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FOREWORD 

This report is the twelfth in a series of Quarterly Technical Progress 
Reports on "Damage A n a l y s i s  and Fundamental S t u d i e s "  (DAFS) which is one 
element of the Fusion Reactor Materials Program, conducted in support of the 
Magnetic Fusion Energy Program of the U. S. Department of Energy. The first 
eight reports in this series were numbered DOE/ET-0065/1 through 8. 
elements of the Materials Program are: 

Other 

. . P1 asma-Mater i als Interaction (PMI ) . Special Purpose Materials (SPM). 

The DAFS program element is a national effort composed of contributions 

Alloy Development for Irradiation Performance (ADIP) 

from a number of National Laboratories and other government laboratories, 
universities, and industrial laboratories. It was organized by the Materi- 
als and Radiation Effects Branch, Office of Fusion Energy, DOE, and a Task 
Group on Damage A n a l y s i s  and Fundamental S t u d i e s  which operates under the 
auspices of that Branch. The purpose of this series of reports is to pro- 
vide a working technical record of that effort for the use of the program 
participants, for the fusion energy program in general, and for the Depart- 
ment of Energy. 

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

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

The Table of Contents is 

This report has been compiled and edited under the guidance of the 
Chairman of the Task Group on Damage A n a l y s i s  and Fundammtal  S t u d i e s ,  
D. G. Doran, Hanford Engineering Development Laboratory. His efforts and 
those of the supporting staff of HEDL and the many persons who made tech- 
nical contributions are gratefully acknowledged. M. M. Cohen, Materials and 
Radiation Effects Branch, i s  the Department o f  Energy counterpart to the 
Task Group Chairman and has responsibility for the DAFS Program within DOE. 

Klaus M. Zwilsky, Chief 
Materials and Radiation 

Office of Fusion Energy 
Effects Branch 
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I .  PROGRAM 

T i t l e :  RTNS-I1 Opera t ions  (WZJ-16) 

P r i n c i p a l  I n v e s t i g a t o r :  C. M. Logan 

A f f i l i a t i o n :  Lawrence L i v e r m r e  N a t i o n a l  Labo ra to ry  

11. OBJECTIVE 

The o b j e c t i v e s  o f  t h i s  work a r e  o p e r a t i o n  o f  OFE's RTNS-I1 (a  14-MeV 

neu t ron  source f a c i l i t y ) ,  machine development, and s u p p o r t  o f  t he  e x p e r i -  

mental  program t h a t  u t i l i z e s  t h i s  f a c i l i t y .  Exper imenter  s e r v i c e s  i n c l u d e  

dosimetry ,  hand l i ng ,  schedu l ing ,  c o o r d i n a t i o n ,  and r e p o r t i n g .  

RTNS-I1 i s  ded i ca ted  to m a t e r i a l s  resea rch  f o r  the  f u s i o n  power 

program. I t s  p r imary  use i s  t o  a i d  i n  t he  development o f  models o f  h i g h-  

energy neu t ron  e f f e c t s .  

j e c t i n g  t o  t he  f u s i o n  env i ronment  e n g i n e e r i n g  da ta  o b t a i n e d  i n  o t h e r  

neut ron  spec t ra .  

111. RELEVANT OAFS PROGRAM TASK/SUBTASK 

Such models a r e  needed i n  i n t e r p r e t i n g  and p ro-  

TASK II.A.2,3,4. 

TASK II.B.3,4. 

TASK II.C.1,2,6,11,18. 

I V .  SUMMARY 

I r r a d i a t i o n s  were done f o r  a t o t a l  o f  e i g h t  d i f f e r e n t  exper imenters  

f r om s i x  l a b o r a t o r i e s .  F i ve  " p iggy  back"  exper iments  were per fo rmed 

d u r i n g  t h i s  p e r i o d .  Major  unscheduled outages d u r i n g  t h i s  p e r i o d  were due 

to exper iment  component f a i l u r e  and f u n c t i o n a l  checks o f  a c c e l e r a t o r  

eq u i  pmen t. 

V. ACCOMPLISHMENTS AND STATUS 

A. I r r a d i a t i o n s  - M. W. Guinan, C. M. Logan and D. W. He ikk inen  

The HEDL-5 two-zone fu rnace expe r imen t  f o r  N. Panayotou (HEDL) was 

c o n t i n u e d  d u r i n g  t h i s  q u a r t e r .  The i r r a d i a t i o n s  f o r  R. Jones (PNL) were 

a l s o  cont inued,  and f o u r  o f  f i v e  p r e s e n t l y  reques ted  samples have been 

(LLNL) . 
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completed.  Another i n - s i t u  c reep exper imen t  on Nb f o r  W. Barmore (LL, lL)  

was done. 

M. Guinan (LLNL) was a l s o  completed. 

ments were a l s o  pe r fo rmed  d u r i n g  t h i s  q u a r t e r .  

The l ow  temperature  i r r a d i a t i o n  o f  r e s i s t i v i t y  samples by 

The f o l l o w i n g  " p i g g y  back"  e x p e r i -  

1 )  I r r a d i a t i o n  o f  e l e c t r o n i c  components f o r  H. Murray (PPPL). 

2)  A c t i v a t i o n  a n a l y s i s  o f  RTNS-I1 t a r g e t  s u b s t r a t e s .  
C. Logan (LLNL). 

3)  I r r a d i a t i o n  o f  t h e r m c o u p l e  w i r e s .  C. Logan (LLNL). 

4 )  E f f e c t s  o f  neu t ron  i r r a d i a t i o n  on r e p r o d u c t i o n  i n  mice. 

L. G o l d s t e i n  (U.C. Medical  Center, San F r a n c i s c o ) .  

5 )  R a d i a t i o n  e f f e c t s  on t he  thermal/mechanical  p r o p e r t i e s  

o f  TFTR i n s u l a t o r s .  G. H u r l e y  (LANSL). 

B. RTNS-I1 S t a t u s  - C. M. Logan and D. W .  Heikk inen  (LLNL) 
Several  improvements and /o r  m o d i f i c a t i o n s  have been made a t  RTNS-11. 

Among these a r e :  

1 )  

2 )  M o n i t o r i n g  equipment has been i n s t a l l e d  on t h e  H a e f e l y  

3 )  

A l i g h t  a r r a y  has been i n s t a l l e d  t o  p r o v i d e  f o r  a l i g n m e n t  

v e r i f i c a t i o n  on t h e  TV beam m o n i t o r i n g  system. 

h i g h  v o l t a g e  power supp ly .  

A l ow  f l u e n c e  sample h o l d e r  f o r  " p iggy  back"  exper iments  

has been i n s t a l l e d .  

Severa l  50-cm t a r g e t  s u b s t r a t e s  have been t e s t e d  and q u a l i f i e d .  

i n  f i n a l  p r e p a r a t i o n  f o r  t h e  t r i t i u m  l o a d i n g  process.  I n  a d d i t i o n ,  t he  

50-cm r o t a t i n g  t a r g e t  t e s t  assembly has been mechan ica l l y  completed.  

major  unscheduled outages d u r i n g  t h i s  p e r i o d  were due t o  a complete 

f u n c t i o n a l  t e s t  o f  t he  H a e f e l y  h i g h  v o l t a g e  power supp ly  and t o  t u r b o  pump 

and h e a t e r  f a i l u r e  on the  HEDL two-zone furnace.  

V I I .  FUTURE WORK 

These a r e  

The 

Dur ing  t h e  q u a r t e r ,  i r r a d i a t i o n s  a r e  scheduled f o r  Panayotou (HEOL), 

and Jones (PNL). 

(Nor th rup )  and Nethaway (LLNL). 

r a d i a t i o n  rev iew.  

A " p iggy  back"  e x p e r i m n t  i s  scheduled f o r  Srour  

P r e p a r a t i o n  i s  underway f o r  an OFE 
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I .  

I 1  

PROGRAM 

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 :  D.L.Johnson/F.M.Mann 

A f f i l i a t i o n :  

Nuc lea r  Data f o r  Damage S tud ies  and FMIT (WH025/EDK) 

Hanford  Eng inee r i ng  Development Labo ra to ry  (HEDL) 

OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  supp l y  n u c l e a r  da ta  needed f o r  

damage s t u d i e s  and i n  t h e  des ign  and o p e r a t i o n  o f  t h e  Fus ion  M a t e r i a l  

I r r a d i a t i o n  T e s t i n g  (FMIT) f a c i l i t y .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

A l l  t a s k s  t h a t  a r e  r e l e v a n t  t o  FMIT use, w i t h  emphasis upon: 

SUBTASK I I .A .2 .3  F l u x  s p e c t r a  d e f i n i t i o n  i n  FMIT 

TASK I I . A . 4  Gas Genera t ion  Rates 

SUBTASK I I .A .5 .1  He l i um Accumulat ion M o n i t o r  Development 

SUBTASK I I . B . 1 . 2  A c q u i s i t i o n  o f  Nuc lea r  Data 

I V .  SUMMARY 

A d d i t i o n a l  e v a l u a t i o n  o f  deuteron- induced a c t i v a t i o n  o f  g o l d  and 

aluminum was done t o  p r o v i d e  dose es t ima tes .  

An e v a l u a t i o n  was made o f  t h e  neu t ron  envi ronment  a t  l a r g e  ang les  

t o  t h e  35-MeV deuteron  beam i n  t h e  FMIT t e s t  c e l l  f o r  comparison 

w i t h  p o s i t i o n s  a t  smal l  ang les  t o  a 20-MeV beam. 

P r e d i c t i o n s  o f  t h e  neu t ron  source c h a r a c t e r i s t i c s  f o r  deuterons 

i n c i d e n t  upon g o l d  were made' t o  a i d  i n  e s t i m a t i n g  dose nea r  t he  

a c c e l e r a t o r .  
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V. ACCOMPLISHMENTS AND STATUS 

A. Deuteron- Induced A c t i v a t i o n  o f  FMIT M a t e r i a l s  -- 
D.L. Johnson (HEDL) 

A c t i v a t i o n  o f  FMIT m a t e r i a l s  by deuterons w i l l  produce ma jo r  c o n t r i b u -  

t i o n s  t o  r e s i d u a l  gamma r a d i a t i o n  doses f o l l o w i n g  o p e r a t i o n  o f  t h e  FMIT 

f a c i l i t y .  

va r i ous  m a t e r i a l s  were desc r i bed  p r e v i o u s l y  i n  t he  DAFS q u a r t e r l y  

r e p o r t  f o r  January-March 1980. 

ob ta ined .  

Resu l t s  o f  measurements o f  deu te ron- induced  a c t i v a t i o n  o f  

The f o l l o w i n g  new r e s u l t s  have been 

An updated a n a l y s i s  o f  a c t i v a t i o n  o f  t h i c k  g o l d  by  35-MeV deuterons 

was completed. 

the  v i c i n i t y  o f  t he  beam caused by smal l  beam losses .  

showed a l o n s - l i v e d  r a d i o i s o t o p e  ( 
v i o u s l y  observed. T h i s  i s o t o p e  w i l l  b u i l d  un  t o  s i g n i f i c a n t  l e v e l s  

d u r i n g  l o n g  i r r a d i a t i o n s  b u t  can be easi1.y s h i e l d e d  because o f  i t s  l ow 

energy decay gamma rays .  

Gold i s  v e r v  i m p o r t a n t  f o r  r educ ina  t h e  a c t i v a t i o n  i n  

Au - 183 days) t h a t  was n o t  n re -  

The new a n a l y s i s  
1 9 5  

Ana l ys i s  o f  t h e  a c t i v a t i o n  o f  t h i c k  aluminum by  35-MeV deuterons was 

begun. 

between t h e  a c c e l e r a t o r  and t he  t a r g e t  and w i l l ,  t h e r e f o r e ,  be a c t i -  
va ted  by  any beam losses .  

q u a n t i t i e s  o f  24Na which decays away w i t h  a h a l f  l i f e  o f  15 hours.  

They a l s o  show "Na which has a h a l f  l i f e  o f  2.6 years  and w i l l  b u i l d  

up t o  s i g n i f i c a n t  l e v e l s .  S ince t he  gamma r a y s  a r e  h i g h e r  i n  energy, 

i t  i s  expected t h a t ,  f o r  comparable beam exposures,  more s h i e l d i n g  

w i l l  be r e q u i r e d  t han  f o r  a c t i v a t e d  go ld .  

Aluminum i s  t he  m a t e r i a l  c u r r e n t l y  planned f o r  t he  beam tubes 

The r e s u l t s  t o  d a t e  i n d i c a t e  s i g n i f i c a n t  

A computer code was w r i t t e n  t o  es t ima te  a c t i v a t i o n  c ross  sec t i ons  f o r  

(d,p), (d,n), (d,2n), and (d,3n) r e a c t i o n s  f o r  any element w i t h  2 between 

about  20 and 83. These es t ima tes  a re  based upon sys temat i cs  presented 

i n  Reference 1. The p r ima ry  need f o r  t h i s  i n f o r m a t i o n  i s  f o r  c a l c u l a t -  

7 



i n g  the  residual  doses associated with ac t iva t ion  of contaminants and 
corrosion products t h a t  may be present i n  the FMIT l iqu id  l i thium t a r g e t .  
Previous dose est imates were based upon crude ac t iva t ion  cross  sect ion 
est imates of 0 .5  barns above threshold f o r  any react ion,  hence a s i g n i f i -  
cant  improvement i n  accuracy i s  expected. 

B .  Neutron Environment in FMIT - F.M.Mann ( H E D L )  

Flux, dpa, and He production a t  large  angles from the deuteron beam were 
investigated a t  E d =  35 MeV t o  compare damage parameters a t  these posi t ions  
w i t h  parameters obtained f o r  E d =  20-MeV operation.  Although the f lux  
spectrum i s  s imi la r  f o r  these posi t ions  and f o r  20-MeV operation,  the 
f lux  i s  a t  l e a s t  a f a c t o r  of 6 lower than could be obtained w i t h  an o p t i -  
mized t a r g e t  a t  20 MeV, moreover, s i g n i f i c a n t  gradients e x i s t  [(Mpa/dpa) 
/Ay (mrn) 7-11%]. 

C .  Cross Section Calculations - F.M.Mann ( H E D L )  

Since gold wi l l  be used t o  p la te  the d r i f t  tubes down most, i f  not a l l ,  
of  the  length of the FMIT l i n a c ,  the neutron source from deuterons on A u  

must be known t o  determine radia t ion zoning spec i f i ca t ions .  
for tunate ly  the re  i s  not enough experimental data t o  determine t h i s  
neutron source. Therefore, theoret ica l  models and the experimental data 

Un- 

of Meulders e t  a l .  (2) were used t o  predic t  the needed neutron spect ra .  

Equilibrium(3) and p r e - e q ~ i l i b r i u m ( ~ )  models t r e a t  t h a t  pa r t  of the 
reaction which proceeds by emitt ing a p a r t i c l e  out  of the composite 
system d + A u .  
ca lcu la te  t h i s  par t  of the  reaction f o r  t h i n  t a r g e t s  as a function of 
deuteron energy. 
d i s t r i b u t i o n  
dependence of the  neutron y ie lds .  

The reaction cross  sect ion code P R E C O - D ( 5 )  was used t o  

PRECO- D a l s o  incorporates the recent ly  found angular 
systematics of Kalbach and Mann(6) t o  determine the angular 

The reaction cross  sect ion i n p u t  t o  PRECO- D was calcula ted u s i n g  the H E D L  
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code HAUSER*5,(7) u s i n g  s tanda rd  o p t i c a l  model parameters. 

parameters were t aken  t o  be t h e  s tanda rd  PRECO-D va lues .  

A1 1 o t h e r  

Because t h e  deuteron  i s  so weakly  bound, t h e  deuteron  becomes s t r o n g l y  

p o l a r i z e d  i n  t h e  n u c l e a r  f i e l d  and t h e  e f f e c t i v e  deuteron  r e a c t i o n  c r o s s  

s e c t i o n s  i n c r e a s e  a t  low energ ies .  ( 8 )  Using  t h e  r e l a t i v e  sys tema t i cs  o f  

Peaslee,") t h e  e f f e c t  o f  t h i s  Ph i l l i ps- Oppenhe imer  e f f e c t  was inc luded.  

E q u i v a l e n t  t h i c k  t a r g e t  y i e l d s  were genera ted  b y  combin ing t h e  above t h i n  

t a r g e t  d a t a  w i t h  t h e  deuteron  s t o p p i n g  power. ( l o )  These t h i c k  t a r g e t  da ta  

were t h e n  g i v e n  an o v e r a l l  n o r m a l i z a t i o n  f a c t o r  based upon t h e  16-!leV d a t a  

o f  Meulders e t a l . w h i c h  i s  p redomina te l y  e q u i l i b r i u m  and p r e- e q u i l i b r i u m .  

A t  h i g h e r  deuteron  ene rg ies ,  deu te ron  s t r i p p i n g  must be added. 

i s  s t r i p p e d  f rom t h e  weakly  bound deuteron  t o  y i e l d  a f o r w a r d  peaked 

n e u t r o n  d i s t r i b u t i o n .  ( 11 )  

neu t ron  spectrum i s  p r e d i c t e d  t o  be r o u g h l y  Gaussian i n  b o t h  neu t ron  

energy and em iss ion  ang le  and i s  n e a r l y  deuteron- energy independent.  

The re fo re ,  t h e  t h i c k  t a r g e t  s t r i p p i n g  was o b t a i n e d  as a sum o f  Gaussians. 

The parameters o f  t h i s  p a r t  o f  t h e  model were a d j u s t e d  t o  f i t  t h e  33-MeV 

d a t a  o f  Meulders e t  a l . ,  wh ich  c l e a r l y  show a breakup peak. 

The p r o t o n  

For  t h i n  t a r g e t s ,  t h e  shape o f  t h i s  p a r t  o f  t h e  

The r e s u l t s  o f  t h e  two models were added t o  f o rm  t h e  f i n a l  va lues  as a 

f u n c t i o n  o f  deuteron  energy. F i g u r e  1 p resen ts  t h e  Ed= 33-MeV d a t a  o f  
Meulders e t  a l .  w i t h  t h e  r e s u l t s  o f  t h i s  e v a l u a t i o n  a t  Ed= 30 and 35 MeV. 

0. CSEWG Task Group - F.M.Mann (HEDL) 

The Cross S e c t i o n  E v a l u a t i o n  Working Group (CSEWG) has c r e a t e d  a wo rk ing  

group under  t h e  cha i rmansh ip  o f  F.M.Mann t o  c o o r d i n a t e  c r o s s  s e c t i o n  

e v a l u a t i o n  e f f o r t s  above 20 MeV f o r  t h e  ENDF/B system. 
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HIGHLIGHTS 

CHAPTER 2. DOSIMETRY AND DAMAGE PARAMETERS 

F i s s i o n  Reactor  Dos imetry  (ANL) 

A neu t ron  s p e c t r a l  measurement was made i n  t he  co re  o f  the  Omega 

West Reactor  (LASL) on October 21, 1980. A l l  r a d i o m e t r i c  samples have 

been analyzed and f l u x  va lues  a re  p resen ted  a long  w i t h  an un fo l ded  

spectrum. 

The dos imete rs  were rece i ved  i n  December 1980 f rom t h e  ORR-MFE 2 

i r r a d i a t i o n .  

f o r  gamma coun t ing .  

The capsu les  a r e  now be ing  opened and samples prepared 
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I. PROGRAM 

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

A f f i l i a t i o n :  Argonne Na t i ona l  L a b o r a t o r y  

I I. OBJECTIVE 

To e s t a b l i s h  t he  b e s t  p r a c t i c a b l e  dos ime t r y  f o r  mixed-spectrum reac-  

t o r s  and t o  p r o v i d e  dos ime t r y  and damage a n a l y s i s  f o r  OFE exper iments.  

111. RELEVANT OAFS PROGRAM TASK/SUBTASK 

SUBTASK I I . A . l . l  F l u x - s p e c t r a l  d e f i n i t i o n  i n  a t a i l o r e d  f i s s i o n  

r e a c t o r .  

SUBTASK II .A.1.3 A p p l i c a t i o n s .  

I V .  SUMMARY 

The neut ron  f l u x  spectrum was measured i n  t h e  Omega West Reactor  

(LASL) i n  October .  

Dosimeters were r e c e i v e d  i n  December f r om t h e  ORR-MFE2 i r r a d i a t i o n .  

The s t a t u s  o f  a l l  o t h e r  i r r a d i a t i o n s  i s  sumnarized i n  Table I. 

F l u x  va lues  and a spectrum a r e  now a v a i l a b l e .  

V.  ACCOMPLISHMENTS AN0 STATUS 

A. C h a r a c t e r i z a t i o n  o f  t h e  Omega West Reac tor  (LASL) 
L. R. Greenwood (ANL) 

An i r r a d i a t i o n  was conducted i n  t he  Omega West Reactor  (OWR) a t  

Los Alamos S c i e n t i f i c  L a b o r a t o r y  on  October  21, 1980. Samples were p laced  

i n  a fu rnace c o n s t r u c t e d  by R. Van Konynenburg (LLL) ,which w i l l  be used 

f o r  f i s s i o n - f u s i o n  (RTNS 11) c o r r e l a t i o n  exper iments by  LLL and HEOL. The 

i r r a d i a t i o n  l a s t e d  f o r  8 hours w i t h  an average power l e v e l  o f  7.8 MW (7.63 

hours a t  8.0 MW). 

t h e  i r r a d i a t i o n .  

The capsu le  tempera ture  was about  65°C d u r i n g  most o f  

16 



Tab le  I .  S t a t u s  o f  Reactor  Exper iments 

F a c i l i  t y l E x p e r i m e n t  

ORR - MFEl - 
- MFE2 

- MFE3 

- MFE4A,B 

- TBC07 

- TRIO 

HFIR - CTR 30,31,32 - 
- Tl,T2 

- R E 1  

Omega West - Spec t ra l  Run 

- HEDL/LLLl 

EBR I1  - X287 

S t a t u s  and Comments 

A n a l y s i s  complete.  

Samples r e c e i v e d  12/80. 

P l a n n i n g  i n  p rogress .  

I r r a d i a t i o n  i n  p rogress .  

A n a l y s i s  complete.  

P lann ing  i n  progress.  

I r r a d i a t i o n  i n  p rogress .  

I r r a d i a t i o n  i n  p rogress .  

P lann ing  i n  progress .  

A n a l y s i s  complete.  

I r r a d i a t i o n  i n  progress .  

A n a l y s i s  i n  p rogress .  
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Dosimetry specimens were p laced  i n  an aluminum c y l i n d e r  

(0 .75"  O.D. x 0.74" l e n g t h )  w i t h  n i n e  h o l e s .  

p o s i t i o n  t he  e n t i r e  assembly a t  t he  maximum f l u x  p o s i t i o n  near co re  

c e n t e r .  S ince t h i s  i d e n t i c a l  se tup  w i l l  be used f o r  most  i r r a d i a t i o n s ,  

no a d d i t i o n a l  g r a d i e n t s  were measured. A n a l y s i s  o f  o u r  da ta  shows t h a t  

f l u x  va lues  w i t h i n  t he  smal l  capsu le  v a r y  l e s s  than  2%. 

An a t tempt  was made to 

A f t e r  i r r a d i a t i o n ,  t h e  samples were shipped t o  ANL f o r  a n a l y s i s .  

Hel ium mon i to rs  were a l s o  i n c l u d e d  and these were sen t  to D. K n e f f  

(Rockwel l  I n t e r n a t i o n a l )  f o r  a n a l y s i s .  

counted and 32 r e a c t i o n s  were measured f o r  s p e c t r a l  a n a l y s i s .  

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. 

A t o t a l  o f  40 samples were gamma 

The f i n a l  

Twenty-nine r e a c t i o n s  were then used t o  u n f o l d  t h e  neu t ron  

spectrum. The i n p u t  spectrum was taken from p r e v i o u s  measurements i n  t h e  
Oak Ridge Research Reactor  s i n c e  no n e u t r o n i c s  c a l c u l a t i o n s  a r e  a v a i l a b l e .  

A l l  a c t i v a t i o n  c r o s s  s e c t i o n s  and e r r o r s  were taken f rom ENDF/B-V. The 

STAYSL-adjusted spectrum i s  shown i n  F ig .  1 and t h e  8-MW f l u x  i n t e g r a l s  

a re .  as f o l l o w s :  

Energy Range, MeV F l u x  I n t e g r a l  
(n/cm2-s) 

T o t a l  1.81 x 1014 

Thermal 7.3 x 1013 

>0.11 5.7 x 1013 

>1 .o 2.9 1013 

>5.0 2.0 x 1012 

>10.0 4.5 x 1010 

E r r o r ,  % 

5 

15 

9 

7 

11 

16 

More complete r e s u l t s  a r e  a v a i l a b l e  on reques t .  
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Table 11. Satura ted  A c t i v a t i o n  Rates f o r  t h e  m e g a  West Reactor 

( 7 . 8  MW, Core Center)  
u e  a @  

React ion (atoms/atom-s) React ion (atom/atom-s) 

%o(n, I) 6oCo 2.10 x 10-9 237Np(n, f )  t Gd 6.19 x 10-11 

+ Gd cover 4.26 x 237Np(n, y )  238Np t Gd 3.74 x 10-9 

lg7Au(n,  Y )  lg8Au 1.17 x 10-8 27Al(n,  a )  24Na 2.32 x 10-14 

+ Gd cover  7.47 x 54Fe(n, p )  54Mn 2.99 x 10-12 

63Cu(n, y )  64Cu + Gd 2.36 x 54Fe(n, a )  5 1 C r  2.82 10-14 

58Fe(n, Y) 59Fe 6.13 x 55Mn(n, 2n) 54Mn 8.44 x 10-15 

4 5 ~ c ( n ,  y )  4 % ~  1.22 x 10-9 60Ni(n,  p )  6oCo 8.24 10-14 

+ Gd cover  1.31 x 10-10 63Cu(n, a )  6 0 ~ 0  1.83 x 10-14 

9 4 ~ r ( n ,  y )  9 5 ~ r  3.93 x 10- lZ 46T i (n ,  p )  46Sc 3.89 10-13 

9 6 ~ r ( n ,  y )  9 7 ~ r  2.90 x 47T i (n ,  p )  47Sc 6.24 x 10-13 

1 7 6 ~ u ( n ,  7 )  1 7 7 ~ ~  2.29 x 10-7 48T i (n ,  p )  48Sc 1.01 10-14 

+ Gd cover 3.30 x 10-8 90Zr(n,  2n) 89Zr 3.82 x 10-15 

2 3 5 ~ ( n ,  f )  2.18 x 93Nb(n, 2n) 92mNb 1.63 x 10-14 

+ Gd cover  2.68 x 10-9 

2 3 8 ~ ( n ,  f )  1.19 x 10-11 

+ Gd cover  9.20 x 10-12 58Ni(n,  p )  58c0 3.69 x 10-12 

238U(n, y )  239Np 

+ Gd cover 

5.31 x 10-10 

4.17 x 10-10 

Note: 
Such c o r r e c t i o n s  a r e  s p e c t r a l  dependent and a r e  done d u r i n g  t h e  s p e c t r a l  
adjustment  process. A l l  o t h e r  known c o r r e c t i o n s  have been inc luded.  

The above va lues  a r e  n o t  c o r r e c t e d  f o r  neut ron  s e l f - s h i e l d i n g .  

20 



B. Dos imetry  f o r  t h e  ORR-MFE2 I r r a d i a t i o n  
L. R. Greenwood (ANL) 

Dos imetry  samples were r e c e i v e d  i n  December f o r  t he  ORR-MFE2 

i r r a d i a t i o n .  These specimens were i r r a d i a t e d  f o r  about 15 months i n  pos i -  

t i o n  E7 between September 1978 and March 1980. S i x teen  smal l  specimens 

were p l aced  i n s i d e  exper imenta l  assembl ies  and two l o n g  tubes con ta i ned  

g r a d i e n t  w i r e s  and he l i um  specimens. 

d isassembled a t  ANL and p repared  f o r  g a m a  coun t i ng .  

w i l l  be sen t  t o  Rockwel l  I n t e r n a t i o n a l  f o r  a n a l y s i s .  

The samples a r e  c u r r e n t l y  be ing  

Hel ium specimens 

V I .  REFERENCES 

None. 

V I I .  FUTURE WORK 

Some o f  t h e  i r r a d i a t i o n s  l i s t e d  i n  Table  I w i l l  t a k e  severa l  yea rs  

t o  complete and many more w i l l  be added. Damage c a l c u l a t i o n s  w i l l  be 

per formed f o r  t he  Omega West Reactor  and most o t h e r  exper iments.  Hel ium 

measurements (Rockwel l  I n t e r n a t i o n a l )  w i l l  be i n t e g r a t e d  w i t h  the  r a d i o -  

m e t r i c  data.  

