-  
u l a r  f a i l u r e ,  i f  the  s t r a i n  r a t e  i s  slow enough f o r  the  bubbles t o  keep up w i t h  the  d i s l o c a t i o n s ,  seems 
p l a u s i b l e  a t  t h i s  t ime.  However, i t  i s  n o t  be l ieved t h a t  bubbles a re  the  cause b u t  r a t h e r  hel ium i n  small 
p o i n t  de fec t  c l u s t e r s  o r  a t o m i s t i c  hel ium as proposed by Clausing and Bloom 1221. 
hel ium atoms a re  re leased from t h e i r  t r aps  a t  an appropr ia te  temperature and s t r a i n  r a t e  they can migra te  
t o  g r a i n  boundaries ass i s ted  by moving d i s l o c a t i o n s  and r e s i d e  t he re  as l a t t i c e  hel ium o r  submicroscopic 
c l u s t e r s .  The d isso lved  hel ium, poss ib l y  e x i s t i n g  as a monolayer, can t he re  p a r t i c i p a t e  i n  the  i n te rg ran-  
u l a r  process. I t  i s  n o t  l i k e l y  t h a t  de-cohesion i s  a c t i n g  as the  mechanism f o r  the  embr i t t lement  because 
specimens t e n s i l e  t es ted  a t  t h i s  f a c i l i t y  i r r a d i a t e d  t o  over 10,000 appm hel ium (and f r ac tu red  below 550°C) 
f a i l e d  t r ansg ranu la r l y  [5]. In such h i gh  hel ium experiments, one might  expect t o  exceed the  c r i t i c a l  con- 
c e n t r a t i o n  o f  l a t t i c e  hel ium f o r  i n t e r g r a n u l a r  f a i l u r e .  
a t  h igh  temperature a re  necessary t o  s e t  up a cond i t i on  i n  t he  temperature dependent r eg ion  o f  the ' J '  curve 
( l a r g e  hel ium bubbles) s i m i l a r  t o  the  c o n d i t i o n  p resent  i n  t he  temperature independent r eg ion  (bot tom o f  ' J ' )  
where non v i s i b l e  bubbles e x i s t .  Wi thout  d i s l o c a t i o n s  the  hel ium remains trapped and res ides  i n  bubbles 
which tend t o  be benign i n  the  f r a c t u r e  process. 

Th is  i s  supported by evidence repor ted  e a r l i e r  i n  
It seems t h a t  t he  

The observa t ion  made by o the r  r e -  

I t  seems t h a t  i f  trapped 

So i t  may be poss ib l e  t h a t  inoving d i s l o c a t i o n s  

5.2.6 

A l l o y i n g  and undes i rab le  i m p u r i t y  elements can segregate t o  s o l i d - s o l i d  i n t e r f aces  such as g r a i n  boundaries, 
phase boundaries and s tack ing  f a u l t s .  Many s t r u c t u r a l  p rope r t i es  a re  e f f e c t e d  due t o  changes i n  i n t e r f ace  
chemistry  caused by t he  Segregat ion.  
ments and i m p u r i t i e s  i s  t h e i r  l a r g e  e f f ec t  on the  loss o f  d u c t i l i t y  and the  f r a c t u r e  mode over var ious  
temperatures, u s u a l l y  h i gh  temperature se rv i ce .  
reduce e leva ted  temperature d u c t i l i t y  and induce i n t e r g r a n u l a r  f a i l u r e  i n  n i c k e l  and n i c k e l  based a l l o y s .  
I n  each case, these t r ace  elements a re  u s u a l l y  associated w i t h  ex tens ive  g r a i n  boundary c d v i t a t i o n  and 
c rack ing .  A number of poss ib l e  mechanisms have been proposed i n c l u d i n g  t r ace  element segregat ion t o  sur-  
faces and g r a i n  boundaries t o  a f f e c t  t h e i r  I )  energies 2)  d i f f u s i v i t i e s ,  and 3)  vacancy source - s i nk  
behavior  [ 2 6 ] .  
impu r i t y  segregat ion t o  them. 
a n t  process i n  the  f r a c t u r e  of neutron and hel ium i r r a d i a t e d  a u s t e n i t i c  s t a i n l e s s  s t e e l s  [27]. 
i r r a d i a t e d  specimens which f a i l e d  i n t e r g r a n u l a r l y  a t  e leva ted  t e n s i l e  t e s t  temperatures f a i l e d  p r i m a r i l y  
by Mode I crack ing .  Therefore so lu te ,  i m p u r i t y  and hel ium atoms a re  n o t  considered t o  promote excessive 
g r a i n  boundary s l i d i n g  as a major  mechanism i n  he l ium embr i t t lement .  
Padgett t h a t  i m p u r i t i e s  may n o t  be the  o n l y  concern i n  t he  i n t e r g r a n u l a r  f a i l u r e  o f  u n i r r a d i a t e d  n i c k e l  a t  
600°C [ X I .  I t  was found that s t r a i n  r a t e  p layed an impor tan t  r o l e  i n  whether the  specimens f a i l e d  i n t e r -  
g r a n u l a r l y  o r  t r ansg ranu la r l y .  
i nc reas ing  s t r a i n  r a t e  suggest ing a tempera tu re- s t ra in  r a t e  r e l a t i o n s h i p .  There i s  some experimental e v i -  
dence o f  h igh  temperature hel ium ass i s ted  s o l u t e  segregat ion t o  g r a i n  boundaries w i t h  E B R - I 1  samples. 
Sklad e t  a l .  found an excess o f  P and 5 i m p u r i t y  atoms, i n  a d d i t i o n  t o  a N i  excess and C r  d e p l e t i o n  a t  t he  
i n t e r g r a n u l a r  f r a c t u r e  sur face of a PE-16 s tee l  a l l o y  t es ted  a t  -575°C con ta i n i ng  -8 appm hel ium [ 2 7 ] .  I n  
con t ras t ,  Horton found a l a r g e  C r  excess ( w i t h  respec t  t o  N i  and Fe) on the  b r i t t l e  p a r t  of t he  f r a c t u r e  
sur face of t ype  316 s t a i n l e s s  s t e e l ,  He i o n  i r r a d i a t e d  > 20,000 appm and t es ted  a t  600°C [ I l l .  The r e s u l t s  
of these cases h i n t  a t  t h e  p o s s i b i l i t y  o f  a he l ium d r i v e n  s o l u t e  segregat ion and embr i t t lement .  To see how 
f e a s i b l e  t h i s  idea i s  dual temperature t e n s i l e  t e s t s  were conducted and showed t h a t  even though i n te rg ranu-  
l a r  f a i l u r e  was i n i t i a t e d  a t  700"C, the  cond i t i ons  se t  up a t  t he  h i gh  temperature were n o t  s u f f i c i e n t  t o  
cause the  i n t e r g r a n u l a r  f a i l u r e  a t  a lower t e s t  temperature o f  550°C. 
t he  c l o s e s t  temperature range a v a i l a b l e  represent ing  two d i s t i n c t  f a i l u r e  modes ( i . e .  pe r t u rb i ng  t he  system 
as l i t t l e  as poss ib l e ) .  

5.3 Conclusions 

I t  seems t h a t  i t  i s  n o t  poss ib l e  t o  s e t  up c o n d i t i o n s ' f o r  i n t e r g r a n u l a r  f a i l u r e  a t  h igh  temperatures (;.e. 
app l i ed  s t r ess ,  app rop r i a te  temperature, s t r a i n  r a t e  and hel ium and impu r i t y  con ten t )  and con t inue  the  
b r i t t l e  f a i l u r e  i n  a temperature regime c h a r a c t e r i s t i c  of d u c t i l e  behavior .  This suggests t h a t  the  hel ium 
and/or i m p u r i t y  atoms d i d  n o t  segregate a t  7 O O O C  i n  such a manner as t o  permi t  i n t e r g r a n u l a r  f a i l u r e  a t  the  
lower temperature. Even though t h i s  r e s u l t  suggests t h a t  segregat ion of hel ium and/or i m p u r i t y  atoms t o  
the  g r a i n  boundary i s  n o t  a mechansim f o r  hel ium embr i t t lement ,  never the less  i t  has n o t  been complete ly  
r u l e d  ou t .  Instead,  we fee l  t h a t  there  i s  dynamic c o n d i t i o n  s e t  up between the  s t r a i n  r a t e  ( d i s l o c a t i o n  
v e l o c i t y )  and temperature (he l ium m o b i l i t y )  which causes the  f r a c t u r e  process t o  occur w i t h  the  poss ib l e  
ass is tance  o f  d i s l o c a t i o n s  t o  a c t i v e l y  promote segregat ion i n  t he  i n t e r g r a n u l a r  f a i l u r e  process. I n  o the r  
words, i t  seems p l a u s i b l e  t h a t  when the c o r r e c t  temperature and s t r a i n  r a t e  cond i t i ons  a re  met, the  d i s -  
l oca t i ons  a c t  t o  b r i n g  e s s e n t i a l l y  a t o m i s t i c  o r  submicroscopic c l u s t e r s  o f  hel ium t o  the  g r a i n  boundary i n  
s u f f i c i e n t  numbers t o  produce the  cond i t i ons  f o r  i n t e r g r a n u l a r  f a i l u r e .  When these temperature and s t r a i n  
r a t e  cond i t i ons  a re  n o t  met, the  hel ium aggregate i n  bubbles o r  i s  n o t  p rope r l y  d i s t r i b u t e d  a t  the  g ra i n  
boundary. 

E f fec ts  of Segregation of A l l o y i n g  and I m p u r i t y  Elements 

The major  problems caused by g r a i n  boundary segregat ion o f  t r ace  e l e -  

M e t a l l o i d  i m p u r i t i e s  such as S, Sn, Sb and As a re  known t o  

The s l i d i n g  c h a r a c t e r i s t i c s  of the  g r a i n  boundaries a re  l i k e l y  t o  be in f luenced by t r ace  
However, Gerke e t  a l .  have shown t h a t  g r a i n  boundary s l i d i n g  i s  n o t  a domin- 

E m b r i t t l e d  

I t  has been shown by White and 

D u c t i l i t y  i n  N i - 1 %  Sb specimens t e n s i l e  t es ted  a t  600°C increased w i t h  

The two temperatures were chosen as 
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EFFECTIVE THERMOPHYSICAL AND ELASTIC PROPERTIES OF MATERIALS WITH VOIDS 

W .  G. Wolfer (University of Wisconsin) and F. A. Garner (Hanford Engineering Development Laboratory) 

1.0 Objective 

The object of this effort is to provide equations that describe the effect of void swelling on basic 
physical properties such as elastic properties and thermal and electrical conductivity. 

2 .a Summary 
~ 

The current theories describing the influence of void swelling on conductive and elastic properties have 
been reviewed and compared with the limited data available. Judgements have heen made as to the most 
dppropriate equations to describe the influence of voidage on thermal and electrical conductivity, and 
also the shear, bulk and Young's moduli and Poisson's ratio. These equations will be included in the 
Fusion Materials Handbook. 

3.0 Program 

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

4.0 Relevant OAFS Program Plan Task/Suhtask 

II.C.16 Composite Correlation Models and Experiments 

5.0 Accomplishments and Status 

5.1 Introduction 

The extensive void swelling observed in austenitic stainless steels after high fluence irradiation leads 
to significant changes in basic properties, such as thermal conductivity and the elastic properties. 
These changes lhave not attracted much attention in contrast to other changes in mechanical properties 
related to plastic deformation and fracture. 
low fiuence irradiation, the former properties are changed only when the void volume fraction becomes 
larye. 

Whereas the latter oroperties are often strongly affected by 

This difference in behavior arises from the following considerations. 

Plastic properties such as yield strength are determined by the interaction of dislocations with atomistic 
defects created by the radiation damage. 
atomistic defects, and they are simply a property of the crystal structure. The effective elastic 
properties of a composite material are then functions of the elastic properties of each phase present in 
the composite. 
high temperatures. 
of the atomistic defect structure in each phase, since the conductivities are determined mainly by the 
vibrational properties of the lattice. 
temperatures. 
by the concentration of atomic defects in each phase. 
longer be expressed only in terms of the conductivities for each of the phases 
presented below are therefore valid only at elevated temperatures, i.e., at or ahove ronm temperature. 

In contrast, elastic properties are little influenced hy the 

A similar argument can be made for the effective thermal and electrical conductivities at 
Here, the conductivity at high temperature of each phase present i s  nearly independent 

However, it must he noted that this is no longer true for cryogenic 
Here, both the thermal and the electrical conductivities are determined to a large extent 

For this case, the effective conductivities can no 
present. The results 
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5.2 Thermal Conductivity 

In order to obtain the effective thermal conductivity K *  of a material containing a volume fraction A = 
A V / V  of spherical voids we employ a model referred to as the composite sphere assemblage. 
material is thought of as being composed of spherical cells, each containing at its center a void. The 
individual cell radius, b, and its void radius, a, are selected such that 

Here, the 

To fill the space completely with cells requires that the spaces between the touching larger cells be 
filled with cells of even smaller radius. 

We now select an arbitrary cell and consider it to be embedded in an effective medium whose thermal 
conductivity is denoted by K*. Sufficiently far from this generic cell the temperature distribution is 
assumed to be a linear function of z = r coso, where r is the radius from the origin of the generic 
cell. We wish now to evaluate the disturbance of this linear temperature distribution by the generic 
cell. Within the cell, the temperature is written as 

T(r,R) = - AT r cose + ~ ~ ( r , e )  ( 2 )  A Z  

and for the surrounding effective medium, we write, 

( 3 )  AT T(r,e) = r COSA + T*(r,a) 

The temperature disturhances To and T* are now obtained by solving the equation n2T = 0 in each 
reg ion. 

On the void surface aT/ar = 0, so that 

ar*] . - - --@OS~ AT a 7  r=a 

On the interface between the generic cell and the surrounding effective medium 

( 6 )  
AT 

r=b = K*  cos0 + K *  - ::*I r=b 

where K O  is the conductivity of unvoided material. The solution for To(r,n) in the cell is given by 

To(r,e) = ( A  cose) r-l + B r cosn ( 7 )  

whereas the temperature disturbance in the surrounding medium is given by 
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Use of the boundary conditions (4) to ( 6 )  gives the following equations to determine the constants A, 6,  
and C. 

-2A/a 2 + 6 = - AT 

3 A + b B = C  

3 bT 3 AT -2KoA/b + K 6 + K - = -2K*C/h + K* - 
0 0 AZ A 2  

Solution of these equations gives 

K O  KO 3 2 A T  A 12 + - +  ( 1  - - )  A ]  = - a  K* K* 2 z  

The flow of heat through the generic cell can be obtained from 

+n/2 

-T /2  ar r=b q =/ K sine d a  

3 = - K - + - K [-2A/b + 61 1 AT 1 
2 o b 2  2 0 

If the region occupied by the generic cell had been modelled as part of the effective medium, then the 
heat flow through it would be 

114)  

Equating the two heat flows provides a relationship for the effective thermal conductivity K*. 
(10) and ( 1 2 )  we obtain 

Using Eas. 

This result, obtained earlier by Euken,’ demonstrates the use of the so-called self-consistent procedure 
for obtaining effective properties of composite materials. 

Numerous other results have appeared in the literature for evaluating the thermal conductivity of porous 
materials, and a quantitative comparison of these results has been made by Cheng and Vachon.’ 
application the results of Loeb3 and Russell4 are most appropriate. 
spherical pores, one obtains for the Loeh expression 

For our 
Specializing their expression to 

and for the Russell expression 

2/3 K* . I - A  

KO 1 + A - 
- _  
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Figure 1 shows a comparison of the three different results of Euken, Loeb, and Russell. Both Russell and 
Loeb arrive at their results for the effective thermal conductivity by treatinq material elements of 
different conductivity as conductors in series and in parallel. As a result their methods of derivation 
are not self-consistent in the sense of the derivation given above; namely, a pore in a medium of effec- 
tive conductivity has no effect on the effective conductivity of the medium as a whole. 
therefore the expression of Eq. (15) as the better one to describe the conductivity by a medium with 
spherical voids. 
which to test the validity of this recomnendation. 
electrical conductivity. 

We consider, 

Unfortunately there are not data availahle on porous metals at high swelling levels with 
These equations should be equally as valid for 

0.6 - 

K*/K, 

0.4 - 

0.2 - 

1 .o 

0.8 

0 
0 0.2 0.4 0.6 0.8 D 

VOID VOLUME FRACTION 

Predictions of Three Models Describing the Dependence of Thermal Conductivity K* for Voided 
Metals, Expressed as a Fraction of the Original Conductivity K O  o f  the llnvoided Metal. 

FIGURE 1. 

5.2 

Void swelling not only reduces the thermal conductivity of the structural materials used as reactor 
components but also changes their macroscopic dimensions. 
voio swelling on the thermal performance of a component both types o f  change must he considered. 
illustrate this point, three examples are analyzed: 
of a fuel element, (2) a plate subject to constant heat flux and, (3) the temperature distribution in a 
plate subject to nuclear heating. 

Use of the Effective Thermal Conductivity in Practical Applications 

Therefore, in assessing the overall impact of 

( 1 )  the temperature distribution through the cladding 
To  

5.2.1 Temperature Drop Across a Plate Subject to Constant Heat Load 

If q represents the heat flux per unit area of a fuel element and h the plate thickness, then the 
temperature drop across the plate (or thin-walled cladding) is given by 

K *  AT = h q (18) 

At the beginning of the irradiation when the plate or claddlnq thickness was equal to ho, the heat flux 
per unit area was q,, and the temperature drop is qiven by 
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If A, represents the initial area of the plate and A the present swellinq-increased area, then 

unoer the assumption that the fuel element maintains a constant power output. Since 

A h  V 
A. ha = V 
~- 

0 

and since void swelling is known to be isotropic, 

A = A /(1 - A )  2/3 
0 

and 

h = ho/(l - A )  1 13 

Substituting these last two equations in Eq. (18) and the relationship (19) we find that the temperature 
drop across the cladding has changed according to the following relationship. 

AT0 K *  -. 
K ( 1 - n )  113 ( 2 4 )  

5 .2 .2  Temperature Drop Across a Plate Subject t o  Constant Heat Flux 

Consider now the case of a beam of energetic particles depositing energy on a plate suhject to swelling. 
If the heat deposition is treated as a heat flux per unit area of surface then q = oo and 

5 . 2 . 3  Temperature Drop in a Plate Subject to Nuclear Heating 

Consider a plate in which heat of the amount Q is generated per unit volume and per second. 
temperature oistribution is given by 

The 

6 2 2  
T ( X )  = TS + - (h - x ) 4K*  

where Ts is the surface temperature, h the plate thickness and x is the distance from the midolane. 

Originally, the temperature distribution was 
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Since the nuclear heating per unit mass remains constant with swelling, 

or 

if we aenote the temperature difference between the midplane and the surface hy AT = T(o] 
that 

Tnis result is identical with that of Eq. (24) derived for the change in temperature across the cladding 
of a fuel element. This coincidence is most fortunate since it allows us to include both the heat flux 
and the nuclear heating in one simple formula for the temperature change of the cladding as a result of 
swell ing. 

Figure 2 gives the ratio AT,/AT according to Eq. (24) or (29) using the different expressions for 
the effective thermal conductivity given above. I n  constrast, Figure 3 shows the ratio ATo/AT for a 
constant heat flux according to E q .  (25). The difference in these two examples becomes even more evident 
when ATIATO is plotted as a function of swelling, i.e., N / V 0  = n / ( l  - A ) ,  rather than the 
void volume fraction. 
Figure 5 gives the ratio according to Eq. (25). 
subject to a constant heat flux doubles when swelling reaches 50%. 
element delivering constant power, the temperature increases only a factor of about 1.5 for 50% swelling. 

Figure 4 shows the ratio of hT/ATo according to E q .  (24) or (79 ) .  whereas 
We see that the temperature difference across a plate 

However, far the cladding of a fuel 

5.3 Elastic Property Changes 

The effective elastic moduli of composite materials depend not only on the elastic constants of the 
inaividual phases but also on their volume fractions and on their mutual arrangement. Because of this 
complexity, it is generally not possible to derive simple expressions for effective elastic constants. 
However, based on simplifying assumptions of the distribution of the various phases, and using elastic 
strain energy principles, Hashin and Shtrikman5 have provided upper and lower bounds far the effective 
elastic moduli. Some of these hounds yield trivial results, however, when the elastic moduli of one phase 
are set equal to zero to describe a voided or porous material. 

For the composite sphere assemblage aiscussed in the preceding section it is possible to obtain the 
following rigorous result for the effective bulk modulus K*  a s  shown by Hashin:G 

Here, c and Y are the bulk modulus and the Poisson's ratio for a metal containing a void volume 
fraction of A. Figure 6 shows the predictions of Eq. (30) for v = 0.3. Since the composite sphere 
assemblage is an excellent representation of a voided material with a wide spectrum of void sizes, E q .  
(30) is expected t o  give an accurate description of the reduction in hulk modulus with void swellinq. 

Unfortunately, an equally rigorous formula can not be given for the effective shear modulus. 
only upper and lower bounds have been found by Hashins and Christensen.7 
by Hashins are given by 

Instead, 
The upper and lower bounds 
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techniques agreed w i t h  one another w i t h  respec t  t o  f r a c t u r e  mode 

5.2.2 Dual Temperature Tens i l e  Tes t i ng  

4 -1 Specimens were t e n s i l e  t es ted  under two temperature r e g i m e s a t a s t r a i n  r a t e  o f  -10- sec 
a t u r e  t e n s i l e  t e s t s  were i n i t i a t e d  a t  700°C. 
d i s t ance  (usua l l y- 70 urn) correspondinq t o  a f o i l  th ickness  of -30um determined from the  e l ec t ropo l i shed  t h i c k -  

. The dual temper- 
The specimen was s t r a i n e d  u n t i l  a crack had propagated some 

ness p r o f i l e  [131 and then t he  s t r a i n i n g  was stopped. 
i n  the  i n i t i a l  phase o f  the  t e n s i l e  t e s t .  

I n  every case the  mode of f a i l u r e  was i n t e r g r a n u l a r  

The th ickness  o f  the  f o i l  a t  t h i s  p o i n t  i n  t he  t e n s i l e  t e s t  i s  n o t  so t h i c k  t h a t  the  c e n t r a l  p o r t i o n  o f  the  
f o i l  ( no t  penetrated by he l ium i ons  du r i ng  i r r a d i a t i o n )  dominates the  f a i l u r e  behavior  of t he  specimen when 
t e n s i l e  t e s t i n g  i s  resumed. Specimens t e n s i l e  t es ted  a t  h i gh  temperatures p rev ious l y  a t  t h i s  f a c i l i t y ,  
i r r a d i a t e d  on one s i d e  on l y ,  have e x h i b i t e d  b r i t t l e  behavior  a t  much g rea te r  th icknesses than s tud ied  here 
[11,13]. I t  i s  expected t h a t  hel ium i on  i r r a d i a t i o n  conducted on both s ides  o f  the  f o i l s  w i l l  e l i m i n a t e  
t he  p o s s i b i l i t y  t h a t  the  non penetrated reg ions  w i l l  dominate the  f a i l u r e  behavior  as discussed e a r l i e r .  
The s t r a i n i n g  was then resumed a f t e r  t he  specimen temperature was lowered t o  550°C. 
as 550°C ( o r  lower )  was des i r ed  because d u c t i l e  f a i l u r e  has been shown t o  occur  a t  t h i s  temperature over a 
wide range o f  m i c ros t ruc tu res  i n  i r r a d i a t e d  a u s t e n i t i c  s t a i n l e s s  s t e e l s  [6]. A mixed mode type  o f  f a i l u r e  
occurs between 550" and 700°C ( i . e .  -550°C i s  the  h ighes t  temperature f o r  d u c t i l e  type  f a i l u r e  t o  occur ) .  
When t he  t e n s i l e  t e s t  was resumed, the  crack,  which p rev ious l y  was propagat ing i n t e r g r a n u l a r l y  always 
changed i t s  propagat ion mode t o  a p r i m a r i l y  d u c t i l e  mode. F igure  1 i s  an HVEM micrograph montage showing 

A temperature such 

FIGURE 1. HVEM Micrograph Montage Showing a Change i n  Frac tu re  Mode from I n t e r g r a n u l a r  
a t  700°C t o  Transgranular  a t  55OOC i n  a Dual Temperature Tens i l e  Test .  
F a i l u r e  i s  Character ized by Sharp Changes i n  Crack D i r e c t i o n  w h i l e  Transgranular  F a i l u r e  
i s  Shown as Smooth Crack Propagation. P o i n t  A Denote Where t he  Temperature Was Changed. 

I n t e r g r a n u l a r  

how the  main microcrack,  i n i t i a t e d  i n  the  e l e c t r o n  t ransparen t  reg ion ,  propagated i n  an i n t e r g r a n u l a r  mode 
a t  700°C changed t o  a t ransgranu la r  mode of f a i l u r e  when the  temperature was lowered t o  500OC. 
mode tended t o  change almost immediately when t he  t e n s i l e  t e s t  was resumed a t  t he  lower temperature. 
i n i t i a t i n g  b r i t t l e  type  f r a c t u r e  a t  a h i qh  temperature i s  n o t  s u f f i c i e n t  t o  oermi t  a con t i nua t i on  o f  

The f a i l u r e  
So, 

i n t e r g r a n u l a r  type  f r a c t u r e  when the  temperature i s  lowered ( t o  an appropr ia te  temperature known t o  e x h i b i t  
t ransgranu la r  f a i l u r e ) .  

5.2.3 The Ef fec t  of S t r a i n  Rate 

l e s s  s tee l s ,  t e n s i l e  t e s t s  were conducted a t  two d i f f e r e n t  s t r a i n  r a t e s  on specimens a t  -610°C yhere,nor-  
m a l l y  a mixed I S T f a i l u r e  mode i s  observed. 
i n  a mixed mode w h i l e  specimens t es ted  a t  f a s t  s t r a i n  r a tes  ( -1 sec- ) f a i l e d  hn a d u c t i l e  (T)  mode. Th is  
experiment v e r i f i e d  s i m i l a r  r e s u l t s  found by o the r  researchers on b u l k - l i k e  specimens which showed t h a t  
s t r a i n  r a t e s  c l ose  t o  the  creep regime enhance the  chance of b r i t t l e  f a i l u r e  w h i l e  f a s t  s t r a i n  r a t e s  caused 
d u c t i l e  f a i l u r e  [4,91. An e f f o r t  t o  r e l a t e  the  e f f e c t  o f  s t r a i n  r a t e  and t e n s i l e  t e s t  temperature has been 
made w i t h  t he  suggest ion of a poss ib l e  mechanism t o  e x p l a i n  hel ium embr i t t lement .  

To v e r i f y  t he  e f f e c t  o f  s t r a i n  r a t e  on the  f a i l u r e  mode i n  m i c r o t e n s i l e  specimens o f  a u s t e n i t i c  s t a i n -  

Specimens t es ted  a t  s1ow s t r a i n , r a t e s  (-10.4 sec- ) f a i l e d  

5.2.4 M i c r o s t r u c t u r a l  Aspects of Hel ium Embr i t t lement  

Helium embr i t t lement  a t  e leva ted  temperatures can occur a t  hel ium concent ra t ions  of l e s s  than one appm 
[31 b u t  i t s  e f f ec t  on d u c t i l i t y  and % i n t e r g r a n u l a r  f r a c t u r e  sa tu ra tes  between 15 and 20 appm [4].  However, 
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FIGURE 2. R a t i o  of I n i t i a l  Temperature Drop 
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t h e  Cladding of a Fuel Element With 
Constant Power Product ion.  
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FIGURE 3. R a t i o  o f  t h e  Temperature D i f f e r e n c e  
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When t h e  Heat Flux  per U n i t  Area 
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FIGURE 7 .  The Dependence o f  t h e  E f f e c t i v e  Shear 

Expressed as Upper and Lower Bounds. 

where 

213 2 126 ( 1 - A  ) 
77+5;) 1 - A 7  f 3  F ( A )  = 2 (4  - 5") - 

and u i s  t h e  shear modulus o f  t h e  m a t r i x .  

