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FOREWORD 

Th i s  r e p o r t  i s  t h e  twen ty- e iqh th  i n  a s e r i e s  o f  Q u a r t e r l y  Techn ica l  Progress Repor ts  on Damaoe A n a l u s i s  
and Fundamental S t u d i e s  ( D A F S ) ,  wh ich  i s  one element of  t h e  Fus ion  Reactor  M a t e r i a l s  Program, conducted 
i n  suppo r t  of  t h e  Magnpt ic  Fus ion  Energy Program of  t h e  U.S. Department o f  Enerqy (DOE). 
r e p o r t s  i n  t h i s  s e r i e s  wer? numbered DOE/ET-0065/1 t h rough  8. 
Program are :  . . Plasma- Mater ia ls  I n t e r a c t i o n  (PMI) . Spec ia l  Purpose M a t e r i a l s  (SPM). 

The f i r s t  e i g h t  
O the r  e lements o f  t h e  Fus ion  M a t e r i a l s  

A l l o y  Uevelopment 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 om  a number of  N a t i o n a l  Labora-  
t o r i e s  and o t h e r  government l a h o r a t o r i e s ,  u n i v e r s i t i e s ,  and i n d u s t r i a l  l a b o r a t o r i e s .  It was o rgan i zed  b y  
t h e  M a t e r i a l s  and R a d i a t i o n  E f fec ts  Branch, DOE/Office o f  Fus ion  Energy, and a Task Group on Damaoe m a l u -  
s i s  and Fundamental S t u d i e s ,  which  opera tes  under t h e  ausp ices  of  t h a t  branch.  The purpose o f  t h i s  s e r i e s  
o f  r e p o r t s  i s  t o  p r o v i d e  a work inq  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 of  t h e  program p a r t i c i p a n t s ,  
t h e  f u s i o n  energy  program i n  genera l ,  and t h e  DOE. 

T h i s  r e p o r t  i s  o rqan i zed  a long  t o p i c a l  l i n e s  i n  p a r a l l e l  t o  a Program P lan  o f  t h e  same t i t l e  s o  t h a t  a c t i v -  
i t i e s  and accomplishments may he 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 .  
g i v e n  l a b o r a t o r y  may appear th roughout  t h e  r e p o r t .  
r i a l s  t o  accommodate work on a t o p i c  n o t  i n c l u d e d  i n  t h e  e a r l y  prooram p l a n .  
f o r  t h e  convenience of  t h e  r eade r .  

T h i s  r e p o r t  has been compi led and e d i t e d  b y  N.  E .  Kenny under t h e  guidance of  t h e  Chairman o f  t h e  Task 
Group on Damaoe A n a l u s i s  and Fundamental Studies, D. G. Doran, Hanford  Eng inee r i nq  Development 
Labo ra to r y  (HEDL) .  T h e i r  e f f o r t s ,  t hose  o f  t h e  s u p p o r t i n g  s t a f f  o f  HEOL, and t h e  many persons who made 
t e c h n i c a l  c o n t r i b u t i o n s  a r e  g r a t e f u l l y  acknowledged. T. C. Reuther,  Fus ion  Techno log ies  Branch, i s  t h e  
DOE c o u n t e r p a r t  t o  t h e  Task Group Chairman and has r e s p o n s i b i l i t y  f o r  t h e  DAFS prograin w i t h i n  DOE. 

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

The Conten ts  i s  anno ta ted  

G. M. Haas, Chief  
Fus ion  Techno log ies  Branch 

O f f i c e  o f  Fus ion  Energy 
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CHAPTER 1 

IRRADIATION TEST FACILITIES 
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- 
C.M. Logan and D. W. Heikkinen 
Lawrence Livemre National Laboratory 

1.0 Obiective 

The objectives of this work are operation of m - 1 1  (a 14-E.leV neutron source facility), mchine 
developrent, and support of the experimtal pr3ram that utilizes this facility. 
include dosimetry, handling, scheduling, coordination, and reporting. 
U.S. and J a w  and is dedicated to wterials research for the fusion power program. 
aid in the developnent of models of high-energy neutrm effects. 
projecting to the fusion environment, engineering data obtained in other spectra. 

Exprimenter services 
KlW-11 is supported jointly by the 

Its primry use is to 
Such models are needed in interpreting and 

Irradiations were performed on 13 different experiments during this quarter. 
completed. 
be transferring frm RTE-I1 in January 1985. 
January 7, 1985. 

The new wterials lab has k e n  
Target vacuum system modifications were begun on the right and left mchines. Clint w a n  will 

The Fifth U.S.-Jap Steering Comnittee meting was held December 13, 1984 in Tokyo, Japan. 
Dale Heikkinen has ken appointed Acting Manager as of 

Title: Kl'NS-I1 operations (WZJ-16)  
Principal Investigator: C. M. Logan 
Affiliation: Lawrence Livernure National Laboratory 

4.0 Relevan t DAFs P r m  -sk/Subtas k 

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

. .  5.0 Irradiation - C. L Lwan. U. W. Heikkinen and M. W. 

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

ExDerimenter P OK A* Samle mdiated 

R. Smither (ANL) A 

D. Heikkinen (LLm)  A 
N. Yoshida (Kyushui P 
H. Matsui (Tohoku) 
K. Abe (Tohoku) 
M. Kiritani (Hokkaidol 
H. Takahashi (Hokkaido) 
S. Ishino (Tokyo) 
A. Kohyan'a (Tokyo) 
K. Miyahara (Tokyo) 
Y. Shhmura (Hiroshim) 
H. Yoshida (Kyoto) 
C. Kinoshita (Kyushu) 
E. Kuranwto (Kyushu) 

H. Matsui (Tohoku) and 
M. Guinan (LLNL) 

P 

M. Kiritani (Hokkaido) 
H. Takahashi (Hokkaido) 
H. Kayano (Tohoku) 
K. Abe (Tohoku) 

AI - the 27~1(n,~n)26~1 cross 
section near threshold 
Nb - dosimtry calibration 
Metals - displacement damage & 
mechanical properties. 
Irradiation at 475OC and 55OoC 

Metals - cascade and 
microstructural damges - low 
taprature experiment 

2 



P or A * S m U r a d i a t e d  

Matsui/Guinan Cont'd. 
A. Kohyam (Tokyo) 
S .  Nanao (Tokyo) 
H. Kdwanishi (Tokyo) 
M. Iseki (Nagoya) 
Y. ShiIwnnura (Hiroshim) 
N. Yoshida (Kyushu) 
E. Kurmto (Kyushu) 

R. Haight (LUG) 

N. Smith (-1 

Ni - Activation for dosimtrv - 
ison 

B ~ ~ ~ 5 S b  - Activation 

N. Yoshida (Kyushu) 

N. Yoshida (Kyushu) 

Y. Shimura (Hiroshima) 

C. Kinoshita (Kyushu) 
K. Shinohara (Kyushu) 
M. Kiritani (Hokkaido) 

T. Iseki (TIT) 
M. Iseki (Nagoya) 
H. Matsui (Nagoya) 
K. Saka (Nagoya) 
S .  Iwmta (Osaka) 
M. Nakagawa (Kyoto) 
K. Futagami (Miyazaki) 

P. Pawlikowski (LLNL) 
G. Coleman (LLNL) 

H. Matsui (Nagoya) 
M. Kiritani (Hokkaido) 

K. Okamura (Tohoku) 

A 

A 

A 

A 

A 

P 

P 

A 
A 

products for calibration of 
detectors 
Cu, Fe & Au - Long term 
rearrangement of cascade defects 
AU, Cu, Ni, Mo and Fe - Observe 
three dimensional structure of an 
individual cascade 
Cu, Au, Ag, Ni and Mo - Structure 
of cascade damage 
Ceramics - Cascade structure and 
their stability 

(n.2.n) CKOSS section 

L i p  - Radiation damage 
AU, Al, Fe, Ni, Cu and SS 
Mechanical properties and 
deformtion structure 

M. - D. W. Helkkmen . .  5.1 - 

The vertical turbo pwnps in the target roo116 are being replaced with Balzer's turbo 
vacuum system modification. 

The left mchine's target controller has been upgraded and now operates under LSI-11 control. 

A new ion source control panel was installed on the right mchine. 

The target differential pwnps have been included on the emrgency pmer system. 

The target chilled water system has undergone extensive maintenance and the bypass system is being upgraded. 

as part of the 

6.0 Jl&ucm& 

Irradiations will be continued for Pawlikowski/Colm (LLNL), D. Heikkinen (LLNL), P. cannon (HEDL), c. 
Snead (BNL)/M. Guinan (LLNL) and R .  Flukiger (Karlsruhe)/M. Guinan (LLNL). 
irradiations for M. Guinan (LLNL), R Berg (LLNL), J. Huang/M. Guinan (LLNL) , R.  Hartman (Northrop), M. 
Nakazawa (Tokyo), S .  Iwasaki (Tohoku) , H. Heinisch (HEDL)/H. Matsui (Tohoku)/N. Yoshida (Kyushu) and E. 
Kuraroto (Kyushu) will be initiated. 

Also during this prid, 

Tne modifications to both neutron source vacuum System and to the target chilled water system will extend 
into the next quarter. 
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SPINEL IRRADIATIOHS IN THE OMEGA WEST - REACTOR 

L .  R .  Greenwood (Arqonne National Laboratory) 

____ 

1.0 Objective 

To characterize neutron i r radia t ion experiments in terms o f  neutron fluence, spectra,  a n d  damage parameters 
(dpa, qas seneration, transmutation). 

2.0 Summary __ 

Dosimetry measurements and damage calcula t ions  have been completed fo r  several short  i r radia t ions  o f  spinel 
in the Omega West Reactor a t  Los Alamos National Laboratory. 
7.R x 1018 nfcm2 producing 3.8 x 108 neutron rads i n  spinel.  
summarized in Table I .  

The longest i r radia t ion had a fluence of 
The s ta tus  of  a l l  other experiments i s  

TABLE I 

STATUS OF DOSIMETRY EXPERIMENTS 

3.0 Program 
~ 

FacilityIExperiment StatusIComments 

ORR - MFE 1 
- MFE 2 

HFIR 

- MFE 4A1 
- MFE 4A2 
- MFE 48 
- TBC 07 
- TRIO-Test 
- TRIO-I 
- H f  Test 
- JP Test 
- CTR 32 
- CTR 31, 34, 35 
- T2. R E 1  
- T1:  CTR 39 
- CTR 40-45 
- CTR 30, 3 6 ,  46 
- RB2, T3 
- CTR 47-56 
- JP 1-8 

- H E D L l  
- HEDL2 

Omega West - Spectral Analysis 

- LANL 1 
E B R  I1 - X287 
IPNS - Soectral Analysis 

- L A N L l  (Hurley) 
- Hurley 
- Coltman 

Completed 12/79 
Completed 06/81 
Completed 12/81 
Completed 11/82 
Completed 04/84 
Completed 07/80 
Completed 07/R2 
Completed 12/R3 
Completed 03/R4 
Samples Sent 06/84 
Completed 04/82 
Completed 04/83 
Completed 09/83 
Completed 01/84 
Completed 09/84 
Samples Received 11/84 
Samples Received 11/84 
I r radia t ions  in Progress 
I r radia t ions  in Progress 
Completed 1O/RO 
Completed 05/81 
Samples Sent 05/83 
Completed 08/84 
Completed 09/81 
Completed 01/82 
Completed 06/82 
Completed 02/83 
Completed 08/63 

T i t l e :  Dosimetry and Damage Analysis 
Principal Investigator:  L .  R .  Greenwood 
Aff i l i a t ion :  Argonne National Laboratory 
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4 . D  - Relevant  9AFS Program P lan  Task/Subtask __ 

T a s k  l l . A . l  F i s s i o n  Reactor Dosimetry 

5.0 Accomplishments and S ta tus  

Dos imet ry  measurements and damage c a l c u l a t i o n s  have been completed f o r  t h r e e  s h o r t  i r r a d i a t i o n s  o f  sp ine l  
f W A l 2 0 4 1  by W i l l i a m  Coghlan (Ar izona S t a t e  U n i v e r s i t y 1  and Frank C l i n a r d  fLos Alamos Na t i ona l  Labo ra to ry )  
u s i n g  t h e  Omega West Reactor  (OWRI a t  LANL. T h i s  r e a c t o r  has been s t u d i e d  p r e v i o u s l y  and measurements i n  
co re  p o s i t i o n  4-F have been r e p o r t e d  e a r l i e r . 1  
r a b b i t  tube near t h e  c e n t e r  of  t he  r e a c t o r  i n  co re  p o s i t i o n  3E. The l o n g e s t  i r r a d i a t i o n  l a s t e d  7.55 hours 
on June 15,  1984, w i t h  an accumulated exposure o f  59.61 MWH. For t h i s  exper iment ,  Fe, N i ,  T i ,  fl.1: Co-A1, 
804 Mn-Cu, and A1 dos imeters  were used. The measured a c t i v a t i o n  r a t e s  a r e  l i s t e d  i n  Table 11. These 
a c t i v i t i e s  were then used t o  a d j u s t  the neut ron  spectrum measured p r e v i o u s l y 1  u s i n q  t h e  STAY'SL computer 
code. The a d j u s t e d  f l u x  and f luence va lues  a r e  l i s t e d  i n  Table Ill. 
compared t o  our p r e v i o u s l y  measured spectrum i n  core  p o s i t i o n  4F.1 
tube i s  c o n s i d e r a b l y  h i g h e r ,  p a r t l y  due t o  l e s s  a t t e n u a t i n g  m a t e r i a l  and p a r t l y  due to an apparent  f l u x  
g r a d i e n t  i n  t h e  r e a c t o r .  

The p r e s e n t  i r r a d i a t i o n s  were conducted i n  t he  h y d r a u l i c  

The spectrum i s  shown i n  F i g .  1 and 
As can be seen, t h e  f l u x  i n  t h e  r a b b i t  

TABLE I 1  

A C T I V A T I O N  RATES I N  THE OMEGA WEST REACTOR 
(Rabb i t  tube - 59.6 MWH - Norm. t o  8 MWI 

Values accu ra te  t o  2% un less  noted.  

React ion  A c t i v a t i o n  Rate 
i atom/atom-s) 

1.38 10-10 

4.46 x 10-9 ( d i l u t e  Col 
5.23 x 10-10 ( ? l o % ]  

3.31 x 10-12 

4.27 x 10-12 

4.58 x 10-13 

7.80 x 10-13 

1.26 10-14 

3.75 10-14 ( t3s,1 

1.02 10-14 

2.40 x 10-14 (5%) 

TABLE Ill 

FLUX AND FLUENCE VALUES FOR THE OMEGA WEST REACTOR 
Rabb i t  tube f l u x  no rma l i zed  t o  8 MW; f l u e n c e  f o r  59.6 MWH 

Energy F1 ux Fluence 
( x  1013 n/cmZ-s) ( x  i n l a  n/crn2) 

To ta l  28.0 7.50 
Thermal i< .5  e v l a  
0.5 eV - 0 .1  MeV 

16.0 
5.61 

4.29 
1.51 

>0.1 MeV 6.35 1.71 

aThe 2200 m/s f l u x  i s  about  25% l ower .  
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\--. OMEGA WEST 8 MW 

NEUTRON ENERGY,MeV 

FIGURE 1. Comparison of  ad jus ted  neu t ron  spec t ra  f o r  t h e  r a b b i t  tube i n  p o s i t i o n  3E ( d o t t e d  l i n e )  and t h e  
furnace i n  p o s i t i o n  4F ( s o l i d  l i n e )  of  t h e  Omega West Reactor .  

Damage parameters  were then c a l c u l a t e d  us ing  t h e  SPECTER2 computer code and t h e  r e s u l t s  a r e  l i s t e d  i n  
Tab le  I V .  I n  t h i s  case we s imp ly  added up t h e  v a r i o u s  components o f  s p i n e l .  T h i s  procedure i s  n o t  r e a l l y  
c o r r e c t  and a d i f f e r e n t  f o r m u l a t i o n  of  secondary d isp lacements  shou ld  be used, as d iscussed by P a r k i n  and 
Cou l t e r . 3  However, s i nce  t h e  elements i n  s p i n e l  a r e  n o t  so w i d e l y  separa ted i n  mass, our  l i n e a r  approx i-  
ma t i on  i s  f a i r l y  good i n  t h e  o resen t  case.  

TABLE I V  

DAMAGE FOR SPINEL (MgA1204) 

M a t e r i a l  Rads DPAa H, apgm He, apyn 
( X  108) ( X  10-3) ( X  i o -  ( x  i o -  1 

- 
Mg 1.67 2.51 1.24 3.24 
A1 4.84 2.19 4.54 0.70 
0 3.65 1.77 0.029 9.67 
Sp ine l  - neut ron  3.76 2.00 1.49 6.19 

gama 136. 
T o t a l  f54Tg 

aSPECTER assumes d isp lacement  energ ies  o f  25, 27, and 30 eV 
f o r  Mg, A l ,  and 0, r e s p e c t i v e l y ;  t h e  same va lues  were a l s o  
assumed f o r  s p i n e l .  

C a l c u l a t i o n s  o f  t h e  t o t a l  dose must a l s o  i n c l u d e  g a m a  heat ing .  
known i n  t h e  OWR and we have assumed a v a l u e  o f  5 W/g, a r a t h e r  h i g h  va lue  compared t o  o t h e r  m a t e r i a l s  
r e a c t o r s .  Us ing  t h i s  va lue ,  t h e  g a m a  dose exceeds the  neut ron  dose, as l i s t e d  i n  Table I V .  

U n f o r t u n a t e l y ,  t h i s  r a t e  i s  n o t  v e r y  w e l l  

Two s h o r t e r  i r r a d i a t i o n s  were a l s o  conducted f o r  2 hours  (15.93 MWH) and 4 hours (31.88 MWH) on J u l y  23, 
1984. 
v i o u s  r u n  as shown i n  Table V. 

I n  these exper iments Only a n i c k e l  dos imet ry  w i r e  was used and t h e  r e s u l t s  were sca led  t o  t h e  p re -  
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TABLE V 

A C T I V I T I E S ,  FLUENCES, AND DAMAGE RATES FOR TYE OMEGA WEST REACTOR 
(Two i r r a d i a t i o n s  i n  t h e  r a b b i t  t u b e  on J u l y  23, 1984) 

Spinel  lMgA120ql 
5 8 ~ i  1n.p) - 

Sample A c t i v i t y  F1 uence >. 1 MeV DPA He, a p y  Rads I N I a  
l x  10-12 a t / a t - s l  ( x  1017 n/cm2) l x  10-3) l x  IO- ) l x  1081 

_. . 

1 14 h r )  3.95 8.46 0.99 3.06 1.86 
2 ( 7  h r l  4.3fi 4.66 0.55 1.69 1.03 
June 15 4.27 17.1 2.00 6.19 3.76 

W i q h  qamma hea t ing  a t  5 W/g w i l l  produce 7.2 x l o 9  r a d s  i n  4 hours and 3.6 x 109 rads  
____ 

i n  2 hours.  
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7 .O F u t u r e  Work 

F u r t h e r  s h o r t  i r r a d i t i o n s  may be conducted i n  the  OWR. 
measurements. 

A paper i s  now b e i n g  d r a f t e d  d e s c r i b i n g  these 

Dosimeters  have been r e c e i v e d  f rom t h e  CTR 30, 36, 46, T3, and RE2 i r r a d i a t i o n s  i n  HFIR and a n a l y s i s  i s  now 
i n  p roqress .  

8 . 0  Pub1 i c a t i o n s  

None. 

8 



UPDATING - OF THE SPECTER RND DOSFILE COMPUTER CODES 

L .  R .  Greenwood (Argonne Na t i ona l  Labo ra to ry )  

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

To s tanda rd i ze  procedures f o r  t h e  c a l c u l a t i o n  of damage parameters and f o r  t h e  r e p o r t i n g  o f  dos ime t r y  and 
damage da ta  v i a  computer codes wh ich  may be e a s i l y  accessed by t h e  f u s i o n  comnunity. 

2.0 Summary 
~ 

The SPECTER and DOSFILE computer codes have been updated on t h e  N a t i o n a l  Magnetic Fus ion Energy Computer. 
Procedures a r e  reviewed f o r  runn ing  these codes. 

3.0 Program 
~ 

T i t l e :  Dos imet ry  and Damaqe Ana lys i s  
P r i n c i p a l  I n v e s t i q a t o r :  L. R. Greenwood 
A f f i l i a t i o n :  Argonne Na t iona l  Labo ra to ry  

4.0 Re levant  DAFS Program Plan Task/Subtask 

Task II.A.6 Dosimet ry  S t a n d a r d i z a t i o n  
Task 11.6.1 C a l c u l a t i o n  of Defec t  P roduc t i on  Cross Sec t i on  

5.0 Accomplishments - and S t a t u s  

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

Two computer codes a re  r e s i d e n t  on t h e  N a t i o n a l  Magnetic Fus ion  Energy Computer (NMFEC) a t  Lawrence L ivermore 
N a t i o n a l  Labo ra to ry .  The purpose of t h i s  s e c t i o n  i s  to r e v i e w  rocedures  whereby anyone w i t h  access to t h e  
CRAY computer can e a s i l y  o b t a i n  and r u n  these codes. SPECTERI.! i s  a comprehensive program f o r  t h e  c a l c u l a -  
t i o n  o f  damage parameters i n c l u d i n g  displacements- per-atom (dpa) ,  gas p r o d u c t i o n  IH, He), t o t a l  dose (Kerma), 
and r e c o i l  atom energy d i s t r i b u t i o n s .  The code c o n t a i n s  master  l i b r a r i e s  o f  damage f u n c t i o n s .  Users need 
o n l y  s p e c i f y  a neu t ron  spectrum and i r r a d i a t i o n  t i m e .  The code w i l l  t h e n  p r o v i d e  spect ra l- averaged damage 
parameters.  

DOSFILE2 i s  a program which reco rds  dos ime t r y  and damage da ta  f r om a l l  f u s i o n  m a t e r i a l s  i r r a d i a t i o n s .  
each i r r a d i a t i o n ,  t h e  f i l e  c o n t a i n s  an i d e n t i f i c a t i o n  and h i s t o r y ,  measured a c t i v i t i e s ,  i n p u t  and o u t p u t  
neu t ron  f l u x  spec t ra  f rom STAY'SL,3 f l u x  and f luence sumnaries, cova r i ance  data ,  and damage c a l c u l a t i o n s  
from SPECTER. 
t h e  t ype  o f  data  des i red.  

For  

Users may s e l e c t  d e s i r e d  i n f o r m a t i o n  u s i n g  a l i s t  o f  key  words f o r  t h e  i r r a d i a t i o n  and f o r  
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5.?  SPECTER 
~ 

Users o f  the  SIMFEC can e a s i l y  o b t a i n  and r u n  t h e  SPECTER computer code. A COSMOS f i l e  has been c r e a t e d  which 
w i l l  o b t a i n  a l l  necessary f i l e s  from FILEM, r u n  t h e  code, and send t h e  o u t p u t  t o  y o u r  hox. The necessary 
f i l e s  can be o b t z i n e d  w i t h  a s imp le  COPY comnand from my p u b l i c  f i l e  d i r e c t o r y  15060.111. ?he COSMOS f i l e  
i s  c a l l e d  CnSPECT. P lease note t h a t  if you d e s i r e  a permanent copy o f  the  code i n  y o u r  space, then  yo i i  must 
r u n  a FlLEM ,job; o t h e r w i s e ,  V O U  w i l l  need t o  recopy t h e  program from my space when you  want t o  r u n  S P E C T E R .  

Once you have ob ta ined  t h e  necessary f i l e s ,  you can i m n e d i a t e l y  r u n  a t e s t  case by s imp ly  t y p i n o :  

cosmos cospec t  s i t e  = x x x  box = yyy 

Th is  cornand w i l l  run a j o b  u s i n g  an i n p u t  f i l e  c a l l e d  S P I N  and an c u t p u t  f i l e  c a l l e d  SPOLIT. To v e r i f y  
p roper  o p e r a t i o n  o f  the  code, you  can compare the  new o u t p u t  w i t h  the o l d  v e r s i o n  o f  SPOUT i n  my d i r e c t o r y .  
P lease note t h a t  the COSMOS f i l e  COSPECT c o n t a i n s  a FILEN command t o  r e t r i e v e  the f i l e s  from fou r  space. If 
you want to  run more than one j o h ,  t h e n  t h i s  comnand i s  n o t  needed. You can e i t h e r  c rea te  a ne'+ Ci)S!.lOS f i l e  
o r  s imp ly  r u n  t h e  j o b  by t y p i n q  XSPECT and then  u s i n g  a NETOUT connand t o  send SPOUT t o  your  b o x .  

I n  o r d e r  t o  r u n  SPECTER, you need o n l y  c r e a t e  a new i n p u t  f i l e  S P I N  p a t t e r n e d  a f t e r  my sample f i l e .  The 
i n p u t  i s ,  as f o l l o w s :  

L i n e  4' D e s c r i p t i o n  
~~ 

1. T i t l e  180 c h a r a c t e r s )  
2. I T Y P ,  I S I G ,  I G P ,  I P K A ,  ACNM, TIME 1412,2F1@.41 

ITYP = 0 n o r m a l l y ;  = 2 i f  i n p u t  from STAY'SL 
ISIG = 0 n o r m a l l y ;  = 1 t o  p r i n t  dpa c r o s s  s e c t i o n s  
I G P  = 0 if qroup d i f f e r e n t i a l  f l u x  

= 1 if t r u e  d i f f e r e n t i a l  f l u x  
= 2 i f  t r u e  group f l u x  

I P K A  = 0 t o  c a l c u l a t e  r e c o i l s  ( P K A I :  = 1 t o  k i l l  
ACNM = 1 n o r m a l l y  ( w i l l  r e n o r m a l i z e  i n p u t )  
T I M E  = i r r a d i a t i o n  t i m e  (seconds1 o r  any d e s i r e d  

n o r m a l i z a t i o n  f a c t o r  
3. NPT ( 1 3 )  = number o f  f l u x - e n e r g y  p o i n t s  
4.  Energ ies (7E10.31 l o w  t o  h i g h  i n  MeV 
5. F luxes  (7E10.3) f l u x  va lues 
6. Covariance m a t r i x  (7E10.3) ( f r o m  STAY'SLI 

Notes:  1. i f  qroup f l u x e s  a r e  s p e c i f i e d ,  then  y o u  must e n t e r  one e x t r a  energy p o i n t  t o  d e f i n e  tne upper 
b i n  l i m i t .  

2. The covar iance  f i l e  i s  s y n n e t r i c  so o n l y  h a l f  o f  the  va lues  need he entered.  Each l i n e  s t a r t s  
w i t h  the  d iagonal  term. 

2 e c o i l  spec t ra  c a l c u l a t i o n s  r e q u i r e  some e x t r a  e x p l a n a t i o n s .  Since the  r e c o i l  f i l e s  I P K A I  a r e  q u i t e  l a r g e ,  
t h e  r o u t i n e  v e r s i o n  of SPECTER o n l y  c o n s i d e r s  the  n e t  r e c o i l  spectrum. However, i t  i s  p o s s i b l e  t o  r u n  
SPECTER so t h a t  r e c o i l  spec t ra  a r e  c a l c u l a t e d  f o r  each t ype  o f  n u c l e a r  r e a c t i o n .  I n  o rder  t o  do t h i s ,  you 
must change the  c a l l  l i n k  s ta tements i n  SPECTER ( l i n e s  25 and 261 t o  s e l e c t  a group o f  subelements f o r  t h e  
c a l c u l a t i o n  and then  recompi le  SPECTER b e f o r e  runn ing .  That i s ,  change f rom PKA and S I G D  t o  W A X  and S I G D X  
where X i s  a number from 1 t o  4 d e s i g n a t i n g  a group o f  subelements ( H  t o  F, Na t o  Ca, T i  to Mo, and Ag t o  
P b l .  T h i s  s i t u a t i o n  i s  somewhat awkward; however, t h e  l a r g e  s i z e  o f  the  r e c o i l  f i l e s  makes i t  p r o h i b i t i v e  
t o  have a l l  of  the  r e c o i l  data i n  a s i n g l e  f i l e .  On the  o t h e r  hand, we b e l i e v e  t h a t  most users  o f  SPECTER 
w i l l  n o t  want  to o b t a i n  r e c o i l  s p e c t r a  I I P K A  = 11 and t h a t  many o f  the  o t h e r s  w i l l  be s a t i s f i e d  4 t h  the 
s tandard  f i l e  PKA w i t h o u t  the  need f o r  examin ing t h e  r e c o i l  c o n t r i b u t i o n s  f rom i n d i v i d u a l  r e a c t i o n s .  P lease 
no te  t h a t  most users  need n o t  make any changes i n  the  codes or procedures.  

5 . 3  DOSFILE 

Procedures f o r  runn ing  t h e  DOSFILE a r e  s i m i l a r  t o  those  f o r  SPECTER. F i r s t ,  copy my p u b l i c  f i l e s  15050.dos 
i n t o  y o u r  space and f i l e  them i f  y o u  d e s i r e  a permanent copy. To r u n  a t e s t  case, s i m p l y  t ype  i n :  



cosmos codos s i t e  = xxx box = yyy 

Th i s  cosmos procedure w i l l  o b t a i n  t h e  f i l e s  f rom FILEM, run  t h e  j o b  u s i n g  my sample i n p u t  D O S I N ,  and send 
t h e  o u t p u t  DOSOUT t o  you r  box. 