VIII.PUBLICATIONS 

1. L. R. Greenwood, The S t a t u s  o f  Neut ron Dos imetry  and Damage 

A n a l y s i s  f o r  t h e  Fus ion  M a t e r i a l s  Program, Proc. I n t .  Conf. 
on Nucl .  Cross Sec t ions  f o r  Technology, NBS 594, p.  812, 

September 1980. 
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I. PROGRAM 

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

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

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 ,  Energy Systems Group 

I I .  OBJECTIVE 

The o b j e c t i v e s  o f  t h i s  program a r e  t o  measure he l i um 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  f o r  Magnet ic  Fus ion  Reactor  a p p l i c a t i o n s  i n  t h e  v a r i o u s  

n e u t r o n  envi ronments used f o r  f u s i o n  r e a c t o r  m a t e r i a l s  t e s t i n g ,  t o  charac-  

t e r i z e  these neu t ron  t e s t  envi ronments,  and t o  develop he l i um accumula t ion  

neu t ron  dos imeters  f o r  neu t ron  f l u e n c e  and energy spectrum dos ime t r y  i n  
these t e s t  envi ronments.  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK I I . A . 2 . 2  F lux- Spec t ra l  D e f i n i t i o n  i n  RTNS-I1 

SUBTASK I I . A . 4 . 2  T(d,n) Hel ium Gas P r o d u c t i o n  Data 

SUBTASK I I . A . 4 . 3  Be(d,n) Hel ium Gas P roduc t i on  Data 

I V .  SUMMARY 

Hel ium analyses have been i n i t i a t e d  f o r  t h e  he l i um accumula t ion  

dos ime t r y  m a t e r i a l s  i r r a d i a t e d  i n  t h e  neu t ron  c h a r a c t e r i z a t i o n  exper iment  

a t  RTNS-11. Analyses o f  t h e  separated i s o t o p e s  o f  molybdenum i r r a d i a t e d  

i n  t h e  RTNS-I, RTNS-11, and Be(d,n) neu t ron  f i e l d s  a r e  i n  p rog ress .  The 

emphasis d u r i n g  t h e  p resen t  p e r i o d  was on improv ing  t h e  gas mass spec- 
t r o m e t e r  s e n s i t i v i t y  f o r  these  samples. 
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V .  ACCOMPLISHMENTS AND STATUS 

He l ium P r o d u c t i o n  by Fas t  Neutrons -- D. W .  Knef f ,  E .  M. O l i v e r ,  

M. M. Nakata, and H a r r y  F a r r a r  I V  (Rockwel l  I n t e r n a t i o n a l ,  Energy Systems 

Group) 

He l ium ana lyses  have been i n i t i a t e d  f o r  t h e  pu re  element he l i um 

accumula t ion  dos ime t r y  r i n g s  i r r a d i a t e d  i n  t h e  j o i n t  Rockwel l  I n t e r -  

n a t i o n a l  -Argonne N a t i o n a l  Labo ra to ry  (ANL)-Lawrence L ivermore  N a t i o n a l  

Labo ra to ry  (LLNL) exper iment  t o  c h a r a c t e r i z e  t h e  neu t ron  spectrum of 

RTNS-11. T h i s  i r r a d i a t i o n  was desc r i bed  i n  d e t a i l  i n  t h e  p rev ious  prog-  

r e s s  r e p o r t .  ( l )  Dur ing  t h e  p resen t  r e p o r t i n g  p e r i o d  t h e  r i n g s  were e tched 

( t o  remove h e l i u m  enhancement and d e p l e t i o n  e f f e c t s  due t o  a lpha  r e c o i l s ) ,  

segmented, and weighed, and a number o f  samples have subsequent ly  been 

ana lyzed f o r  h e l i u m  by  h i g h - s e n s i t i v i t y  gas mass spec t romet ry .  

i n i t i a l  r e s u l t s  i n d i c a t e  t h a t  t h e  generated he l i um c o n c e n t r a t i o n s  a r e  

about  as expected f rom t h e  i r r a d i a t i o n  parameters, and i n d i c a t e  a f l u x  

about  t h r e e  t imes  h i g h e r  t han  f o r  t h e  e a r l i e r  RTNS-I i r r a d i a t i o n s .  The 

h i g h e r  f l u e n c e  o b t a i n e d  (a  f a c t o r  o f  f i v e )  w i l l  f a c i l i t a t e  measuring t h e  

l o w e r  h e l i u m  g e n e r a t i o n  c ross  s e c t i o n s  expected f o r  some o f  t h e  separated 

i s o t o p e  samples i n c o r p o r a t e d  i n  t h e  exper iment .  

a l s o  show t h a t  t h e r e  was a s l i g h t  o f f s e t  o f  t h e  i r r a d i a t i o n  capsu le  f rom 
t h e  n e u t r o n  source a x i s ,  p roduc ing  a -+15% v a r i a t i o n  i n  neu t ron  f l u e n c e  

around t h e  p e r i p h e r y  o f  t h e  capsule.  

t h a n  t h a t  observed i n  o u r  most r e c e n t  RTNS-I exper iment .  

The 

These p r e l i m i n a r y  r e s u l t s  

T h i s  o f f s e t  i s  s i g n i f i c a n t l y  s m a l l e r  

A s e r i e s  o f  h e l i u m  analyses i s  a l s o  i n  p rogress  t o  measure t h e  c ross  

s e c t i o n s  o f  t h e  molybdenum pu re  element and separa ted  i s o t o p e  samples 

i r r a d i a t e d  i n  t h e  RTNS-I, RTNS-11, and Be(d,n) neu t ron  f i e l d s .  These 

measurements a r e  sponsored i n  p a r t  by t h e  O f f i c e  o f  Basic  Energy Sciences 

o f  t h e  Department o f  Energy. 

r e p o r t ( * )  t h a t  t h e  h e l i u m  genera ted  i n  molybdenum c o u l d  be re leased  f rom 

t h e  sample w i t h o u t  v a p o r i z i n g  i t ,  by h e a t i n g  t h e  molybdenum w i t h  n i c k e l  t o  

form a e u t e c t i c  a l l o y .  

I t  was r e p o r t e d  i n  a p r e v i o u s  progress 

T h i s  has t h e  advantage, f o r  l o w- l e v e l  he l ium 
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measurements, o f  r educ ing  t h e  h e a t i n g  i n  t h e  mass spec t rometer  f u rnace  and 

t h u s  r e d u c i n g  t h e  background h e l i u m  re lease .  

e x t e n s i v e l y  d u r i n g  t h e  p resen t  r e p o r t i n g  p e r i o d ,  u s i n g  p r e v i o u s l y -  

i r r a d i a t e d  molybdenum samples f rom E B R - I 1  hav ing  much l a r g e r  he l i um 

concen t ra t i ons .  I t  was found, however, t h a t  t h i s  a l l o y i n g  techn ique does 

n o t  c o n s i s t e n t l y  r e l e a s e  a l l  o f  t h e  hel ium, o c c a s i o n a l l y  l e a v i n g  as much 

as 4% i n  t h e  m o l t e n  a l l o y .  The incomple te  h e l i u m  r e l e a s e  c o u l d  n o t  be 

e x p l a i n e d  by incomple te  a l l o y i n g ,  as t h e  a l l o y i n g  was conf i rmed by X-ray 

d i f f r a c t i o n  a n a l y s i s  o f  r e p r e s e n t a t i v e  a l l o y  p roduc ts .  

T h i s  p rocedure  was t e s t e d  

As a r e s u l t  o f  these  f i n d i n g s ,  a l t e r n a t e  procedures a r e  now be ing  

t e s t e d  t o  vapo r i ze ,  r a t h e r  than  a l l o y ,  t h e  molybdenum. Smal le r  g r a p h i t e  

c r u c i b l e s  a r e  be ing  used, and i n i t i a l  r e s u l t s  i n d i c a t e  t h a t  a s i g n i f i c a n t  
h e a t i n g  r e d u c t i o n ,  and consequent ly  a s m a l l e r  he l i um background, can be 

ob ta ined .  I t  shou ld  be no ted  t h a t  t h e  s tanda rd  c r u c i b l e s  work w e l l  f o r  

most m a t e r i a l s ,  and t h a t  t h e  p resen t  e f f o r t s  a r e  aimed a t  measuring t h e  

p a r t i c u l a r l y  smal l  c r o s s  s e c t i o n s  o f  t h e  high-mass molybdenum i so topes .  
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Analyses o f  t h e  he l i um accumula t ion  dos ime t r y  m a t e r i a l s  f r om t h e  

RTNS-II c h a r a c t e r i z a t i o n  exper iment  w i l l  c o n t i n u e  d u r i n g  t h e  n e x t  q u a r t e r .  
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Helium analyses will  a l so  be continued t o  determine the (n , to ta l  helium) 
cross sec t ions  f o r  the  separated isotopes i r r ad ia ted  in the RTNS-I, 
RTNS-11, and Be(d,n) neutron spect ra .  
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I .  PROGRAM 

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 :  W .  A. Jesser  and R. A. Johnson 

A f f i l i a t i o n :  U n i v e r s i t y  o f  V i r g i n i a  

S i m u l a t i n g  t h e  CTR Envi ronment  i n  t h e  HVEM 

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  e x p e r i m e n t a l l y  i n v e s t i g a t e  some of 

t h e  c r i t i c a l  parameters employed i n  r e c e n t  he l i um e m b r i t t l e m e n t  t h e o r i e s .  

111. RELEVANT OAFS PROGRAM TASK 

Task l l . C . 1 4 . 2  Fundamental r e l a t i o n s  between m i c r o s t r u c t u r e  and 

f r a c t u r e  mechanisms. 

I V .  SUMMARY 

Exper imenta l  ev idence i n d i c a t e s  t h a t  a helium-filled,bubble-harden- 

i n g  model can e x p l a i n  h e l i u m  e m b r i t t l e m e n t  a t  t e n s i l e  t e s t  temperatures 

below ~ l r  550" C .  

and bubb le  d iame te r  (dc  s 4 nm) f o r  t h e  onse t  o f  b r i t t l e  f r a c t u r e  were 

found. I n  t h i s  t e s t  tempera ture  regime, those  bubbles may be s l i g h t l y  

ove rp ressu r i zed .  I n  c o n t r a s t ,  a t  t e s t  tempera tures  above 550" C,  no c r i t -  

i c a l  va lues  o f  L and d were d iscovered .  In a d d i t i o n ,  bubble p ressure  

was n o t  a f a c t o r  i n  t h i s  tempera ture  range. F i n a l l y ,  no c r i t i c a l  va lues  

f o r  aR, t h e  a rea  f r a c t i o n  o f  bubbles c o v e r i n g  g r a i n  boundar ies,  c o u l d  be 

found a t  any temperature.  

C r i t i c a l  va lues  f o r  edge- to-edge bubble spac ing  (Lc s 30 nm) 

C C 

V .  ACCOMPLISHMENTS AND STATUS 

M i c r o s t r u c t u r a l  Aspects o f  Hel ium Embr i t t l emen t ,  J .  I .  Bennetch and 
W.  A.  Jesser ,  M a t e r i a l s  Science Department, U n i v e r s i t y  o f  V i r g i n i a ,  
C h a r l o t t e s v i l l e .  V i r g i n i a  22901. 
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1 .  I n t r o d u c t i o n  

A t  p resen t  t h e r e  a r e  two main schoo ls  o f  t hough t  concern ing  t h e  

r o l e  o f  he l i um i n  t h e  h i g h  tempera ture  e m b r i t t l e m e n t  o f  i r r a d i a t e d  me ta l s .  

One school m a i n t a i n s  t h a t  he l i um o n l y  serves t o  a l t e r  t h e  process of 

thermal  ag ing  i n  i r r a d i a t e d  a u s t e n i t i c  s t e e l s .  The appearance on g r a i n  

boundar ies o f  p r e c i p i t a t e s  t h a t  d i f f e r  f r om those n o r m a l l y  found i n  aged 

u n i r r a d i a t e d  s t e e l s  i s  t hus  t hough t  t o  l e a d  t o  t h e  observed b r i t t l e  behav- 

i o r  a t  h i g h  t e s t  t enpe ra t t i r es [ ] ,  21. 

t hough t  bases i t s  e m b r i t t l e m e n t  model on t h e  concept  o f  s t r e s s - i n d u c e d  

growth o f  h e l i u m - f i l l e d  c a v i t i e s  o r  bubbles on g r a i n  boundar ies [3 ,  41.  

These bubbles presumably grow u n t i l  t h e  g r a i n  boundary i s  s u f f i c i e n t l y  

weakened t o  a l l o w  i n t e r g r a n u l a r  f a i l u r e  t o  t a k e  p lace .  

However, t h e  more popu la r  school o f  

I t  i s  t h e  i n t e n t  o f  t h i s  r e p o r t  t o  examine e x p e r i m e n t a l l y  t h e  para-  

meters i n  t h e  t h e o r e t i c a l  t r ea tmen t  o f  f r a c t u r e  behav io r  i n  s t e e l s  as s e t  

o u t  by proponents o f  t h e  he l i um gas bubble model. 

bubble s i z e  and spacing,  aR ( t h e  area f r a c t i o n  o f  g r a i n  boundary occup ied  

by he l i um bubbles)  and h e l i u m  bubble gas pressure  w i l l  be c o r r e l a t e d  w i t h  

t h e  t y p e  o f  f a i l u r e  i n  o r d e r  t o  f i n d  which parameters c o r r e l a t e  w e l l .  

Such parameters as 

2 .  Exper imenta l  D e t a i l s  

40-pm t h i c k  t e n s i l e  samples o f  so lu t i on -3nnea led  s t a i n l e s s  s t e e l  

t y p e  316 were punched i n t o  r i b b o n s  whose c e n t e r  p o r t i o n s  were e l e c t r o -  

p o l i s h e d  t o  e l e c t r o n  t ransparency  f o r  500 k V  e l e c t r o n s .  

h e l i u m  i o n  i r r a d i a t e d  t o  doses up t o  3 x 1Ola  cin-2 a t  e i t h e r  h i g h  (600"- 

650" C )  o r  low (250"-300" C )  i r r a d i a t i o n  temperatures t o  produce v a r y i n g  

s i z e s  and d e n s i t i e s  o f  bubbles,  d i s l o c a t i o n  l oops  and p r e c i p i t a t e s .  Post- 

They were then  



i r r a d i a t i o n  annealing treatments served t o  coarsen these radiation- induced 

microstructural  fea tures .  In- s i tu  t e n s i l e  tests were performed ins ide  a 

h i g h  voltage e lect ron microscope ( H V E M )  a t  s t r a i n  r a t e s  i n i t i a l l y  a t  

Q lo- '+ S - l ,  and a t  temperatures ranging from 25' t o  650" C.  Specimens 

were aged f o r  a t  l e a s t  one hour a t  the t e s t  temperature before t e n s i l e  

t e s t i n g  commenced. More complete information on experimental d e t a i l s  can 

be obtained from previous DAFS repor ts .  

3. Experimental Results 

a .  Bubble,Void Diameter and Spacing 

Both the  concepts of bubble spacing, L ,  and bubble diameter, d ,  as  

parameters a r e  important in recent helium bubble models of helium embrit- 

tlement [5-lo]. 

the  l i t e r a t u r e ,  one must e i t h e r  r e l y  on values o f  p (bubble densi ty  in the 

matrix) and d quoted in the text o r  else est imate these values from pr inted 

micrographs, i f  p and d a r e  not given. The center- to-center bubble spac- 

i n g ,  L, can be obtained by the  c l a s s i c a l  formula [ l l ] ;  however s ince  d i s-  

locat ions  i n t e r s e c t  obliquely a t  bubble  surfaces ,  not a t  bubble centers ,  

i t  was f e l t  a more fundamental parameter would be edge-to-edge bubble 

spacing, L, which can be computed a s :  

I n  order t o  obtain experimental values of L and  d from 

L = a . - d = - -  ' d  
Jpd 

Computed values o f  L i n  i r r ad ia ted  a u s t e n i t i c  s t e e l s  and from the  l i t e r a -  

ture, together  with those values of L measured from 316 and 304 s t a i n l e s s  

s t e e l  samples t e s ted  i n  t h i s  laboratory a r e  p lot ted  agains t  t e s t  tempera- 

tu res  i n  Figure 1 .  

i r r a d i a t e d  samples and square symbols ind ica te  L values obtained from "He 

Circular symbols denote d a t a  obtained from neutron 
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i o n  i r r a d i a t e d  samples o r  3He c o n t a i n i n g  specimens. 

ed  by t h e  degree o f  shading o f  each symbol: 

g r a n u l a r  ( T )  f r a c t u r e ,  no shading = i n t e r g r a n u l a r  ( I )  f r a c t u r e ,  h a l f  

shading = mixed ( I  + T) f r a c t u r e ,  and c r o s s h a t c h i n g  = channel ( C )  f r a c t u r e .  

Numbers 15  and 18 i n d i c a t e  da ta  o b t a i n e d  from t h i s  l a b o r a t o r y .  Note t h a t  

t h i s  f r a c t u r e  map does n o t  i n c l u d e  creep da ta ,  because e l o n g a t i o n  r a t e s  

averaged % S - I .  

D u c t i l i t y  i s  i n d i c a t -  

complete shading = t r a n s -  

An examinat ion  o f  t h e  i m p l i c a t i o n s  o f  F i g u r e  1 r e v e a l s a n u m b e r  o f  

i n t e r e s t i n g  o b s e r v a t i o n s .  

r ep resen ts  samples t h a t  e x h i b i t e d  a mixed ( I  + T) f r a c t u r e  behav io r  resem- 

b l e s  a "J"  curve .  The shape i t s e l f  o f  t h e  " J "  cu rve  suggests t h a t  t h e  

e f f e c t  o f  c a v i t y  spac ing  on t h e  process o f  h e l i u m  embr i t t l e rnen t  can be sep- 

a r a t e d  i n t o  two d i s t i n c t  p a r t s :  a r o u g h l y  h o r i z o n t a l  s e c t i o n  ( <  % 550"  C )  

and a n e a r l y  v e r t i c a l  s e c t i o n  (>  Q 550" C ) .  The h o r i z o n t a l  s e c t i o n  denotes 

an athermal  e f f e c t  o f  L on f r a c t u r e  below Q 550"  C where f o r  a c r i t i c a l  

va lue ,  Lc 5 Q 30 nm t h e  onse t  o f  b r i t t l e  f r a c t u r e  i s  ev idenced.  

21 550" C, t h e  v e r t i c a l  s e c t i o n  o f  t h e  L-Temperature cu rve  i s  an i n d i c a t i o n  

t h a t  t h e  bubble spac ing  has l i t t l e  i n f l u e n c e  on f r a c t u r e  behav io r .  Thus 

i r r a d i a t e d  a u s t e n i t i c  s t e e l s  f a i l  i n  an ( I  + T) mode f o r  t e s t  tempera tures  

rang ing  f rom Q 550' C t o  700" C and i n  an I mode f o r  temperatures above 

700" C, independent  o f  L. I n  c o n t r a s t ,  u n i r r a d i a t e d  s t e e l s  f a i l  i n  a t r a n s -  

g r a n u l a r  mode f o r  t h e  same t e s t  tempera ture  ranges. 

F i r s t ,  t h e  shape o f  t h e  zone o f  L va lues  which 

Above 

A p l o t  o f  c a v i t y  d iameter ,  d, vs. t e s t  tempera ture  c l o s e l y  p a r a l l e l s  

t h e  "J" shape o f  F i g u r e  1, s i n c e  d i s  p robab l y  n o t  independent  o f  L .  By 

use o f  t h e  same arguments as be fo re ,  i t  was found t h a t  t h e r e  i s  a c r i t i c a l  
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bubble diameter ( d  < % 4 nm)  f o r  the onset of b r i t t l e  f r ac tu re  below 

% 550" C and  no corre la t ion  of cavi ty  s i z e  with f r ac tu re  type above t h a t  

t e s t  temperature. 

c -  

b.  

Another important parameter in the helium bubble model of helium em- 

Area Fraction of Bubbles Occupying Grain Boundaries 

br i t t lement  i s  aR ,  the area f r ac t ion  of bubbles occupying grain boundaries. 

Presumably the more f rac t ional  area occupied by bubbles, the weaker the 

grain boundary, and the more suscept ib le  the i r r ad ia ted  specimens a r e  t o  

premature in tergranular  f a i l u r e .  

Further,  a c r i t i c a l  value f o r  b r i t t l e  predic t  ( "R)br i t t l e  > ("R'ductile. 
f r ac tu re  o f  a R  = 0.1 has been assigned by Trinkhaus and Ulmaier [7, 81 i n  

t h e i r  recent theory of helium embrittlement. 

Proponents of t h i s  theory would thus 

To ca lcu la te  values of aR from data given in the l i t e r a t u r e  i s  again 

no easy task .  

commonly, a less s a t i s f a c t o r y  method was employed. The  f rac t ional  coverage 

of bubbles in an a r b i t r a r y  plane in the matrix, maR, was computed from 

values of cavi ty  dens i t i e s  a n d  diameters quoted in the l i t e r a t u r e .  

equation employed f o r  the ca lcula t ion  i s  maR = ~ ( d ) ~ p / 6  = swelling, and a R  

was d i r e c t l y  measured. These values a r e  smaller than the actual aR values 

by some f a c t o r ;  however, most of the values of ,,,aR thus computed are  

probably not  off  by more t h a n  a f a c t o r  of ten. 

of a 

from data from t h i s  laboratory,  were p lo t ted  as  a function of t e s t  tempera- 

t u r e  in Figure 2 .  All symbols have the same meaning as  before. Those 

symbols with an a s t e r i s k  denote ,,,aR values, a l l  o thers  a r e  a R  values. 

Estimates were made from grain boundary micrographs. More 

The 

Al l  these computed values 

together  with those values calculated and maR from the l i t e r a t u r e ,  R 

The 
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square symbol marked ~ 2 4  i s  the only value derived from a creep t e s t  a n d  

symbol =5 the o n l y  non-austenit ic s t ee l  a l loy  (Ni-6;; W ) .  

Again, the re  a r e  several important aspects t o  t h i s  Figure. F i r s t ,  

below about 600" C ,  t he re  i s  no cor re la t ion  between (uR) and t e s t  temper- 

a tu re .  Indeed, b o t h  a t  2 5 "  C and a t  500" C ,  instances of b r i t t l e  f r a c t u r e  

occurred below c( 

u p  t o  1. 3016. Second, above 600"  C, almost a l l  samples f a i l e d  i n  a b r i t t l e  

mode, independent of values of uR and u . All f a i l e d  f o r  u values I 0.1 m R  
and most f e l l  below 0.01 in magnitude. 

i s  n o t  a c r i t i c a l  parameter a t  any t e s t  temperature. 

= l:;,while d u c t i l e  f a i l u r e  s t i l l  occurred f o r  ,dR values R 

Clearly,  these f indings imply 31R 

c .  Helium Cavity Gas Pressure 

The amount of overpressurization i n  c a v i t i e s  i s  another parameter in 

some theore t i ca l  considerations o f  helium ernbrittlement. Larger gas  pres- 

sure  in grain boundaries i s  t h o u g h t  t o  lead t o  a shor te r  rupture time [ 8 ,  

9 ,  131. However, t o  measure t h i s  pressure  is a very d i f f i c u l t  task f o r  

the experimentalist .  I n  order t o  circumvent t h i s  problem, a d i f f e r e n t  ap- 

proach t o  examine the  e f f e c t s  of pressure was explored. F i r s t ,  the number 

density of helium atoms, N t h a t  could be accommodated in equil ibrium 
eq 

bubbles of diameter d and densi ty  p was calcula ted by using the method of 

Cost and Chen 1261. 

concentration of helium N .  was estimated [ 2 7 ,  281. I f  one assumes a l l  

the  helium migrated t o  the c a v i t i e s  (an overes t imate) ,  the r a t i o ,  N .  /N i m p  eq'  
should be an indicat ion of the r e l a t i v e  overpressure of the helium- fil led 

c a v i t i e s  ( i . e . ,  i f  IN. 

Indeed, when a p lo t  of N .  / N  

Then, knowing the  neutron o r  helium fluence,  the 

' m P  

/ N e q  >>  1 ,  the c a v i t i e s  a r e  probably overpressurized) 
1 mp 

vs. the  t e s t  temperature, Ttest  i s  exam- 
imp eq 
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ined (Figure 3 ) ,  one can see a c l u s t e r  of d a t a  points represents  ( I  + T )  

and ( I )  mode f a i l u r e  f o r  N. / N  > 1 f o r  T < - 600" C .  However, i t  must 

be pointed o u t  t h a t  those r a t i o s  are  rough overestimates,  so t h a t  the 

actual r a t i o s  wil l  be c loser  t o  equilibrium t h a n  i s  indicated by t h i s  

f igure .  Further ,  f o r  temperatures > - 600" C ,  t h i s  r a t i o  can assume any 

value and  b r i t t l e  f r ac tu re  wil l  s t i l l  occur. This suggests t h a t  over- 

pressurizat ion may possibly be a f ac to r  in the helium embrittlement process 

for  t e s t  temperatures below .?r 600' C .  

as  a parameter, i s  not important a t  h igh t e s t  temperatures. 

imp eq 

However, i t  i s  c l e a r  t h a t  pressure 

4.  Discussion 

From the previous sec t ion ,  i t  appears there  a r e  two temperature 

regimes in which two d i s t i n c t  processes of helium embrittlement occur in 

a u s t e n i t i c  s t e e l s .  A t  temperatures below * 550' C ,  the parameters L ,  d ,  

and possibly helium bubble pressure are  s i g n i f i c a n t .  

bubble-hardening mechanism in t h i s  temperature range where a high densi ty 

of small,  possibly overpressurized c a v i t i e s  providesobstacles  t o  dis loca-  

t ions  moving through t h e  grain i n t e r i o r .  I t  has been observed f o r  some 

time t h a t  a high densi ty of small d is loca t ion  loops and bubbles can i n -  

crease the y ie ld  s t r e s s  in neutron i r r ad ia ted  materials  by a f ac to r  propor- 
1 t ional  t o  a [14, 301. In addi t ion ,  Bloom and S t i e g l e r  claimed t h a t  a given 

densi ty o f  small bubbles had a l a rge r  e f f e c t  on increasing the y ie ld  s t r e s s  

than an equal densi ty o f  d is locat ion  loops [Zl] .  

increases in y ie ld  s t r eng th ,  none of these i r r ad ia ted  samples f a i l e d  in a 

b r i t t l e  fashion a t  temperatures below % 500" C ,  as  reported by those same 

authors.  

This suggests a 

A 

However, despi te  large 

In view of t h i s  r e s u l t  the e f f e c t  on d u c t i l i t y  of more closely 
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packed bubbles, as produced by t h i s  f a c i l i t y  i n  316 s t a i n l e s s  s t e e l ,  i s  t o  

f u r t h e r  harden t h e  m a t r i x ,  a p p a r e n t l y  by a l a r g e r  amount than  t h e  g r a i n  

boundary. As t h e  equ icohes ive  tempera ture  i s  lowered by t h i s  method, 

b r i t t l e  f r a c t u r e  can ensue a t  a l ower  temperature.  

c racks  t h a t  d i d  p ropagate  t h rough  g r a i n s  c o n t a i n i n g  these h i g h  bubble popu- 

l a t i o n s  were a lmost  a lways c leavage i n  n a t u r e .  The presence o f  o n l y  c l eav-  

age o r  g r a i n  boundary c racks  i n d i c a t e d  t h e  i n a b i l i t y  o f  d i s l o c a t i o n s  i n  

f r o n t  o f  t h e  c r a c k  t i p  t o  c r o s s  s l i p  as n o r m a l l y  happens w i t h  d i s l o c a t i o n s  

assoc ia ted  w i t h  d u c t i l e  t r a n s g r a n u l a r  c racks .  

g r a n u l a r  f r a c t u r e  i s  f u r t h e r  ev idence t h a t  ex t reme ly  c lose-?acked smal l  

bubbles can e m b r i t t l e  s o l i d s  by a c t i n g  a s  e f f e c t i v e  d i s l o c a t i o n  o b s t a c l e s .  

Indeed any t r a n s g r a n u l a r  

Th i s  c leavage l i k e  t r a n s -  

Hel ium embr i t t l e i nen t  i s  n o r m a l l y  assoc ia ted  w i t h  h i g h  i r r a d i a t i o n /  

t e s t  temperatures.  I t  can be deduced f rom t h e  r e s u l t s  o f  t h e  p r e v i o u s  

s e c t i o n  t h a t  f o r  temperatures above 'b 550' C ,  n e i t h e r  t h e  magnitude o f  

bubble s i z e ,  spacing,  f r a c t i o n a l  coverage on g r a i n  boundar ies,  n o r  gas 

p ressu re  has an a p p r e c i a b l e  e f f e c t  on d u c t i l i t y .  These obse rva t i ons  would 

seem t o  p rec lude  any f u r t h e r  c o n s i d e r a t i o n  o f  a model o f  he l i um e m b r i t t l e -  

ment based on a weakening o f  g r a i n  boundar ies due t o  t h e  presence o f  he l i um 

bubbles.  Yet he l i um does have a pronounced e f f e c t  on h i g h  tempera ture  

f r a c t u r e .  Sagugs observed t h a t  as l i t t l e  as 5 appm o f  he l i um caused a 

s i g n i f i c a n t  amount o f  e m b r i t t l i n g  i n  creep t e s t e d  DIN 1.4970 s t a i n l e s s  

s t e e l  samples t e s t e d  a t  700" C [24]. I ' loreover, he observed t h a t  t h i s  e f -  

f e c t  s a t u r a t e d  a t  % 20 appm o f  hel ium. I n  c o n t r a s t ,  a t  t e s t  temperatures 

w e l l  below 700" C (T - < 21 500" C )  some 316 s t a i n l e s s  s t e e l  specimens con- 

t a i n i n g  l a r g e  amounts o f  He ( i r r a d i a t e d  a t  t h i s  f a c i l i t y  t o  doses o f  10,000 
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appm and g r e a t e r )  f a i l e d  i n  a p u r e l y  t r a n s g r a n u l a r  f ash ion .  

presence o f  l a r g e  amounts o f  h e l i u m  i s  n o t  s u f f i c i e n t  by i t s e l f  t o  cause 

e m b r i t t l e m e n t .  I t  i s  t emp t i ng  t o  propose as an a l t e r n a t i v e  t o  t h e  he l i um 

bubb le  model, a h e l i u m  a c c e l e r a t e d  thermal  ag ing  model where h e l i u m  serves 

t o  d r i v e  t h e  f o r m a t i o n  o f  more b r i t t l e  g r a i n  boundary p r e c i p i t a t e s  than  

those found i n  normal u n i r r a d i a t e d  t h e r m a l l y  aged specimens. I n  f a c t ,  

t h i s  e f f e c t  has been observed i n  h e l i u m  i r r a d i a t e d  samples i r r a d i a t e d  

a t  t h i s  f a c i l i t y  t o  h i g h  doses (1000 appm He and h i g h e r )  and neu t ron  i r -  

r a d i a t e d  samples i r r a d i a t e d  i n  HFIR t o  doses o f  * 3300 appm He [30]. I n  

c o n t r a s t ,  a r e c e n t  s t u d y  on rad ia t i on- enhanced  p r e c i p i t a t i o n  revea led  no 

d i f f e r e n c e  between p r e c i p i t a t e s  found i n  E B R - I 1  i r r a d i a t e d  samples (he1 ium 

c o n c e n t r a t i o n s  up t o  % 20 appm) and those produced by normal thermal  ag ing  

processes i n  aged u n i r r a d i a t e d  a u s t e n i t i c  a l l o y s .  I n  s p i t e  o f  t h e  l a c k  o f  

an obse rvab le  d i f f e r e n c e  i n  t h e  p r e c i p i t a t e s  o f  t h e  i r r a d i a t e d  and u n i r -  

r a d i a t e d  specimens, t h e  E B R - I 1  i r r a d i a t e d  ones f a i l e d  i n t e r g r a n u l a r l y  above 

700" C and r e p r e s e n t  t h e  m a j o r i t y  o f  t h e  p o i n t s  i n  F igu res  1, 2 ,  and 3 ,  

denot ing  neu t ron  i r r a d i a t i o n s .  I n  v iew o f  t h e  above c o n f l i c t s ,  a he l i um 

a c c e l e r a t e d  thermal  a g i n g  model i s  a l s o  inadequate.  