Tne upper bound r e p o r t e d  by Chr i s tensen  d i f f e r s  from t h e  one g i v e n  by Hashin.  
C h r i s t e n s e n ' s  upper bound i s  somewhat lower ,  b u t  f o r  A > 0.2, i t  exceeds t h e  Hashin bound s i g n i f i c a n t l y .  

Fo r  n 50.2,  

A second method o f  o b t a i n i n g  e f f e c t i v e  e l a s t i c  modu l i  employs a p e r t u r b a t i o n  method i n  which t h e  v n i d  
volume f r a c t i o n  i s  cons ide red  t o  be sma l l .  Hence, t h i s  method p r o v i d e s  v a l i d  r e s u l t s  o n l y  f o r  S (<  1 
Both Walpolea and Chen and A c r i v o s g  have t r e a t e d  t h e  case o f  s p h e r i c a l  c a v i t i e s  i n  a s o l i d ,  and t h e i r  
r e s u l t s  can be w r i t t e n  as 

When t h e  i n t e r a c t i o n  between t h e  s t r e s s  f i e l d  of ad jacen t  v o i d s  i s  neg lec ted ,  as d i d  Walpole, t h e  f u n c t i o n  
H ( v )  = 1. However, as shown b y  Chen and Acr i vos ,9  t h i s  i n t e r a c t i o n  r e s u l t s  i n  a r e d u c t i o n  of t h e  
q u a d r a t i c  te rm i n  e q u a t i o n  33, w i t h  H(u )  50 .75 ,  dec reas ing  w i t h  i n c r e a s i n g  P o i s s o n ' s  r a t i o .  Fo r  
example, t h e  numer ica l  r e s u l t s  show t h a t  H(0.3) = 0.67 and H(0.4) = 0.60. 

F i g u r e  7 shows how b o t h  t h e  upper and lower  bounds of t h e  r a t i o  U * / U  a c c o r d i n g  t o  Hashin as w e l l  as 
t h e  r e s u l t s  o f  Chen and A c r i v o s  f o r  u = 0.3. 
va lues  above t h e  upper bound o f  Hashin, and i t  becomes i n v a l i d .  However, w i t h i n  t h e  range 0 < A 
t h e  r e s u l t s  of Chen and A c r i v o s  c l o s e l y  resembly  t h e  upper bound o f  Hashin. 
t h a t  t h e  t h e  upper bound of Hashin p r o v i d e s  an e x c e l l e n t  express ion  f o r  t h e  e f f e c t i v e  shear modulus of a 
vo idea  n i a t e r i a l .  

When A exceeds 0.5, t h e  e x p r e s s i o n  o f  Eq. ( 3 3 )  p r e d i c t s  
0.4, 

We can t h e r e f o r e c o n a u d e  
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The e f f e c t i v e  Young's modulus can now be obta ined from the  above r e s u l t s  according t o  t he  equat ion 

and the  Po isson 's  r a t i o  i s  g iven by 

3r* - 2u* 
2 ( 3 r *  + u*) 

"* = (35)  

F igures  8 and 9 show the  v a r i a t i o n  of E*/E and V* w i t h  t he  vo id  volume f r a c t i o n .  
t he  shear modulus r e s u l t s  i n  an inc reas ing  Poisson's r a t i o  f o r  l a r g e  vo id  volume f r a c t i o n s  a f t e r  an 
i n i t i a l  dec l ine .  
g i ve  a monotonic dec l i ne  o f  Poisson's r a t i o  w i t h  vo id  volume f r a c t i o n .  

The lower bound f o r  

In con t ras t  bo th  t he  exact  r e s u l t s  o f  Chen and Acr ivos and t he  upper bound f o r  u * I u  :r , CHEN AND ACRIVOS 
NORMALIZED 

YOUNG'S 

0 0.2 0.4 0.6 0.8 1.0 

0.4 HASHIN BOUNDS 

POISSONS 1 
RATIO 

CHEN AND 
ACRIVOS 

Y. 

0.1 1 
t 

0- 
0 0.2 0.4 0.6 0.8 1.0 

VOID VOLUME FRACTION VOID VOLUME FRACTION 

. FIGURE 8. Dependence o f  t he  E f f e c t i v e  Young's Modulus FIGURE 9. Dependence of t he  E f f ec t i ve  Poisson ' s  R a t i o  
E *  or1 Void Volume F rac t i on ,  Expressed as 
Upper and Lower Bounds. Several Models. 

on Void Volume F r a c t i o n  According t o  

5.4 Comparison of P red i c t i ons  With Data 

Narlow and Appleby have measured Young's modulus o f  voided metals us ing  a dynamic resonance technique on 
r ing-shaped specimens c u t  from i r r a d i a t e d  f u e l  claddinq!O-'l The s w e l l i n g  l e v e l s  ranged from 1 t o  10% i n  
solut ion-annealed Types 316 and 347 s t a i n l e s s  s t e e l .  They found t h a t  the  modulus i n i t i a l l y  increased due 
t o  an increase i n  d i s l o c a t i o n  dens i t y  and then dec l ined  a t  a r a t e  o f  1.6-2.7% f o r  each precent  of swe l l i ng .  

Straalsund and Day" l a t e r  used an u l t r a s o n i c  technique t o  deterinine t he  e l a s t i c  moduli  of annealed type  
304 s t a i n l e s s  s t e e l  i r r a d i a t e d  i n  EBR-11. The s w e l l i n g  l eve l s  ranged o n l y  up t o  6.8% b u t  t h e  data were 
l a rge r  i n  number and more cons i s ten t  than t h a t  o f  Marlow and Appleby. Assuming a l i n e a r  decrease i n  
moduli  w i t h  swe l l ing ,  Straalsund and Day determined t h a t  the  shear, Young's and bu lk  moduli  dec l ined  a t  
r a t e s  o f  2.3, 2.4 and 2.6% per percent  swe l l ing .  
pe r  percent  swe l l i ng .  
p red i c ted  by t he  Chr is tensen upper bound and t he re fo re  c lose  t o  Hashin 's  upper bound. As shown i n  F ig-  
ures 6 4 ,  t he  asymptotes o f  t he  moauli  a t  low vo id  volume inoeed have t he  same s lope as t h a t  determined by 
Straalsuna and Day. The i r  r e s u l t s  f o r  Poisson's r a t i o  a lso  c l o s e l y  inatch t he  r e s u l t s  of Chr is tensen o r  
t h a t  a r i s i n g  f rom Hashin 's  upper bound. 

As y e t  t he re  a re  no da ta  t o  t e s t  the  v a l i d i t y  of these models a t  h i ghe r  v o i d  volume. 

Poissons r a t i o  was found t o  decrease a t  a r a t e  of 0.23% 
Wi th i n  t h e  l i m i t s  of t h e  unce r ta i n t y  t hey  showed t h a t  t he  data were c l ose  t o  t h a t  
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5.5 Use o f  t h e  E f f e c t i v e  E l a s t i c  Constants 

The impact of t h e  change i n  e l a s t i c  p r o p e r t i e s  as a r e s u l t  of s w e l l i n g  depends on t h e  o v e r a l l  d imensional  
changes o f  a component and on the  p a r t i c u l a r  l oad ing  cond i t i ons .  
examples: 
c ladd ing .  

To demonstrate t h i s ,  we cons ider  t h ree  
a p ressur ized  tube, a u n i a x i a l  creep experiment, and t h e  thermal  s t resses  developed i n  f u e l  

5.5.1 Hoop S t ress  i n  a Pressur ized  Tube 

I f  D represen ts  t h e  diameter and h the  t h i c kness  o f  a t h i n- wa l l ed  tube  p ressur ized  by  an i n t e r n a l  gas Of  
pressure p, then t h e  hoop s t r e s s  i s  g iven  by 

As a r e s u l t  of s w e l l i n g  bo th  the  d iameter  and t h e  w a l l  th ickness  change, b u t  t h e  r a t i o  of t h e  two remains 
constant ,  i.e., D/h = Do/ho, where Do and h, represen t  the  o r i g i n a l  va lues.  
volume increased froni V, t o  V = V o  + A V ,  and hence, t h e  pressure changed f rom i t s  o r i g i n a l  Value 

However, t h e  gas 

Po t o  

P = p0 V o / V  = Po ( 1  - A )  = p 0 / ( l  + S o )  ( 3 7 )  

where So = N / V 0  = A ( l  - A)-1 i s  t h e  convent iona l  measure of swe l l i ng .  
then  g i ven  by 

The hoop s t r ess  i s  

and t h e r e f o r e  decreases f rom i t s  o r i g i n a l  va lue  q, as a r e s u l t  of swe l l i ng .  

5.5.2 U n i a x i a l  Tension 

Suppose a u n i a x i a l  t ens i on  specimen i s  loaded w i t h  a dead weight  P .  
P / A .  
eo by 

The u n i a x i a l  s t r e s s  i s  then  0 = 
I f  the  o r i g i n a l  c ross- sec t i ona l  area was A,, t he  present  s t r e s s  i s  r e l a t e d  t o  the  o r i g i n a l  s t r e s s  

Hence, the  u n i a x i a l  e l a s t i c  s t r a i n  i s  g iven by 

d e o  = E/[E*( 1 - A )  2 / 3 ]  

= E ( 1  + 

where 
f u n c t i o n  of v o i d  swe l l i ng .  I t  i s  seen t h a t  t h e  e l a s t i c  ex tens ion  o f  t h e  u n i a x i a l  specimen i s  doubled wheri 
t h e  v o i d  s w e l l i n g  reaches 40%. 

was t h e  o r i g i n a l  e l a s t i c  s t r a i n  i n  the  specimen. f i g u r e  10 shows t h e  r a t i o  E / E ~  as a 

5.5.3 Thermal Stess i n  Fuel  Element Cladding 

The thermal s t r e s s  i n  a t h i n- wa l l ed  tube w i t h  a teniperature d i f f e r e n c e  bTo across the  w a l l  i s  g iven  by 
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Tubes as In f luenced by Void Swel l ing.  
FIGURE 11. Thermal Stress Ra t i o  f o r  Thin-Walled 

where t he  p l u s  (minus) s i gn  holds f o r  t he  c o l d  ( h o t )  surface. 

Swe l l i ng  r e s u l t s  i n  an increase o f  t he  temperature dif ference, a decrease i n  the  Young‘s modulus, a s l i g h t  
change i n  Poisson‘s r a t o ,  b u t  does n o t  a f f ec t  t he  c o e f f i c i e n t  o f  l i n e a r  thermal expansion, R. Hence, 
t h e  thermal s t r ess  change i s  g iven by 

* 
“ th  . 1 - v E* AT 
uth I - “*TT 

Using Eq. ( 2 4 )  and assuming the  Euken expression o f  Eq. (15)  f o r  t he  e f f e c t i v e  thermal conduc t i v i t y ,  we 
f i n d  

The thermal s t r ess  r a t i o  f o r  t h i s  case i s  shown i n  F igure  11 us ing  t he  upper and lower bounds f o r  t he  
e f f e c t i v e  e l a s t i c  modul i  as w e l l  as t he  r e s u l t s  of Chen and Acr ivos.  I t  i s  seen t h a t  i n  s p i t e  o f  the  
temperdture increase across the  c ladd ing  wa l l ,  t he  thermal s t r ess  decreases w i t h  vo id  s w e l l i n g  because O f  
the  more dramatic decrease i n  Young‘s modulus. 
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CONSTITUTIVE DESIGN EQUATIONS FOR THERMAL CREEP DEFORMATION OF HT-9 

R. J. Amodeo and N .  M .  Ghoniem (UCLA) 

1 . 0  O b j e c t i v e  

The purpose  of t h i s  paper  is t o  d e v e l o p  d e s i g n  e q u a t i o n s  f o r  use i n  i n e l a s t i c  s t r u c t u r a l  mechan ics  a p p l i c a -  
t i o n s ,  f o r  t h e  most  impor tan t  the rmal  c r e e p  p a r a m e t e r s  f o r  HT-9. 

2.0 

I n  t h i s  paper ,  we have deve loped  u s e f u l  d e s i g n  c o r r e l a t i o n s  f o r  a number of commercial h e a t s  of HT-9. 
d e s i g n  e q u a t i o n s  covered  t h e  f o l l o w i n g  p r o p e r t i e s :  

The 

1) Rupture  t i m e  as  a f u n c t i o n  of a p p l i e d  stress and t e m p e r a t u r e ,  u s i n g  a m o d i f i c a t i o n  of t h e  minimum 

2 )  Time t o  5% s t r a i n  as a f u n c t i o n  of stress and t e m p e r a t u r e .  
3) Time t o  1% s t r a i n  as  a f u n c t i o n  o f  s t r e s s  and t e m p e r a t u r e .  
4 )  Rupture  s t ra in  as a f u n c t i o n  of s t r e s s  and t e m p e r a t u r e .  
5)  Creep s t r a i n ,  a s  a f u n c t i o n  of t ime ,  t e m p e r a t u r e ,  and stress. T h i s  covers t h e  p r i m a r y ,  secondary  

The HT-9 c r e e p  d a t a  i n  t h e  range 500-6OO0C was found t o  r e p r e s e n t  b e h a v i o r  t y p i c a l l y  d e s c r i b e d  by d i s l o c a -  
t i o n  c reep .  
a c t i n g  on d i s l o c a t i o n s .  The f r i c t i o n  stress was found t o  be o n l y  a f u n c t i o n  o f  t e m p e r a t u r e .  T h i s  approach  
i n d i c a t e d  t h a t  d i s l o c a t i o n  c l i m b  is  c o n t r o l l e d  by vacancy a b s o r p t i o n  a t  d i s l o c a t i o n s .  

3.0 

T i t l e :  Helium E f f e c t s  on t h e  Swel l ing  o f  S t e e 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  of C a l i f o r n i a  a t  1.0s Angeles  

4.0 

S u b t a s k  Group C: 

comi t tmen t  method. 

and t e r t i a r y  r eg imes  of c r e e p .  

The phenomenological  e q u a t i o n  used  t o  r e p r e s e n t  t h e  d a t a  was based on a n  e f f e c t i v e  s t r e s s  

Relevant DAFS Program P l a n  Task/Subtask 

Damage M i c r o s t r u c t u r e  E v o l u t i o n  and Mechanical  Behav io r  

5.0 Accaniplishments and S t a tu s  

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

HT-9 i s  a f e r r o m a g n e t i c  i r o n- b a s e  a l l o y  t h a t  h a s  been op t imized  t o  o p e r a t e  a t  h i g h  t e m p e r a t u r e s .  I t  con- 
t a i n s  a r e l a t i v e l y  h igh  chromium c o n t e n t ,  on t h e  o r d e r  of 12%, w i t h  a d d i t i o n s  of o t h e r  a l l o y i n g  e l e m e n t s  t o  
a c h i e v e  i t s  d e s i g n  goal. 
c a n d i d a t e  a l l o y  f o r  f u s i o n  r e a c t o r  a p p l i c a t i o n s ' .  

T h i s  a l l o y ,  deve loped  by Sandvik S t e e l  Company, has been proposed as  a p o t e n t i a l  

1. F e r r i t i c  and M a r t e n s i t i c  s t e e l s  e x h i b i t  g r e a t  r e s i s t a n c e  t o  v o i d  s w e l l i n g  under  n e u t r o n  bombard- 

2.  The the rmal  s t r e s s  r e s i s t a n c e  i s  g r e a t e r  t h a n  a u s t e n i t i c  a l l o y s  a l l o w i n g  t h e  u s e  of t h i c k e r  sec- 

3. Limited e v i d e n c e  i n d i c a t e s  t h a t  he l ium g e n e r a t i o n  by n e u t r o n  i r r a d i a t i o n  d o e s  no t  s i g n i f i c a n t l y  

The p r imary  reasons f o r  t h i s  c h o i c e  can b e  summarized as: 

ment .  

t i o n s  f o r  f i r s t  wall a p p l i c a t i o n s .  

d e g r a d e  t h e  mechan ica l  p r o p e r t i e s 2 .  

I n  o r d e r  t o  pe r fo rm d e t a i l e d  s t r u c t u r a l  a n a l y s e 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 ,  d e s i g n e r s  must be p rov ided  
w i t h  a p p r o p r i a t e  d e s i g n  e q u a t i o n s .  I n  t h i s  p a p e r ,  we d e v e l o p  d e s i g n  e q u a t i o n s  f o r  use i n  s t r u c t u r a l  
mechan ics  a p p l i c a t i o n s .  T h e o r e t i c a l l y  based c r e e p  e q u a t i o n s  may n o t  b e  a c c u r a t e  enough t o  p r e d i c t  c r e e p  
d e f o r m a t i o n .  W e  w i l l  t h e r e f o r e  p r e s e n t  e m p i r i c a l  e q u a t i o n s  that  are a c c u r a t e  i n  a l i m i t e d ,  y e t  impor tan t  
range. We w i l l  t hen  p r e s e n t  a phenomenological  d e s c r i p t i o n  of t h e  c r e e p  rates t o  e x p l a i n  t h e  measured 
e x p e r i m e n t a l  d a t a .  

5.2 Data Base 

We c o n s i d e r  here two c l a s s e s  of c r e e p  d a t a :  t h e  c r e e p  r u p t u r e  l i f e  of t e s t e d  specimens as  a f u n c t i o n  of 
o p e r a t i n g  t e m p e r a t u r e  and s t r e s s ,  and e l o n g a t i o n  as  a f u n c t i o n  of t i m e .  T h i s  i n f o r m a t i o n  i s  p rov ided  by 
t h e  Sandvik S t e e l  Company f o r  t e m p e r a t u r e s  of 500°C, 5SOoC, and 6OO0C, and s t r e s s e s  r a n g i n g  from 1 2 . 5  - 
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50 k s i .  These d a t a  are  t h e  r e s u l t  of up  t o  5 yea r s  t e s t i n g  t ime of n ine  m e l t s  of HT-9. It c o n s i s t s  of 
t imes t o  1% s t r a i n ,  5% s t r a i n  and r u p t u r e ,  and e longa t i on  t o  f r a c t u r e  f o r  d i f f e r e n t  s t r e s s e s  a t  each t e m-  
pe ra tu r e .  More d e t a i l s  of t h e  suppl ied  c r e e p  t e s t  d a t a  are provided i n  r e f e r e n c e  ( 3 ) .  

5.3 Empirical Laws for Creep Deformation 

5.3.1 Creep Rupture 

Creep rup tu r e  d a t a  have been s t ud i ed  ex t ens ive ly ,  wi th  t h e  o b j e c t i v e  of ex t r apo l a t i ng  t h i s  d a t a  t o  des ign  
l i v e s  on t h e  order  of 30-40 yea r s .  
f u n c t i o n a l  forms f o r  c r e e p  rup tu r e  d a t a .  There is,  however, no u n i v e r s a l l y  a ccep t ab l e  "standard" method. 

I n  a review of a v a i l a b l e  methods, Le May4 considered f i v e  d i f f e r e n t  

Minimum Commitment Method: 

As a r e s u l t ,  t h e  Minimum Comitment Method, a genera l  formula t ion5 ,  was developed i n  1971 f a r  NASA t o  avoid 
f o r c i n g  d a t a  through a s e t  p a t t e r n .  The equa t ion  based on t h i s  method has t h e  fo l lowing  form: 

ln t ,  + A.P(T)lntr + P(T) = G.lnor (1)  

where t r  = r u p t u r e  t ime ,  and u = r u p t u r e  stress. 

Modified Comitment Method: 

Ghonieml has developed a general des ign  equa t ion  which is  a modified form of t h e  Minimum Comitment Method. 
This  equa t ion  has  t h e  fa l lowing  farm: 

2 
1=0 

K(T) =.L aiTi (3) 

2 

is 0 
m(T) = L bi/Ti (4)  

T is i n  OK, t r  is i n  h r s . ,  and or i s  i n  k s i .  
l e a s t - squa re s~me thod .  The c o e f f i c i e n t s  a .  and b .  are provided i n  Table (1) 

The d a t a  f o r  HT-9 were f i t  t o  t h e  above r e l a t i o n  us ing  a 

Table (1)  

5.3.2 Creep Design Equations 

A p l o t  of e longa t ion  versus t ime  provides i n s i g h t  i n t o  t h e  na tu re  of m a t e r i a l  c r eep  behavior .  I t  i s  t he r e-  
f o r e  important  t o  preserve  t h e  o v e r a l l  shape of t h i s  curve  f o r  des ign  purposes.  The e longa t ion  v e r s u s  t ime 
curve c o n s i s t s  of t h e  t h r e e  fa l lowing  r eg ions :  (1) primary t r a n s i e n t  regime, (2) secondary linear regime, 
(3) t e r t i a r y  regime extending t o  c reep  rup tu r e .  

Elongation f o r  Three Creep Regimes: 

It is found that over  most of t h e  tempera ture  range, t h e  1% s t r a i n  f a l l s  i n  t h e  primary r e g i o n  or  a t  t h e  
beginning of t h e  secondary reg ion .  The 5% s t r a i n  is on t h e b o r d e r l i n e o f  t h e  s econda ry- te r t i a ry  boundary, o r  
well i n t o  t h e  t e r t i a r y  reg ion .  Ext rapola t ing  t o  0.9*t5,  where t g  = t ime to 5% s t r a i n ,  p rovides  a p o i c t  i n  
t h e  secondary reg ion .  Coupled with t h e  1% s t r a i n  p o i n t ,  t h i s  y i e l d s  t h e  fol lowing form f o r  t h e  primary-sec- 
ondary r eg ion :  

c(T) = ( 1  - exp(bta) l ' lOO Z (5)  

The cons t an t s  b and c1 are f i t  i n  t h e  fol lowing manner: L e t  t l  = t ime t o  1% s t r a i n ,  and c l  = 0.01, Then 

5 (6 )  t '  = 0.9 t  

( 7 )  2 a = l n 5 / t 5  

E2 = 0.01 exp (a t ' 2 )  ( 8 )  

a = 1 n { ~ n ( 1 - c 2 ) / ~ n ( 1 - c l )  l / ~ n ( t ' / t ~ )  (9)  

b = l n ( l - c  ) I t a  (10) 1 1  
12 



Here a, a > 0 and b < 0. 

I n  the r e g i o n  between 0 .9* t5  and t 5 ,  t h e  f i t  i s  de te rmined  by equations ( 6 - 8 ) ,  w i t h  t h e  e x p r e s s i o n :  

T h i s  f i t  is good f o r  0 < t < 0 .9* t5 .  

(11) 2 
c ( t )  = e x p c a t '  % 

F i n a l l y ,  i n  the  t e r t i a r y - r u p t u r e  r e g i o n ,  t h e  f i t  is an e x p o n e n t i a l  of t h e  f o l l o w i n g  form:  

E ( t )  = exp(etY) % (12)  

where y = l n ( l n c  l l n c 5 ) l l n ( t  I t , )  , R 

c = l n ( E R ) l t ,  Y 

and E = e l o n g a t i o n  t o  f r a c t u r e .  

t i a n s  of c r e e p  s t r a i n  can b e  d e s c r i b e d  by t h e  f o l l o w i n g  equat ion:  

T h i s  is  good f o r  t5  < t < t . It is t h e r e f o r e  found that  t h e  r e p r e s e n t a -  
R 

E = f { t l ( t r ( a , T ) , T ) ,  t 5 ( t r ( a , T ) , T ) ,  t r ( a , T ) ,  ER( t r (u ,T) ,T) I  

Rupture  Time Dependence: 

It is n e c e s s a r y  t o  f i t  t h e s e  c h a r a c t e r i s i t i c  p o i n t s  t o  a r e l i a b l e  pa ramete r ,  such as t h e  t h e  t o  r u p t u r e  
d i s c u s s e d  i n  s e c t i o n  (3 .1 .2) .  Equa t ion  (2 )  can b e  r e- w r i t t e n  in t h e  f o l l o w i n g  form: 

( 1 7 )  m(T) t - exp{m(T) .K(T) 1 1 0 

The t i m e  t o  1% s t r a i n ,  t l ,  is found t o  be b e s t  f i t  t o  t h e  r u p t u r e  t i m e  where a i s  now t h e  a p p l i e d  stress. 
by t h e  f o l l o w i n g  form: 

l n t  1 = J ( T ) . l n t r  + L(T) (14)  

and t h e  c o e f f i c i e n t s  Li , and Ji are l i s t e d  in  Tab le  ( 2 ) .  

Tab le  ( 2 )  
C o e f f i c i e n t s  for  t i  Y S .  Rupture  Time 

Jo= -119.4828446 Lo= 1707.558058 
J 1 =  0,2860065163 L I =  -4.091847968 
J;= -1.687029056E-4 L;= 2.4357420878-9 

The time to 5 %  s t r a i n  is f i t  t o  a polynomial funcfion of both t e m p e r a t u r e  and rupture time: 

w i t h  c o e f f i c i e n t s  a,. found i n  Tab le  ( 3 )  
il 

Table  (3)  
C o e f f i c i e n t s  f o r  t ,  vs.  Rupture  Time - 

a00 = 5.800300737E4 
a01 = -142.9532355 
a02 = 8.7467166256-2 
a10 = -2.257160655 
a l l  = 7.669299551E-3 

a12 = -4.9060023248-6 
a 2 0  = 1.2754280656-3 
a21 = -2.979495964E-6 
az2 = 1.745094676-9 

Finally, t h e  e l o n g a t i o n  t o  f r a c t u r e  cR is found t o  r o u g h l y  f i t  t h e  r u p t u r e  t i m e  in t h e  f o l l o w i n g  f u n c t i o n a l  
form: 

In= R = n ( T ) . l n t r  + p(T) (18)  
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The c o e f f i c i e n t s  n i ,  and pi a r e  i n  Table (0 ) .  

Table ( 4 )  

n; = 7.5812060286-5 = -6.5472031296-4 

Accuracy and Range of A p p l i c a b i l i t y :  

For t h e  c r e e p  r u p t u r e  curves ,  errors on a l o g  s c a l e  f a r  c a l c u l a t i n g  t h e  r u p t u r e  t ime  versus s t r e s s  may 
t r a n s l a t e  i n t o  s u b s t a n t i a l  errors (F igure  (1)). Therefore ,  a given stress l e v e l  can only  prov ide  a f a i r  but 
reasonable sstimate of t h e  t ime  t o  r u p t u r e ,  based on t h e  n a t u r e  of t h e  d a t a .  This  amounts t o  about  20%-30% 
e r r o r  i n  r u p t u r e  times f o r  t h e  g i v e n  stress and tempera tures .  There i s  c o n s i d e r a b l e  error i n  t h e  f u n c t i o n a l  
d e t e r m i n a t i o n  of t imes  t o  1% and 5% s t r a i n ,  a s  much as 50%, but  t h e  d a t a  spread is so wide f o r  t h e s e  two 
p a r t i c u l a r  t i m e s  a s  a f u n c t i o n  of s t r e s s  t h a t  such a d e v i a t i o n  can be expected. These c h a r a c t e r i s t i c  t imes  
also depend on t h e  accuracy  of  t h e  d e t e r m i n a t i o n  of r u p t u r e  t ime .  