To run  y o u r  own joh ,  s imp ly  c r e a t e  a new f i l e  c a l l e d  D O S I N ,  then t ype  the  same cosmos comnand as before .  
P lease note  t h a t  i f  you p lan  t o  run  m u l t i p l e  j o b s ,  then t h e  FILEM commands a r e  n o t  needed i n  codos. The 
i n p u t  f i l e  i s ,  as f o l l o w s :  

L ine  iv D e s c r i p t i o n  
~ __  

1. num (12 )  number o f  names on l i n e  2 
2. names (a5,  l x )  key words f rom Tab le  I 
3. n t p  (12 )  number o f  types  on l i n e  4 
4. types  (a3,  l x )  key words f rom Table I 1  

TABLE I 

IRRADIATIONS CONTAINED IN DOSFILE* 

I r r a d i a t i o n  Key Uord 
_ _ ~  __.__ 
HFIR-CTR31 HFR31 
HFIR-CTR32 
HFIR-CTR34 
HFIR-CTR35 
HFIR-CTR39 
HFIR-CTR40/41 

HFR32 
HFR34 
HFR35 
HFR39 
HFR4O 

HFIR-CTR42/43 HFR4Z 
HFIR-CTR44/45 HFR44 
HFIR-11 
H F I R - T Z  
HFIR-RR1 

HFRTl 
HFRT2 
HFRBl 

I r r a d i a t i o n  

ORR-MFEI 
ORR-MFE2 
ORR-MFE4A1 
ORR-MFE4A2 
ORR-MFE4R1 
ORR-TRIO1 ~~ 

ORR-SPECTRAL 
ORR-TKO7 
ORR- TRIO TEST 
RTNS I 1  30 CM 
TRIGA-VIENNA 

Key Word 

ORMFl 
ORMFZ 
OR4A1 
OR4A2 
ORR4E 
T R I O 1  
ORRLP 
ORRT7 
TRIOT 
RTS30 
TRIGA 

OWR-SPECTRAL OMWSP HFBR-VT15-E HFRR2 
OWK-HEDL1 OMWHl HFBR-VT15-3 HFBR3 
OW%-LANL1 
EBRII-XZ87 

OMWLl CP5-CONVERTER CP5FC 
E8287 IPNS-VTE-REF IPN9C 

- 
% F I R =  High F lux  I s o t o p e  Reactor  (ORNL) 

ORR = Oak Ridge Research Reactor  (ORNL) 
OWR = Omeqa West Reactor  (LANL) 
I P Y S  = I n t e n s e  Pulsed Neut ron  Source (AFIL-E) 
CP5 = Chicago P i l e  5 (ANL-E) 
E B R I I  = Exper imenta l  Breeder Reactor  I 1  fANL-W) 
HFER = H igh F lux  Beam Reactor  (ENL) 
R T N S I I  = R o t a t i n q  Ta rge t  Neutron Source I 1  fLLNL) 

TABLE I 1  

DATA TYPES I N  DOSFILE 

Key Word D e s c r i p t i o n  

i dn i d e n t i f i c a t i o n ,  h i s t o r y ,  g r a d i e n t s ,  r e fe rences  
a c t  measured a c t i v i t i e s ,  u n c e r t a i n t i e s ,  s e l f -  

f l i  i n p u t  f l u x  spectrum (STAY'SL) 
f l o  o u t p u t  f l u x  spectrum (STAY'SL) 
fCV 
fsm 
dam damage parameters Idpa,  He-SPECTER) 

s h i e l d i n g ,  covers 

ou tpu t  f l u x  covar iance m a t r i x  ( s y m n e t r i c )  
summary o f  f l u x  and f l u e n c e  da ta  
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T i l ?  key words i n  Tables I and 11 a re  used t o  s e l e c t  a p a r t i c u l a r  i r r a d i a t i o n  and t ype  of da ta .  
t o  see a l l  e n t r i e s  on the  f i l e ,  then b o t h  l i n e s  2 and 4 can s imp ly  say " a l l " .  

If you want 

The o u t p u t  f i l e  i s  i n tended  t o  be s e l f - e x u l a n a t o r y  w i t h  p l a i n - e n g l i s h  t i t l e s  and re fe rences  t o  pub l i shed  
r e p o r t s .  The a c t i v i t i e s  and f l u x e s  a r e  designed f o r  use w i t h  t he  STAY'SL3 code f o r  s p e c t r a l  ad jus tmen t .  
The s i n o l e  s t r u c t u r e  of  t he  code i s  i n tended  t o  a l l o w  users  t o  e a s i l y  scan t h e  data  f i ? e s .  !Jsinq a t e x t  
e d i t o r ,  more knowledgable use rs  c o u l d  e a s i l y  c o n s t r u c t  spec ia l  f i l e s  f o r  d a t a  c o r r e l a t i o n s .  

5.4 Conc lus ions  

Users o f  t h e  SPECTER and DOSFILE computer codes a r e  urqed t o  c o n t a c t  the au tho r  IFTS 972-fl311) w i t h  any 
comments, suggest ions ,  or problems. 

6.n References 

1. L .  R .  Greenwood, SPECTER: Neutron Damage C a l c u l a t i o n s  f o r  M a t e r i a l s  I r r a d i a t i o n s ,  ANLFPP-TW97, i n  
p ress .  

2 .  L.  R.  Greenwood, J .  Nucl .  Mater. 122, 1011-1016, 1984. 

3 .  F. G.  Perey,  Least-Squares Dosimetry Un fo ld inq :  The Proqram STAY'SL,ORNL/TM-6062 (19771;  P lod l f ie f l  by 

__ 

1. R. Greenwood (19791. 

7 .o F u t u r e  !hrk 

Bo th  t h e  SPECTER and DOSFILE codes w i l l  be r o u t i n e l y  updated a s  new data  becomes a v a i l a b l e .  :he SPECTER code 
has a l s o  been sen t  t o  t h e  Rad ia t i on  S h i e l d i n g  and I n f o r m a t i o n  Center a t  Oak Ridge Mat iona l  Labo ra to ry .  

8.0 Pub1 i c a t i o n s  

See re fe rences  1 arid 2.  
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HELIUM PRODUCTION I N  REACTOR-IRRADIATED COPPER AND TITANIUM, AND EVIDENCE FOR A COPPER THREE-STAGE REACTION 

0. W .  K n e f f ,  B. M. O l i v e r ,  R. P. Skowronski IRockwel l  I n t e r n a t i o n a l ) ,  and L. R. Greenwood (Argonne 
N a t i o n a l  Labo ra to ry )  

1.0 O b j e c t i v e  

The o b j e c t i v e s  o f  t h i s  work a r e  t o  app ly  r a d i o m e t r i c  p l u s  h e l i u m  accumula t ion  neu t ron  dos imet ry  t o  t h e  
measurement o f  neu t ron  f l uences  and energy spec t ra  i n  mixed-spectrum f i s s i o n  r e a c t o r s  u t i l i z e d  f o r  f u s i o n  
m a t e r i a l s  t e s t i n g ,  and t o  measure h e l i u m  g e n e r a t i o n  r a t e s  o f  m a t e r i a l s  i n  t hese  i r r a d i a t i o n  e n v i r o n e n t s .  

2.0 Summary 

Hel ium g e n e r a t i o n  measurements have been performed f o r  Cu and T i  samples i r r a d i a t e d  i n  t h e  H igh  F l u x  Iso- 
topes Reactor  (HFIR) exper iments  CTR31 and CTR32, and i n  t h e  Oak Ridge Research Reac to r  (ORR) exper iment  
MFE2. The r e s u l t s  a r e  w ide l y  d i s c r e p a n t  w i t h  he l i um g e n e r a t i o n  c a l c u l a t i o n s  based on ENDF/B-V c r o s s  sec- 
t i o n  e v a l u a t i o n s .  
i nc reases  n o n l i n e a r l y  w i t h  f luence. These r e s u l t s ,  p l u s  c o r r e l a t e d  d i s c r e p a n c i e s  i n  65Zn r e a c t i o n  r a t e s  
measured f o r  t h e  i r r a d i a t e d  copper samples, suggest t h e  presence of  a thermal neu t ron  th ree- s tage  r e a c t i o n  
p rocess  i n  copper. 
r i a l s  i r r a d i a t e d  t o  h i g h  neu t ron  f l u e n c e s  (>102$ neutron/cmZ). 

The copper samples from t h e  HFIR i r r a d i a t i o n s  c o n t a i n  an excess  o f  h e l i u m  t h a t  

T h i s  i s  expected t o  impact  he i n t e r p r e t a t i o n  of  damage e f f e c t s  i n  copper-based mate- 

3.0 Programs 

T i t l e :  
P r i n c i p a l  I n v e s t i g a t o r s :  
A f f i l i a t i o n :  Rockwel l  I n t e r n a t i o n a l / A r g o n n e  N a t i o n a l  Labo ra to ry  

He l ium Genera t ion  i n  Fus ion  Reactor  M a t e r i a l s l D o s i m e t r y  and Damage A n a l y s i s  
D. W. K n e f f  and H. F a r r a r  IV/L. R. Greenwood 

4.0 Re levan t  OAFS Program P l a n  Task/Subtask 

Task I I .A .1  F i s s i o n  Reactor  Dosimetry 
Task II.A.4 Gas Genera t i on  Rates  
Subtask II.A.5.1 Hel ium Accumula t ion  M o n i t o r  Development 

5.0 Accomplishments and S t a t u s  

He l ium g e n e r a t i o n  measurements have been made f o r  copper and t i t a n i u m  samples i r r a d i a t e d  i n  t h e  mixed- 
spectrum r e a c t o r s  ORR and HFIR, and t h e  r e s u l t s  have been compared with c a l c u l a t i o n s  based on t h e  un fo lded  
r e a c t o r  n e u t r o n  spec t ra  and t h e  ENDF/B-V eva lua ted  n u c l e a r  da ta  f i l e .  These measurements a r e  p a r t  o f  a 
j o i n t  Rockwel l-Argonne Na t i ona l  Labo ra to ry  (ANL) program t o  measure t o t a l  h e l i u m  p r o d u c t i o n  r a t e s  ove r  t h e  
range o f  f i s s i o n  r e a c t o r  neu t ron  spec t ra  and f l u e w e s  used f o r  f u s i o n  m a t e r i a l s  t e s t i n g ,  and t o  use t h e  
r e s u l t s  t o  i n t e g r a l l y  t e s t  h e l i u m  p r o d u c t i o n  c r o s s  s e c t i o n  e v a l u a t i o n s  used i n  damage c a l c u l a t i o n s .  
copper, compar isons of  t h e  he l i um measurements w i t h  c a l c u l a t i o n s ,  and w i t h  r a d i o m e t r i c  c o u n t i n g  data ,  sug- 
g e s t  t h e  presence of  a thermal  neu t ron  th ree- s tage  r e a c t i o n  p rocess  t h a t  produces s i g n i f i c a n t  e x t r a  h e l i u m  
a t  h i g h  neu t ron  f luences.  

Fo r  

5.1 He l ium Measurements 

Most o f  t h e  new copper and t i t a n i u m  r e s u l t s  a r e  f o r  ba re  w i r e  segments from exper iments  ORR-MFE2, HFIR- 
CTR31. and HFIR-CTR32. These measurements ex tend  t h e  expe r imen ta l  r e s u l t s  p r e v i o u s l y  r e p o r t e d  f o r  copper 
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and t i t a n i u m  f rom t h e  f u s i o n  m a t e r i a l s  i r r a d i a t i o n  exper iments  ORR-MFE4AL(l) and EBRII-X287.(2) 
samples were i n c o r p o r a t e d  i n  these i r r a d i a t i o n s  f o r  b o t h  h e l i u m  accumula t ion  and r a d i o m e t r i c  dos imet ry  
measurements. 
performed a t  ANL u s i n g  G e ( L i )  spec t ros  The samples were t h e n  etched, segmented, and analyzed by 
h i g h - s e n s i t i v i t y  gas mass spectrometryCgpY& Rockwell I n t e r n a t i o n a l  f o r  t h e i r  i r r a d i a t i o n - g e n e r a t e d  
he l i um concen t ra t i ons .  
r e p r o d u c i b i l i t y ,  
i n  Column 4 o f  Tab les  1 and 2. 

The 

The samples a r e  l i s t e d  i n  Tab les  1 and 2, r e s p e c t i v e l y .  The a c t i v a t i o n  gamma c o u n t i n g  was 

M u l t i p l e  specimens from each sample l o c a t i o n  were ana lyzed f o r  hel ium, w i t h  good 
The a b s o l u t e  u n c e r t a i n t y  i n  each h e l i u m  a n a l y s i s  was t l - 2 % .  The r e s u l t s  a r e  summarized 

One copper sample f rom each ‘ r r a d i a t i o n ,  and m u l t i p l e  samples o f  t i t a n i u m  from each sample l o c a t i o n ,  were 

environments,  would be expected t o  be p r e s e n t  i n  t h e  t i t a n i u m  samples, as  t i t a n i u m  i s  a good t r i t i u m  
g e t t e r .  The 3He c o n c e n t r a t i o n  i n  each copper sample was found t o  be l e s s  t h a n  0.1 appb 
f r a c t i o n ) ,  w h i l e  t h a t  i n  t h e  t i t a n i u m  samples was found t o  range from 1.6 appb (CTR31 sample T i - 1 )  t o  
600 appb lMFE2 sample T i - 3 ) .  

a l s o  ana lyzed f o r  3He. The 3 He, which can be formed f rom t h e  decay of  t r i t i u m  o f t e n  found i n  r e a c t o r  

atom 

A d d i t i o n a l  h e l i u m  ana lyses  were a l s o  performed on Cu and T i  samples which were i r r a d i a t e d  i n  ORR-MFE4RZ 
w i t h i n  m i n i a t u r e  p l a t i n u m  capsules.  
he l i um r e l e a s e  f rom t h e  samples i n t o  t h e  capsu le  vo id ,  as  desc r i bed  i n  a p r e v i o u s  r e p o r t . ( l T  Those 
r e s u l t s  i n d i c a t e d  a r e l a t i v e l y  l a r g e  (“3.5-631 he l i um r e l e a s e  from t h e  Cu and T i  samples. which was 
assumed t o  be a d i f f u s i o n  e f f e c t .  
encapsu la ted samples, p l u s  t h e  p l a t i n u m  encapsu la t i ng  m a t e r i a l .  These r e s u l t s  i n d i c a t e  t h a t  t h e  h i g h  
he l i um r e l e a s e  measured d u r i n g  shea r ing  was p robab l y  t h e  r e s u l t  of  h i g h  tempera tures  w i t h i n  each capsu le  
d u r i n g  i r r a d i a t i o n ,  produced by poo r  thermal  conduc t i on  between t h e  sample and t h e  capsu le  w a l l .  The 
observed tempera ture  e f f e c t s  were n o t  p r e s e n t  f o r  t h e  unencapsu la ted  samples, and o t h e r  ev idence i n d i c a t e s  
t h a t  t h e  unencapsulated samples d i d  n o t  s u f f e r  measurable h e l i u m  1 0 s  u r i n g  i r r a d i a t i o n .  The p r e l i m i n a r y  

f i n a l  r e s u l t s  a r e  i n c l u d e d  i n  Tab les  1 and 2. The r e s u l t s  f o r  e tched sample segments from t h e  copper 
[Cu-Y4) and t i t a n i u m  (Ti-M5, V51 capsu les  a r e  a l s o  i n c l u d e d .  Note  t h a t  t h e  tempera ture  e f f e c t s  have no 
e f f e c t  on h e l i u m  measurements f o r  an unsheared capsule.  

These capsu les  Were p r e v i o u s l y  e tched and sheared t o  m asure  t h e  

The new measurements were f o r  e tched and unetched segments of  t h e  

he l i um p r o d u c t i o n  measurements f o r  t h e  bare  MFE4A2 Cu and T i  samples ?If were t h e r e f o r e  ad jus ted ,  and t h e  

5.2 

The c a l c u l a t e d  4He c o n c e n t r a t i o n s  f o r  t h e  i r r a d i a t e d  samples a r e  g i v e n  i n  Column 5 o f  Tab les  1 and 2. 
They a r e  based on t h e  un fo lded  n e u t r o n  spec t ra  and t h e  ENDFIB-V c r o s s  s e c t i o n  f i  
have been summarized i n  p r e v i o u s  r e p o r t s  d e x r i b i n g  t h e  i n d i v i d u a l  

Comparisons w i t h  C a l c u l a t i o n s  and Evidence f o r  a Copper Three-Stage R e a c t i o n  

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

Comparisons between t h e  measured and c a l c u l a t e d  h e l i u m  c o n c e n t r a t i o n s  i n  t h e  Cu and T i  samples a r e  g i v e n  
i n  Column 6 of  Tab les  1 and 2, where t h e  c a l c u l a t e d / e x p e r i m e n t a l  (C/E) r a t i o s  a r e  given. Fo r  t i t a n i u m  
(Tab le  2) t h e  r a t i o s  a r e  g e n e r a l l y  cons tan t ,  b u t  about 240% h i g h e r  t h a n  t h e  c a l c u l a t e d  values.  
c a t e s  a need t o  r e v i s e  t h e  ENDFIB-V f i l e s  f o r  he ‘urn g e n e r a t i o n  i n  t i t a n i u m  a t  f i s s i o n  r e a c t o r  n e u t r o n  
ene rg ies ,  a s  p o i n t e d  o u t  i n  p r e v i o u s  r e p o r t s . ( l . 4 1  

T h i s  i n d i -  

Fo r  copper ( T a b l e  1). t h e  C/E va lues  a r e  n o t  cons tan t .  b u t  decrease w i t h  i n c r e a s i n g  f l i i e n c e  a t  h i g h  neu- 
t r o n  f luences.  
i n d i v i d u a l  sample l o c a t i o n s .  as  t a b u l a t e d  i n  Column 7 of  Tab le  1. The he l i um p r o d u c t i o n  r a t e s  appear t o  
be i n c r e a s i n g  r a p i d l y  above a thermal  neu t ron  f l u e n c e  of  about  l o z 2  neutronsicm2. 
observed i n  t h e  ORR samples, which were i r r a d i a t e d  t o  l ower  t o t a l  neu t ron  f luences.  A c o r r e l a t e d  f f e c t  
i s  a l s o  observed i n  t h e  g a m a  c o u n t i n g  o f  t h e  copper samples f o l l o w i n g  i r r a d i a t i o n .  R a d i o a c t i v e  6tZn, 
produced from 63Cu th rough  t h e  thermal  neu t ron  r e a c t i o n  sequence 

T h i s  c a n  be seen by compar ing t h e  CIE r a t i o s  w i t h  t h e  thermal  neu t ron  f l uences  a t  t h e  

T h i s  w a s  n o t  

has been found t o  be s i g n i f i c a n t l y  l e s s  abundant t h a n  expected i n  t h e  h i g h - f l u e n c e  HFIR samples. 

The ev idence f rom t h e  h e l i u m  and r a d i o m e t r i c  measurements of t h e  copper samples suggest  t h a t  t h e  C I E  d i s -  
c repanc ies  a r e  due t o  two  sources. 
he l i um p r o d u c t i o n  i n  a f i s s i o n  r e a c t o r  neu t ron  spectrum by about  35-40%. 
comparisons. 
stage r e a c t i o n  process  w i t h  thermal  neut rons:  

F i r s t ,  t h e  ENDFIB-V c r o s s  s e c t i o n  f i l e s  u n d e r p r e d i c t  t h e  Cu(n,Xa) 
T h i s  i s  obse rvab le  i n  t h e  OUR 

Second, t h e  e x t r a  h e l i u m  produced a t  h i g h  f l uences  appears t o  be due t o  the f a l l o w i n g  t h r e e -  
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TABLE 1 

HELIUM PRODUCTION MEASUREMENTS FOR COPPER IRRADIATED I N  ORR AND HFIR 

4He Concent  r a  t i on 
Core C a l c u l a t e d  Thermal  

C a l c u l a t  d ( C )  Measured F l u e n c e  
E x p e r i m e n t  Sample ( c m l  MeasurPd (appm) b l  (appm) P b )  ( C/E ) ( 1022  n/cm2) 

ORR-MFE2 cu -1  +14.32 1.24 0.80 0.65 0.31 
cu-2 + 7.49 1.52 0.97 0.64 0.38 
cu- 4 + 0.76 1.68 1.06 0 .63  0.44 
cu-3 - 6.16 1.82 1.10 0.61 0.47 

ORR-MFE4A2 cu-Y4 - 3.65 i n n e r  1.97 1.31 0.66 0.47 
cu-5 - 5.40 i n n e r  2.02 1.31 0.65 0.47 

H e i g h t ( a )  

- - 

HFIR-CTR32 

HFIR-CTR31 

cu- 8  - 5.41 o u t e r  2.16 1.38 
cu- 4 -13.82 o u t e r  2.03 1.30 
cu -1  -13.97 i n n e r  1.88 1.22 

cu- 3 + 5.20 5.77 2.90 0.50 1.58 

cu -1  '21.86 6.78 3.30 
cu-3 + 5.20 21.08 5.97 
cu-5 -11.47 14.95 5.33 

0.49 1.91 
0.28 3.19 
0.36 2.57 

( 3 ) D i s t a n c e  above c o r e  m i d p l a n e  
( b ) A t o m i c  p a r t s  p e r  m i l l i o n  
( c ) B a s e d  o n  ENDF/B-V; see Re fs .  4-6. The ORR-MFE2 c a l c u l a t i o n s  (Ref.  4 )  have been a d j u s t e d  f o r  

atom f r a c t i o n )  

g r a d i e n t s  be tween t h e  f u s i o n  m a t e r i a l s  e x p e r i m e n t  l o c a t i o n s  and t h e  h e l i u m  d o s i m e t r y  t ube .  

TABLE 2 

HELIUM PRODUCTION MEASUREMENTS FOR TITANIUM IRRADIATED I N  ORR AND HFIR 

Core 

E x p e r i m e n t  Sample (cm)  
Hei  g h t ( a )  

- 
ORR-MFE2 T i - 1  '14.32 

T i - 2  + 7.49 
T i - 3  - 6.16 

ORR-MFE4A2 Ti -M5 - 3.02 i n n e r  
T i - 5  - 4.22 i n n e r  
T i - 8  - 4.22 o u t e r  
T i - V 5  -12.23 i n n e r  
T i - 4  -12.62 o u t e r  
T i - 1  -12.78 i n n e r  

4He C o n c e n t r a t i o n  
C a l c u l a t e d  

C a l c u l a t  d ( c )  Measured  MeasurPd (appm) b )  (appm) 7 b )  (C/E 1 

0.78 1.95 2.50 
0.94 2.31 2.46 
1.09 2.67 2.44 

1.16 
1.16 
1.23 
1.12 
1.18 
1.13 

2.75 
2.75 
2.94 
2.57 
2.90 
2.71 

2.38 
2.38 
2.40 
2.29 
2.45 
2.40 

HFIR-  CTR32 T i - 3  ' 4.57 2.17 5.28 2.43 

HF I R- CTR3 1 11-1 t21.23 2.52 5.93 2.35 
T i - 3  + 4.57 4.29 10.30 2.40 
T i - 5  -12.10 3.90 8.98 2.30 

( a ) D i s t a n c e  above c o r e  m i d p l a n e  
( b ) A t o r n i c  p a r t s  p e r  m i l l i o n  
(C )Based  o n  ENDFIB-V; see Refs .  4-6. The ORR-NE2 c a l c u l a t i o n s  (Ref.  4 )  have been a d j u s t e d  f o r  

a tom f r a c t i o n )  

g r a d i e n t s  be tween t h e  f u s i o n  m a t e r i a l s  e x p e r i m e n t  l o c a t i o n s  and t h e  h e l i u m  d o s i m e t r y  t ube .  
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I n v e s t i g a t i o n  of  o t h e r  p o s s i b l e  r e a c t i o n  mechanisms, i n c l u d i n g  i m p u r i t y  i n t e r a c t i o n s .  i n d i c a t e s  t h a t  t h i s  
t h ree- s tage  r e a c t i o n  i s  t h e  o n l y  l i k e l y  cand ida te  t o  produce h e l i u m  a t  t h e  observed l e v e l s  a s  a n o n l i n e a r  
f u n c t i o n  o f  neu t ron  f luence.  

Three i r o s s  sec t i ons  r e l e v a n t  t o  t h i s  t h ree- s tage  he l i um p r o d u c t i o n  mechanism a r e  n o t  known: 
dnd t h e  process-compet ing r e a c t i o n s  6 4 ~ u ( n , y 1  and 6 5 ~ n ( n , y 1 .  
t h ree- s tage  r e a c t i o n  sequence, u s i n g  a s e r i e s  of va lues  f o r  t h e  6 4 C u ( n , ~ l  c r o s s  sec t i on ,  show t h a t  a l l  
t h ree  spec t rum- in teg ra ted  c r o s s  s e c t i o n s  can  be d te rm'ned f r om t h e  i r r a d i a t e d  copper  samples. The 
6 4 C u l n , ~ )  c r o s s  s e c t i o n  can be deduced f rom the 6ECu/6$Cu i s o t o p i c  r a t i o s  i n  t h e  i r r a d i a t e d  samples, 
and t h e  o t h e r  two c r o s s  s e c t i o n s  can  t h e n  b de termined f rom t h e  h e l i u m  and g a m a- c o u n t i n g  measurements. 
The i n i t i a l  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  g5Zn(n,m1 c r o s s  s e c t i o n  i s  on t h e  o r d e r  o f  3 barns.  Work i s  
i n  p rog ress  t o  measure t h e  f i n a l  copper  i s o t o p i c  r a t i o s  i n  seve ra l  o f  t h e  i r r a d i a t e d  samples, and t h e  
he l ium and r a d i o m e t r i c  measurements a r e  be ing  extended t o  c o v e r  a d d i t i o n a l  copper samples i r r a d i a t e d  i n  
HFIR exper iments  CTR30 and CTR32. and ORR exper iment  MFE4B. The CTR30 samples w i l l  ex tend t h e  neu t ron  
f l u e n c e  range upwards by ano the r  f a c t o r  of two. 

65Zn ln , s i  
C a l c u l a t i o n s  per fo rmed f o r  t h e  f u l l  

The HFIR r e s u l t s  p resented i n  Tab!e 1 demonstrate t h e  impor tance o f  measur ing t h e  h e l i u m  g e n e r a t i o n  i n  
samples where accu ra te  gas p r o d u c t i o n  da ta  a r e  requ i red .  
a t  h i g h  thermal neu t ron  f l uences  (>loz2 n/cm21 c o u l d  have a s i g n i f i c a n t  impact  on t h e  i n t e r p r e t a t i o n  
o f  damaae e f f e c t s  i n  i r r a d i a t i o n  s t u d i e s  o f  comer- based  m a t e r i a l s .  F o r  examole. i n i t i a l  c a l c u l a t i o n s  

The h e l i u m  produced by t h e  t h ree- s tage  process  

i n d i c a t e  t h a t  t h i  
f l u e n c e  of  b x n/cmz. 

p rocess  w i l l  produce an es t ima ted  50 appm e x t r a  he l i um i n  i o p p e r  a t  a thermal neu t ron  
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F u t u r e  Work 

He l ium measurements, a c t i v a t i o n  measurements, and i s o t o p i c  r a t i o  measurements a r e  i n  p rog ress  f o r  add i -  
t i o n a l  copper  samples i r r a d i a t e d  i n  t h e  mixed-spectrum r e a c t o r s  ORR and HFIR. 
d e r i v e  spec t rum- in teg ra ted  c r o s s  s e c t i o n s  f o r  t hose  r e a c t i o n s  needed t o  q u a n t i f y  t h e  copper  t h r e e - s t a g e  
r e a c t i o n  process.  
f luence i r r a d i a t i o n s ,  

The r e s u l t s  w i l l  be used t o  

These c r o s s  s e c t i o n s  can  t h e n  be used t o  p r e d i c t  h e l i u m  g e n e r a t i o n  i n  copper f o r  h i g h -  

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

None. 
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C R O S S  S E C T I O N S  FOR REDUCED ACTIVATION STUDIES 

F .  M .  Mann (Hanford Eng inee r i ng  Development Labo ra to r y )  

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

To p r o v i d e  nuc lea r  phys i cs  suppor t  f o r  t h e  development o f  reduced a c t i v a t i o n  m a t e r i a l s .  