C l e a r l y ,  t h e  

However, t h e r e  i s  some expe r imen ta l  ev idence o f  h igh- temperature,  

he l i um-ass i s ted ,so lu te  seg rega t i on  t o  g r a i n  boundar ies  w i t h  E B R - I 1  samples. 

On a PE-16 s t e e l  a l l o y  t e s t e d  a t  % 575"  C, Sk Iad  found an excess o f  h i g h l y  

e m b r i t t l i n g  P and S i m p u r i t y  atoms, i n  a d d i t i o n  t o  a N i  excess and C r  

d e p l e t i o n ,  a t  t h e  i n t e r g r a n u l a r  f r a c t u r e  s u r f a c e  [16]. 

t a i n e d  * 8 appm he l ium.  I n  c o n t r a s t ,  Ho r ton  found a l a r g e  C r  excess ( w i t h  

r e s p e c t  t o  N i  and Fe) on t h e  b r i t t l e  p a r t  o f  t h e  f r a c t u r e  su r face  o f  a 316 

T h i s  sample con- 
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s t a i n l e s s  s t e e l ,  He i o n  i r r a d i a t e d  t o  a l a r g e  dose ( >  20,000 appm He) and 

t e s t e d  a t  600" C [31]. 

i m p u r i t i e s .  I n  a d d i t i o n ,  i t  i s  known t h a n  an excess o f  N i  o r  C r  tends t o  

enhance t h e  d e l e t e r i o u s  e f f e c t  o f  i m p u r i t y  s e g r e g a t i o n  t o  g r a i n  boundar ies  

[ 3 2 ] .  Hence, t h e  r e s u l t s  o f  b o t h  cases h i n t  a t  t h e  p o s s i b i l i t y  o f  h e l i u m -  

d r i v e n  temper e m b r i t t l e m e n t .  

He made no a t t e m p t  t o  search f o r  t h e  presence o f  

5. Conc lus ions 

A capsu le  account  o f  t h e  c o n c l u s i o n s  reached f r o m  t h i s  i n v e s t i g a t i o n  

f o l l o w s .  For  a u s t e n i t i c  s t a i n l e s s  s t e e l :  

< 550" c a .  T t e s t  
1 .  

2 .  

3 .  Bubbles may be s l i g h t l y  o v e r p r e s s u r i z e d  i n  t h e  c r i t i c a l  

aR i s  n o t  a c r i t i c a l  parameter 

Lc < % 30 nm, dc < % 4 nm f o r  t h e  o n s e t  o f  b r i t t l e  f r a c t u r e  

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

> 550" C b. ' t e s t  

d, L and bubb le  p ressure  a r e  n o t  c r i t i c a l  parameters i n  aR'  

d e t e r m i n i n g  t h e  f r a c t u r e  type.  
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I. 

I1  

PROGRAM 

T i t l e :  Damage A n a l y s i s  and Fundamental S t u d i e s  f o r  Fus ion  

Reac tor  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 .  Ode t 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  

OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  deve lop  a n a l y t i c a l  and exper-  

i m e n t a l  p rocedures  t o  c o r r e l a t e  i r r a d i a t i o n  e f f e c t s  d a t a  t a k e n  i n  

an a r r a y  o f  i r r a d i a t i o n  env i ronments  and e x t r a p o l a t e  m a t e r i a l s  

b e h a v i o r  t o  t h e  range o f  s e r v i c e  c o n d i t i o n s  wh i ch  w i l l  be encoun- 

t e r e d  by  s t r u c t u r a l  components i n  f u s i o n  r e a c t o r s .  

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

SUBTASK B Fundamental Mechanica l  P r o p e r t i e s  

SUBTASK C C o r r e l a t i o n  Methodology 

I V .  SUMMARY 

An i ns t rumen ted  microhardness t e s t e r  was designed,  b u i l t  and 
t e s t e d .  A l t hough  components o f  t h e  microhardness t e s t e r  per formed 

w i t h i n  t h e i r  s p e c i f i c a t i o n s ,  d i f f i c u l t i e s  i n  r e f e r e n c i n g  t h e  s p e c i -  

men s u r f a c e  i n t r o d u c e d  an unacceptab le  l e v e l  o f  u n c e r t a i n t y  i n  t h e  

p r e d i c t e d  s t r e s s - s t r a i n  b e h a v i o r  o f  t h e  sample. A second commer- 

c i a l  microhardness t e s t e r  was then  m o d i f i e d  t o  p e r m i t  i n d e n t a t i o n s  

w i t h  s t e e l  b a l l s  1 .59mm i n  d iame te r  and l e s s .  T h i s  has produced 

s a t i s f a c t o r y  p r e d i c t i o n s  o f  m a t e r i a l  s t r e s s - s t r a i n  b e h a v i o r  i n  t h e  

s t r a i n  range 1-10% f rom d a t a  t aken  a t  as few as two p e n e t r a t i o n  

l o c a t i o n s  p e r  sample. 

To complement t h e  mic rohardness  t e s t s ,  two d u c t i l i t y  t e s t  

techn iques  were i n v e s t i g a t e d ;  namely, a shear  punch t e s t  and a 

b u l g e  t e s t .  P r e l i m i n a r y  r e s u l t s  on a v a r i e t y  o f  sheet  m a t e r i a l s  
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i n d i c a t e  t h a t  b o t h  t e s t s  a r e  p rom is ing  f o r  m o n i t o r i n g  changes, 

e s p e c i a l l y  r e d u c t i o n s ,  i n  m a t e r i a l  d u c t i l i t y .  

Work has a l s o  proceeded on t h e  development o f  an i n d e n t a t i o n  

l oad  r e l a x a t i o n  t e s t  t o  assess t ime-dependent f l o w  p r o p e r t i e s .  

Base l i ne  c reep,  c reep i n d e n t a t i o n ,  and l o a d  r e l a x a t i o n  d a t a  have 

been generated;  and i n v e s t i g a t i o n s  o f  specimen t h i c k n e s s  e f f e c t s  

a re  i n  p rog ress .  

F i n a l l y ,  work i s  i n  p rog ress  t o  develop smal l  specimens and 

t e s t  techn iques  t o  de termine  t h e  f r a c t u r e  r e s i s t a n c e  o f  m a t e r i a l s .  

V .  ACCOMPLISHMENTS AND STATUS 

Small Specimen - T e s t  Development - G . E .  Lucas, G . R .  Ode t te ,  

W. Sheckherd, C .  Pendleton,  F. Haggag. M. D o o l e y ,  W .  S e r v e r ,  P .  

McConnel (UCSB). 

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

Because o f  t h e  l i m i t e d  i r r a d i a t i o n  volume i n  e x i s t i n g  

(RTNS-11) and near- te rm (FMIT) h i g h  energy neu t ron  i r r a d i a t i o n  

dev ices ,  i t  i s  necessary t o  deve lop  t e s t  techn iques  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 smal l  volume specimens. I t  i s  

p r e f e r a b l e  t o  use specimens o f  a m u l t i p u r p o s e  geometry, such as TEM 

d i s c s ,  t o  maximize i r r a d i a t i o n  capsu le  pack ing  e f f i c i e n c i e s ;  more- 

over ,  i t  i s  d e s i r a b l e  t o  develop n o n d e s t r u c t i v e  o r  pseudo-nondes- 

t r u c t i v e  t e s t  techn iques  t o  p e r m i t  p e r i o d i c  t e s t i n g  o f  a s i n g l e  

specimen a f t e r  i n t e r v a l s  o f  i r r a d i a t i o n  o r  p o s t - i r r a d i a t i o n  con- 

d i t i o n i n g .  

I n  keeping w i t h  t h i s ,  a number o f  such t e s t  techn iques  a re  

under development a t  t h e  U n i v e r s i t y  o f  C a l i f o r n i a ,  Santa Barbara.  

These i n c l u d e  an i ns t rumen ted  microhardness t e s t ,  a shear d u c t i l i t y  

t e s t ,  a bu lge  d u c t i l i t y  t e s t ,  an i n d e n t a t i o n  l o a d  r e l a x a t i o n  t e s t ,  

and a v a r i e t y  o f  m i n i a t u r e  t e s t  specimens t o  c h a r a c t e r i z e  f r a c t u r e .  

The s t a t u s  o f  these t e s t  developments i s  r e p o r t e d  here.  
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2. Ins t rumented  Microhardness Tes t  

As r e p o r t e d  e a r l i e r  (l), a procedure  has been developed and 

t e s t e d  on t h e  macrohardness sca le ,  whereby b a l l  i n d e n t a t i o n  depth  

as a f u n c t i o n  o f  a p p l i e d  l o a d  i s  measured i n  s i t u  and these  d a t a  

a r e  used i n  c o n j u n c t i o n  w i t h  a sem i- emp i r i ca l  c o r r e l a t i o n  t o  

p r e d i c t  a segment o f  t h e  u n i a x i a l ,  t e n s i l e  s t r e s s - s t r a i n  cu rve  f o r  

t h e  sample m a t e r i a l .  Based on t h e  macrohardness work, a t t emp ts  

have been i n  p rog ress  t o  s c a l e  t h e  t e s t  down t o  t h e  microhardness 

regime. 

-- 

A p r o t o t y p e ,  i ns t rumen ted  microhardness apparatus was b u i l t  t o  

t e s t  t h e  a p p l i c a b i l i t y  o f  t h e  macrohardness approach i n  t h e  m ic ro-  

hardness regime and t o  t e s t  t h e  i n t e g r a t e d  response o f  a h i g h -  

s e n s i t i v i t y  LVDT-load c e l l  c o n f i g u r a t i o n .  A schemat ic  o f  t h e  

apparatus i s  shown i n  F i g u r e  1. The apparatus c o n s i s t s  o f  a r i g i d  

s t e e l  frame on wh ich  a s tage i s  mounted and th rough  wh ich  a l o a d  

a p p l i c a t i o n  p lunge r  p e n e t r a t e s .  Loads can be a p p l i e d  t o  t h e  l o a d  

pan a t  t h e  t o p  o f  t h e  p l u n g e r  e i t h e r  by  c a l i b r a t e d  we igh ts  o r  by  

t h e  a c t i v e  l o a d i n g  o f  a mechanical t e s t i n g  machine. A t  t h e  t i p  o f  

t h e  p l u n g e r ,  hardened s t e e l  b a l l s  o f  v a r i o u s  d iameters  ( c u r r e n t l y  

down t o  .25mm) can be a t tached.  The p l u n g e r  a l s o  f e a t u r e s  a c o l l a r  

f o r  c o n t a c t i n g  t h e  sp r i ng- loaded  LVDT c o r e  arms. The s tage 
a t t a c h e d  t o  t h e  f rame c o n s i s t s  o f  seve ra l  components. T h e  base i s  

an X Y  t r a v e l l i n g  s tage w i t h  an X and Y m ic rometer  drum; each rnicrorn- 

e t e r  has p o s i t i o n a l  r e s o l u t i o n  t o  i n c h .  A t tached t o  t h e  

t r a v e l l i n g  s tage i s  a 2- k g  c a p a c i t y  l o a d  c e l l  f o r  measuring t h e  

r e a l  l o a d  on t h e  specimen minus t h e  f o r c e  o f  t h e  LVDT co re  sp r i ngs .  

Res t i ng  i n  t h e  l o a d  c e l l  i s  t h e  specimen s tage.  T h i s  c o n t a i n s  a 

r o s e t t e  o f  t h r e e  m i n i a t u r e ,  s p r i n g- l o a d e d  LVDT's w i t h  a 2 .125mm 

s t r o k e  and .25% l i n e a r i t y .  The specimen r e s t s  a t  t h e  c e n t e r  o f  

t h i s  r o s e t t e .  F i n a l l y ,  i n  c o n j u n c t i o n  w i t h  t h e  des ign  and opera-  

t i o n  o f  t h e  i ns t rumen ted  microhardness t e s t i n g ,  a f u l l - s e n s i t i v i t y  

a n a l y s i s  was conducted o f  t h e  parameters i n  t h e  semi- empi r i ca l  
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c o r r e l a t i o n  between t h e  hardness load- d isp lacement  da ta  and t h e  

t e n s i l e  s t r e s s - s t r a i n  behav io r .  

The components o f  t h e  microhardness t e s t e r  have a l l  performed 

w i t h i n  t h e i r  s p e c i f i c a t i o n s .  However, seve ra l  i m p o r t a n t  l i m i t a -  

t i o n s  o f  t h e  o r i g i n a l  approach have been demonstrated by  t h e  opera-  

t i o n  o f  t h e  t e s t e r  i t s e l f  and by  t h e  s e n s i t i v i t y  a n a l y s i s .  The 

major  problem w i t h  t h e  t e s t e r  has been r e f e r e n c i n g  t h e  sample 

su r face ;  i . e . ,  a sur face  datum i s  r e q u i r e d  f rom wh ich  p l a s t i c  

p e n e t r a t i o n  depth  can be measured. At tempts t o  r e f e r e n c e  t h e  

su r face  by  c o n t a c t i n g  i t  w i t h  t h e  p e n e t r a t o r  under a smal l  p r e l o a d  

were unsuccess fu l .  The p re loads  r e q u i r e d  t o  produce no p l a s t i c  

i n d e n t  w i t h  smal l  b a l l s  and l o w- s t r e n g t h  m a t e r i a l s  were i n  many 

i ns tances  s m a l l e r  t h a n  t h e  r e s o l u t i o n  c a p a b i l i t y  o f  t h e  l o a d  c e l l  

( l o g )  and approaching t h e  f r i c t i o n a l  f o r c e s  o f  t h e  apparatus.  An 
a l t e r n a t e  a t t emp t  was made t o  s i g n a l  i n i t i a l  c o n t a c t  between t h e  

specimen and p e n e t r a t o r  w i t h  an i n d i c a t o r  lamp i n  a d . c .  c i r c u i t  i n  

which t h e  penet ra to r /sample  served as a sw i t ch .  Because o f  c o n t a c t  

r e s i s t a n c e  e f f e c t s ,  t h e  su r face  c o u l d  be r e f e r e n c e d  o n l y  t o  w i t h i n  

k 2 x inches ,  even u s i n g  a h i g h - s e n s i t i v i t y  ammeter i n  p l a c e  

o f  t h e  i n d i c a t o r  lamp. 

A s  de termined f rom t h e  s e n s i t i v i t y  a n a l y s i s ,  t h i s  l e v e l  o f  

u n c e r t a i n t y  i n  r e f e r e n c i n g  t h e  specimen ( o r  i n d e n t )  su r face  

p rec luded  t h e  p r e d i c t i o n  o f  s t r e s s - s t r a i n  behav io r  below s t r a i n s  of 

app rox ima te l y  3%, w i t h  an u n c e r t a i n t y  i n  t h e  p r e d i c t e d  s t r e s s  o f  

l e s s  t han  10%. That  i s ,  t h e  sem i- emp i r i ca l  c o r r e l a t i o n  developed 

p r e v i o u s l y  i s  ve ry  s e n s i t i v e  t o  the u n c e r t a i n t y  o f  p l a s t i c  

p e n e t r a t i o n  depth  h i n  t h e  microhardness regime.  The s e n s i t i v i t y  

analyses a l s o  showed t h a t  t h e  c o r r e l a t i o n  i s  f a i r l y  i n s e n s i t i v e  t o  

such parameters as t h e  e l a s t i c  modulus o f  t h e  b a l l  and specimen and 

t h e  p e n e t r a t o r  b a l l  s i z e ,  and o n l y  modera te ly  s e n s i t i v e  t o  t h e  

measured l o a d  W and cho rda l  d iameter  d o f  t h e  i n d e n t .  

P 

Consequent ly ,  i t  was dec ided t o  a t t emp t  d i r e c t  measurement o f  

d as a f u n c t i o n  o f  W i n s t e a d  o f  h as a f u n c t i o n  o f  W. A Wi lson  

Tukon microhardness t e s t e r  was m o d i f i e d  t o  accept  b a l l  i n d e n t e r s  
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w i t h  d iameters  i n  t h e  range .25mm t o  1.5mm; and t h e  specimen s tage 

a l i gnmen t  was a d j u s t e d  so t h a t  a repeated  l o a d i n g  up t o  some maxi-  

mum l o a d  a t  a s i n g l e  p e n e t r a t i o n  l o c a t i o n  produced t h e  same i n d e n t  

s i z e  d as a s i n g l e  p e n e t r a t i o n  a t  t h a t  maximum load .  As w i t h  most 

microhardness t e s t e r s ,  d i s  measured w i t h  a f i l a r  eyepiece f o l l o w -  

i n g  l o a d  a p p l i c a t i o n .  A l t hough  accumula t ing  d-W d a t a  i s  somewhat 

more l a b o r i o u s  t han  accumula t ing  h - W  da ta ,  t h e  lower  s e n s i t i v i t y  

o f  t h e  c o r r e l a t i o n  t o  u n c e r t a i n t i e s  i n  d p e r m i t  p r e d i c t i o n  o f  

s t r e s s - s t r a i n  behav io r  ove r  a w i d e r  s t r a i n  range. Us ing  two b a l l  

s i z e s ,  a s t r a i n  range o f  %-lo% can be p r e d i c t e d .  To i l l u s t r a t e  

t h i s ,  F i g u r e  2 i s  a p l o t  o f  s t r e s s - s t r a i n  d a t a  p r e d i c t e d  f rom 

microhardness d a t a  t aken  w i t h  a 1.5mm and a .25mm b a l l  s i z e  and 

compared t o  u n i a x i a l  t e n s i l e  d a t a  f o r  a c o l d - r o l l e d  SAE 1015 s t e e l .  

The b a l l - m o d i f i e d  microhardness t e s t e r  has been used t o  

a c q u i r e  microhardness d a t a  f rom TEM d i s c s  o f  seve ra l  m a t e r i a l s  

b e i n g  i r r a d i a t e d  i n  RTNS-I1 i n  t h e  HEDL program; these a r e  N i ,  Cu, 

V ,  Nb, T i ,  and an Fe-Cr-Ni t e r n a r y .  O b t a i n i n g  d a t a  f rom these 

samples has been s t r a i g h t f o r w a r d .  The o n l y  s i g n i f i c a n t  problems 

encountered have been a s - f a b r i c a t e d  s u r f a c e  roughness on some 

samples wh ich  has encumbered d measurements, and a lower  i nden ta-  

t i o n  l o a d  l i m i t  o f  1009. Below 1009, t h e  p r e d i c t e d  s t r e s s - s t r a i n  

d a t a  s c a t t e r  becomes unacceptable.  Whi le  s e n s i t i v i t y  analyses 
i n d i c a t e  t h i s  may be i n  p a r t  a r e s u l t  o f  u n c e r t a i n t i e s  i n  t h e  

measured va lue  o f  d, t e s t s  on s t e e l  w i t h  an ASTM g r a i n  s i z e  7 

i n d i c a t e  t h a t  below 2009 t h e  b a l l  p e n e t r a t o r  i n t e r s e c t s  l e s s  t h a n  3 
g r a i n s  a t  t h e  su r face .  Consequent ly ,  g r a i n  s i z e  e f f e c t s  may p ro-  

v i d e  a g r e a t e r  l i m i t a t i o n  t h a n  d imens iona l  r e s o l u t i o n  c a p a b i l i t i e s .  

G r a i n  s i z e  e f f e c t s  a r e  c u r r e n t l y  b e i n g  i n v e s t i g a t e d  i n  t h e  TEM 

d i s c  m a t e r i a l s  as p a r t  o f  a t a s k  t o  e s t a b l i s h  s tanda rd i zed  b a l l  

microhardness t e s t  procedures.  I n  a d d i t i o n ,  t h e  hardness d a t a  a re  

t o  be compared t o  t e n s i l e  d a t a  on these same m a t e r i a l s  as soon as 

these d a t a  a r e  made a v a i l a b l e .  Resu l t s  w i l l  be r e p o r t e d  i n  a 

f u t u r e  q u a r t e r l y .  

P 
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3. D u c t i l i t y  Tes ts  

The ins t rumented  hardness and ba l l - m ic roha rdness  techn ique can 

p rov ide  a measure o f  such m a t e r i a l  f l o w  p r o p e r t i e s  as y i e l d  

s t r e n g t h ,  s t r a i n  harden ing  exponent,  and u l t i m a t e  t e n s i l e  s t r e n g t h ;  

and f o r  some m a t e r i a l s  a measure o f  u n i f o r m  d u c t i l i t y  can be ascer-  

t a i n e d  f rom t h e  s t r a i n  harden ing  exponent.  However, no measure o f  

t o t a l  d u c t i l i t y  ( f a i l u r e  d u c t i l i t y )  i s  ob ta ined.  Since f a i l u r e  

d u c t i l i t y  i s  a p r o p e r t y  o f  i n t e r e s t  b o t h  as an eng inee r i ng  para-  

meter and as a m o n i t o r  o f  m i c r o s t r u c t u r a l  changes, t e s t  techn iques  

a re  needed t o  p r o v i d e  a measure o f  f a i l u r e  d u c t i l i t y .  Two such 

techn iques ,  a shear punch t e s t  and a bu lge  t e s t ,  have been inves-  

t i g a t e d  as complementary t e s t s  t o  microhardness.  

The b a s i s  f o r  t h e  shear punch t e s t  i s  t aken  f r o m  sheet  m e t a l  

f o rm ing  o p e r a t i o n s ,  ( ' I 3 )  i n  wh ich  meta l  p a r t s  a re  separa ted  by  

o p p o s i t e l y  d i r e c t e d  moving b lades .  For  a punch (moving b l a d e )  

moving i n t o  a sheet  f i x e d  w i t h i n  a d i e  ( s t a t i o n a r y  b l a d e ) ,  t h e  

depth  t o  which t h e  punch must p e n e t r a t e  t h e  d i e  b e f o r e  complete 

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

m a t e r i a l .  Hence, i n s t r u m e n t i n g  t h e  punch ing  apparatus t o  p e r m i t  

d e t e r m i n a t i o n  o f  t h e  punch depth  a t  f r a c t u r e  shou ld  p r o v i d e  a means 

o f  a s c e r t a i n i n g  m a t e r i a l  d u c t i l i t y .  

One o f  t h e  p o t e n t i a l  a t t r a c t i o n s  o f  a shear punch t e s t  i s  t h a t  

i t  may be made an i n t e g r a l  p a r t  o f  i r r a d i a t e d  specimen p r e p a r a t i o n  

i n  a m a t e r i a l s  e v a l u a t i o n  program. S p e c i f i c a l l y ,  t h e  punch may be 

machined as  a 3mm d iameter  c y l i n d r i c a l  punch, and hence TEM b lanks  

may be t h e  p r o d u c t  o f  t he  t e s t .  Th i s  would rende r  t h e  t e s t  

" p r o d u c t i v e "  r a t h e r  t han  d e s t r u c t i v e .  However, i t  may be more 

d e s i r a b l e  t o  per fo rm t h e  shear punch t e s t  on p r e f a b r i c a t e d  s p e c i -  

mens ( e . g .  TEM d i s c s ) ,  and t h i s  has been kep t  i n  mind d u r i n g  t h e  

development o f  t h e  t e s t .  Consequent ly ,  a l t hough  t h e  t e s t  has 

i n i t i a l l y  been developed on a f a i r l y  l a r g e  s c a l e ,  i t  may be s c a l e d  

down t o  a s i z e  a p p r o p r i a t e  f o r  t h e  f u s i o n  m a t e r i a l s  program. 
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The apparatus c o n s t r u c t e d  t o  t e s t  i n i t i a l l y  t h e  concept  o f  t h e  

shear punch t e s t  c o n s i s t s  o f  a s imp le  two- p iece  d i e  and a ,250- inch  

d iameter ,  f l a t  c y l i n d r i c a l  punch. A sheet  meta l  sample i s  clamped 

f i rm l y  i n  t h e  d i e ,  and t h e  d i e  i s  r i g i d l y  mounted t o  t h e  f i x e d  

crosshead o f  a 2 0 - k i p  MTS t e s t i n g  machine. The c y l i n d r i c a l  punch 

i s  f o r c e d  th rough  a honed h o l e  i n  t h e  d i e ,  and thus  t h rough  t h e  

sheet  meta l  sample, by  t h e  h y d r a u l i c a l l y  d r i v e n  ram i n  t h e  MTS. 

The f o r c e  a p p l i e d  t o  t h e  punch and t h e  t r a v e l  o f  t h e  punch a r e  

mon i to red  s imu l taneous l y  on t h e  MTS X Y  c h a r t  r eco rde r .  

E i g h t  d i f f e r e n t  ,020" sheet  m a t e r i a l s  - a y e l l o w  brass ,  a m i l d  

s t e e l ,  and a s t a i n l e s s  s t e e l  g i v e n  d i f f e r e n t  h e a t  t r ea tmen ts  - were 

t e s t e d  i n  t h e  shear punch apparatus as a scop ing  exper iment .  I n  

a d d i t i o n ,  s tanda rd  t e n s i l e  t e s t s  ( f o u r  each) were per formed on each 

of t h e  m a t e r i a l s .  T e n s i l e  p r o p e r t i e s  a r e  g i v e n  i n  Tab le  1. A 

t y p i c a l  load- d isp lacement  cu rve  genera ted  i n  a shear punch t e s t  has 

a l l  t h e  f e a t u r e s  o f  a load- d isp lacement  cu rve  generated i n  a s tan-  

dard  t e n s i l e  t e s t :  namely, an i n i t i a l  l i n e a r  ( e l a s t i c )  reg ime;  a 

n o n- l i n e a r ,  m o n o t o n i c a l l y  i n c r e a s i n g  ( p l a s t i c  work hardening)  

regime; a maximum (neck ing  between t h e  b lade  c o n t a c t s ) ;  and a 

m o n o t o n i c a l l y  decreas ing  regime t e r m i n a t e d  by  complete s e p a r a t i o n  

o f  t h e  sample p ieces .  I t  was found t h a t  f o r  t h e  range o f  m a t e r i a l s  

t e s t e d ,  t hese  f e a t u r e s  o f  t h e  punch load- d isp lacement  cu rve  t r a c k e d  
co r respond ing  f e a t u r e s  o f  t he  t e n s i l e  load- d isp lacement  cu rve ;  f o r  

example, t h e  maximum l o a d  i n  t h e  punch t e s t  i nc reased  w i t h  t h e  

u l t i m a t e  t e n s i l e  s t r e n g t h  o f  t h e  t e s t  m a t e r i a l ,  and as desc r i bed  

below t h e  d isp lacement  t o  f a i l u r e  i n  t h e  punch t e s t  i nc reased  w i t h  

t h e  t o t a l  d u c t i l i t y  o f  t h e  m a t e r i a l .  However, t h e  area under t h e  

two types  o f  curves ( i . e .  toughness) d i d  n o t  c o r r e l a t e  as w e l l .  

A l though more f low p r o p e r t y  i n f o r m a t i o n  t han  j u s t  d u c t i l i t y  

may u l t i m a t e l y  be g leaned f rom t h i s  t e s t  techn ique,  i t  was i n i -  

t i a l l y  eva lua ted  on t h e  b a s i s  o f  d u c t i l i t y  a lone.  The shear punch 

p l a s t i c  d isp lacement  t o  f r a c t u r e  was found t o  be t h e  most u s e f u l  

f e a t u r e  o f  t h e  t e s t  f o r  t h i s  purpose; hence, i t  i s  compared t o  t h e  

t o t a l  u n i a x i a l  t e n s i l e  d u c t i l i t y  o f  seve ra l  m a t e r i a l s  i n  F i g u r e  3. 
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A p l o t  o f  shear punch p l a s t i c  d isp lacement  t o  maximum l o a d  a g a i n s t  

m a t e r i a l  u n i f o r m  e l o n g a t i o n  has s i m i l a r  f e a t u r e s .  D e s p i t e  t h e  

s p a r s i t y  o f  da ta ,  a d e f i n i t e  e m p i r i c a l  c o r r e l a t i o n  can be seen t o  

e x i s t  between punch d isp lacement  and m a t e r i a l  d u c t i l i t y .  Moreover,  

from a s o l i d  p h y s i c s  s t a n d p o i n t  t h e  c o r r e l a t i o n  shou ld  pass t h rough  

the  o r i g i n ;  t h a t  i s ,  t h e  punch p l a s t i c  d isp lacement  t o  f a i l u r e  

shou ld  be zero f o r  a comp le te l y  b r i t t l e  m a t e r i a l .  Consequently,  

t h e  punch d isp lacement  t e s t  shou ld  be v e r y  s e n s i t i v e  t o  d u c t i l i t y  

changes a t  l o w  d u c t i l i t i e s ,  a d e s i r a b l e  s i t u a t i o n  f o r  m o n i t o r i n g  

i r r a d i a t i o n  e f f e c t s .  However, t h e  magnitude o f  t h i s  s e n s i t i v i t y  i s  

s t i l l  u n c e r t a i n  w i t h  so few da ta .  