In  s p i t e  of t h e s e  d i f f e r e n c e s ,  t h e  pr imary and secondary r e g i o n s  were f i t  wi th  r e a s o n a b l e  accuracy  t o  t h e  
d a t a ,  as can be Seen i n  F i g u r e  ( 2 ) .  The t e r t i a r y  and r u p t u r e  r e g i o n s  a r e  g e n e r a l l y  underes t imated .  A s  
Seen i n  F i g u r e  ( 2 ) ,  t h i s  can a m o u t  t o  an error of about  20%-30X. In g e n e r a l  i t  can be concluded,  however, 
that t h e  overall form of t h e  c r e e p  s t r a i n  curve is preserved w i t h  a c e r t a i n  degree  of accuracy .  The range 
of a p p l i c a b i l i t y  is def ined  by t h e  tempera ture  l i m i t s  5OO0C - 600OC. 
stress i n  k s i  versus t empera ture  i n  OK are given  by: 

The upper  and Lower l i m i t s  of t h e  

a = - T + 202.63 k s i  (21) 
u 5  

ol = - T + 189.63 k s i  (22) 
5 

5.4 Phenomenological Model 

The dependence of t h e  s t e a d y  s t a t e  c r e e p  r a t e  on a p p l i e d  s t r e s s  and tempera ture  can be analyzed ustng a s  
Ashby-type deformat ion  map6. 
is  c h a r a c t e r i s t i c  of t h e  d a t a  suppl ied  by Sandvik L a b o r a t o r i e s .  Steady s t a t e  d i s l o c a t i o n  c r e e p  involves  
t h e  c l imb and g l i d e  of d i s l o c a t i o n s  by means of s t r e s s - a s s i s t e d  vacancy movement, and is  d e s c r i b e d  by 
phenomenological e x p r e s s i o n s  such as7 

I n  p a r t i c u l a r ,  it is  found t h a t  f o r  HT-9 t h e  phenomenon of d i s l o c a t i o n  c r e e p  

(23) 
n i = A o  exp(-Q /RT) 

where Qc i s  t h e  a c t i v a t i o n  energy f a r  s e l f - d i f f u s i o n .  It is  found t h a t  f o r  most pure m e t a l s  n is u s u a l l y  
i n  t h e  range of 4-6, but i n  d i s p e r s i o n  hardened a l l o y s ,  t h e  v a l u e  of n has been found t o  be s i g n i f i c a n t l y  
h ighera .  

TO e x p l a i n  t h i s  anomalous behavior ,  it h a s  been sugges ted7  that t h e  creep t a k e s  place under  t h e  i n f l u e n c e  
of a n  a c t i v e  o r  e f f e c t i v e  stress 5 - a. , where 0 is t h e  a p p l i e d  stress and oo i s  t h e  f r i c t i o n  stress 
which t h e  d i s l o c a t i o n  must overcome t o  move through t h e  l a t t i c e .  
t u r e  and s t r e s s  can b e  r e p r e s e n t e d  by the fo l lowing  form4 due t o  t h e  process  of d i s l o c a t i o n  c r e e p :  

The dependence of c r e e p  r a t e  on tempera- 

(24) 
3 2 3 6 = (1617 DYbc./G KT)(o-a,) 

I 

where 6 = s t e a d y- s t a t e  c r e e p  r a t e ,  c .  = c o n c e n t r a t i o n  of j o g s ,  a, = Avlb, v = v e l o c i t y  of mobile  d i s l o c a -  
t i o n s ,  and A = t empera ture  dependent time c o n s t a n t .  For HT-9, i t  is found t h a t  t h e  above e x p r e s s i o n  can be 
m i t t e n  u s i n g  l e a s t  squares: 

3 .  

where B = 7.385 x 
i n  k s i .  

Q* = 1.23eV. fl,, = aT + C ,  a = -0.2185, and C = 198.178. T i s  i n  OK, 0 and flo , are 

The v a l u e  of Q* i s  close t o  t h e  m i g r a t i o n  energy of v a c a n c i e s ,  1 . 2  - 1 . 3  eV, which may sugges t  t h a t  t h e  
d i s l o c a t i o n  c r e e p  mechanism i n  HT-9 is  c o n t r o l l e d  by vacancy movement. 
is good f o r  t h e  t empera ture  range  of 500° - 6OOOC and s t r e s s  l e v e l s  l i m i t e d  by e q u a t i o n s  (21 ,22) .  

This  phenomenological f o r m u l a t i o n  
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OWR/RTNS-II L O W  EXWSURE SPECTRAL EFFECTS EXPERIMENT 

H. L. Heinisch and S. D. A t k i n  (Hanford hgineering Development Laboratory) 

1 .o Objective 

The object of t h i s  experiment is t o  determine the e f fec t  of the neutron.spectrm on radiation-induced 
changes i n  mechanical properties for metals i r radiated w i t h  f i s s ion  and fusion neutrons. 

2.0 

Miniature f l a t  t en s i l e  specimens of Fe, Cu, 316 s t a i n l e s s  s t e e l  and A302B pressure vessel s t e e l  are t o  be 
i r radiated t o  a range of fluences i n  RTNS-I1 and the Omega West Reactor a t  90°C and 29OOC. 
RTNS-I1 i r radiat ion is now in  progress, and preparations a r e  being made for the f i r s t  mega West Reactor 
irradiation. The f l a t  t e n s i l e  
specimens lend themselves t o  a var ie ty  of measurements, many of which, including tne t e n s i l e  t e s t s ,  can 
be done on the same specimen. 

m e  f i r s t  

Some speciolens are also being i r radiated a t  room temperature in RTNS-11. 

3.0 program 

T i t l e :  I r radiat ion Effects Analysis 
Frincipal Investigator:  D. G. Doran 
Aff i l ia t ion:  Westinghouse Hanford Company 

4.0 Relevant DAFS Program P l a n  Task/Subtask 

Subtask II.B.3.Z 
Subtask II.C.6.7 Effects of DamaEe Rate and Cascade Structure on Microstructure: Low-Fnerm/High- 

Experimental Characterization of Primary Damage State; Studies of Metals 

Energy Neutron to r re la t ions  
14-MeV Neutron Damage Correlation Subtask II.C.16.1 

5.0 Accompli~hments and Status 

5.1 Introduction 

A major object ive of the DAFS program is t o  develop cor re la t ions  for the i r radiat ion effects resu l t ing  
from exposure of m t e r i a l s  t o  different  i r rad ia t ion  environments, i n  par t i cu la r ,  fission-fusion correla-  
tions. The Rotating Target Neutron Source (RTNS-11) a t  Lawrence Livermre National Laboratory is cur- 
r en t l y  the strongest source of D-T fusion neutrons, bu t  i t  is extremely weak compared t o  neutron f luxes  
expected a t  t h e  first wal l  of a fusion reactor. Nevertheless, RTNS-I1 provides the opportunity t o  study 
e f fec t s  of high energy neutrons on the i n i t i a l  damage s t a t e  i n  the low exposure experiments tha t  a r e  
possible there. 

In t h i s  experiment t h e  effects of two very different  neutron spectra on the changes i n  t e n s i l e  properties 
and microstructure of metals i r radiated t o  exposures < 0.1 displacements per atom (dpa) are being deter- 
mined. Data from previous e x p e r i ~ ~ , ~ f s  comparing the e f fe  on t e n s i l e  properties of fusion neutrons and 
f i s s ion  reactor neutrons i n  copper and s t a i n l e s s   tee($/^ indicate the existence of spec t ra l  e f fec t s  
tha t  cannot be accounted for  simply on the basis  of dpa 
(RTNS-I) i r rad ia t ions  were conducted a t  d i f fe ren t  temperatures ( 6 5 T  and 25OC respect ively) ,  so the i r  
f a i l u r e  t o  cor re la te  w i t h  dpa could represent, a t  l e a s t  i n  par t ,  a temperature effect .  
experiments a t ta ined very low fluences i n  RTNS-I (<0.001 dpa). 
corroborate the earlier measurements over a higher fluence range and w i t h  uniform irradiat ion temperatures. 

. The e a r l i e r  f i s s ion  (LFTR) and fusion 

The e a r l i e r  
One of the goals of our experiment is t o  
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For t h e  present experiment i r r ad ia t ions  w i l l  be performed a t  the RTNS-I1 and the Omega West Reactor (OW) 
a t  Los Alams National laboratory. F l a t  miniature t e n s i l e  specimens w i l l  be i r radia ted i n  both spectra  
a t  two temperatures, 90°C and 290'C. 
e a r l i e r  experiments. The f i r s t  RTNS-I1 i r radia t ion,  t o  0.006 dpa ( 2  x 10" n/cm2), is in  progress, and 
an add i t iona l  i r r ad ia t ion  t o  0.03 dpa a t  RTNS-I1 has been requested. 
i r radia ted a t  room temperature i n  RTNS-I1 t o  about 0.003 dpa (1  x 101'n/cm 1. Table 1 g ives  a sumnary of 
the i r rad ia t ion  conditions and the mater ia ls  t o  be tested.  

The maximum f luences  w i l l  be a t  lea 5 t o  10 times higher than i n  

few pecimens a r e  a l s o  being 3 

TABLE 1 

OWR/RTNS-I1 SPECTRAL EFFECTS MPFXIMmT 

Irradiations 
(RTNS-I1 Pea Fluences. OWR Total Neutrons) 

Material 

Cu,  Narz Wade 

Fe. Narz Wade 

316 Stainless Steel 

316 Stainless Steel, 
20% Cold Worked 

A3028 Presswe Vessel Steel 

Heat Treatment Facillty Fluence Temperatures 

45O0C, 15 min, a i r  cooled 
RTNS-I1 5 x loT7 0.0015 *9O'C, 290'C 

800°c, UHV, 2 hr. furnace 
cooled RTNS-I1 2 x 10" 0.006 *9O'C. 290'C 

1000°C, 10 min, a i r  cmled RTNS-I1 1 x 0.03 *90°C. 29O'C 

~ 

(n/cm2) (dpa) 

RTNS-I1 8 x 0.003 25OC 

OWR 5 x 10" 0.001 90T. 290'C 

0WR 2 x 1019 0.003 90°C, 290'C 

OWR 5 1019 0.01 90T. 29OT 

m 2 x lo2' 0.03 90%. 290T 

* Both temperatures i n  a single irradiation w i t h  the 
DTVI furnace. 

The materials being i r rad ia ted  a re  annealed Mar2 grade Cu, annealed Marz grade Fe, so lu t ion  annealed and 
20% cold worked AISI 316 s t a i n l e s s  s t e e l ,  and A302B pressure vesse l  s t e e l .  
w i l l  be a b l e  to compare s p e c t r a l  e f f e c t s  with respect t o  aus ten i t i c  versus f e r r i t i c  steels, annealed 
versus co ld  worked conditions,  fcc  versus bcc c r y s t a l  s t ruc tu res ,  and pure mater ia ls  versus engineering 
materials. 
there  w i l l  be a range of behaviors a t  the temperatures chosen. 

The high m u l t i p l i c i t y  of specimens of each material  throughout the dose range w i l l  insure good S t a t i s t i c s  
f o r  the t e n s i l e  data,  whi le  allowing for examination by transmission e lec t ron  microscopy (TEM) and 
performance of other  mechanical tests. Sets of approximately 20 Fe and 20 s t a i n l e s s  s t e e l  specimens wi th  
about the same dose i n  each spectrum w i l l  be a v a i l 3 b l e  for annealing studies.  

The miniature t e n s i l e  specimens a r e  f l a t  with the  typ ica l  "dog-bone" shape; see Figure 1. 
specimens are f l a t ,  they can be used for more than tens i le  tests. 
punch t e s t s  and a l s o  for  preparation a s  TEM specimens. 
be done along the  e n t i r e  specimen. 
including t e n s i l e  test, on one specimen. The t e n s i l e  t e s t ing  apparatus is described in  d e t a i l  
elsewhere. 

Thus, a t  two temperatures one 

Also, the temperature s e n s i t i v i t y  of the property changes is d i f fe ren t  for each mater ia l ,  so 

Because the 
The end tabs  are s u i t a b l e  for shear 

We are  invest igat ing the p o s s i b i l i t y  of performing mul t ip le  tests, 
R e s i s t i v i t y  measurements and hardness tests can 

5.2 Test Materials 

A prime concern i n  the  mater ia ls  se lec t ion  was tha t  the  expected r e l a t i v e  change in  y i e l d  sc.relxPI d::? t3 
i r rad ia t ion  a t  low exposures would be l a r g e  enough tha t  the  effects could be e a s i . 1 ~  m,i?r,urrd. 

AISI 316 s t a i n l e s s  s t e e l  is an engineering material  with a l a rge  
It is a lso  the material  used in  the s tudies  by Vandervoort, e t  a1 
strength may be d i f f i c u l t  t o  detect  i n  202 cold worked 316 s t a i n l e s s  s t e e l ;  however, in  its solutiOn 
annealed condition, radiation-induced changes in  t e n s i l e  properties should be e a s i l y  discernable. 

Copper has a la rge  data base with respect 
strengthening of copper under the same conditions a s  the Vandervoort experiment on SA 316 s t a i n l e s s  

a base for i r radia t ion effects .  . A t  low doses, changes in  y i e l d  w 

t o  many properties. Mitchel l  e t  a,") investigated radiation 
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FIGURE I .  V i n h t u r e  Tensile Specimen Dimensions i n  mn. 

4 k 2 . 5  + 
0.25 

s tee l .  
situation i n  copper is more l i k e l y  t o  have been complicated by temperature effects ,  since defects in 
copper are mch more mobile than those i n  s t a i n l e s s  s t e e l  a t  the i r rad ia t ion  temperatures. 
copper a l l o y s  are  a l s o  of interest to the fusion program a s  engineering materials. 

Iron represents the f e r r i t i c  materials. 
not have the high y ie ld  strength of the engineering f e r r i t i c  a l l o y s  that  would tend t o  make the increase 
i n  y i e ld  strength due t o  low doses of i r radiat ion d i f f i c u l t  t o  measure. The e f fec t s  of i r radiat ion 
temperature on the property changes of Fe a r e  expected t o  be intermediate t o  those of Cu and 315 s ta in-  
less s tee l .  
data ex i s t s  for  radiat ion e f fec t s  a t  290°C in  t h i s  .naterial. 

A s  w i t h  s t a i n l e s s  s t e e l ,  the t e n s i l e  data fo r  copper did not cor re la te  on the basis of dpa. me 
Copper and 

It was chosen instead of an a l l o y  such as HT-9 because i t  does 

A302B pressure vessel steel is a l s o  included i n  t h i s  experiment, espec ia l ly  because mch 

5.3 Irradiat ion Temperatures 

One of t h e  aims of t h i s  experiment is t o  study possible temperature effects.  
experiment s imilar  t o  those of Vandervwrt e t  a 1  and Mitchell  e t  a l ,  without the temperature differences 
they had between f i s s ion  and fusion neutron irradiations. 
temperature by i r radiat ing at the same two temperatures i n  both neutron spectra. 

The choice of temperatures is limited t o  those tha t  can be ea s i l y  maintained i n  the ava i l ab l e  i r radiat ion 
f a c i l i t i e s .  The lower temperature, 90°C, is e s sen t i a l l y  dictated by the OWR coolant temperature, t h e  
g a m  heating r a t e ,  and the capab i l i t i e s  of t h e  In-core Reactor Furnace, b u i l t  a t  LLNL, which uses the 
reactor coolant a s  a furnace coolant. 
become s ign i f ican t ly  more mobile, y e t  not so high that  the residual  damage is s l i g h t  a t  these low 
fluences. Another consideration is that  the t e s t  materials have d i f fe ren t  temperatures at  which defect 
mobility becomes s ignif icant .  
high temperature for Cu, low for  316 s t a i n l e s s  s t e e l ,  and intermediate for Fe and A302B. 
base exists for  A302B pressure vessel s t e e l  a t  29OOC. which a l s o  d e s  t h i s  temperature desirable.  me 
two temperatures, 9O'C and Z90°C, a r e  e a s i l y  within the operating range of the dual-temperature vacuum- 
insulated (DTVI)  fllrnace used for the RTNS-I1 irradiations. 

We w i l l  be doing an 

Also, we w i l l  invest igate  the e f fec t s  of 

me higher i r radiat ion temperature should be one a t  which defects  

With respect t o  vacancy mobility, 290'C can be considered a r e l a t i v e l y  
A l a rge  data 

5.4 Neutron Fluences 

In RTNS-I1 the neutron f l ux  decreases rapidly with distance from the source. 
''prime volume," defined here a s  the 
diminishes by about 75%. 
throughout t h e  prime volume and a t  four other locations spanning a f l ux  rang of two o ers of magniltgde. ~ 

Three i r rad ia t ions  have been requested a t  RTNS-I1 t o  peak fluences of 5 x loy7, 2 x IO@, and 1 x 10 n/cm . 

From front  t o  back of t h e  
f i r s t  6 mm of +he specimen cav i t i e s  of the DTVI  furnace, t h e  f l u x  

In both temperature zones of the furnace t en s i l e  specimens w i l l  be placed 

In the  mega West Reactor four i r rad ia t ions  are scheduled a t  each temperature t o  damage l e v e l s  from 0.001 
t o  0.03 dpa. A f i f t h ,  long-term irradiat ion t o  0.1 dpa is being considered, pending the outcome of the 
e a r l i e r  parts of the experiment. 

5.5 Damage Rate Effects and Helium Effects 

me OWR was chosen for t h i s  experiment because it has a low damage ra te ,  although it  has a damge r a t e  
about s i x  times higher than RTNS-11. 
shown t o  have l i t t l e  e f fec t  on t en s i l e  properties of s t a i n l e s s  s tee l .  
experiments i r rad ia t ions  were done a t  two positions in Lm, differ ing i n  damage rate by a factor of 
four, w i t h  no apparent r a t e  e f fec t s  on t h e  y ie ld  strength of annealed 315 s t a i n l e s s  s tee l .  

?Y been 
mch differences i n  damage r a t e s  among f i s s ion  reactors  h 

In tine Vandervwrt e t  a 1  

Also, the i r  
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data  show on ly  small di f ferences  from data  on s t a i n l e s s  s t e e l  i r r ad ia t ed  i n  HFR(5) (Petten),  which has 
nea r ly  an order  of magnitude higher displacement rate. 

Rate e f f e c t s  on t e n s i l e  p rope r t i e s  fo r  low exposures t o  1 4  MeV neutrons can be inves t igated  i n  RTNS-11. 
In  t he  three i r r a d i a t i o n s  planned, the re  w i l l  be ovz r l ap  i n  the  f l u x e s  and f luences  over a t  least two 
orders  of magnitude. 

The inf luence  of He production is expected t o  be small. 
di f ference  i n  the He production for the two spect ra ,  bu t  even the g rea te r  amount of He generated i n  RTNS- 
I1 is q u i t e  small (0.3 appm a t  0.03 dpa), and 
p roper t i e s  of any of t h e  materials a t  the  planned i r r a d i a t i o n  temperatures. 

There is more than an order of magnitude 

should produce no masurab le  e f f e c t  i n  t h e  t e n s i l e  

5.6 S ta tus  
~ 

The t e n s i l e  specimens were punched from as- received sheet  stock,  wi th  the exception of t h e  A302B pressure  
v e s s e l  s t e e l ,  which was punched from coupons s l i c e d  from a p i e c e  of p l a t e .  The Cu, Fe and some of the 
316 SS specimens were annealed as described i n  Table 1 .  I den t i f i ca ton  codes were laser-engraved on the 
end t abs  of the  specimens. 

The first RTNS-I1 i r r a d i a t i o n  was s t a r t e d  April  19, 1983, using Cne DTVI furnace, Model I, but the  
furnace was destroyed by a malfunction of the RTNS-I1 target .  
f a b r i c  ed i s ta l led ,  and tested.  The first i r r a d i a t i o n  with t h e  new furnace, t o  a goal  f luence  of 
2 x 10" $cm9, commenced February 24, 1984. 

The prime volume of each temperature zone of the  DTVI furnace is occupied by 88 t e n s i l e  specimens. 
Another 92 t e n s i l e  specimens are located  throughout the  remaining specimen volume i n  each zone. 
t e n s i l e  specimens 
11. Specimens f o r  e l e v e n  Japanese experimenters occupy about 60 $ of the t o t a l  specimen volume. 
US. specimens a r e  included for experiments on damage production i n  insu la to r s ,  
measurements f o r  reduced a c t i v a t i o n  s tudies .  f o r  TEM s t u d i e s  of copper a l l o y s ,  and f o r  f low property 
measurements on a series of Fe a l l o y s .  

A s  an adjunct  t o  the  experiment, eighteen t e n s i l e  specimens of 'annealed copper and so lu t ion  annealed 316 
s t a i n 1  
1 x l o @  n/cm in  a Japanese RTNS-I1 i r r a d i a t i o n  coordinated by Professor Katunori Abe of Tohoku Univer- 
s i t y .  

A new DTVI furnace ,Model 11. has been 

These 
a r e  on ly  one p a r t  of t h i s  j o i n t  HEDL/Japan e l e v a t e d  temperature i r r a d i a t i o n  a t  RTNS- 

Other 
for  c r o s s  sec t ion  

s ste 1 a r e  c u r r e n t l y  being i r r ad ia t ed  a t  room temperature t o  a range of f luences  up t o  almost 5 .  
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7 . 0 Future Work 

The 'various parts of the  experiment w i l l  continue IS planned. 
summer of 1984, and a second, long-term RTNS-I1 i r r a d i a t i o n  should begin i n  the  l a t t e r  pa r t  of the  year. 

OWR i r r a d i a t i o n s  :jhoulmi begin by mid- 
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l l l A G E  INTERACTION BETWEEN A PRISMATIC OISLOCATION LOOP AND A BUBBLE 

W.G. Wol fer ,  W.J. Drugan, M.F. Wehner ( U n i v e r s i t y  o f  Wiscons in) ,  and H. T r i n k a u s  (Oak Ridge N a t i o n a l  Lab.) 

1.0 O b j e c t i v e  

He l ium bubb le  f o r m a t i o n  i n  me ta l s  a t  temperatures below abou t  h a l f  of t h e  m e l t i n g  p o i n t  and under  c o n d i t i o n s  
of h i g h  Heldpa r a t i o s  has been found t o  be accompanied by l o o p  punching.  I n  a n a l y z i n g  t h i s  process o f  
bubb le  growtn t h e  image i n t e r a c t i o n  w i t h  the  loop  has n o t  been cons ide red  because i t  was unknown. T h i s  
image i n t e r a c t i o n  has now been eva luated,  and i t  g i v e s  r i s e  t o  an a c t i v a t i o n  b a r r i e r  f o r  l o o p  punching by 
o v e r p r e s s u r i z e d  bubbles.  

2.0 ~ Summary 

The e l a s t i c  i n t e r a c t i o n  between a s p h e r i c a l  c a v i t y  and a p r i s m a t i c  d i s l o c a t i o n  l o o p  has been d e r i v e d .  I n  
s p i t e  of t he  c o m p l e x i t y  of t he  e l a s t i c i t y  s o l u t i o n .  the  image i n t e r a c t i o n  can be w r i t t e n  i n  a r e l a t i v e l y  
s i m p l e  form and be e v a l u a t e d  r e a d i l y .  

3 . 0  Program 

T i t l e :  E f f e c t s  o f  R a d i a t i o n  and High Heat  F l u x  on t h e  Performance of  F i r s t  Wal l  Components 
P r i n c i p a l  I n v e s t i g a t o r :  W. G. Wol f e r  
A f f i l i a t i o n :  U n i v e r s i t y  of Wisconsin-Madi son 

4.0 Re levan t  OAFS Program T a s k h b t a s k  

I I .C.17:  M i c r o s t r u c t u r a l  C h a r a c t e r i z a t i o n  
I I .B.2 .3 ,  Subtask C: C o r r e l a t i o n  Methodology 

5.0 Accompl ishments and S t a t u s  

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

The f o r m a t i o n  o f  h i g h l y  o v e r p r e s s u r i z e d  h e l i u m  bubb les  formed d u r i n g  h e l i u m  i m p l a n t a t i o n s  i n  s o l i d  i s  now 

f i r m l y  e s t a b l i s h e d  exper imen ta l l y . ( ' + )  I t  i s  a l s o  e v i d e n t  t h a t  these bubbles may grow a t  tempera tu res  be-  
low a b o u t  h a l f  t h e  m e l t i n g  p o i n t  by a thermal  processes, i n v o l v i n g  t h e  e x p u l s i o n  o f  e i t h e r  s e l f - i n t e r s t i t i a l  

atoms o r  sma l l  p r i s m a t i c  l o o p s . ( 6 - 9 )  
t r a p p e d  near  t h e  o v e r p r e s s u r i z e d  bubble .  These i n t e r s t i t i a l s  o r i g i n a t e  e i t h e r  f rom t h e  bubb le  i t s e l f  as 
more h e l i u m  i s  t rapped  i n s i d e  the  bubble, o r  they a r e  c a p t u r e d  from the  su r round ing  m a t r i x  where they have 
been produced by d i sp lacement  damage. 

The l a t t e r  may a l s o  f o r m  by t h e  a c c l o m e r a t i o n  o f  s e l f - i n t e r s t i t i a l s  

The b a s i c  reason why t h e  i n t e r s t i t i a l s  remain t rapped  near  an o v e r p r e ~ s u r i z e d  bubble  i s  t h a t  a s t r o n g  
d t t r a c t i v e  image i n t e r a c t i o n  e x i s t s .  The r e p u l s i v e  i n t e r a c t i o n  caused by t h e  s t r e s s  f i e l d  due t o  t h e  ove r-  
p r e s s u r e  remains sma l l  when a s e l f - i n t e r s t i t i a l  atom o r  th ree- d imens iona l  i n t e r s t i t i a l  c l u s t e r  has a n e a r l y  

i s o t r o p i c  d i p o l e  tensor ,  i .e.  when i t  can be modeled as a n e a r l y  s p h e r i c a l  i n c l u s i o n . ( 9 3 1 0 )  
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If the i n t e r s t i t i a l  c l u s t e r  assumes however a nonspher ical  shape and i n  the  extreme becomes a p r i s m a t i c  
loop, then the repu l s i ve  pressure- induced i n t e r a c t i o n  may overcome the  a t t r a c t i v e  image i n t e r a c t i o n .  The 

loop  i s  then expe l l ed  i n t o  the  surrounding ma t r i x  and the  bubble volume expands by the  loop VOlUme.(9.10) 
Fu r t he r  accumulat ion of hel ium w i l l  repeat  the process o f  i n t e r s t i t i a l  emission, loop format ion and expul-  
sion. However, the loop punching process may a l so  take p lace w i t h o u t  the precursor  stage of c l u s t e r i n g  of 
trapped s e l f - i n t e r s t i t i a l  atoms. 
oressure- induced i n t e r a c t i o n  remain the  same. 

I n  both cases, the energy cons idera t ions  i n v o l v i n g  both the image and the  

The image i n t e r a c t i o n  i s  the more d i f f i c u l t  one t o  evaluate,  and except  f o r  the  e a r l i e r  work by W i l l i s  and 

Dullough,('') i t  has no t  been attempted before. 
an e legant  use of the f a c t  t h a t  the a x i a l  displacement component and the d i l a t a t i o n  produced by a p r i s m a t i c  
loop on the symmetry ax i s  can be expressed by simple funct ions.  
s e r i e s  y i e l d s  then the  c o e f f i c i e n t s  f o r  another se r i es  which descr ibes the displacement f i e l d  o f  the  loop  i n  
the spher ica l  coordinate system o f  the cav i t y .  The t r a c t i o n s  produced by the loop on the c a v i t y  sur face can 
then be obtained, and the  image f i e l d  i s  determined such t h a t  i t s  t r a c t i o n s  cancel those of the loop. 
W i l l i s  and Bul lough obta ined thereby the s t r ess  components o f  the image f i e l d  from which the g l i d e  and c l imb  
f o r ce  on the loop can be derived. However, t h e i r  r e s u l t s  f o r  these fo rces  were n o t  expressed i n  a concise 
form. Furthermore, to ob ta in  the image i n t e r a c t i o n  energy from t h e i r  r e s u l t s  would requ i re  a very cumber- 
some i n teg ra t i on .  

The i r  d e r i v a t i o n  o f  the image i n t e r a c t i o n  f o r ce  i s  based on 

Expansion o f  these f unc t i ons  i n  power 

I f ,  on the  o ther  hand, a s u f f i c i e n t l y  compact expression can be der ived  f o r  the image i n t e r a c t i o n  energy, 
simple d e r i v a t i v e s  can generate both the g l i d e  and c l imb f o r ce  on the loop as exer ted  by the cav i t y .  

Our approach accomplishes t h i s .  
mat ic  d i s l o c a t i o n  loop and two r e l a t i o n s h i p s  which connect zero-order Dessel f unc t i ons  w i t h  spher ica l  har-  

monics. Th i s  general method has been employed ex tens ive ly  by Japanese 
problems i n v o l v i n g  spher ica l  c a v i t i e s .  