2 .0  Summary 

A new l i b r a r y  was c rea ted  based on t h e  Eva lua ted  Nuc lear  Data F i l e  (ENDFIB-V), t h e  A c t i v a t i o n  L i b r a r y  
f r om  t h e  Lawrence L i v e r m o r e  N a t i o n a l  Labo ra to r y  (ACTL), on s p e c i a l  e v a l u a t i o n s  f r o m  t h e  Lo8 Alamos 
Na t i ona l  Labora to ry  and t h e  Hanford Eng inee r i ng  Development Labora to ry ,  and f r om sys tema t i cs  c a l c u l a -  
t i o n s .  T h i s  l i b r a r y  c o n t a i n s  r e a c t i o n  c r o s s  s e c t i o n s  f o r  337 i so topes  and f o r  about  6000 r eac t i ons .  P.t 
l e a s t  14  r e a c t i o n s  [ i n c l u d i n g  (n,gamma), (n,Zn), (n,p), and (n,alpha)] a r e  g i v e n  f o r  each i so tope .  
Tab le  1 p rov i des  a summary o f  t h e  r e a c t i o n s  i n c l u d e d  as w e l l  as t h e  source o f  t h e  c ros s  sec t i ons .  

3 .0  P r o g r a m  

T i t l e :  I r r a d i a t i o n  E f f e c t s  A n a l y s i s  
P r i n c i p a l  I n v e s t i g a t o r :  D.G. Doran 
A f f l i a t i o n :  Hanford Eng inee r i ng  Development Labo ra to r y  

4 .0  Re levant  OAFS Program P lan  TasklSubtask 

Not i n  program p lan .  

5 . 0  Accomplishments and S t a t u s  

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

T o  p r e d i c t  t h e  a c ' i v i t y  of proposed f u s i o n  r e  c t o r  m a t e r i a l s ,  c r o s s  s e c t i o n s  f o r  t h e  many d i f f e r e n t  
p o s s i b l e  r e a c t i o n s  a r e  needed. The l ib ra r ies1-?  used i n  t h e  p a s t  have been i ncomp le te  because t h e  number 
of needed r e a c t i o n s  i r  ; e r y  l a r g e .  Not o n l y  a r e  r e a c t i o n s  needed f r om t h e  i so topes  i n i t i a l l y  making up 
t h e  m a t e r i a l ,  b u t  r p i c t i o n s  a r e  a l s o  needed wh ich  l e a d  t o  l o n g - l i v e d  r a d i o a c t i v e  p roduc t s  th rough m u l t i -  
s t e p  processes and wh ich  can burn  o u t  t h e  r a d i o a c t i v e  products.  

5 . 2  I s o t o p e s  I nc l uded  

A l l  t h e  ma jo r  and m i n o r  c o n s t i t u e n t s  o f  t h e  ma jo r  f u s i o n  r e a c t o r  m a t e r i a l s  a r e  inc luded.  I n  a d d i t i o n ,  
a l l  u n s t a b l e  i so topes  w i t h  a h a l f - l i f e  g r e a t e r  t han  5 yea rs  and w i t h  an a tom ic  mass o f  l e s s  t h a n  2 2 0  amu 
a r e  inc luded.  A l l  i s o topes  wh ich  l e a d  t o  such a r a d i o a c t i v e  p roduc t  a r e  a l s o  i n  t h e  l i b r a r y .  F i n a l l y  
i so topes  wh ich  have s h o r t e r  h a l f - l i v e s  b u t  wh ich  a r e  i n  a n u c l i d e  r e g i o n  o f  h i g h  i n t e r e s t  o r  wh ich  wou ld  
a l l o w  a comple te  t r e a t m e n t  of an element were inc luded.  Thus over  90% o f  t h e  s t a b l e  i so topes  a r e  i n c l u d e d  
( o n l y  c e r t a i n  i so topes  o f  Se,  Te, Xe, Dy, and Yb a r e  miss ing) .  F i g u r e  1 shows t h e  i r o n  i s l a n d  o f  t h e  
Char t  o f  t h e  Nuc l i des  as an example o f  t h e  i so tope  coverage. 

18 



Cr 50 5 2 5 3 5 4  -- 
V 49 50 51 

Ti 46 47 48 49 50 

FIGURE 1. The I r o n  I s l a n d  o f  t h e  Char t  o f  t h e  Nuc l i des  Showing t h e  I so topes  Having Cross Sec t i ons  
( t hose  hav ing  a number i n  t h e  box)  and Those Hav ing  Decay Data ( i s o t o p e s  hav ing  a box) .  
The b a r  a t  t h e  bo t tom o f  each box i n d i c a t e s  t h e  h a l f - l i f e  of  t h e  i s o t o p e  (a f u l l  b a r  
i n d i c a t i n g  a s t a b l e  i so tope ,  a p a r t i a l  b a r  on t h e  r i g h t  i n d i c a t i n g  a h a l f - l i f e  g r e a t e r  
t han  1900 years,  a b a r  on t h e  l e f t  i n d i c a t i n g  a h a l f - l i f e  between 5 and 1000 years,  w h i l e  
no b a r  i n d i c a t e s  a h a l f - l i f e  l e s s  t han  5 yea rs ) .  

5.3 Source o f  E v a l u a t i o n s  

Not o n l y  i t  i s  neccesary t h a t  t h e  i so tope  base be complete,  b u t  so a l s o  must  t h e  r e a c t i o n  c o n t e n t  of t h e  
l i b r a r y  be complete.  
MeV , was used  t o  c a  1 c u 1 a t  e (n  ,2 n )  , (n  ,3n ) , (n, p )  , (n  .d) , (n  ,n p )  , (n  , t ) ,( n .nd) , (n, n t  ) , (n .2p], (n  , he - 3 )  , 
(n,alpha),(n,n he-3). and (n,n a lpha)  r eac t i ons .  A l though t h e  code f a i r l y  a c c u r a t e l y  p r e d i c t s  (n,2n) 
r eac t i ons ,  i t  o f t e n  produces c ross  s e c t i o n  va lues  f o r  r e a c t i o n s  i n v o l v i n g  charged p a r t i c l e s  wh ich  a r e  
i n c o r r e c t  by over  a f a c t o r  o f  2. The code a l s o  h s no a b i l i t y  t o  c a l c u l a t e  (n,gamma) c r o s s  sec t i ons ,  an 

t a i n e d  by t h e  Cross S e c t i o n  E v a l u a t i o n  Working Group, was used t o  update t h e  THRESH2 c a l c u l a t i o n s  when- 
ever  poss i b l e .  
d i d  n o t  m e r i t  t h e  e f f o r t ) ,  c oss  s e c t i o n s  f rom t h e  1984 v e r s i o n  of  t h e  Lawrence L i v e r m o r e  N a t i o n a l  

20 MeV, t h e  THRESH2 va lues  were used a f t e r  20 MeV b u t  no rma l i zed  t o  t h e  eva lua ted  l i b r a r y  va lue  a t  2 0  
MeV. I n  a few cases ( f o r  example, i m p o r t a n t  a c t i v a t i o n  r e a c t i o n s  f r om  i r o n  above 20 MeV or r e a c t ' o n s  

by t h e  Hanford Eng inee r i ng  Development Labora to ry .  F i n a l l y  t h e r e  were some c r o s s  s e c t i o n s  [ m a i n l y  
(n,gamma) o r  c r o s s  s e c t i o n s  t o  i s o m e r i c  s t a t e s ]  where no da ta  e x i s t .  Values f o r  these  c r o s s  s e c t i o n s  
were taken from t h e  c ross  s e c t i o n  f o r  t h e  ground s t a t e  (wh i ch  may i n  f a c t  be t h e  c ross  s e c t i o n  f o r  t h e  
ground and i s o m e r i c  s t a t e )  o r  f rom t h e  c r o s s  s e c t i o n  f o r  t h e  same r e a c t i o n  f rom a ne ighbo r i ng  nuc leus  
where an  e v a l u a t i o n  had been done. 

Thus t h e  s y s t e m a t i c s  code THRESH2,4 mod i f i ed  t o  produce c r o s s  s e c t i o n s  t o  40 

i m p o r t a n t  source o f  a c t i v a t i o n .  Thus t h e  ENDFl3-V s (Eva lua ted  Nuc lear  Data F i l e ,  v e r s i o n  5.2) ,  main-  

Laborary  A c t i v a t i o n  L i b r a r y  I (ACTL) were used. 

i n v o l v i n g  t r i t i u m ) ,  s p e c i a l  e v a l u a t i o n s  have been performed by t h e  Los Alamos N a t i o n a l  Labo ra to r y  b o r  

I f  e v a l u a t i o n s  were u n a v a i l a b l e  f r om  ENDFfB ( o r  if t h e  p rocess ing  o f  such c r o s s  s e c t i o n s  

As b o t h  t h e  ENDFfB and ACTL e v a l u a t i o n s  o n l y  e x i s t  t o  

5 . 4  Cross S e c t i o n  L i b r a r y  

Table 1 presents  t h e  con ten t s  of  t h e  r e a c t i o n  c ross  s e c t i o n  l i b r a r y  w i t h  t h e  source of  t h e  c r o s s  s e c t i o n s  
shown. The l i b r a r y  has c r o s s  s e c t i o n s  i n  an ENDFIB-V f i l e  3 fo rmat  ( w i t h  t h e  a d d i t i o n  of a p reced ing  
t i t l e  c a r d )  f o r  neu t ron  ene rg i es  f rom 1.0e-5 eV t o  40 MeV [20 MeV i n  t h e  case o f  (n,gamma)]. The c ross  
s e c t i o n s  a r e  ma in ta i ned  as a s e t  of  Cray f i l e s  on t h e  N a t i o n a l  Magnet ic  Fus ion  Energy Computer Center ' s  
(NMFECC) mass s to rage system. 
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7.0 F u t u r e  Work 

The p o i n t - w i s e  c r o s s  s e c t i o n s  w i l l  be processed i n t o  a 63 g roup  s t r u c t u r e  f o r  use i n  t h e  r e v i s e d  R E A C  
a c t i v a t i o n  code system. 
t h e i r  d e s i g n  o f  reduced a c t i v a t i o n  m a t e r i a l s .  
p o s s i b l y  o t h e r )  conceptua l  des igns  w i l l  be generated and pub l i shed .  

New a c t i v a t i o n  " l i m i t s "  w i l l  t h e n  he c a l c u l a t e d  t o  g u i d e  m a t e r i a l  s c i e n t i s t s  ir. 
A l s o  one group c r o s s  s e c t i o n  va lues  f o r  t h e  STARFIRE (and 

20  



T A B L E  1 

CONTENTS OF HEDL ACTIVATION LIBRARY (OEC. 1Yf 

334 I s o t o p e s  5 9 4 1  Reac t i ons  
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D E T E R M I N A T I O N  OF THE HARDENING RESPONSE I N  THREE SURROGATE MATERIALS USING BALL MICROHARDNESS TECHNIQUES 

G . E .  Lucas, K. Shinoharat ,  G . R .  Odet te  ( U n i v e r s i t y  o f  C a l i f o r n i a ,  Santa Barbara) 

1.0 O b j e c t i v e s  

The o b j e c t i v e  o f  t h i s  e f f o r t  was t o  de termine t h e  v i a b i l i t y  of u s i n g  b a l l  microhardness techn iques t o  
mon i t o r  a harden ing  response i n  t h r e e  hea t  t r e a t a b l e  a l l o y s .  

2 .0  Summary 

The c o n s t i t u t i v e  r e l a t i o n s h i p  o f  t h r e e  hea t  t r e a t a b l e  a l l o y s  was i n v e s t i g a t e d  w i t h  b a l l  microhardness 
techn iques.  The t h r e e  a l l o y s ,  17-4 PH s t a i n l e s s  s t e e l ,  a Cu-Be a l l o y ,  and 13-11-3 T i ,  were h e a t  t r e a t e d  t o  
produce a harden ing  response s i m i l a r  t o  t h a t  e x h i b i t e d  by i r r a d i a t e d  m a t e r i a l .  True s t r e s s - t r u e  p l a s t i c  
s t r a i n  curves  were determined by b o t h  conven t i ona l  t e n s i o n  t e s t s  and b a l l  microhardness t e s t s  conducted a t  
ambient  tempera ture .  The two d a t a  s e t s  showed good agreement, i n d i c a t i n g  t h e  v a l i d i t y  o f  u s i n g  b a l l  m i c r o-  
hardness techn iques t o  de termine t h e  f l o w  p r o p e r t y  changes i n  a g i v e n  m a t e r i a l  s u b j e c t  t o  e n v i r o n m e n t a l l y -  
induced m o d i f i c a t i o n .  

3.0 

T i t l e :  Damage A n a l y s i s  and Fundamental S tud ies  f o r  Fus ion  Reactor  M a t e r i a l s  Development 
P r i n c i p a l  I n v e s t i g a t o r s :  G.R. Odet te  and G.E. Lucas 
A f f i l i a t i o n :  U n i v e r s i t y  o f  C a l i f o r n i a ,  Santa Barbara  

4 .0  Re levant  DAFS Program P lan  Task/Subtask 

Subtask E Mechanical  P r o p e r t i e s  

5 . 0  Accomplishments and S ta tus  

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

Development o f  smal l  specimen t e s t  techn iques i s  an i n t e g r a l  p a r t  o f  t h e  f u s i o n  r e a c t o r  m a t e r i a l s  program, 
s i n c e  neu t ron  i r r a d i a t i o n  volume l i m i t a t i o n s ,  as w e l l  as o t h e r  r e s t r i c t i o n s ,  n e c e s s i t a t e  t h e  use o f  
r e l a t i v e l y  smal l  volume specimens. A c c o r d i n g l y ,  we have been engaged i n  t h e  development of  a number of  
smal l  specimen techn iques, ' -=  one o f  wh ich  i s  b a l l  microhardness t e s t i n g .  Wh i l e  it has been demonstrated 
t h a t  t h i s  t echn ique  can be  used t o  de termine t h e  approx imate  c o n s t i t u t i v e  r e l a t i o n s h i p  f o r  a range of  
m a t e r i a l s ,  i t  was d e s i r a b l e  t o  demonstrate t h a t  changes i n  p r o p e r t i e s  c o u l d  be  determined u s i n g  b a l l  
m ic rohardness ,  s i n c e  p r o p e r t y  changes a r e  o f  fundamental i n t e r e s t  i n  s t u d y i n g  r a d i a t i o n  damage. 
Consequent ly,  t h e  purpose o f  t h i s  s tudy  was t o  demonstrate t h a t  b a l l  microhardness t e s t s  c o u l d  be used t o  
measure t h e  c o n s t i t u t i v e  behav io r  o f  seve ra l  a l l o y s ,  h e a t  t r e a t e d  t o  e f f e c t  changes i n  s t r e n g t h  and 
d u c t i l i t y .  

V i s i t i n g  S c i e n t i s t ,  Department of  Nuc lear  Eng ineer ing ,  Kyushu U n i v e r s i t y  
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5.2 M a t e r i a l s  

We per fo rmed b a l l  microhardness t e s t s  on t h r e e  a l l o y s  wh ich  had been used p r e v i o u s l y  i n  an i n v e s t i g a t i o n  of  
t h e  r e l a t i o n s h i p  between i n d e n t a t i o n  p i l e - u p  geometry and p l a s t i c  f l o w  homogeneity. These a l l o y s  were 
17-4-PH s t a i n l e s s  s t e e l ,  Cu-2 Be (17200 B e r y l l i u m  copper) ,  and a 13 V - 1 1  Cr-3 A1 t i t a n i u m  a l l o y .  Each of  
these a l l o y s  i s  age hardenable,  and we i n v e s t i g a t e d  two c o n d i t i o n s  f o r  each: a r e l a t i v e l y  hard  and s o f t  
c o n d i t i o n .  The hea t  t r ea tmen t  f o r  each i s  g i v e n  i n  Tab le  1. Hence, t h e  "hard"  c o n d i t i o n  f o r  each m a t e r i a l  
was ach ieved by age harden ing.  The " s o f t "  c o n d i t i o n  f o r  Cu-2 Be was ach ieved b y  s o l u t i o n  annea l i ng ,  
whereas f o r  17-4 PH s t a i n l e s s  s t e e l  and 13-11-3 T i  i t  was ach ieved by overag ing .  These hea t  t r ea tmen ts  
were s e l e c t e d  t o  o p t i m i z e  specimen p r e p a r a t i o n  i n  a d d i t i o n  t o  a c h i e v i n g  a d i f f e r e n c e  i n  s t r e n g t h  l e v e l .  To 
a c e r t a i n  e x t e n t ,  t h e  age harden ing  response o f  t h e  Cu-Be a l l o y  c o u l d  be cons idered as analogous t o  a 
r a d i a t i o n  harden ing  response, whereas t h e  ove rag ing  o f  t h e  T i  a l l o y  and t h e  s t a i n l e s s  s t e e l  g i v e s  r i s e  t o  a 
response s i m i l a r  t o  t h a t  e x h i b i t e d  by m a t e r i a l s  d u r i n g  p o s t - i r r a d i a t i o n  annea l ing .  

5 . 3  Exper imenta l  Procedure 

Three t e n s i l e  specimens were f a b r i c a t e d  and t e s t e d  f o r  each specimen. The specimens were 6 . 4  mm d iame te r  x 
50 .8  mm l ong  w i t h  a gage s e c t i o n  3 . 2  mm d iameter  x 25.4 mm l ong .  Specimens o f  t h e  17-4 PH s t a i n l e s s  s t e e l  
and Cu-2 Be were f a b r i c a t e d  p r i o r  t o  hea t  t r ea tmen t .  Specimens o f  t h e  13-11-3 T i  a l l o y  were f a b r i c a t e d  i n  
t h e  so lu t i on- annea led  c o n d i t i o n ,  and ag ing  was per fo rmed subsequent ly.  T h i s  was done t o  ach ieve optimum 
m a c h i n a b i l i t y  d u r i n g  f a b r i c a t i o n .  

The f a b r i c a t e d ,  h e a t  t r e a t e d  specimens were t e s t e d  i n  u n i a x i a l  t e n s i o n  i n  an MTS 810 t e s t i n g  machine, u s i n g  
a c a l i b r a t e d  c l i p  gage extensometer t o  mon i t o r  gage s e c t i o n  d isp lacements .  Tes t s  were per fo rmed a t  ambient  
tempera ture  a t  a cons tan t  d isp lacement  r a t e  o f  ,028 mm/s. True s t r e s s - s t r a i n  curves  were determined f rom 
t h e  l o a d  d isp lacement  da ta .  

F o l l o w i n g  t e n s i l e  t e s t i n g ,  t h e  end sec t i ons  o f  s e l e c t e d  t e n s i l e  specimens were s e c t i o n e d  o f f  and mounted i n  
p h e n o l i c  r e s i n  m e t a l l o g r a p h i c  mounts. The specimens were ground and mechan i ca l l y  p o l i s h e d  t h r o u g h -. 0 5  pm 
A1203. B a l l  microhardness t e s t s  were t hen  performed on each specimen u s i n g  0 .25  mm, 0.76 mm and 1 .52  mm 
d iameter  hardened s t e e l  b a l l s  and loads i n  t h e  range 100 g t o  10 kg. The r e s u l t i n g  d a t a  were conve r ted  t o  
t r u e  s t r e s s - s t r a i n  data.  T e s t  equipment and procedures  a r e  desc r i bed  elsewhere.s 

5.4 Resu l t s  and D i scuss ion  

The t r u e  s t r e s s - s t r a i n  curves  determined f rom t e n s i l e  t e s t s  a r e  compared t o  b a l l  microhardness d a t a  i n  
F igs .  1 -3 .  The smal l  dashed l i n e s  rep resen t  l i n e a r  r e g r e s s i o n  f i t s  t o  t h e  microhardness da ta ;  and t h e  
va lues  of  t h e  work harden ing  exponent,  n = d l o g  o /d  l o g  t ,  determined f o r  b o t h  t h e  t e n s i l e  d a t a  and t h e  
b a l l  microhardness da ta ,  a r e  i n d i c a t e d  on t h e  f i g u r e s .  The microhardness d a t a  a r e  i n  q u i t e  good agreement 
w i t h  t h e  t e n s i l e  da ta .  They c o r r e c t l y  p r e d i c t  t h e  r e l a t i v e  i nc rease  i n  f l ow  s t r e s s  between ha rd  and s o f t  
c o n d i t i o n s ,  and microhardness- der ived p r e d i c t i o n s  o f  t h e  work harden ing  exponent a r e  i n  reasonab le  
agreement w i t h  va lues  d e r i v e d  from t e n s i l e  da ta ,  excep t  f o r  two cases: t h e  ha rd  c o n d i t i o n  o f  17-4 PH 
s t a i n l e s s  s t e e l  and t h e  s o f t  c o n d i t i o n  o f  13-11-3 T i  a l l o y .  I n  a d d i t i o n ,  i t  can be seen t h a t  i n  a lmost  a l l  
cases t h e  microhardness da ta  t e n d  t o  p r e d i c t  va lues  o f  f l ow  s t r e s s  and work harden ing  exponents wh i ch  a r e  
s y s t e m a t i c a l l y  h i g h  r e l a t i v e  t o  t h e  t e n s i l e  da ta .  T h i s  may be a r e s u l t  o f  u s i n g  a va lue  o f  Vmax = PrrJo = 
2.8 i n  o u r  microhardness d a t a  c o r r e l a t i o n  where P m i s  t h e  mean p ressu re  a t  t h e  indenter- spec imen i n t e r f a c e  
and o f  i s  t h e  f l o w  s t r e s s  o f  t h e  m a t e r i a l  when t h e  p l a s t i c  zone below t h e  i n d e n t e r  i s  f u l l y  developed. A 
v a l u e  o f  2 . 8  f o r  V m  has been adopted based on t h e  work o f  Tabor7 on a v a r i e t y  o f  me ta l s ,  b u t  i t  i s  w e l l  
known t h a t  s t r a i n  ra%e e f f e c t s s  and a l l o y  v a r i a t i o n s  can l e a d  t o  smal l  changes i n  V,,,. For  i n s t a n c e ,  i f  
an a l t e r n a t e  va lue  of  Y ,  = 3.0 were used f o r  t h e  m a t e r i a l s  i n v e s t i g a t e d  here  i t  would decrease t h e  v a l u e  
of  t h e  t r u e  s t r e s s  f o r  f i e  da ta  a t  & p  7 .05,  whereas t h e  d a t a  below E,, - .05  would be l e s s  a f f e c t e d .  
Hence, t h e  microhardness d a t a  would f i t  t h e  t e n s i l e  d a t a  b e t t e r ,  and va lues  o f  n e v a l u t e d  f r om t h e  two da ta  
se t s  wou ld  be more s i m i l a r .  To f i n e  t une  t h e  procedure  i t  may be necessary i n  t h e  f u t u r e  t o  c a l i b r a t e  t h e  
microhardness c o r r e l a t i o n ,  and p a r t i c u l a r l y  t h e  va lue  o f  Vmax, a g a i n s t  known c o n s t i t u t i v e  d a t a  p r i o r  t o  
a p p l y i n g  t h e  c o r r e l a t i o n  t o  eva lua te  changes i n  mechanical  p r o p e r t i e s  induced by hea t  t r ea tmen ts  o r  
i r r a d i a t i o n .  

5 . 5  Conc lus ions  

We have per fo rmed b o t h  u n i a x i a l  t e n s i o n  and b a l l  microhardness t e s t s  on t h r e e  a l l o y s  hea t  t r e a t e d  t o  two 
c o n d i t i o n s  o f  r e l a t i v e  hardness. The b a l l  microhardness d a t a  were i n  reasonab le  agreement w i t h  t h e  t e n s i l e  
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da ta ,  i n d i c a t i n g  t h e  v i a b i l i t y  o f  u s i n g  t h e  techn ique  t o  m o n i t o r  changes i n  t h e  c o n s t i t u t i v e  behav io r  o f  a 
m a t e r i a l  as a f u n c t i o n  of  env i ronmenta l  h i s t o r y .  However, t h e  microhardness- based f l ow  s t r e s s  and work 
harden ing exponents tended t o  be s y s t e m a t i c a l l y  h igh .  T h i s  can be r e s o l v e d  by u s i n g  a h i g h e r  va lue  o f  V m a x  
t han  i s  c u r r e n t l y  used i n  t h e  c o r r e l a t i o n  procedure ,  and i t  may be necessary i n  t h e  f u t u r e  t o  de termine t h e  
optimum va lue o f  Yma, fo r  a p a r t i c u l a r  m a t e r i a l  by  a c a l i b r a t i o n  procedure.  
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PREDICTIONS OF FRACTURE TOUGHNESS IN IRRADIATED 4151 316 BASED ON A TENSILE-TOUGHNESS CORRELATION 
M. L. Hamilton, F. A. Garner and W. J. S. Yang (Hanford Engineering Development Laboratory) 

I .o Objective 

The object of this effort is to provide predictive correlations for fracture toughness of irradiated 
materials based on more easily obtained tensile data. 

2 . 0  

Since the microstructural origins of radiation-induced toughness degradation are presumed to be iden- 
tical to those that cause changes in tensile properties, it appears possible to make predictions of resid- 
ual fracture toughness based on changes in the tensile behavior and and the associated microstructural 
evolution of the steel. A model for tensile-toughness correlations is presented which appears to be valid 
for radiation-hardened stainless steels. Tensile data from both ducts and cladding tubes of 20% cold- 
worked AISI 316 irradiated in ERR-I1 are used to make the prediction that sufficient toughness is retained 
in this steel for both fast reactor and fusion reactor applications. 

3.0 Praqram 

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

4.0 Relevant OAFS Program Plan lask/Subtask 

II.C.14 Models of Flow and Fracture Under Irradiation 
II.C.16 Composite Correlation Models and Experiments 

5.0 Status and Accomplishments 

5.1 Introduction 

Radiation-induced reductions in the fracture toughness of structural etals have been cited as a major 
potential limit on the lifetime of the first wall of a fusion reactor.(l,ZT Both the fatigue crack growth 
rate and the mode of failure (leak vs. sudden crack propagation) will depend on the fracture toughness. 
Unfortunately, there is only a rather small amount of published data on the toughness of irradiated metals. 

Since the microstructural origins of toughness degradation are presumed to be identical to those of 
tensile properties, there is hope that predictions o f  toughness reduction can be based on changes in the 
tensile behavior and the associated microstructural evolution of the steel. Current efforts in this 
activity are focused on cold-worked AISI  316 stainless steel, which is currently used i n  U.S. fast reactors 
and is also proposed as a candidate for use in first generation fusion devices. 

which would be applicable to a wide range of irradiation and test environments. 
validate a suitable model. 
a single heat of material in order to avoid heat-to-heat variations in radiation-induced response. 
Finally, some estimate must be made of the possible differences in response that might arise due to dif- 

There are a variety of problems to surmount in the development of a tensile-toughness correlation 
First, one must select and 

Second, sufficient toughness and tensile data must be available, preferably on 
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ferences in neutron flux and spectrum between the environment from which the data were derived and that of 
the fusion device. Since most of the relevant data were derived from fast reactor irradiations, one of 
the primary spectral-related concerns is that of the heliumldpa ratio, which will be much larger in fusion 
devices. 

For A I S 1  316 there i s  a very limited amount of toughness and tensile data derived from the same 
startinq material, and the touqhness data are only available for a narrow range of irradiation tempera- 
tures around 400'C. Although tensile data on the same or closely-related steels are available at other 
irradiation temperatures, they were derived larqely from tests on thin-walled cylindrical tubes repre- 
sentative of that used in fast reactor fuel cladding. 
quite consistent with measurements made on ldrqer flat tensile specimens, it is known that ductility 
values dre generally smaller for tubes.(3) 

properties in 300 series stain1 s steels(3-7F and one correlation for irradiation at 400°C between 
tensile behavior and toughness.787 Advances have also been made in our understanding of the influence 
of helium and other spectrum-related considerations on radiation-induced microstructure and associated 
dimensional changes. 
tensile-toughness correlation applicable to a wider range of irradiation temperature and neutron spectra. 

While strength measurements on tubes are generally 

Recently, there have been a series o f  su cessful correlations between microstructure and tensile 

This paper attempts to extend this record of success and develop a fusion-relevant 

5.2 The Choice of Model 

Wolfer and Jones have provided an a s ssment of the models available to corr la e the toughness and 
tensile properties of irradiated metals.?9? They showed that the model o f  KrafftTi0j was more successful 
than was the model of Hahn and Rosenfield(l1) in predicting reasonable values of fracture toughness for 
20% cold-worked AIS1 316 irradiated in mixed spectrum reactors. 
Hahn-Rosenfield model could not predict the touqhness of 20% cold-worked AIS 
fast reactor hut that it could reproduce the behavior of unirradiated steel .'!12913) 

Huang and Wire also showed that the 
316 irradiated in the E B R - I 1  

Hamilton and coworkers succes fully predicted the behavior of irradiated 20 cold-worked 316 observed 
by Huang using the model of KraffttlO) as modified by Schwalbe and Backfisch.(14f However, the i n p u t  
parameters were modified somewhat i n  that analysis. This twice-modified version of the Krafft model will 
also be employed in this paper. 

The Krafft model considers fracture instability as occurring in small elemental fracture cells lying 
These cells act as coherent ductile ligaments which are the last connecting links along the crack front. 

at the crack front. 
distance ahead of the crack tip. This distance i s  referred to as the process zone size, and is the 
smallest material dimension necessary for a crack propagation element. The choice of the appropriate 
process zone size requires some knowledge of the nature of the fracture surface and the crack nucleation 
sites. 