As a r e s u l t  o f  these  p rom is ing  scop ing  exper iments,  t h e  shear 

punch t e s t  i s  under c o n t i n u i n g  development.  I n  p a r t i c u l a r ,  add i -  

t i o n a l  da ta  a r e  b e i n g  added t o  t h e  e m p i r i c a l  c o r r e l a t i o n ,  theore-  
t i c a l  ( f i n i t e  d i f f e r e n c e / f i n i t e  e lement)  analyses o f  shear punch 

t e s t  specimen de fo rma t i on  a r e  p lanned,  and c o n s i d e r a t i o n s  a re  b e i n g  

made t o  sca le  t h e  t e s t  down t o  s m a l l e r  specimen s i z e s .  

The o t h e r  d u c t i l i t y  t e s t  which has been i n v e s t i g a t e d  i s  t h e  

bu lge  t e s t .  Again t h e  b a s i s  f o r  t h i s  t e s t  has been taken  f rom 

sheet  meta l  f o rm ing  ope ra t i ons  and t e s t i n g  ( 3 - 7 ) .  The t h e o r y  

beh ind  t h e  t e s t  i s  r e l a t i v e l y  s t r a i g h t f o r w a r d .  By s t r e t c h i n g  a 

t h i n  meta l  sheet  over  a s p h e r i c a l  ( o r  hem isphe r i ca l )  punch and 

l u b r i c a t i n g  t h e  punch/sheet i n t e r f a c e ,  a u n i f o r m  pressure  b u i l d s  up 

between t h e  punch and sheet .  T h i s  i n  t u r n  produces a s t a t e  o f  

ba lanced b i a x i a l  s t r e s s  i n  t h e  s t r e t c h e d  sheet  ( i n  p r a c t i c e  t h i s  i s  

b e s t  approximated a t  t he  c e n t e r  o f  t h e  sheet ) .  F a i l u r e  t hen  p r o -  

ceeds under b i a x i a l  c o n d i t i o n s ,  wh ich  i n  t h e o r y  can be r e l a t e d  t o  

u n i a x i a l  f a i l u r e .  I n  any even t ,  t h e  s t r a i n  t o  f a i l u r e  p r o v i d e s  a 

measure o f  m a t e r i a l  d u c t i l i t y  wh ich  i n  t u r n  shou ld  be s e n s i t i v e  t o  

m i c r o s t r u c t u r e .  The advantage o f  t h i s  t echn ique  over  t h e  shear 

punch t e s t  i s  t h e  s i m p l e r  s t r e s s  s t a t e  produced near  t h e  f r a c t u r e  

zone, wh ich  f a c i l i t a t e s  a n a l y s i s ;  as a consequence o f  t h i s  a 

g r e a t e r  l i t e r a t u r e  e x i s t s  f o r  b i a x i a l  f a i l u r e  d u c t i l i t y  o f  me ta l s .  
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The apparatus c o n s t r u c t e d  t o  t e s t  t h i s  approach a l s o  c o n s i s t s  

o f  a s imp le  two- p iece  d i e .  Again a sheet  meta l  sample i s  clamped 

between t h e  d i e  ha l ves ;  however, t h e  h o l e  i n t o  wh ich  t h e  m a t e r i a l  

deforms i s  t ape red  t o  p r e v e n t  f a i l u r e  a t  t h e  f i x e d - p o s i t i o n  boun- 

dary .  The d i e  i s  mounted r i g i d l y  t o  t h e  f i x e d  crosshead o f  a 20 

k i p  MTS t e s t i n g  machine; and a punch w i t h  a 0 .5  i n c h  d iameter  s t e e l  

b a l l  f i x e d  t o  i t s  end, i s  f o r c e d  a l o n g  a gu ide  h o l e  and i n t o  t h e  

t e s t  sheet  by  t h e  MTS ram. The sheet  t h e n  s t r e t c h e s  over  t h e  b a l l  

and deforms i n t o  t h e  t ape red  h o l e  u n t i l  i t  f a i l s .  A f o l l o w e r  sheet  

o f  neoprene between t h e  b a l l  and t h e  specimen was found t o  reduce 

i n t e r f a c i a l  f r i c t i o n  and promote f a i l u r e  a t  t h e  c e n t e r  o f  t h e  

sheet .  

The a m p l i f i e d  specimen compl iance o f  t h i s  t e s t  p rec luded  t h e  

use o f  t h e  punch load- d isp lacement  cu rve  t o  o b t a i n  mechanical 

p r o p e r t y  d a t a  on t h e  specimen a lone.  I ns tead ,  a square g r i d  o f  

0 . 0 0 2 - i n c h - t h i c k  l i n e s  w i t h  a .O lO- inch  spac ing  was p l a c e d  on each 

specimen by  a pho to- e tch ing  - b l u i n g  techn ique  s p e c i a l l y  developed 

f o r  t h i s  t e s t .  G r i d  dimensions were t h e n  measured w i t h  a f i l a r -  

eyep iece  microscope. By comparing g r i d  dimensions a t  t h e  c r a c k  

s i t e  b e f o r e  and a f t e r  de format ion ,  specimen s t r a i n  t o  f a i l u r e  c o u l d  

t h u s  be measured d i r e c t l y .  

Aga in  t h e  m a t e r i a l s  desc r i bed  i n  Tab le  1 were t e s t e d  by  t h i s  

t echn ique .  The g r i d  was found t o  deform i s o t r o p i c a l l y  near t h e  

c e n t e r  o f  t h e  b u l g e  - i . e . ,  t h e  s t r a i n s  i n  t h e  t w o  p r i n c i p a l  g r i d  

d i r e c t i o n s  were equal ( c l  = "2) -- and t h e  c r a c k  i n i t i a t e d  and 

propagated  f rom t h e  cen te r .  The p r i n c i p a l  s t r a i n s  t o  f a i l u r e  ( E :  = 

c2)  i n  each t e s t  were de termined f rom g r i d  measurements around t h e  

f r a c t u r e  i n i t i a t i o n  s i t e .  These d a t a  a r e  p l o t t e d  a g a i n s t  t h e  

u n i a x i a l  t e n s i l e  u n i f o r m  s t r a i n  ( c  ) f o r  each m a t e r i a l  i n  F i g u r e  4. 

Data e x t r a c t e d  f rom curves  r e p o r t e d  by  Kee le r  and Backofen C 4 )  f o r  

s i m i l a r  t e s t s  a r e  a l s o  shown i n  F i g u r e  4. As can be seen, w i t h  t h e  

e x c e p t i o n  o f  annealed s t e e l ,  t h e  two d a t a  s e t s  a re  i n  r e l a t i v e l y  

good agreement w i t h  one another .  Moreover, t h e r e  i s  a sys tema t i c  

t r e n d  i n  t h e  da ta .  The bu lge  d u c t i l i t y  i s  g r e a t e r  t han  o r  equal t o  

f .  

U 
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t h e  u n i f o r m  t e n s i l e  d u c t i l i t y  i n  a l l  cases; and l i k e  t h e  shear 

punch r e s u l t s ,  t h e  bu lge  d u c t i l i t y  i s  ve ry  s e n s i t i v e  t o  t h e  u n i f o r m  

t e n s i l e  d u c t i l i t y  when t h e  l a t t e r  i s  sma l l .  A s i m i l a r  r e l a t i o n s h i p  

was found between t h e  b i a x i a l  and u n i a x i a l  f r a c t u r e  d u c t i l i t i e s .  

The d i f f e r e n c e  i n  u n i a x i a l  and m u l t i a x i a l  d u c t i l i t i e s  i s  w e l l  

documented and i s  t h e  b a s i s  f o r  t h e  f o rm ing  l i m i t  d iagram i n  t h e  

sheet  meta l  i n d u s t r y .  (’) Moreover, t h e  r e l a t i o n s h i p  between 

u n i a x i a l  and m u l t i a x i a l  d u c t i l i t i e s  has been a c l a s s i c  problem i n  

p 1 as t i c i t y  theo ry .  ( 7 )  And w h i l e  some a n a l y t i c a l  r e l a t i o n s  c o r r e -  

l a t e  some d a t a  w e l l ,  a genera l  s o l u t i o n  i s  s t i l l  n o t  i n  hand. 

Nonetheless,  an e m p i r i c a l  r e l a t i o n  between t h e  d u c t i l i t i e s  i s  

obv ious ;  consequent ly ,  b i a x i a l  d u c t i l i t y  can serve  as w e l l  as 

u n i a x i a l  d u c t i l i t y  as a r a d i a t i o n  damage m o n i t o r .  Moreover,  a 

m u l t i a x i a l  d u c t i l i t y  may be  o f  more eng inee r i ng  s i g n i f i c a n c e  than  a 

u n i a x i a l  d u c t i l i t y .  F i n a l l y ,  r e c e n t  f i n i t e - e l e m e n t  work has pe r -  

m i t t e d  c o n s i d e r a b l e  p rog ress  i n  deve lop ing  a fundamental under-  

s tand ing  o f  s t r e s s  s t a t e  e f f e c t s  on m a t e r i a l  d u c t i l i t y .  ( 8 )  Conse- 

q u e n t l y ,  work i s  ongoing t o  f u r t h e r  t h e  development o f  t h e  bu lge  

t e s t .  I n  p a r t i c u l a r ,  f i n i t e  element mode l ing  o f  t h e  bu lge  d e f o r -  

mat ion  process i s  i n  p rog ress ,  and p lans  f o r  s c a l i n g  down t h e  

specimen s i r e  a re  b e i n g  fo rmu la ted .  

4 .  I n d e n t a t i o n  Load R e l a x a t i o n  Tes ts  

The i ns t rumen ted  microhardness t e s t  and t h e  d u c t i l i t y  t e s t s  

desc r i bed  above can p r o v i d e  t ime- independent  f l o w  p r o p e r t y  i n fo rma-  

t i o n .  However, t ime-dependent  f l o w  p r o p e r t y  i n f o r m a t i o n  w i l l  a l s o  

be u s e f u l  f rom a v i e w p o i n t  o f  m o n i t o r i n g  b o t h  mechanical p r o p e r t y  

and m i c r o s t r u c t u r a l  changes i n  a m a t e r i a l  d u r i n g  i r r a d i a t i o n .  

Consequent ly ,  development o f  an i n d e n t a t i o n  l o a d  r e l a x a t i o n  t e s t  i s  

under development t o  p r o v i d e  t h i s  t ime-dependent i n f o r m a t i o n .  

The time-dependence o f  hardness a t  e l e v a t e d  tempera tures  
(9 -12 )  in (hot- hardness)  has r e c e i v e d  c o n s i d e r a b l e  a t t e n t i o n .  

a d d i t i o n ,  some work has been per fo rmed on i n d e n t a t i o n  c reep,  t h e  
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time-dependent penetration of a material by a cylindrical punch; 
indentation creep results have been correlated with standard 
material creep properties. (I3) However, a test which may have 
some advantages over the indentation creep for small specimen 
testing is an indentation load relaxation test. In contrast to 
standard creep tests, standard load-relaxation tests can provide a 
description of inelastic strain rate over a considerable stress 
range for a single test. Hence, it would seem by analogy that an 
indentation load relaxation test may provide considerably more 
time-dependent flow property data from a single penetration loca- 
tion than an indentation creep test. 

An apparatus has been constructed to conduct both creep inden- 
tation and indentation load relaxation tests. The apparatus con- 
sists of a cage, which transmits a tensile load applied to its end 
plates as a compressive load between its two stage platens. The 
test specimen is mounted on the lower platen, and a cylindrical 
punch of variable diameter is fixed to the upper platen. A mechan- 
ical-electrical extensometer attached to the upper and lower 
platens monitors the punch displacement relative to the specimen 
surface; and, if desirable,a load cell can be placed in series with 
the load train to monitor load. The cage assembly can thus be used 
in either a standard creep frame or tensile testing machine. 

Currently, an extensive test program is being performed on 
lead samples, since lead creeps readily at room temperature and 
room temperature testing precludes many testing difficulties. 
Standard tensile, creep and load relaxation tests have been per- 
formed to acquire baseline data. And both creep indentation and 
indentation load relaxation tests are currently being performed. 
Attempts will be made to correlate the data by equation-of-state 
and other techniques. In addition, specimen thickness effects are 
being evaluated empirically and analytically. Results will be 
reported in a future quarterly progress report. 
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5 .  M i n i a t u r e  F r a c t u r e  Samples 

A number o f  s t u d i e s  have been i n i t i a t e d  on m i n i a t u r e  f r a c -  

t u r e  samples. Slow bend t e s t s  have been conducted on . 5 T .  . 2 T  

and . 1 T  bend ba rs  o f  an A302B p ressure  vesse l  s t e e l  ( f o r  which 

c o n s i d e r a b l e  f r a c t u r e  toughness da ta  have p r e v i o u s l y  been gener-  

a ted  ( I 4 ) ) ,  and m u l t i p l e  specimen R-curves a r e  b e i n g  generated 

f r o m  t h e  da ta .  In a d d i t i o n ,  a program i s  b e i n g  conducted on 

these  sample geometr ies i n  which samples a r e  b e n t  t o  smal l  f r a c -  

t i o n s  o f  t h e  maximum l o a d  d isp lacement ,  f r a c t u r e d  a t  l i q u i d  

n i t r o g e n  temperatures,and examined by SEM f o r  ev idence o f  m ic ro-  

i n i t i a t i o n .  The i n t e n t  i s  t o  c o r r e l a t e  m i c r o i n i t i a t i o n  i n  l a r g e  

and smal l  samples, and t o  use t h a t  i n f o r m a t i o n  i n  c a l i b r a t i n g  a 
c o r r e l a t i o n  model o f  f r a c t u r e  behav io r .  R e s u l t s  w i l l  be p r o v i d e d  
i n  a f u t u r e  q u a r t e r l y .  

I n  a r e l a t e d  program, c u r r e n t l y  funded by E P R I ,  m i n i a t u r e  

Charpy V-notch specimens ( 1 / 3  s tandard  dimensions) a r e  b e i n g  

developed and t e s t e d  t o  p r o v i d e  a means o f  t r a c k i n g  NDTT s h i f t s  

i n  i r r a d i a t e d  f e r r o u s  m a t e r i a l s .  P r e l i m i n a r y  t e s t s  i n d i c a t e  t h a t  

f rom these smal l  samples a Charpy cu rve  can be generated which 

looks much l i k e  one generated w i t h  s tandard  Charpy specimens. A 

s e t  o f  example curves f o r  an A3026 p ressure  vesse l  s t e e l  a r e  

shown i n  F i g u r e  5 ;  E i s  t h e  measured impact energy,  B t h e  s p e c i -  

men w i d t h  (10mm f o r  CVN, 3.3mm f o r  mini-CVN) and b i s  t h e  l i g a -  

ment s i z e  (8mm f o r  CVN and 2.64mm f o r  mini-CVN). Again da ta  a r e  

few and p r e l i m i n a r y  a t  t h i s  t ime ,  and w i l l  be r e p o r t e d  i n  more 

d e t a i l  i n  t h e  f u t u r e .  
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VII. FUTURE WORK 
Work will continue on small specimen test development as 

indicated previously. Standardized ball-microhardness test pro- 
cedures for TEM disc specimens are currently being investigated 
with unirradiated materials used in the RTNS-I1 program. Finite 
element and analytic models are being used to correlate uniaxial 
and multiaxial ductilities. Creep indentation tests and indenta- 
tion load relaxation tests on lead will be completed shortly; 
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da ta  c o r r e l a t i o n  i s  a l r e a d y  i n  p rog ress .  F i n a l l y ,  developmental  

work on m i n i a t u r e  bend b a r s  and Charpy specimens w i l l  c o n t i n u e .  
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M a t e r i a l  
D e s i g n a t i o n  

BAR 

E A 1  

EA2 

SAR 

S A 1  

SA2 

SSAR 

S S A l  

Tab le  1 

D u c t i l i t y  T e s t  Specimen T e n s i l e  P r o p e r t i e s  

0.2% O f f s e t  
Y i e l d  S t r e n g t h  

( k s i )  

44 ? 2 

37 f 1 

32 f 2 

106 f 1 

45 f 1 

40 f 2 

161  ? 1 

170 f 4 

UTS 
(ksi) 

56 ? 1 

5 1  f 2 

52 f 2 

108 f 1 

5 1  ? 1 

47 f 2 

178 f 2 

185 f 3 

Uni fo rm 

T 
23 f 3 

20 ? 4 

25 f 2 

. 5  f .05  

23 f 2 

29 f 1 

1 . 5  f .05  

1 .2  ? .05 

T o t a l  

?!E== 
26 f 4 

* 
* 

1 .7  f 1 

33 f 3 

40 ? 1 

4.0  ? 5 

3 .0  f . 5  

* Neck ing and f r a c t u r e  o u t s i d e  c l i p  gage 

59 



FRAME I 

v PLUNGERICOLLAR 

INDENTER 

SPECIMEN 
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c 

F i g u r e  1. Schematic Diagram o f  Ins t rumented  Microhardness T e s t  
Apparatus.  
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I .  PROGRAM 

T i t l e :  Mechanical P r o p e r t i e s  

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

A f f i l i a t i o n :  P a c i f i c  Nor thwest  Labo ra to ry  

11. OBJECTIVE 

1. Compare t h e  l e a k  r a t e  o f  he l i um th rough  smal l  c racks  i n  316 SS 

s t r e s s  r u p t u r e  specimens t o  t h a t  p r e d i c t e d  by gas f l ow  t h e o r y  

u s i n g  measured c r a c k  geometr ies.  

Assess t h e  impor tance o f  such c r a c k i n g  on a tokamak f u s i o n  

r e a c t o r  and t h e  a b i l i t y  o f  n o n d e s t r u c t i v e  a n a l y s i s  techn iques  t o  

i d e n t i f y  and l o c a t e  these m ic roc racks  i n  a vacuum f i r s t  w a l l .  

2. 

111. RELEVANT DAFS AND A D I P  TASKS/SUBTASKS 

DAFS I I . C . 8  E f f e c t s  o f  Hel ium and Displacements on F r a c t u r e  

I I .C .12  E f f e c t s  o f  C y c l i n g  on Flow and F r a c t u r e  

A D I P  1.A.2.3 Develop T e s t  Approaches and T e s t  M a t r i c e s  f o r  

O b t a i n i n g  C r i t i c a l  P r o p e r t y  Data 

S t ress- Rupture  P r o p e r t i e s  o f  A u s t e n i t i c  A l l o y s  1.B.9 

IV. SUMMARY 

T h i n - w a l l e d  316 SS s t r e s s  r u p t u r e  specimens w i th  th rough w a l l  m i c r o -  

c racks  have been c h a r a c t e r i z e d  u s i n g  scanning e l e c t r o n  microscopy 

and o p t i c a l  me ta l l og raphy .  Us ing  t h e  measured c rack  dimensions, t h e  

l e a k  r a t e  was p r e d i c t e d  u s i n g  b o t h  v i scous  and mo lecu la r  gas f low 

t h e o r i e s  and found t o  be i n  good agreement w i t h  t h e  measured l e a k  

r a t e .  

tokamak r e a c t o r  i s  assumed t o  be on t h e  o r d e r  o f  50% o f  t h e  deu- 

t e r i u m  and t r i t i u m  c o n c e n t r a t i o n  i n  t h e  plasma, t hen  t h e  c r i t i c a l  

c r a c k  dimensions can be es t ima ted  f rom gas f l o w  theo ry .  

o f  t h i s  a n a l y s i s  show t h a t  t h rough  w a l l  m ic roc racks  l e s s  than  100 

mic rons  i n  s i z e  may be s u f f i c i e n t  t o  cause plasma con tam ina t i on  and 

I f  t h e  c r i t i c a l  amount o f  he l i um necessary t o  con taminate  a 

The r e s u l t s  
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reactor  s h u t d o w n .  Such microcracks a r e  s imi la r  t o  those observed 
a f t e r  s t r e s s  rupture t e s t s .  

V.  ACCOMPLISHMENTS A N D  STATUS 

A .  Cr i t i ca l  Flaw Size Determination - S.  M .  Bruemmer 

1 .  Introduction 

Plasma contamination by impurit ies may be a primary l imi ta t ion  
in the useful operation of tokamak fusion reactors .  In tegr i ty  
of the  vacuum f i r s t  wall i s  c r i t i c a l  s ince  i t  separates  the mag- 
n e t i c a l l y  confined plasma from the l iqu id  o r  gaseous coolant .  
This boundary must remain s t r u c t u r a l l y  sound under the radia t ion 
and chemical environment which wil l  be aggravated by cyc l i c  
s t r e s s e s  and temperatures accompanying the reac to r  burn-refuel - 
ing cycle.  Failure of t h i s  vacuum boundary may r e s u l t  from 
small ,  through wall cracks which allow the leakage of a s u f f i -  
c i e n t  amount of coolant t o  contaminate the  plasma during the 
period of one b u r n  cycle.  

2 .  Experimental Details  - 

Small, t h r o u g h  wall cracks i n  316 SS tube were obtained from 
s t r e s s  rupture t e s t s  a t  650°C i n  PNL's helium gas loop. These 
s t r e s s  rupture experiments a r e  being conducted f o r  DOE as  p a r t  
of the Gas-Cooled Fast Reactor program. The t e s t  specimens a r e  
thin-walled (0.5-vm) 316 SS tube with a volume displacement p i n  
t o  minimize the volume of the in ternal  pressur izat ion gas (He) 
and thus l i m i t  any crack propagation a f t e r  the i n i t i a l  f a i l u r e .  
Leak r a t e  measurements were made by encapsulating the  specimen 
and monitoring the external pressure increase with a baratron 
over a range of in ternal  pressures a t  room temperature. The 
external  and in ternal  surfaceswEr? then examined using scanning 
e lect ron microscopy, the major cracks identif ied,and through 
wall cracks characterized by opt ica l  metallography. 



ick Characterization and Leak Rate Correlation 

-ough wall cracks in two stress rupture specimens were examined. The 
ter (OD) surface of the tube exhibited several cracks localized in a 
igle area while the interior (ID) surface had a high density of 
111 cracks covering most of the ID surface of the tube (Figure 1). In 
ler t o  estimate the effective crack dimensions controlling the leak 
:e, the major cracks on the OD surface were measured through the wall 
ing optical metallography. An example of this is shown in Figure 2a- 
for several depths through the wall. The minimum crack dimensions 
-e estimated from this analysis and are listed in Table 1 along with 
? measured and predicted leak rate of helium. 
te was calculated from equations for the flow of gases through ori- 
:es by inputting the observed crack geometries. 
:en to be slightly larger than the tube width ( ~ 1 5 % )  due to the 
“tuouscrackpath as illustrated schematically in Figure 2d. 

The predicted leak 

The crack length was 

1. Scanning Electron Micrographs o f  (a) OD Surface and (b) ID 
Surface at Region of Through Wall Cracks (100 X )  
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FIGURE 2. (a-c) Optical Metallography Following a Through Wall Crack 
Through Stress Rupture Specimen S-23; (d) Schematic Illustrating 
the Cracking Path Through the Thin Wall Tube 
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TABLE 1 .  Leak Rate Correlat ion:  Prediction vs. Experiment 
Calculated Leak Measured 

Crack Dimens ions ( pm) Rate (moles He/sec) Leak Rate 
Specimei - Length __ Width Opening Viscous Flow Molecular Flow (moles He/sec) 

S-23 290 100 15 5.5 x 1 .3  x 0.8-1 x 
s-4 290 190 35 1 . 1  1 . 3  0.7-1.5 

The leak r a t e  was calculated f o r  conditions of viscous flow where the 
meal f r e e  path of the  gas i s  cont ro l led  by intermolecular c o l l i s i o n s  
wit1 the crack walls.* Viscous flow wil l  predominate on the coolant 
s i d ?  of the wall while molecular flow may occur a t  the  vacuum s ide  of 
the crack; however, i t  i s  expected t h a t  viscous flow wil l  dominate the 
leak r a t e  of helium t h r o u g h  a crack in a vacuum f i r s t  wall .  
conj i t ions  of t h i s  s t u d y ,  the predicted leak r a t e s  are in approximate 
agr2ement with t h a t  obtained experimentally considering the undertain- 
t i e ;  in the crack dimensions. I t  i s  in t e res t ing  t o  note t h a t  viscous 
floM theory more accurately predic ts  the leak r a t e  f o r  Samples S-4 
wi t?  the l a rge r  crack s i z e  while the converse i s  true f o r  the molecu- 
l a r  flow theory. However, although cons is tent ,  i t  may only be fo r-  
tu i tous  s ince only two specimens were examined. In general ,  gas flow 
the i ry  does appear t o  give a reasonable indicat ion of the t h r o u g h  wall 
leak ra te  i f  the crack dimensions a r e  known. 

For the 

* The  equa.tions used t o  ca lcu la te  the flow r a t e  were: 
f o r  viscous flow 

) (  P2 - P1 ) , t o r r - ]  i t e r s / sec  a2b2 ('1 + '2 
2 Q = 0.26 Y 7 

where Q i s  the flow r a t e  and  Y i s  a function of a/b.  The  remaining 
variables a r e  defined in Figure 3. 
f o r  molecular flow 

a2b2 (T/M) 1 / 2  ( P 2  - P l ) ,  t o r r - l i t e r s / s e c  Q = 213 (a+b)a. 

where T i s  the temperature in " K  and  M i s  the molecular weight of the 
gas. 
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4. A p p l i c a t i o n  t o  an Opera t i ng  Fus ion  Reactor  

4.1 C r i t i c a l  Crack S i z e  

A c r i t i c a l  c r a c k  i n  t h e  vacuum f i r s t  w a l l  o f  a tokamak r e a c t o r  may 

be d e f i n e d  as one which a l l o w s  a c r i t i c a l  amount o f  c o o l a n t  t o  

e n t e r  and contaminate  t h e  plasma d u r i n g  t h e  p e r i o d  o f  a s i n g l e  burn  

c y c l e .  For  t h e  purposes o f  t h i s  s tudy ,  t h i s  c r i t i c a l  amount ( o f  

he l i um)  i s  a r b i t r a r i l y  s e l e c t e d  as b e i n g  50% o f  t h e  deuter ium and 

t r i t i u m  c o n c e n t r a t i o n  i n  t h e  plasma. S ince  t h i s  d e f i n e s  t h e  c r i t i -  

c a l  l e a k  r a t e ,  t h e  c rack  dimensions can be c a l c u l a t e d  u s i n g  gas 

f l o w  t h e o r y .  The r e s u l t s  o f  t h i s  p r e d i c t i o n  i s  shown i n  F i g u r e  3. 

The th rough w a l l  c r a c k  i s  assumed t o  be s i m i l a r  t o  t h e  t e s t  s p e c i -  

mens o f  t h i s  s t u d y  w i t h  a c r a c k  l e n g t h  o f  1.15 t imes  t h e  vacuum 

w a l l  t h i ckness  (0.254 cm) and a c r a c k  opening of 15 vm o r  35 urn. 
I f  a l o n g  bu rn  p e r i o d  i s  employed (5,000 sec ) ,  t h e  c r i t i c a l  c r a c k  

s i z e  f o r  a s i n g l e  th rough w a l l  c r a c k  would be on t h e  o r d e r  o f  6 0 ~  

x 35 urn o r  300 Such c racks  

a r e  comparable t o  those  shown i n  F igu res  1 and 2,which were p r o -  

duced b y  s t r e s s  r u p t u r e  t e s t s  a t  650°C. I t i s  p o s s i b l e  t h a t  s i m i -  

l a r  c racks  may fo rm r e a d i l y  under  t h e  c y c l i c  s t r e s s  o r  tempera ture  

c o n d i t i o n s  o f  t h e  f i r s t  w a l l .  These c racks  a r e  ex t reme ly  smal l  

and may be d i f f i c u l t  t o  d e t e c t  f o r  r e p a i r  work. 

x 15 Fim ( c o n s i d e r i n g  v i scous  f l o w ) .  

VI.  REFERENCES 

None. 

V I I .  FUTURE WORK 

The p r e s e n t  work was compl t d u s i n g  d i  c r e t i o n a r y  funds.  No a d d i -  

t . ional  t e s t s  a r e  p lanned w i t h i n  t h e  e x i s t i n g  program. The p o s s i b i l i t y  

o f  f u t u r e  work i n  t h i s  area i n  coope ra t i on  w i t h  n o n- d e s t r u c t i v e  

a n a l y s i s  researchers  i s  b e i n g  i n v e s t i g a t e d .  
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of the  Through Wall Crack Width f o r  Viscous and Molecular 
Flow f o r  Two Crack Openings 
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CHAPTER 4 

C O R R E L A T I O N  METHODOLOGY 
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I .  PRIIGRAM ___ 

Ti -: l e :  I r r a d i a t i o n  Response o f  M a t e r i a l s  

P r . n c i p a l  I n v e s t i g a t o r s :  S. Wood, J .  A. S p i t z n a g e l  and W.  J .  Choyke 

A f ' i l i a t i o n :  Westinghouse Research and Development Center  

11. OB,IECTIVE 

Thi? o b j e c t i v e  o f  t h i s  work i s  t o  assess t h e  phenomenology and mecha- 

nisms 0' m i c r o s t r u c t u r a l  e v o l u t i o n  i n  m a t e r i a l s  exposed t o  s imul taneous 

h e l i u m  i n j e c t i o n  and c r e a t i o n  o f  a tomic  d isp lacement  damage by  a second 

i o n  beaii. 