It uses a Hankel t ransform representa t ion  f o r  the s t r ess  f i e l d  of the p r i s -  

f o r  e l a s t i c i t y  

I n  the f o l l o w i n g  sec t i on  the method o f  so lu t i on  w i l l  be o u t l i n e d  b r i e f l y  and the  f i n a l  r e s u l t  w i l l  be given. 

The d e t a i l e d  d e r i v a t i o n  w i l l  be publ ished elsewhere.(") 

5.2 S o l u t i o n  of the  E l a s t i c i t y  Problem 

A p r i s m a t i c  d i s l o c a t i o n  loop o f  rad ius  i s  s i t u a t e d  a t  a d is tance  D from the  cen ter  o f  a p h e r i c a l  c a v i t y  of 
rad ius  a, as i l l u s t r a t e d  i n  F ig.  1. For reasons o f  s i m p l i c i t y ,  we assume t h a t  the loop p lane i s  perpendicu-  
l a r  t o  the  po la r  ax is .  As a r e s u l t ,  the e l a s t i c  f i e l d  i s  a x i a l l y  symmetric and t o r s i on- f ree ,  and i t  can 
t he re fo re  be der ived  from two harmonic f unc t i ons  4 and Y according t o  the Boussinesq s o l u t i o n  

Here, c i s  the displacement f i e l d ,  v the Po isson 's  r a t i o ,  and i s  the u n i t  vec to r  a long the z -ax is .  

The t o t a l  displacement f i e l d  can now be decomposed i n t o  three c o n t r i b u t i o n s  

where 

produced by the overpressur ized bubble i n  the absence o f  the loop, and ?il i s  f i n a l l y  the image f i e l d .  

l a t t e r  i s  independent of ;p, bu t  no t  of u . 
f i e l d ,  so t h a t  the t o t a l  s t ress  a t  any l o c a t i o n  i s  

i s  the displacement f i e l d  o f  the loop i n  the absence o f  the cav i t y ,  cp i s  the displacement f i e l d  
The 

For each displacement f i e l d  one ob ta ins  the associated s t r e s s  +e 

(3) o . . = a . . + a ? . + o . . .  P I 
1 5  1 5  1 5  1 5  

81 



The image f i e l d  i s  now 

on the c a v i t y  surface. 

a I 
determined by the  cond i t i on  t h a t  the t r a c t i o n s  produced by oij and 0.. 1 5  have t o  vanish 

If i i s  the normal vector  on the c a v i t y  surface, then 

( 4 )  I e 
0.. n .  = - o . . n . .  

1 5  J 1 J  J 

The Dressure- induced f i e l d  i s  determined by the  c o n d i t i o n  

on the c a v i t y  surface, where Y i s  the sur face tension.  

The f i r s t  t a s k  i s  t o  determine the f i e l d  o f  the  loop. 
the help of the two harmonic f unc t i ons  

Using the approach of Kroupa(17) we cons t ruc t  i t  w i t h  

m 

me(r,z) = J dh F ( N  e - h 1 2 - D 1  J o ( h r )  (6) 
0 
m 

'Yp(r,z) = dh hG(h)e - h / z - D l  J o ( h r )  (7) 
0 

expressed i n  terms of two unknown, zero-order Hankel transforms('') F ( h )  and G(A). These are  now determined 

by f i r s t  d e r i v i n g  the a x i a l  displacement component uZ ( r , z )  and the shear s t r ess  component orz(r,Z). and then 

s a t i s f y i n g  the boundary cond i t i ons  

e e 
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oe (r,D) = 0 r z  

f b/2 f o r  0 < r C P e and l i m  u z ( r , D t n l  = [ 

where b i s  the  Burgers v e c t o r .  T h i s  r e s u l t s  i n  

11 +O 0 f o r  r > 

where J1 i s  the Bessel f u n c t i o n  o f  f i r s t  o rder .  

The r e p r e s e n t a t i o n  o f  t h e  loop  f i e l d  i n  c y l i n d r i c a l  coord ina tes  i s  n o t  s u i t a b l e  f o r  e v a l u a t i n g  i t s  t r a c t i o n s  
on the  s p h e r i c a l  c a v i t y  surface. Hence, a r e p r e s e n t a t i o n  i n  s p h e r i c a l  coord ina tes  i s  chosen n e x t  w i t h  t h e  
harmonic f u n c t i o n s  

where Pn i s  the  Legendre polynomia l  o f  degree n. 

(6) and (7), the  c o e f f i c i e n t s  Fn and Gn a re  r e l a t e d  t o  the  f u n c t i o n s  F ( A )  and G(h). 

e s t a b l i s h e d  w i t h  t h e  h e l p  o f  the  r e l a t i o n s h i p ( 1 9 )  

Since these f u n c t i o n s  must be i d e n t i c a l  t o  the  express ions 

T h i s  connec t ion  can be 

A l e n g t h  c a l c u l a t i o n  shows t h a t  

G = -  R"(cos B Pn - (15)  

F ( 1  - 2 W )  1 G - DGn f o r  n > 1 . (161 

n 4(1-vj 

n n-1 n and 

For  n = 0, Fo = 0. and Go  = b ( l  - cos @ 1 / 4 ( 1  - u). 
i n  s p h e r i c a l  coord ina tes  f o r  R < a. 

The l o o p  f i e l d  i s  now determined b o t h  i n  c y l i n d r i c a l  and 

The image f i e l d  i s  n e x t  d e r i v e d  from the  harmonic f u n c t i o n s  

I I From them we d e r i v e  t h e  s t r e s s  components nRR(R,B) and o R e ( r , e l  and determine the  cons tan ts  An and Bn f rom 

the boundary c o n d i t i o n s  ( d e r i v e d  f rom Eqs. ( 4 ) )  
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The lengthy expressions for  An and Bn will n o t  be shown here. 

For obtaining the image interact ion E , the integral  in the following equation must be evaluated. 

a 
Eo = -nb r d r  oZZ(r,D) . 

0 

I 

( 2 1 )  
I I 

Note tha t  the image s t ress  f i e l d  trust now be expressed in cylindrical  coordinates. To accomplish t h i s ,  we 
employ the formula 

(22) R-"'Pn(cos 8 )  = TiT 1 dA e-" Jo(Ar) 

t o  write the harmonic functions ( 1 7 )  and (18) i n  terms of the cylindrical  coordinates ( r , z )  which are  
related to the spherical coordinates ( R , E )  by z = R cos 8 and r = R s i n  8. 

The very lengthy derivation will be omitted, b u t  i t  eventually r e s u l t s  in the concise expression 

where 
dPn(cos E,) 

d(cos e,) P;, = (24) 

and R, is the distance from the cavity center to the dislocation l ine .  I t  i s  seen t h a t  the image i n t e r -  
action energy i s  proportional to  the square of the loop volume Ye = n b t 2  and inversely proportional t o  the 
cavity volume V, = 4na 13 .  3 For large distances,  the image interact ion energy f a l l s  off as (a/R)6. 

5.3 Numerical Results I 

The numerical evaluation of the sum in Eq. (23) can readily be carr ied out by u s i n g  the recursion re la t ion-  
ship 

fo r  n 
terms are  required to  achive a su f f i c ien t  accuracy. 

2 and the s t a r t i n g  values PA = 0 and P i  = 1. As R E  approaches the cavity radius a, m r e  and m r e  
A b o u t  1500 terms need to be added when RP/a = 1,001. 

The numerical r e su l t s  for  the image interaction energy are  displayed i n  F i g .  2 for  loop rad i i  2 < 0.1 a, and 
in  F i g .  3 for  loop radii  i n  the range 0.1 a < E < a. 



FIGURE 2, 
C a v i t y  Radius. 
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7.0 Fu ture  Work 

Fo r  a comprehensive assessment of the loop punching and loop expu ls ion  mechanism two a d d i t i o n a l  i n t e r a c t i o n  
energies are requ i red :  
caused by the  s t r e s s - f i e l d  of the overpressur ized bubble, whereas the  l a t t e r  o r i g i n a t e s  f rom the  pressure 
change i n  the bubble as the loop changes i t s  d is tance  from the bubble. 

the pressure- induced i n t e r a c t i o n  and the compress ib i l i t y  i n t e r a c t i o n .  The former i s  

The i r  eva lua t i on  w i l l  be repor ted  i n  
f u t u r e  con t r i bu t i ons .  
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STABILITY OF HELIUM-VACANCY CLUSTERS DURING IRRADIATION 

Shahram S h a r a f a t  and Nasr M. Ghoniem (UCLA) 

1 .0 O b j e c t i v e  

One of the major uncertainties in understanding cavity nucleation and growth is the degree of stability of 
Helium-Vacancy Clusters (HVCs) in an irradiation field. Such stability is a complex function of 
irradiation variables (damage rates, helium production rates, and fluence), as well as material parameters 
(sink density, temperature, and defect parameters). The goal of investigating the stability of HVCs is t o  
understand and consequently to model cavity size distributions. 

2.0 Sumnary 

The present research first investigates helium-vacancy binding energies, which are then used in analyzing 
the stability of HVCs under irradiation. Using an equation of state (EOS) for helium that takes into 
account the high pressures caused by large He/V ratios in HVCs we have demonstrated the following: 

1. A continuum approach has been used to solve for Vacancy and Helium Binding Energies for large 

2. Utilizing these binding Energies in a nodal-line formulation. critical HVC sizes have been 

3 .  Regimes of spontaneous and delayed nucleation have been identified as a function of temperature 

4 .  Consistent with experimental results, we always find delayed cavity nucleation for EBR-I1 

clusters which match well with etomistic calculations for very small HVC. 

determined as a function of Heldpa ratios. 

and Heldpa ratios for both reactor and accelerator conditions. 

irradiation conditions. In HFIR, a transition from spontaneous to delayed nucleation occurs at 
higher temperatures. This is also consistent with experimental findings. 

5 In accelerator conditions, we find a shift in the demarkation line between spontaneous and delayed 
nucleation by about 50 to 100°C. This shift is due to increased dynamic cavity formation 
processes compared to thermal dissociation mechanisms. 

solution parameter. This fact can be used in experiments designed to measure this parameter. 
6 .  The exact temperature separating spontaneous and delayed nucleation is sensitive to the re- 

3.0 Program 

Title: Stability of Helium-Vacancy Clusters During Irradiation 
Principal Investigator: N. M. Ghoniem 
Affiliation: University of California at Los Angeles 

4.0 Re levan t  DAFS Program P lan  Task/Subtask 

Subtask Group C: Damage Microstructure Evolution and Mechanical Behavior 

5.0 Accomplishments and S ta tus  

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

Helium introduced by (n, a 1 reactions is thermodynamically insoluble and thus tends to precipitate into 
cavities. Whereas helium concentrations in steels typical of fast breeder reactors are in the range 1-10 
atppmlyear, expected concentrations in fusion reactor environments are about 2 orders of magnitude 
greater. 

Since the displacement rates in these two types of reactors are comparable, the helium to displacement 
ratio (Heldpa) will be a crucial factor in simulating fusion environments. 
profound influence on the stability of HVCs, as will be discussed later. The stability of a HVC dictates 
the critical size or He/V ratio which ensures growth. The critical size of HVCs affects the size 
distribution, which determines the nature of detrimental helium effects on material properties. Two 
levels of analyses have generally been used to study the degree of stability of HVCs. The first is an 
atomistic' approach in which HVCs are analyzed using appropriate interatomic potentials. 
configurations and HeIV ratios, as well as binding and migration energies are found. Disadvantages of this 
approach are: 
processes due to irradiation cannot be included. On the other hand, purely kinetic descriptions are used 
to derive implified analytic expressions for the "critical cavity size" for cavity growth and 
nucleation'-'. This approach may ignore important detailed mechanisms. 

The Heldpa ratio has a 

Stable 

(1 )  the method is not applicable to large size clusters; ( 2 )  the effect of kinetic 
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The present study is aimed at identifying the mechanisms influencing the binding of the last vacancy and 
the last helium to a cluster. Binding energy calculations are based upon high-density equations of state 
for helium. Those equations are quite realistic since they are based on interatomic heliun-helium 
potentials. A nodal-line stability analysis is then performed to define the stability boundaries in a 
two-dimensionsal vacancy-helium phase-space. Those are determined by solving for the equilibrium 
conditions coresponding to the emission of the last vacancy, and the last helium atom from a cluster. 

5.2 Bind ing  Energies 

Atomistic calculations by Wilson et al.' have provided binding energies for small clusters. 
these calculations can not he extended to investigate larger size HVCs. To obtain reasonable results for 
large HVCs (He>20; V>2) we rust resort to continuum approaches. 
equation of state (EOS) for helium that takes into account the high prestures caused by large He/V ratios 
in HVCs. 
potential. 

The work done i n  compressing residing helium atoms when a vacancy is emitted from the cluster 1s 
calculated by: 

However, 

This leads to the question of a valid 

Such a numerical equation has been formulated by Wolfer et al. using an interatomic He-He 

(1)  
v2 

"1 
w = - - P dV 

Expressing the pressure in terms of virial coefficients: 

(2 )  
PV B C  - =  z = I + - + - 2  + ... 
kT V "  

and substituting (2) into ( I )  we obtain, using up to 3 virial coefficients, the following expression for 
the work: 

( 3 )  
72 I 1  c 1  1 

"1 v2 v2 v. 
W = - kTrln (-) - B(- - -) - 4- --I\ 2 

L I  
The virial constants, B and C ,  are obtained by fitting equation ( 2 )  to Wolfer's EOS over a limited 
pregsure range. 
( Ev  ) of the last vacancy bp adding the energy gained due to the change in surface area ( AES ) and the 
vacancy formation energy (Ev) : 

Knowing the work done in compressing helium atoms, we now estimate the binding energy 

EB = EF + AE + W ( 4 )  
Y V  

The results of such calculations for Ai-parameters are shown in Fig.1. 

Comparing our results to the atomistic calculations of Wilson and Baskes', satisfactory agreement has been 
found, down to small sizes of HVCs. 

I n  evaluating the heliuwbinding energy, we use a straight line approximation for evaluating the change i n  
energy content of the HVC; and equation (1) is approximated by: 

(5 )  
W = - - [ P  1 + P I [ V  + V I ]  

2 2  1 2  

This approach has been chosen because we no longer have a thermodynamic system of constant mass when a 
helium atom is emitted. 
the energy gained in allowing n-1 Helium to atoms expand to a new low pressure. 

The helium-binding energy is evaluated hy adding the energy of the "Heat of S o l u t i o n"  of helium to the 
expansion work. S dissolved in a Molybdenum matrix. We have used E = 3.5 eV because no precise value is yet available. H 

By reducing the helium content of the HVC by one atom, we effectively evaluate 

Ingelsfield and Pendry' concluded that it takes at least 2.07 eV to keep a helium atom 

5.3 Nodal L i n e  Analysis 
6 Nodal l ine  analysis has been developed far stability studies of kinetic systems. Recently, Russell used 

the same approach to analyze phase stability under irradiation. We follow here a similar method for the 
linear stability analysis of helium-vacancy clustering. An important aspect of our work is, that we use 
vacancy and helium binding energies instead of changes in free energy to describe various W C  growth and 
shrinkage processes under irradiation. 

We begin by considering HVCs as characterized in a two-dimensional phase space. 
kinetic processes can be represented schematically. 

either vacancy or helium atom h 

velocities in phase space, given by: 

In such a phase-space, 
An HVC can grow by capturing a vacancy or helium atom 

$180 it may shrink by thermal emission of (R: h) , or by emitting a self-interstitial atom (SIA) 

( R F )  or due to PKA's (R;) . 
(Re) . 

(Re ) , or by capture of S d s  (Ri) , or by a gas-replacement mechanism 
' h e  summation of these rates results in corresponding component 
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The rates in equations (6 )  and ( 7 )  are calculated by using quasi steady-state values for C,. Ci. and 

$e.  

Ghoniem and Gurol 
effective helium diffusion coefficient 
steady-state helium concentration. 

By setting 
vacancy phase-space, we find the helium and vacancy nodal lines. 
vicinity of these nodal lines, regions of growth or shrinkage of HVCs in this phase-space can be 
determined, as shown in Fig. 3. 

We find that: 

In the present analysis.we ignore SIA emission. 

showed approximations for vacancy and SIA concentrations. 7 With knowledge of an n as a function of % and Ci, we were able to estimate a quasi 

= 0 and h = 0 and plotting the loci of points which satisfy this condition in the helium- 
By investigating the trajectories in the 

* In region 1, HVCs grow in vacancy but shrink in He-atom content. * 
* Region I11 lets HVCs grow in helium contents hut they shrink by a net loss of vacancies * 

In region 11, HVCs shrink in both number of vacancies and He-atoms. 

Only in region IV do all HVCs experience growth in both number of vacancies and number of He- 
atoms. 

Thus region IV can be termed the "region of stability" which will ensure growth of HVCs. 
this growth region thus separates the stable from unstable HVCs. 
on the boundaries of region IV as the "critical HVCs". 

The boundary of 
We can therefore view the HVCs residing 

5.4 D iscuss ions  

5.4.1 B i n d i n g  Energ ies 

Of Particular interest is a comparison between our continuum binding energy calculations to atomistic 
calculations performed by Wilson et al.'. 
approach may still be valid. 

A series of 2-0 plots comparing our results of binding energies to those of Wilson et al.' were produced, 
(see Fig. 4 ) .  
increases. 
little as 2 or 3 vacancies. 

5.4.2 C a v i t y  N u c l e a t i o n  

This determines the smallest HVC size to which our continuum 

Agreement between atomistic and continuum calculation increases as the size of the HVC 
From these comparisons, it can be seen that our  approach is applicable to HVCs containing as 

We have found, using the nodal line analysislclustering method, that there are two general nucleation 
modes. Very small 
nucleation barriers exist in this case, and nucleation proceeds homogeneously in the matrix. This occurs 
under irradiation conditions of high helium generation rates, low temperature, and low sink density. The 
high helium generation rates tip the competition for vacancies between SIAs and helium atoms in favor of 
helium atoms. This reduces vacancy anihilation rates and gas-replacement rates by S I A s ,  and the chance 
for fundamental HVCs surviving is enhanced. 

The second mode of nucleation is that of delayed nucleation (see  Fig. 3). Here, cavity formation proceeds 
with substantial nucleation barriers (such as regions I ,  I1 or 111 in Fig. 3). which must be overcome by 
subcritical HVC embryos, in order to reach stable configurations. This case is best achieved at high 
temperatures, high dislocation sink density and low helium generation rates. The combination of high 
temperature and high sink density renders short defect mean-life times. 
generation rates increased SIA's chances in competing against helium for vacancies. These effects 
(nucleation barriers) supress the production of stable HVC embryos. Therefore stable HVCs must be 
produced by some mechanism, such as a stochastic one, able to overcome the nucleation barriers. 

5.4.3 

To simulate fusion irradiation environments with existing facilities, extensive use has been made of the 
HFIR, the EBR-11,  and accelerators. In HFIR the 
He/dpa ratio is 5 7  while in EBR-I1 it is IO-' dpalsee of damage production. 

The basic experimental findings 
follows: ( 1 )  in WIR cavities appear to be bubbles rather than voids, (2) they are about 10 times 
smaller, and (3) they are 20 to 50 times more numerous in HFIR than voids are in E B R - I 1  irradiated steels. 

In the first one, helium precipitation in bubbles occures spontaneously (see Fig. 2). 

These coupled with low helium 

Spontaneous and Delayed N u c l e a t i o n  Reqimes 

These f cilities differ mainly in their Heldpa ratios. 

9 concerning cavities in the temperature range of 300 to 650°C are as 
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FIGURE 6. 

Scanning a tempera ture  range between 300 and 650°C with o t h e r  i r r a d i a t i o n  c o n d i t i o n s  (Heldpa r a t i o ,  
d i s l o c a t i o n  sink d e n s i t y ,  and dpa) f i x e d ,  we  were a b l e  t o  t r a c e  the  l o c i  of p o i n t s  which s e p e r a t e  r e g i o n s  
of spontaneous from delayed n u c l e a t i o n  a s  a f u n c t i o n  of temperature and Heldpa r a t i o s  ( s e e  F igures  5 and 
6 ) .  

We f i n d  (Fig.5)  for EBR-I1 i r r a d i a t i o n  t h a t  all c e v i t y  n u c l e a t i o n s  proceed as ' "delayed". Nodal line 
a n a l y s i s  f o r  EBR-I1  c o n d i t i o n s  show s t r o n g  n u c l e a t i o n  b a r r i e r s ,  such as shown by reg ion  I1 i n  ~ i g .  3 .  
Nuclea t ion  of c r i t i c a l  HVCs is delayed because any s i z e  HVC o u t s i d e  of region IV d i s o s s o c i a t e s  t o  
s u b c r i t i c a l  c l u s t e r s .  When t h e  Heldpa r a t i o  i s  i n c r e a s e d ,  the  n u c l e a t i o n  b a r r i e r ,  r eg ion  11, ( s e e  Fig.3) 
is reduced u n t i l  it van ishes  completely.  These c o n d i t i o n s  are met i n  H F I R  experiments  where smal l  
c a v i t i e s  w i t h  a high number d e n s i t y  are Found. 

Decreasing t h e  d i s l o c a t i o n  l i n e  d e n s i t y  s h i f t s  the  spontaneous n u c l e a t i o n  reg ion  t o  h igher  t empera tures  
and lower Heldpa r a t i o s  ( s e e  F i g u r s  5 and 6 ) .  

I n v e s t i g a t i n g  a c c e l e r a t o r  c o n d i t i o n s  ( d p a l s e c )  s i m i l a r  spontaneous and delayed n u c l e a t i o n  regimes 
can be i d e n t i f i e d  ( s e e  Fig.6) .  The b a s i c  d i f f e r e n c e  as compared t o  r e a c t o r  c o n d i t i o n s  d p a l s e c )  can 
be seen i n  t h e  low temperature region.  Here we  s e e  the  reappearance of n u c l e a t i o n  b a r r i e r  a f t e r  a minimum 
between 400 and 500°C. The growth of the  n u c l e a t i o n  h a r r i e r  s h i f t s  t h e  n u c l e a t i o n  mode back i n t o  t h e  
delayed one. This  can be expla ined  by the  h i g h  r e- s o l u t i o n  t a k i n g  p l a c e  i n  accelerator environments .  As 
t h e  temperature is i n c r e a s e d  from 300 t o  400"C, the  r e- s o l u t i o n  becomes less s i g n i f i c a n t ,  because hel ium 
c a p t u r e  r a t e s  i n c r e a s e  w i t h  i n c r e a s i n g  temperature.  By f u r t h e r  i n c r e a s i n g  t h e  temperature beyond 500"C, 
t h e  helium emission r a t e s  t a k e  over and t h e  n u c l e a t i o n  b a r r i e r s  become s t r o n g e r .  

This  high tempe a t u r e  behavior  of HVC number d e n s i t i e s  i n  a c c e l e r a t o r  environments  has been e s t a b l i s h e d  
experimental ly ' '  as a f u n c t i o n  of t empera ture  and Heldpa r a t i o s .  

The e f f e c t  of HVC re- solu t ion  a t  lower t empera tures  (<400'C) can be i n v e s t i g a t e d  i n  t h e  fo l lowing  manner: 
The dashed l i n e  i n  F i g u r e s  5 and 6 r e p r e s e n t s  the  same c a l c u l a t i o n s  bu t  wi th  t h e  r e- s o l u t i o n  parameter s e t  
e q u a l  t o  zero.  I n  a paramet r ic  s tudy  we can vary the  r e- s o l u t i o n  parameter .  Experiments a t  low 
tempera tures  could be performed and t h e  b e s t  f i t  f o r  our p a r a m e t r i c  s tudy  would then al low us t o  deduce a 
va lue  f o r  the  re- solu t ion  parameter. 
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FUNDAMENTAL ALLOY STUDIES 

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

1 .o Objective 

The object of this effort is to provide an alloy series with which to investigate the fundamental nature of 
swelling and creep resistance in Fe-Cr-Ni and Fe-Cr-Mn alloys. 

2.0 Sumnary 

A series of four alloy groups have been produced to investigate the origin of swelling and creep resistance 
in the Fe-Ni-Cr austenitic system and also to explore the possible existence of a high swelling resistance 
in the corresponding Fe-Cr-Mn austenitic system. This extension is based on a correlation observed between 
swelling resistance and the analomous property regime commonly referred to as the Invar regime. 
these alloys have recently been included in irradiation experiments conducted in EBR-11, HFIR and FFTF. 

Many of 

3.0 Program 

Title: Irradiation Effects Analysis (AKJ) 
Principal Investigator: D. G. Ooran 
Aff i 1 i ation: Hanford Engineering Development Laboratory 

4.0 Relevant OAFS Plan Task/Subtask 

Task II.C.1 Effects of Material Parameters on Microstructure 
Task II.C.16 Composite Correlation Models and Experiments 

5.0 Accomplishments and Status 

5 . 1  Introduction 

The comppsjtional dependence of swelling in Fe-Ni-Cr ternary alloys has been explored in a series of recent 
reports. It was shown that the compositional dependence resides primarily in the transient regime of 
swelling and that the greatest resistance to swelling occurs in the compositional regime where the nickel 
content is between 35 and 45% and the chromium content i s  less than 15%. This regime is also characterized 
by anomalous property behavior where many physical properties such as thermal expansion, elastic moduli, 
lattice parameter and excess free energy exhibit a marked variation with composition. 
behavior is best exemplified by the Invar phenomenon, wherein the thermal coefficient of expansion reaches a 
minimum near Fe-35Ni. At another composition, Fe-7.8Cr-35Ni, the thermoelastic coefficient indeed becomes 
zero over a significant temperature range. 
sponds almost exactly with the composition of one of the most swelling-resistant ternary alloys previously 
irradiated in the range 4O0-65O0C. 

Perhaps it is only coincidental that the Invar and particularly the Elinvar compositions correspond to the 
region where the duration of the transient regime of Fe-Ni-Cr austenitic alloys appears to be the longest. 
If one evaluates the current theories of void swelling, however, it appears that parameters such as lattice 
parameter and elastic moduli indeed are important determinants of swelling behavior, particularly when 
radiation-induced segregation occurs at void surfaces. 
may exist between the anomalous behavior regime and maximum swelling resistance. 

This anomalous 

This composition is known as Elinvar and fortuitously corre- 

This alloy is designated as E37 and has the composition Fe-7.5Cr-35.5Ni. 

Accordingly, we suggest that a direct connection 
Another factor also 
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appears to contribute to the compositional dependence of swellfng and that is the sensitivity of elemental 
diffusivities on the nickel and chromium content of the alloy. / 

In order to explore the potential of the Invar-swelling resistance correlation, four fundamental alloy 
series have been developed. Each of these is explored in the following sections. 

5.2 Phase I: Fe-Ni-Cr Simple Ternary Alloys (OAFS-Funded) 

The ion irradiation experiments o f  Johnston and coworkers did not explore the anomalous compositional regime 
in any great9detail, as shown in Figure 1, but it is clear that a strong resistance to swelling resides in 
this region. The Phase I alloy series is designed to explore the radiation-induced microstructural evolu- 
tion of t$is compositional regime. 
Johnston, one of which is the swelling resistant E37 and twelve new heats. 
alloys are shown in Figure 2 and Table 1. With one exception all alloys were prepared in the annealed con- 
dition (1O3O0C f o r  30 minutes). 
mine whether cold-working has any effect on the radiation-induced elemental segregation that occurs in this 
alloy.'/' In at least one Fe-Ni-Cr-Mo alloy there does not appear to be any effect of cold-work on void 
formation and this insensitivity has been attributed to the absence of solutes such as silicon and carbon. 
Specimens of a well-characterized heat o f  AIS1 316 (FFTF first-core heat 81592) in the solution-annealed 
condition were also included to serve as a reference ooint. 