Instability is visualized to occur when a critical strain develops over a specific 

The modified Krafft correlation is given by 

where: 0 = yield strength 
z: = true fracture strain 

E = Young's modulus 
u = Poisson's ratio 
n = strain hardening exponent 

d* = size of the fracture process zone 

If power-law strain-hardening is assumed, 

where c 0  and so are two arbitrary reference values of the unaxial strain and stress, respectively. 
strain-hardening exponent n can then be obtained from the relationship 

The 

where vu  and cU are the true ultimate stress and true uniform strain. 
ered in this study, n was found to be small, on the order of 0.03. 

I n  the irradiated specimens consid- 
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The values of d* and ef were somewhat vaquely defined in previous studies, and there has been no 
definitive guidance for their selection. 
the total elongation, respectively, were chosen by Hamilton and coworkers. 787 The choice of these con-  
venient and easy-to-measure parameters was defended in terms of both their success and because of the 
extensive radiation-induced hardening that occurs in this steel at temperatures in the range of 370-50OoC. 
The radiation-induced microstructure occurs on a very fine scale within the grains, but the small voids 
and other microstructural components do not appear to act as crack nucleation sites. 
at the grain boundaries could serve as such sites, however. The deformation is characterized by channeling 
of dislocation motion into narrow deformation zones that can span the entire grain. Distortion of 
irradiation-induced voids within these zones leids to local strain estimates of several hundred percent. ('1 
When these zones intersect grain boundaries, particularly near large boundary precipitates, crack nuclea- 
tion is a potential consequence. 
diameter. 

For irradiated austenitic stain1 s steels, the grain size and 

Larger Precipitates 

Thus the process zone size d* was chosen to be the averaqe grain 

The presence of flow localization of this type apparently does not invalidate the use of a fracture 
model which assumes that deformation around the crack tip can be described by the macroscopic deformation 
law for plasticity. 
probably that the extent of the plastic zone (estimated to be G' mm) is much larger than the microscopic 
scale of flow localization. Thus the stress relaxation invoked by this model occurs over a dimension in 
which only the average strain is important. 

The reason why the Krafft model appears to work for highly irradiated metals is 

5.3 The Toughness Data 

Huang and Fish(14) performed tensile tests at 593°C on notched and unnotched specimens made from 
20% cold-worked 316 ducts irradiated at 375-415°C in EBR-I1 to a fluence of 7.8 x loz2 n/cm2 ( E  > 
0.1 MeV). 
irradiated at 375 or 415OC and tested at 593"C, they obtained fracture toughness values ranging from 57.2 
to 67.7 MPa An. 

Bazed on a J-integral analysis of the load-displacement curves from two notched specimens 

Huang and Wire(12) also made measurements on compact tension specimens fabricated from an E B R - I 1  
duct irradiated to fluences of 11.0 to 11.3 x 
377-400OC. The test temp ratures were 20, 232, 427, 538 and 649OC. These results have recently been 
revised slightly by HuangfI3) and are shown in Figure 1 .  

Huang concluded that irradiation of 20% cold-worked A I S I  316 at 400Y leads to a reduction in 

n/cm2 ( E  > 0.1 MeV) at temperatures ranging from 

toughness on the order of u20 MPa fm that is relatively independent of test temperature. 
appears to saturate with neutron fluence and allows adequate remaining toughness for fast reactor 
applications. 

This reduction 

5.4 Test of the Correlation 

As described elsewhere(8) the correlation given in equation 1 was tested using tensile data derived 
from the same duct material as that used by Huang and coworkers t o  derive the toughness data. The 
excellent agreement between tensile-based predictions and measurements is shown in Figure 2. 

While there are no toughness data at an irradiation temperature of 425OC on the duct material, there 
Figure 3 shows that this correlation predicts a sensitivity to irradiation temperature 

Additional data at other temperatures are necessary to confirm this 

are tensile data. 
which is strongest for tensile tests conducted below the irradiation temperature. Since Huang concluded 
that the toughness was adequate for irradiation temperatures near 400°C. it should be more than adequate 
for higher irradiation temperatures. 
conclusion, however. 

5.5 Predictions Using Tube Data 

A wider range of irradiation temperatures 370 650°C) has been explored in the tensile experiments 
conducted on irradiated cladding tubes.(3,15,16f A; shown in Figure 4, tensile data developed from tubes 
show that cold-worked AISI 316 tends to harden at lower irradiation temperatures and soften at higher 
temperatures. 
induced by radiation.74.5) Note in Figure 4 that the yield strength in AIS1 316 tends to saturate at 
relatively low fluence and not change with further irradiation. 
ductility. 
25 displacements per atom (dpa) at most irradiation temperatures. 
with one exception, the tendency of the yield strength to saturate is maintained to fluences as high as 
1.3 x 1023 n cm-2 ( E  > 0.1 MeV) or 65 dpa. 
below 400'C and very high neutron exposures and will be discussed later. 

This b havior has been explained in terms of the behavior of the microstructural components 

A similiar behavior is observed in the 

Hamilton and coworkers showed that, 
Note that with two exceptions the data do not extend beyond 5 x loz2 n cm-2 ( E  > 0.1 meV) or 

This exception involves a subequent softening at temperatures 
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Figure 1: Fracture T u hne s Data for 20% Cold-worked 316 Stainless Steel, by Huang and 
C o ~ o r k e r s . ~ ~ ~ , ~ ~ f  The specimens were irradiated at temperatures and neutron fluences shown. 
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Fiqure 2. Comparison of Tensile-Based Predictions for an Irradiation Te p rature of 379°C with Toughness 
Data (solid symbols) on E B R - I 1  Ducts Irradiated at 375-415"C.785 

Using the tensile data of reference 8 and a grain size (20 urn) appropriate for the tubes, Figure 5 
shows a comparison between predictions of the modified Krafft Model and toughness data. A correction was 
required for the factor of two reduction observed in total ductility of tubes compared to tensile flats. 
Note first that the tube-based prediction at 4 0 4 O C  agrees well with the duct data generated at 377-400°C. 
This provides some additional confidence in the tensile-toughness correlation. 

temperature as suggested earlier in Figure 4. 
also support the earlier conclusion that both the toughness and tensile properties should saturate. 

does not necessarily represent the equilibrium or terminal state, particularly for lower irradiation 
temperatures. 

It also appears from the tube-based predictions that the toughness should increase with irradiation 
Comparison of the data at 3fl-40 dpa with that at 60-65 dpa 

It now appears, however, that the saturation observed in both microstructure and tensile properties 

Figures 6 and 7 show that at 370-405OC the yield strength beqins to fall and the ductility 
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start5 to increase above 1.0 x 10 23 n cm-2 ( E  > 0.1 MeV) or 50 dpa. 
will have an impact on the fracture toughness. 
only slightly or remain roughly the same. 
returns the material to a state of hardness characteristic o f  a higher irradiation temperature. 
increase is not expected to be large, since for small work-hardening coefficients, equation (1) reduces to 

It is obvious that this softening 
It is expected, however, that the toughness will increase 

The tendency to increase should arise from the softening which 
The 

Thus opposing changes in yield strength and ductility tend to cancel each other. 

The origin of the softening does not appear to be related to changes in void, dislocation or Frank 
loop microstructure. 
components remains essentially constant at higher fluence. 
the removal of molybdenum, chromium and silicon from the alloy matrix. 
in large grain boundary "-silicide precipitates. 
of small carbide precipitates which formed early in the irradiation at sizes on the order of 2.0 nm. 
late-term softening is therefore a consquence of reductions in both solute and precipitate hardening Of 
the matrix in both solute-hardening and precipitate hardening of the matrix. 

Microscopy examination shows that the hardening arising from these microstructural 
The softening was found to be a consequence O f  

These elments are slowly segregated 
There is a concurrent dissolution of a fine dispersion 

The 
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Figure 3. Comparison of Toughness Predic i ns for Irradiations on EBR-I1 Ducts Conducted at 379OC (Data 
Band) and 425°C (Data Points).t8? 
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Figure 4. Irradiation-Induced Changes in ield trength of 20% Cold-worked AIS1 316 Cladding Tubes Tested 
at the Irradiation Temperat~re.!;~,~~? 
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Figure 5. Predications of Touqhness of Irradiated AISI 316 using Tensile Data from Fuel Cladding. 
lines denote predictions at 1.2 to 1.3 x 1023 n cm-2 ( E  > 0.1 MeV) or 60 to 6 5  dpa. 
dotted line corresponds to a prediction at 6.0 to 8.0 x 10Z2 or 30 to 40 dpa. 

Solid 
The 

Figure 6. Softening Observed in 20"L Cold-worked AISI 31b at 370-405°C and High Neutron Exposures in 
EBR-11. 

5.6 Discussion 

Based on the tensile-toughness correlation described in this paper it appears that 20% cold-worked 
AISI 316 will have sufficient toughness for fast reactor applications where the irradiation temperature 
lies in the range 380-575°C and the test temperature is below 575OC. 

If we assume that the use of displacements per atom i s  an appropriate exposure parameter for both 
fission and fusion environments, we can expect that toughness losses will saturate in fusion reactor corn- 
ponents before 25 dpa at most irradiation temperatures. The higher level of helium generation character- 
istic of fusion environments is no t  expected to caus 1 rge changes to toughness. Although helium tends 
to disperse the voidage on a finer scale in AISI 3167177 it has been shown that there is e e tially no 
difference in tensile properties below 575°C for irradiations conducted in E B R - I 1  or H F I R . j 3 8 1  The 
latter reactor generates more helium than would be anticipated in fusion environments. 
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Figure 7. Total Elongation of 20% Cold-worked AISI 316 Irradiated at 370-405°C in E8R-11. 

Another conclusion can be drawn from this study. 
AISI 316 tend to saturate at equilibrium levels which 

will develop the same touqhness as that of cold-worked AIS1 316. 

It has been shown that the tensile properties of 
re dependent on irradiation temperature but inde- 

pendent of the thermal-mechanical starting condition.( % Thus we would predict that annealed AISI 316 

5.7 Conclusions 

A modified form of the Krafft model for fracture toughness has been used to predict the toughness of 
AISI 316 for irradiation temperatures between 380-575'C and test temperatures less than or equal to the 
irradiation temperature. 
and to be sufficient for structural use in both fast reactor and fusion environments. 

The residual toughness is expected to saturate at relatively low exposure levels 
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THE INFLUENCE OF COMPOSITION ON MICROSTRUCTURAL EVOLUTION AND MECHANICAL PROPERTIES OF IRRADIATED Fe-Ni-Cr 
TERNARIES 

H. R.  Brager, F. A. Garner and M. L. Hamilton (Hanford Engineering Development Laboratory) 

1 .o Objective 

The object of this effort is to determine the origins of the sensitivity of radiation-induced property 
changes in irradiated metals to environmental and material variables. 

2.0 Summary 

Five simple Fe-Ni-Cr ternary alloys in the lnvar compositional region were irradiated as tensile 
specimens in ERR-I1 at 395, 450 and 550°C to 10.5-12.5 dpa. 
immersion density technique. 
tical specimens were tensile tested at 45OOC. 
tent that was consistent with the results of earlier studies. The compositional dependence of swelling 
arises primarily from the dependence on nickel of both vacancy diffusivity and radiation-induced phase 
decomposition. There is also a small dependence of Frank loop and dislocation evolution on composition. 
Although there was excellent agreement between the measured strength and a prediction based on observed 
microstructure for an alloy containing 25% nickel, an increasing disparity developed between the two for 
alloys with higher nickel levels. 
with the spinodal-like decomposition of the alloy matrix. 

The density changes were measured by an 
Specimens irradiated at 450°C were examined by electron microscopy and iden- 

Swelling exhibited a dependence on nickel and chromium con- 

This disparity is thought t o  be related to the hardening associated 

3.0 Program 

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

4.0 Relevant OAFS Proqram Plan Task/Subtask 

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

5.0 Accomplishments and Status 

5.1 Introduction 

Previous work suggests that, in the temperature range of 40O-65D0C, all simp e F N i  Cr alloys will 

transient regime is rather insensitive to composition at the lower irradiation temperatures, but becomes 
quite sensitive at temperatures above a "break-away'' temperature. 
found to be dependent on composition. 
Fe-35.5Ni-7.5Cr and at about 45% nickel for higher chromium levels. 

swell, after a transient regime, at %l%/dpa during neutron irradiation in EBR-11. I 1927 The duration of the 

This break-away temperature was also 
The longest transient regimes were found to occur for 

The compositional region centered at Fe-35Ni and low chromium levels is often designated the Invar 
region, a reference to the very low or "invariable" coefficient of thermal expansion at relatively low 
temperatures (<150"C). Many other physical properties also exhibit a marked variation with nickel content 
in this region. These anomalies tend t o  disappear as the temperature is raised or as solutes such as 
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chromium are added.(3-5) 
a range of each of these three variables. 

The anomalous behavior also disappears during irradiation.(6s7) This study spans 

It has also been shown that the alloy Fe-35.5Ni-7.5Cr exhibits micro-oscillations of composition 
after neutron irradiation at 600°C. Regions of enhanced nickel and reduced chromium and iron were ppar- 
ated with a period of about 200 nm from regions of depleted nickel and enhanced chromium and iron. !75 A 
similar behavior, but with a period approaching 400 nm, was found in Fe-35.0Ni-7.OCr ion-bombardea at 
6 2 5 ° C . ( 8 )  This decomposition appears to be proceeding toward the development o f  near-stoichiometric zones 
of Fe3Ni and FeNi. e n observed in Fe-Ni alloys during low temperature !<25OCC) 
irradiation, but the FeNi phase is ordered.767 Since a change in lattice parameter accompanies the decorn- 
position, it has been inferred from density change data that micro-oscillation in composition prohablji 
develop over a fairly wide range of composition in the vicinity o f  35% nickel.?1,7) 

A similar behavior has 

This tendency toward a spinodal-like decomposition is believed to compete with another composition- 
dppendent phenomenon, the dependence of the vacanc.y diffusion coefficient on the nickel nd chromium con- 
tent, in determining the compositional dependence of the transient reqime of To complete the 
model, however, the compositional dependence of the dislocation microstructure needs to he obtained. 

Since the ternary compositional reqion around 35% nickel is of current interest for both fundamental 
and applied fusion materials studies, it was decided to explore the compositional sensitivity o f  both void 
and dislocation microstructure in a series of simple ternary alloys. Both microscopy and tensile measure- 
ments were used to assess the nature of the neutron-produced changes in microstructure and matrix 
comoosition. 

5.2 Experimental Details 

Five simple Fe-Ni-Cr ternaries were prepared in the annealed condition (954°C for 15 min. and air- 
cooled) in the form o f  flat tensile specimens. 
experiment in EBR-I1 at 395, 450 and 55OOC to fluences of 2.1-2.5 x 10z2 n 
12.5 dpa. These alloys form a compositional crossroads with Fe-34.5Ni-15.1Cr at the center; the nickel 
content varies from 24.4 to 45.3 wt% and chromium from 7.5 to 21.7 wt%. The exposure level for this 
experiment was chosen to be less than 
determined from earlier experiments. (2! 

Five specimens of each alloy were irradiated in the AD-1 
(E > 0.1 MeV) or 10.5- 

ut near the termination of the transient regime of swelling as 

While immersion density changes were measured on tensile specimens irradiated at the three teinpera- 
tures, microscopy was performed only on the specimens irradiated at 450°C. 
structures at 395°C would be too dense to allow confident quantitative analysis and those at 550°C would 
not contain a sufficient microstructural record at this exposure, particularly for Frank loops. 

It was felt that the vicro- 

The flat tensile specimens were 0.76 mm thick, with a gauge width and length of 1.52 and 20.3 mm, 

A stabilization period of 15 minutes at the test 
respectively. To date only the specimens irradiated at 450OC have been tested. All tensile tests were 
performed at 450°C at a strain rate of 4 x 10-4/sec. 
temperature was allowed prior to each test. Yield strengths were calculated at 0.2% offset. 

5.3 Results 
~ 

The density change data presented in Table I are very consistent with the m r extensive density 
change data obtained earlier from TEM disks irradiated in the AA-VI1 experiment.P2T In both experiments 
swelling tends to increase with increasing chromium and decreasing nickel content for nickel levels <45%. 
Swelling also tends to decline with increasing temperature for nickel levels above 25%.(*) 
solute-modified austenitics, the swelling of simple ternaries appears to be relatively insensitive to 
minor differences in fabrication and irradiation history. 

Unlike 

A s  shown in Table I, some specimens at 450OC exhibited a slight densification even though significant 
voidage was found. 
in lattice parameter associated with a radiation-induced decomposition of the m a t r i ~ . ~ ~ ~ ~ ~  At 450°C the 
microstructure is still too dense, however, to differentiate the micro-oscillations dun to spinodal-like 
decomposition from that of the perturbations associated with various microstructural components. 
tion it is suspected that the oscillation period at 450OC is comparable to the thickness of the foil 

The densification at both 450 and 550OC is thought to be a conseq enc of a contraction 

I n  aadi- 
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TABLE I 
Immersion Density Results for the AD-1 Experiment 

Swelling (%)  
Composition 2.1* 2.5 2.5 

Alloy Wt .% 450'C __ 550°C 395oc ___ __ 
... 
E22 Fe-34.5Ni-li.l('r 0.54 -0.02 
E23 Fe-45.3Ni - I  5 .OCr 0.77 0.17 -0.04 
F37** Fe-35.5Ni-7.iCr (1.18 -0.005 0.13 

*Neutron fluence in units o f  n c m - l  ( E  0.1 ''8.V) 
**Two identical specimens irrarliati~d side-by-sidi'. 

(2.50 nm) and the diameter of the volume sampled by the electron probe (2.30 nm). 
point use energy dispersive x-ray techniques to conclusively establish the presence or absence of spinodal- 
likt- compo%itional oscillations in the specimens irradiated at 450°C. 

Thus, we cannot at this 

I , ' i , ,  ',.tisrinined by microscopy ilorees fairly well with that determined by immersion density. 
f i5 ~ 8 '  + J $ .  ! r /  t ~ q u r .  I 'nd Table I 1  the v o i i l  density falls markedly with nickel content but exhibits only a 
s l i a l I o ! ~  iiiiiiii8iw:l :iI ~ . l i %  Cr in the Fe-35Ni-XCr series. The mean void size at all nickel levels and higher 
chrorniuiii levels 15  n u t  very sensitive to composition. At the low chromium level o f  7 . 5 %  both the void size 
and the density change exhibit a sharp decrease, however. The dislocation density does not vary strongly 
with composition, hut the dislocation density does appear to be increasing more sharply as the nickel level 
falls toward 25%. The largest Frank loop density was also found in the 25% nickel alloy. The lowest loop 
density was observed in the Fe-35Ni alloy series but the difference in loop densities among the various 
alloys is not very large. 
Table 11). 

The mean loop sizes also do not vary substantially with composition (see 

NICKEL, wt% 

Figure 1 :  Compositional dependence of  radiation-induced microstructural components in simple Fe-Ni-Cr 
alloys at 450'C and 12.5 dpa. 



Tab le  I 1  

M i c r o s t r u c t u r a l  Components Induced b y  I r r a d i a t i o n  
a t  45OOC and 2.5 x l o 2 ?  n/cm2 ( E  > 0.1 MeV) 

plloy 

V O I D  CHARACTERISTICS 0 ISLOCATIONS F K A I X  LOLPS 
mean diam. d e n s i t y  s w e l l i n g  d e n s i t y  mean diam. density 

c l - 3  -- nm cm-3 % cm-2 nm 

1.14 x 1'15 Fe-24.5Ni-14.9Cr 35.0 3.9 1014 0.R 6.4 x l O l o  30.0 

Fe-34.5Ni-15.1Cr 42.5 1.3 1014 0.6 3.8 x 1 0 l o  25.0 5 . ;  7014 
> ,: Fe-45.3Ni -15.OCr 40.0 6.5 x l o J 3  0.2 3.5 x 1010 33.0 9 . 5  X ',,J'.. 

_ r  ;.> x 1:,1: Fe-35.5Fli -7.5Cr 25.0 2.4 1014 0.2 4.0 x 1 0 l o  30.5 

Fe-35.1Ni-21.7Cr 40.5 1.9 1014 0.6 4.0 x 1O1O 38.5 5 . 7  x 1014 

Tab le  III and F i g u r e  2 p resen t  t h e  r e s u l t s  of  t h e  t e n s i l e  t e s t s .  Whi le  chromium a c t s  as a s o l u t i o n  
harden ing  aqent  f o r  u n i r r a d i a t e d  Fe-35Ni-XCr a l l o y s ,  t h e r e  i s  l i t t l e  e f f e c t  o f  n i c k e l  i n  t h e  F e - Y t l i - l i C r  
a l l o y s .  
294 517 MPa a l t hough  i t  apppears t o  i nc rease  s l i g h t l y  w i t h  i n c r e a s i n g  n i c k e l  con ten t .  
decreases s u b t a n t i a l l y  w i t h  i r r a d i a t i o n  f o r  a l l  f i v e  a l l o y s .  

The inc rement  o f  y i e l d  s t r e s s  induced b y  r a d i a t i o n  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  compos i t i on  a t  
The d u c t i l i t y  

Tab le  i I I  

T e n s i l e  Uata f o r  Ternary  A l l o y s  i n  t h e  A D- 1  E x p e r i m e n t  

A1 1 o y  
S t r e n g t h  (MPa) E l o n g a t i o n  ( % )  

Un i f o rm  T o t a l  _ _ _ _ _  0.2% Y i e l d  U1 t i mate 

Fe-24.5Ni-14.9Cr 96* 315 31.9 36.0 
373 373 0.3 4.2 

Fe-34.5Ni-15.lCr 90 375 35.8 38.5 
384 422 1.0 1.7 

Fe-45.3Ni-15.OCr 102 397 33.0 35.8 
413 486 8.3 11.4 

Fe-35.5Ni-7.5Cr 62 303 27.7 30.6 
350 512 2.5 5.9 

Fe-35.1Ni-21.7Cr 129 412 35.0 37.5 
418 4,73 7.5 9.8 

*The f i r s t  number i n  each column i s  t h e  v a l u e  f o r  t h e  u n i r r a d i a t e d  a l l o y ,  t h e  second number i s  f o r  t h e  
i r r a d i a t e d  a l l o y .  

5.4 D i scuss ion  

The m i c r o s t r u c t u r a l  da ta  c o n f i r m  t h e  p r e v i o u s l y  observed s e n s i t i v i t y  o f  v o i d  n u c l e a t i o n  t o  n i c k e l  
c o n t e n t  b u t  t h e y  do n o t  i n d i c a t e  a s t r o n g  dependence o f  d i s l o c a t i o n  e v o l u t i o n  on compos i t i on  i n  t h e  I n v a r  
r eg i on .  A l though t h e  compos i t i on  dependence o f  vacanc 
s t r o n g e r  dependence of  v o i d  d e n s i t y  on n i c k e l  con ten t ,  

i f f u s i v i t y  wou ld  l e a d  t o  a p r e d i c t i o n  of  a 
t h e  observed l e s s e r  dependence i s  t hough t  t o  

a r i s e  as a consequence o f  he 
manner d u r i n g  i r r a d i a t i o n .  t7-9P nomalous tendency o f  h i g h  n i c k e l  a l l o y s  t o  decompose i n  a s p i n o d a l - l i k e  

There i s  no i n d i c a t i o n  o f  anomalous behav io r  i n  t h e  s t r e n g t h  d a t a  a t  450°C f o r  t h e  u n i r r a d i a t e d  o r  
i r r a d i a t e d  l n v a r  a l l o y s  u n t i l  one a t t emp ts  t o  c o r r e l a t e  s t r e n g t h  changes w i t h  m i c r o s t r u c t u r a l  changes. 
The c a l c u l a t i o n  o f  s t r e n g t h  changes employs t h e  equa t i on  shown i n  F i g u r e  3, wh ich  was 
s u c c e s s f u l l y  p r e d i c t  s t r e n g t h  changes i n  neu t ron  i r r a d i a t e d  AIS1 316 s t a i n l e s s  steel . (70,11y F i g u r e  3 

r e v i  u s l y  used t o  
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F i g u r e  2: Compos i t iona l  dependence o f  y i e l d  s t r e n g t h  a t  450°C observed i n  f i v e  s imple  Fe-Ni-Cr a l l o y s  f o r  
b o t h  t h e  u n i r r a d i a t e d  and i r r a d i a t e d  c o n d i t i o n s .  

0 

2 > 

A 0  = G G b  IdNd + NFLI’/~ + P ~ ’  lPvdv~1i21 

I I I I I 

I 

F i g u r e  3: D i s p a r i t y  observed between measured and p r e d i c t e d  r a d i a t i o n- i n d u c e d  changes i n  y i e l d  s t r e n g t h .  
G i S  t h e  shear modulus, b t h e  Bu rge r ’ s  vec to r ,  D = 0.2, .E = 1.0, Nd and NFL a r e  t h e  l i n e  l e n g t h s  
o f  d i s l o c a t i o n s  and Frank loops, pV i s  t h e  d e n s i t y  of  v o i d s  and d v  t h e i r  mean d iameter .  

shows t h a t  e x c e l l e n t  agreement w i t h  t h e  expe r imen ta l  va lue  was reached f o r  t h e  Fe-24.4Ni-14.9Cr a l l o y .  
t h e  n i c k e l  l e v e l  increases,  however, t h e  d i f f e r e n c e  between measured and p r e d i c t e d  changes i n  s t r e n g t h  
a l s o  i nc reases .  Whi le  chromium has a r e l a t i v e l y  s t r o n g  e f f e c t  on t h e  s t r e n g t h  of  u n i r r a d i a t e d  a l l o y s ,  i t  
has e s s e n t i a l l y  no e f f e c t  on t h e  magni tude o f  t h e  r a d i a t i o n - i n d u c e d  change i n  s t r e n g t h .  Th i s  behav io r  i s  
o p p o s i t e  t o  t h a t  o f  n i c k e l ,  which has a n e g l i q i b l e  i n f l u e n c e  on u n i r r a d i a t e d  s t r e n g t h .  

A s  

The decrease i n  t h e  p r e d i c t e d  change i n  s t r e n q t h  as t h e  n i c k e l  c o n t e n t  i nc reases  does n o t  a r i s e  from 
a decrease i n  t h e  shear modulus. The shear modulus o f  annealed Fe-15Cr-XNi a l l o y s  a c t u a l l y  i nc reases  %lo% 
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over the range 25 < X < 45% at 450OC for unirradiated alloys.(3) The decrease is a consequence of the 
lower microstructural densities observed at higher nickel levels. 
disparity between the measured and predicted strength at higher.nicke1 levels one must either invoke 3 
large irradiation-induced increase in shear modulus or look for other hardeninq sources. 
of the fully annealed condition is somewhat sensitive to composition, an irradiation-induced increase of 
more than a factor of two would he required for Fe-45Ni-15Cr. 
hardeninq sources, there is no indication that discrete phases of any type form as small precipitates, 
consistent with previous observations. 
arise from the spinodal-like decomposition that we believe to he present. 

In order to account for the increasing 

While the modulus 

This is highly unlikely. As for other 

Therefore the oriqin of the additional hardeninq is postulated to 

The postulated existence o f  spinodal-like micro-oscillations at 450°C is supported by several observa- 
tions. First, there is the segregation-induced densification(7) that was observed even in specimens con- 
taining significant void volume. 
with nickel content and is relatively insensitive to chromium. 
tendency above 25% N i  of in r asing phase decomposition into Fe3Ni and FeNi in Fe-Ni alloys irradiated at 
lower temperatures (<250'c)f67 and the fact that chromium appears to mirror the behavior o f  iron in the 
decomposition process. ( 7,8) 

Second, the hardening contribution attributed to spinodaling increases 
This behavior is consistent with the 

Hardening has been predicted o res It from spinodal decomposition(12) and this prediction has been 
verified in several alloy systems.113914Y The major component of hardening arises from the interaction of 
the strain field of a dislocation with the strain and internal stress fields associated with the spinodal. 
in addition, several other hardening mechanisms may operate in this alloy system. First, if the zones with 
composition near FeNi were ever partially ordered, they would offer additi nal resistance to the movement 
of dislocations and the associated disorder such movement would create.(15? Second, those regions th t are 
depleted in nickel and enriched in chromium will have a substantially lower stacking fault energy.(l6? 
This will lead to larger distances between partial dislocations and qreater resistance to both cross-slip 
and cuttino of forest dislocations. 

5.5 Conclusions 

When simple Fe-Ni-Cr alloys in the Invar region are irradiated at 45O0C, one observes a dependence of 
microstructural development on composition that i s  associated primarily with the compositional deDendence 
o f  void nucleation and the tendency for phase decomposition to occur at increasinq nickel levels. The 
evolution of Frank loop and dislocation microstructures is also affected by composition but the 
differences, however, are not very large. 