111. - RE-EVANT DAFS PROGRAM TASK/SUBTASK 

SUlTASK I I . C . l ,  I I .C .2 ,  I I .C .3 ,  I I . C . 5 ,  I I .C .9 ,  I I .C .18  

I V .  SU'4MARY ___ 

Conparison o f  c a v i t y  m i c r o s t r u c t u r e s  f o r  p re-  and post- anneal  dual  i o n  

bombardzd specimens o f  T i - m o d i f i e d  316 SS suggests t h a t  t h i s  m a t e r i a l  c o u l d  

have gosd m i c r o s t r u c t u r a l  s t a b i l i t y  i f  s u b j e c t e d  t o  thermal  sp i kes  d u r i n g  

r e a c t o r  o p e r a t i o n .  A second s e t  o f  dual i o n  exper iments on aged 316 SS has 

been completed and specimen e v a l u a t i o n  i s  i n  p rog ress .  P r e l i m i n a r y  r e s u l t s  

i n d i c a t e  q u a l i t a t i v e  agreement w i t h  p r e v i o u s  da ta .  

V .  ACCOMPLISHMENTS AND STATUS 

A.  Annea l ing  Exper iments on T i - M o d i f i e d  316 SS 

The T i - m o d i f i e d  a u s t e n i t i c  SS a r e  o f  p a r t i c u l a r  i n t e r e s t  f o r  f u s i o n  

a p p l i c a t i o n s  because o f  t h e  p r e c i p i t a t i o n  o f  t h e  MC c a r b i d e  phase and con- 

commitant r e d u c t i o n  i n  s w e l l i n g  wh ich  can occur  d u r i n g  i r r a d i a t i o n ( l  y z ) .  

A f u r t h e r  q u e s t i o n  a r i s e s  concern ing  t h e  s t a b i l i t y  o f  c a v i t y  m i c r o s t r u c t u r e s  

75 



i n  t h i s  t y p e  o f  m a t e r i a l  d u r i n g  a therma l  s p i k e  i n  t h e  r e a c t o r  c y c l e .  

W i th  t h i s  i n  mind, some annea l i ng  s t u d i e s  have been i n i t i a t e d  t o  i n v e s t i -  

g a t e  t h e  changes i n  c a v i t y  s i z e  and o t h e r  m i c r o s t r u c t u r a l  components com- 

pared t o  t h e  as-bombarded c o n d i t i o n .  F igu res  1 and 2 show TEN mic rographs  

o b t a i n e d  f rom two specimens o r i g i n a l l y  bombarded w i t h  t h e  dua l  i o n  beams 

a t  600°C t o  - 2 . 5  dpa andan appm He/dpa r a t i o  o f  7 0 : l  u t i l i z i n g  damage r a t e s  

o f  -2.4 x 10-5 dpa/s and -10-4 dpa/s, r e s p e c t i v e l y .  

specimen was subsequent ly  annealed a t  900°C f o r  0.5h w h i l e  t h e  o t h e r  was  

annealed a t  t h e  same tempera tu re  f o r  2h. 

The l o w e r  damage r a t e  

I n  t h e  as-bombarded s t a t e ,  b o t h  samples e x h i b i t e d  a f a i r l y  l ow  number 

d e n s i t y  o f  seve ra l  hundred angstrom c a v i t i e s  ( F i g u r e s  l a  and 2a)  w i t h  a 

d i s l o c a t i o n  s t r u c t u r e  which con ta ined  a l a r g e  f a u l t e d  l o o p  component 
( F i g u r e s  l b  and 2 b ) .  There was no ev idence  o f  s i g n i f i c a n t  MC p r e c i p i t a -  

t i o n ,  b u t  t h e  r e l a t i v e l y  l ow  s w e l l i n g  l eads  one t o  suspec t  t h a t  some 

l o c a l i z e d  he l i um t r a p p i n g  mechanism i s  o p e r a t i v e  and t h a t  s m a l l  M C  c l u s t e r s  

may be p resen t .  A f t e r  annea l i ng ,  i t  i s  apparen t  t h a t  sh r i nkage  o f  t h e  

o r i g i n a l  c a v i t i e s  and p r e c i p i t a t i o n  o f  coarse  c a r b i d e  (MZ3C6) have o c c u r r e d  

i n  b o t h  specimens ( F i g u r e s  IC and 2 c ) .  

number d e n s i t y  has i nc reased ,  sugges t i ng  g rowth  o f  n o n - v i s i b l e  bubbles 

p r e s e n t  i n  t h e  as-bombarded m a t e r i a l .  The p r i n c i p a l  change i n  t h e  d i s l o -  

c a t i o n  s t r u c t u r e  ( F i g u r e s  I d  and 2d)  i s  t h e  absence o f  f a u l t e d  l oops  due 

t o  l o o p  g rowth  and u n f a u l t i n g  d u r i n g  t h e  anneal .  There i s  some ev idence 

f o r  !"C p r e c i p i t a t i o n  d u r i n g  annea l i ng  ( F i g u r e  2 d ,  i n  p a r t i c u l a r ) ,  b u t  

a d d i t i o n a l  da rk  f i e l d  mic roscopy  i s  i n  p rogress  t o  f u r t h e r  e l u c i d a t e  t h i s  

p o i n t .  

Fur thermore,  t h e  v i s i b l e  c a v i t y  

A most i m p o r t a n t  r e s u l t  o f  t h i s  p r e l i m i n a r y  a n n e a l i n g  exper iment  i s  
t h a t ,  c o n t r a r y  t o  post-bombardment a n n e a l i n g  e f f e c t s  observed i n  304 SS ( 3 )  , 

t h e  o v e r a l l  s i z e  o f  t h e  c a v i t i e s  i n  t h i s  T i - m o d i f i e d  316 SS was reduced by 

t h e  post-bombardment therma l  t r ea tmen t .  T h i s  suggests t h a t  t h e  m a t e r i a l  

shou ld  show good m i c r o s t r u c t u r a l  s t a b i l i t y ,  w i t h  r e s p e c t  t o  p o s s i b l e  therma l  

f l u c t u a t i o n s ,  i n  t h e  a n t i c i p a t e d  f u s i o n  envi ronment .  Q u a n t i f i c a t i o n  o f  t h c  

c a v i t y  m i c r o s t r u c t u r e s  observed b e f o r e  and a f t e r  t h e  anneal i s  i n  p rogress .  
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B. C o n t i n u a t i o n  o f  Dua l - Ion  Exper iments on Aged 316 SS 

A second s e t  o f  aged 316 SS specimens were ob ta ined  f rom Argonne 

N a t i o n a l  L a b o r a t o r y  f o r  d u a l - i o n  bombardment a t  t h e  H igh  Energy I o n  Bom- 

bardment F a c i l i t y  a t  t h e  U n i v e r s i t y  o f  P i t t s b u r g h .  T h i s  m a t e r i a l ,  from 

t h e  MFE heat ,  was g i v e n  a 50% c o l d  r e d u c t i o n ,  r e c r y s t a l l i z e d  by  annea l i ng  

a t  1050°C f o r  0.5h and subsequent ly  aged a t  800'C f o r  10h a t  ANL. 

p r i m a r y  o b j e c t i v e s  o f  t h e  exper iments a r e  t o  e v a l u a t e  t h e  e f f e c t s  o f  a g i n g  

and i n t e r g r a n u l a r  face- centered  cub i c  C r - r i c h  c a r b i d e  (t423C6) p a r t i c l e s  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 ,  and t o  compare m i c r o s t r u c t u r a l  r e s u l t s  w i t h  

those  f rom s i m i l a r  exper iments per formed a t  ANL and P a c i f i c  Nor thwest  

Labo ra to ry  ( i n  a d d i t i o n  t o  t h e  f i r s t  da ta  s e t  o b t a i n e d  a t  HEIBS). 

The 

Oual bombardments were per formed a t  600, 650 and 700°C (22°C)  w i t h  an 

appm He t o  dpa r a t i o  o f  1 5 : l  and a damage r a t e  o f  -4 x 

f l u e n c e  o f  -10 dpa. 

d i r e c t  o v e r l a p  w i t h  an exper iment  c u r r e n t l y  be ing  per formed a t  ANL. 

dpa/s a t  a 

Exper imenta l  parameters were a d j u s t e d  t o  p e r m i t  a 

Specimen e v a l u a t i o n  i s  s t i l l  i n  p rogress  and m i c r o s t r u c t u r a l  da ta  

w i l l  be r e p o r t e d  l a t e r .  P r e l i m i n a r y  t r a n s m i s s i o n  e l e c t r o n  microscopy 

r e s u l t s  i n d i c a t e  t h a t  c a v i t y ,  p r e c i p i t a t e  and d i s l o c a t i o n  components o f  

t h e  m i c r o s t r u c t u r e  a r e  q u a l i t a t i v e l y  s i m i l a r  t o  t hose  observed p r e v i o u s l y  
i n  t h i s  m a t e r i a l  . ( 4 )  
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VI1  . FUTURE WORK 

A n a l y s i s  o f  t h e  f i n a l  exper iments  on t h e  aged 316 SS w i l l  be completed 

and c o r r e l a t e d  w i t h  da ta  f rom ANL and PNL. No a d d i t i o n a l  d u a l - i o n  e x p e r i -  

ments w i l l  be performed. Balance o f  c o n t r a c t  e f f o r t  w i l l  concen t ra te  on 

more i n - d e p t h  a n a l y s i s  o f  he l i um m i g r a t i o n  and t r a p p i n g  e f f e c t s  and m ic ro-  

chemical  changes i n  p r e v i o u s l y  bombarded S A ,  CW and aged 316 SS and T i -  

m o d i f i e d  316  SS.  
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a 
As-bombarded 

is 
g=c0021, z-cool] 

T 
b 

c 
Post -anneal g=c0021, z - ~ O O l ]  

F i g ,  1 

Micros t ruc tures  developed i n  316 SS + T i  a f t e r  dual- ion 
bombardment a t  600°C t o  - 2 .5  dpa (wi th  a damage r a t e  o f  
-2,4 x dPa/s and an aPPm He/dpa r a t i o  o f  7 0 : l ) .  
Micrographs c and d were obtained a f t e r  a Post- 
bombardment anneal a t  900°C f o r  0,5h, 
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As - bombarded 
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F ig ,  2 

Y ic ros t ruc tu res  developed i n  316 SS + T i  a f t e r  bombard- 
ment a t  600°C t o  - 2 , s  dpo w i t h  a damage r a t e  o f  

dpa/s and an appm He/dPa r a t i o o f  70:1, Micrographs 
c and d were obtained a f t e r  a post-bombordment cnneal o t  
900°C for 2h. 



I .  PROGRAM 

T i t l e :  I r radia t ion  Effects Analysis ( A K J )  
Principal Inves t iga tor :  D .  G .  Doran 
A f f i l i a t i o n :  Hanford Engineering Development Laboratory 

11. OBJECTIVE 

To determine the e f f e c t s  of neutron energy spectra on the microchemical 
and microstructural development in a cold-worked type 316 s t e e l  i r r a d i a t e d  t o  
high neutron f luences.  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

Task I I . C . l . l  Phase S t a b i l i t y  Mechanism Experiments 
Task II.C.2.2 Fast-spectrum/mixed spectrum cor re la t ions  f o r  Fe-Ni-Cr 

a l loys  

IV. SUMMARY 

Preliminary examination of 00 heat specimens of AIS1 316 i r r ad ia ted  in 
EBR-I1 t o  about 70 dpa has shown t h a t  the microstructural development i s  con- 
s i s t e n t  with the measured immersion density changes and  a l s o  the trends observed 
i n  o t h e r  heats o f  t h i s  a l loy .  T h e  r a t e  o f  helium generation i s  a l s o  cons is tent  
w i t h  previous measurements. 

V .  ACCOMPLISHMENTS AND STATUS 

A .  Microstructural Development of 20% Cold-Worked 316 I r rad ia ted  in 
E B R - I 1  - H .  R .  Brager and F.  A .  Garner ( H E D L )  

1 .  Introduction 

I n  a previous repor t  i t  was shown t h a t  there were several large 



problems t o  be overcome before a s t a t i s t i c a l l y  s ign i f i can t  swelling equation 
f o r  AISI 316 s t a i n l e s s  s t e e l  could be developed f o r  fusion reac tor  applica-  
t ions .  ( l )  
d i f f e r e n t  reactors  on the comparative swelling response of a s ingle  heat 
of s t e e l .  
a t ion  of AISI  316 has been found t o  be a s  important as any o ther  variable 

A primary problem i s  t h a t  there a r e  very l i t t l e  d a t a  from 

This d i s t inc t ion  i s  very important s ince the heat- to-heat var i-  

in the determination o f  t h i s a l l o y ' s  response t o  i r r a d i a t i o n .  ( 2 )  
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I n  the study of the influence of helium on microstructural 
development the only data on a s ingle  heat of AISI 316wasderived from the 
DO heat of s t ee l  i r r ad ia ted  in E B R - I 1  and HFIR.  ( ' )  A l l  ava i lable  data for  
t h i s  heat a re  reproduced in Figures 1-4. Surpris ingly the data i n  Figures 
3 and 4 which are  from the HFIR r eac to r , f a l l  on o r  near the curves determined 
by the EBR-I1 d a t a ,  even t h o u g h  there i s  two orders of magnitude d i f ference  
i n  the helium levels  generated by these two reac to r s .  This suggests t h a t  
a t  high displacement levels the ro le  of helium in determining the to ta l  
amount  o f  swelling may n o t  be as large as previously expected, pa r t i cu la r ly  

I 

DO-HEAT - 

- SOLUTION-ANNEALED 

- 

- 
SWELLING 

Yo 

IRRADIATION TEMPERATURE, "C 

FIGURE 1 .  Swelling of Both 20% Cold-Uork d and Annealed AISI 316 (DO-Heat) 
I r radia ted  in HFIR and  EBR-11.75) 
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o f  20% Cold-Worked AIS1 316 (DO-Heat) I r r a d i a t e d  i n  is7 FIGURE 2. 
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( 1  1 FIGURE 3. Comparison o f  Swe l l i ng  Data on 20% Cold-Worked 00-Heat a t  %5OO0C. 
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FIGURE 4 .  Comparison of  Swelling Data on 20% Cold-blorked DO-Heat a t  ?&OO"C. ( 1 )  

a t  temperatures where the s t e e l  i s  known t o  swell w i t h  r e l a t i v e  ease.  

I n  an at tempt t o  assess  t h e  v a l i d i t y  o f  t h i s  conclusion, a s e r i e s  
of examinations have been i n i t i a t e d ,  u s i n g  previously reported ( 3 )  experimental 
techniques. 

2 .  Determination of Helium Concentrations i n  DO-Heat I r rad ia ted  
in EBR-I1 

One specimen i r r a d i a t e d  to about 70 dpa i n  EBR-I1 a t  510°C was 
analyzed by Or. H. Farrar  a t  Rockwell International  in Canoga Park, C A .  
Duplicate determinations showed the helium concentration t o  be approximately 
37 atomic pa r t s  per mil l ion,  s l i g h t l y  l a r g e r  than shown i n  Figure 3 b u t  in f a i r l y  
good agreement w i t h  the previously published production r a t e  of 0 .5  appm/dpa 
f o r  316 s t a i n l e s s  s t e e l  i r r a d i a t e d  i n  EBR-11. ( 4 )  

3. Microscopic Examination of DO-Heat I r rad ia ted  i n  EBR-I1 

I t  is  an t ic ipa ted  t h a t  the microstructures developed i n  DO-heat 
d u r i n g  i r r a d i a t i o n  wi l l  be examined f o r  mater ia ls  i r r a d i a t e d  i n  the 500-600°C 
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range i n  bo th  HFIR and EBR-11. 

t h a t  t h e  l a r g e  d e n s i t y  changes observed i n  t h i s  s t e e l  a f t e r  EBR-I1 i r r a d i a t i o n  

a re  caused p r i m a r i l y  by i r r a d i a t i o n - i n d u c e d  voids.  

shown i n  F igures  5 and 6. 

P r e l i m i n a r y  r e s u l t s  shown i n  Table 1 i n d i c a t e  

T y p i c a l  micrographs a r e  

A s u r p r i s i n g  f e a t u r e  o f  these specimens i s  t h e  

TABLE 1 

MICROSTRUCTURAL MEASUREMENTS: 20% COLD-WORKED 
00-HEAT IRRADIATED I N  E B R - I 1  

Voids Immersion 
I r r a d i a t i o n  F1 uence Vo id  Number Vo id  Dens i t y  
Temperature [n/cm2 D i  aqe ter  Dens i ty  Volume Cjange 

("C) ( E  > O . l  MeV)] (dpa) A (voids/cm3) (%) (-$)(%) 

510 13.8 x l o 2 *  69 Ql 1 00 1.4 x 1014 ..io% 9.9 

620 15.0 x 75 Q1200 8 x l O I 3  ~ 7 %  6.4 

P 

FIGURE 5. Voids Observed a t  510°C and 69 dpa i n  00-Heat I r r a d i a t e d  i n .  
EBR-11. 
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I 

FIGURE 6. Voids Observed a t  620°C and 75 dpa i n  DO-Heat I r r a d i a t e d  i n  EBR-11. 

s i m i l a r i t y  o f  bo th  v o i d  s i z e  and number d e n s i t y  i n  t he  specimens i r r a d i a t e d  

a t  d i f f e r e n t  temperatures. A g r e a t e r  d i f f e r e n c e  would be expected based on 
prev ious  examinat ions o f  o t h e r  heats o f  s t e e l .  

A t  620°C and 75 dpa t he  d i s l o c a t i o n  d e n s i t y  was 2 x 1O1O cm-’, 

comparable t o  t h a t  no rma l l y  observed i n  316 s t a i n l e s s  s t e e l  a t  t h i s  h i gh  f luence.  

The r e s u l t s  o f  t he  i n i t i a l  microchemical  a n a l y s i s  i n d i c a t e  t h a t  

p r e c i p i t a t e s  formed i n  these specimens a t  t h e i r  c a l c u l a t e d  temperatures a r e  

those expected f rom p rev ious  s t u d i e s  and a re  r i c h  i n  n i c k e l  and s i l i c o n  as 

expected. 

4. Conclusions 

P r e l i m i n a r y  examinat ion o f  DO-heat specimens o f  AIS1 316 SS 
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i r r a d i a t e d  i n  E B R - I 1  t o  about  70 dpa has shown t h a t  t h e  m i c r o s t r u c t u r a l  

development i s  c o n s i s t e n t  w i t h  t he  measured immersion d e n s i t y  change a n d w i t h  

t r ends  observed i n  o t h e r  hea ts  o f  t h i s  a l l o y .  

i s  a l s o  c o n s i s t e n t  w i t h  p rev i ous  measurements. 

The r a t e  o f  h e l i u m  gene ra t i on  
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I .  PROGRAM 

T i t l e :  I r r a d i a t i o n  E f f e c t s  A n a l y s i s  (AKJ) 

P r i n c i p a l  I n v e s i g a t o r :  0. G .  Doran 

A f f i l i a t i o n :  Hanford  Eng inee r i ng  Development Labo ra to ry  

I I. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  i d e n t i f y  t h e  r o l e  o f  each major  

element i n  t h e  microchemical  e v o l u t i o n  o f  A I S I  316 and t h e  dependence 

o f  t h a t  r o l e  on p r e i r r a d i a t i o n  t r ea tmen t  and parameters such as neu t ron  

energy and f l u x ,  tempera ture  and s t r e s s .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

Task I I .C .2 .4  Mode l ing  

I V .  SUMMARY 

I t  i s  proposed t h a t  t h e  p r i m a r y  r o l e  o f  c o l d  work on t h e  s w e l l i n g  o f  

A I S I  316 i s  t o  d i s t r i b u t e  t h e  e lement  carbon th roughout  t h e  a l l o y  m a t r i x  

and i n c r e a s e  t h e  apparent  s o l u b i l i t y  o f  carbon b y  b i n d i n g  i t  i n  t h e  s t r e s s -  

f i e l d  o f  t h e  d i s l o c a t i o n  co re .  The r e s u l t a n t  decrease i n  supersa tura-  

t i o n  and a c t i v i t y  o f  carbon l eads  t o  a decrease i n  t h e  r a t e  o f  phase 

f o r m a t i o n  which preceeds s w e l l i n g .  A model developed t o  d e s c r i b e  t h i s  

phenomenon p r e d i c t s  t h a t  a l l  carbon p r e s e n t  i n  20% cold-worked A I S I  

316 o f  nominal s p e c i f i c a t i o n  w i l l  be i n i t i a l l y  i n  bound- so lu t i on  a t  

a l l  i r r a d i a t i o n  tempera tures .  

V .  ACCOMPLISHMENTS AND STATUS 

A. The I n f l u e n c e  o f  D i s l o c a t i o n  D e n s i t y  and R a d i a t i o n  on Carbon 

A c t i v i t y  and Phase Development i n  A I S I  316 - F .  A .  Garner (HEDL) 

and W.  G. W o l f e r  (U. o f  Wisc.)  



1. Introduction 

I n  a recent paper i t  was noted t h a t  the ro les  of carbon and cold-work 
appear t o  be i n t e r r e l a t e d .  ( ' )  
suppresses swelling a t  a l l  temperatures i n  AISI 316 ( 2 3 3 )  and t h a t  the  r o l e  
of cold-work l i e s  i n  the  re tardat ion of radiation- induced prec ip i t a t ion  and 
microchemical evolution.  Out-of-reactor,the normal r o l e  of cold-work i n  
t h i s  s t e e l  i s  t o  acce le ra te  the phase evolution r a t h e r  than t o  re ta rd  i t ,  
however. (4) 
successful ly  address t h i s  apparent contradic t ion.  

The ava i lab le  data ind ica te  t h a t  cold-work 

Any model developed t o  explain the  r o l e  of cold-work must 

The model must a l so  explain the r o l e  of carbon on the  swelling of t h i s  
a l loy .  Even though cold-work re ta rds  swelling a t  a l l  temperatures, carbon 
reverses i t s  ro le  w i t h  temperature. A t  low temperatures,the addit ion of 
carbon depresses swelling i n  AISI 316, (516 '7)  primarily by extending the  
incubation period as shown i n  Figure 1 .  A t  temperatures between 500 and 
550"C, however, carbon begins t o  increase swelling as shown i n  Figure 2 .  

As Figure 3 shows, the  e f f e c t  of carbon i n  increasing swelling a t  h i g h  tem- 
perature i s  v i s i b l e  in a va r ie ty  of thermal-mechanical s t a r t i n g  condit ions 
and e x h i b i t s  a synergism w i t h  o ther  i n t e r s t i t i a l  so lu tes  such as nitrogen.  (8) 

The r o l e  of carbon on phase development appears t o  be d i f f e r e n t  i n  the low 
and high temperature regimes(') and i s  cur ren t ly  being invest igated i n  more 
depth. One expression of the changing ro le  of carbon w i t h  temperature i s  
i t s  r o l e  i n  determining t h e  r e l a t i v e  height of the  two swelling peaks usually 
observed i n  annealed 316. T ! i i s  i s  schematicallv i l l u s t r a t e d  i n  F i q u r e  e .  

In th is  repor t  the re la t ionship  of cold-work and carbon s o l u b i l i t y  
d u r i n g  i r r a d i a t i o n  wi l l  be addressed. The addit ional  influence of radia t ion-  
produced vacancies on carbon a c t i v i t y  wi l l  a l s o  be considered. The ro le  
of carbon on phase s t a b i l i t y  wi l l  be addressed in l a t e r  work. 

2 .  S o l u b i l i t y  of Carbon i n  Austenit ic S t a i n l e s s  S tee l s  

AISI 316 contains about 0.04 weight percent of carbon. This amount 
of carbon i s  soluble i n  the a u s t e n i t i c  phase above a temperature of about 
1 1 O O " C ,  and i t  presence r e f l e c t s  the h i g h  s o l u b i l i t y  i n  the l iqu id  phase. 
A t  lower temperatures, however, t h i s  amount of carbon i s  i n  supersatura t ion,  
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and i t  tends  t o  p r e c i p i t a t e  i n  t h e  fo rm o f  c a r b i d e s  such as Mz3C6  and M7C3. 

The r a t e  of p r e c i p i t a t i o n  i n  t h e  absence o f  i r r a d i a t i o n  depends on t h e  t i n e ,  

t h e  temperature ,  and t h e  l e v e l  o f  co ld-work ,  a c c o r d i n g  t o  t h e  f a m i l i l a r  

T-T-P p l o t s .  One r o l e  o f  co ld-work  i s  t o  p r o v i d e  f a v o r a b l e  n u c l e a t i o n  s i t e s  

f o r  t h e  c a r b i d e  p r e c i p i t a t e s .  T h i s  l e a d s  t o  a r e d u c t i o n  i n  t h e  i n c u b a t i o n  

t i m e  f o r  c a r b i d e  p r e c i p i t a t i o n  compared t o  t h a t  o f  t h e  annealed m a t e r i a l .  

As ment ioned p r e v i o u s l y ,  co ld-work  appears t o  r e t a r d  phase e v o l u t i o n  

d u r i n g  i r r a d i a t i o n .  I t  i s  proposed he re  t h a t  t h e  dense, dynamic and m o b i l e  

d i s l o c a t i o n  network  m a i n t a i n e d  by  i r r a d i a t i o n  l e a d s  t o  a r e d u c t i o n  i n  t h e  

d r i v i n g  f o r c e  f o r  p r e c i p i t a t i o n .  T h i s  occurs  as a r e s u l t  o f  t h e  b i n d i n g  

o f  carbon atoms i n  t h e  s t r e s s - f i e l d  o f  d i s l o c a t i o n s ,  as d e s c r i b e d  below. 

3. S o l u t e  A d s o r p t i o n  i n  D i s l o c a t i o n  F i e l d s  

The mechanical  i n t e r a c t i o n  energy U ( r , $ )  between a m i s f i t t i n g  s o l u t e  

atom and a d i s l o c a t i o n  r e s u l t s  i n  a non- un i fo rm s o l u t e  d i s t r i b u t i o n  g i v e n  

by  

Here, Co and C a r e  t h e  atom f r a c t i o n s  o f  s o l u t e  i n  e q u i l i b r i u m  f a r  and c l o s e  

t o  t h e  d i s l o c a t i o n ,  r e s p e c t i v e l y .  The i n t e r a c t i o n  energy f o r  an i s o t r o p i c  

s o l u t e  i n c l u s i o n  i s  g i v e n  by  

U = A s i n  ( 4 )  
r 

i n  a l i n e a r  i s o t r o p i c  e l a s t i c  medium. 

t h a t  carbon tends t o  be a t t r a c t e d  o n l y  t o  t h e  t e n s i l e  s i d e  o f  t h e  d i s l o c a t i o n  

c o r e .  

The dependence on $ r e f l e c t s  t h e  f a c t  

Gb 1 + v v ,  
3 x 1 - v  

A = _ _ _  ( 3 )  

where G i s  t h e  shear  modulus, b t h e  Burger  v e c t o r ,  v i s  P o i s s o n ' s  r a t i o ,  and 

v t h e  r e l a x a t i o n  volume o r  t h e  p a r t i a l  m o l a r  volume o f  t h e  s o l u t e .  
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Equa t i on  (1 )  i s  v a l i d  as l o n g  as t h e  l o c a l  s o l u t e  c o n c e n t r a t i o n  C( r ,$ ) ,  
does n o t  exceed t h e  number o f  a v a i l a b l e  s o l u t e  s i t e s  i n  t h e  h o s t  l a t t i c e .  

I f  we assume t h a t  carbon occup ies  t h e  oc tahed ra l  i n t e r s t i t i a l  s i t e s  i n  t h e  

f c c  s t r u c t u r e  o f  a u s t e n i t i c  s t e e l ,  t hen  t h e r e  i s  one s o l u t e  s i t e  p e r  h o s t  

atom. Acco rd ing l y ,  C can n o t  exceed t h e  va lue  o f  one. The r e g i o n  o f  complete 

occupa t i on  o f  a l l  a v a i l a b l e  s o l u t e  s i t e s  can be de termined f rom Equa t i on  

( 1 )  by  s e t t i n g  C = 1. 
l o c a t i o n  wh ich  marks t h e  boundary o f  t h e  f u l l y  occupied s o l u t e  r e g i o n .  

Equa t i on  ( 2 )  we f i n d  

T h i s  d e f i n e s  t h e  r a d i a l  d i s t a n c e  r o ( $ )  f r om t h e  d i s -  

Wi th  

i f  A > 0. 

The t o t a l  atom f r a c t i o n  o f  s o l u t e s  t r apped  i n  t h e  s a t u r a t e d  r e g i o n  

o f  d i s l o c a t i o n s  i s  t hen  g i v e n  by  

= 1 /4  i~ p [A/kT. ln  (1/Co) ]2 (5)  

where p i s  t h e  d i s l o c a t i o n  d e n s i t y .  

To e v a l u a t e  Equa t i on  ( 5 ) ,  t h e  r e l a x a t i o n  volume o f  carbon i n  t h e  
a u s t e n i t i c  m a t r i x  i s  needed. T h i s  can be o b t a i n e d  f rom l a t t i c e  parameter 

measurements on a u s t e n i t e s  w i t h  v a r y i n g  carbon c o n t e n t .  

Hume-Rothery,(’) t h e  l a t t i c e  parameter  i s  g i v e n  by  

Accord ing  t o  

a = (0.3564 + 0.076 C) i n  nm. ( 6 )  

In o r d e r  t o  de te rm ine  t h e  r e l a x a t i o n  volume v one can r e l a t e  i t  t o  t h e  

change i n  l a t t i c e  c o n s t a n t  w i t h  carbon a d d i t i o n  acco rd ing  t o  t h e  r e l a t i o n s h i p  

v 5 3 -_ .  1 da 
n a dC 
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There fo re  f rom Equat ions ( 6 )  and ( 7 )  we o b t a i n  

v /n = 0.64 

where n = 1.132 x m3 i s  t h e  atomic volume o f  t h e  s o l v e n t  atoms. 