It contains twenty-five alloys, five of which are original alloys of 
The compositions of these 

The alloy E37 is also included in the 20% cold-worked condition to deter- 

,~ 

FIGURE 1. Compositional Oependeqce o f  Swelling in Fe-Ni-Cr Alloys as Observed by Johnston and Coworkers 
Using 5 MeV Ni+ Ions. 
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FIGUKE 2. Composition o f  Phase-I Fe-Ni-Cr Ternary Alloys. 
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COMPOSITION OF Fe-Cr-Ni ALLOYS I N  PHASE I 

5.3 

Alloy 
No. - 

R8* 

R7*  
R 6* 

K14* 
R5* 

R 4* 
K9* 
K3* 
R10* 
R11 
R1Z 
R13 

New Alloys (wt%) 
Ni 

~ - - Fe Cr 

60 5 35 
54 1 1  35 
55 5 40 
52.5 7.5 40 
49 1 1  40 
47.5 7.5 45 
45 5 50 
49 1 1  50 
37.5 7.5 5 5  
35 5 60 
29 1 1  60 
27.5 7.5 65 

Alloy 
No. 

G22* 
E21 
G5* 

66 
G7* 
G10* 
G11* 
626 
G13 
G29 
G71 
G14 
E37* 

__ 
Existing Alloys (wt%) 

Ni - - - Fe Cr 

63 7 30 
55 15 30 
65 0 35 
58 7 35 
50 15 35 
55 0 45 
40 15 45 
40 0 60 
25 15 60 
25 0 75 
18 7 75 
10 1 5  75 
57.5 7.5 35 

*These alloys were included in the MOTA experiment discussed in 
Section 5.7. 

Phase 11: Minor Solute Additions to Fe-Ni-Cr Ternary Alloys (OAFS-Funded) 

The annealed E37 ternary alloy exhibits a swelling resistance superior to solute-laden cold-worked alloys 
such as AIS1 316. 
tural alloy, however. 
strength and enhanced resistance to swelling and creep. Unfortunately, these same solutes often also 
participate in the development of radiation-induced phase instabilities. 
for extending the swelling resitance of a known low-swelling alloy (E371 ,  fifteen fundamental alloys repre- 
senting solute modifications of E37 were produced. To develop both strength and acceptable ductility, both 
solid-solution-strengthening and precipitate-strengthening were employed, the latter provided by MC carbides 
and/or I' precipitates based on A1 and Ti. The A1 and Ti levels are significantly lower than that employed 
in the nickel base superalloys i n  an attempt to avoid the low ductility often observed in super-alloys after 
irradiation. Large siliconsadditions were avoided due to silicon's strong role in radiation-induced segre- 
gation and phase stability. 

All fifteen alloys were prepared in the 20% cold-worked condition to capitalize on the often-demonstrated 
benefit of cold-work in delaying the swelling of solute-modified alloys. Eight of these alloys were also 
prepared in various cold-worked and aged conditions and two were prepared in the annealed condition. The 
compositions of these alloys are shown in Table 2a. 

It is not anticipated that in the unmodified condition that E37 would serve as a struc- 

In order to assess the potential 

Solute additions are known to prpvide a wide range of austenitic alloys with improved 

5.4 Phase 111: Manganese Substitutions far Nickel (Fe-Mn-Cr) (DAFS-Funded) 

There are several reasons for exploring the possibility that successful fusion-relevant alloys might he 
developed by substituting manganese for nickel. 
Nickel also leads to higher residual activation than does manganese. The reduction of activation levels 
to meet criteria for shallow land burial is a recently adopted objective of the alloy development program. 

Even more importantly there exist manganese-based Invar-like alloys (Fe-30Mn and Fe-3QMn-IOCr) with the pos- 
sible potential of a swelling resistance comparable to that of Fe-Ni-Cr Invar alloys. ''I 

available literature on Fe-Mn-Cr alloys reveals that the Invar region has not been adequately explored. 
Most commercial developmental efforts have concentrated on a l l o y s  having lower levels of manganese. 

It was therefore decided to explore two compositional ranges. 
second is closer to the existing commercial range, Fe-lLiMn(5-15)Cr. as shown in Table 3. 
Fe-Cr-Mn ternaries were selected to bridge both regimes. 

Nickel is a strategl5ally sensitive material in the U.S.  

A review of the 

The first is Fe-30Mn(O-lO)Cr range and the 
Ten simple 
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TABLE 2a 

COMPOSITION OF SOLID-SOLUTION-STRENGTHENEO ALLOYS USED I N  PHASE I 1  

- K15* R16 R 1 7  R18 R19 R20 R21 R22* R23 1724 R25* R26* R27' RZB 1729 

Fe Bal Bal Bal Bal Bal Bal Bal Bal Bal Bal Bal Bal Bal Bal Bal 

N i  40.0 40.0 40.0 40.0 40.0 40.0 40.0 40.0 40.0 40.0 40.0 40.0 40.0 35.0 25.0 

C r  7.5 7.5 11.0 7.5 7.5 7.5 7 . 5  7 . 5  5.0 7.5 7.5 7 . 5  7.5 7 .5  7.5 

Mn 2.0 2 .0  2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2 . 0  2.0 2.0 2.0 

Mo 1.0 1.0 1.0 2.0 1.0 1.0 1.0 1.0 1.0 3.0 2.0 1.0 1.0 1.0 1.0 

S i  0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.1 0.1 0.1 

C 0.02 0.02 0.02 0.02 0.0 0.05 0.02 0.02 0.02 0.02 0.0 0.02 0.08 0.02 0.02 

T i  0.01 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 

Nb 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.4 0.1 0.4 0.1 0:1 

P 0 0 0 0 0 0.0 0.03 0.03 0 0 0 0 0 0 0 

B 0.0 0.005 0 0 0 0 0 0.005 0 0 0 0 0 0 0 

W 0 0 0 0 0 0  0 0 0 0 1.0 0 0 0 0 

TABLE 2b 

COMPOSITION OF PRECIPITATION-STRENGTHENED ALLOYS USE0 I N  PHASE I 1  

R90* R91* R92* R93* R94* R95* R96* R97* R98* R99* 

Fe B a l  Bal 

N i  40.0 40.0 

Cr 7.5 7.5  

Mn 2.0 2.0 

Mo 1 .o 2.0 

S i  0.1 0.1 

C 0.08 0.08 

T i  0.2 0.2 

Nb 0.4 0.4 

P 0.04 0.04 

6 0.005 0.005 

W 0 1.0 

A1 0 0 

Bal Bal Bal Bal Bal 

40.0 42.5 40.0 40.0 40.0 

7.5 7 . 5  7.5 7 .5  7 . 5  

2.0 2.0 2 .0  2.0 2.0 

1 .o  1 .o 1 .o 2.0 1 .o 
0.1 0.1 0.1 0.5 0.1 

0.08 0.02 0.02 0.08 0.02 

0.4 0.82 0.41 0.2 0.2 

0.1 0.1 0.1 0.4 0.1 

0.04 0.04 0.04 0.04 0.08 

0.005 0.005 0.005 0.005 0.005 

0 0 0 1 .o 0 

0.05 0.30 0.15 0 0 

Ea1 

35.0 

7.5 

2.0 

1 .o 
0.1 

0.08 

0.4 

0.1 

0.04 

0.005 

0 

0 

Ea1 

25.0 

7.5 

2.0 

1 .o 
0.1 

0.06 

0.4 

0.1 

0.04 

0.005 

0 

0 

Ea1  

40.0 

11 .o 

2.0 

1 .o 
0.1 

0.04 

0.2 

0.1 

0.04 

0.005 

0 

0 

*These al loys  were i n c l u d e d  i n  t h e  MOTA exper imen t  d i s c u s s e d  i n  S e c t i o n  5.7. 
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5.5 Phase I V :  Minor Solute Additions to Fe-Mn-Cr Alloys (ADIP-Funded) 

Fifteen solute-modified simple Fe-Cr-Mn alloys were developed to assess the impact of solutes on the basic 
ternary behavior. 

In addition, five representative commercial alloys were selected from the twenty or so major Fe-Mn-Cr alloys 
discussed in the literature. 
performance data and selection of compositions which lie in the proximity of existing low activation guide- 
lines. 

Most of these alloys were prepared in the 20% cold-worked condition, but ten were also prepared in the cold- 
worked and aged condition, two in the annealed condition and four in the annealed and aged condition. 

These are described in Table 4. 

The selection criteria were the availability of the alloys, availability of 

Table 5 lists the designations and compositions of these alloys. 

5.6 Stability of Manqanese-Substituted Alloys 

While much attention has been directed toward the stability during irradiation of the Fe-Cr-Ni system, there 
are only a few sets o f  charged particle irradiation data for alloys the Fe-Mn-Cr and Fe-Ni-Mn-Cr 
systems ."-" 
radiation-induced phase instabilities can occur. 

Therefore the Phase I11 and Phase I V  alloys will be used t o  address the following fundamental questions. 

These data indicate that manganese-substituted alloys are not immune from swelling and that 

(a) Is the correlation between swelling resistance and Invar-like behavior retained in the Fe-Mn and 
Fe-Mn-Cr systems? 

(b) In Fe-Cr-15Mn alloys, does manganese segregate during irradiation in a manner similar to that of 
nickel? If such se regation occurs will it lead to a loss of austenite stability and/or a loss o f  
swelling resistance. 3 

( c )  Are there any unanticipated phenomena or weaknesses that develop in this alloy system during 
irradiation? 

The concern over radiation-induced loss of stability is of course predicated on the condition that the alloy 
is sufficiently stable in the absence of irradiation. 
ex-reactor stability of these alloys. 
currently underway. This is particularly necessary for connnercial and developmental solute-modified alloys. 

For simple ternaries, one can employ the equilibrium phase diagrams in the relevant temperature range. 
Figure 3a shows such a diagram for the various manganese-substituted alloy subsets. While these diagrams 
are not strictly applicable for the solute-modified alloys, they offer a convenient way to demonstrate the 
compositional range of the various alloy subsets as shown in Figures 3b and 3 c .  

Equilibrium phase diagrams might not adequately represent the more harsh conditions experienced by the 
alloys during welding, however. 
stability of these alloys during welding ay$i it has the additional advantage of incorporating the influence 
on stability of the major solute elements. As shown in Figure 4a, all but one of the connnercial 
alloys lie well within the austenite phase regime. 

Figure 4b shows, however, that on the Schaeffler diagram none of the simple Fe-Mn-Cr ternary Phase 111 
alloys are expected to be fully austenitic after welding. 
composition range shows that these alloys can be fully austenitic, however. 
Figure 4c shows that the solute-modified Phase I V  ternaries are expected to be fully austenitic after 
welding. 

There are three approaches being used to assess the 
The first is to thermally age the alloys and such ageing studies are 

The Schaeffler diagram can be used to make a rough assessment of the 

Published informqfion on wrought alloys in the 
The Schaeffler diagram of 

5.7 Irradiation Experiments in Progress 

Portions of these four alloy series and one previously developed solute-modified Fe-Ni-Cr alloy series" 
have been included in various on-going irradiation experiments. 

Fifteen of the alloys from the Phase I and Phase 11 studies (designated by asterisks in Tables 1 and 2) were 
included in the MOTA 16 experiment in FFTF, along with all of the Phase 111 and Phase I V  alloys. This 
experiment is projected to operate at three temperatures (400, 500, and 600°C) and reach four fluence 
levels, the first being 15 dpa at the end of FY84. 
substituted alloys is accompanied by 40 miniature tensile specimens for the two Fe-Mn-Cr alloys R77 and R87. 

A total of 720 TEM disks involving the 30 manganese- 
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x-75 

R76 

R77 
H78 

R79 

R80 
R81 

R82 
RE3 
R84 
R85 

R86 

R87 

R88 

R89 

M n  

30 
30 
30 
30 
30 
30 
20 

15 

15 

15 
15 

1 5  
15 

15 

15 

- 

TABLE 3 

COMPOSITION OF PHASE 111 Fe-Cr-Mn TERNARY ALLOYS (wt%)  

Mn 

R66 80 5 15 R71 75 0 25 

R67 70 15 15 R72 70 0 30 
R68 80 0 20 R73 65 5 30 
R69 70 10  20 R74 60 10 30 
R70 65 15 20 R75 65 0 35 

- C r  - Fe - Mn - C r  - Fe - 

TABLE 4 

COMPOSITION OF PHASE I V  SOLUTE-MODIFIED Fe-Cr-Mn ALLOYS (wt%) 

C r  C - -  
2.0 0.10 

2.0 0.60 
2.0 0.40 
5.0 0.05 

10 0.05 

10 0.50 

15 0.05 

5 0.40 

5 0.60 
5 0.70 

15 0.05 

15 0.10 

15 0.10 

15 0.30 

15 0.50 

N 

0.15 
0.05 

0.15 
0.15 
0.10 

0.10 
0.10 

0.10 

0.05 
0.10 
0.15 

0.35 

0.10 

0.30 

0.10 

- P - 
- 

0.05 

0.05 
- 
- 
- 
- 
- 

0.05 
- 
- 
- 

0.05 

0.05 
- 

B __ 
- 

0.005 

0.005 
- 
- 

0.005 
- 
- 

0.005 
- 
- 
- 

0.005 

0.005 
- 

N i  

0.5 
0.5 

0.5 
0.5 

0.5 

0.5 

0.5 

0.5 

0.5 
0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

- S i  

0.4 
0.4 

0.4 

0.4 

0.4 

0.4 
0.4 

0.4 

1 .o 
0.4 
0.4 

0.4 

1 .o 
0.4 

0.4 

- 

TABLE 5 

COMPOSITION OF COMMERCIAL Fe-Cr-Mn AUSTENITIC ALLOYS 

Oes igna t ion  Vendor Composit ion (wt%) 

NITRONIC ALLOY 32 ARMCO 18Cr-12Mn-1.5Ni-0.6Si-O.2Cu-O.2Mo-0.4N-0.lC-O.02P 
18/18 PLUS CARTECH 18Cr-18Mn-0.5Ni-0.6Si-1 .OCu-1 .lMo-0.4N-O. 1C-0.02P 

AMCR 0033 CREUSOT-MARREL 10Cr-18Mn-0.7Ni-0.6Si-0.06N-O.2C 
NMF3 CREUSOT-MARREL 4Cr-19Mn-0.2Ni -0.7Si -0.09N-0.02P-0.6C 

NONMAG 30 KOBE 2Cr-14Mn-2.ONi-0.3Si-O.02N-0.02P-O.6C 
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COMMERCIAL Fa-Cr-Mn AUSTENITIC ALLOYS 

A NlTRONIC3l  
c 1 U l B  PLUS 
F. AMCR 
F. NMF3 
J NONMAGW 

VARIOUS ALLOYS 

Mn Iwt%l 

Fe-Cr-Mn SIMPLE TERNARIES 

Fe-Cr-Mn DEVELOPMENTAL AUSTENITIC 
ALLOYS 

DENOTES W O  ALLOVS 
WITH NOTED Fa-Cr-Mn 
CONCENTRATION 

Mn Iw%l 

._ 
Mn Iw%l 

FIGURE 3. E q u i l i b r i u m  Phase Diagrams (650°C Isotherm) f o r  Phase I11 and Phase I V  Alloys. 
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Fe-Cr-Mn SIMPLE TERNARIES 

36 F;i;:;i YI 

z 

20 
NICKEL 

EQUIVALENT 
16 

10 

Fe-Cr-Mn DEVELOPMENTAL 6 
AUSTENITIC ALLOYS 

0 

p%;j CHROMIUM EQUIVALENT 1% Cr + 1.6 %Si! 
3 0 r % C +  30 

NICKEL 
EQUIVALENT 

CHROMIUM EQUIVALENT I% Cr + 1.6 %Sit 

FIGURE 4. S c h a e f f l e r  Diagrams f o r  Phase I 1 1  and Phase I V  Alloys 
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Subsets of the Phase I, Phase I1 alloys and Simple Solute Series" are also included in the HFIR-MFE RBI 
and RB2 experiments at 55OC. 
level has been reached and the specimens are now available for examination. 

Larger subsets of the Phase I, Phase I1 and Simple Solute series have been included in the AA-XIV experiment 
in EBR-I1 (400, 500 and 6OO0C), which has been irradiated to %15 dpa and is now being irradiated t o  1.30 dpa. 

Two exposures were planned in this experiment, 10 and 20 dpa. The former 
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7.0 Future Work 

Examination of selected irradiated Fe-Ni-Cr ternary alloys will proceed to determine whether compositional 
differences affect dislocation evolution. 
for 1000 hours will be removed from the furnace and examined for phase stability. 

The first set of ageing studies on the Fe-Mn-Cr specimens aged 
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SWELLING BEHAVIOR OF TITANIUM-MODIFIED AISI 316 ALLOYS 
F. A. Garner (Hanford Engineering DeveTopment Laboratory) 

1.0 Objective 

The object of this effort is to use breeder reactor data to forecast the potential swelling behavior in 
fusion reactors of titanium-modified AIS1 316 alloys such as PCA. 

2.0 Summary 

It appears that titanium additions to stainless steels covering a wide compositional range around the 
specifications of AISI 316 result only in an increased delay period before neutron-induced void swelling 
proceeds. Once swelling is initiated the post-transient behavior of both annealed and cold-worked steels 
is quite consistent with that of AISI 316, approaching a relatively temperature-independent swelling rate 
of il%/dpa. 

3.0 Program 

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

4.0 

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

5.0 Accomplishments and Status 

5.1 In troauct ion 

In several earlier reports it was shown that a wide range of Fe-Ni-Cr ternary alloys irradiated in EBR-I1 
eventually swell at a rate of 5% per loz2 n/cm' (E > 0.1 MeV) or l%/dpa.'-3 This rate is attained over a 
wide range (400 - 650°C) of breeder-relevant temperatures. 
eventually swell at this same rate.*-6 
temperature-dependent steady-state rate that is always less than 5% per lo2' n/cm2.' More recent analyses 
have shown that this steel swells at a rate approaching 5% per 10" n/cm' over a wide range of temDerature 
and that the observed temperature dependence of swelling resides primarily in the duration of the transient 
regime.'-6.' 

The question is often raised whether the modification of austenitic steels by solute additions can fore- 
stall the inevitability of reaching the same swelling rate exhibited by the ternary alloys and various 300 
series stainless steels. Although it is known from numerous studies that titanium additions tend to sup- 
press swelling of austenitic alloys, it has not been shown whether the benefit of adding titanium and other 
elements is retained at high fluence or merely represents a temporary respite from the onset of swelling. 
In a recent design study on the Starfire Tokamak fusion plant it was stated that the assumed swelling of 
the titanium-modified alloy designated PCA (Prime Candidate Alloy for the fusion Path A alloy series) was 
one-tenth that of  AISI 316.' This optimistic assumption implies that solute additions, particularly of 
titanium, suppress the steady-state swelling rate rather than just extend the incubation period. 

The most directly relevant data would appear to be that derived primarily from irradiations of PCA and 
31b+Ti in the high Herdpa environment of HFIR,lO-" but these are judged by this author to be insuffi- 
cient to address whether the inherent swelling rate of austenitic8 (Jl%/dpa) can be modified by titanium 
and other elements. 
are relevant data from the U.S breeder reactor program that can be used to address this question. 
earlier been shown from comparative irradiations of AISI 316 (DO-Heat) in HFIR and EBR-I1 that the 
difference in helium level does not affect the swelling behavior ~ubstantially.'~-" 

Two sets of EBR-I1 data will be considered in this report. The first data set will be used to establish 
the relative behavior of Ti-modified 316 with unmodified 316, and the influence of cold-work on this 
relationship. 
effect of more extensive compositional variations. 

__ 

Relevant DAFS Program Plan Task/Subtask 

It has also  been shown that AISI 316 and 304 
The current swelling correlation for AISI 316 employs a strongly 

If one ignores the possibly synergistic effects of helium and solutes, however, there 
It has 

Using the insight gained from this analysis a second data set will he analyzed for the 
The composition of the alloys mentioned above and that 
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of the first data set are presented in Table 1. 
presented on the figures contained in a later section. 

The compositions corresponding to the second data set are 

TABLE 1 

COMPOSITIONS OF SOME 316-TYPE ALLOYS CURRENTLY UNDER 
IN U.S. BREEDER AND FUSION PROGRAMS 

STUDY 

Weight Percent 
Mo Si Mn Ti C - - - Ni Cr - - - - 

316 (N-lot) 13.5 16.5 2.5 0.5 1.6 _ _  0.05 

*316 (DO-Heat) 13 18 2.6 0.8 1.9 0.05 0.05 

*316 t Ti 12. 17 2.5 0.4 0.5 0.23 n.06 

V C A  16 14 2.3 0.4 1.8 0.24 0.05 

LS-1 13 16 1.8 0 .9  1.0 0.10 0.05 

*These alloys are being studied primarily in the U.S. Fusion Program. 

5.2 Swelling of LS-1 

The alloy LS-1 was developed at Oak Ridge National Laboratory and is one of the earliest titanium-modified 
alloys irradiated in the U.S. Breeder Program. 
reactor exposure. 

Figure la shows a comparison of the swelling behavior of 20% cold-worked LS-1 at seven temperatures with 
the temperature-independent behavior of 20% cold-worked N-lot A I S 1  316. Both were irradiated in capsule 
8-121 of the RS-1 experiment.' N-lot contains very little titanium and does not exhibit the temperature 
sensitivity of incubation observed in many heats of A I S 1  316. It is therefore used as a standard "template" 
curve with which to compare the development of swelling in other alloys. 
>5% the LS-1 curves tend to parallel the N-lot curve. The transient behavior of LS-1 appears to be quite 
sensitive to temperature however. 

Figure lb shows that the annealed condition of LS-1 at 510°C also is swelling at a rate comparahle to that 
of N-lot. Note also that the dotted lines drawn in Figure lb indicate that the N-lot steel at comparable 
voidage levels swells at the same rate as that determined for LS-1 at 51OOC. An alternate approach to 
describing this data is shown in Figure 2 and ignores the curvature between data points as well as the 
curvature that occurs beyond the last datum. 
swelling rate and the erroneous conclusion not only that LS-1 swells at a lower steady-state rate than AISI 
316 but also that it exhibits a strong temperature sensitivity of swelling rate. 

Figures 3a and 3b show that annealed LS-1 at other temperatures also approaches a steady-state swelling 
rate comparable to that of the N-lot steel. 
between LS-1 and AISI 316 only affect the incubation or transient regime of swelling. The steady-state 
swelling rate of Ti-modified alloys also appears to be relatively insensitive to irradiation temperature 
over a very broad temperature range. 

5.3 Swelling of a Variety of Titanium-Modified Alloys 

The reactor exposures attained for the other titanium-modified alloys listed in Table 1 are insufficient to 
deterinine whether the steady-state swelling rate is suppressed by titanium additions or whether the incuba- 
tion period is merely extended. It should be noted that the other titanium-modified alloys in Table 1 also 
possess compositional differences in elements other than titanium. 

One experiment has been performed from which the general effect of titanium can be assessed in synergism 
with that of other compositional changes typical of the alloys in Table 1. 
the irradiation in EBR-II of a large number of compositionally-modified 316-base alloys. Density change 
data are available at 540°C for these alloys at exposure levels of about 6 and 10 x 10" n/cm2."-" In 
general the effect of titanium is to reduce swelling of annealed steels at 540°C, while titanium's influence 
on the swelling of cold-worked steels is not as obvious, except in Zr-modified steels (see Figures 4 
through 7). 

Consequently this alloy has one of the highest levels of 

Note that for swelling levels 

This approach leads to an underestimate of the eventual 

It therefore appears that the compositional differences 

The MV-III experiment involved 
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FIGURE 1. (a) Comparison of the Swelling Behavior of N-Lot AIS1 316 and LS-1 at Various Temperatures. 
Both alloys are in the 20% cold-worked condition and were irradiated together. 
Comparison of Annealed and Cold-Worked LS-1 Swelling Behavior at 510°C. 
extrapolation o f  LS-1 data gives the same result as would be obtained for N-lot at 
comparable swelling levels. 

( b )  Note that linear 

2.0 - 
TEMPERATURE i'CI 

FIGURE 2. "Linear" Swelling Rates Determined for 20% Cold-Worked LS-1 in EBR-11. As shown in Figure lb 
these swelling rates were determined by drawing a straight line between the data at the two 
highest fluences and ignoring any curvature between or beyond these data. 
linear rates are clearly underestimates of the eventual swelling rate. 

Therefore the derived 
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FIGURE 3. Comparison o f  Swe l l i ng  Behavior o f  Annealed and Cold-Worked LS-1 a t  Temperatures of 427, 454, 
593 and 650°C. 
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FIGURE 4. Swe l l ing  a t  10 x l o 2 *  nlcn? ( E  > 0.1 MeV) o f  Annealed Mod i f ied  316 A l l oys  a t  540°C vs T i tan ium 
Level  f o r  Various Levels o f  C, S i  and Mo. 

I n  o rder  t o  determine whether t he  in f luence o f  t i t a n i u m  extends beyond t h e  t r a n s i e n t  regime i t  i s  necessary 
t o  s e l e c t  o n l y  those da ta  subsets wherein t h e  s w e l l i n q  a t t a i n e d  a t  t he  h i ghe r  in f luence i s  w e l l  o u t  of t h e  
t r a n s i e n t  regime. 
cold-worked da ta  f i e l d .  As e a r l i e r  shown f o r  LS-1, however, t he  e f f e c t  of cold-work i s  o n l y  t o  extend t h e  
t r a n s i e n t  regime and n o t  t o  a f f e c t  t he  s teady- s ta te  behavior. 
t o  be r e l e v a n t  t o  de te rmina t ion  o f  t he  s w e l l i n g  behavior  vs t i t a n i u m  contan t  a re  shown i n  F iqures  8 and 9. 

Note t h a t  w i t h  few except ions the  a d d i t i o n  of t i t a n i u m  r e s u l t s  o n l y  i n  a s h i f t  of t h e  s w e l l i n g  curve t o  
h igher  f luence. The r e s u l t i n g  s w e l l i n g  r a t e s  f o r  s o l u t i o n  annealed a l l o y s  are comparable t o  t he  behavior  
o f  t h e  20% CW N- lo t  hea t  of A I S I  316, however. 
so lutes,  a s i m i l a r  conc lus ion  can be drawn, namely t h a t  s o l u t e  a d d i t i o n s  a f f e c t  p r i m a r i l y  t he  du ra t i on  o f  
t h e  t r a n s i e n t  regime. 

Th i s  r e s t r i c t s  t he  cho ice  o f  da ta  t o  t he  annealed c o n d i t i o n  o n l y  and excludes t he  

A l l  annealed a l l o y  da ta  subsets considered 

If t h e  da ta  a re  r e p l o t t e d  t o  show the  i n f l uence  o f  o the r  

I n  some cases t he  t r a n s i e n t  regime can he shortened r a t h e r  than extended. 

5 . 4  Conclusions 

I t  appears t h a t  t i t a n i u m  add i t i ons  t o  s t a i n l e s s  s t e e l s  cover ing  a wide composi t ional  range about t h a t  o f  
A I S I  316 r e s u l t  o n l y  i n  an increased de lay  pe r i od  be fore  neutron- induced v o i d  s w e l l i n q  proceeds. A l l  
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FIGURE 5. S w e l l i n g  a t  10 x 10'' n l cm '  (E > 0.1 MeV) FIGURE 6. S w e l l i n g  a t  10 x 10'' n/cm2 i E  > 0.1 MeV) 
of Annealed M o d i f i e d  31K A l l o y s  vs 
T i t a n i u m  L e v e l  f o r  Z r- Mod i f ied  A l l o y s .  

o f  Cold-Worked A l l o y s  vs T i t a n i u m  ?eve1 
a t  Var ious  Temperatures. 
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FIGURE 7. I n f l u e n c e  o f  T i t a n i u m  on t h e  S w e l l i n q  a t  10 x 10" n/cm' ( E  > 1.0 MeV) o f  Z i r c o n i u m M o d i f i e d  
Cold-Worked A l l o y s  w i t h  High Carbon a t  Var ious  Temperatures. 

a u s t e n i t i c  a l l o y s  r e g a r d l e s s  of t h e i r  compos i t i on  appear t o  he s u b j e c t  t o  t h e  i n e v i t a h i l i t y  o f  a s teady-  
s t a t e  s w e l l i n g  r a t e  approaching l%/dpa o r  5% p e r  10" n cm-' ( E  > 0.1 MeV). 
r a t e  appears t o  be independent o f  i r r a d i a t i o n  temperature over  most o f  t h e  b reeder- re levan t  range. 
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MECHANICAL PROPERTIES AND MICROSTRUCTURES OF HIGH-STRENGTH COPPER ALLOYS FOLLOWING THERMAL ANNEALING 

S.J. Zink le ,  D.H. P lantz,  R.A. Dodd and G.L. Ku l c i nsk i  (Un i ve rs i t y  o f  Wisconsin-Madison) 

1.0 Ob jec t i ves  

To i n v e s t i g a t e  the m ic ros t ruc tu res  of two h igh- strength,  h i g h- e l e c t r i c a l  conduc t i v i t y  a l l o y s  f o l l ow ing  an 
anneal ing schedule s i m i l a r  t o  t h a t  experienced dur ing  an i o n  i r r a d i a t i o n .  Th is  w i l l  a l l ow  m i c r o s t r u c t u r a l  
comparisons t o  be made between i r r a d i a t e d  and annealed specimens. 