The predicted changes in yield strength arising from the radiation-induced microstructure and its 
dependence on composition diverge strongly from the observed chanqes in strength as the nickel Content 
increases above 25%. The level of chromium does not appear to affect the magnitude of the disparity. 
Based on radiation-induced spinodal-like micro-oscillations observed at higher temperatures and the asso- 
ciated lattice contractions observed at both lower and higher temperatures, it i s  deduced that micro- 
oscillations in composition also occur at 450°C hut on a scale near experimental resolution using energy 
dispersive x-ray analysis. In agreement with theoretical predictions, these oscillations appear to lead 
to additional resistance to dislocation motion that increases with nickel content. 
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7.0 Future Work 

Tensile tests will be initiated on specimens irradiated at 395 and 550°C. A theory nf radiation- 
induced spinodal decomposition will be developed. 

8.0 Publications 

This report will be published by the Journal of Nuclear Materials in the Proceedings of the First 
International Conference on Fusion Reactor Materials, Tokyo Japan (December 3-6, 1984). 
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CHAPTER 5 
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48 



UEPTII-LIEPENDENT SWELLING IN 14-MeV ION-IRRADIATEU P7 ALLOY 

R.L. S inde la r ,  S . J .  Z i n k l e  and G . L .  K u l c i n s k i  ( U n i v e r s i t y  o f  Wiscons in)  

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 t ie  t rends  i n  s w e l l i n g  r a t e s  i n  i o n - i r r a d i a t e d  316- type s t a i n l e s s  s t e e l s  i n  the h i y h  dose 
regimes and compare the i o n - i r r a d i a t i o n  r e s u l t s  w i t h  i n t r i n s i c  s w e l l i n g  r a t e s  c h a r a c t e r i s t i c  o f  f a s t  n e u t r o n  
i r r a d i a t i o n  r e s u l t s .  

2 .o Sumniary __ 

The P7 a l l o y ,  a l o w- i m p u r i t y  s ing le- phase a u s t e n i t i c  a l l o y  c o n t a i n i n g  major  a l l o y i n g  e lements  i n  Q u a n t i t i e s  
close  t o  the AIS1 316 SS c l a s s i f i c a t i o n ,  was i r r a d i a t e d  w i t h  14-PleV N i  i o n s .  Samples were i r r a d i a t e d  t o  

f o u r  f l uence  l e v e l s  w i t h  peak damage r a t e s  o f  4 x l o e 3  dDa/s ( K  = 0.8) a t  650'C. Damaqe l e v e l s  t o  100 dva 
were a t t a i n e d  w i t h  TEfI-determined v o i d  s w e l l i n g  i n  excess o f  30%. 
pared t o  the - l%/dpa  p o s t - t r a n s i e n t  f a s t  neut ron r a t e .  

S w e l l i n g  r a t e s  were-determined and com- 

3 .0 Program 
~ 

T i t l e :  R a d i a t i o n  E f f e c t s  t o  Reactor M a t e r i a l s  
P r i n c i p l e  I n v e s t i g a t o r s :  t i . L .  K u l c i n s k i  and R . A .  Uodd 
A f f i l i a t i o n :  U n i v e r s i t y  o f  Ili sconsin-Madison 

4 .o Re levan t  UAFS Program TaskiSubtask 

Subtask I I . B . 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 Damaye S ta te ;  S tud ies  o f  Me ta l s  
Subtask I I .C.1.2 :  [ ' lodel ing and A n a l y s i s  of  E f fec ts  of M a t e r i a l  Parameters on M i c r o s t r u c t u r e  

5 . 0  Accomplishments and S ta tus  

5 . 1  Exper imenta l  

The compos i t i on  o f  the P l  a l l o y  used i n  t h i s  s tudy i s  g i v e n  i n  Table  1 . ( l 1  The a l l o y  i s  termed a "pu re  316" 
due t o  i t s  low l e v e l  o f  carbon and r e s i d u a l  elements. However, t h i s  a l l o y  c o n t a i n s  oxygen a t  m a t r i x  sa tu ra-  
t i o n  l e v e l s .  A r e c e n t  study a t t r i b u t e s  the r a p i d  t a k e o f f  i n  the i r r a d i a t i o n  s w e l l i n g  response o f  t h i s  a l l o y  

t o  the e f f e c t  o f  oxygen on the su r face  energy o f  v o i d  n u c l e i  when i t  i s  chemisorbed on t h e i r  s u r f a c e s . ( l )  

I r r a d i a t i o n s  were per formed a t  t h e  U n i v e r s i t y  o f  l l i s c o n s i n  Heavy- Ion I r r a d i a t i o n  F a c i l i t y  u s i n g  14-MeV N i 3 +  
i o n s .  
t a r g e t s .  
r a t e  r e s u l t s  ( % i d p a l  t o  those of n e u t r o n - i r r a d i a t e d  316 SS.  
seve ra l  groups i n d i c a t e  t h a t  K = 0.3 may be a more accura te  measure o f  t t ie d isp lacement  e f f i c i e n c y  f o r  b o t h  

f a s t  neu t ron  as w e l l  as h igh  enerqy heavy- ion i r r a d i a t i o n s  of f cc   metal^(*^^) and f u r t h e r  i n v e s t i g a t i o n  o f  
t h i s  t o p i c  i s  warrented.  

F i g u r e  1 shows the depth-dependent d isp lacement  damage f o r  14-MeV N i  i o n s  on 316- type s t a i n l e s s  s t e e l  
A disp lacement  e f f i c i e n c y  va lue of K = 0.8 was used i n  t h i s  s tudy  so as t o  compare the s w e l l i n g  

However, r e c e n t  damage e f f i c i e n c y  s t u d i e s  by 
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Diaplacrnent Damage and Implanted Ion Concentratlon 
versus the incident Ion Range 

FIGURE 1. 

Depth .microns 

IDaniage i d p a i  v s .  d i s t ance  f rom the i r r a d i a t e d  su r f ace  c a l c u l a t e d  u s i n g  the  B r i c e  code 
damage e f f i c i e n c y  i K )  used i s  0.8. E d  = 40 eV. 

TABLE 1 

COllPOSITIOl4 OF P 7  ALLOY i w t . % i  

C r  I1 i 110 I1 n 
~ ~ ~ ~ 

17 16.7 2 . 5  0.03 

P S T i  0 __ ~ ~ ~ 

. - 0 .01  0.03 

dpa a t  1 m 

2.3  

S i  C 

0 . 1  0.005 

~ ~ 

W Fe 

0.068 Gal. 

~ ~ 

TABLE 2 

14-I.leV N i - I O N  O N  P7 IRKAIJIATION PARAr.iETERS FOR 
UISPLACEl4ENT EFFICIENCY K = 0.8, E d  = 40 eV, Tirr = 650°C 

Peak dpa 

10 

Fluence ( ions /cm2i  

0.8 x 1016 

The 

10 40 3 .3  x 1016 

25 100 8 .3  x 1016 

1 7 *  68” 5 . 6  x 

*Damage r a t e  a t  1 um f rom su r f ace  i s  1.6 x dpa i s ,  a t  t h e  peak i t  i s  6.4 x dpa l s ;  the  o t h e r  samples 

were i r r a d i a t e d  a t  0.8 x dpa i s  a t  l m  and 3 .2  x dpa is  a t  the  peak damage r e g i o n .  

The i r r a d i a t i o n  parameters used i n  t h i s  s tudy a r e  con ta i ned  i n  Tab le  2.  P o s t - i r r a d i a t i o n  specimens were 

c ross- sec t ionedi4 )  t o  a l l o w  TEll a n a l y s i s  over the  e n t i r e  damage range (see F i g u r e  1 ) .  
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FIGU 

- 
650 'C I ' P  

1- INTERFACE 
IRE 2 .  14-MeV N i  i o n - i r r a d i a t e d  P7 t o  peak doses of 10, 40, 100 dpa f o r  0.8, 3.3 and 8. 

ions/cm-2 r e s p e c t i v e l y .  

3 x 1016 

5.2 R e s u l t s  - 

F i g u r e  2 shows the  low c o n t r a s t  micrographs which h ighl ib . . .  .,,. abIUI..YIF 1 ( 1  low, i n t e r m e d i a t e ,  and 
h i g h  f luence P7 samples. 

i n t e r m e d i a t e  f l u e n c e  samples i s  g iven  elsewhere.( ' )  The graphs i n  F i g u r e  3 d i s p l a y  the  depth-dependent v o i d  
parameters ob ta ined  from these samples. 

A mechanism d e s c r i b i n g  the  e v o l u t i o n  o f  t h e  v o i d  d i s t r i b u t i o n s  i n  the  l o w  and  
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F IL I IRE 3 .  v o i d  parameters f o r  the h i g h  f luence P7 sample. 

r ~ i l j l i r e  4 d i s p l a y s  the s w e l l i n g  vs.  dpa r e s u l t s  f o r  14-tYeY N i  i o n  i r r a d i a t e d  P7. The da ta  were taken f rom 
tne 1 xi depth as w e l l  as  the s w e l l i n g  peaks o f  F i g u r e  3. 
the peak. d isp iacement  damage l e v e l  as i n d i c a t e d  i n  F i g u r e  1. T h i s  i s  chosen even though the  p h y s i c a l  l o c a-  
t i o n  of the peak s w e l l i n g  ( i n  r e l a t i o n  t o  the f r o n t  su r face)  occurs deeper than the  2.2 urn l e v e l  a s s o c i a t e d  
u j i t n  v o i d- f r e e  m a t e r i a l .  
urn dc1)fh as w e l l  as  da ta  from the  s w e l l i n g  peak. 

The peak s w e l l i n g  va lue  was assumed t o  occur  a t  

I t  i s  seen t h a t  the  s w e l l i n g  r a t e  approaches 0.4'bldpa when u s i n g  d a t a  f rom the 1 

5 . 3  D i s c u s s i o n  

Prev ious  i r r a d i a t i o n s  of  P l  w i t h  5 MeV lii i o n s ( 6 )  used s tep  h e i g h t  techniquesi7 ) t o  determine i r r a d i a t i o n -  
induced s w e l l i n g  i n  P 7 .  

dose regime of  25 t o  300 dpa f o r  t h i s  a l l o y .  I r r a d i a t i o n s  w i t h  4 !:eV have shown a s i m i l a r  

R e s u l t s  of those s t u d i e s  showed t h a t  d 0.2-0.4Xldpa s w e l l i n g  r a t e  occurs  over  a 
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s w e l l i n g  response when the  data i s  e x t r a c t e d  from TEll  specimens. These r a t e s  a re  a f a c t o r  o f  2 t o  3 l o w e r  

thdn the f a s t  neut ron  s w e l l i n g  r a t e s  which Garner has shown t o  approach i/ l%/dpa!") T h i s  r a t e  appears t o  

be on l y  a f u n c t i o n  of t he  c r y s t a l  s t r u c t u r e . ( 1 2 )  
s w e l l i n y  r a t e  i s  i n s e n s i t i v e  t o  the  o r i g i n a l  m i c r o s t r u c t u r e  as w e l l  as  i r r a d i a t i o n  parameters o f  tempera- 

t u r e ,  gas con ten t ,  e t c . ( l o )  I n  a d i r e c t  coinparison between neut ron  and heavy- ion damage i n  P 7 ,  F a r r e l l  and 

PaCkan( ' l )  observed peak s w e l l i n g  l e v e l s  i n  i o n - i r r a d i a t e d  samples t o  be 113 t h a t  f o r  neut ron( " )  i r r a d i a t e d  
samples which agrees w i t h  t he  r e s u l t s  of t h i s  study.  

Recent s t u d i e s  show the  p o s t - t r a n s i e n t  f a s t  neut ron  

Severa l  p o s s i b l e  mechanisms m y  account f o r  t he  s w e l l i n g - r a t e  d isc repancy  of  heavy- ion da ta  when compared 
w i t h  f a s t  neut ron  da ta .  These mechanisms i n c l u d e :  1 )  f o i l  sur face  e f f e c t s  on v o i d  s w e l l i n g  i n  i o n -  
i r r a d i a t i o n  exper iments ,  2)  i n j e c t e d  i n t e r s t i t i a l  e f f e c t s  f rom the  bombarding ion  spec ies ,  3) damage e f f i -  
c iency  d i f f e rences  i n  ion- induced de fec t  p roduc t i on  and f a s t  neut ron- induced d e f e c t  p r o d u c t i o n  a t  h i g h  tem- 
pe ra tu res ,  4) decreased damage energy d e p o s i t i o n  a t  the  peak s w e l l i n g  depth i n  i o n - i r r a d i a t i o n  exper iments  
( v o i d  s t r a g g l i n g  e f f e c t s ) ,  5 )  d i f f u s i o n a l  spread ing  o f  p o i n t  d e f e c t s  away from the  peak s w e l l i n g  depth ,  
6) a n i s o t r o p i c  s t r esses  a long the  i o n  range and, 7 )  damage r a t e  e f f e c t s  on s w e l l i n g  r a t e .  

HVEM s t u d i e s  by Garner and Thonas(13) have shown t h a t  a vo id- f ree  zone - 0.6 WI e x i s t s  a t  650°C i n  316 SS.  
Therefore,  da ta  was e x t r a c t e d  a t  depths > 1 urn i n  t h i s  study t o  p rec lude  surface e f f e c t s .  

A r e c e n t  s tudy(14)  has shown t h a t  t he  e f f e c t s  of  i n j e c t e d  i n t e r s t i t i a l s  on t he  suppression of the  c a v i t y  
d e n s i t y  i s  temperature dependent. I t  was determined t h a t  i n j e c t e d  i n t e r s t i t i a l 8  from i o n  i r r a d i a t i o n  o n l v  
caused a l a r g e  suppress ion  i n  v o i d  d e n s i t y  i n  P7 f o r  i r r a d i a t i o n  temperatures a t  o r  below 5OO"C, b u t  t he re  
were no suppression e f f e c t s  a t  650°C. 

Odette,  e t  a l . ( 1 5 )  have i n v e s t i g a t e d  the  manner i n  which vo ids  a f f e c t  t he  range and the  energy d e p o s i t i o n  of  
e n e r g e t i c  charged p a r t i c l e s  i n  meta ls .  The presence o f  vo ids  i n  m a t e r i a l  under i o n - i r r a d i a t i o n  a c t s  t o  
a l t e r  t he  depos i t ed  damage energy from the  vo id- f ree  va lue  by severa l  processes.  F i r s t ,  s imp le  mass d e n s i t y  
c o r r e c t i o n s  show t h a t  the  depos i ted  energy peak w i l l  " s h i f t "  t o  g r e a t e r  depths f rom the  sur face  o f  t he  tar- 
g e t  w i t h  i n c r e a s i n g  amounts of swe l l i ng .  
w i t h  s w e l l i n g  s imp ly  due t o  the  absence of  m a t e r i a l  i n  which t o  d e p o s i t  t he  energy.  
do n o t  change t he  dpd va lue  a t  a g iven  mass depth. The " s h i f t "  o f  t he  depos i t ed  energy peak e f f e c t i v e l y  

I n  a d d i t i o n ,  the  damage energy a t  any g i ven  depth  w i l l  decrease 
These e f f e c t s ,  however, 
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FIGUI<E 5. Uepth-dependent s w e l l i n g  P I  a l l o y  as a f u n c t i o n  o f  i o n  f l u e n c e  (see t e x t ) .  
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s h i f t s  the  s w e l l i n g  peak t o  g r e a t e r  depths f rom the  su r f ace  w i t h  i n c r e a s i n g  f luence,  as can be seen i n  
F i g u r e  5 .  

I n  a d d i t i o n  t u  M S S  d e n s i t y  c o r r e c t i o n s ,  the  i n t e r a c t i o n  of t he  bombarding p a r t i c l e s  w i t h  v o i d s  c r e a t e s  a 
s t a t i s t i c a l  f l u c t u a t i o n  i n  the  range o f  these p a r t i c l e s  which Odet te  terms " v o i d- s t r a g g l i n g " .  The v o i d  
n i c r o s t r u c t u r e  p resen t  i n  t he  h i gh  f l u e n c e  samples i n  t h i s  study would be s u b j e c t  t o  " v o i d - s t r a g g l i n g "  
e f f e c t s  c o r r e c t i o n s .  Simple c a l c u l a t i o n s  show t h a t  a 20% decrease i n  t he  peak damage l e v e l  o f  the  h igh-  
f luence sample due t o  " v o i d - s t r a g g l i n g "  e f f e c t s  would be s u f f i c i e n t  t o  cause the  t r u e  s w e l l i n g  r a t e  i n  t h i s  
study t o  i nc rease  t o  - l%/dpa .  F u r t h e r  c o n s i d e r a t i o n s  of  t h i s  p o i n t  and the  rema in ing  p o i n t s  a re  c u r r e n t l y  
underway. 

5.4 Conc lus ions  

Cross- sect ion  examinat ion  o f  14 MeV N i  i o n - i r r a d i a t e d  P7 has y i e l d e d  a s w e l l i n g  r a t e  o f  0.3-0.4%/opa a t  b o t h  
the  lun and peak s w e l l i n g  depths.  Both su r f ace  e f f e c t s  and i n j e c t e d  i n t e r s t i t i a l  e f f e c t s  a re  n o t  cons idered 
t o  be r e s p o n s i b l e  f o r  the  d isc repancy  w i t h  the  l% /dpa  f as t- neu t ron  s w e l l i n g  r a t e .  
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THE R O L E  OF PHOSPHORUS I N  THE SWELLING AND CREEP O F  IRRADIATED AUSTENITIC ALLOYS 

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

1 .n Objective 

The object of this effort is to determine the mechanisms b y  which changes in dimensions and mechanical 
properties occur in metals durinq neutron irradiation. 

7.0  Summary __ 

Phosphorus is much more effective than other solutes in suppressing swelling and irradiation creep of 
austenitic alloys because it increases the vihrat.iona1 frequency and diffusivity of matrix solvent atoms 
and it also increases the equilibrium vacancy concentration by orders of magnitude. It accomplishes t.he 
latter by strongly reducing the vacancy formation energy. 
reduce the vacancy supersaturation during irradiation, leading to a temporary reduction in void nucleation 
rate and an extension of the transient regime of swelling. 
proportional to swelling i s  also reduced. 

The combined effect of both mechanisms i s  to 

The component of irradiation creep that i s  

3.0 P r o q r t  

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

4.0 Relevant OAFS Proqram Plan Task/Subtask 

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

5.0 Accomplishments and Status 

5.1 Introduction 

Solutes such as carbon, silicon, nitrogen, titanium, phosphorus and others are known to influence the 
radiation-induced swelling and creep of austenitic alloys. 
one of the most effective solutes in reducing creep and swelling, particularly at relatively low radiation 
exposure levels. Figure 1 demonstrates this point, showing that the irradiation creep strain in AISI 316 
measured at 4 5 O O C  and 23 dpa in a series of nominally identical pressurized tubes is more sensitive to 
phosphorus than several other common solutes.(l) The strains of companion unpressurized tubes indicate 
that the stress-free swelling levels associated with the creep data in the phosphorus alloy series are 
0.68, 0. 2 and 0.005%. Since phase changes in irradiated AIS1 316 contribute volume strains on the order 

a total suppression of swelling at 73 dpa and 45OOC in AIS1 316 hy phosphorus levels above 0.01 wt.%. A 
strong suppression effect of low levels (0.003-0.028 
Ct ion irradiation of AISI 316 at 625°C and 48 dpa.(37 

On a per-atom basis, however, phosphorus is 

of 50.2% P 2 ) .  it must be assumed that the latter two swelling levels are essentially zero. This indicates 

t.%) of phosphorus has also been observed in 200 KeV 
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A t  h i g h e r  f l uence  l e v e l s  t h e  suppress ion  i s  now known t o  be a r e l a t i v e l y  monotonic f i i n c t i o n  of  phos- 
phorus c o n t e n t  ( F i g u r e  2 ) ,  a l t hough  t h e  degree o f  suppress ion  i s  v e r y  s e n s i t i v e  t o  t h e  c o n c e n t r a t i o n s  of  
o t h e r  so lu tes ,  as w e l l  as t o  o t h e r  m a t e r i a l  and env i ronmenta l  v a r i a b l e s  such as i r r a d i a t i o n  tempera ture .  
As noted i n  o t h e r  papers, however, t h e  i n f l u e n c e  o f  phosphorus and o t h e r  s o l u t e s  i n  a u s t e n i t i c  a l l o y s  i s  
man i f es t  d o n l y  i n  t h e  d u r a t i o n  o f  t h e  t r a n s i e n t  req ime o f  s w e l l i n g  and n o t  i n  t h e  p o s t - t r a n s i e n t  s w e l l i n g  
ra te(4 .57 .  
e x p l a n a t i o n  o f  t h e  r o l e  o f  phosphorus i n  ex tend ing  t h e  t r a n s i e n t  reg ime of  s w e l l i n g .  

T h i s  behav io r  i s  demonstrated i n  F i g u r e  3. The purpose o f  t h i s  paper i s  t o  p r o v i d e  an 

5 . 2  - E a r l i e r  Models 

Prev ious  exp lana t i ons  of  t h e  i n f l u e n c e  o f  phosphorus b y  Mansur and coworkers have focused on r a t e  
t h e o r y  d e s c r i p t i o n s  o f  t h e  r o l e  o f  i r r a d i a t i o n - i n d u c e d  phosphide p r e c i p i t a t e s  i n  chanq ing  t h e  s i n k  s t r e n g t h  
o f  t h e  mic ros t ruc ture . (G-R)  
mat ion  o f  phosphide p r e c i p i t a t e s  i s  shown i n  F i q u r e  4. The r a t e  t h e o r y  i n t e r p r e t a t i o n s  were d i r e c t e d  
toward d e s c r i b i n g  t h e  r e l a t i v e  s w e l l i n g  o f  a l l o y s  which v a r i e d  s i g n i f i c a n t l y  i n  b o t h  phosphorus (0.04- 
0.08%) and s i l i c o n  (0.7-1.4%), w i t h  s i l i c o n ' s  r o l e  d i scoun ted  as b e i n g  \unimportant  i n  t h e  comparison. 
Sincp Mansur and coworkers cons idered s i l i c o n  t o  a c t  o n l y  as a t r a p  f o r  p o i n t  de fec t s ,  i t  was reasonab le  
t o  assume t h a t  t h e  t r a b p i n q  e f f e c t  was f u l l y  s a t u r a t e d  a t  t hese  s i l i c o n  l e v e l s .  
paper, however, s i l i c o n  has a p o t e n t  and non- sa tu ra t i ng  e f f e c t  on vacancy d i f f ~ r i v i t y . 7 ~ )  

An example o f  t h e  concu r ren t  suppress ion  o f  s w e l l i n g  and t h e  e x t e n s i v e  f o r -  

As sh wn i n  another  

F i g u r e  4. I n f l u e n c e  of  phosphorus on m i c r o s t r u c t u r a l  development i n  annealed A I S 1  316 i n  E R R- I 1  showing 
( a )  e t a  p r e c i p i t a t e s ,  some phosphides and v o i d  f o rma t i on  assoc ia ted  w i t h  G-phase p a r t i c l e s  a t  
0.04 urt .XP. 
(540°C, 35 dpa). (Mic rographs CourtPsy o f  i.1.J.S. Yanq o f  Westinghouse-Hanford Co.) 

I t  i s  now known t h a t  s i l i c o n ' s  i n f l u e n c e  on ex tend ing  t h e  t r a n s i e n t  repime i s  r e l a t i v e l y  la rqe(5 ,10)  a t  
t h e  c o n c e n t r a t i o n  l e v e l s  s t u d i e d  b y  Mansur and coworkers,  and t h e r e f o r e  cannot be i gno red  i n  o u a n t i t a t i v e  
assessinents o f  v a r i o u s  mechanisms. Th i s  c o n s i d e r a t i o n  does n o t  d e t r a c t  from t h e  v a l i d i t y  of t h e i r  p r o -  
7osed mechanisms, however, h u t  does l essen  con f i dence  i n  t h e  numer i ca l  assessments. 
d a t a  i n  re fe rence  5 show t h a t  phosphorus a d d i t i o n s  indeed i n f l u e n c e  s w p l l i n q  s t r o n g l y ,  even i n  t h e  absence 
o f  v a r i a t i o n s  i n  s i l i c o n  con ten t .  

( b )  A t  O.n8% P no v o i d s  a r e  v i s i b l e  and a f i n e  network of  phosphides has formed 

F igu res  1-3 and t h e  

The phosphide p r e c i p i t a t e s  have been i d e n t i f i e d  as Fe2P(11) and have been assumed t o  i n c r e a s e  t h e  
s i n k  s t r e n q t h  and enhance p o i n t  d e f e c t  r ecomb ina t i on  a t  t h e  p a r t i c l e - m a t r i x  i n t e r f a c e ,  t h e r e b y  r e d u c i n g  
t h e  c a v i t y  growth ra te . (G)  
o n l y  a smal l  r e l a t i v e  suppress ion  of  c a v i t y  q rowth  d i a  t h e  seve ra l  s i n k  s t r e n g t h  mechanisms considered.( ' )  
Not o n l y  were t h e  c a l c u l a t e d  p r e c i p i t a t e  s i n k  s t r e n g t h s  i n s u f f i c i e n t  t o  account f o r  t h e  observed suppres-  
s i o n  o f  s w e l l i n g ,  h u t  t h e r e  was a decrease r a t h e r  t han  an 
and i t s  s i n k  s t r e n g t h  as a r e s u l t  o f  t h e  h i q h  d e v s i t y  of phosphide p r e c i p i t a t e s . j 6 P  A more r e c e n t  r e p o r t  

In a l a t e r  paper, however, i t  was concluded t h a t  such p r e c i p i t a t e s  cause 

i n c r e a s e  observQd i n  h d i s l o c a t i o n  d e n s i t y  
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sugqests that, since the particle-matrix interface serves as a nucleation site for a very fine dispersion 
of helium bubbles, the number of helium atoms per cavity is reduced and the tim required to accumulate 
the critical number of gas atoms to initiate bias-driven qrowth is increased.(8? While these various 
precipitate-related mechanisms may be operating, there is a stronger role that is played by phosphorus. 
In effect, we should consider phosphides as merely another manifestation of phosphorus activity and not 
the sole causative agent in the suppression of swelling. 

5.3 A proposed alternate diffusion-related mechanism 

Garner and Wolfer(l2) have shown, using the five frequency model of diffusion,(l3) that the addition 
of small amounts of fast-diffusing elements to a metal can substantially increase the effective vacancy 
diffusion coefficient %ff by increasing the vibrational frequency of the host solvent atoms. 
leads to a very large reduction in the void nuleation rate, particularly at higher irradiation tempera- 
tures. 
that shown in Figure 3. 
Ni-Si, Ni-Cr-Si and Fe-Ni-Cr-Si alloys, and demonstrated the large effect of silicon additions on Deff 
and void nucleation.(9) 
than silicon in suppressing swelling and creep on a per-atom basis. 

This 

One consequence of this reduction is an extension of the transient regime of swelling similar to 
Esmailzadeh and coworkers have extended this work, using published data for 

Reference 1 and Figure 1 show, however, that phosphorus is much more effective 

Is it also possible that the major effect of phosphorus lies in its ability to increase OSff? 
review of diffusion literature on phosphorus in 7-Fe an Fe alloys indeed shows that phosphorus is a 
fast-diffusinq element in iron-based austenitic alloys. 11Ji There are also data which support the con- 
cept of Pnhanced diffusion of the host solvent atoms in phosphorus-bearing alloys. The addition of 
0.16 wt% phosphorus has been found to increase the diffusivity of nickel in Fe-10Ni and Fe-15Ni alloys hy 
almost an order of mapnitude.(l5) When one calculates Dgff and includes the diffusivity contribution 
Of phosphorus, the enhancement is larqer than that exhibited by nickel alone. 
the diffusi n of chromium in Fe-16Cr-16Ni alloys increases substantially with small additions of 
phosphorus. ?l6) 

A 

It has also been shown that 

Accordinq to a recent compilation of diffusion data, the diffusivity of phosphorus is not as well 
It is studied as that of silicon hut it appears that phosphorus does diffuse faster than silicon.(14) 

surprisinq, however, that on the basis of this mechanism alone, phosphorus should be so much more effec- 
tive than silicon in increasinq diffusion by a vacancy mechanism. 

At this point it must be remembered that there are two mechanisms by which solute diffusion can be 
enhanced in a non-radiation environment. The first, which we have already considered, involves the 
increased vibrational frequency of atoms when fast-diffusing solutes are added. The second involves the 
possihility of an increase in the equilibrium vacancy concentration, allowing more opportunities for 
vacancy-atom exchanges. 
a strong phosphorus-vacancy interaction, resulting in a large decrease in the vaca 
from 1.611 to 1.20 eV when small amounts (0.005-0.05 wt.%) of phosphorus are added.?73.18) Therefore, 
phosphorus additions decrease the supersaturation of vacancies present during irradiation and the nuclea- 
tion of v o i d s  by two mechanisms. 
stant, the increase in qff reduces the concentration Cv of radiation-produced vacancies. 
equilibrium concentration of vacancies increases due to the large drop in vacancy formation energy. 
effect, the supersaturation of vacancies is reduced from both ends, leading to a drastic reduction i n  void 
nucleation rates, as demonstrated i n  Fiqures 5 and 6. The nucleation theory, calculational methodology and 
diffusion data (used to qenerate these fiqures are descrihed elsewhere.(lg) 
large drop in void nucleation rates shown in Figure 6 for homogeneous nucleation will also occur for other 
nucleation conditions, such as hiqher helium levels and/or heteroqeneous nucleation at precipitate-matrix 
interfaces. 