Us ing  t he  va lues  u = 0.3, 11 = 10 Mpa, we o b t a i n  

f o r  t h e  atom f r a c t i o n  o f  carbon atoms bound i n  t h e  d i s l o c a t i o n  cores.  

Beyond t h e  s a t u r a t e d  r e g i o n ,  carbon atoms a r e  s t i l l  a t t r a c t e d  t o  t h e  

d i s l o c a t i o n  reg ion ,  b u t  t h e  c o n c e n t r a t i o n  remains below s a t u r a t i o n .  T h i s  

a d d i t i o n a l  t r a p p i n g  i n  t h e  remote s t r e s s  f i e l d  has been eva lua ted  by  H i r t h  

and Carnahan ( l o )  f o r  t h e  case o f  hydrogen as an i n t e r s t i t i a l  s o l u t e  i n  bcc 

i r o n .  They concluded t h a t  t h e  enhancement o f  t h e  hydrogen c o n c e n t r a t i o n  i n  

t h e  remote s t r e s s  f i e l d  i s  o n l y  s i g n i f i c a n t  f o r  d i s l o c a t i o n  d e n s i t i e s  above 

l O I 5  

t i o n .  

a d d i t i o n a l  c o n t r i b u t i o n  f o r  t h e  case o f  carbon.  

and f o r  v e r y  low hydrogen con ten ts  o f  t h e  o r d e r  o f  a tomic  f r a c -  

For  t h e  p r e s e n t  a n a l y s i s ,  we assume t h a t  we may t h e r e f o r e  n e g l e c t  t h i s  

4. E f f e c t  o f  D i s l o c a t i o n s  -. on Carbon S o l u b i l i t y  

t a l l y  b y  Rosenberg and I r i s h  (11) and by  Tuma e t  a l .  (12’13) 

as t h e  carbon c o n c e n t r a t i o n  a t  which t h e  chemical  p o t e n t i a l  o f  carbon i n  

s o l u t i o n  becomes equal t o  t h e  chemical  p o t e n t i a l  o f  carbon i n  MZ3C6. 
e t  a l .  have developed t h e  f o l l o w i n g  e q u a t i o n  t o  f i t  t h e  expe r imen ta l  r e s u l t s .  

I f  Nc and NNi a re  t h e  atomic f r a c t i o n s  o f  carbon and n i c k e l ,  t h e  maximum 

atom f r a c t i o n  o f  carbon i n  s o l u t i o n  i s  g i v e n  by  

The s o l u b i l i t y  o f  carbon i n  a u s t e n i t e  has been de termined experimen- 

It i s  d e f i n e d  

Tuma 

l o g  Nc = 2.93 - 4.0 NNi + (4500 NNi - 6800)/T ( 9 )  

where T i s  t h e  a b o l u t e  temperature.  

by  thermodynamic c o n s i d e r a t i o n s .  

t h e  tempera ture  range o f  700°C t o  1200°C where t h e  d a t a  were ob ta ined.  

The fo rm  o f  t h i s  e q u a t i o n  i s  suggested 

As a r e s u l t ,  i t  can be e x t r a p o l a t e d  beyond 

F i g u r e  
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5 shows t h e  p r e d i c t i o n s  o f  Equa t i on  ( 9 )  f o r  t h e  s o l u b i l i t y  o f  carbon as a 

f u n c t i o n  o f  tempera ture  and n i c k e l  c o n t e n t  o f  t h e  m a t r i x .  The h o r i z o n t a l  

dashed l i n e  rep resen ts  t h e  a c t u a l  carbon c o n c e n t r a t i o n  (0.04 w t % )  i n  A I S I  

316 s t a i n l e s s  s t e e l  p r o t o t y p i c  o f  t h a t  used i n  U. S. F a s t  F l u x  T e s t  Reactor .  

It i s  e v i d e n t  t h a t  i n  t h e  300-700°C tempera ture  range f o r  b reeder  r e a c L o r  

o p e r a t i o n ,  t h e  carbon s u p e r s a t u r a t i o n  i s  v e r y  h i g h  and p r o v i d e s  a s t r o n g  

d r i v i n g  f o r c e  f o r  c a r b i d e  p r e c i p i t a t i o n .  

The e f f e c t  of a h i g h  d i s l o c a t i o n  d e n s i t y  on t h e  s o l u b i l i t y  can now be 

The r e s u l t s  de termined w i t h  Equa t i on  (8) when Nc(T) i s  s u b s t i t u t e d  f o r  Co. 

a r e  g i v e n  i n  Tab le  1 t o g e t h e r  w i t h  t h e  m a t r i x  s o l u b i l i t y  Nc f o r  a t e r n a r y  

a l l o y  comparable i n  compos i t i on  t o  t h a t  o f  A I S I  316. 

Tab le  1 

S o l u b i l i t y  o f  Carbon i n  Fe - 18% C r  - 14% N i  ( i n  Atom F r a c t i o n s )  

W i th  D i f f e r e n t  D i s l o c a t i o n  D e n s i t i e s  

T,"C yc = 1012 m-2 = 1014 m-2  

300 4.0 x 10-9 4.2 x 4.2 x 10-4 

400 1.6 x 10-7 4.6 x 4.6 x 10-4 

500 2.4 x 5.1 x 5.1 x 10-4 

600 2.0  x 10-5 5.7 x 10-6 5.7 x 10-4 
700 1.1 x 10-4 6.5 x 6.5 10-4 

800 4.2 x 10-4 7.3 x 10-6 7.3 x 1 0 - ~  

I t  i s  seen t h a t  t h e  apparent  carbon s o l u b i l i t y  i n  h e a v i l y  co ld-worked m a t e r i a l s  

i s  s u b s t a n t i a l l y  h i g h e r  t han  t h e  s o l u b i l i t y  o f  t h e  u n d i s l o c a t e d  m a t r i x .  

I t  shou ld  be no ted  t h a t  t h e  network d i s l o c a t i o n  d e n s i t y  o f  A I S I  316 has been 

found t o  be - > 3 x 10 l5 m-' p r i o r  t o  i r r a d i a t i o n  and 6 f; 3 x 10 l4 m-* a f t e r  
i r r a d i a t i o n  a t  a l l  tempera tures  i n  t h e  breeder  r e a c t o r  regime. 

t u r e s  below %5OO0C t h e  Frank l o o p  c o n t r i b u t i o n  t o  t h e  d i s l o c a t i o n  d e n s i t y  

i s  on t h e  same o r d e r  o r  l a r g e r  t han  t h a t  o f  t h e  network d i s l o c a t i o n s .  There-  

f o r e  i t  can be seen t h a t  t h e  i n i t i a l  bound carbon c o n c e n t r a t i o n  i n  i r r a d i a t e d  

cold-worked A I S I  316 i s  e s s e n t i a l l y  t h a t  o f  t h e  base a l l o y  a t  a l l  t cmpera tures .  

A t  tempera- 
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5 .  D i scuss ion  

Carb ide  p r e c i p i t a t i o n  depends c r i t i c a l l y  on t he  s u p e r s a t u r a t i o n  r a t i o .  

Based on t h e  enhanced carbon s o l u b i l i t y  i n  co ld-worked materia1,one c o u l d  

conclude t h a t  p r e c i p i t a t i o n  i s  delayed by  co ld- work ing  r a t h e r  than  a c c e l e r a t e d  

a s  observed ou t- o f - reac to r .  However, t h e r e  a r e  two m i t i g a t i n g  f a c t o r s .  F i r s t ,  

carbon i s  l o c a l l y  e n r i c h e d  near  d i s l o c a t i o n  cores .  Second, t h e  s t r a i n  f i e l d  

p rov ides  a p r e f e r r e d  n u c l e a t i o n  s i t e  where the  n u c l e a t i o n  b a r r i e r  energy 

i s  s u b s t a n t i a l l y  reduced. R e a d i l y  a v a i l a b l e  carbon i n  c l o s e  v i c i n i t y  t o  

a f a v o r a b l e  n u c l e a t i o n  s i t e  i s  t h e  reason why c a r b i d e  p r e c i p i t a t i o n  commences 

e a r l i e r  i n  cold-tdorked m a t e r i a l s  compared t o  annealed m a t e r i a l s .  

However, f o r  n u c l e a t i o n  o f  c a r b i d e s  t o  t ake  p l a c e  near  a d i s l o c a t i o n  

i t  must be s e s s i l e  f o r  t he  p e r i o d  o f  t h e  i n c u b a t i o n .  

t h e  d i s l o c a t i o n s  con t i nue  t o  c l i m b ,  d ragg ing  a long  the  carbon atmosphere. 
Under these dynamic c o n d i t i o n s ,  f o r m a t i o n  o f  c a r b i d e  p r e c i p i t a t e s  i s  impa i red ,  

and p r e c i p i t a t i o n  a t  s t a t i c  s i t e s  becomes the  c o n t r o l l i n g  mechanism. 

Under i r r a d i a t i o n ,  

Under these c o n d i t i o n s ,  t h e  s u p e r s a t u r a t i o n  formed by t he  r a t i o  o f  

a c t u a l  carbon c o n t e n t  d i v i d e d  by  t h e  apparent  s o l u b i l i t y  i s  t h e  d r i v i n g  f o r ce  

f o r  c a r b i d e  n u c l e a t i o n .  T h i s  r a t i o  i s  s u b s t a n t i a l l y  l e s s  t han  the  supersa tura-  

t i o n  r a t i o  formed w i t h  t h e  s o l u b i l i t y  Nc o f  Equat ion  ( 9 ) .  

There i s  one t e s t  t h a t  can be made o f  t h e  hypo thes i s  u n d e r l y i n g  t h i s  

model.  Such a mechanism would cease t o  produce i nc reases  i n  t h e  i n c u b a t i o n  

p e r i o d  o f  s w e l l i n g  w i t h  i n c r e a s i n g  cold-work i f  t h e  s t a r t i n g  d i s l o c a t i o n  

d e n s i t y  s a t u r a t e d .  

co ld-work l e v e l s  above 30:; i n  AISI 316 (14)  and t h e  d i s l o c a t i o n  d e n s i t y  of 

A I S I  316 a l s o  s a t u r a t e s  a t  t h i s  co ld-work l e v e l .  

A s  shown i n  F i g u r e  6, s w e l l i n g  i s  n o t  i n f l u e n c e d  by 

(15 )  

I f  t h e  p r imary  r o l e  o f  co ld-work on s w e l l i n g  i s  t o  r e d i s t r i b u t e  t h e  

smal l  carbon c l u s t e r s  t h a t  fo rm upon c o o l i n g  o f  annealed s t e e l  and then  t o  

decrease ca rbon ' s  tendency t o  p r e c i p i t a t e ,  what about  o t h e r  e lements? The 

l e s s e r  i n t e r s t i t i a l  elements such as phosphorus and n i t r o g e n  a re  known t o  

a f f e c t  carbon a c t i v i t y ( ' )  and may a l s o  be adsorbed on d i s l o c a t i o n s .  

s t i t u t i o n a l  element s i l i c o n  i s  a l s o  known t o  s t r o n g l y  a f f e c t  s w e l l i n g  b u t  

i t  has r e c e n t l y  been shown t h a t  t h e  e f f e c t  o f  co ld-work on s w e l l i n g  occurs  

i n  a l l o y s  b e a r i n g  carbon b u t  n o t  s i l i c o n .  (1') 

The sub- 

S i l i c o n  a c t s  on s w e l l i n q  
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p r i m a r i l y  th rough i t s  i n f l u e n c e  on t h e  d i f f u s i o n  on vacancies and i n t e r -  

s t i t i a l s .  (16,17) 

I f  t h i s  model i s  c o r r e c t ,  i t  i s  f a i r  t o  ask i n  what manner w i l l  t h e  

c a r b o n- d i s l o c a t i o n  i n t e r a c t i o n  be observed i n  t h e  s w e l l i n g  behav io r?  

a n t i c i p a t e d  t h a t  t h e  i n t e r a c t i o n  w i l l  se rve  p r i m a r i l y  t o  d e l a y  t h e  phase 

e v o l u t i o n  and t h e r e f o r e  t o  d e l a y  t h e  s w e l l i n g  as shown i n  F igures  1 and 7. 

An a d d i t i o n a l  e f f e c t  o f  r a d i a t i o n  i s  t h e  change o f  t h e  carbon d i f f u -  

It i s  

s i v i t y .  

a much f a s t e r  r a t e  t han  vacancies.  I n  t h e  presence o f  t h e  r a d i a t i o n- p r o d u c e d  

vacancies,  however, carbon d i f f u s i o n  i s  reduced because o f  t r a p p i n g  i n  t h e  

vacanc ies .  

t o  e x p l a i n  t h e  r e s u l t s  o f  low- temperature i r r a d i a t i o n s  i n  i r o n .  

W i thou t  r a d i a t i o n  carbon d i f f u s e s  i n t e r s t i t i a l l y  and, t h e r e f o r e ,  a t  

T h i s  mechanism has been proposed by  Damask and coworkers (18,191 

The r e d u c t i o n  o f  carbon d i f f u s i v i t y  t hus  depends on t h e  vacancy con- 

c e n t r a t i o n .  F i g u r e  8 shows t h e  c a l c u l a t e d  vacancy c o n c e n t r a t i o n  f o r  f a s t  

r e a c t o r  i r r a d i a t i o n s  as a f u n c t i o n  o f  tempera ture  f o r  two d i s l o c a t i o n  den- 

s i t i e s .  I t  i s  seen t h a t  t h e  vacancy c o n c e n t r a t i o n  i s  v e r y  h i g h  a t  low i r r a -  

d i a t i o n  temperatures,  and independent  o f  t h e  d i s l o c a t i o n  d e n s i t y .  The vacancy 

c o n c e n t r a t i o n  decreases r a p i d l y  w i t h  tempera ture ,  and becomes equal  t o  t h e  

thermal  vacancy c o n c e n t r a t i o n  above 790°C. 

Based on t h i s  behav io r ,  i t  i s  expected t h a t  r a d i a t i o n  s t r o n g l y  reduces 

carbon m o b i l i t y  t h rough  t h e  m a t r i x  a t  low i r r a d i a t i o n  tempera tures .  However, 
t h i s  phenomenon decreases r a p i d l y  w i t h  i n c r e a s i n g  temperature,  and t h e  e f f e c t  

becomes n e g l i g i b l e  above 500°C. 
mechan i s t i c  model o f  carbon t r a p p i n g  i n  m o b i l e  vacancies.  

A more q u a n t i t a t i v e  assessment r e q u i r e s  a 

6. Conc lus ions  

I t i s  proposed t h a t  t h e  p r i m a r y  r o l e  o f  co ld- work  on t h e  s w e l l i n g  o f  

A I S 1  316 i s  t o  d i s t r i b u t e  t h e  e lement  carbon th roughou t  t h e  a l l o y  m a t r i x  

and i n c r e a s e  i t s  apparent  s o l u b i l i t y  by  b i n d i n g  i t  i n  t h e  s t r e s s - f i e l d  o f  

t h e  d i s l o c a t i o n  core .  

v i t y  o f  carbon l eads  t o  a decrease i n  t h e  r a t e  o f  phase fo rma t i on .  Such 

phase f o r m a t i o n  has been shown t o  be t h e  necessary p r e c u r s o r  t o  s w e l l i n g .  

A model developed t o  desc r i be  t h i s  phenomenon p r e d i c t s  t h a t  a l l  carbon p r e s e n t  

The r e s u l t a n t  decrease i n  s u p e r s a t u r a t i o n  and a c t i -  
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i n  AIS1 316 of nominal spec i f i ca t ion  wi l l  i n i t i a l l y  be in bound-solution a t  
a l l  i r r ad i a t i on  temoeratures. 

V I .  
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V I I .  FUTURE WORK 

The model w i l l  be expanded t o  cover  t h e  i n f l u e n c e  of Frank loops and 

a l s o  carbon l e v e l s  h i g h e r  than  0.04 we igh t  pe rcen t .  An exper imenta l  p ro-  

gram i n v o l v i n g  a l l o y s  a l r e a d y  i r r a d i a t e d  i n  EBR-I1 o r  ORR w i l l  be d e f i n e d  

and i n i t i a t e d  t o  p r o v i d e  i n p u t  t o  t h e  mode l ing  e f f o r t .  
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FIGURE 8.  The C a l c u l a t e d  Dependence o f  t h e  Vacancy Concen t ra t i on  on Tem- 
p e r a t u r e  and D i s l o c a t i o n  Dens i t y .  
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I .  PROGRAM 

T i t l e :  I r r ad ia t ion  Effects  Analysis (AKJ) 
Principal Inves t iga tor :  D. G .  Doran 
A f f i l i a t i o n :  Hanford Engineering Development Laboratory 

11. OBJECTIVE 

The objec t ive  of t h i s  e f f o r t  i s  t o  iden t i fy  the e f f e c t s  of applied and 
in ternal  s t r e s s e s  on radiation-induced dimensional changes in metals. 

I I I .  RELEVANT OAFS PROGRAM PLAN TASK/SUBTASK 

TASK II.C.2.1 Effects  of Material Parameters on Microstructure 
TASK II .C.2.4 Modeling 

IV. SUMMARY 

Data a r e  now avai lable  which de f in i t ive ly  show t h a t  s t r e s s  plays a 
major r o l e  in the development of radiation-induced void growth  i n  AIS1 316 
and many other  a l loys .  Some e a r l i e r  experiments which came t o  the opposite 
conclusion a r e  shown t o  have invest igated s t r e s s  levels  which inadvertant ly 
cold-worked t h e  mater ia l .  S t ress- af fec ted  swelling spans the  e n t i r e  tempera- 
ture  range in f a s t  reac tor  i r r ad ia t ions  and accelera tes  with increasing i r -  
radia t ion  temperature. 
conditions inves t iga ted .  Two major microstructural mechanisms appear t o  be 

causing the enhancement of swell ing,  which f o r  t e n s i l e  s t r e s ses  i s  manifested 
primarily as  a decrease in the incubation period. 
stress- induced changes in the i n t e r s t i t i a l  capture ef f ic iency of voids and 
stress- induced changes in the vacancy emission r a t e  of various microstructural 
components. 
formation with applied s t r e s s  and  t h i s  i s  shown t o  increase swelling by 
accelera t ing  the microchemical evolution t h a t  precedes void growth a t  high 
temperature. 

I t  a l so  appears t o  operate in a l l  a l loy  s t a r t i n g  

These mechanisms are  

There a l s o  appears t o  be an  enhancement of in termeta l l ic  phase 

This l a t t e r  consideration complicates the extrapolat ion of 
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t hese  da ta  t o  comDressive s t r e s s  s t a t e s .  

T h i s  paper  i s  based on r esea rch  conducted p r i m a r i l y  i n  t h e  U .S .  Breeder  

Reactor  Program and w i l l  be p u b l i s h e d  i n  t h e  proceedings o f  t h e  ASTM meet ing  

on " E f f e c t s  o f  I r r a d i a t i o n  on M a t e r i a l s , "  h e l d  i n  Savannah, GA. It forms 

t h e  b a s i s  f o r  a d d i t i o n a l  f u s i o n - r e l a t e d  s t u d i e s  now i n  p rogress .  

V .  ACCOMPLISHMENTS AND STATUS 

A. Stress-Enhanced S w e l l i n g  o f  Me ta l s  Du r i ng  I r r a d i a t i o n  - -  F .  A. Garner 

and E. R .  G i l b e r t  (HEDL) and D. L. P o r t e r  (ANL-WEST) 

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

The r a d i a t i o n- i n d u c e d  v o i d  s w e l l i n g  phenomenon has been found 

t o  be s e n s i t i v e  t o  a l a r g e  v a r i e t y  o f  m a t e r i a l  and env i ronmenta l  v a r i a b l e s .  
U n t i l  r e c e n t l y ,  however, t h e  abundance o f  these  v a r i a b l e s  has obscured t h e  

unequivocal  i d e n t i f i c a t i o n  o f  s t r e s s  as an i m p o r t a n t  parameter .  A l t hough  

t h e  Frank loops  formed d u r i n g  i r r a d i a t i o n  were found t o  be s e n s i t i v e  t o  t h e  

a p p l i e d  s t r e s s  s t a t e ,  (1 -3 )  v a r i o u s  i n v e s t i g a t i o n s  o f  t h e  e f f e c t s  o f  s t r e s s  
on v o i d  growth have been c o n t r a d i c t o r y  i n  t h e i r  f i n d i n g s .  (1,4-7) 

A s u b s t a n t i a l  amount o f  d a t a  i s  now a v a i l a b l e  wh ich  d e f i n i t i v e l y  

shows t h a t  s t r e s s  p l a y s  a ma jo r  r o l e  i n  t h e  o n s e t  and r a t e  o f  v o i d  g rowth  i n  

A I S I  316 s t a i n l e s s  s t e e l  i n  a v a r i e t y  o f  m e t a l l u r g i c a l  c o n d i t i o n s .  A more 

l i m i t e d  s e t  of da ta  on A I S I  304L and a number o f  o t h e r  commercial a l l o y s  

suggests t h a t  s t r e s s  p robab l y  a f f ec t s  v o i d  g rowth  i n  a l l  a l l o y s  s u b j e c t  
t o  s w e l l i n g .  

s tand ing  o f  t he  apparent  d i sc repanc ies  between these r e s u l t s  and those o f  

e a r l i e r  s t u d i e s .  

phenomenon a l s o  p r o v i d e s  i m p o r t a n t  c l u e s  as t o  t h e  i d e n t i t y  and n a t u r e  o f  

t h e m i c r o s t r u c t u r a l  mechanisms p roduc ing  t h e  enhancement o f  s w e l l i n g ,  and 

thus  p rov ides  some guidance on how t o  e x t r a p o l a t e  t h e  da ta  d e r i v e d  f rom 

exper iments i n v o l v i n g  t e n s i l e  l oads  t o  those conducted under  compressive 

1 oads. 

The i n s i g h t  ga ined i n  t h i s  s t u d y  a l l o w s ,  w i t h  h i n d s i g h t ,  an under- 

The pa rame t r i c  dependence o f  t h e  st ress- enhanced s w e l l i n g  
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2 .  Experimental Detai ls  

The data were derived from measurementsofthe changes in diameter, 

length and densi ty of thin-walled pressurized tubes immersed in s t a t i c  sodium 
a t  elevated temperatures and i r r ad ia ted  in the EBR-I1 reactor .  
izing gas,  e i t h e r  pure helium o r  argon-1% helium, produced in the tube wall 
a biaxial  t e n s i l e  s t r e s s  s t a t e .  Two types of tubes were used. The f i r s t  
was r e l a t i v e l y  shor t ,  ranging from 2.2 t o  2.8 cm, and was incorporated i n t o  
subcapsules maintained a t  r e l a t i v e l y  constant  temperature. These are de- 

scr ibed in de ta i l  elsewhere. (8 )  

The pressur-  

The second type of tube was much longer 
(1.02 m )  and was maintained t h r o u g h o u t  i t s  length a t  e i t h e r  400 o r  500°C. ( 9 )  

The longer tubes provide data a t  constant  s t r e s s  b u t  varying displacement 
r a t e  and neutron fluence along t h e i r  length. 
t o  produce data a t  constant  displacement rate and  neutron fluence. 
i r r a d i a t i o n s  i n  one capsule of several tubes a t  d i f f e r e n t  pressures provide 
information on the s t r e s s  dependence of the swelling and i r r ad ia t ion  creep 
phenomena. 

The smaller tubes are  considered 
Companion 

The small tubes were i r r ad ia ted  in several i r r a d i a t i o n  experi-  
ments designated the P - 1 ,  P- 2 ,  P-5, AA-I1 and AA-VIIItests.  The P-2 and P- 5  

t e s t s  employed thermocouple measurement of temperature while the AA-I1 and  
AA-VI11 t e s t s  involved the use of thermal expansion devices. The P-1 t e s t  
had no d i r e c t  measurement o f  i r r a d i a t i o n  temperatures, which were estimated 
from heat  t r a n s f e r  ca lcula t ions .  

Since i r r a d i a t i o n  creep wil l  not cont r ibute  t o  length changes 
of such tubes, addit ional  data on the densi ty change can be infer red  from 
length changes of those tubes which were not sac r i f i ced  f o r  cut t ing  and 
immersion densi ty measurements b u t  returned f o r  fu r the r  i r r a d i a t i o n .  T h e  
magn i tude  of s t r e s s - f r e e  swelling can a l s o  be derived from diameter measure- 
ments of pressurized capsules. Changes in diameter of pressurized tubes 
contain both creep and swelling-induced s t r a i n s .  

3 .  Alloy Descriptions 
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Nominal compositions of the  a l loys  invest igated i n  th i s  study 
The majority of the data a r e  derivedfrom the "N-lot" a r e  given i n  Table 1 .  

(V87210) heat  and the NICE-lot (K81581) heat .  The former has been used 
throughout as a reference heat  f o r  the U.S. Breeder Program and the l a t t e r  
heat  i s  the  standard creep experiment material and i s  a heat  prototypic of 
t h a t  used t o  construct  the f i r s t  core of the  Fast  Test  Reactor. As shown 
elsewhere, these heats i n  the  20% cold-worked condition e x h i b i t  subs tan t ia l ly  
d i f f e r e n t  incubation periods p r i o r  t o  the  onset  of  s teady- sta te  swell ing,  b u t  
possess s imi la r  steady- state swelling r a t e s ,  ( l o )  while the  small tube ex- 
periments concentrated on the 20% cold-worked condit ion.  Also included was 
AISI 316, the l a r g e r  tube experiments were constructed from the same heat 
of s t ee l  a s  N-lot b u t  i n  the 10% cold-worked condition and a l s o  N-lot s t e e l  
which was i n i t i a l l y  20% cold-worked, then aged f o r  24 hours a t  482°C t o  
nucleate p r e c i p i t a t e s ,  a i r  quenched, and f i n a l l y  f u l l y  aged a t  704°C f o r  
216 hours, followed by another a i r  quench. T h i s  l a t t e r  heat  i s  designated 
a s  h e a t - t r e a t  D (HTD) i n  subsequent discussions.  
gated i n  this study were i r r a d i a t e d  a s  s h o r t  tubes.  

All o ther  a l loys  investi- 

Description - Fe Ni Cr Mo W Nb Si Mn Zr T i  A1 C B Other 

I A I S I  316 55 13.5 17.5 2.5 - - 0.6 1.75 - - - .05 0.001 

M-813 39 35 18 4.0 - - - - 0.1 2.25 1 . 4  .08 0.005 

Ninionic PE16 34 43.5 16.5 3 .3  - - 0.15 0.1 - 1 . 2  1.2 .05 1 .oco 

TABLE 1 

NOMINAL ALLOY COMPOSITION IN WEIGHT PERCENT 

- i Inconel 6.75 73 15 - 0 . 8 5  0.3 0.7 - 2.5  0 . 8 . 0 4  - 0.05CU 
I X-750 
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4. Resu l t s  

T y p i c a l  r e s u l t s  o f  t h e  s h o r t - t u b e  exper iments on 20% co ld-worked 

A I S 1  316 a r e  shown i n  F igu res  1-3. A l l  o f  t h e  da ta  s e t s  show s i g n i f i c a n t  en- 

hancement o f  d e n s i t y  change w i t h  i n c r e a s i n g  s t r e s s .  

a r e  p l o t t e d  vs .  t h e  h y d r o s t a t i c  s t r e s s  p r e s e n t  i n  t h e  t ube  w a l l  i n  a n t i c i -  

p a t i o n  o f  t h e  p h y s i c a l  model t o  be employed i n  t h e  model d e s c r i p t i o n .  

h y d r o s t a t i c  s t r e s s  i n  these specimens i s  o n e- h a l f  o f  t h e  hoop s t r e s s . )  

t h a t  t h e  d e n s i t y  change measurements i n c l u d e  s t r a i n  c o n t r i b u t i o n s  f r om b o t h  

vo ids  and phase- re la ted  d e n s i t y  changes. 

a t  most f l u e n c e s  and tempera tures  (11) but,wi t h  one e x c e p t i o n  d iscussed 

l a t e r , a r e  t o o  smal l  t o  account  f o r  any enhancement by s t r e s s  o f  t h e  d e n s i t y  

changes observed. Note a l s o  t h a t  t h e  steepness o f  t h e  curves i nc reases  w i t h  

temperature.  

The d e n s i t y  change da ta  

(The 

Note 

The l a t t e r  l e a d  t o  d e n s i f i c a t i o n  

3.0 1 I I I 1 I I I 

0 

HEDL 7801-149.13 

FIGURE 1. The Dependence o f  Neutron- Induced D e n s i t y  Changes i n  20% Cold-Worked 
S t a i n l e s s  S t e e l  on H y d r o s t a t i c  S t ress ,  Temperature and Neutron Fluence.  
These da ta  fo rm t h e  b a s i s  o f  t h e  curves shown i n  F igu res  12 and 13. 
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FIGURE 2. The Dependence o f  Rad ia t ion- Induced  Dens i t y  Change a t  Approx imate ly  
650°C i n  20% Cold-Worked S t a i n l e s s  S t e e l  on H y d r o s t a t i c  S t ress  and 
Fluence. Severa l  o f  these da ta  p o i n t s  were i n c l u d e d  i n  F i g u r e  1. 
The arrows r e p r e s e n t  t h e  expected magni tude and d i r e c t i o n  o f  move- 
ment of each da ta  p o i n t  when norma l i zed  t o  t he  peak f l u e n c e  i n  
each data suhset .  