2.0 Summary 

Vickers microhardness measurements have been made on specimens o f  as- received AMZIRC and AMAX-MZC copper 
a l l o y s  as a f unc t i on  o f  anneal ing t ime and temperature. I n  add i t ion ,  e l e c t r i c a l  r e s i s t i v i t y  measurements 
have been performed on both a l l o y s  as a f unc t i on  o f  anneal ing temperature f o l l o w i n g  a 1 hour anneal. The 
r e s u l t s  i n d i c a t e  t h a t  both a l l o y s  have an u n i r r a d i a t e d  r e c r y s t a l l i z a t i o n  temperature o f  about  475°C. 

3.0 Program 

T i t l e :  Rad ia t ion  E f fec ts  t o  Reactor Ma te r i a l s  
P r i n c i p a l  I nves t i ga to r s :  G.L. Ku l c i nsk i  and R.A. Dodd 
A f f i l i a t i o n :  U n i v e r s i t y  of W i  sconsin-Madi son 

4.0 Relevant  DAFS Program Plan Task/Subtask 

Subtask I I . C . l . l :  Phase S t a b i l i t y  Mechanics 
Subtask II.C.1.2: Modeling and Ana lys is  o f  E f f e c t s  o f  M a t e r i a l s  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  

High- strength,  h igh- conduc t iv i  t y  copper a l l o y s  have recen t l y  been considered f o r  var ious  app l i ca t i ons  i n  

proposed f us i on  reac to rs . ( ' )  
se lec ted  f o r  an i n v e s t i g a t i o n  o f  t h e i r  thermal and i r r a d i a t e d  m ic ros t ruc tu re .  AMZIRC and AMAX-MZC are heat- 
t r e a t a b l e  copper a l l o y s  which have u n i r r a d i a t e d  y i e l d  s t reng ths  o f  400-500 MPa and e l e c t r i c a l  c o n d u c t i v i t i e s  

which may have values as h igh  as 80-905, I A C S  ( I n t e r n a t i o n a l  Annealed Copper Standard) . (* )  

~ e s t i g a t i o n ( ~ )  found t h a t  the co r re l a ted  y i e l d  s t reng ths  of as- received A M Z I R C  and AMAX-MZC samples were i n  
good agreement w i t h  the manufacturer 's  spec i f i ca t i ons ,  b u t  the  measured e l e c t r i c a l  c o n d u c t i v i t i e s  were sub- 
s t a n t i a l l y  (-  35%) lower than expected. 

Two candidate h igh- strength,  h i gh- conduc t i v i t y  copper a l l o y s  have been 

A p rev ious  i n -  

Recent r e s u l t s  obta ined from i o n- i r r a d i a t e d  A M Z I R C  and A14AX-MZC samples i n d i c a t e  t h a t  radiat ion-enhanced 

recovery occurs i n  bo th  o f  these a l l o y s . ( 4 )  
t rea tment  f o r  t h e i r  s t reng th .  It i s  therefore impor tan t  t o  understand the  d e t a i l e d  m ic ros t ruc tu ra l  pro-  
cesses which occur upon anneal ing of these a l l o y s  i n  o rder  t o  assess the s i gn i f i cance  of the observed 
changes due t o  r a d i a t i o n  damage. 

Both A M Z I R C  and AMAX-MZC r e l y  heav i l y  on thermomechanical 

110 



TABLE I 

NOMINAL COMPOSITION OF AMZIRC AN0 AMAX-MZC 
( f rom Ref. 2 )  

Alloy 
Z r  

% - 
C r  

z - cu - 
AMZIRC 0.13-0.20 - - balance 
AMAX-MZC 0.15 0.80 0.04 balance 

5.2 Experimental Procedure 

The nominal a l l o y  composi t ion o f  AMZIRC and MAX-MZC i s  l i s t e d  i n  Table 1. 
s i s t e d  o f  a s o l u t i o n  anneal, fo l lowed by 90% c o l d - r o l l i n g  and then aging f o r  30 minutes a t  375'C f o r  the  
AMZIRC a l l o y  and 400'C f o r  the  MZC a l l o y .  

The a l l o y  heat  t rea tment  con- 

A l l  measurements were made on 250 !m t h i c k  f o i l s .  

As- received specimens from both  copper a l l o y s  were mechanical ly po l i shed  using 0.3 !m alumina powder p r i o r  
t o  t h e i r  thermal anneal ing t reatment .  I n d i v i d u a l  specimens were annealed f o r  t imes ranging from 0.25-10 
hours i n  a h igh vacuum furnance and cooled using a combination o f  furnace and a i r  coa l ing .  The specimen 
temperature decreased by a t  l e a s t  1OO'C w i t h i n  1 minute f o l l o w i n g  t he  anneal. 
t a i ned  t o  w i t h i n  k5"C. 
D i f f e r e n t  specimens o f  each a l l o y  were used f o r  each anneal ing cond i t ion .  

chamber ranged from 1 x 
removal from the  furnace i n  order  t o  remove the oxide l a y e r  p resent  from the anneal. 

Temperature c o n t r o l  was main- 
The anneal ing temperatures i nves t i ga ted  ranged from 300-600°C i n  50'C increments. 

A l l  specimens were e l e c t r o p o l i s h e d  upon 

The pressure i n  the vacuum 

t o  1 x 10'' To r r  dur ing  the anneal. 

Vickers microhardness measurements were made on as- received and annealed specimens of both a l l o y s  a t  an 
i nden te r  l oad  of 200 g us ing  a v i b r a t i o n - i s l o l a t e d  Buehler Micromete microhardness t es te r .  
n ine  d i f f e r e n t  i nden ta t i ons  i n  th ree  widely separated areas were measured f o r  each specimen a t  the d i f f e r e n t  
anneal ing cond i t ions .  
a l l o y  specimens using standard 4 p o i n t  probe techniques. The p repa ra t i on  method fo r  the r e s i s t i v i t y  speci-  

mens has been p rev ious l y  d e ~ c r i b e d . ' ~ )  
nea l i ng  cond i t ion .  

A minimum of 

E l e c t r i c a l  r e s i s t i v i t y  measurements were performed on the as- received and annealed 

One t o  two r e s i s t i v i t y  "w i res"  were measured f o r  each thermal an- 

Selected specimens from the  thermal anneal study were examined i n  a JEOL TEMSCAN-POOCX e l e c t r o n  microscope. 
Transmission e l e c t r o n  microscope (TEM) specimens were j e t - e l e c t r o p o l i s h e d  us ing  a s o l u t i o n  of 33% HN03/67% 

CH30H cooled t o  -20°C a t  an app l i ed  p o t e n t i a l  o f  15-20 V. 

5.3 Resu l ts  

The Vickers microhardness r e s u l t s  obta ined from AMZIRC and AMAX-MZC f o l l o w i n g  a 1 hour anneal a t  temper- 
a tures  froin 350-6OO'C i s  shown i n  Fig. 1. Both AMZIRC and AMAX-MZC e x h i b i t  signs of d i s l o c a t i o n  recovery 
f o r  anneal ing temperatures above 350'C. The r e c r y s t a l l i z a t i o n  temperature o f  bo th  a l l o y s  i s  about 475°C. 
Th is  value may be compared t o  the r e c r y s t a l l i z a t i o n  temperature of copper, which i s  - 150°C. 
of both AMZIRC and AMAX-MZC decreases d rama t i ca l l y  f o r  anneal ing temperatures above 400'C. 
l i z a t i o n ,  t h e i r  microhardness numbers approach values t y p i c a l l y  found f o r  annealed copper. 

The s t r eng th  
Upon r e c r y s t a l -  

F igu re  2 shows the  Vickers microhardness o f  as- received A M Z I R C  as a f unc t i on  o f  anneal ing t ime and tempera- 
ture.  It can be seen t h a t  an increase i n  the anneal ing t i m e  from 0.25 h r  t o  10 h r  r e s u l t s  i n  a decrease i n  
the  r e c r y s t a l l i z a t i o n  temperature from 525°C t o  450°C. The Vickers microhardness number (VHN) a f t e r  r e-  
c r y s t a l l i z a t i o n  i s  about 50 HV. The VHN f o r  s o l u t i o n  annealed A M Z I R C  (shown by the a r r w  i n  F ig .  1 )  has 

a l s o  been found(4) t o  be 50 HV. 
specimens which have been r e c r y s t a l l i z e d .  

Th i s  i nd i ca tes  t h a t  no p r e c i p i t a t i o n  hardening mechanism e x i s t s  i n  A M Z I R C  

The Vickers microhardness of as- received MAX- MZC i s  shown i n  Fig.  3 as a func t ion  o f  anneal ing t ime and 
temperature. The anneal ing behavior  o f  AMAX-MZC i s  seen t o  be s i m i l a r  t o  t h a t  o f  AMZIRC -- as the  anneal ing 
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TABLE 2 

ELECiRICAL CONDUCTIVITY OF AS-RECEIVED AMZIRC AND AMAX-MZC 

AS A FUNCTION OF TEMPERATURE FOLLOWING A 1 HOUR ANNEAL 

E l e c t r i c a l  Conduct iv i ty  (% IACS) Fol lowinq Anneal A t  Temperature 

300'C 350'C 400'C 500'C 550'C 475°C 450'C - - - Alloy As-received - 
AMZIRC 75% 80% 84% 88% 92% 94% 97% 97% 
AMAX-MZC 58% 56% 73% 78% 86% 84% 94% 88% 

r e s i s t i v i t y  o f ( 5 )  16.73 nn-m a t  20'C w i t h  a temperature c o e f f i c i e n t  o f  0.068 nnrn IT. 
i n  the conduc t i v i t y  measurements i s  less  than 5%. The r e s u l t s  i n  Table 2 show t h a t  both AHZIRC and AMAX-MZC 
e x h i b i t  h igh  e l e c t r i c a l  conduc t i v i t i es  (g rea ter  than 90% IACS) when they have r e c r y s t a l l i z e d .  The A M Z I R C  
a l l o y  has a higher e l e c t r i c a l  conduct iv i t y  than WAX-MZC fo r  a l l  annealing cond i t ions  which were i n v e s t i -  
gated. 

The estimated e r r o r  

The mic ros t ruc tures  o f  AHZIRC and AMAX-MZC i n  the as-received cond i t i on  and f o l l o w i n g  a 1 hour anneal a t  
450'C and 500'C i s  shown i n  Fig.  4. I n  the as-received s ta te ,  the dominant m ic ros t ruc tu ra l  fea ture  f o r  both 
a l l o y s  i s  the h igh d i s l o c a t i o n  density. The d i s l o c a t i o n  dens i ty  has become g rea t l y  reduced a t  450'C. and 
subgrain boundaries are becoming wel l- def ined.  The subgrain diameters range from 0.1 - 1 urn. A f te r  
annealing f o r  1 hour a t  500'C. both a l l o y s  have completely r e c r y s t a l l i z e d  and have average g ra in  s izes  
grea ter  than 10 m. 

5.4 Discussion 

The general form o f  the microhardness annealing curve f o r  both a l l o y s  i s  i n  good agreement w i t h  publ ished 

r e s u l t s  i n  the l i t e r a t u r e .  (2*6-8) The exact  value o f  the r e c r y s t a l l i z a t i o n  temperature f o r  AMZIRC and AMAX- 
MZC appears to depend s t rong l y  on the a l l o y ' s  p r i o r  thermonechanical h i s to r y .  

served r e c r y s t a l l i z a t i o n  temperatures which are s i g n i f i c a n t l y  lower(') and 
475'C which was found i n  the present  i nves t i ga t i on . '  The l a r g e  decrease i n  microhardness which occurs as the 
a l l o y s  are annealed a t  temperatures o f  400-500°C i nd i ca tes  t h a t  the s t reng th  o f  both a l l o y s  i s  l a r g e l y  due 
t o  cold-working. 

Various researchers have ob- 

than the value o f  

I t  appears t h a t  the as- received AMZIRC and AMAX-MZC copper a l l o y s  m y  have been given an i n s u f f i c i e n t  aging 
t r ea tnen t  by the manufacturer. Table 2 shows t h a t  the e l e c t r i c a l  c o n d u c t i v i t i e s  o f  both a l l o y s  are substan- 
t i a l l y  lower than the expected c o n d u c t i v i t i e s  o f  80-908 IACS.  A c lose  i nspec t i on  o f  Fig. 1 and Table 2 r e -  
veals t h a t  aging of the as- received a l l o y s  f o r  an a d d i t i o n a l  hour a t  400°C g rea t l y  increased the e l e c t r i c a l  
c o n d u c t i v i t y  wh i l e  causing on ly  a small  decrease i n  the microhardness. Th is  add i t i ona l  anneal t reatment 
leads to mechanical p rope r t i es  which are more su i t ab le  f o r  f us ion  reac to r  app l i ca t i ons .  

Some confusion e x i s t s  i n  the l i t e r a t u r e  concerning whether Cu-Zr a l l o y s  (such as AMZIRC) are p r e c i p i t a t i o n -  

hardenable. 

c luded t h a t  there i s  on ly  s l i g h t  o r  no observable p r e c i p i t a t i o n  hardening.(8,10*11,12) 
pears t h a t  aging can cause a small  increase i n  the s t reng th  of Cu-Zr, b u t  the a l l o y  s t reng th  i s  de r i ved  

mainly from cold-working.(13) Therefore, Cu-Zr should no t  be c l a s s i f i e d  as prec ip i ta t ion- hardenab le .  

some researchers have concluded t h a t  Cu-Zr i s  precipitation-hardenable,(6) wh i l e  o thers  con- 

I n  general, i t  ap- 

A comparison of the annealing behavior of AMZIRC vs. AMAX-MZC (Fig.  1 )  shows t h a t  the MZC a l l o y  has t he  
h igher  microhardness value both be fore  and a f t e r  r e c r y s t a l l i z a t i o n  occurs. 
pared t o  AMZIRC i s  be l ieved t o  be due t o  DreCiDitatiOn-hardening. A supplemental anneal ing study has 
given d i r e c t  evidence t h a t  t h i s  i s  indeed t rue . (4 )  
vacuum, and then fo l low ing  a water quench one-half of the specinens were aged a t  470'C f o r  1 hour. 
microhardness numbers of the so lu t i on  annealed (SA) and the SA p l us  aged AMZIRC specinens were found t o  be 
i d e n t i c a l ,  i n d i c a t i n g  no p r e c i p i t a t i o n  hardening for  these condi t ions.  Conversely, the MZC aged specimens 
were found t o  be s i g n i f i c a n t l y  harder than the SA specimens. 
aged a l l oys .  The ma t r i x  of the AMZIRC specimen i s  f a i r l y  clean, w i t h  only i s o l a t e d  p r e c i p i t a t e s  v i s i b l e .  
The AMAX-MZC specimen has a h igh  densi ty  of coherent p rec ip i t a tes ,  which con t r i bu te  s i g n i f i c a n t l y  t o  t h i s  
a l l o y ' s  st rength.  

The l a r g e r  s t reng th  of MZC com- 

ANZIRC and AMAX-MZC specimens were so lu t i on  annealed i n  
The 

F igure  5 shows the TEM micros t ruc tures  of both 
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r 1 

- .  . 
F IGURE 4. The A l l Z I R C  specimens 
are  i n  the l e f t  column and the MZC specimens are i n  the r i g h t  column. The top micrographs are from the as- 
rece ived  a l l oys ,  the middle micrographs are from as- received specimens which have been annealed f o r  1 hour 
a t  450°C. and the bottom micrographs are  as- received specimens which have been annealed for 1 hour a t  500'C. 

Mic ros t ruc tu re  of as- received and annealed A M Z I R C  and AMAX-MZC specimens. 
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From an engineer ing p o i n t  o f  view, both the AMZIKC and the AI,lAX-MZC a l l o y s  are unsu i t ab le  f o r  use d s  high- 
s t reng th  ma te r i a l s  when they are exposed t o  an environment Which causes r e c r y s t a l l i z a t i o n  t o  occur. I n  a 
n o n- i r r a d i a t i o n  environment, t h i s  r e fe r s  t o  ambient temperatures g rea ter  t l idn o r  equal t o  about 400°C. I n  
the presence o f  i r r a d i a t i o n  and/or l a rge  s t r ess  f i e l d s .  the r e c r y s t a l l i z a t i o n  tenpecdtures of bo th  of these 
a l l o y s  may be lowered by a s i g n i f i c a n t  amount. I r r a d i a t e d  specimens o f  AHAX-!IZC e x h i b i t  signs o f  d i s l oca-  

t i o n  recovery arid g ra i n  r e c r y s t a l l i z a t i o n  a t  temperatures as l o w  as 300'C.(4' 
r e s t r i c t  the a p p l i c a b i l i t y  o f  these type o f  copper a l l o y s  t o  f us i on  reac to rs .  

Th is  behavior  may severely  

5.5 Conclusions 

[l] 
anneal, i n  good agreement w i t h  r e s u l t s  from the manufacturer. 
credse by more than 50% betwen the as- received and r e c r y s t a l l i z e d  cond i t ion .  which i nd i ca tes  t h a t  a l a r g e  
p o r t i o n  o f  t h e i r  s t r eng th  i s  due t o  cold-working. 
these a l l o y s  unsu i tab le  f o r  fus ion  reac to r  app l i ca t i ons .  

i 21  The discrepancy between the  ( low) measured as- received e l e c t r i c a l  c o n d u c t i v i t y  o f  AMXIRC and AMAX-MZC 
and (h igh)  expected conduc t i v i t y  i s  l i k e l y  due t o  i n s u f f i c i e n t  aging by the m n u f a c t u r e r .  

C31 
d i t i o n s .  AMZIRC has the h igher  e l e c t r i c a l  c o n d u c t i v i t y  f o r  a l l  anneal ing cond i t i ons  which were i n v e s t i -  
gated. w h i l e  AMAX-MZC has the l a rge r  microhardness values. 

C41 
i n  the p resent  study. 

Both as- received A M Z I R C  and AI1AX-MZC show a r e c r y s t a l l i z a t i o n  temperature o f  about 475'C f o r  a 1 hour 
The microhardness values o f  bo th  a l l o y s  de- 

Th is  lack of i n t r i n s i c  high- temperature s t r eng th  may make 

The e l e c t r i c a l  c o n d u c t i v i t i e s  of both a l l o y s  may exceed 90% I A C S  under appropr ia te  anneal ing con- 

AMAX-MZC shows s iyns  of p rec ip i ta t ion- harden ing ,  wh i l e  AMZIKC does n o t  f o r  the cond i t i ons  i nves t i ga ted  

i i 5  
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8.0 Future Work 

Add i t iona l  r e s i s t i v i t y  specimens fo r  each of the var ious annealing cond i t ions  w i l l  be analyzed i n  order t o  
g ive  a more complete and accurate p i c t u r e  of the fundamental processes which are occur r ing  i n  these a l l o y s  
dur ing  annealing. Microhardness and r e s i s t i v i t y  measurements w i l l  be repor ted  on specimens which have been 
annealed f o r  100 hours. Residual r e s i s t i v i t y  r a t i o  measurements w i l l  be made on selected specimens and the 
r e s u l t s  w i l l  be compared t o  t heo re t i ca l  r e s i s t i v i t y  p red ic t ions .  

9.0 Pub1 i c a t i  ons 
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COMPARISON OF THERMAL AND IRRADIATED BEHAVIOR OF HIGH-STRENGTH, HIGH-CONDUCTIVITY COPPER ALLOYS 

5.3. Z i n k l e ,  R.A. Oodd and G.L. K u l c i n s k i  ( U n i v e r s i t y  of Wisconsin-Madison) 

1.0 O b j e c t i v e s  

To i n v e s t i g a t e  t h e  i r r a d i a t e d  response o f  h igh- s t reng th ,  h i g h - e l e c t r i c a l  c o n d u c t i v i t y  copper a l l o y s  as a 
f u n c t i o n  of  heavy i o n  damage l e v e l .  
under i r r a d i a t i o n  a r e  s t u d i e d  i n  o rder  t o  determine what events may l i m i t  t h e  use fu l  l i f e t i m e  of t h e  m a t e r i -  
a l  i n  a f u s i o n  r e a c t o r .  

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  o f  cand ida te  h i g h- s t r e n g t h  copper a l l o y s  

2.0 Summary 

The m i c r o s t r u c t u r e s  of Wo candidate h igh- s t reng th ,  h i g h- e l e c t r i c a l  c o n d u c t i v i t y  copper a l l o y s  (AMZIRC and 
AMAX-MZC) have been s t u d i e d  a f t e r  heavy i o n  i r r a d i a t i o n  and a f t e r  thermal anneal ing.  An i n v e s t i g a t i o n  of 
t h e  behav io r  o f  these a l l o y s  f o l l o w i n g  thermal t rea tment  has revea led  t h a t  much o f  t h e i r  s t r e n g t h  i s  due t o  
co ld-work ing ( h i g h  d i s l o c a t i o n  d e n s i t y ) .  
a l l o y s  have a r e c r y s t a l l i z a t i o n  temperature o f  about  475°C. 
i o n s  i n  the temperature range of 400-550°C (0.5-0.6 Tm). 

lo2' ions/m2, which corresponds to a c a l c u l a t e d  peak d isp lacement  damage of 15 dpa based on a damage e f f i -  
c iency of K = 0.3. 
v o i d  fo rmat ion  was observed i n  e i t h e r  a l l o y  f o r  t h i s  temperature range. 
d i s l o c a t i o n  recovery  and g r a i n  r e c r y s t a l l i z a t i o n  processes i n  b o t h  a l l o y s  a t  the  lower  temperatures.  
observed r e s u l t s  imp ly  t h a t  the  MZC and AMZIRC copper a l l o y s  may undergo a s e r i o u s  degrada t ion  i n  t h e i r  me- 
chan ica l  p r o p e r t i e s  when exposed t o  i r r a d i a t i o n  a t  temperatures around 400°C. 

Microhardness measurements revea led  t h a t  t h e  MZC and AMZIRC copper 
Both a l l o y s  have been i r r a d i a t e d  w i t h  14-MeV Cu 

Samples were i r r a d i a t e d  t o  maximum f l u e n c e s  o f  3 x 

The i r r a d i a t e d  f o i l s  have been examined i n  c ross- sec t ion  i n  an e l e c t r o n  microscope. No 
I r r a d i a t i o n  was found t o  enhance 

The 

3 . 0  Program 

T i t l e :  R a d i a t i o n  E f fec ts  t o  Reactor M a t e r i a l s  
P r i n c i p a l  I n v e s t i g a t o r s :  G.L. K u l c i n s k i  and R.A. Dodd 
A f f i l i a t i o n :  U n i v e r s i t y  of Yisconsin-Madison 

4.0 Relevant  DAFS Program Plan TasklSubtask 

Subtask 11.6.3.2 Exper imenta l  C h a r a c t e r i z a t i o n  o f  Pr imary Damage S ta te ;  S tud ies  o f  Meta ls  
Subtask II.C.1.2 Model ing and A n a l y s i s  of 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  
Subtask II.C.6.3 E f f e c t s  of 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 ;  Low-EnergylHigh-Energy 

Neutron C o r r e l a t i o n s  

5.0 Accomplishments and S ta tus  

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

There has r e c e n t l y  been a renewed i n t e r e s t  i n  t h e  i r r a d i a t e d  p r o p e r t i e s  of copper a l l o y s  as a r e s u l t  o f  de- 
s i g n  s t u d i e s  which c a l l  f o r  i n c o r p o r a t i o n  o f  h igh- s t reng th ,  h i g h- c o n d u c t i v i t y  m a t e r i a l s  i n  f u s i o n  r e a c t o r s .  
A r e c e n t  workshop sponsored by the  Department of Energy serves t o  h i g h l i g h t  the  r e l a t i v e  impor tance o f  

coooer a l l o v s  f o r  f u s i o n  r e a c t o r  a o o l i c a t i o n s .  Requirements o f  h igh  a x i a l  magnetic f i e l d s  have l e d  t o  a 
h y b r i d  magnet des ign where a normal- conduct ing c o i l  i s  i n s e r t e d  i n s i d e  o f  a s h i e l d e d  superconduct ing c o i l .  
H igh- s t reng th  copper a l l o y s  have a l s o  been considered f o r  use as h igh  magnetic f i e l d  i n s e r t  c o i l s  i n  b o t h  
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tandem m i r r o r  and tokamak f us i on  reac to rs . (2 '  

as unshie lded magnet c o i l s  and as the f i r s t  w a l l  i n  compact f us i on   device^.'^.^' 
use f o r  copper a l l o y s  i n  h igh  i r r a d i a t i o n  zones i nc l ude  d i ve r t e r s ,  l i m i t e r s  and rf antennas. 

High s t r eng th  copper a l l o y s  are a l s o  being considered f o r  use 

Other proposed areas o f  

The p rope r t i es  of i r r a d i a t e d  pure copper have been i nves t i ga ted  i n  g rea t  d e t a i l ,  and a l a r g e  data base has 
been es tab l i shed  (see, e.g. Ref. 5 f o r  a rev iew) .  However, there  i s  r e l a t i v e l y  l i t t l e  i n f o rma t i on  a v a i l a b l e  
on the response of copper a l l o y s  t o  i r r a d i a t i o n .  Several copper a l l o y s  which are commercial ly a v a i l a b l e  
have u n i r r a d i a t e d  mechanical and e l e c t r i c a l  p rope r t i es  which a re  s u i t a b l e  f o r  the above-mentioned f us i on  re-  
ac to r  app l i ca t i ons .  and extensive a l l o y  development work i s  con t inu ing .  Unfor tuna te ly ,  there  i s  no known 
i r r a d i a t i o n  data a v a i l a b l e  a t  the p resent  t ime f o r  these h igh- strength,  h igh- conduc t iv i t y  a l l oys .  There i s  
therefore an urgent  need f o r  i r r a d i a t i o n  data a t  cond i t ions  which w i l l  be t y p i c a l  o f  the environment expe r i -  
enced by these a l l o y s  i n  the  reac to r .  
450'C. 

dpa . ( l )  

- 

The temperature range of i n t e r e s t  var ies  from 25°C t o  g rea ter  than 
Expected l i f e t i m e  damage l e v e l s  f o r  these a l l o y s  range from l ess  than 1 dpa t o  g rea ter  than 100 

Two candidate h igh- strength,  h igh- conduc t iv i t y  copper a l l o y s  have been se lec ted  f o r  an i n v e s t i g a t i o n  o f  the 
m ic ros t ruc tu ra l  a l t e r a t i o n s  which occur dur ing  heavy i o n  i r r a d i a t i o n .  A M Z I R C  and AMAX-MZC are hea t - t r ea t -  
ab le  copper a l l o y s  which have u n i r r a d i a t e d  y i e l d  s t reng ths  o f  400-500 MPa and e l e c t r i c a l  c o n d u c t i v i t i e s  

which may approach the range of 8 0 4 0 %  I A C S  ( I n t e r n a t i o n a l  Annealed Copper Standard) . (6)  
vantage o f  these copper a l l o y s  i s  t h a t  they have a r e l a t i v e l y  h igh r e c r y s t a l l i z a t i o n  temperature o f  about 
450°C. 
p o s i t i o n  of these a l loys ,  a long w i t h  some t y p i c a l  phys ica l  p rope r t i es  quoted by the manufacturer. 