Positron annihilation measurements on Fe-18Cr-14Ni show that there indeed exists 
formation enerqy 

First, since the flux o f  radiation-produced vacancies Dgff Cv is con- 

In 
Second, the 

I t  should be noted that the 

Note that Figures 5 and 6 show that the influence of phosphorus increases with increasing temperature. 
This behavior is seen in the data in Figures 2 and 3, in which the effect at 540OC is much greater than 
that at 425 and 450OC. A similar effect of silicon has been reoorted else~here.(~,l~) 

The effect of phosphorus in increasing the equilibrium vacancy concentration manifests itself not 
only in reducing the nucleation of radiation-induced voids but also in the qeneration of voids in th 
absence of irradiation during quenching and aging experiments on phosphorus-containing alloys. (20-23j 
These quenching studies confirm that the equilibrium concentration of vacancies is increased by many 
orders of magnitude when small amounts of phosphorus are present. 
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Fiqure 5: Illustration of the influence of the vacancy equilibrium concentration C$q  on the steady- 
state void nucleation rate in pure nickel at 1.0 x 10-6 dpa/sec. 
1.0 x n r 7  and the bias factor ratio Z i / L ,  is 1.5. 
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Figure 6: Calculated influence of the reduction in vacancy formation enerqy Hf, on the steady-state 
void nucleation rate in Fe-15Cr-PONi at 1.0 x 1V6 dpa/sec. 

5.4 Discussion 

While the mechanisms advanced by Mansur and coworkers6-8 may be operating to reduce swellinq, the 

If these were included in the calculations of ref. 8 ,  they would overwhelm the influence of 
measured influence of both silicon and phosphorus on the diffusional properties of vacancies was not 
included. 
increased interfacial area. Ref. 8 also does not address the fact that the precipitate did not exist in 
the early stages of the irradiation where most void nuclei probably form. 
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However, t h e  d i f f u s i o n- b a s e d  mechanism p resen ted  h e r e  i s  q u i t e  capab le  of e x t e n d i n g  t h e  t r a n s i e n t  reg ime 
of s w e l l i n q  w h i l e  t h e  phosphorus i s  i n  s o l u t i o n .  
such as s i l i c o n  a r e  i n e v i t a b l y  removed f r o m  t h e  a l l o y  m a t r i x  b y  p r e c i p i t a t i o n ,  however. T h i s  l eads  t o  a 
r e d u c t i o n  i n  Ogff, an i n c r e a s e  i n  b o t h  t h e  vacancy s u p e r s a t u r a t i o n  and v o i d  n u c l e a t i o n  r a t e  
and t h e  t e r m i n a t i o n  of t h e  t r a n s i e n t  req ime o f  s w e l l i n q .  
and e x i s t  a t  such h i q h  d e n s i t i e s  t h a t  cascade- induced r e s o l u t i o n  p r o b a b l y  keeps some f r a c t i o n  of t h e  phos-  
phorus c o n t i n u a l l y  i n  s o l u t i o n .  
phosphorus on s w e l l i n q  r e l a t i v e  t o  t h a t  of s i l i c o n  and o t h e r  s o l u t e s .  

The phosphorus and o t h e r  n u c l e a t i o n- s u p p r e s s i n g  elements 

Phosphide p r e c i p i t a t e s  a r e  v e r y  s m a l l  i n  s i z e  

Th is  c o n s i d e r a t i o n  may a l s o  c o n t r i b u t e  t o  t h e  enhanced e f fec t i veness  o f  

I t  i s  i m p o r t a n t  t o  remember t h a t  t h e  removal o f  phosphorus and o t h e r  s o l u t e s  from s o l u t i o n  i s  a com- 
Each o f  these  phases i s  s e n s i t i v e  t o  

F i g u r e  4 a l s o  i l l u s -  

p l e x  process i n v o l v i n g  t h e  c o m p e t i t i o n  o f  a w ide  v a r i e t y  o f  phases. 
composi t ion,  a l l o y  p r e p a r a t i o n  and env i ronmenta l  v a r i a b l e s  i n  a d i f f e r e n t  manner. 
f o r  some of t h e  d i f f e r e n c e s  i n  s w e l l i n q  observed i n  t h e  v a r i o u s  a l l o y s  i n  F i g u r e  2. 
t r a t e s  ano ther  p o s s i b l e  i n f l u e n c e  of phosphorus. 
l e v e l s  i n s t  a 
and n icke l .?9P The r e t a r d a t i o n  of n i c k e l  s i l i c i d e  p r e c i p i t a t e s  would t h u s  t e n d  t o  reduce v o i d  
n u c l e a t i o n .  ( 1  2) 

Th is  perhaps accounts 

Note t h a t  phosphides t e n d  t o  fo rm a t  h i g h  phosphorus 
o f  r '  and G-phase, b o t h  of which a r e  r i c h  i n  t h e  n u c l e a t i o n- s u p p r e s s i n g  elements s i l i c o n  

I r r a d i a t i o n  c reep  i s  now though t  b y  some researchers  t c o n s i s t  o f  two components, one independent o f  

i s  observed f o r  specimens c o n t a i n i n g  t h e  h i g h e s t  l e v e l  of P, N and S i .  The 0.4% s t r a i n  i s  though t  b y  t h i s  
au thor  t o  r e p r e s e n t  t h e  s w e l l i n g - i n s e n s i t i v e  component. The inc rement  of s t r a i n  above 0.4% i s  t h o u g h t  t o  
he t h e  s w e l l i n g - r e l a t e d  component. Thus, when phosphorus suppresses s w e l l i n g  i t  a l s o  suppresses c reep .  
For  t h e  exper iment  c i t e d  i n  F i g u r e  1, t h e  a c c e l e r a t i o n  i n  c reep  i s  much more obv ious  t h a n  i t  i s  f o r  swe l -  
l i n q  s i n c e  t h e  s t r e s s  of 172 MPa i s  l a r g e  and m a g n i f i e s  t h e  c reep  s t r a i n  r e l a t i v e  t t h a t  of t h e  s w e l l i n g  
s t r a i n .  A t  450'C t h e r e  i s  p r o b a b l y  some s l i g h t  enhancement o f  s w e l l i n g  w i t h  s t ressP25)  t h a t  i s  n o t  
r e f l e c t e d  i n  t h e  s t r e s s - f r e e  s w e l l i n g  va lues quoted e a r l i e r  f o r  t h i s  exper iment .  
t h e  magnitude of t h e  s t r e s s  e f f e c t  does n o t  i n f l u e n c e  our  c o n c l u s i o n s  on t h e  e f f e c t  of phosphorus. 

s w e l l i n g  and ano ther  p r o p o r t i o n a l  t o  t h e  s w e l l i n g  r a t e ( 4 , 2 4  P . Note i n  F i g u r e  1 t h a t  %0.4% c reep  s t r a i n  

Our l a c k  of knowledge of 

5.5 Conc lus ion  

Phosphorus has been shown t o  he much more e f f e c t i v e  on  a per- atom b a s i s  t h a n  o t h e r  s o l u t e s  i n  sup- 
p r e s s i o n  of s w e l l i n g  and i r r a d i a t i o n  c reep  i n  a u s t e n i t i c  a l l o y s .  
and i n v o l v e s  a r e d u c t i o n  i n  t h e  v o i d  n u c l e a t i o n  r a t e  and an e x t e n s i o n  o f  t h e  t r a n s i e n t  reg ime of s w e l l i n g .  
Whi le  i n  s o l u t i o n  phosphorus inc reases  t h e  v i b r a t i o n a l  f requency and d i f f u s i v i t y  of t h e  h o s t  s o l v e n t  atoms. 
More i m p o r t a n t l y ,  however, i t  reduces t h e  vacancy f o r m a t i o n  energy s u b s t a n t i a l l y  and t h e r e b y  inc reases  
s t r o n g l y  t h e  e q u i l i b r i u m  c o n c e n t r a t i o n  of vacancies. The combined e f f e c t  of these  two mechanisms i s  a 
d r a s t i c  r e d u c t i o n  i n  v o i d  n u c l e a t i o n  r a t e .  Even a f t e r  p r e c i p i t a t i o n  of phosphides, i t  i s  proposed t h a t  
cascade- induced r e s o l u t i o n  of t h e  v e r y  sma l l  p r e c i p i t a t e s  keeps a s i g n i f i c a n t  f r a c t i o n  o f  phosphorus i n  
s o l u t i o n .  
a l s o  reduced by phosphorus a d d i t i o n s .  

T h i s  suppress ion  i s  temporary ,  however, 

S ince  t h e  l a r g e s t  component of c reep  i s  p r o p o r t i o n a l  t o  t h e  s w e l l i n g  r a t e ,  i r r a d i a t i o n  c reep  i s  
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7.0 Future Work 

No further work on phosphorus is planned. 

8.0 Publications 

This paper will be published in the proceedings of the First International Conference on Fusion 
Reactor Materials (Tokyo, Japan, Dec. 3-6, 1984). 
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C R O S S- S E C T I O N  TECHNIQUE FOR ION-IRRAOIATEO HT-9 FERRITIC STEEL 

J . J .  Kai ,  G.L. K u l c i n s k i ,  and R.A.  Dodd ( U n i v e r s i t y  o f  Wisconsin)  

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

The purpose of  t h i s  work i s  t o  c h a r a c t e r i z e  t he  e f f e c t s  t h a t  t o t a l  dose and dose r a t e  have on t he  mic ro-  
s t r u c t u r a l  e v o l u t i o n  i n  heavy i o n  i r r a d i a t e d  HT-9 f e r r i t i c  s t e e l  w i t h  and w i t h o u t  he l i um p r e i n j e c t i o n .  

2.0 Summary __ 

A c ross- sec t i on  techn ique us ing  i r o n  p l a t i n g  on a HT-9 specimen has been developed f o r  t he  f i r s t  t ime on a 
heavy i o n  i r r a d i a t e d  HT-Y sample. 

3 .0  Program 

T i t l e :  R a d i a t i o n  E f f e c t s  t o  Reactor  M a t e r i a l s  
P r i n c i p l e  I n v e s t i g a t o r s :  t i . 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  o f  Wisconsin 

4 .0  Re levant  OAFS Program TaskiSubtask 

Subtask l I . C . l . l :  Phase S t a b i l i t y  Mechanics 
Subtask I I .C .6 .1 :  E f f e c t  o f  Damage Rate on M i c r o s t r u c t u r a l  E v o l u t i o n  

5.u Accomplishments and S ta tus  

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

Heavy- ion i r r a d i a t i o n  i s  a very use fu l  techn ique i n  s tudy ing  r a d i a t i o n  damage o f  meta ls .  The h i g h  d i s -  
placement damage r a t e s  assoc ia ted  w i t h  heavy- ion i r r a d i a t i o n s  a l l o w s  h i g h  damage l e v e l s  t o  be ach ieved i n  a 
reasonab ly  s h o r t  t ime.  

Up t o  the  p resen t  t ime,  most heavy- ion i r r a d i a t i o n  s t u d i e s  have used conven t i ona l  " back- th i nn ing"  techn iques  
f o r  p repa r i ng  t r ansm iss ion  e l e c t r o n  inicroscopy (TEIl) specimens t o  examine the  i r r a d i a t e d  reg ion .  A iiiore 

power fu l  techn ique i s  the  c ross- sec t i on  method which i s  r e c e n t l y  rev iewed by Z i n k l e  and S i n d e l a r . ( l )  The 
c ross- sec t i on  technique a l l o w s  the  e n t i r e  heavy- ion damaged r e g i o n  and t he  u n i r r a d i a t e d  c o n t r o l  r e g i o n  t o  be 
examiried a t  once. T h i s  i s  very impo r tan t  s ince  t he  damage r a t e  and a l s o  t he  t o t a l  damage l e v e l  vary  w i t h  
depth f o r  heavy- ion i r r a d i a t i o n .  F i gu re  1 shows the  d isp lacement  per  atom (dpa) and n i c k e l  i o n  d e p o s i t i o n  
d i s t r i b u t i o n s  i n  HT-9 versus depth curves  wh ich  a re  c a l c u l a t e d  f rom the  B r i c e  code w i t h  d isp lacement  c o e f f i -  

c i e n t  k = 0.8. 
extended t o  t he  a n a l y s i s  o f  the  f e r r i t i c  s t e e l ,  "-9. 

The purpose o f  t h i s  no te  i s  t o  show t h a t  t he  techn iques  p r e v i o u s l y  desc r i bed ( ' )  can be 
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14 MeV Ni IONS ON HT-9 TARGET 

:: 1 O'O 

F1l,L, i l  1.  dpa and ~ o n  d e p o s i t i o n  v s .  depth. 

TABLE 1 

THE CHEEIICAL COMPOSITION OF THE 

HT-9 FERRITIC STEEL USED I N  THIS STUDY(2) 

E 1 emen ti Fe C r  M 0 V 11 Mn N i  C S i  

v i  t . ba lance 11.63 1.0 0.30 0.52 0.52 0.50 0.20 0.22 

5 . 2  E x p e r i m e e  Procedures 

The iiT-9 f e r r i t i c  s t e e l  used i n  t h i s  study i s  from GA and has h e a t  t r e a t m e n t  number 9607-R2. The chemical 

i u i ~ i i i o s i t i o n  o f  t h i s  m a t e r i a l  i s  g i v e n  i n  Table  1. l ' )  

and h e a t  t r e a t e d ( 3 )  ( l V X " C ,  112 h r  + AC and 770"C, 2.5 h r  + AC) t o  a t h i c k n e s s  o f  0 .76  mm f o r  t h i s  s tudy .  
A f o i l  s i z e  o i  10 mm x 5 mm x 0.76 n m  was used f o r  i r r a d i a t i o n .  

The as- rece ived  m a t e r i a l  vias success ive ly  c o l d  r o l l e d  

The genera l  procedures o f  t h e  c r o s s- s e c t i o n  method a r e  t h e  same as  rev iewed  e a r l i e r . ( ' )  The e l e c t r o p l a t i n g  
s o l u t i o n  used i o r  i r o n  p l a t i n g  c o n s i s t e d  o f  150 g f e r r o u s  c h l o r i d e  (FeCl2.4H20), 100 g c a l c i u m  c h l o r i d e  

ICaC12) and 800 m l  d i s t i l l e d  water .  I t  u s u a l l y  takes  abou t  15 

hours t o  p l a t e  a 3 m th ickness .  Before t h e  p l a t i n g  i s  i n i t i a t e d ,  i t  i s  necessary t o  l oosen  and remove t h e  
o x i d e  l a y e r  on the i r r a d i a t e d  su r face  t o  ensure a successfu l  p l a t i n g .  T h i s  s tep  i n v o l v e s  d i p p i n g  i n  a 

The p l a t i n g  i s  performed a t  90°C and 60 mA. 

6 4  
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FIGUKE 3 .  Cross-section o f  HT-9 f e r r i t i c  s tee l  irradiated with 14 IMeV Ni ions to a calculated peak damage 
level o f  40 dpa a t  500°C. 
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THE I IA t iN ITUOE AND D I S T K I B U T I O N  OF THE EXCESS INTERSTITIAL FRACTION DURING HEAVY ION I R R A D I A T I O N  

D.L. Plumton and G.L. K u l c i n s k i  ( U n i v e r s i t y  o f  Wisconsin)  

1.0 O b j e c t i v e  

I n  heavy i o n  i r r a d i a t i o n  s tud ies .  the i n j e c t e d  s e l f - i o n  has r e c e n t l y  been shown t o  suppress v o i d  n u c l e a t i o n  
i n  the i o n  d e p o s i t i o n  r e g i o n .  Prev ious  t h e o r e t i c a l  c a l c u l a t i o n s  u s i n g  steady s t a t e  v o i d  n u c l e a t i o n  theo ry  
have denonst ra ted t h a t  the p r e d i c t e d  v o i d  number d e n s i t y  i s  s e n s i t i v e  t o  smal l  changes i n  t h e  excess i n t e r -  
s t i t i a l  f r a c t i o n ,  ci. 

and i n c i d e n t  i o n  energy f o r  N i  i r r a d i a t i o n  o f  N i .  

I n  t h i s  paper the magnitude and d i s t r i b u t i o n  o f  ci i s  examined as a f u n c t i o n  of  dep th  

2 .o Sumnary 

The m g n i t u d e  of ci i n  t h e  i o n  d e p o s i t i o n  r e g i o n  i nc reases  as the i n c i d e n t  i o n  energy decreases. 

i nc rease  i s  e s p e c i a l l y  l a r g e  below 4 EleV. The use o f  d i f f e r e n t  e l e c t r o n i c  s topp ing  power (esp)  models i n  
t h e  damage c a l c u l a t i o n s  gave d i f f e r e n c e s  i n  ci o f  - 20% where the LSS esp gave h ighe r  r e s u l t s  t han  t h e  B r i c e  
esp. For l o w  energy ( <  5 MeV) i o n  i r r a d i a t i o n s  the re  e x i s t s  no p a r t  of the i o n  range f r e e  f rom the presence 
o f  excess i n t e r s t i t i a l s  w h i l e  f o r  t h e  h i g h  energy (14 MeV) case t h e  r e g i o n  l e s s  than 1.2 Irm i n  depth  appears 
t o  have a n e g l i g i b l e  ci va lue.  

T h i s  

3.0 Programs 

T i t l e :  R a d i a t i o n  Damage S tud ies  
P r i n c i p l e  I n v e s t i g a t o r :  G.L. K u l c i n s k i  and R.A. Oodd 
A f f i l i a t i o n :  U n i v e r s i t y  o f  Wisconsin-Madison 

4 .O Re levan t  DAFS Program T a s k h b t a s k  

I I . B . 2 . 3  
Subtask C .  C o r r e l a t i o n  Methodology 

5.0 Accomplishment and S t a t u s  

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

The i n j e c t e d  i o n s  i n  a heavy i o n  i r r a d i a t i o n  damage Study can a f f e c t  t h e  damage m i c r o s t r u c t u r e  a f t e r  they 
a r e  depos i t ed  i n  the m a t r i x .  
vacancy p a r t n e r .  

s w e l l i n g  i n  the i o n  d e p o s i t i o n  reg ion .  
( 2 , 3 )  and would reduce the v o i d  s w e l l i n g  r a t e .  T h i s  t h e o r e t i c a l  p r e d i c t i o n  has been expanded upon by ElanSUr 

a l s o  e x p e r i m e n t a l l y  v e r i f i e d  by Lee e t  a l . ( 4 )  Plumton and Wolfer( ') have t h e o r e t i c a l l y  shown l a r g e  reduc-  
t i o n s  i n  v o i d  n u c l e a t i o n  due t o  t h e  excess i n t e r s t i t i a l s .  T h i s  r e d u c t i o n  i n  the v o i d  number d e n s i t y  i n  the 

peak damage r e g i o n  has been observed e ~ p e r i m e n t a l l y . ( ~ * ~ )  For example, F i g u r e  1 i s  a th rough range micro-  

graph" ) o f  a N i  specimen i r r a d i a t e d  a t  450°C by 14 MeV N i  i o n s  wh ich  i l l u s t r a t e s  the l a r g e  suppress ion  i n  

The i n j e c t e d  i o n s  come t o  r e s t  i n  t h e  s o l i d  as an i n t e r s t i t i a l  w i t h o u t  a 
These excess i n t e r s t i t i a l s  have been shown t o  cause suppress ion o f  v o i d  n u c l e a t i o n  and 

B r a i l s f o r d  and Mansur ' l )  f i r s t  p r e d i c t e d  t h a t  the i n j e c t e d  i o n s  
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I F- 

v o i d  d e n s i t y  p o s s i b l e  i n  the i o n  d e p o s i t i o n  r e g i o n .  A rev iew  o f  t h e  exper imenta l  ev idence on the sup. 

p ress ion  e f f e c t  o f  the i n j e c t e d  i n t e r s t i t i a l s  has r e c e n t l y  been presented by Garner . ( * )  The suppress'  
i nc reases  whenever recomb ina t i on  i s  the dominant p o i n t  d e f e c t  l o s s  mechanism and occurs  a t  low temper, 

a n d l o r  when the vacancy m o b i l i t y  i s  reduced by i m p u r i t y  t r a p p i n g .  Kuinar and Garne r (9 )  r e c e n t l y  modell 

he l i um i n  dual  i o n  i r r a d i a t i o n s  as an a d d i t i o n a l  excess i n t e r s t i t i a l  because of  the a b i l i t y  of  h e l i u m  
m a t r i x  t o  t r a p  a vacancy thereby f r e e i n g  up an i n t e r s t i t i a l .  Th i s  e x t r a  suppress ion t o  t h e i r  v o i d  nu( 
a t i o n  r e s u l t s  suggests a p o s s i n l e  e x p l a n a t i o n  f o r  p r e v i o u s  expe r imen ta l  v o i d  number d e n s i t y  anomal ies 

The number of excess i n t e r s t i t i a l s  i s  a smal l  f r a c t i o n  o f  the t o t a l  number o f  damage produced i n t e r s t .  
( <  1%) so t h a t  the excess i n t e f s t i t i a l s  on l y  become a s i g n i f i c a n t  p o r t i o n  of  the i n t e r s t i t i a l s  r e a c h i i  
vo ids  o r  v o i d  n u c l e i  when most of the i n t e r s t i t i a l s  a r e  recombin ing  w i t h  vacancies.  P r e v i o u s l y  i t  ha! 

no ted (5 )  t h a t  a f a c t o r  o f  two d i f f e rence  i n  t h e  excess i n t e r s t i t i a l  f r a c t i o n ,  ~i ( 5  x - 1 x 

r e s u l t  i n  more than two o rde rs  of  magnitude d i f f e r e n c e  i n  the c a l c u l a t e d  v o i d  n u c l e a t i o n  r a t e .  That  ' 

i n c l u s i o n  o f  a few more hundredths o f  a p e r c e n t  t o  t h e  t o t a l  i n t e r s t i t i a l  c o n c e n t r a t i o n  can r e s u l t  i n  
o f  magnitude d i f f e r e n c e s  i n  the n u c l e a t i o n  r a t e  i n d i c a t e s  a h i g h l y  n o n l i n e a r  system. C a l c u l a t i n g  an i 
r a t e  excess i n t e r s t i t i a l  f r a c t i o n  i s  a necess i t y  be fore  good t h e o r e t i c a l  p r e d i c t i o n s  on v o i d  n u c l e a t i t  
s w e l l i n g  d u r i n g  heavy i o n  i r r a d i a t i o n  can be obta ined.  

5.2 T h e o r e t i c a l  Procedure 

The damage r a t e  o r  t h e  excess i n t e r s t i t i a l  f r a c t i o n  assoc ia ted  w i t h  a heavy i o n  i r r a d i a t i o n  can be ca' 

l a t e d  w i t h  damage codes such as t h e  BRICE  code'") and t h e  HERAD code.'") From these codes one ob ta '  
i o n  d e p o s i t i o n  d i s t r i b u t i o n  f u n c t i o n ,  f ( x ) ,  and a d isp lacement  energy d i s t r i b u t i o n ,  S D ( x ) .  Both  o f  t l  

a re  a f u n c t i o n  of the depth, x, a l ong  the i o n  range. The d i sp lacemen t  r a t e ,  ID. can then be c a l c u l a t i  

us ing  a m o d i f i e d  K i n c h i n  and Pease model (I2' where 

WSD(x) 
I,(X) = - 2 PED . 

Here $ i s  the i n c i d e n t  i o n  f l u x ,  P i s  the atomic d e n s i t y  and ED i s  the e f f e c t i v e  d isp lacement  energy.  

o b t a i n  accura te  d isp lacement  va lues  the d isp lacement  e f f i c i e n c y ,  K, shou ld  be taken a s  0.3 i n  c o n t r a s  

the t r a d i t i o n a l  va lue o f  0.8. 
i n c i d e n t  i o n  energy, w i t h  K decreas ing f o r  i n c r e a s i n g  r e c o i l  energy.  For  h i g h  energy (t 1 MeV) n e u t r ,  
heavy i o n  i r r a d i a t i o n s  o f  FCC me ta l s  the e f f i c i e n c y  i s  - 0.3 which reduces most p r e v i o u s l y  c i t e d  dama! 
va lues by a f a c t o r  of  318. However, s e l f - c o n s i s t e n c y  r e q u i r e s  t h e  use o f  K = 0.8 s ince the la, tempei 
work done t o  determine the f r a c t i o n  o f  d e f e c t s  escap ing in- cascade recombinat ion ,  E f f ,  has a l r e a d y  as '  

= 0.8. 

The excess i n t e r s t i t i a l  f r a c t i o n  has been taken (5 )  as the r a t i o  of depos i t ed  i o n s  t o  the i n t e r s t i t i a l !  
duced by damage t h a t  s u r v i v e  in- cascade recombinat ion .  

A r e c e n t  rev iew by Kinney e t  a l .  (13 )  i n d i c a t e s  t h a t  K i s  dependent on 

There fore  ci i s  

where E f f  i s  the f r a c t i o n  of  de fec t s  t h a t  escape in- cascade recombinat ion .  The i n c l u s i o n  of  E f f  i n t o  

fo rmal ism means t h a t  on l y  those i n t e r s t i t i a l s  go ing t o  s i n k s  or recombin ing  a f t e r  d i f f u s i o n  away f rom 
cascade s i t e  a r e  cons idered.  T h i s  i s  a l a r g e  r e d u c t i o n  t o  the i n t e r s t i t i a l  c o n c e n t r a t i o n  s ince  E f f  c i  
as  low as 0.15(14) f o r  FCC meta l s .  The f u n c t i o n a l  dependence o f  Eq. ( 2 )  can be seen through the use I 

( 1 ) .  T h i s  g i v e s  ci as, 
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RANGE DIFFERENCES BETWEEN 
5 8 14 M e V  N i  IONS 

N INCIDENT ON N i  

5 MeV Ni on Ni  
5 I6 I I 0.32 - - N 

- 0 . E 

- ul z - 0.24 2 

. 
u) 

14 MeV N i  on N i  

0 I 2 3 
DEPTH IN MICRONS 

F I G U R E  2. Disp lacement  damage and imp lan ted  i o n  c o n c e n t r a t i o n  (a tomic  2 )  versus  depth  f o r  5 and 14 FieV N i  
on lii where the  B R I C E  code c a l c u l a t i o n  used the  LSS esp, ED = 40 eV and K = 0.8. 

The U K I C E  code and Eqs. (1) and ( 3 )  have been used t o  examine t he  i n t e r r e l a t i o n s h i p  between 

va r i ous  i n c i d e n t  i o n  ene rg ies  f o r  N i  on N i .  The d i s t r i b u t i o n  o f  c i (x)  as  a f u n c t i o n  o f  depth  i s  examined f o r  

decreas ing  i o n  ene ry i es .  

the  i o n  range w i t h  the  a d d i t i o n a l  e f f e c t  of  two d i f f e r e n t  e l e c t r o n i c  s topp ing  power models, B r i ce (1o )  and 

LSS("), i n c l u d e d .  
of  Ei i n  s i g n i f i c a n t l y  d i f f e r e n t  ways. A l l  damage code r e s u l t s  a re  f o r  a N i  on N i  heavy i o n  i r r a d i a t i o n .  

and ID f o r  

The va lues  o f  ci versus  i n c i d e n t  i o n  ene rg ies  a re  shown f o r  v a r i o u s  p o i n t s  a long 

F i n a l l y  the  two damage codes B R I C E  and HERAD a re  shown t o  a f f e c t  t he  depth  d i s t r i b u t i o n  

5 . 3  Resu l t s  and D i scuss ion  

From Eq. ( 3 )  we observe competing t rends .  Both f ( x )  and S,(x) go th rough a nlaxirnum as  t he  depth,  x, i s  

v a r i e d  f rom the  f r o n t  su r f ace  t o  the end of  the  i o n  range. T h i s  can be observed i n  F i g u r e  2 where the  B R I C E  
code has been used t o  c a l c u l a t e  t he  d isp lacement  value,  E q .  I l ) ,  versus  dep th  f o r  5 and 14 MeV N i  on N i  
[ s o l i d  l i n e  F i g u r e  2). A d d i t i o n a l l y  i t  can be no ted  t h a t  as t he  i n c i d e n t  i o n  energy i s  decreased, f ( x )  

(dashed l i n e  F i g u r e  2) can comple te ly  ove r l ap  the  damage p r o f i l e .  
energy i o n s  t h i s  i nc reased  ove r l ap  causes i n c r e a s i n g  v o i d  n u c l e a t i o n  suppress ion  even though t he  d i s p l a c e-  
ment r a t e  ( i . e . ,  S D ( x ) )  has inc reased.  

The depth d i s t r i b u t i o n  of  Ei iX) i s  shown i n  F igu re  3 f o r  severa l  i n c i d e n t  i o n  ene rg ies .  

c i l x )  values a re  p l o t t e d  o u t  t o  an end o f  range va lue  c o i n c i d e n t  w i t h  a damage r a t e  o f  - lo-' dpa ls .  