F i g u r e  4 con ta i ns  some a d d i t i o n a l  da ta  d e r i v e d  f rom l e n g t h  change 

measurements. 

an i nc rease  i n  s w e l l i n g  w i t h  s t r e s s  u n t i l  t he  m a t e r i a l  was sub jec ted  t o  a 

s t r e s s  above the  p r o p o r t i o n a l  e l a s t i c  l i m i t  (PEL), whereupon s w e l l i n g  f e l l  

due t o  a p r e i r r a d i a t i o n  i nc rease  i n  specimen de fo rma t i on  ( c o l d  work ing  by 

any method i s  known t o  reduce s w e l l i n g ) .  

i r r a d i a t i o n s  o f  annealed N - l o t  s t e e l  e a r l i e r . ( 4 )  

co ld-work  l e v e l  and decreases w i t h  i n c r e a s i n g  temperature b u t  was n o t  

exceeded i n  t h e  s h o r t  tube exper iments  f o r  t he  20% co ld-worked m a t e r i a l .  

The N - l o t  specimen which was c o l d  worked t o  o n l y  5% e x h i b i t e d  

A s i m i l a r  behav io r  was observed i n  

The PEL inc reases  w i t h  

1 os 
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FIGURE 3 .  Additional Stress-Affected Swelling of the NICE-Lot Heat of 20% 
Cold-Worked 316 S ta in less  Steel  From the P-2 Experiment. 

Although the data in Figures 1-4 signal an unequivocal e f f e c t  
of s t r e s s o n  swelling, they do n o t  indica te  whether the s t r e s s  a f f e c t s  the 
incubation period, the s teady- s ta te  swelling r a t e ,  or b o t h .  The long tube 
experiments ind ica te ,  however, t h a t  s t r e s s  a f f e c t s  primarily the incubation 
period of the 10% cold-worked and  HTD conditions as shown i n  Figures 5-7.  
While the data i n  these f igures  do n o t  preclude a s t r e s s  e f f e c t  on the 
swelling r a t e ,  analysis  o f  the data in Figures 1-4 indicates t h a t  only a 
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FIGURE 4 .  
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L e n g t h  Changes of N-Lot Pressurized Tubes I r radia ted  in 
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F I G U R E  5 .  Stress-Affected Swelling Observed a t  400°C in Long-Tube Capsules 
Constructed From 10% Cold-Worked 316. 
swelling r a t e s  appear t o  be independent o f  the s t r e s s  l evc l .  

Note t h a t  the s teady- s ta te  
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FIGURE 7. S t ress- A f fec ted  S w e l l i n g  Observed a t  500°C i n  Long-Tube Capsules 
Const ruc ted  From HTD 316. 
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model based on incubation behavior can describe the data s a t i s f a c t o r i l y .  
Note in Figure 4 t h a t  the  PEL was probably exceeded f o r  the 10% cold-  
worked material a t  400°C b u t  n o t  a t  550°C due t o  the lower s t r e s s  l eve l s  
employed. 
246-293 MPa even f o r  the  inadvertantly cold-worked mater ia l .  

A t  400°C the e f f e c t  of stress on swelling can be observed a t  

Table 2 shows t h a t  stress-enhanced swelling is  a general char- 
W i t h  the a c t e r i s t i c  of many a l loys  as long as they a r e  subject  t o  swelling. 

TABLE 2 

IMMERSION DENSITY DATA FROM THE AA-I1 A N D  AA-VI11 EXPERIMENTS 

F1 uence Hoop Temperature n/cm2 Stress - A P / P ,  

A1 1 oy* ( O C  1 ( E  >0.1 MeV) (MPa) ( % I  

STA PE16 547 2 0 - .02 
STA PE16 547 2 167.3 + .12 
ST PE16 54 7 
ST PE16 547 
STA M-813 547 

2 0 - .60 
2 167.3 - .12 
2 0 - . 17  

STA M-813 547 2 167.3 + .27 
STA 706 547 
STA 706 547 
ST 706 5 47 

2 0 - .09 
2 167.3 - .09 
2 0 - .79 

ST 706 547 2 167.3 - .91 
STA A286** 650 

650 
650 

5 
5 
5 

0 
13.8 
55.2 

0.10 
0.13 
0.17 

STA A286** 7 30 5 0 0.57 
7 30 5 6.9 0.66 
730 5 13.8 0.74 

* STA = Solution t rea ted  and aged. 
ST = Solution t rea ted  only. 
CW = 20% cold worked 
AU = Solution t rea ted ,  cold worked and aged. 

**This data obtained from the AA-VI11 experiment. 
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e x c e p t i o n  o f  I ncone l  706, which r e s i s t s  s w e l l i n g  a t  t h e  f luences i n v e s t i g a t e d ,  

a l l  a l l o y s  l i s t e d  e x h i b i t  enhanced s w e l l i n g .  Note t h a t  most a l l o y s  d e n s i f y  
p r i o r  t o  the  i n i t i a t i o n  o f  v o i d  s w e l l i n g .  

t h e  enhancement process observed i n  seve ra l  a l l o y s  a t  low f l u e n c e  cont inues  

a t  h i g h e r  f l uences .  

m e t a l l u r g i c a l  s t a r t i n g  c o n d i t i o n s .  

F igu res  8-10 show evidence t h a t  

Once a g a i n  t h e  enhancement occurs f o r  a v a r i e t y  o f  

-A P - 
P o  ' 

1.0 1 .// 
7" I 

0 100 200 300 
*,a i l l 0  0,810 

HOOP STRESS, MPa 

FIGURE 8. Stress-Enhancement o f  S w e l l i n g  Observed i n N i m o n i c  PE16 i n  Both 
t h e  So lu t i on- T rea ted  and Solut ion-Treated-and-Aged Cond i t ion .  

5 .  D iscuss ion  

I n  an upcoming paper ,  the  f u l l  d e t a i l s  o f  t h e  data a n a l y s i s  

and s w e l l i n g  c o r r e l a t i o n  developiiient f o r  2 0 ' ~  co ld-worked A I S 1  316 w i l l  be 

presented.  I n  t h i s  r e p o r t  i t  w i l l  s u f f i c e  t o  show t h a t  the  t r e n d  shown i n  

F igu res  5 - 7  was conf i rmed by independent analyses o f  the  data shown i n  F igu res  

1-3. I n  o t h e r  words, t he  p r imary  e f f e c t  o f  s t r e s s  i s  imanifested i n  t he  i n -  
c u b a t i o n  p e r i o d  and n o t  t h e  s teady- s ta te  s w e l l i n g  r a t e .  T h i s  e x p l a i n s  why 

an e a r l i e r  exper iment  showedthat ,once s t r e s s  had exe r ted  i t s  i n f l u e n c e  on 

s w e l l i n g ,  removal of the  s t r e s s  d u r i n g  subsequent a d d l t i o n a l  i r r a d i a t i o n  d i d  



1 I 

- 

HOOP STRESS, MPa 
mm nimi 

FIGURE 10. Stress-Enhancement o f  Swelling Observed i n  the  Solution-Treated 
and-Aged Condition o f  1481 3 .  
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(13) n o t  lead t o  a decrease in the swelling r a t e .  

As shown in Figure 11 ,  there  a r e  two approaches t r a d i t i o n a l l y  
employed i n  the empirical modeling of s t r e s s  e f f e c t s  on swelling. S t ress  
i s  assumed t o  operate on e i t h e r  the incubation parameter T or the steady- 

(14-15) s t a t e  swelling r a t e  R according t o  the re la t ions :  

R ( T ,  OH) = Ro(T)(l  + PO,,) 

T ( T ,  u H )  = T ~ ( T )  - q(T)oH 

AV 
%- 

VO 

THE “P-EFFECl” MODELS 
INCREASE IN THE STEADY- 

0 

STATE SWELLING RATE 

THE “QEFFECl” MODELS 
A CHANGE IN THE DOSE 
INTERCEPT / I  

/I  
I / // 

T o - q a H  TO 
DISPLACEMENT DOSE H m  lllO*U I5 

FIGURE 11 .  Schematic Representation of the Proposed Models o f  St ress-  
Enhanced Swelling. 

where aH i s  the hydrostat ic  s t r e s s ,  T i s  the temperature and the subscr ip t  
on R  and^ re fe r s  t o  the s t r e s s- f r e e  values. Both p and q were assumed t o  
be dependent on temperature. 
wil l  n o t  lead t o  a cons is tent  co r re la t ion ,  b u t  t h a t  the q-approach y ie lds  
values of q ( T )  t h a t  a re  e s s e n t i a l l y  independent of heat iden t i ty  in the 

The analysis  shows not only t h a t  the p-approach 
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temperature range where the data f o r  each heat overlap. This i s  qui te  sur-  
pr is ing  since the s t r e s s - f r e e  incubation parameters a r e  q u i t e  d i f f e r e n t  f o r  
the two heats of s t e e l .  As shown in Figure 1 2 ,  however, the incubation 

10 I I I I 

q - ONLY 
Di = 0.75 

NICE-LOT 

2 1  I I I I 
0 50 1W 150 200 

HYDROSTATIC STRESS, MPo 

1 

HEDL 7801-149.6 

F I G U R E  12 .  Values of Incubation Parameter T(T.u , , )  Required t o  F i t  Data of 
Figure 1 Assuming T h a t  a q-Approach i s  Suf f i c i en t  t o  Model 
the Enhancement by S t ress  of Swelling of AIS1 316 i n  the 20% 
Cold-Worked Condition. 

parameters T ( T , o ~ )  derived from some of the shor t  tubes exh ib i t  progressively 
s teeper  slopes ( 4 )  with increasing temperature. Note from Figure 13 t h a t  the 
e f f e c t  of s t r e s s  i s  e s s e n t i a l l y  constant  a t  low i r r ad ia t ion  temperature and 
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then accelera tes  sharply above 600°C. Analysis of the long-tube data on 
10% cold-work material y i e lds  q ( T )  values in c lose  agreement with the corre la-  
t ion  shown in Figure 13. 

I I I I I I I 
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- 

q(T) =0015 + Z X I O ~ ~  EXP [M,OW/RlT + 273)] 
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.. - * .  I I 

400 5w 600 7w Bw 

From the behavior of q ( T )  with temperature,it  i s  infer red  t h a t  
more t h a n  one physical mechanism i s  operat ing.  
affected swelling pos i t ions  (both theore t ica l  and empirical)  postulated t h a t  
stress could only a f f e c t  swelling a t  r e l a t i v e l y  high temperature, the low 
temperature regime exh ib i t s  a s t r e s s - e f f e c t  with l i t t l e  o r  no temperature 
dependence. I t  has been demonstrated t h a t  such a result could a r i s e  from 
stress- induced changes in the i n t e r s t i t i a l  capture ef f ic iency of voids. (16) 

This mechanism i s  only weakly dependent on temperature and i s  of the ap- 
propr ia te  magnitude t o  account f o r  the enhancement of void nucleation 
observed in previously published da t a  a t  500°C. ( l )  I t  was a l so  shown 
t h a t  the evolution o f  Frank loops i s  a f fec ted  by s t r e s s  and t h a t  t h i s  leads 

Whereas most previous stress- 
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t o  an a c c e l e r a t i o n  o f  t h e  r a d i a t i o n- i n d u c e d  m i c r o s t r u c t u r e .  T h i s  mechanism 

would tend  t o  a c c e l e r a t e  s w e l l i n g  by s h o r t e n i n g  t h e  i n c u b a t i o n  p e r i o d  and would  

a l s o  e x h i b i t  a weak dependence on temperature .  ( 1 y 1 6 )  

n o t  expected t o  be i m p o r t a n t  i n  co ld-worked s t e e l ,  however, s i n c e  t h e  p r e-  

i r r a d i a t i o n  d i s l o c a t i o n  m i c r o s t r u c t u r e  e x i s t s  a t  1 eve1 s comparable t o  t h a t  

produced by r a d i a t i o n .  

T h i s  mechanism i s  

I n  t h e  h igh- tempera tu re  regime t h e  d e r i v e d  a c t i v a t i o n  energ ies  

a r e  on t h e  o r d e r  o f  t h e  s e l f - d i f f u s i o n  energy.  T h i s  i s  c o n s i s t e n t  w i t h  t h e  

o f t e n - p r e d i c t e d  h i g h  tempera tu re  s w e l l i n g  mechanism, ( l  7-18) sometimes r e f e r r e d  

t o  as "breakaway s w e l l i n g . "  T h i s  mechanism a r i s e s  because s t r e s s  can a f f e c t  

those  m i c r o s t r u c t u r a l  components which can do work a g a i n s t  the a p p l i e d  s t r e s s  

by e m i t t i n g  vacancies and c l i m b i n g ,  thus  changing t h e  e q u i l i b r i u m  vacancy 
c o n c e n t r a t i o n  a t  d i s l o c a t i o n s ,  p a r t i c u l a r l y  f o r  sma l l  vo ids .  T h i s  reduces 
t h e  r a t e  o f  vacancy f l o w  f r o m  sma l l  v o i d s  t o  d i s l o c a t i o n s ,  the reby  i n c r e a s i n g  

t h e  s t a b i l i t y  o f  v o i d s  a g a i n s t  d i s s o l u t i o n .  

ever ,  breakaway s w e l l i n g  d i d  n o t  occur ,  n o r  would  i t  be expected t o  occur  f o r  

a phenomenon a s s o c i a t e d  o n l y  w i t h  i n c u b a t i o n  b e h a v i o r .  Note,  however, t h a t  

t h e  da ta  i n  F i g u r e  3 were n o t  a v a i l a b l e  a t  t h e  t i m e  t h a t  t h e  a n a l y s i s  shown 

i n  F i g u r e  13 was completed and t h a t  t h e  data  a t  739°C ( F i g u r e  3) appear t o  

foreshadow t h e  onse t  o f  break-away s w e l l i n g  a t  v e r y  l o w  s t r e s s e s .  To i n v e s -  

t i g a t e  t h i s  p o s s i b i l i t y  m i c r o s t r u c t u r a l  examinat ions were conducted on these  

specimens. 

o r  m ic roc racks  ( a s s o c i a t e d  w i t h  t h e  v e r y  l a r g e  creep s t r a i n s  i n  these  h i g h  

temperature  specimens) b u t  a rose  f r o m  an enhancement by  s t r e s s  o f  t h e  r a t e  o f  

f o r m a t i o n  o f  i n t e r m e t a l l i c  phases. These phases f o r m  a t  r e l a t i v e l y  h i g h  tem- 

p e r a t u r e s  and l e a d  t o  a new d i l a t i o n  o f  t h e  s t e e l  which i s  sma l l  and s a t u r a b l e .  

Below 700°C t h e  i n t e r m e t a l l i c  c o n t r i b u t i o n  i s  expected t o  be s m a l l .  O ther  

phases such as y' ( 3 )  and c a r b o s i l  i c i d e s  (19-20) t h a t  f o r m  a t  l ow temperatures 

have been found  t o  be i n s e n s i t i v e  t o  a p p l i e d  s t r e s s .  

I n  t h e  r e s u l t s  shown here,  how- 

It was found  t h a t  t h e  s w e l l i n g  observed was n o t  caused by vo idage 

T h i s  l a t t e r  phenomenon poses some problems i n  e x t r a p o l a t i o n  

o f  these  da ta  t o  o t h e r  s t r e s s  s t a t e s .  

f o r  t h e  o t h e r  t h r e e  mechanisms i s  t h e  h y d r o s t a t i c  s t r e s s ,  (16 )  one would  

S ince  t h e  a p p r o p r i a t e  s t r e s s  parameter 
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p r e d i c t  t h a t  compressive s t r e s s e s  would ex tend  t h e  i n c u b a t i o n  p e r i o d  and 

reduce s w e l l i n g .  I f  s t r e s s  a c c e l e r a t e s  t h e  development o f  i n t e r m e t a l l i c  

phases, i t  w i l l  a l s o  a c c e l e r a t e  t h e  onse t  o f  t h e  i n f i l t r a t i o n - e x c h a n g e  

process which governs t h e  s w e l l i n g  behav io r  i n  t h e  tempera ture  regime where 

these phases form. (1g-20) 

c e l e r a t e d b y t h e  shear s t r e s s e s  i n h e r e n t  i n  t h e  b i a x i a l  s t r e s s  s t a t e .  S t r e s s-  

a f f e c t e d  s w e l l i n g  c o r r e l a t i o n s  based on such a p o s s i b i l i t y  would then be of 

a d i f f e r e n t  form: 

It i s  q u i t e  p o s s i b l e  t h a t  these phases a r e  ac-  

where u i s  t h e  e q u i v a l e n t  s t r e s s  
eq 

I t appears, t h e r e f o r e ,  t h a t  t h e  e f f e c t  o f  s t r e s s  on s w e l l i n g  

i s  a t r a n s i e n t  one,.which i s  n o t  repea ted  when t h e  s t r e s s  i s  removed. S t ress  

i s  t h e r e f o r e  a v a r i a b l e  o f  o n l y  second-order  impor tance when compared t o  t h e  

microchemical  seg rega t ion  processes which dominate the i n c u b a t i o n  behav io r  

o f  A I S I  316. (19-20) 

which showsthat ,  when t h e  s t r e s s - f r e e  i n c u b a t i o n  p e r i o d  i s  r e l a t i v e l y  s h o r t  

as i n  annealed A I S I  304L, t h e  a p p l i c a t i o n  o f  moderate s t r e s s  does n o t  
change i n c u b a t i o n  s u b s t a n t i a l l y ,  b u t  can a c c e l e r a t e  t h e  c u r v a t u r e  o f  t h e  

s w e l l i n g  c o r r e l a t i o n  a t  h i g h e r  s t r e s s  l e v e l s .  Such an e x p l a n a t i o n  r e q u i r e s  
t h a t  a mic rochemica l  e v o l u t i o n  be proceed ing  i n  304L s t e e l  in a manner com- 

p a r a b l e  t o  t h a t  o c c u r r i n g  i n  316 s t a i n l e s s  s t e e l .  P o r t e r  (”) has r e c e n t l y  

shown t h a t  a c c e l e r a t i o n  o f  s w e l l i n g  o f  t h e  304L a l l o y  i s  c o i n c i d e n t  w i t h  a 

s u b s t a n t i a l  m ic rochemica l  e v o l u t i o n ,  a l t h o u g h  t h e  d e t a i l s  o f  t h e  phase 

development a r e  q u i t e  d i f f e r e n t  i n  t h e  two a l l o y s .  

(21 1 T h i s  p o i n t  o f  v iew i s  con f i rmed  by t h e  data  o f  F l i n n  

The apparent  i n c o n s i s t e n c y  o f  e a r l i e r  conc lus ions  concern ing  

s t r e s s - a f f e c t e d  s w e l l i n g  can now be addressed i n  terms o f  t h e  i n s i g h t  

ga ined i n  t h i s  s tudy .  

i n c o n c l u s i v e ,  p r i m a r i l y  because t h e  i r r a d i a t i o n  c o n d i t i o n s  a r e  e i t h e r  t o o  

comp l i ca ted  o r  p o o r l y  d e f i n e d  t o  a l l o w  a d e f i n i t i v e  s ta tement  o f  t h e  r o l e  

o f  s t r e s s .  Fuel p i n s  g e n e r a l l y  ope ra te  w i t h  low i n i t i a l  l e v e l s  o f  s t r e s s  

Most s t u d i e s  based on f u e l  p i n  c l a d d i n g  have been 
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t h a t  i n c r e a s e  w i t h  f l u e n c e  due t o  accumula t ing  f i s s i o n  gas pressure ;  t hus  

t h e  s t r e s s  becomes l a r g e  o n l y  a f t e r  v o i d  i n c u b a t i o n  i s  over .  The da ta  o f  

F l i n n ,  McVay and Wa l te rs  shown i n  F i g u r e  1 4  f a l l  i n t o  t h i s  ca tegory .  

( I t  shou ld  a l s o  be n o t e d  t h a t  t h e  capsu le  and c l a d d i n g  m a t e r i a l  a r e  d i f f e r e n t  

heats  o f  s t e e l  and the  l a r g e  d i f f e r e n c e  i n  s w e l l i n g  behav io r  a t  530°C p r o b a b l y  

r e f l e c t s  t he  l a r g e  d i f f e r e n c e s  i n  t h e i r  r e s p e c t i v e  manganese and n i c k e l  l e v e l s . )  

When t h e  s t resses  a r e  l a r g e  due t o  f u e l - c l a d  i n t e r a c t i o n ,  t he  s t r e s s  l e v e l s  

a r e  r e l a t i v e l y  i nde te rm ina te .  

( 6 )  

H t D L  7705-129.3 HEDL 7705-129.6 

FIGURE 14. S w e l l i n g  Observed i n  Type 304L S t a i n l e s s  S tee l  Capsule and 
C ladd ing  M a t e r i a l  a t  465 and 530°C.(6) The appa ren t  e f f e c t  
o f  s t r e s s  on t h e s w e l l i n g  r a t e  i s  due n o t  o n l y  t o  t h e  f a c t  t h a t  
t h e  s t r e s s  o p e r a t i n g  on t he  c l a d d i n g  i s  ve ry  low a t  f l u e n c e s  
where vo ids  a r e  formed b u t  a l s o  t h a t  two d i f f e r e n t  heats  o f  
s t e e l  w i t h  s i g n i f i c a n t  d i f f e r e n c e s  i n  compos i t i on  were employed 
t o  c o n s t r u c t  t h e  capsu le  and c l a d d i n g .  

The da ta  o f  Dupouy, Lehman and Boutard  ( 5 )  shown i n  F i g u r e  15 

a r e  i n  agreement w i t h  o u r  r e s u l t s  i n  t h a t  t h e  e f f e c t  o f  s t r e s s  on s w e l l i n g  

i s  v i s i b l e  b u t  smal l  a t  temperatures below 510°C, however. Note t h a t  i n  

agreement w i t h  t h i s  s t u d y  and t h a t  o f  Bates and G i l b e r t  j 4 )  t h e  e f f e c t  o f  

s t r e s s  on s w e l l i n g  opera tes  on  b o t h  annealed and co ld-worked s t e e l .  

da ta  o f  Bergman and coworkers 

The 

a r e  j udged  t o  be i n c o n c l u s i v e .  (23)  
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RAPSOD IE  

FLUENCES UNKNOWN 

hEUL 7910-134.27 

FIGURE 15. S t r e s s - A f f e c t e d  S w e l l i n g  o f  A I S 1  316 Observed i n  t h e  Rapsodie 
Reactor  ( 5 )  a t  150 MPa. 
f i l e  across t h e  r e a c t o r .  

The s w e l l i n g  peaks due t o  a f l u x  p ro-  

The two e a r l i e s t  da ta  s e t s  on s t r e s s - e f f e c t s  l e a d  v a r i o u s  
researchers  t o  t he  conc lus i on  t h a t  such a phenomenon d i d  n o t  e x i s t .  (6-7) 

Those da ta  s e t s  a r e  shown i n  F i gu res  16 and 17. 

s t r e s s  may a c t u a l l y  decrease s w e l l i n g  somewhat. 

p o s s i b l e  t o  r e c o n c i l e  these i n c o n s i s t e n c i e s .  

a ve ry  s h o r t  s t r e s s - f r e e  i n c u b a t i o n  p e r i o d  and t h e  i r r a d i a t i o n  temperatures 

I n  f a c t  i t  appears t h a t  

Wi th  h i n d s i g h t  i t  i s  now 

So lu t i on - annea led  304L has 

i n  these  s t u d i e s  were ve ry  low.  

i n c u b a t i o n - r e l a t e d  phenomenon. More i m p o r t a n t l y ,  however, t h e  s i n g l e  s t r e s s  

l e v e l  i n v e s t i g a t e d  was i n  excess o f  t h e  p r o p o r t i o n a l  e l a s t i c  l i m i t  o f  t he  

m a t e r i a l  . ( I 2 )  In o t h e r  words, these curves compare annealed and co ld-worked 

Th i s  makes i t  d i f f i c u l t  t o  observe an 

s tee1 . 
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FIGURE 16. Swelling Observed in 304L Creep Capsules Irradiated to 1.4 x 
l o z 2  n/cm2 at 380°C.(7) 
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FIGURE 17. Swelling Observed in 3 4L Creep Capsule Irradiated to 5.1 x 
10” n/crn2 at 415”C.(6 7 



6.  Conclusions 

The primary e f f e c t  of applied t e n s i l e  s t r e s s  on swelling appears 
to  be a decrease i n  the incubation period preceding the onset  of steady- 
s t a t e  swelling. S t ress- af fec ted  swelling appears t o  occur in a l l  a l loys  
and a l loy  s t a r t i n g  conditions which a r e  subjec t  t o  swell ing,  although i t  
i s  d i f f i c u l t  t o  observe i n  materials  with shor t  incubation periods, par- 
t i c u l a r l y  a t  low temperature. 
s t r e s s  of the a l loy  a t  the i r r a d i a t i o n  temperature lead t o  inadvertant  cold 
working, which a l so  can obscure the e f f e c t  o f  stress on swelling. 
a f fec ted  swelling spans the e n t i r e  temperature range applicable t o  f a s t  
reactors b u t  i t  appears t h a t  more t h a n  one mechanism i s  involved, one which 
dominates a t  r e l a t i v e l y  low temperature and another which controls  a t  higher 
temperatures. 
pera tures ,  i t  appears t h a t  o ther  phenomena such as s t r e s s- a f fec ted  prec ip i-  
t a t ion  may a l so  be r e f l ec ted  i n  the densi ty change data at temperaturesabove 
700°C. Until the f ac to r s  which control s t r e s s- a f fec ted  p rec ip i t a t ion  of 
in te rmeta l l i c s  and the subsequent accelerat ion of the  microchemical evolution 
are  f u l l y  understood, ext rapola t ion  of these data t o  compressive s t r e s s  s t a t e s  
i s  fraught  with uncertainty. 

Levels of stress which exceed the y i e l d  

S t ress-  

Although the influence of s t r e s s  i s  g rea tes t  a t  higher tem- 
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V I I .  FUTURE WORK 

T h i s  e f f o r t  w i l l  con t i nue  as a d d i t i o n a l  da ta  and i n s i g h t  become a v a i l -  

The a p p l i c a t i o n  o f  these da ta  t o  compressive and c y c l i c  s t r e s s  s t a t e s  a b l e .  
w i l l  be cons idered.  
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I. PROGRAM 

T i t l e :  E f f e c t s  of I r r a d i a t i o n  on Fusion Reactor  Materials 

P r i n c i p a l  I n v e s t i g a t o r s :  F. V. N o l f i ,  Jr. and A. P. L. Turner  

A f f i l i a t i o n :  Argonne N a t i o n a l  Laboratory  

11. OBJECTIVE 

T h e  o b j e c t i v e  of t h i s  work is  t o  de te rmine  t h e  m i c r o s t r u c t u r a l  

e v o l u t i o n ,  d u r i n g  i r r a d i a t i o n ,  of f i r s t - w a l l  m a t e r i a l s  w i t h  s p e c i a l  

emphasis on t h e  e f f e c t s  of helium produc t ion ,  d i sp lacement  damage and 

r a t e s ,  and t empera tu re .  

111. 

IV. 

RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK II.C.2.1 M o b i l i t y ,  D i s t r i b u t i o n ,  and Bubble Nuc lea t ion  

SUMMARY 

T h e  dose  and t e m p e r a t u r e  dependence of c a v i t y  fo rmat ion  i n  a 9Cr- 

1Mo f e r r i t i c  a l l o y  i r r a d i a t e d  s i m u l t a n e o u s l y  wi th  N i f  and He' has been 

s t u d i e d  w i t h  TEM. Comparison is  made t o  p a r a l l e l  exper iments  on H e-  

p r e i n j e c t e d  and N i f  i on  - i r r a d i a t e d  m a t e r i a l .  For dual- ion i r r a d i a t i o n ,  

b o t h  i n t e r g r a n u l a r  and i n t r a g r a n u l a r  cavities formed a t  a l l  t empera tu res  

(450-500°C) and doses  (5-25 dpa)  i n v e s t i g a t e d .  The s i z e  of t h e  

i n t e r g r a n u l a r  c a v i t i e s  i n c r e a s e d  wi th  i n c r e a s i n g  temperature, whi le  t h e  

s i z e  of i n t r a g r a n u l a r  cavi t ies  dec reased .  I n  p r e i n j e c t e d  samples ,  

c a v i t i e s  formed only  a t  t h e  lowest  (450OC) i r r a d i a t i o n  t empera tu re .  For 

45OoC s i n g l e- i o n  i r r a d i a t i o n  and f o r  450 and 55OoC dual- ion i r r a d i a t i o n ,  

t he re  was a c o r r e l a t i o n  between s u b g r a i n  s i z e  and maximum c a v i t y  s i z e ,  

s u g g e s t i n g  t h a t  t h e  boundar ies  of t h e  s m a l l  ( t y p i c a l l y  - 0.5 il m) 

s u b g r a i n s  a c t  a s  t h e  primary d e f e c t  s i n k .  
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V. ACCOMPLISHMENTS AND STATUS 

A. Dose and Temperature Dependence of Cavi ty  Formation i n  

S i n g l e  and Dual- Ion I r r a d i a t e d  9Cr-1Mo F e r r i t i c  Alloy 

-- G. Ayrau l t  

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

A major q u e s t i o n  i n  t h e  i r r a d i a t i o n  response  of c a n d i d a t e  

f u s i o n  r e a c t o r  s t r u c t u r a l  materials is  t h e  i n f l u e n c e  of c o n c u r r e n t  

d i sp lacement  damage and hel ium produc t ion .  Dual- ion i r r a d i a t i o n ,  u s i n g  

heavy i o n s  fo r  damage p r o d u c t i o n  and hel ium i o n s  -0 s i m u l a t e  gas  

p r o d u c t i o n  by t r a n s m u t a t i o n  e v e n t s ,  p r o v i d e s  a means of i n v e s t i g a t i n g  such 

e f f e c t s  i n  t h e  absence  of a h i g h  energy neu t ron  source .  

T h i s  r e p o r t  p r e s e n t s  p r e l i m i n a r y  r e s u l t s  on t h e  dose  and 

t empera tu re  dependenceof  c a v i t y  fo rmat ion  i n  p r e i n j e c t e d  s i n g l e- i o n  and 

dual- ion i r r a d i a t e d  samples of a 9Cr-1Mo f e r r i t i c  a l l o y .  