An a d d i t i o n a l  ad- 

They are there fo re  p o t e n t i a l l y  s u i t a b l e  fo r  use a t  temperatures up t o  400°C. Table 1 l i s t s  the com- 

This study i n v e s t i g a t e s  the m ic ros t ruc tu ra l  evo lu t i on  of the A M Z I R C  and MZC copper a l l o y s  f o l l o w i n g  Cu i o n  
i r r a d i a t i o n  t o  moderate damage l e v e l s  a t  temperatures near the  upper range of i n t e r e s t  f o r  f us i on  reac to r  
app l i ca t i ons .  The damage m ic ros t ruc tu re  i s  compared t o  the m ic ros t ruc tu re  observed f o l l o w i n g  thermal an- 
nea l i ng  i n  o rder  t o  es t imate  the magnitude o f  the  change i n  phys i ca l  p rope r t i es  due t o  i r r a d i a t i o n .  

5.2 Experimental Procedure 

Samples of the A M Z I R C  and AIIAX-MZC copper a l l o y s  were obta ined from AMAX Copper, Inc.  i n  the form o f  250 um 
th i ck  f o i l s .  Spec i f i ca t i ons  given t o  the manufacturer f o r  the  a l l o y  heat  t reatment  c a l l e d  f o r  ob ta i n i ng  the  
h i ghes t  e l e c t r i c a l  c o n d u c t i v i t y  achievable which was cons i s ten t  w i t h  a y i e l d  s t reng th  o f  415 MPa (60 k s i l .  
The a l l o y  p repa ra t i on  cons is ted  o f  a s o l u t i o n  heat  t reatment  a t  900°C f o r  1 hr ,  fo l lowed by 90% c o l d - r o l l i n g  
and then aging f o r  30 minutes a t  375°C f o r  the  A M Z I R C  a l l o y  and 400°C f o r  the MZC a l l o y .  T e n s i l e  t e s t s  per-  
formed by the manufacturer on these two l o t s  o f  ma te r i a l s  i n d i c a t e d  t h a t  both a l l o y s  had y i e l d  s t reng ths  i n  
excess o f  480 MPa (70 k s i ) .  NO e l e c t r i c a l  c o n d u c t i v i t y  t e s t s  were made by the manufacturer. 

E l e c t r i c a l  r e s i s t i v i t y  measurements were performed on the as- received a l l o y s  us ing  standard techniques.(7)  
Measurements were made a t  room temperature (23°C) and 4.2 K. The gage l eng th  over which the vo l tage  drop 

was measured was about 5 cm and the c u r r e n t  dens i ty  was mainta ined a t  about 200 A/cm2. 
each a l l o y  were masured.  Readings were taken w i t h  the cu r ren t  going bo th  ways through the specimen and the  
r e s u l t s  averaged i n  order  t o  cancel the e f f e c t  o f  thermal emfs. 

Four specimens from 

As- received specimens from both  copper a l l o y s  were mechanical ly po l i shed  us ing  0.3 um alumina powder p r i o r  
t o  t h e i r  thermal anneal ing treatment. Specimens were annealed f o r  1 hour i n  a h igh vacuum furnace and 
cooled us ing  a combination of furnace and a i r  coo l ing .  
minute f o l l ow ing  the anneal. The pressure i n  the  

vacuum chamber ranged from 1 x t o  1 x Tor r  du r i ng  the anneal. A l l  specimens were e l e c t r o p o l i s h e d  
immediately p r i o r  t o  making microhardness measurements i n  o rder  t o  remove the oxide l a y e r  p resent  from the  
anneal. 

The specimen temperature decreased by 100°C w i t h i n  1 
Temperature con t ro l  was mainta ined t o  w i t h i n  f 5°C. 

Vickers microhardness measurements were obta ined from as- received and annealed specimens o f  each a l l o y  a t  an 
indenter  load of 200 g. A minimum of n ine  d i f f e r e n t  i nden ta t i ons  i n  th ree  w ide ly  separated areas were 
measured f o r  each a l l o y  a t  the d i f f e r e n t  anneal ing cond i t ions .  The measurements were obta ined us ing  a 
Buehler Mic romeF microhardness t e s t e r  and an a n t i v i b r a t i p 1 ) t e s t  stand. 
and measurement procedure have been prev ious ly  described. 

D e t a i l s  o f  the specimen p repa ra t i on  
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TABLE 1 

COMPOSITION AN0 OPTIMUM P H Y S I C A L  PROPERTIES OF AMZIRC AN0 MZC 
( f rom Ref. 6 )  

Z r  C r  Mg E l e c t r i c a l  Conduc t i v i t y  Y i e l d  S t rength  
Alloy - (%) - ( % I  - ( % I  @ 20°C (0.2% O f f s e t )  

AMZ I RC 0.13-0.20 - - 93% I A C S  410 MPa 

MZC 0.15 0.80 0.04 90% I A C S  517 MPa 

Specimens of the as- received AMZIRC and AMAX-MZC a l l o y s  were mechanical ly  po l i shed and then e l e c t r o p o l i s h e d  
a t  an app l i ed  p o t e n t i a l  of 5 V i n  a s o l u t i o n  o f  33% HN03/67% CH30H cooled t o  -40°C p r i o r  t o  t h e i r  i r r a d i -  

a t i on .  I r r a d i a t i o n s  were performed on the as- received a l l o y s  a t  the Heavy Ion  I r r a d i a t i o n  F a c i l i t y  of the  
U n i v e r s i t y  of Wisconsin tandem Van de Graaf a c ~ e l e r a t o r ( ~ )  w i t h  14-MeV Cu3+ ions .  

approximately 5 x 
f luence samples was 5 2 hours. 

The i n c i d e n t  i on  f l u x  was 

ions/m2-s f o r  a l l  of the i r r a d i a t i o n s .  The r e s u l t a n t  i r r a d i a t i o n  t i m e  f o r  the h igh  

The depth-dependent damage energy ( S o ( x ) )  f o r  14-MeV Cu i ons  i n c i d e n t  on copper was ca l cu la ted  us ing  the  

BRICE code.('') 

Kinchin-Pease model: (11) 

Th is  damage energy was then converted i n t o  displacements per  atom (dpa) us i ng  the  mod i f ied  

where $ i s  the i n c i d e n t  p a r t i c l e  f l ux ,  N i s  the atomic dens i t y  of the ta rge t ,  Ed  i s  the spa t ia l- averaged 

displacement energy and K i s  the displacement e f f i c i e n c y .  A va lue o f  Ed = 29 eV has been used i n  the dpa 

ca l cu la t i ons . (12 )  The displacement e f f i c iency  (K) has genera l l y  been assumed t o  be equal t o  0.8, indepen- 
dent  o f  energy. Recent work i nd i ca tes  t h a t  K va r i es  s t r ong l y  w i t h  energy (see Ref. 13 f o r  a rev iew).  A t  
h igh  energies, K becomes roughly constant  w i t h  a value of 0.3 fo r  copper. Therefore, we have used K = 0.3 
f o r  a l l  o f  our dpa c a l c u l a t i o n s  i n  t h i s  paper. F igure  1 shows the ca l cu la ted  damage and i n j e c t e d  i o n  d i s-  
t r i b u t i o n s  f o r  14-MeV copper ions  i n c i d e n t  on copper. 

Fo l l ow ing  the  i r r a d i a t i o n ,  the samples were e l e c t r o p l a t e d  w i t h  copper and c u t  i n t o  f o i l s  s u i t a b l e  f o r  cross-  

sec t i ona l  ana l ys i s  us ing  techniques developed by Kno l l  e t  a l  . ( I 4 )  
specimens were j e t- e lec t ropo l i shed  us ing  a s o l u t i o n  of 33% HNU3/67% CH30H cooled t o  -2U'C a t  an app l i ed  

vo l tage  o f  15-20 V. 
Tracor-Northern TWO00 energy d i spe rs i ve  x- ray Spectroscopy (EDS) system. 

Transmission e l e c t r o n  microscope (TEM) 

Specimens were examined i n  a JEOL TEMSCAN-LOOCX e l e c t r o n  microscope equipped w i t h  a 

5.3 Resu l ts  

5.3.1 I n v e s t i g a t i o n  of As-Received and Thermal-Annealed Specimens 

The m ic ros t ruc tu re  of the  as- received A N Z I R C  and AMAX-MZC copper a l l o y s  i s  shown i n  Fig.  2. 
fea tu re  ev i den t  from these micrographs i s  the very h igh d i s l o c a t i o n  dens i ty  p resent  i n  the mat r i x .  A r e l a -  

t i v e l y  low dens i ty  (- 10181~3) o f  medium-sized p r e c i p i t a t e s  (d iameter  5 0.5 urn) were found t o  e x i s t  i n  bo th  

a l l oys .  
f i e d  as pure chromium by us ing  a combination of EOS and m i c r o d i f f r a c t i o n  techniques. The exac t  composi t ion 
of the AMZIRC p r e c i p i t a t e s  i s  c u r r e n t l y  uncer ta in .  

t a t e s  a re  z i rcon ium- r ich .  I n  addi t ion,  a very low dens i ty  ( 5  101'/m3) o f  p r e c i p i t a t e s  ranging i n  s i ze  from 

1 pm t o  10 urn were a l so  observed i n  the AMZIRC a l l o y .  M i c r o d i f f r a c t i o n  and EOS ana l ys i s  has shown t h a t  
these l a r g e  p r e c i p i t a t e s  are pure zirconium. 

The dominant 

Examples of these p r e c i p i t a t e s  a re  h i g h l i g h t e d  i n  F ig .  2. The MZC p r e c i p i t a t e s  have been i d e n t i -  

Q u a l i t a t i v e  EOS ana l ys i s  i nd i ca tes  t h a t  these p r e c i p i -  
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FIGURE 1. 

copper t a r g e t  us ing  the BRICE code.(") DPA c a l c u l a t i o n  assumes a displacement e f f i c i e n c y  of K = 0.3, as 
opposed t o  the  "standard"  value o f  0.8 (see t e x t ) .  

Ca lcu la ted  i o n  displacement damage and implanted i o n  d i s t r i b u t i o n  f o r  14-MeV Cu i n c i d e n t  on a 

The r e s i s t i v i t y  and Vickers microhardness (VHN) r e s u l t s  obta ined from the as- received a l l o y s  a re  shown i n  
Table 2. The AMZIRC a l l o y  has the  h igher conduc t i v i t y  and res i dua l  r e s i s t i v i t y  r a t i o  ( R R R I ,  w h i l e  the MZC 
a l l o y  e x h i b i t s  a l a r g e r  microhdrdness number. The microhardness measurements were obta ined us ing  a 100 g 
load.  A comparison between Table 1 and Table 2 revea ls  t h a t  both measured values o f  the  a l l o y  e l e c t r i c a l  
c o n d u c t i v i t y  a re  s i g n i f i c a n t l y  lower (by - 35%) than the  manufacturer 's  quoted optimum values. 

Using appropr ia te  hardness- yie ld s t r eng th  c o r r e l a t i o n s  found i n  the l i t e r a t u r e ,  i t  i s  poss ib l e  t o  es t imate  

the  y i e l d  s t r eng th  o f  the two a l l oys : (15 )  

o = (VHN/31(0.11n (21  Y 

Typ i ca l  values f o r  copper a re  n = 0.1 and n = 0.45 f o r  co ld-  where n i s  the s t r a i n  hardening c o e f f i c i e n t .  

worked and annealed cond i t ions ,  respec t ive ly . (16)  Using n = 0.1, the r e s u l t s  o f  t h i s  c o r r e l a t i o n  may be 

TABLE 2 

MEASURED RESISTIVITY AND VICKERS MICROHARDNESS VALUES FOR AS-RECEIVED A M Z I R C  AND AMAX-MZC 

Alloy 
AMZIRC 

MZC 

R e s i s t i v i t y  (nn-ml RRR = Conduc t iv i t y  Microhardness 
296 K 4.2 K P 296 K / P  4.2 K (23'C) (HVI no) 

23.2 f 1.6 3.9 * 0.3 6.0 73% I A C S  144 f 5 

29.5 f 1.6 13.5 f 0.8 2.2 58% I A C S  174 f 7 
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TRANSMISSION ELECTRON MICROGRAPHS OF AS-RECEIVED COPPER ALLOYS 

AMZIRC AMAX-MZC 
F I G U R E  2. 
o f  50,000. 

TEM micrographs showing the as-received mic ros t ruc ture  o f  AMZIRC and AMAX-MZC a t  a magn i f i ca t ion  

p l o t t e d  a long w i t h  the observed e l e c t r i c a l  conduc t i v i t y  t o  g ive  a " f i g u r e  o f  m e r i t "  f o r  high-strength, h igh  
conduc t i v i t y  mater ia ls .  The r e s u l t s  are shown i n  Fig.  3. For purposes o f  comparison, the quoted ma te r i a l s  

parameters of a high-strength, h igh- conduct iv i ty  copper a l l o y  being developed by INESCO, Inc . (3 )  a re  shown 
i n  t h i s  f i gu re  a long w i t h  the proper t ies  o f  annealed and l i g h t l y  cold-worked copper. 
s t rengths  o f  AMZIRC and AMAX-MZC are both i n  good agreement w i t h  the manufacturer's spec i f i ca t i ons ,  bu t  the 
e l e c t r i c a l  c o n d u c t i v i t i e s  are subs tan t i a l l y  lower than expected. 

The est imated y i e l d  

The microhardness r e s u l t s  obta ined from the two a l l o y s  f o l l o w i n g  a 1 hour anneal a t  var ious  tern! 
shown i n  Fig. 4. 
r e c r y s t a l l i z a t i o n .  t h e i r  microhardness numbers approach values t y p i c a l l y  found f o r  annealed copp 

Both AMZIRC and AMAX-MZC e x h i b i t  a r e c r y s t a l l i z a t i o n  temperature of about 475 
leratures are 
'C. Upon 
ier. 

5.3.2 Ion  I r r a d i a t i o n  Resul ts  

AMZIRC and AMAX-MZC samples were i r r a d i a t e d  w i t h  14-MeV Cu  ions  a t  temperatures betewen 400'C and 550°C  (0.5 
- 0.6 Tm) up M ca l cu la ted  peak damage l e v e l s  of 15 dpa (K = 0.3). 

a l l o y s  f o r  these condi t ions.  
3 0 0 ° C  r e s u l t e d  i n  the formation of a very lw  dens i ty  o f  l a rge  voids (diameter 2 0.5 urn). 

No vo id  format ion was observed i n  these 
AS repor ted  elsewhere,('') a 14-MeV cu i r r a d i a t i o n  o f  AMZIRC t o  15 dpa a t  
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FIGURE 3. Measured e l e c t r i c a l  conduc t i v i t y  and co r re la ted  y i e l d  s t reng th  of as- received AMZIRC and MAX- MZC 
as compared t o  other h igh- strength copper a l l o y s  and the manufacturers spec i f i ca t i ons .  
from Ref. 6. INESCO data i s  from Ref. 3. 

AMAX copper data i s  

The m j o r  e f f ec t  of i r r a d i a t i o n  o f  AMZIRC and MZC i n  t h i s  temperature regime was t o  g r e a t l y  acce lera te  r e  
covery and r e c r y s t a l l i z a t i o n  processes. 
l e v e l  of 15 dpa (K = 0.3) as a func t ion  of temperature. These cross- sect ional  micrographs a l low both t he  
damage reg ion  and the con t ro l  reg ion  of the f o i l  t o  be simultaneously examined. 
of d i s l o c a t i o n  recovery and subgrain nuc lea t ion  i n  the damage region, wh i l e  the con t ro l  reg ion  mic ros t ruc-  
t u r e  shows no s igns of recovery. 
i n g  i r r a d i a t i o n  a t  500'C and 550'. 
s i g n i f i c a n t  d i f ference was observed i n  the p r e c i p i t a t e  s i ze  o r  dens i t y  between the damage and c o n t r o l  
regions. 

F igure  5 s h w s  the e f f e c t  of i r r a d i a t i o n  on AMZIRC t o  a peak damage 

A t  400°C there  i s  evjdence 

No 
Both the con t ro l  and damage regions have completely r e c r y s t a l l i z e d  fo l low-  

Small Cu-Zr p r e c i p i t a t e s  are v i s i b l e  i n  the r e c r y s t a l l i z e d  regions.  

The e f f ec t  of i r r a d i a t i o n  temperature on the damage mic ros t ruc ture  o f  AMAX-MZC i s  shown i n  the cross- sect ion 
micrographs of F ig.  6. 
c r y s t a l l i z a t i o n  t o  occur wh i l e  the con t ro l  m ic ros t ruc ture  remains e s s e n t i a l l y  unchanged. I r r a d i a t i o n  a t  
500'C r e s u l t s  i n  a f ine- grained (g ra in  diameter - 0.5 un) micros t ruc ture  i n  the damage region, wh i l e  the 
c o n t r o l  r eg ion  has completely r e c r y s t a l l i z e d  and has gra ins  which have grown t o  a s i ze  5 10 urn. 
small p r e c i p i t a t e s  are v i s i b l e  i n  the f u l l y  r e c r y s t a l l i z e d  regions. 
o r  dens i ty  of the damage reg ion  vs. the con t ro l  reg ion  was d iscern ib le .  

A t  400'C. Cu i o n  i r r a d i a t i o n  t o  a peak damage l e v e l  o f  15 dpa (K = 0.3) causes re-  

Once again, 

No di f ferences i n  the p r e c i p i t a t e  s i z e  

The AMAX-MZC a l l o y  e x h i b i t e d  a more dramatic radiat ion-enhanced r e c r y s t a l l i z a t i o n  behavior than AMZIRC f o r  
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FIGURE 8. Evo lu t ion  o f  the depth-dependent r e c r y s t a l l i z a t i o n  reg ion i n  i on- i r rad ia ted  AMAX-MZC. The top 
f i g u r e  corresponds to a 300'C. 1.5 peak dpa (K  = 0.3) i r r a d i a t i o n  and the bottom f igure  corresponds to a 
400'C. 4.5 peak dpa (K = 0.3) i r r a d i a t i o n .  

The thermal annealing study (Fig. 4)  ind ica tes  t h a t  a substant ia l  po r t i on  o f  the strength of these a l l o y s  i s  
due to t h e i r  cold-worked structure.  I n  order t o  quant i fy the r e l a t i v e  strength o f  these a l l oys  due to pre- 
c i p i t a t i o n  hardening versus cold-working, a supplemental annealing study was performed. Several AMZIRC and 
AMAX-MZC specimens were encapsulated i n  evacuated quartz tubes and annealed a t  950°C f o r  100 hours. Follow- 
i n g  a water quench, one-half of the specimens were resealed i n  quartz tubes and aged a t  470'C f o r  1 hour. 
The r e s u l t s  o f  microhardness measurements made on the so lu t i on  annealed and so lu t ion  annealed p lus  aged a l -  
loys  are shown i n  Table 3. It can be seen from t h i s  tab le  t h a t  the A M Z I R C  a l l o y  has no observable response 
to p r e c i p i t a t i o n  hardening for  these condi t ions.  The MZC a l l o y  shows a s i g n i f i c a n t  s t rength  increase due t o  
t h i s  precipi tat ion- hardening treatment. 

reported for  these a110ys.(18-20) Both aged a l l o y s  shud microhardness numbers which are subs tan t i a l l y  below 
t h e i r  as-received values. 
these a l l oys  i s  due t o  t h e i r  cold-worked structure.  

This observation i s  i n  agreemnt w i t h  other thermal aging studies 

It can therefore be concluded t h a t  a l a rge  po r t i on  of the strength o f  both of 

The r e c r y s t a l l i z a t i o n  temperature f o r  both AMZIRC and AMAX-MZC has been found t o  be about 475'C. i n  agree- 

m n t  w i t h  other l i t e r a t u r e  results.(6*21) Upon rec rys ta l l i za t i on ,  the microhardness numbers for  both a l l o y s  
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TABLE 3 

VICKERS MICROHARDNESS OF SOLUTION-TREATED COPPER ALLOYS 
(200 g load) 

Microhardness (HVZo0) 

Alloy As-Received Solut ion Annealed (SA) SA + Aged a t  470'C 

AMZIRC 146 f 1 50 f 2 48 f 2 

AMAX-MZC 168 f 2 46 f 5 84 t 4 

are s i m i l a r  t o  the value fo r  pure copper. 
h igh strength a l l o y  when condi t ions are present which might cause r e c r y 9 t a l l i z a t i o n  t o  occur. 

Both AMZIRC and AMAX-MZC are therefore unsui table fo r  use as a 

5.4.2 Ion I r r a d i a t i o n  E f fec ts  

A review o f  the publ ished i r r a d i a t i o n  data on copper shows t h a t  vo id  formation occurs r e a d i l y  fo r  neutron 

i r r a d i a t i o n  temperatures between 220 and 550°C (0.35-0.60 Tm).(5) 
i n  detectable vo id  formation i n  e i t h e r  the AMZIRC o r  the WAX-MZC a l l o y  f o r  temperatures between 400 and 

550°C. 
which ind ica tes  t h a t  the peak vo id  swel l ing  temperature for  i o n  i r r a d i a t i o n  o f  these a l l o y s  i s  below 300'C. 
The cause of t h i s  la rge apparent s h i f t  i n  the vo id  swel l ing  temperature regime i s  speculated t o  be due t o  
gas e f fec ts .  
i nd i ca te  t h a t  vo id  formation i s  no t  expected f o r  temperatures 2 300'C.(17) 

i r r a d i a t e d  copper by Glowinski(22) and Knol l (23) have found t h a t  de-gassed copper does no t  form voids for 
temperatures between 400-5OO'C. 
(oxygen-free) environments using OFHC copper, so they do no t  i n i t i a l l y  contain any gas. 
more basic work regarding the e f f e c t  of gas on void nuc leat ion  i n  copper i s  needed. 

The present i r r a d i a t i o n s  d i d  no t  r e s u l t  

A l i m i t e d  number o f  l a rge  voids were observed i n  a companion i o n  i r r a d i a t i o n  of AMZIRC a t  300'C,('7) 

Void nuc leat ion  ca lcu la t ions for  copper i r r a d i a t e d  i n  the absence of gas nuc leat ing  agents 

Experimental studies on ion-  

Both AMZIRC and AMAX-MZC are manufactured under ca re fu l l y  con t ro l l ed  
It appears t h a t  

The main e f f e c t  o f  i o n  i r r a d i a t i o n  on the micros t ruc ture  o f  AMZIRC and AMAX-MZC a t  temperatures between 300 
and 550°C was t o  g rea t l y  accelerate d i s loca t i on  recovery and g ra in  r e c r y s t a l l i z a t i o n  processes. 
r e l a t i v e l y  few published repor ts  which have examined the phenomenon of radiation-enhanced r e c r y s t a l l i z a t i o n .  
The major reported e f f e c t  of radiation-enhanced r e c r y s t a l l i z a t i o n  i s  t o  cause a reduct ion o f  the vo id  densi- 

t y  i n  the nucleated grains compared t o  unrecovered regions o f  the c r y ~ t a l . ( ~ ~ * ~ ~ )  Perhaps a more important  
e f f e c t  t o  consider i n  the present case i s  the dramatic loss  o f  strength i n  the AMZIRC and MZC a l l o y s  upon 
r e c r y s t a l l i z a t i o n .  Since much o f  the strength o f  these a l l o y s  i s  due t o  t h e i r  cold-worked structure,  the 
i r r a d i a t i o n  r e s u l t s  observed i n  Figs. 5-8 imply t h a t  AMZIRC and MZC w i l l  s u f f e r  a substant ia l  degradation of 
s t rength  dur ing i r r a d i a t i o n  a t  temperatures 2 400'C. This argument w i l l  be quan t i f i ed  t o  a c e r t a i n  ex tent  
l a t e r  i n  t h i s  paper. 

There are 

A comparison o f  the i r r a d i a t e d  microstructures of AMZIRC and AMAX-MZC for  temperatures of 400-5OO'C reveals 
di f ferences i n  t h e i r  behavior (Figs. 4-6). The MZC a l l o y  appears t o  be much more sens i t i ve  t o  i r r a d i a t i o n  
w i t h  regard t o  g ra in  r e c r y s t a l l i z a t i o n  -- subgrain formation i s  observed t o  occur even a t  r e l a t i v e l y  modest 
i r r a d i a t i o n  condi t ions (Fig. 8 )  of 300'C and a peak damage l e v e l  of 1.5 dpa (K = 0.3). Polygonizat ion o f  
the subgrains i s  observed i n  MZC fo l l ow ing  i r r a d i a t i o n  a t  400'C t o  a peak damage leve l  as low as 4.5 dpa 
(K = 0.3). I n  contrast, i r r a d i a t i o n  o f  AMZIRC a t  400°C t o  a peak damage leve l  o f  15 dpa does not  r e s u l t  i n  
polygonizat ion o f  the subgrains i n  the i r r a d i a t e d  region. For higher i r r a d i a t i o n  temperatures (SOO'C), the 
AMZIRC a l l o y  has completely r e c r y s t a l l i z e d  and there i s  no d i sce rn ib le  d i f f e rence  between the i r r a d i a t e d  and 
non i r rad ia ted regions (Fig. 4 ) .  The MZC a l l o y  has essen t ia l l y  re ta ined  the small polygonized subgrain 
s t ruc ture  i n  the damage region fo l l ow ing  a 500'C i r r a d i a t i o n ,  wh i le  the non i r rad ia ted region o f  the c r y s t a l  
has completely rec rys ta l l i zed .  
of low-angle (- 5') sub-boundaries which separate the subgrains along w i t h  sone high angle boundaries. 
appears t h a t  some type of solute s e g r e g a t i o n l p r e c i p i t a t i o n  mechanism may be causing the pinning of the sub- 
gra in  boundaries o f  MZC i n  the damage region. 
a l l o y .  

M i c r o d i f f r a c t i o n  analysis o f  the MZC damage region has revealed the presence 

This mechanism apparently does not  operate i n  the AMZIRC 

I t  
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There was no r e a d i l y  evident e f fec t  of i r r a d i a t i o n  on p r e c i p i t a t e  s ize  or densi ty f o r  e i t h e r  AnZIRC or MZC 
due t o  inhomogeneities i n  the a l l o y  p r e c i p i t a t e  d i s t r i bu t i ons .  I n  some specimens a lower densi ty o f  p rec i-  
p i t a t e s  was observed i n  the damage region compared t o  the cont ro l  region, whi le the opposi te e f f e c t  was ob- 
served i n  d i f f e ren t  specimens exposed t o  s i m i l a r  i r r a d i a t i o n  condi t ions.  One tenat ive  observation i s  t h a t  
there were general ly  fewer small p rec ip i t a tes  i n  the damage region compared to the cont ro l  region. Fur ther  
study i s  requ i red to conf i rm t h i s  f inding. 