0 .5  MeV i r r a d i a t i o n s  

p o i n t  d e f e c t  recombinat ion  c o n d i t i o n s .  

f r a c t i o n  as low as 
t he re  i s  no area f r e e  froi l l  the  presence o f  the  excess i n t e r s t i t i a l 8  and f r e e  f rom the  i n f l u e n c e  o f  t he  f r o n t  
sur face .  I n  c o n t r a s t ,  f o r  a 14 MeV i o n  i r r a d i a t i o n ,  t he re  e x i s t s  a depth r e g i o n  f rom 0 .4  vm t o  1.2 urn where 
ci shou ld  have l i t t l e  e f f e c t .  

Plurnton e t  a 1 . ( l 6 )  showed t h a t  f o r  low 

F o r  cons i s tency  the  

Fo r  

i s  ex t remely  l a r g e  which w i l l  g i v e  a l a r g e  v o i d  suppress ion  e f f e c t  under even m i l d  

can have s i g n i f i c a n t   result^.'^) 
Under the  a p p r o p r i a t e  i r r a d i a t i o n  c o n d i t i o n s  an excess i n t e r s t i t i a l  

There fore ,  f o r  N i  i ons  w i t h  i n c i d e n t  energy 5 5 
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Effect of Incident Ion Energy on E i  
Depth Distribution for Ni on Ni 

* 

BRICE code 
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DEPTH (pm) 

FI t iURE 3 .  Log versus  depth  f o r  N i  on N i  a t  seve ra l  i n c i d e n t  i o n  ene rg ies .  

Examinat ion  o f  F i g u r e  4 ,  which compares si as  a f u n c t i o n  of depth between t he  two damage codes, BRICE and 

HERAD, shows a much l a r g e r  E .  va lue  towards t he  f r o n t  su r f ace  f o r  the  14 MeV HERAD r e s u l t s  as compared t o  
the  14 NeV B R I C E  r e s u l t s .  
coup led  w i t h  the  absence o f  any compromising assumpt ions rega rd ing  t he  s o l u t i o n  o f  t he  t r a n s p o r t  equat ion ,  
should r e s u l t  i n  a more accu ra te  d e s c r i p t i o n  o f  the  i o n  d e p o s i t i o n  d i s t r i b u t i o n  f u n c t i o n .  The l a r g e r  va lue  
o f  near t he  f r o n t  su r f ace  f o r  t he  HERAD r e s u l t s  a r i s e s  f rom a non-Gaussian shape f o r  f ( x )  w i t h  a l o n g  

t a i l  towards t he  f r o n t  su r f ace .  That  a small va lue  o f  f ( x )  shou ld  g i v e  such a l a r g e  i nc rease  i n  c i (x)  a l s o  

r e s u l t s  from the  decreas ing  va lue  of  S D ( x )  towards t he  f r o n t  su r f ace .  The magnitude of Ei, 10-6-13-4, t h a t  

t he  14 MeV HERAD code g i ves  f o r  t h e  2 1 . 4  M depth r e g i o n  i s  o n l y  s i g n i f i c a n t  under c o n d i t i o n s  where p o i n t  
d e f e c t  l o s s  i s  e x t e n s i v e l y  dominated by recombinat ion  ( i . e . ,  low tempera tures) .  The re fo re ,  t he  two damage 
codes w i l l  on ly  g i v e  s i g n i f i c a n t l y  d i f f e r e n t  v o i d  n u c l e a t i o n  a n d l o r  s w e l l i n g  r e s u l t s  when t he  tempera ture  i s  
low and/or  t he  vacancy m o b i l i t y  i s  reduced th rough i m p u r i t y  t r a p p i n g .  The 5 MeV r e s u l t s ,  F i g u r e  4, show 
aga in  the  t r e n d  o f  a l a r g e r  va lue  o f  s i (x)  towards t he  f r o n t  su r f ace  f o r  HERAD compared t o  BRICE c a l c u l a -  

t i o n s .  Comparison between t he  5 and 14 MeV HERAD r e s u l t s  a t  the  1 m depth,  which i s  a t y p i c a l  depth  f o r  
t r ansm iss ion  e l e c t r o n  microscopy ana l ys i s ,  shows t h a t  si ( 5  MeV) i s  mare t h a n  an o rde r  o f  magni tude l a r g e r  

H t R A D ,  which uses a more d e t a i l e d  p h y s i c a l  mode l ing  o f  the  c o l l i s i o n  p rocess  

than ci (14  l.kV) 
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Difference Between BRICE and HERAD 
Damage Codes for 5 and 14 MeV Ni mNi 
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F I G U R E  4. Log versus  depth f o r  5 and 14 MeV lii on N i  where t he  BRICE and HEKAD damage codes a re  

compared. 

T h i s  low b u t  n o n- n e g l i g i b l e  va lue  of  E ~ ( x )  near the  f r o n t  su r f ace  m i g h t  be respons ib l e  f o r  some o f  the  d i s -  

crepanc ies  observed between exper imenta l  r e s u l t s  on n i c k e l  i r r a d i a t e d  w i t h  14 MeV N i  and t he  p r e d i c t i o n s  o f  

steady s t a t e  v o i d  n u c l e a t i o n  theory .  
the v o i d  number d e n s i t y  was suppressed f o r  a depth o f  a lmos t  2.5 urn. Void n u c l e a t i o n  t heo ry ,  u s i n g  BRICE 

code data,  p r e d i c t e d  Only - 1 m ( 5 ' 7 )  o f  suppressed r e g i o n .  P a r t  of  the  d isc repancy  may be a t t r i b u t e d  t o  
the UKICE code 's  use o f  a Gaussian d i s t r i b u t i o n  f u n c t i o n .  T h i s  Gaussian d i s t r i b u t i o n  g i ves  t o o  sma l l  a 
va lue  f o r  near t he  f r o n t  sur face when compared t o  t he  more accu ra te  hEKAD r e s u l t s .  

Low temperature i r r a d i a t i o n s  a t  4 U 0 " C ( 6 )  and 4 2 5 " C ( 7 '  b o t h  showed t h a t  

The two remain ing  f i g u r e s  show B R I C E  code r e s u l t s  f o r  t he  l o g  o f  ci versus  i n c i d e n t  i o n  energy .  

shows si versus  i n c i d e n t  i o n  energy f o r  the i o n  d e p o s i t i o n  peak and the  damage peak. 

peak, we see a smooth inc rease i n  Ei as t he  i o n  energy decreases. 

t h a t  t ( x )  and sU(x) impose on c i ( x )  cause a more compl ica ted  behav io r .  

mediate i o n  energ ies ,  occurs  because s,(~)  i nc reases  f a s t e r  than f ( x ) .  

g i v e s  h i ghe r  

energy f o r  severa l  damage r a t e s  i n  the  i o n  d e p o s i t i o n  reg ion .  

decreas ing  i o n  energy.  

case, w h i l e  the  i nc rease  i s  - 70% f o r  the  LSS esp case. 

va lues  10-25% h ighe r  than t he  cor respond ing  B r i c e  esp model. 

F i g u r e  5 

I n  t he  d e p o s i t i o n  

I n  t he  damage peak, the  compet ing t r e n d s  

The d i p  i n  t he  si va lues ,  a t  i n t e r -  

I n  bo th  peaks t he  LSS esp model 

values,  - 20% g r e a t e r  than the  B r i c e  esp models. F i n a l l y ,  F i g u r e  6 shows E ~ ( x )  versus i o n  

i n  a l l  cases si i nc reases  smoothly w i t h  

The 2 MeV E i  va l ue  i s  abou t  50% l a r g e r  than t he  14 MeV Ei v a l u e  f o r  t he  DRICE esp 

The LSS e l e c t r o n i c  s topp ing  power models g i v e s  si 
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5.4 Conc lus ions  

1. The excess i n t e r s t i t i a l  f r a c t i o n  i n  the i o n  d e p o s i t i o n  r e g i o n  decreases w i t h  i n c r e a s i n g  i o n  energy wh ich  
favo rs  the use o f  h igher  energy bombarding i ons .  

2 .  The use o f  t h e  B r i c e  e l e c t r o n i c  s topp ing  power model g i v e s  a l o w e r  excess i n t e r s t i t i a l  f r a c t i o n  than the 
LSS model i n  the damage and i o n  d e p o s i t i o n  peak. 

3 .  Fo r  i n c i d e n t  i o n  energ ies  2 5 FleV the re  e x i s t s  no p a r t  o f  the i o n  range f r e e  f rom the presence of excess 
i n t e r s t i t i a l s  and i s  a t  the same t ime  s u f f i c i e n t l y  f a r  f rom t h e  f r o n t  s u r f a c e  t o  a v o i d  su r face  
phenomena. 
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I O N  I R R A D I A T I O N  OF COPPER AND COPPER ALLOYS TO 40 DPA AT 100-400°C 

S . J .  Z i n k l e  and G.L. K u l c i n s k i  ( U n i v e r s i t y  o f  Wisconsin)  

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

To examine the  d e f e c t  m i c r o s t r u c t u r e  o f  copper f o l l o w i n g  i o n  i r r a d i a t i o n  t o  h i g h  doses and t o  de termine why 
c e r t a i n  copper a l l o y s  (and pure copper)  a re  r e s i s t a n t  t o  v o i d  s w e l l i n g  d u r i n g  charged p a r t i c l e  i r r a d i a t i o n .  

2.0 Summary __ 

Pure copper and severa l  copper a l l o y s  were found t o  be r e s i s t a n t  t o  v o i d  fo rmat ion  f o l l o w i n g  i o n  i r r a d i a t i o n  
t o  a c a l c u l a t e d  peak damage l e v e l  o f  40 dpa a t  100-400'C. 
p robab ly  due t o  the low oxygen con ten t  i n  the f o i l s ,  and a l s o  t he  absence o f  he l i um d u r i n g  the i r r a d i a t i o n .  

The absence o f  a s i g n i f i c a n t  v o i d  p o p u l a t i o n  i S  

3 .O Program 

T i t l e :  R a d i a t i o n  E f f e c t s  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  o f  Wisconsin-Madison 

4.0 Re levan t  OAFS Program Plan TaskISubtdsk 

Subtask I I . C . l . l :  Phase S t a b i l i t y  Mechanics 
Subtask I I . C . 1 . 2 :  Model ing and Ana l ys i s  o f  E f f e c t s  o f  M a t e r i a l s  Parameters on M i c r o s t r u c t u r e s  

5.0 Accomplishments and S ta tus  

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

There i s  c u r r e n t l y  a renewed i n t e r e s t  i n  copper and i t s  a l l o y s  f o r  f u s i o n  r e a c t o r  a p p l i c a t i o n s .  However, 
i t  may be s t a t e d  t h a t  t he  i r r a d i a t i o n  behav ior  of copper i s  n o t  ve ry  w e l l  c h a r a c t e r i z e d .  More than 200 
i r r a d i a t i o n  s t u d i e s  have been r e p o r t e d  f o r  copper and copper a l l o y s ,  b u t  the v a s t  m a j o r i t y  o f  these i n v e s t i -  

ga t i ons  have been l i m i t e d  t o  l o w  damage l e v e l s  and/or  a l i m i t e d  tempera ture  range." ) I n  p a r t i c u l a r ,  t he  
v o i d  s w e l l i n g  behav ior  of  copper has never been s a t i s f a c t o r i l y  determined. There are  t h i r t e e n  known s t u d i e s  

o f  copper o r  copper a l l o y s  a t  neut ron  i r r a d i a t i o n  c o n d i t i o n s  r e l e v a n t  f o r  v o i d  f o r m a t i o n . ( 2 )  Only two o f  
these s t u d i e s  were performed a t  doses g rea te r  than 1 dpa, and they were each con f i ned  t o  a s i n g l e  i r r a d i -  

a t i o n  t empera tu re . (394 )  
i r r a d i a t i o n  temperatures between 220 and 550'C (0.35-0.60 Tb,). 

High-dose e l e c t r o n  and i o n  i r r a d i a t i o n  s t u d i e s  have g e n e r a l l y  f ound ( * )  t h a t  v o i d  f o rma t i on  occurs  e a s i l y  i n  
copper f o r  i r r a d i a t i o n  temperatures of 300-550°C. 

a l l o y s  where no vo ids  were observed over t h i s  temperature range even a f t e r  i r r a d i a t i o n  t o  40 d ~ a . ( ~ , ~ )  The 
p r e s e n t  r e p o r t  i s  i n tended  t o  shed some l i g h t  on t he  cause o f  t h i s  d i f f e r e n c e  i n  v o i d  f o rma t i on  behav ior .  

Low- f luence neut ron  r e s u l t s  i n d i c a t e  t h a t  v o i d  f o rma t i on  occurs  i n  copper f o r  

However. t h e r e  have been severa l  i n v e s t i g a t i o n s  of  copper 
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TABLE 1 

NOMINAL GAS CONTENT (PPI41  OF FOILS USED I N  T H I S  STUDY 

H N 0 __ __ ~ 

Copper < 1 . 0  < 1.0 < 5.0 

A l l Z I K C ,  AI IAX-MZC ( 2  < 3  - 

TABLE 2 

IRRADIATION PARAMETERS FOR THE 1014-IRRADIATEU COPPER AND COPPER ALLOYS 

l l a t e r i a l  
I r r a d i a t i o n  C a l c u l a t e d  Damage i d p a l  
Temperature 1 um Peak (2 urn) 

Cu, APMZIRC, NZC 100°C 
Cu, A M Z I R C ,  MLC 200°C 
Cu, A M Z I R C ,  MZC 300°C 
CU, A M Z I R C ,  f4ZC 400°C 

Cu ( f rom Ref .  51 400°C 
Cu ( f r o m  Ref .  51 450°C 
Cu ( f rom Ke f .  5 1  500°C 

10 
10 

40 
40 

10 40 

5.2 Exper imenta l  Procedure 

F o i l s  of MARL grade copper and the copper a l l o y s  A M Z I R C  ICu-0.15 a t  % Z r )  and AMAX-MZC (Cu-0.8 a t  % Cr - 

0.15 a t  Z Z r  - 0.04 a t  % Mg) i n  the s o l u t i o n  annealed and aged c o n d i t i o n ( 7 1  were s e l e c t e d  f o r  t h i s  i r r a d i -  
a t i o n  s tudy.  
i s  g i ven  i n  Tab le  1. 

t u r e  i n  a hydrogen atmosphere p r i o r  t o  t h e i r  p r e p a r a t i o n  f o r  i r r a d i a t i o n . ( 5 1  
c o n s i s t e d  o f  mechanical p o l i s h i n g  fo l l owed  by e l e c t r o p o l i s h i n g  f o r  5 seconds a t  an  a p p l i e d  p o t e n t i a l  o f  5 V 

i n  a s o l u t i o n  of 33% HN03/67% CH30H coo led  t o  -50°C. The f o i l s  were i r r a d i a t e d  w i t h  14-bleV Cu3+ i o n s  u s i n g  

the  U n i v e r s i t y  o f  Wisconsin tandem Van de Graaf a c c e l e r a t o r . ( 8 )  

ions/m2, w i t h  an average f l u x  o f  6 x ions/m2-s. The B R I C E  code(') was used t o  c a l c u l a t e  the  depth-  
dependent d isp lacement  damage. Tab le  2 l i s t s  t he  i r r a d i a t i o n  c o n d i t i o n s  f o r  t h i s  s tudy .  

F o l l o w i n g  the  i r r a d i a t i o n ,  the  samples were prepared f o r  c r o s s- s e c t i o n  ana lys i s . ( " )  
specimens were j e t - e l e c t r o p o l i s h e d  i n  a s o l u t i o n  o f  33% HN03/67% CH30tl coo led  t o  -25°C a t  an a p p l i e d  v o l t a g e  

of 20 V ,  and were examined i n  a JEOL TEl.lSCAN-200CX e l e c t r o n  microscope. 

The gas c o n t e n t  of the manu fac tu re r ' s  Stock m a t e r i a l  f o r  the  pure copper and the  copper a l l o y s  
The pure copper f o i l s  were annealed a t  800°C f o r  1.5 hours and coo led  t o  room tempera- 

P r e - i r r a d i a t i o n  t r e a t m e n t  

The f l u e n c e  f o r  a l l  samples was 3 x IOzo 

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

5.3 Resu l t s  
~ 

The main f i n d i n g  of  t h i s  i n v e s t i g a t i o n  i s  t h a t  no s u b s t a n t i a l  v o i d  f o r m a t i o n  was de tec ted  i n  pu re  c o p p t r  o r  
the  copper a l l o y s  f o r  any of  the i r r a d i a t i o n  c o n d i t i o n s .  A p r e v i o u s  i n v e s t i g a t i o n  a t  the  U n i v e r s i t y  o f  

Wiscons in (51  u s i n g  the same l o t  o f  annealed copper f o i l s  and s i m i l a r  i o n  i r r a d i a t i o n  c o n d i t i o n s  found t h a t  
t h e r e  was no observable v o i d  fo rmat ion  a t  i r r a d i a t i o n  temperatures o f  400, 450, o r  500°C (see Tab le  2 f o r  
damage l e v e l s ) .  I n  the  p r e s e n t  case, a sparse d i s t r i b u t i o n  o f  v o i d s  was observed i n  o n l y  one pure copper 
sample i r r a d i a t e d  a t  400°C. 

d e n s i t y  o f  o n l y  1017/m3. 

The average v o i d  d iameter  f o r  t h i s  c o n d i t i o n  was 100 nm, w i t h  an e s t i m a t e d  

I r r a d i a t i o n  o f  the copper and copper a l l o y s  a t  temperatures 100-300°C r e s u l t e d  i n  " b lack  s p o t "  damage and no 
v o i d  fo rmat ion .  A t y p i c a l  l ow- magn i f i ca t ion  c r o s s- s e c t i o n  micrograph fo r  t h i s  i r r a d i a t i o n  temperature 
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T 
DAMAGE PEAK 

T 
INTERFACE 

FIGURE 1. Cross- sec t i on  micrograph o f  copper i r r a d i a t e d  w i t h  14-kIeV Cu i o n s  t o  a c a l c u l a t e d  peak damage 
l e v e l  o f  40 dpa a t  300°C. 

rsgime i s  shown i n  F i g u r e  1. 
damage r e g i o n .  
i r r a d i a t i o n  temperatures of  100-200"C, and was lower f o r  the sample i r r a d i a t e d  a t  300°C. 
c l u s t e r  dens i t y  and s i z e  d i s t r i b u t i o n  w i l l  be r e p o r t e d  a t  a l a t e r  date .  

F i g u r e  2 shows t l ie  weak beam dark f i e l d  m i c r o s t r u c t u r e  o f  a r e p r e s e n t a t i v e  

D e t a i l s  of the 
The d e f e c t  c l u s t e r  d e n s i t y  i n  the i r r a d i a t e d  copper samples was rough l y  cons tan t  f o r  

5.4 D i scuss ion  

The absence o f  app rec iab le  v o i d  f o rma t i on  i n  the i o n - i r r a d i a t e d  copper and the AMZIRC and MZC copper a l l o y s  

nay i n i t i a l l y  be regarded as s u r p r i s i n g  i n  l i g h t  o f  the numerous(2) exper imenta l  charged p a r t i c l e  i r r a d i -  
a t i o n  s tud ies  which have shown t h a t  v o i d  fo rmat ion  occurs  e a s i l y  i n  copper. However, t h e o r e t i c a l  c a l c u l a -  
t i o n s  i n d i c a t e  t h a t  the most s t a b l e  morpholosy of  a vacancy c l u s t e r  i n  copper i s  i n  a p l a n a r  c o n f i g u r a t i o n ,  

and g i e s  o f  vacancy c l u s t e r s  i n  copper 
u s i  n a re  shown i n  F i g u r e  3. The sur face 

ene (14) r e s p e c t i v e l y .  The ene rg ies  o f  
the ~.,. - ~ - .  , .  - _ . _ I . _ " _ _  - - - o rd ing  t o  Ref. 11, w h i l e  the v o i d  
energy was determined us ing  equat ions  g i ven  i n  Ref. 13. F i g u r e  3 p r e d i c t s  t h a t  s t a c k i n g  f a u l t  t e t r a h e d r a  
a re  the imt s t a b l e  c o n f i g u r a t i o n  f o r  small vacancy c l u s t e r s ,  and t h a t  p e r f e c t  l oops  a r e  the most ener-  
g e t i c a l l y  f avo rab le  morphology f o r  very l a r g e  vacancy c l u s t e r s .  
a very l i m i t e d  s i ze  range i n  pure copper.  

va lue,  such as g iven by I : l u r r ( l 4 )  ( Y  = 2.1 J/m2 a t  300"C), would cause the c a l c u l a t e d  v o i d  energy t o  be 
q r e a t e r  than the ene rg ies  of a l l  of the o the r  vacancy c l u s t e r  geomet r ies  over the e n t i r e  s i z e  range 
cons i i ie red i n  F i g u r e  3. 

Voids a re  p r e d i c t e d  t o  be s t a b l e  on l y  over 
The use i n  t l ie  energy c a l c u l a t i o n s  of  a l a r g e r  su r face  energy  
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FIGURE 2. lleak bean1 dark f i e l d  micrograph o f  copper i r r a d i a t e d  t o  10 dpa a t  200°C. The f o i l  o r i e n t a t i o n  
was c lose  t o  B = 11101 w i t h  (9,391, 9 = 200. 

F i g u r e  4 g i ves  the h i g h - n a y n i f i c a t i o n  m i c r o s t r u c t u r e  of  pure copper i r r a d i a t e d  w i t h  Cu i o n s  t o  10 dpa a t  
200°C. 
no d e f i n i t e  shape. P r e l i m i n a r y  masurements have determined the mean SFT s i z e  t o  be 2.4 nm, w i t h  a number 

d e n s i t y  o f  about  l O Z 3 / m 3 .  
F i g u r e  5 shows en la rged  b lack  spot  d e f e c t s  t h a t  a r e  l o c a t e d  i n  t h e  near v i c i n i t y  of  d i s l o c a t i o n  l i n e s .  
Since d i s l o c a t i o n  l i n e s  a r e  known t o  be a p r e f e r e n t i a l  s i nk  f o r  i n t e r s t i t i a l s ,  i t  appedrs l i k e l y  t h a t  the 
en la rged  b l a c k  spo t  d e f e c t s  i n  F igu re  5 may be smal l  i n t e r s t i t i a l  l oops  wh ich  have grown as a r e s u l t  o f  a 
f avo rab le  i n c i d e n t  d e f e c t  f l u x .  The m i c r o s t r u c t u r a l  obse rva t i ons  desc r i bed  above a r e  i n  very  good agreement 

w i t h  the exper imenta l  r e s u l t s  o f  Yoshida e t  a l . ( I 5 )  on 14-MeV neu t ron  i r r a d i a t e d  copper 

Tr iang le- shaped s t a c k i n g  f a u l t  t e t rahed ra  a re  v i s i b l e  a long  w i t h  o t h e r  b l a c k  spo t  d e f e c t s  t h a t  have 

SFT were a l s o  observed i n  the pure copper specimens i r r a d i d t e d  a t  100 and 300'C. 

The obse rva t i on  o f  SFT i n  i r r a d i a t e d  copper i s  suppo r t i ng  evidence t h a t  the e l a s t i c i t y  equa t i ons  used t o  
c o n s t r u c t  F i g u r e  3 a r e  fundamenta l ly  c o r r e c t .  

a t  the very smal l  vacancy de fec t  s i zes  where v o i d  n u c l e a t i o n  would o c c u r . ( 1 3 )  
c a l c u l a t i o n s ,  which a re  v a l i d  f o r  smal l  d e f e c t  c l u s t e r s ,  suppor t  the conc lus ion  t h a t  the most s t a b l e  vacancy 

c l u s t e r  s t r u c t u r e  i n  pure copper i s  p lana r . (121  
i r r a d i a t e d  copper and copper a l l o y s  (see, e.g., 15- 18) .  

I t  may be argued t h a t  e l a s t i c i t y  c a l c u l a t i o n s  a r e  n o t  v a l i d  

However, mo lecu la r  dynamics 

There have been seve ra l  r e p o r t e d  obse rva t i ons  of  SFT i n  

The presence o f  gas i n  copper may cause a s h i f t  i n  the ene rg ies  o f  the v a r i o u s  vacancy c l u s t e r  c o n f i g u r a-  

t i o n s .  
make v o i d  fo rmat ion  e n e r g e t i c a l l y  f a v o r a b l e  over SFT. G low insk i  and co-workers found t h a t  copper c o n t a i n i n g  

48 ppm oxygen formed vo ids  e a s i l y  f o l l o w i n g  e lec t ron ( " )  and 
f o i l s  i n  a high-vacuum furnace reduced o r  comple te ly  e l i m i n a t e d  v o i d  s w e l l i n g ,  depending on the e x p e r i n e n t a l  

I n  p a r t i c u l a r ,  oxygen i s  known t o  decrease the sur face energy o f  pure c ~ p p e r , ( ' ~ ' ~ ~ )  wh ich  cou ld  

i r r a d i a t i o n .  Outgassing of  the 
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F IGURE 5. En larged de fec t  c l u s t e r s  on d i s l o c a t i o n s  i n  i o n - i r r a d i a t e d  copper .  

c o n d i t i o n s .  The presence of he l i um d u r i n g  i r r a d i a t i o n  may s t a b i l i z e  Small v o i d  n u c l e i  and p r e v e n t  t h e i r  
c o l l a p s e  i n t o  l oops  o r  SFT. 

n o t  form voids,  whereas i n t r o d u c t i o n  o f  as l i t t l e  a s  0 .1  appm He r e s u l t e d  i n  cop ious  v o i d  f o rna t iOn . (25 )  

McLaur in observed t h a t  h i g h - p u r i t y  aluminum i r r a d i a t e d  w i t h  9-MeV A1 i o n s  d i d  

I t  appears t h a t  t he  b u l k  o f  the more than twenty p r e v i o u s  charged p a r t i c l e  i r r a d i a t i o n  s t u d i e s  of  pure 
copper and copper a l l o y s  t h a t  have r e p o r t e d  v o i d  f o rma t i on  may need t o  be re- eva lua ted  w i t h  r e g a r d  t o  t h e i r  
i n i t i a l  gas content .  
r a d i a t i o n  damage d e f e c t s  t h a t  occur d u r i n g  i r r a d i a t i o n  and c o u l d  conce i vab l y  mask the  e f f e c t s  of  o t h e r  
i r r a d i a t i o n  parameters. 

D i f f e r e n c e s  i n  i n i t i a l  gas c o n c e n t r a t i o n  may have a s t r o n g  i n f l u e n c e  on the  types o f  

5.5 Conc lus ions  

I o n  i r r a d i a t i o n  a t  100-400°C of  pure copper and two copper a l l o y s  wh i ch  con ta ined  very  low l e v e l s  of  oxygen 
r e s u l t e d  i n  the f o rma t i on  o f  b l ack  spots  and SFT, b u t  no vo ids  excep t  i n  one case (400°C). 

i r r a d i a t i o n  s tudy (5 )  of  t he  same l o t  o f  annealed pure copper de termined t h a t  t he re  was no observab le  v o i d  
fo rmat ion  a t  450 o r  500°C. There fore ,  we have determined t h a t  t h e r e  i s  no app rec iab le  v o i d  f o rma t i on  i n  
s i n g l e  i o n  i r r a d i a t e d  pure copper over t he  temperature range of  100-500°C (0.28-0.59TW). 

gas. i t  appears t h a t  s t a c k i n g  f a u l t  t e t rahed ra  a r e  t he  most s t a b l e  form o f  vacancy c l u s t e r s .  
smal l  amount o f  gas ( p o s s i b l y  < 10 appm) may modify t he  e n e r g e t i c s  o f  vacancy c l u s t e r  c o n f i g u r a t i o n s  so as 
t o  cause v o i d  f o rma t i on .  Most o f  t he  p rev ious  charged p a r t i c l e  i r r a d i a t i o n  s t u d i e s  on copper a r e  c louded by 
t h e  presence o f  an unknown amount o f  gas. 
performed on f o i l s  w i t h  a well- known and p r e f e r a b l y  low gas c o n c e n t r a t i o n .  

A p r e v i o u s  i o n  

I n  the  absence O f  

However a 

F u t u r e  i r r a d i a t i o n  s t u d i e s  on copper and copper a l l o y s  shou ld  be 
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8 .0  Fu tu re  l l o r k  

Annealed pure copper f o i l s  have been i n j e c t e d  w i t h  30-50 appm H o r  He and then i r r a d i a t e d  w i t h  14-MeV Cu 
i o n s  over the temperature range o f  100-500°C. The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  w i l l  be r e p o r t e d  i n  f u t u r e  
q u a r t e r l y  progress r e p o r t s .  .. 