Examination o f  Fig. 8 i nd i ca tes  t h a t  radiation-enhanced r e c r y s t a l l i z a t i o n  may s t a r t  t o  occur i n  AMZIRC and 
MZC i r r a d i a t i o n  condi t ions as moderate as 300'C. 1.5 peak dpa (K = 0.3). Since r e c r y s t a l l i z a t i o n  i s  i n d i -  
ca t i ve  of a l a rge  loss i n  strength, t h i s  impl ies  t h a t  la rge engineering safety factors w i l l  be requ i red when 
consider ing these type o f  a l l o y s  fo r  high-strength reactor  app l ica t ions.  Unfortunately, the s t rength  o f  the 
i on- i r rad ia ted  damage region cannot be d i r e c t l y  measured due t o  i t s  l i m i t e d  size. This i s  no t  due t o  tech- 
no log ica l  d i f f i c u l t i e s  -- several i nves t i ga to rs  have successful ly  developed microhardness indenta t ion  tech- 

niques which are capable of sampling regions as small as a few hundred nanometers i n  d e ~ t h . ( ' ~ * ' ~ )  
the problem i s  t h a t  i t  i s  present ly impossible t o  d i r e c t l y  co r re la te  low-load microhardness r e s u l t s  t o  bulk 

behavior due t o  the inf luence o f  the surface.(8) 

Instead, 

An a l t e r n a t i v e  approach which may be used t o  quant i fy  the loss  of s t rength  of the AMZIRC and MZC a l l o y s  i n  
the damage region i s  to d i r e c t l y  compare the i r r a d i a t e d  micros t ruc ture  t o  the micros t ruc ture  obtained from 
thermal annealed specimens. The top two micrographs correspond t o  the 
microstructure observed i n  AMZIRC and AMAX-MZC a f t e r  annealing f o r  1 hour a t  475°C (i.e, the onset of recry-  
s t a l l i z a t i o n ) .  The two i n s e t  f igures  show the microhardness values which were obtained for  t h i s  annealing 
cond i t ion  (Fig. 4 ) .  The bottom two micrographs show the t yp i ca l  damage microstructure which i s  observed i n  
AMZIRC and MZC a f t e r  i r r a d i a t i o n  a t  condi t ions as indicated.  The s i m i l a r i t y  i n  the annealed and i r r a d i a t e d  
microstructures f o r  the two a l l o y s  i s  taken as an i n d i c a t i o n  of equ iva lent  strength. 
are imnediately evident: F i r s t ,  i r r a d i a t i o n  causes an e f f e c t i v e  s h i f t  o f  the r e c r y s t a l l i z a t i o n  temperature 
t o  lower values. 
damage l e v e l  o f  15 dpa (K = 0.3) and about 200°C f o r  MZC i r r a d i a t e d  t o  a peak damage l e v e l  of 1.5 ( t h i s  
comparison once again Shows the stronger in f luence o f  i r r a d i a t i o n  on the MZC a l l o y  as compared t o  the AMZIRC 
a l l o y ) .  One o f  the previously mentioned advantages of these copper a l l oys  i s  t h a t  they o f f e r  an u n i r r a d i -  
ated r e c r y s t a l l i z a t i o n  temperature which i s  subs tan t i a l l y  above tha t  o f  pure copper. The above discussion 
ind ica tes  t h a t  t h i s  advantage w i l l  be l o s t  t o  a la rge ex tent  upon i r r a d i a t i o n .  and the r e c r y s t a l l i z a t i o n  
temperature may approach a value comparable t o  pure copper. 

Such a comparison i s  made i n  Fig. 9. 

Two re la ted  e f f e c t s  

The magnitude o f  t h i s  s h i f t  i s  on the order of 100°C f o r  AMZIRC i r r a d i a t e d  t o  a peak 

The second e f f e c t  (which i s  caused by the above-mentioned s h i f t  i n  the r e c r y s t a l l i z a t i o n  temperature) i s  
t h a t  both a l l o y s  lose a s i g n i f i c a n t  por t ion  o f  t h e i r  s t rength  when i r r a d i a t e d  a t  temperatures o f  300- 
400'C. Comparison w i t h  the thermal annealed microhardness numbers (VHN) ind ica tes  t h a t  the i r r a d i a t e d  
A M Z I R C  microhardness number has dropped to  80% of i t s  o r i g i n a l  value, (new VHN = 115 HV) whi le  the i r r a d i -  
ated MZC microhardness number has f a l l e n  t o  75% o f  i t s  o r i g i n a l  value (new VHN = 130 HV). 
decrease i n  y i e l d  s t rength  w i l l  be even greater than the microhardness change. This i s  because the work- 
hardening exponent (n)  w i l l  a lso  change (increase compared t o  the cold-worked case) as the a l l o y s  undergo 
recovery and r e c r y s t a l l i z a t i o n  (see discussion of Eq. 2). A simple est imat ion of the y i e l d  s t rength  o f  the 
i r r a d i a t e d  regions i n  AMZIRC and AMAX-MZC my then be made by assuming the work-hardening exponent n has a 
value s i m i l a r  to t h a t  fo r  annealed copper (n = 0.45). 
i r r a d i a t e d  a l l o y s  of oy - 130 MPa and oy - 150 MPa, respect ive ly  f o r  AMZIRC and MZC. This may be compared 

w i t h  t h e i r  estimated un i r rad ia ted  y i e l d  strengths o f  375 and 450 MPa, respect ively.  The i n f e r r e d  dramatic 
l oss  of s t rength  upon i r r a d i a t i o n  may make these a l l oys  unacceptable f o r  t h e i r  proposed use i n  fusion re-  
actors. 

The corresponding 

This gives lower l i m i t s  f o r  the y i e l d  s t rength  o f  the 

S t i l l  another f a c t o r  t o  consider i s  t h a t  the present i nves t i ga t i on  d e a l t  w i t h  radiation-enhanced rec rys ta l-  
l i z a t i o n  e f fec ts  i n  the absence of any external  stresses. 
f o r  use i n  fus ion reactors  i n  places where they w i l l  be exposed t o  f a i r l y  la rge stress l e v e l s  wh i l e  they are 
being i r rad ia ted .  Since i t  i s  we l l  known t h a t  app l ied  s t ress  can accelerate the r e c r y s t a l l i z a t i o n  pro- 

cess,(") i t  appears obvious t h a t  the combined e f fec ts  of stress and i r r a d i a t i o n  can lead t o  de le ter ious 
s t rength  changes i n  any a l l o y  which r e l i e s  on thermomechanical treatment f o r  a l a rge  po r t i on  of i t s  non- 
i r r a d i a t e d  strength. 

High-strength copper a l l o y s  are being proposed 

I n  summary, i t  appears t h a t  an unacceptable loss  i n  s t rength  may occur i n  AMZIRC and AMAX-MZC (or  any a l l o y  
which r e l i e s  extensively on thermomechanical treatment for  i t s  st rength) dur ing i r r a d i a t i o n .  However, more 
data i s  needed a t  lower i r r a d i a t i o n  temperatures i n  order t o  confirm the trends which have been observed a t  
the higher i r r a d i a t i o n  temperatures. 
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IRRADIATION OF COPPER ALLOYS I N  FFTF 

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

1 .o Objective 

The object of this effort is to provide data on the response of a high-conductivity, high-strength series 
of copper alloys to high fluence neutron irradiation and thereby predict their behavior in anticipated 
fusion environments. 

2.0 Sumnary 

Nine copper-base alloys i n  thirteen material conditions have been inserted into the MOTA-1R experiment for 
irradiation in FFTF at 450°C. 
both TEM aisks and miniature tensile specimens. 

The alloy Ni-1.9Be is also included in this experiment, which includes 

5.0 Program 

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

4 .O Relevant OAFS Program Plan Task/Subtask 

II.C.1 Effect of Material Parameters on Microstructure 

5.0 Accomplishments and Status 

5.1 Introduction 

The use of high-conductivity high-strength copper-base alloys is anticipated for use i n  operation of 
fusion devices, particularly in the magnets and high heat-flux components. 

There is very little data available on the response of such alloys to high levels of neutron exposure, 
however. The temperature range of anticipated use is _600°C, with the major applications below 300°C. 

An opportunity recently arose to include a series of copper-base alloys in the MOTA-18 experiment cur- 
rently being irradiated in the Fast Flux Test Facility (FFTF). 
experiment is 450°C due to the use of helium rather than sodium as a thermal conduction medium. 
experiment is targeted to reach four exposure levels: 15, 45, 105 and 150 dpa. 

The lowest temperature available in this 
The 

As shown i n  Table 1, there are nine copper alloys, some of which are in more than one starting material 
condition. 
included, the latter to provide a reference state for the experiment. There are three sets of specimens 
presently being irradiated, one for each fluence level, and a fourth set to he inserted at a later time. 
Each set contains 14 miniature tensile specimens and 30 TEM disk specimens. 
electrical conductivity specimens. The latter will be used for both microscopy and material properties 
testing. 

Table 1 also shows that a high-conductivity high-strength Ni-l.9Be alloy and AIS1 316 were 

The former serve also as 
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TABLE 1 

CONTENTS OF COPPER-MOTA-1B EXPERIMENT 

ALLOYS SUPPLIED BY I N E S C O  

C o n d i t i o n  M a t e r i a l  Composit ion 

Cu Ag Cu - 0.1 Ag cw 
Cu Ag P Cu - 0.5 Ag - .06 P - .08 Mg CWA 
A1-25 c u  - 0.25 ~ 1 2 0 3  CW, SA 
MZC Cu - 0.9Cr - O.1Zr - 0.05 Ma CWA ~ " 
Cu Be N i  Cu - 1.8Ni - 0.3 Be CWA, SA&T 
Cu Be Cu - 2.0 Be CWA, SART 
N i  Be N i  - 1.9 Be CWA 

ALLOYS SUPPLIED BY HEDL 

Cu - 5% N i  These a l l o y s  used i n  cw 
Cu - 5% A I  p r e v i o u s  RTNS-I1 s t u d i e s  C W  
c u  (99.999%) CW, SA 
AIS1 316 cw 

SA = So lu t ion- annea led  
CW = Cold-worked 

CWA = Cold-worked and aged 
T = Tempered 

6.0 References 

None 

7.0 F u t u r e  Work 

Experiments t o  i r r a d i a t e  copper-base a l l o y s  a t  lower temperatures a re  b e i n g  i n v e s t i g a t e d .  

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

None 
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COMPARISON OF NEUTRON- AND GAMMA- IRRADIATION DAMAGE I N  ORGANIC INSULATORS 

0. S .  Tucker and F .  W. C l i n a r d  J r  (Lo8 Alamos Nat iona l  Labo ra to r y )  

1.0 Ob jec t i ve  

Th is  s tudy i s  be ing  c a r r i e d  o u t  t o  determine t he  e f fec ts  o f  neutron i r r a d i a t i o n  a t  4.2 K on epoxy and 
po ly im ide  i n s u l a t o r s ,  and t o  compare these e f fec ts  w i t h  those from gamma- irradiat ions a t  t h e  same 
temperatures and i n  t he  same ma te r i a l s .  

2.0 Summary 

One poly imide-  and two epoxy-based m a t e r i a l s  have been neu t ron- i r r ad ia ted  t o  t o t a l  doses o f  2.6 and 4.1 X 
l o z 1  n/mZ, En > 0.1 MeV a t  4.2 K i n  IPNS-11. The environmental and thermal cond i t i ons  du r i ng  and a f t e r  
i r r a d i a t i o n s  were s i m i l a r  t o  those employed i n  p rev ious  s tud ies  o f  gamma- ir radiat ion e f f e c t s  a t  ORNL t o  
f a c i l i t a t e  comparison o f  the  i r r a d i a t i o n  e f fec ts .  I n  t h e  Dresent study, we have determined t h e  f l e x u r a l  
mechanical p r o p e r t i e s  p a r a l l e l  t o  t he  f a b r i c  wrap d i r e c t i o n  a t  75  K. These s tud ies  have d i sc l osed  se lec ted  
d i f ferences when compared t o  r e s u l t s  f o r  gamma i r r a d i a t i o n s .  

3.0 Program 

T i t l e :  Rad ia t ion  Damage Ana lys is  and Computer S imu la t ion  (Rad ia t ion  E f fec ts  i n  Organic I n s u l a t o r s )  
P r i n c i p a l  I n v e s t i g a t o r :  D. S. Tucker 
A f f i l i a t i o n :  Lo8 Alamos Nat iona l  Laboratory 

4.0 Relevant OAFS Program Plan 

TASK 11.0.4: Damage Product ion I n s u l a t o r s  
SUBTASK 11 .B.4.3: Experimental Val i da t i on /Ca l  i b r a t i o n  o f  Theory 

5.0 Accomplishments and Status 

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

I n  a p rev ious  r e p o r t  on t h i s  study, '  t he  reouirements f o r  o rgan ic  i n s u l a t i o n  i n  magnetic confinement f us i on  
reac to r s  and t he  need f o r  neutron r a d i a t i o n  damage s tud ies  were presented. A subsequent r e p o r t  on t h i s  
s tudy2 descr ibed i r r a d i a t i o n s  of f i v e  o rgan ic  ma te r i a l s  i n  t he  I P E I S - I  t o  1.5 X l o z 1  n/m2.and discussed 
e l e c t r i c a l  and mechanical t e s t  data assoc ia ted  w i t h  t h e  i r r a d i a t i o n s .  E l e c t r i c a l  p roper ty  measurements 
were made on l y  on G- I O C R  and showed a t  most on l y  s m a l l  chanqes. I n  comparing r e s u l t s  o f  t h e  f l e x u r e  and 
compression t es t s ,  t he  most cons i s ten t  f i n d i n g s  were a decrease i n  s t r eng th  and corresponding decrease i n  
f a i l u r e  s t r a i n  f o r  t h e  G- I O C R ,  i nc rease i n  modulus f o r  G - l l C R ,  decrease i n  f a i l u r e ,  s t r a i n  o f  NP-530, and 
combined reduc t i on  o f  u l t i m a t e  s t r ess  and s t r a i n  o f  q l a s s - f i l l e d  EDon 828 measured i n  compression. A l l  of 
these changes were small  and, by themselves, represent  no l i m i t a t i o n  t o  t h e i r  use i n  a maqnet environment. 

Th is  r e p o r t  presents r e s u l t s  o f  mechanical f l e xu re  t e s t s  on t h ree  m a t e r i a l s  i r r a d i a t e d  t o  h i qhe r  doses i n  
t h e  IPNS-11. These r e s u l t s  a re  compared t o  r e s u l t s  f o r  gamma- ir radiat ion s tud ies  a t  ORNL. 

5.2 I r r a d i a t i o n  Experiment a t  I P N S - I 1  

Samples f o r  i r r a d i a t i o n  were G - l O C R ,  G - l l C R ,  and NorDlex NP-530.* These m a t e r i a l s  a re  descr ibed i n  a 
p rev ious  repo r t .  Th is  i r r a d i a t i o n  was c a r r i e d  o u t  i n  two p a r t s .  

Samples from a p rev ious  i r r a d i a t i o n  (IPNS- I),  a long w i t h  f resh samples, were i r r a d i a t e d  i n  t he  f a l l  o f  1982 
and again i n  March, 1983, us ing  t he  f o l l ow ing  procedure. Samples were weighed, measured, photographed, and 
then stacked i n  an aluminum f o i l  pouch i n s i d e  a coppery c y l i n d e r .  
a x i a l l y  around t he  edge o f  t he  Douch a t  90" i n t e r v a l s  w i t h  an a d d i t i o n a l  w i r e  approximately  i n  t he  cen ter .  
The copper c y l i n d e r  was then electron-beam welded t o  a cap w i t h  a copper tube extending outward and sent  t o  
I P N S  f o r  i r r a d i a t i o n .  

N icke l  do8imetr.v w i res  were at tached 

* G - I O C R  - Na t i ona l  E l e c t r i c a l  Manufacturers Assoc ia t ion  (NEMA). A hea t - ac t i va ted  amine-catalyzed b isphenol  
s o l i d - t y p e  epoxy r e s i n  lamina te  r e i n f o r c e d  w i t h  cont inuous f i l a m e n t  E-glass f a b r i c ,  s i l a n e - f i n i s h e d  
designated f o r  cryogenic use; Spauld ing F i b r e  Company. 

G - 1 l C R  - Same as G - l O C R ,  except t h a t  an automat ic  amine-hardener b isphenol  l i q u i d - t y p e  epoxy r e s i n  was used 
i n  i t s  f a b r i c a t i o n .  

NP-530 - Po ly im ide  r e s i n  m a t r i x ,  analogue of G-1OCR; Norplex D i v i s i o n ,  VOP, Inc .  
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A t  IPNS,  a 10- foo t  l eng th  o f  s t a i n l e s s  s tee l  tube was mated t o  t he  copper tube extending from the  
exper imental  assembly. Swagelok f i t t i n g s  were used throughout .  The assembly was hel ium l eak- tes ted  and 
evacuated w i t h  a d i f f u s i o n  pump. 

A f t e r  i n s e r t i o n  i n  t h e  I P N S  t a r g e t  area, t h e  system was cooled t o  l i q u i d  he l ium temperature. 
in t roduced i n t o  t he  assembly, a l lowed t o  condense a t  one atmosphere, and then  valved o f f .  
t h e  hel ium was pumped from the  system, which was then valved o f f  and warmed t o  room temperature. 
dur ing  t he  i r r a d i a t i o n  t ime,  t h e  assembly was r o t a t e d  180" about t h e  v e r t i c a l  ax i s  t o  ensure uniform 
i r r a d i a t i o n  i n  t he  sample volume. 

A f t e r  t he  i r r a d i a t i o n  was completed, t he  copoer subassembly con ta i n i ng  t h e  samples was removed and re tu rned  
t o  Los Alamos. 

Dosimetry from t h e  n i c k e l  w i r es  was analyzed by L a r r y  Greenwood, ANL. Resu l ts  i n d i c a t e d  f a i r l y  un i fo rm 
doses o f  1.3 X 1021 n/m2, E > 0.1 MeV f o r  each i r r a d i a t i o n .  
est imated t o  be 15% of t h a t  from neutrons. 
removal from t h e  i r r a d i a t i o n  capsule, samples were again weighed and measured. A l l  o f  t h e  samples were 
found t o  have changed co lo r .  

Helium gaswas 
A f t e r  i r r a d i a t i o n  

Midway 

Samples were removed, reweighed, photographed, and s to red  i n  a des icca tor .  

The qamma dose i s  n o t  accu ra te l y  known b u t  i s  
A f t e r  An exposure h i s t o r y  of t he  samples i s  shown i n  Table I. 

TABLE I. Exposure h i s t o r y  o f  t e s t  samples 

Neutron Fluence (n/m2, E > 0.1 MeV) 

NS-1 IPNS-2A IPNS-2B Cumulative 

I P N S - I  + I P N S - I 1  1.5 X 1021 1.3 X l o z 1  1.3 X 1021 4.1 X 1021 

IPNS-I1 Only 1 . 3  X l o z 1  1.3 X 1021 2.6 x l o z 1  
5.3 Results 
Mechanical f l e xu re  t e s t s  were c a r r i e d  ou t  a t  75 K us ing  a t h ree- po in t  bend t e s t  f i x t u r e  actuated by t he  
cryogenic compression t e s t s  apparatus descr ibed previously. '  De f lec t ions  were measured by means o f  an LDVT, 
which de tec ted  r e l a t i v e  movement o f  t h e  p la tens  o f  t h e  compression f i x t u r e .  
2.54 cm, and p i n  d iameter  was 6.4 mm. 
major  s t r e s s  p a r a l l e l  t o  t he  warp d i r e c t i o n .  
t h e  requirements of ASTMD 790-80. 

Test  r e s u l t s  were analyzed t o  determine modulus o f  r up tu re  ( M O R ) ,  f l e x u a l  modulus (E) ,  and f a i l u r e  s t r a i n  
(Ef) .  
l e ss .  These parameters as a f unc t i on  o f  neutron f luence are  p l o t t e d  i n  Figs. 1 through 3. 

MOR r e s u l t s ,  F ig.  1, show t h a t  o n l y  G- I O C R  e x h i b i t e d  a s i g n i f i c a n t  l o s s  i n  s t r eng th  (67%) and a f l u x  n e t  o f  
4.1 X l o z 1  n/m2. G-11CR showed on l y  a small reduc t ion  i n  s t r eng th  (12%), w h i l e  NP-530 showed a s l i g h t  
inc rease i n  f l e x u a l  s t r eng th  a t  t h i s  f luence.  

The f a i l u r e  s t r a i n ,  def ined as t h e  nominal s t r a i n  i s  shown i n  F ig .  2. 
from an o r i g i n a l  va lue of 4.4% t o  approximately  1.85% a t  a f luence o f  4.1 X l o z 1  n/m2. 
c o n t r o l  samples have a lower Ef than t h e  G-1OCR samples, t he  decrease a f t e r  i r r a d i a t i o n s  i s  much l e s s  w i t h  
a value o f  3.8% a t  a f luence o f  1.5 X l o z 1  n/m2. 
1.5 X 1021 n/m2, Ef values f o r  t h e  NP-530 samples remained constant .  

F lexure  modulus (F ig .  3 )  f o r  a l l  t h ree  ma te r i a l s  remains r e l a t i v e l y  constant  f o r  a l l  i r r a d i a t i o n  values. 
A f t e r  an i n i t i a l  r i s e  a t  a f luence of 1.5 X l o z 1  n/m2, E f o r  G-11CR decreases t o  t h e  i n i t i a l  va lue ( c o n t r o l  
sample) and remains constant .  
inc rease i n  E f o r  f luences g rea te r  than 1.5 X l o z 1  n/m2. 

5.3.1 Discussion of Resul ts  

Of  t he  t h ree  candidate ma te r i a l s ,  G-1OCR showed t h e  most r educ t i on  i n  s t r eng th  w i t h  G-11CR e x h i b i t i n g  o n l y  
a s l i g h t  decrease and NP-530 a c t u a l l y  d i s p l a y i n q  a s l i g h t  inc rease a t  f luences g rea te r  than 2.6 X 1O2I n/m2. 
Th is  behavior  can poss ib l y  be a t t r i b u t e d  t o  two f ac to r s .  
s e n s i t i v e  t o  hydrogen conten t  s i nce  approximately  one-hal f  of t h e  maximum energy can be t r a n s f e r r e d  t o  
hydrogen dur ing  e l a s t i c  c o l l i s i o n  producing ene rge t i c  r e c o i l  n u c l e i .  
from G-1OCR t o  G-11CR t o  NP-530 as a r e s u l t  o f  t he  same t r e n d  i n  hydrogen content ,  which r e f l e c t s  i n  t h e  
s t r eng th  r e s u l t s .  The second f ac to r ,  thought  t o  be o f  g rea te r  importance, takes i n t o  account t h e  na tu re  o f  
t he  chemical and molecu la r  s t r u c t u r e  o f  bo th  t he  r e s i n  m a t e r i a l s  and cu r i ng  agents. Both G-1OCR and G-11CR 

Length between o u t  spans was 
Samples were 3.2 X 1.6 m i n  cross sec t i on  and were t e s t e d  w i t h  t he  

Th is  t e s t  procedure f o l l ows  D e f l e c t i o n  r a t e  was 1.3 mnlmin. 

MOR was c a l c u l a t e d  us ing  t he  s imp le  beam formula,  which i s  v a l i d  f o r  maximum f i b e r  s t r a i n s  o f  5% o r  

The G-1OCR samples show a decrease 

A f t e r  showing an i n i t i a l  decrease t o  3% a t  a f l uence  of 

Although t he  G-11CR 

Only G-1OCR shows a steady decrease i n  E, w h i l e  NP-530 a c t u a l l y  e x h i b i t s  an 

F i r s t ,  neutron i r r a d i a t i o n  dose i s  s t r o n g l y  

The i o n i z i n g  dose decreases i n  going 
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FIGURE 2. Fai lure  S t ra in  vs. Neutron Fluence f o r  G - l O C R ,  G-IlCR, and NP-530 a t  7 5  K. 
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FIGURE 3. F lexure  Modulus o f  G - l O C R ,  G - l l C R ,  and NP-530 a t  75 K. 

a re  i d e n t i c a l ,  except t h a t  G-11CR u t i l i z e s  an aromatic cure, w h i l e  G-1OCR incorpora tes  an a l i p h a t i c  c u r i n g  
agent. 
r a d i a t i o n  (y,  e- )  than t he  s t r a i g h t  cha in  a l i g h a t i c  s t r u c t u r e ,  due t o  t he  a b i l i t y  o f  t he  non loca l i zed  
e l f e r r o n s  i n  t h e  aromat ic  r i n g  t o  absorb and d i s s i p a t e  energy more r e a d i l y  than a s i n g l e  bond, 
c h a r a c t e r i s t i c  o f  t he  a l i p h a t i c  s t r u c t u r e .  The bond s t r eng th  o f  t he  aromat ic  s t r u c t u r e  i s  a l so  g rea te r  
than t h a t  o f  t h e  a l i p h a t i c  s t r uc tu re ,  which enhances r a d i a t i o n  res is tance .  

NP-530 i s  a po ly im ide ,  which i s  a n i t r ogen- ca r r y i ng ,  condensed aromat ic  r i n g  system. The aromatic r i n g  i s  
an e lec t ron- wi thdrawing  group, which makes poss ib l e  resonance between n i t r o g e n  and t h e  r i n g .  Th is ,  i n  turn, 
increases t he  r a d i a t i o n  res i s t ance  o f  t h e  s t r u c t u r e  by i nc reas ing  t h e  s t r u c t u r e ’ s  resonant energy. 
s t r u c t u r e  a l so  con ta ins  s idechains w i t h  double bonds present, which again increases t he  resonant energy and 
prov ides  e a s i e r  paths f o r  energy t o  pass i n t o  t h e  r i n g s  and be even ly  d i s t r i b u t e d  around t h e  r i n g .  The 
m a t r i x  s t r u c t u r e s  o f  bo th  G-1OCR and G-11CR are  bisphenol-A epoxy res i ns .  
aromat ic  r i n g s ,  t he  resonance energy i s  n o t  as h i gh  as t h a t  f o r  t h e  po ly im ide  s t r uc tu re .  
con ta in  me ta- d i r ec t i ng  groups, which a re  more s t a b l e  than t he  o r t ho-  and pa ra- d i r ec t i ng  groups found i n  t he  
bisphenol-A s t r u c t u r e .  These e f f e c t s  cou ld  exp la i n  t he  enhanced r a d i a t i o n  res i s t ance  o f  NP-530, e s w c i a l l y  
compared t o  G-1OCR. 

It has been es tab l i shed  t h a t  t he  resonant r i n g  s t r u c t u r e  o f  an aromat ic  i s  more r e s i s t a n t  t o  

Th i s  

While t h i s  s t r u c t u r e  con ta ins  
Also, po ly im ides  
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FIGURE 4. Comparison (gamma, neutrons) of Flexure Strength vs. Total Ionizing Dose 
Absorbed fo r  G - 1 1 C R .  

5.4 Comparison w i t h  Gamma-Irradiation 

A comparison of f a s t  neutron data ( t h i s  work) with gamma-irradiation data3 f o r  flexure s t rength of G - 1 1 C R  
i s  shown in F i g .  4. 
fast  neutron i r rad ia t ion  and gamma i r rad ia t ion .  
which contains approximately 3% boron. 
resul t ing i n  the  reaction 'OR(n,u) 'Li .  
generated (gamma and thermal neutrons) ,  which more closely agrees w i t h  the f a s t  neutron data.  
correction i s  n o t  necessary when boron-free S-glass i s  used as the  f i b e r  reinforcement (Fig. 5 ) .  
comparison o f  f a s t  neutron VS gama-induced degradation i n  damage-resistant mater ia ls ,  such as NP-530, must 
await the resu l t s  of higher dose t e s t s  now in progress. 
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7.0 Future Work 

Work continues on t h i s  project in four areas: continuation of experimental measurements on samples from 
the t h i r d  IPNS i r rad ia t ion ,  corre la t ion of  these resu l t s  with l i t e r a t u r e  resu l t s  f o r  gamma i r rad ia t ions ,  
preparation of model compounds for comparative determination of s t ructural  changes in neutron and gama 

As can be seen, there  i s  a f a i r l y  larqe discreDancy between the  strength curves for 
The f i b e r  reinforcement in G-1lCR is  made from E-glass, 

The isotope 1°B has a large cross section f o r  thermal neutrons 
I f  t h i s  reaction i s  taken into  account, a corrected curve can be 

Such a 
A 

6 .  F. Hurley, J .  0. Fowler, J r . ,  R. Liepins, B .  Jorgenson, and J .  Hannond, "Comparison of Neutron and 

R .  R .  Coltman, J r . ,  and C .  E .  Klabunde, "The Strength of G-1OCR and G - 1 1 C R  Epoxies After I r radia t ion a t  
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