9.0 Pub1 i c a t i o n s  

!:one 
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- PHYSICAL PROPERTIES OF IIIGII-STKENGTH, HIGH-CONUUCTIVITY COPPER ALLOYS 

S . J .  Z i n k l e ,  D.H.  P l an t z ,  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  o f  Wisconsin)  and 
A.E. B a i r  (Washington S t a t e  U n i v e r s i t y )  

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 he  p h y s i c a l  p r o p e r t i e s  o f  two h igh- s t reng th ,  h i g h - 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 heat  t rea tment  and t o  e s t a b l i s h  a c o r r e l a t i o n  between microhardness and Y i e l d  s t r enu th .  I n  c o n i u c t i o n  
w i t h  i ~ i c r o s t r u c t u r a l  s tud ies ,  t h i s  w i l l  a l l o w  f o r  an e s t i m a t i o n  t o  be made i f  t he  e f f e c t s  o f  i r r a d i a t i o n  on 
the  p r o p e r t i e s  of  these a l l o y s .  

2.0 Summary 
~ 

V i cke rs  microhardness, e l e c t r i c a l  r e s i s t i v i t y ,  and m i n i a t u r e  t e n s i l e  specimen measurements were made on 
A I I Z I R C  and AMAX-IlZC copper a l l o y s  i n  t he  cold-worked p l u s  aged and annealed c o n d i t i o n s .  I t  was determined 
t h a t  a l a r g e  p o r t i o n  o f  t he  s t r e n g t h  o f  these a l l o y s  i s  due t o  t h e i r  cold-worked na ture ,  and t h i s  s t r e n g t h  
i s  l o s t  when r e c r y s t a l l i z a t i o n  occurs.  The r e c r y s t a l l i z a t i o n  tempera ture  o f  bo th  a l l o y s  i s  abou t  475°C f o r  
d 1 hour anneal, and i s  es t ima ted  t o  be about  320°C f o r  a 20 yea r  anneal .  
microhardness and y i e l d  s t r e n g t h  was observed f o r  AMZIRC and AMAX-MZC, namely a<, (E1Pal = 3.0 V H N .  

A l i n e a r  c o r r e l a t i o n  between 
The 

J 
e l e c t r i c a l  c o n d u c t i v i t y  o f  bo th  a l l o y s  inc reased t o  a va lue  near 100% I A C S  f o l l o w i n g  thermal  annea l i ng  a t  
i n t e r m e d i a t e  temperatures.  

3 . 0  Program 

T i t l e :  R a d i a t i o n  E f f e c t s  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. Oodd 
A f f i l i a t i o n :  U n i v e r s i t y  o f  Wisconsin-Madison 

4.0 Re levant  DAFS Program P lan  Task/Subtask 

Subtask  II.C.l.l Phase S t a b i l i t y  Mechanics 
Subtask I I . C . l . l  Model ing  and Ana l ys i s  of E f f e c t s  o f  M a t e r i a l s  Parameters on M i c r o s t r u c t u r e s  

5 .0 Accomplishments and S ta tus  

5 .1  I n  t r oduc  ti on 

One o f  the  key m a t e r i a l  parameters t h a t  i s  used t o  c h a r a c t e r i z e  p o t e n t i a l  f us i on  r e a c t o r  m a t e r i a l s  i s  t he  
y i e l d  s t r e n g t h .  Un fo r t una te l y ,  t he re  a re  many i ns tances  where i t  i s  i m p r a c t i c a l  t o  i r r a d i a t e  conven t i ona l  
t e n s i l e  specimens t o  o b t a i n  t h i s  i n f o r m a t i o n .  The i r r a d i a t i o n  volume i s  o f t e n  of  l i m i t e d  s i z e ,  and i t  i s  
t he re fo re  d e s i r a b l e  t o  be ab le  t o  e x t r a c t  mechanical p r o p e r t y  i n f o r m a t i o n  f rom nonstandard, subs ized 

specimens.(') 

ab le  c o r r e l a t i o n s  between microhardness measurements and t e n s i l e  da ta .  ( * )  
microhardness t e s t i n g  a l s o  a l l o w s  the  i r r a d i a t e d  specimen t o  be subsequent ly  ana lyzed us ing  o t h e r  e x p e r i -  

mental techniques,  e.g. t r ansm iss ion  e l e c t r o n  microscopy (TEN) . ( 3 1  There a re  p r e s e n t l y  n o  known m ic ro-  
hardness y i e l d  s t r e n g t h  c o r r e l a t i o n s  f o r  h i gh- s t reng th ,  h i gh  c o n d u c t i v i t y  copper a l l o y s .  

One procedure f o r  e s t i m a t i n g  the  y i e l d  s t r e n g t h  of  i r r a d i a t e d  meta ls  i s  t o  make use of  a v a i l -  

The use o f  n o n d e s t r u c t i v e  

I n  a c o n t i n u a t i o n  
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o f  p r e v i o u s  t h i s  i n v e s t i g a t i o n  e s t a b l i s h e s  a c o r r e l a t i o n  between s t r e n g t h  and hardness t o r  two o f  
these copper a l l o y s .  
a l l o y s '  phys i ca l  p r o p e r t i e s .  

E l e c t r i c a l  r e s i s t i v i t y  measurements a r e  i n c l u d e d  a s  p a r t  o f - t h e  i n v e s t i g a t i o n  o f  the  

5.2 Exper imenta l  Procedure 

Two commercial h i yh- s t reng th ,  h i g h- c o n d u c t i v i t y  copper a l l o y s  were se l ec ted  t o r  an  i n i e s t i g a t i o n  o f  t h e i r  
mechanical p r o p e r t i e s .  AHZIRC (Cu-0.15 Z r )  and AHAX-I.IZC (Cu-0.04 big-0.15 Zr-0.8 C r )  a r e  hea t  t r e a t a b l e  
m a t e r i a l s  t h a t  have y i e l d  s t r eng ths  of 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  o f  80-Y0% I C C S  

( I n t e r n a t i o n a l  Annealed Copper Standard)." ) 
i n  b o t h  the  cold-worked p l u s  aged (CLdA) c o n d i t i o n  and i n  t h e  s o l u t i o n  annealed p l u s  aged ( S l i A i  c o n d i t i o n .  
The CLlA heat  t rea tment  cons i s t ed  o f  a s o l u t i o n  anneal, f o l l o w e d  by Y O %  c o l d - r o l l i n g  and then agini, f o r  3 0  
minu tes  a t  375°C t 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 .  Some of  these f o i l s  were su t seouen t l y  
s o l u t i o n  annealed a t  950°C f o r  100 hours and quenched i n  water  ( S A  c o n d i t i o n ) .  
cons i s t ed  o f  a s o l u t i o n  anneal a t  930°C f o r  45 minu tes  f o l l o w e d  by ag ing  f o r  one hour a t  456°C f o r  A i . l Z I R C  
and 50U"C f o r  t W C .  

F o i l s  of 250 ur t h i ckness  were ob ta i ned  from A N A X  Copper, I n c .  

The S A A  heat  t r ea tmen t  

Specimens o f  the  a l l o y s  i n  t h e  CWA c o n d i t i o n  w i t h  d imensions of  0.5 by 5 cm were annealed t o r  t i n e s  r ang ing  

from 0.25 t o  100 h o u r s . ( 5 )  
room temperature on the  as- rece ived and the  CWA p l u s  annealed specimens u s i n g  techn iques  t h a t  were p re-  
v i o u s l y  descr ibed .  A d d i t i o n a l  r e s i s t i v i t y  measurfments were made on specimens i n  the  C l l A  and S A A  c o n d i t i o n  
a t  7 7  K and 4.2 K .  

E l e c t r i c a l  r e s i s t i v i t ~ ' ~ )  and V i c k e r s  microhardnessi5)  measurements were made a t  

M i n i a t u r e  t c n s i l e  specimens were punched f rom the  as- rece ived and annealed t o i l s  and deburred u s i n s  p ro-  

cedures t h a t  a r e  descr ibed  i n  d e t a i l  e lsewhere . ( * )  The nominal d imensions o f  the  gage s e c t i o n  were 5 . 1  by 
l . U  by U . 2 5  nim. The a c t u a l  c ross- sec t i ona l  area t a r  each t e n s i l e  specimen was determined by measur ing t h e  
w i d t h  a n d  t i i i ckness  o f  the  gage s e c t i o n  a t  f i v e  d i f f e r e n t  l o c a t i o n s  and averag ing  t h e  r e s u l t s .  A nininua8 o f  
two t e n s i l e  specimens were t e s t e d  i n  t h e  l o n g i t u d i n a l  d i r e c t i o n  f o r  each o f  the  annea l ing  c o n d i t i o n s  i n  t h i s  
s tudy u s i n g  a p r e c i s i o n  h o r i z o n t a l  t e s t  trame w i t h  a f r ee- runn ing  crosshead speed o f  2.5 umls. 
each t e n s i l e  t e s t  were c o l l e c t e d  a t  room temperature i n  b o t h  a d i g i t a l  and ana log  manner. The 0 .2  pe rcen t  
o f f s e t  y i e l d  s t r e n g t h  ( 0  1 and u l t i m a t e  t e n s i l e  s t r e n g t h  (UTS) were c a l c u l a t e d  u s i n g  a computer based 

d i g i t a l  da ta  a c q u i s i t i o n  program. The s t r e n g t h  parameters of  s e l e c t e d  specimens were a l s o  c a l c u l a t e d  by 
g raph i ca l  techn iques  us i ng  the  ana log  da ta .  The r e s u l t s  were i n  good agreement w i t h  t h e  computer- generated 
va l ues .  

Data t o r  

Y 

5 .3  Resu l t s  __ 

Table  1 l i s t s  the  measured room temperature mechanical p r o p e r t i e s  of A M Z I R C  and AMAX-I4ZC i n  t h e  S A ,  S A A  and 
CWA c o n d i t i o n .  i l i t h i n  the s c a t t e r  o f  the  data, t he re  was no d i f f e r e n c e  i n  the  mechanical  p r o p e r t i e s  a s  
measured i n  the  t r ansve rse  and l o n g i  t u d i n a l  d i r e c t i o n s .  The AEiZ IRC a l l o y  deve lops  h i g h  s t r e n g t h  o n l y  a f t e r  
c o l d  work p l u s  aging,  and shows m i n i m 1  p r e c i p i t a t i o n  harden ing .  AMAX-MLC e x h i b i t s  app rec iab le  p r e c i p i t a -  
t i o n  hardening,  b u t  once aga in  most of i t s  s t r e n g t h  i n  t h e  CLiA c o n d i t i o n  can be a t t r i b u t e d  t o  c o l d  work 
e f f e c t s .  

The microhardness numbers of  A M Z I R C  and MZC specimens wh ich  were i n i t i a l l y  i n  t h e  CWA c o n d i t i o n  a r e  shown i n  
F i g s .  1 and 2 as a f u n c t i o n  o f  anneal c o n d i t i o n s .  The arrows i n d i c a t e  t h e  microhardness numbers f o r  t h e  
a l l o y s  i n  the  s o l u t i o n  annealed c o n d i t i o n ,  These f i g u r e s  have been updated f rom p r e v i o u s l y  p u b l i s h e d  

r e s u l t s ( 5 )  t o  i n c l u d e  the  100 h r  da ta .  
microhardness decreases r a p i d l y )  depends on the  annea l i ng  t ime and i s  abou t  475°C f o r  b o t h  A t l Z I R C  and A I M X -  
IMZC f o r  a one hour anneal .  I t  has been e m p i r i c a l l y  e s t a b l i s h e d  t h a t  t h e  r e c r y s t a l l i z a t i o n  r a t e  o f  me ta l s  

f o l l o w s  an A r rhen ius  r e l a t i ~ n s h i p . ( ~ )  

making use of the  L a r s o n - l ' l i l l e r  parameter,(")  as shown i n  F i g .  3 f o r  b o t h  a l l o y s .  
e x t r a p o l a t e d  t ime-dependent r e c r y s t a l l i z a t i o n  temperatures ob ta i ned  f rom t h i s  a n a l y s i s .  The curves  p r e d i c t  
a r e c r y s t a l l i z a t i o n  temperature o f  320°C f o r  b o t h  AMLIRC and MZC f o r  a 20 yea r  annea l ,  wh ich  i s  the  maximum 

des ign  l i f e t i m e  o f  a copper a l l o y  dev ice  i n  a f u s i o n  reac to r . '" )  

The r e c r y s t a l l i z a t i o n  tempera ture  ( i . e . ,  the  tempera ture  where t h e  

The annea l i ng  da ta  may t h e r e f o r e  be p l o t t e d  as a s i n g l e  curve  by 

Tab le  2 summarizes t h e  
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TABLE 1 

MEASURE0 MECHANICAL PROPERTIES OF AMZIRC AND AMAX-MZC a t  22°C 

~~ 

Heat M ic ro -  Y i e l d  S t r e n g t h  T e n s i l e  E l o n g a t i o n  
A l l o y  Treatment  hardness (0.2% O f f s e t )  S t r e n g t h  i n  5.1 nm 

~ 

AINZI  RC SA 50 HV 110 MPa 
S A A  51 HV 140 MPa 
CWA 146 HV 440 MPa 

15C NPa 21% 
220 PlPa 21% 
500 MPa 9% 

MZC S A  46 HV 90 MPa 120 MPa 14% 
SAA i a  H V  220 MPa 260 MPa 23% 
CI4A 168 HV 490 MPa 540 MPa 9% 

SA = s o l u t i o n  annealed; SAA:  s o l u t i o n  annealed, then aged; CWA: 90% cold-worked, then aged 

h 

FIGURE 1. V i c k e r s  microhardness o f  cold-worked p l u s  
aged (CWA) A M Z I R C  as a f u n c t i o n  of 
a n n e a l i n g  t ime  and temperature.  

A 0.25 hr 
I hr 
10 hri .  

* 100 hrr. 
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F I G U R E  2.  V i c k e r s  microhardness o f  co ld- worked p l u s  
aged (CWA) AMAX- MZC as a f u n c t i o n  o f  
a n n e a l i n g  t ime  and temperature.  
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TABLE 2 

PREDICTED RECRYSTALLIZATION TEFIPERATURE (TR)  OF A M Z I R C  AND ANAX-ilZC 

Anneal Time ~ 1 Month 1 Year 10 Years 
~ 

TR 380°C 350'C 330°C 

I n I I I I 1 I 1 I I v I 
12.5 IS.0 17.5 12.5 15.0 17.5 

T I 2 0  + LoglO 1 )  x IO'' T I20 +Log,oll~lO-' 

FIGURE 3. V i c k e r s  microhardness o f  CWA AMZIRC ( l e f t )  and AMAX-MZC ( r i g h t )  p l o t t e d  as a f u n c t i o n  of  t he  
L a r s o n- M i l l e r  parameter.  The curve con ta ins  a l l  o f  t he  da ta  shown i n  F igu res  1 and 2 .  

Comparison o f  t he  measured V i c k e r s  microhardness number and y i e l d  s t r e n g t h  o f  c o l d  worked p l u s  aged A M Z I R C  
and AMAX-MZC specimens i n  t h e i r  as- rece i ved  and dnnealed s t a t e s  l eads  t o  a l i n e a r  r e l a t i o n s h i p .  The y i e l d  
s t rength- microhardness  c o r r e l a t i o n  p l o t s  f o r  Af . lZIRC and AMAX-MZC a re  g i ven  i n  F i g s .  4 and 5 .  Data f o r  t he  
a l l o y s  i n  t he  SA and SAA c o n d i t i o n s  a re  a l s o  i n c l u d e d  i n  these p l o t s .  
V i cke rs  microhardness (VHNI and y i e l d  s t r e n g t h  ( o  ) e x i s t s  over t he  e n t i r e  range o f  c o n d i t i o n s  i nves -  

t i g a t e d .  The c o r r e l a t i o n  equa t i ons  t h a t  descr ibed the  l e a s t  squares f i t  t o  the  data a re ,  f o r  AEIZ IRC 

A d i r e c t ,  l i n e a r  c o r r e l a t i o n  between 

Y 

and f o r  AElAX-MZC, 

a (IlPA) = 3.03 VHN - 38 Y 

ar = 3.00 VHN - 1 7  . 

The f a c t  t h a t  the  c o r r e l a t i o n  p l o t s  have a smal l  nonzero i n t e r c e p t  i s  b e l i e v e d  t o  i n d i c a t e  t h a t  the  c o r r e l a -  
t i o n s  are  n o t  a p p l i c a b l e  f o r  very low s t r e n g t h  a l l o y s  ( <  100 iMPa y i e l d  s t r e n g t h ) .  However, i t  shou ld  be 
no ted  t h a t  t h i s  s t r e n g t h  l e v e l  i s  l e s s  than the  s o l u t i o n  annealed y i e l d  s t r e n g t h s  o f  t he  a l l o y s .  
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TABLE 3 

MEASUREU ELECTRICAL PROPERTIES OF A M Z I R C  AND AMAX-WZC 

500 - 
D 
P 

5 400 
fn 
fn 
w 
E $ 300 

-I 
W 

n 

; 200 

Heat  R e s i s t i v i t y  Inn-m) 
__ A l l o y  Treatment 295 K 7 7  K 4.2 K RRR = P 2 9 5 1 ~  4.2 C o n d u c t i v i t y  (22°C) 

h L 
I 1 I I 1 

- .* - - 500 - 

A M A X- M Z C  I 

AMZIRC m a .* . - 400- 
fn 
fn 
W a 
$ 300- 
n 
-I 
w - 200 > 

A i l Z I K C  SAA 23.5 i 0.2 8.3 f 0.2 5.9 f 0.1  4.0 
CWA 22.9 k 0.8 6.5 i 0.6 4.0 t 0.3 5 .7  

I.lZC S A A  33.2 + 0.6 18.7 i 0 .9  18.3 f 0 . 9  1.5 
CWA 29.4 t 0.6 14.4 f 0.8 13.5 f 0.5 2.2 

100 - - 
T c 

h" I I 1 
5 0  100 150 

: * / :  :/: 
76% I A C S *  
77% I A C S  

54% I A C S  
58% I A C S  

SAA = S o l u t i o n  annealed p l u s  aged, CWA = c o l d  worked p l u s  aged. 
* I A C S  = I n t e r n a t i o n a l  Annealed Copper Standard 

100 tr' 
1 L"- I I I 

so . 100 I50  
VICKERS M ICRO HARDNESS ( V H N )  

FIGURE 4. Y i e l d  s t r e n g t h  - microhardness c o r r e l a -  
t i o n  p l o t  f o r  CWA and annealed ANZIRC. 

IGURE 5 .  Y i e l d  s t r e n g t h  - microhardness c o r r e l a -  
t i o n  p l o t  f o r  CWA and annealed AMAX-MZC. 

The iwasured e l e c t r i c a l  p r o p e r t i e s  of  AFIZ IRC and AI,lAX-FIZC i n  t he  SAA and CWA c o n d i t i o n s  a re  l i s t e d  i n  Table 
3. A comparison of these c o n d i t i o n s  f o r  bo th  a l l o y s  shows t h a t  co ld- work ing  p r i o r  t o  ag ing  has a n e g l i g i b l e  
e f f e c t  on the e l e c t r i c a l  c o n d u c t i v i t y  a t  room temperature.  The room temperature c o n d u c t i v i t y  o f  AMZIRC i s  
about  40% l a r g e r  than t h a t  of  AMAX-MZC f o r  bo th  heat  t r ea tmen t  c o n d i t i o n s .  

F i g u r e  6 compares the  room temperature e l e c t r i c a l  c o n d u c t i v i t y  o f  t he  two as- rece ived a l l o y s  as a f u n c t i o n  
of temperature f o r  a 1 hour anneal .  The c o n d u c t i v i t i e s  o f  b o t h  a l l o y s  i nc reased  s t e a d i l y  f o r  anneal  tem- 
p e r a t u r e s  l e s s  than 550°C. The maximum 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 about  100% I A C S  and 95% I A C S  f o r  
AI*IZIKC and AI,lAX-MZC, r e s p e c t i v e l y .  Thermal annea l ing  a t  temperatures above 55O'C caused the  c o n d u c t i v i t y  t o  
decrease from the maximum va lue.  T h i s  e f f e c t  has been p r e v i o u s l y  observed i n  Cu-Zr and Cu-Cr-Zr 

a1 1 oy s , (12s13' and i s  p robab ly  due t o  s o l u t e  r e e n t e r i n g  s o l u t i o n  from the p r e c i p i t a t e s .  
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TABLE 4 

G R A I N  SIZE AND flINII4UM T H I C K N E S S  TO G R A I N  SIZE RATIO (T/D) FOK MINIATURE TENSILE SPECI I , IE I IS  

Cold-worked p l u s  Aged 

S o l u t i o n  Annealed Annealed 
S o l u t i o n  Annealed P luc  Aged 1 hr ,  6OO'C 140 Anneal 

__ AI4Z I R C  - NZC ~ A M Z I R C  - MZC ~ AI.lZ I R C  - MZC __ AINZIRC - l.lZC 

Gra in  s i z e  300 270 60 26 12 9 <1  <1 
(vm) 

t l d  1 1 4 10 20 28 ,250 ,250 

W 

T E h4 PE R ATURE. ( 'C 1 

FIbURE 6. E l e c t r i c a l  c o n d u c t i v i t y  a t  22°C of as- rece ived copper a l l o y s  f o l l o w i n g  a 1 hour thermal  anneal .  

5.4 U i  scuss i  on 

The average g r a i n  s i z e  and minimum th i ckness  t o  g r a i n  s i z e  r a t i o  ( t / d )  a re  g iven i n  Table 4 f o r  the  t e n s i l e  
specimens examined i n  t h i s  s tudy .  The number of g r a i n s  across  t he  s m a l l e s t  d imension o f  t he  t e n s i l e  spec i -  
men was g r e a t e r  than twenty f o r  a l l  specimens except  f o r  the  s o l u t i o n  annealed and s o l u t i o n  annealed p l u s  
aged a l l o y s .  A comnon rule- of- thumb i s  t h a t  a t  l e a s t  t e n  g r a i n s  across  t he  s m a l l e s t  c r o s s- s e c t i o n a l  dimen- 

s i o n  of  a t e n s i l e  specimen a re  r e q u i r e d  t o  o b t a i n  bu l k  b e h a v i o r . ( 8 )  Researchers have found t h a t  t he re  i s  no 
g r a i n  s i z e  e f f e c t  on the  measured y i e l d  o r  t e n s i l e  s t r e n g t h  f o r  m i n i a t u r e  t e n s i l e  specimens o f  a u s t e n i t i c  o r  

f e r r i t i c  s t e e l  as l o n g  as t / d  > 3-5. (83 '4)  
r e p r e s e n t a t i v e  of  t he  bu l k  s t r e n g t h  excep t  p o s s i b l y  f o r  ANZIRC i n  t he  SA and SAA c o n d i t i o n s  and l l Z C  i n  the  
SA c o n d i t i o n .  

Therefore,  t he  m i n i a t u r e  t e n s i l e  specimen r e s u l t s  shou ld  be 
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A s l i g h t  p e c u l i a r i t y  was n o t i c e d  i n  t he  e l o n g a t i o n  da ta  o f  A M Z I R C  and MZC i n  the  SA and SAA c o n d i t i o n s  
(Tab le  1 ) .  The measured e l o n g a t i o n  t o  f r a c t u r e  was g r e a t e r  f o r  t h e  aged a l l o y s  compared t o  t he  s o l u t i o n  
annealed c o n d i t i o n ,  as was the  s t r e n g t h  o f  bo th  a l l o y s .  D u c t i l i t y  g e n e r a l l y  decreases when s t r e n g t h  

inc reases ,  b u t  t he re  a r e  many excep t i ons  t o  t h i s  r u l e .  '15) 
due t o  g r a i n  s i z e  e f f e c t s .  D u c t i l i t y  i s  known t o  i nc rease  w i t h  decreas ing  g r a i n  s i ze , (15 )  and t he  SAA 
a l l o y s  have a much sma l l e r  g r a i n  s i z e  than the  SA a l l o y s  (Tab le  2 )  due t o  d i f f e r e n t  s o l u t i o n  annea l i ng  
t rea tments .  

The observed i nc rease  i n  d u c t i l i t y  i s  p robab l y  

One v a l i d  c r i t i c i s m  o f  the  exper imenta l  procedure f o l l o w e d  i n  t h i s  i n v e s t i g a t i o n  i s  t h a t  a l l  t e n s i l e  spec i -  
mens were punched from f o i l s  a f t e r  they had been annealed.  It i s  u n c e r t a i n  whether edge de fo rma t i on  due t o  
punching has a s i g n i f i c a n t  e f f e c t  on the  measured mechanical p r o p e r t i e s  o f  annealed m i n i a t u r e  t e n s i l e  
specimens . 

I t  i s  s u r p r i s i n g  t h a t  t he  c o r r e l a t i o n  p l o t  o f  y i e l d  s t r e n g t h  and V i c k e r s  microhardness number i s  l i n e a r  over 

the e n t i r e  range o f  p o s s i b l e  thermomechanical c o n d i t i o n s  f o r  A M Z I R C  and MZC. Ne have p r e v i o u s l y  shown(5) 
t h a t  the  m i c r o s t r u c t u r e s  o f  the  two a l l o y s  changed d r a m a t i c a l l y  f o l l o w i n g  the  v a r i o u s  annea l ing  schedules.  

The s lope o f  the c o r r e l a t i o n  p l o t  shou ld  depend on t he  work- hardening coef f ic ient , (16,1 ' )  which i nc reased  
s i g n i f i c a n t l y  a f t e r  annea l i ng  o f  the  cold-worked p l u s  aged a l l o y s .  The s l ope  of  the  c o r r e l a t i o n  p l o t  was 
the  same f o r  bo th  t he  p r e c i p i t a t i o n- h a r d e n a b l e  a l l o y  (AFIAX-MZC)  and the  a l l o y  which does n o t  e x h i b i t  
app rec iab le  p r e c i p i t a t i o n  harden ing  e f f e c t s  (AMZIRC). The d e r i v e d  c o r r e l a t i o n  f o r  these h igh- s t reng th .  
h i g h - c o n d u c t i v i t y  copper a l l o y s ,  oy - 3.0 VHN, i s  i d e n t i c a l  t o  t he  r e l a t i o n  found f o r  t he  s t r e n g t h  i nc rease  

i n  copper and copper a l l o y s  due t o  r a d i a t i o n  hardening." ') S i m i l a r  c o r r e l a t i o n  r e s u l t s  have been r e p o r t e d  

f o r  n o n i r r a d i a t e d  copper and o the r  metals. (16919) 

E v a l u a t i o n  o f  t he  da ta  presented  i n  F igu res  1-6 r e v e a l s  t h a t  a v a r i e t y  of  combinat ions  of  s t r e n g t h  and 
e l e c t r i c a l  c o n d u c t i v i t y  a re  p o s s i b l e  f o r  AMZIRC and AMAX-MZC. It i s  e v i d e n t  t h a t  A M Z I R C  i s  g e n e r a l l y  
s u p e r i o r  t o  ANAX-MZC i n  terms o f  maximum ach ievab le  c o n d u c t i v i t y .  On t h e  o the r  hand, ANAX-MZC i s  capable o f  
a l a r g e r  y i e l d  s t r e n g t h  va lue  than A t 4 Z I R C  a t  a g iven  o p e r a t i n g  tempera ture .  The b e s t  combinat ion  of  h i g h  
s t r e n g t h  and c o n d u c t i v i t y  i s  ob ta i ned  by ag ing  the  a l l o y s  a t  c o n d i t i o n s  s l i g h t l y  below t h a t  r e q u i r e d  f o r  
r e c r y s t a l l i z a t i o n .  The r e s u l t a n t  optimum y i e l d  s t r e n g t h  and e l e c t r i c a l  c o n d u c t i v i t y  va lues  a r e  (350 MPa, 
90% IACS) f o r  A I I Z I R C  and (400 MPa, 85% IACS) f o r  AMAX-MZC. 

5 . 5  Conc lus ions  

The r e c r y s t a l l i z a t i o n  r a t e  o f  cold-worked p l u s  aged AMZIRC and AI1AX-t.IZC copper a l l o y s  f o l l o w i n g  s h o r t  te rm 
thermal  annea l i ng  a p p a r e n t l y  obeys an A r rhen ius  r e l a t i o n s h i p .  The r e c r y s t a l l i z a t i o n  tempera ture  f o r  a 1 
hour anneal i s  abou t  475°C f o r  bo th  a l l o y s .  
AI.lAX-t,lZC f o r  a 20 year  anneal i s  about  320°C i n  the  absence o f  s t r e s s  o r  i r r a d i a t i o n  e f f e c t s .  

The es t ima ted  r e c r y s t a l l i z a t i o n  temperature f o r  AINZIRC and 

A l i n e a r  c o r r e l a t i o n  between y i e l d  s t r e n g t h  and V i c k e r s  microhardness e x i s t s  over  a wide range o f  
thermomechanical c o n d i t i o n s  f o r  A M Z I R C  and AMAX-MZC. The r e l a t i o n s h i p  f o r  bo th  a l l o y s  i s  g i ven  by 
o (I.lPa) = 3.0 VHN. 

Y 

The e l e c t r i c a l  c o n d u c t i v i t y  o f  A M Z I R C  and AMAX-MZC i s  c o n t r o l l e d  ma in l y  by t he  cha rac te r  o f  t h e i r  a l l o y i n g  
elements,  i . e .  the  r e l a t i v e  p a r t i t i o n i n g  o f  s o l u t e  between p r e c i p i t a t e s  and s o l i d  s o l u t i o n .  
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