2 .  Sample P r e p a r a t i o n  

T h e  material used i n  t h i s  s t u d y  w a s  f r o m  hea t  no. CE-3177 of a 

9Cr-1Mo f e r r i t i c  a l l o y  developed by Combustion Eng ineer ing ;  t h e  

compos i t ion  is shown i n  Tab le  1. The as- rece ived  material w a s  i n  t h e  form 

of 0.010- in. s h e e t ,  and had been p r e v i o u s l y  tempered f o r  1 hour a t  76OoC t o  

y i e l d  a tempered m a r t e n s i t e  s t r u c t u r e .  Discs 3mm i n  d iamete r  were punched 

from t h e  s h e e t  and e l e c t r o p o l i s h e d  p r i o r  t o  i r r a d i a t i o n .  

Tab le  I. Al loy composi t ion (wt. %) 

C Mn S i  S P C r  Mo V W Nb T i  N i  

0.087 0.44 0.17 0.01 0.012 9.50 0.78 0.14 0.48 0.11 0.04 0.08 
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Following i r r a d i a t i o n  i n  t h e  ANL Dual-Ion I r r a d i a t i o n  F a c i l l t y ,  

t h e  sam?les were e l e c t r o c h e m i c a l l y  s e c t i o n e d  t o  a depth  of 4500 8, (peak 

damage was a t  5500 A ) i n  a p e r c h l o r i c  a c i d  e t h a n o l  s o l u t i o n  a t  - 6OoC,  

and then backthinned t o  p e r f o r a t i o n  i n  a j e t  p o l i s h e r  w i t h  a p e r c h l o r i c  

a c i d ,  methanol,  e t h y l e n e  g l y c o l  monobutyl e t h e r  s o l u t i o n  a t  -2OOC. A 

problem encoun te red  i n  t h e  sample p r e p a r a t i o n  w a s  t h a t  d u r i n g  t h e  

back th inn ing ,  c a r b i d e  p r e c i p i t a t e s  tended t o  f a l l  out  of t h e  samples ,  

l e a v i n g  h o l e s  w h i c h  caused t h e  j e t  p o l i s h e r  t o  s h u t  off  p remature ly ,  a t  a 

s t a g e  where t h e  s a m p l e s  were too t h i c k  f o r  TEM i n s p e c t i o n .  F u r t h e r  

p o l i s h i n g ,  u s i n g  manual i n s t e a d  of au tomat ic  c o n t r o l  of t h e  je t  p o l i s h e r ,  

g e n e r a l l y  y i e l d e d  h igh  q u a l i t y  f o i l s .  

3. I r r a d i a t i o n  Condi t ions  

In both  t h e  dose  dependence and t empera tu re  dependence s t u d i e s ,  

two sets of samples were i r r a d i a t e d .  One set of samples was p r e i n j e c t e d  

w i t h  15 appm 3 H e  and s i n g l e- i o n  i r r a d i a t e d  w i t h  3.0 MeV 5 8 N i f .  T h e  o t h e r  

set was dual- ion i r r a d i a t e d  w i t h  3.0 M e V  58Xif  and 0.83 MeV degraded 3Hef 

a t  a helium i n j e c t i o n  rate of 15:1, appm He:dpa. The dose dependence 

samples were i r r a d i a t e d  a t  5 O O 0 C ,  which was expec ted  t o  be n e a r  t h e  peak 

s w e l l i n g  t empera tu re  f o r  our  4 x based on o t h e r  

i o n  i r r a d i a t i o n s  of f e r r i t i c  t h e  doses  were 5 ,  10 and 25 dpa 

f o r  both  t h e  s i n g l e-  and dual- ion i r r a d i a t i o n s .  In t h e  t empera tu re  

dependence s t u d y  a l l  samples were i r r a d i a t e d  t o  a 25 dpa dose  a t  450, 500, 

550 and 6OO0C a t  a 3 x 

dpa s-' d o s e  rate, 

dpa * s-l dose  r a t e .  

4 .  P r e i r r a d i a t i o n  M i c r o s t r u c t u r e  

T h e  most prominent m i c r o s t r u c t u r a l  f e a t u r e  i n  b o t h  

u n i r r a d i a t e d  (F ig .  l a  ) and i r r a d i a t e d  (Fig .  l b  ) samples was t h e  s m a l l  

( t y p i c a l l y  - 0.5 ii m )  s u b g r a i n  s i z e .  Moire' f r i n g e  p a t t e r n s  a t  low-angle 

s u b g r a i n  boundar ies  were very common - a l l  images c o n t a i n e d  a number of 

s u b g r a i n s ,  and c a r e f u l  i n s p e c t i o n  showed moire' f r i n g e s  on one o r  s e v e r a l  
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boundar ies  i n  a lmost  eve ry  micrograph,  e.g. see Fig.  2a and Fig.  4 b, c 

and d. The i n t e r g r a n u l a r  d i s l o c a t i o n  d e n s i t y  w a s  g e n e r a l l y  q u i t e  

low -many s u b g r a i n s  i n  s t r o n g  c o n t r a s t  showed no d i s l o c a t i o n  c o n t r a s t  a t  

all- however, t h i s  w a s  o f t e n  obscured by much h i g h e r  d i s l o c a t i o n  d e n s i t i e s  

a t  s u b g r a i n  boundar ies  l y i n g  a t  s m a l l  a n g l e s  t o  t h e  f o i l  s u r f a c e .  T h i s  

made t h e  d i s l o c a t i o n  d e n s i t y  appear  very inhomogeneous i n  some images. 

Another f e a t u r e  common t o  all samples was t h e  p resence  of 

s p h e r o i d a l  c a r b i d e s .  These ranged from - 0.05 t o  0.2 vrn i n  d i a m e t e r ,  and 

most were c l e a r l y  l o c a t e d  a t  s u b g r a i n  b o u n d a r i e s .  In f a c t ,  a l l  t h e  

c a r b i d e s  may have been l o c a t e d  a t  s u b g r a i n  boundar ies ,  even though some 

appeared t o  be i n t r a g r a n u l a r  because  no t  a l l  boundar ies  were v i s i b l e ,  

p a r t i c u l a r l y  t h o s e  n e a r l y  p a r a l l e l  t o  t h e  f o i l  s u r f a c e .  The c a r b i d e s  were 

i d e n t i f i e d  as klZ3C6 from d i f f r a c t i o n  p a t t e r n s .  Smal l  ( t y p i c a l l y  - 150 8, ) 

i n t r a g r a n u l a r  p r e c i p i t a t e s  were v i s i b l e  i n  some g r a i n s ,  bu t  have n o t  y e t  

been i d e n t i f i e d ,  e.g. see Fig.  4d. Unl ike  t h e  l a r g e  i n t e r g r a n u l a r  MZ3C6, 

t h e  s m a l l  h t r a g r a n u l a r  p r e c i p i t a t e s  were n o t  v i s i b l e  i n  a b s o r p t i o n  

c o n t r a s t ;  s i n c e  v i s i b i l i t y  c o n d i t i o n s  have n o t  been e s t a b l i s h e d  i t  i s  n o t  

y e t  clear how h igh  t h e  p r e c i p i t a t e  d e n s i t y  a c t u a l l y  w a s .  

We emphasize t h a t  f o r  bo th  u n i r r a d i a t e d  and i r r a d i a t e d  samples  

i t  is  very d i f f i c u l t  t o  d e f i n e  a " t y p i c a l"  m i c r o s t r u c t u r e ,  p a r t i c u l a r l y  i n  

h i g h  m a g n i f i c a t i o n  micrographs .  The s m a l l  s u b g r a i n  s i z e s  made i t  very  

d i f f i c u l t  t o  a c h i e v e  c o n s i s t e n t  d i f f r a c t i o n  c o n d i t i o n s .  In a d d i t i o n ,  t h e  

m i c r o s t r u c t u r e  tended t o  va ry  depending on s u b g r a i n  s i z e ,  and t h e  

appearance of nominal ly  s i m i l a r  m i c r o s t r u c t u r e s  cou ld  vary depending on 

t h e  o r i e n t a t i o n s  of s u b g r a i n  boundar ies .  The h i g h  m a g n i f i c a t i o n  

micrographs  ( F i g s .  2 ,  3 and 4) i n c l u d e d  i n  t h i s  r e p o r t  were s e l e c t e d  t o  

emphasize p a r t i c u l a r  p o i n t s ,  mainly t h e  cavity fo rmat ion  behav io r ,  b u t  are 

no t  i n t e n d e d  as " t y p i c a l"  micrographs .  
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5 .  Dose Dependence 

Samples t h a t  were dual- ion i r r a d i a t e d  a t  500OC t o  5 ,  10 and 25 

dpa a l l  e x h i b i t e d  some c a v i t y  fo rma t ion  (Fig.  2.) The cavities observed  i n  

each  s a m p l e  ranged i n  s i z e  from a dose-dependent maximum ( - 3 5  A a t  5 

dpa, - 7 0  A a t  10 dpa and - 90 a a t  25 dpa ) ,  down t o  a p r a c t i c a l  

r e s o l u t i o n  l l m i t  of - 2 0  A ; i t  is  q u i t e  l i k e l y  t h a t  s m a l l e r  c a v i t i e s  a r e  

a l s o  p r e s e n t .  P r e f e r e n t i a l  f o rma t ion  of c a v i t i e s  a t  d i s l o c a t i o n s  w i t h i n  

g r a i n s ,  and a l s o  a t  subg ra in  bounda r i e s  and t h e  s u r f a c e s  of ML3C6 

p r e c i p i t a t e s ,  was observed a t  a l l  doses .  Cavities a t  boundar ies  were 

g e n e r a l l y  h ighe r  i n  number d e n s i t y  and smaller t han  t hose  w i t h i n  g r a i n s ,  

and d i f f i c u l t  t o  see i n  Fig. 2 ,  except  i n  t h e  25 dpa sample (F ig .  2c.)  A s  

t he  c a v i t y  s i z e  i n c r e a s e d  with dose ,  so  d i d  t h e  appa ren t  c a v i t y  number 

d e n s i t y .  T h i s  may be due t o  t h e  growth of small c a v i t i e s  i n t o  t h e  v i s i b l e  

range ,  and t h e r e f o r e  does no t  n e c e s s a r i l y  r e f l e c t  cont inued  c a v i t y  

n u c l e a t i o n  beyond t h e  lowest  ( 5  dpa)  dose. 

The t o t a l  c a v i t y  volume observed i n  t h e s e  samples  was w i t h i n  a 

range  where a l l  c a v i t i e s  may have been e q u i l i b r i u m  o r  ove rp re s su red  hel ium 

bubbles .  An i n t e r e s t i n g  f e a t u r e  of t h e  c a v i t y  d i s t r i b u t i o n  is  t h a t  t h e r e  

was a c o r r e l a t i o n  between maximum c a v i t y  s i z e  and s u b g r a i n  s i z e  - t h e  

l a r g e s t  subg ra in s  u s u a l l y  con t a ined  t h e  l a r g e s t  c a v i t i e s  and many small 

s u b g r a i n s  a p p a r e n t l y  con t a ined  no c a v i t i e s  a t  a l l .  A l s o ,  t he  l a r g e s t  

c a v i t i e s  tended t o  be l o c a t e d  nea r  t he  c e n t e r s  of g r a i n s .  Thus, i f  t h e  

c a v i t i e s  a r e  indeed  hel ium bubb le s ,  i t  appea r s  t h a t  t h e  s u b g r a i n  

boundar ies  a c t  as a dominant s i n k  f o r  t h e  helium. Within g r a i n s ,  

d i s ~ o c d t i o n s  a l s o  a c t  a s  s i n k s ,  and Lower d e n s i t i e s  of l a r g e r  c a v i t i e s  are 

formed. 

I n  s a m p l e s  which were p r e i n j e c t e d  and s i n g l e- i o n  i r r a d i a t e d  t o  

doses  of 5 ,  10 and 25 dpa a t  5OO0C, no c a v i t i e s  were observed .  The 

i r r a d i a t i o n  m i c r o s t r u c t u r e  w a s  o t h e r w i s e  s i m i l a r  t o  t h e  dua l- ion  

m i c r o s t r u c t u r e .  
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6 .  Temperature Dependence 

The t empera tu re  dependence s t u d y  d e s c r i b e d  below r e p r e s e n t s  a 

second s t e p  i n  our  i n v e s t i g a t i o n  of c a v i t y  fo rmat ion  i n  s i n g l e-  and dual-  

i o n  i r r a d i a t e d  f e r r i t i c  a l l o y s .  The i r r a d i a t i o n s  were performed a f t e r  t h e  

dose-dependence samples had been i n s p e c t e d  i n  TEM; i t  was thought  t h a t  t h e  

ve ry  low s w e l l i n g  observed i n  t h e  dose  dependence exper iment  might be  due 

t o  t h e  5OO0C i r r a d i a t i o n  t empera tu re  f a l l i n g  o u t s i d e  t h e  r a p i d  s w e l l i n g  

regime f o r  t h i s  a l l o y .  Although t h e  s w e l l i n g  remained low a t  a l l  

t empera tu res  (450-6OO0C), our  su rmise  proved c o r r e c t ,  bu t  i n  a s u r p r i s i n g  

way. Based on o t h e r  i o n  i r r a d i a t i o n  studies,(1’2)we expec ted  t h a t  i f  5OO0C 

w a s  not  nea r  t h e  peak s w e l l i n g  t empera tu re ,  t h a t  h i g h e r  t e m p e r a t u r e s  would 

produce g r e a t e r  s w e l l i n g .  In f a c t ,  t h e r e  w a s  no s w e l l i n g  i n c r e a s e  a t  

h i g h e r  t e m p e r a t u r e s  (550 and 6OO0C), bu t  t h e r e  was a n  i n c r e a s e  a t  45OoC, 

which is  a v e r y  low tempera tu re  f o r  s w e l l i n g  under i o n  i r r a d i a t i o n .  

A 5OO0C dual- ion sample ( F i g .  3b ) w a s  i n c l u d e d  i n  t h e  

t e m p e r a t u r e  dependence s t u d y  as an i n t e r n a l  check on t h e  c o n s i s t e n c y  of 

our i r r a d i a t i o n  c o n d i t i o n s .  The m i c r o s t r u c t u r e  was e s s e n t i a l l y  t h e  same 

as it was in t h e  5OO0C, 25 dpa sample from t h e  dose  dependence s t u d y ,  w i t h  

a maximum c a v i t y  s i z e  of - 90 8 i n  l a r g e  subgra‘ins, and p r e f e r e n t i a l  

fo rmat ion  of smaller cavities a t  s u b g r a i n  b o u n d a r i e s , a s  no ted  p r e v i o u s l y  

i n  s e c t i o n  5.  3 a )  cavi t ies  as l a r g e  as 

150 8 i n  d iamete r  ( t h e  l a r g e s t  found i n  any sample) were p r e s e n t  i n  l a r g e  

s u b g r a i n s ,  i n  a d d i t i o n  t o  s m a l l e r  cavities a t  s u b g r a i n  boundar ies ,  l i k e  

t h o s e  found i n  t h e  5OO0C sample. The i n t r a g r a n u l a r  c a v i t y  number d e n s i t y  

appeared t o  be h i g h e r  a t  45OoC, but  t h i s  may have been due t o  g r e a t e r  

c a v i t y  v i s i b i l i t y  r e s u l t i n g  from a l a r g e r  mean c a v i t y  s i z e .  

In t h e  45OoC dual- ion sample (F ig .  

In t h e  55OoC dual- ion sample (Fig .  3c,) t h e  maximum c a v i t y  s i z e  

( - 608) was smaller than  a t  5OO0C, bu t  t h e  cavi t ies  a t  boundar ies  were 

abou t  t h e  same s i z e  and were g e n e r a l l y  l a r g e r  than  t h e  c a v i t i e s  a t  

boundar ies  i n  t h e  450 and 5OO0C samples .  In t h e  6OO0C dual- ion s a m p l e  
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(F ig .  3d,) t h e  l a r g e s t  c a v i t i e s  ( - 80 8 )  were l o c a t e d  a t  boundar ies ,  and 

i n t r a g r a n u l a r  c a v i t i e s  were smaller than t h o s e  i n  lower t empera tu re  

samples.  Thus, i n  t h e  t empera tu re  range 450-600°C, a c o n s i s t e n t  t r e n d  

toward i n c r e a s e s  i n  t h e  s i z e  of i n t e r g r a n u l a r  c a v i t i e s  and d e c r e a s e s  i n  

t h e  s i z e  of i n t r a g r a n u l a r  c a v i t i e s  was observed.  

In helium p r e i n j e c t e d  and s i n g l e- i o n  i r r a d i a t e d  samples ( F i g .  

4 , )  no c a v i t i e s  were observed i n  s a m p l e s ’  i r r a d i a t e d  a t  500, 550 o r  6OO0C 

(F igs .  4 b ,  c and d r e s p e c t i v e l y , ) b u t  cavit ies d i d  form i n  t h e  45OoC sample 

(Fig .  4a.)  The maximum c a v i t y  s i z e  ( - 1208) was s m a l l e r  than i n  t h e  45OoC 

dual- ion s a m p l e  ( ,- 1508 )  , and small c a v i t i e s  a t  g r a i n  boundar ies  were 

a p p a r e n t l y  absen t .  However, t h e  fo rmat ion  of t h e  l a r g e s t  c a v i t i e s  i n  t h e  

l a r g e s t  s u b g r a i n s  p a r a l l e l e d  t h e  behav io r  of l a r g e  c a v i t i e s  under 45OoC 

dual- ion i r r a d i a t i o n .  T h e  o b s e r v a t i o n  of c a v i t i e s  i n  a s i n g l e- i o n  

i r r a d i a t e d  sample is  impor tan t  s i n c e  i t  i n d i c a t e s  t h a t  t h e  i n c r e a s e d  

c a v i t y  s i z e  a t  low tempera tu re  is not s imply a p e c u l i a r i t y  of helium 

bubble fo rmat ion ,  bu t  r a t h e r  it r e f l e c t s  a n  unusua l ly  low t e m p e r a t u r e  f o r  

maximum vo id  s w e l l i n g .  F u t u r e  i r r a d i a t i o n s  w i l l  have t o  be performed a t  

even lower t empera tu re  t o  d e f i n e  t h e  l o c a t i o n  of t h e  s w e l l i n g  peak i n  t h i s  

w t e r i a l .  

7. D i s c u s s i o n  

F e r r i t i c  a l l o y s  a r e  g e n e r a l l y  cons ide red  t o  be h i g h l y  r e s i s t a n t  

t o  vo id  s w e l l i n g ,  bu t  t h e  mechanism f o r  t h i s  s u p p r e s s i o n  is  no t  y e t  

unders tood.  Th i s  makes i r r a d i a t i o n  damage s t u d i e s  cover ing  a wide v a r i e t y  

of i r r a d i a t i o n  c o n d i t i o n s  p a r t i c u l a r l y  impor tan t ,  i n  o r d e r  t o  p r o v i d e  

a s s u r a n c e  t h a t  t h e  unknown s u p p r e s s i o n  mechanisms w i l l  no t  be e a s i l y  

bypassed,  and a l s o ,  i t  is hoped, t o  i d e n t i f y  t h e s e  mechanisms. Our f i r s t  

concern ,  a t  t h e  o u t s e t  of t h i s  s t u d y ,  w a s  t h a t  hel ium bubble  fo rmat ion  

might bypass a s w e l l i n g  s u p p r e s s i o n  mechanism which was s t r o n g l y  dependent  

upon s u p p r e s s i o n  of c a v i t y  n u c l e a t i o n ;  t h e  hel ium bubb les  would presumably 

p rov ide  s t a b l e  void  n u c l e i  f o r  subsequent  r a p i d  growth.  
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In this study, rapid growth did not occur, although observable 

and presumably stable cavities were present in all aual-ion irradiated 

samples. However, the sluggish cavity growth may have been aided by the 

high density of subgrain boundaries acting as the primary (and unbiased) 

sinks for irradiation-induced vacancies and interstitials. Such a 

swelling suppression mechanism was proposed by Singd3) to explain a 

correlation between small grain size and low swelling in a series of 

austenitic alloys whose grain sizes were controlled by dispersions of 

aluminum oxide particles; for grain sizes (0.7 um , swelling was very 

strongly suppressed. Based on this study, a similar suppression would be 

expected in the ferritic alloy under study here, since the subgrain size 

is typically - 0.5 urn. The operation of such a mechanism is consistent 

with our observation, in 450 and 500°C dual-ion and 45OoC single-ion 

samples, of a correlation between subgrain size and cavity size, and the 

tendency for large cavities to form near the centers of grains. This 

mechanism also provides at least a partial explanation for the unusually 

low peak swelling temperatures under both single- and dual-ion irradiation 

for the following reason: with decreasing temperature the density of 

radiation-induced dislocations increases, thus decreasing the dominance of 

the unbiased grain boundary sinks over the biased intragranular 

dislocation sinks. We would therefore expect swelling suppression due to 

grain boundaries to be more effective at higher temperatures, and this 
would therefore cause a downward shift of the peak swelling temperature. 

It will be interesting to see if this correlation between void swelling 

and grain size persists in other ferritic alloys with tempered martensite 

structure. 
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V I I .  FUTURE WORK 

Samples of undoped and Ni-doped HT-9 and YCr-1Mo f e r r i t i c  a l l o y s  

are scheduled f o r  s i n g l e-  and dual- ion i r r a d i a t i o n  i n  t h e  nea r  f u t u r e .  

T h i s  s tudy  w i l l  c o n c e n t r a t e  upon t h e  t empera tu re  dependence of c a v i t y  

fo rmat ion  i n  HT-9 ( h e a t  XAA-3587), HT9 + 2XNi ( h e a t  XAA-3589), YCr-1Mo 

( h e a t  XA-3590) and 9Cr-1Mo + 2ZNi ( h e a t  XA-3591); t h e s e  h e a t s  were 

prepared by Combustion Eng ineer ing .  I n  a d d i t i o n  t o  p rov id ing  d a t a  on t h e  

s w e l l i n g  r e s i s t a n c e  of HT-9, and heat- to- heat  v a r i a t i o n s  i n  9Cr-1Mo 

a l l o y s ,  t h i s  s tudy  should  p rov ide  i n s i g h t  i n t o  t h e  i n f l u e n c e  of n i c k e l  

a d d i t i o n s  on s w e l l i n g  r e s i s t a n c e ,  and s u p p o r t  c u r r e n t  r e a c t o r  i r r a d i a t i o n  

s t u d i e s  on t h e  same m a t e r i a l s ;  i n  r e a c t o r  s t u d i e s  t h e  n i c k e l  a d d i t i o n s  

p r o v i d e  t r ansmutan t  hel ium,  whereas f o r  dual- ion i r r a d i a t i o n ,  helium 

levels a r e  independent  of n i c k e l  c o n t e n t .  
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Figure 1. Micrographs showing the subgrain and precipitate structures in 

9Cr-1Mo ferritic alloy. The spheroidal precipitates labeled "P" are 
MZ3Cg. (a) Unirradiated control sample from a 55OoC irradiation and (b )  

sample dual-ion irradiated at 55OoC to 25 dpa at 3 x dpa i3-l with 

15:1, appm He:dpa. 
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Figure 2. Micrographs showing samples dual-ion irradiated at 4 x 

dpa * s-l and 5OO0C with 15:1, appm He:dpa. The features labeled "M" are 

moire' fringes at low-angle subgrain boundaries. (a) 5 dpa, (b) 10 dpa and 

( c )  25 dpa. 
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Figure 4. 

H e  and s ing le- ion  i r r a d i a t e d  to 25 dpa a t  3 x 

(b) 5OO0C, ( c )  550°C and (d) 60OoC. 

Micrographs showing samples  which were pre injec ted  with 15 appm 

dpa - s-'. (a) 45Ooc, 
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I .  PROGRAM 

T i t l e :  I r r ad ia t ion  Effects  Analysis (AKJ) 
Principal Invest igator:  0. G .  Doran 
A f f i l i a t i o n :  Hanford Engineering Development Laboratory 

11. OBJECTIVE 

The objec t ive  of t h i s  work i s  t o  develop corre la t ion  methods f o r  
i r r a d i a t i o n  e f f e c t s  on t e n s i l e  proper t ies  of materials  important 
t o  magnetic fusion energy devices. 

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

Subtask I I . C . 2 . 2  Fast spectrum/mixed-spectrum corre la t ions  
Subtask I I . C . 1 6 . 1  Correlation model development 

IV. SUMMARY 

Yield s t rength  d a t a  on 20% cold-worked 316 s t a i n l e s s  s t e e l  i r r ad ia ted  
in f a s t  and thermal reac tors  and by 14 MeV neutrons were analyzed and 
a ten-parameter equation was developed t o  describe the y ie ld  s trength 
behavior f o r  the temperature range 25 < T < 800°C. The equation in-  
cludes the i r r a d i a t i o n  parameters: displaced atoms, helium content ,  
and i r r a d i a t i o n  temperature. I t  i s  applicable t o  s t r a i n  r a t e s  < 5 x 

10-4/second and t e s t  temperatures approximately equal t o  the i r r a d i a -  
t i  on temperature. 

V .  ACCOMPLISHMENTS A N D  STATUS 
Yield Strength Correlation f o r  20% CW 316 S ta in less  Steel - R .  L .  Simons 

Introduction 

I t  i s  expected t h a t  20% cold-worked ( C W )  AIS1 316 s t a i n l e s s  s t e e l  wil l  be 
used in the construction of the Fusion Engineering Device ( F E D )  and  possibly 
l a t e r  fusion devices. Consequently, a co r re la t ion  of avai lable  d a t a  on 
y ie ld  s trength of i r r ad ia ted  20% CW 316 s t a i n l e s s  s t e e l  was made for the 
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i r r a d i a t i o n  temperature range 20°C t o  800°C. 
uniform elongation,  and t o t a l  elongation wi l l  be addressed i n  a subsequent 
report .  

Ultimate t e n s i l e  s t reng th ,  

There were two primary sources of data--N l o t s  and T l o t s  of heat 87210 used 
f o r  Fast-Flux Test F a c i l i t y  ( F F T F )  cladding,and DO heat used i n  i r r a d i a t i o n  
experiments by Oak Ridge National Laboratory (ORNL). The  primary di f ference 
between the  two heats i s  the  s i l i c o n  content .  Other d i f ferences  between the 
data sets a r e  primarily due t o  d i f ferences  i n  the  i r r a d i a t i o n  environment. 
Materials from the former heat were i r r a d i a t e d  i n  the Experimental Breeder 
Reactor I1 (EBR-11) a t  370 < T < 800°C and a t  the Rotating Target Neutron 
Source I1 (RTNS-11) a t  25°C. The l a t t e r  heat of material was i r rad ia ted  
i n  the High F l u x  Isotope Reactor (HFIR) a t  55 < T < 680°C. (3>435) HFIR 
produces large  concentrat ions (general ly  g rea te r  than 50 appm) of helium due 

t o  the two step nickel ( n , a )  reaction,whereas the EBR-I1 reac to r  produces 
only small concentrat ions by one-step ( n , a )  react ions .  Some addit ional  data 
f o r  a Nb modified AISI 316 s t a i n l e s s  s t e e l  (M316)(6) i r r a d i a t e d  in the Doun- 
reay Fast  Reactor ( D F R )  and on AISI 304 s t a i n l e s s  s t e e l ( 7 )  i r r a d i a t e d  i n  
the Engineering Test  Reactor ( E T R )  were a l s o  considered i n  t h i s  analys is .  
The M316 and 304 data were used t o  supplement the s ing le  data point  ava i lab le  
between 50 and 350°C. Generally speaking these two mater ia ls  should show 
the  same fluence and temperature trends,although the magnitude of the  changes 
i n  t e n s i l e  proper t ies  may be d i f f e r e n t .  I t  turns ou t  t h a t  these  two data 
sets a r e  e n t i r e l y  consistent with the damage exposure behavior of AISI 316. 
T h e  consistency may be f o r t u i t o u s ;  however, Higgy and Hammond(8) simul tane- 
ously i r rad ia ted  annealed 304, 316, and 347 s t a i n l e s s  s t e e l s  a t  T < lOO"C, 
and s imi la r ly  found consis tent  behavior among a l l  th ree  s t e e l s .  

Data Compi 1 a t i  on 

The exposure parameter used by Fish e t  al.(') i n  report ing t e n s i l e  data from 
i r r a d i a t i o n s  i n  EBR-I1 was f luence >0.1 MeV. For appl icat ion t o  fusion 
environments the  dose parameter was converted t o  displaced atoms per atom 

(dpa).  The basis  f o r  determining the dpa values were the  f luxes and spectrum- 
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averaged displacement cross sec t ions  ca lcula ted  from r e s u l t s  obtained from 
the EBR-I1 run 50H and run  75D dosimetry t e s t s .  ( 9 y 1 0 )  The 50H dosimetry 
was used f o r  the i r r a d i a t i o n s  performed p r io r  t o  the  blanket change ( r u n  56), 
and the 75D dosimetry was used f o r  the post-blanket change i r r a d i a t i o n s .  

For HFIR t e n s i l e  data the reported dpa values were used except f o r  those 
from reference ( 3 ) .  
other  values, because they are  based on a 25 eV displacement energy and B 

= 1 .0 .  For ETR t e n s i l e  data a 1650 barns/fluence > 1.0  MeV displacement 
cross sec t ion  was used. 
the half-Nelson displacement model. 
t o  be cons is tent  w i t h  t he  values f o r  the rest of the data used in t h i s  analy- 
s i s .  

They were high by a f a c t o r  of two,  r e l a t i v e  t o  the 

The Br i t i sh  data on M316 was reported in terms of 
( 1 1 )  These values were reduced by 15% 

I t  i s  general ly recognized t h a t  helium can a f f e c t  t e n s i l e  proper t ies .  
concentrations are  reported f o r  the HFIR data.  They a r e  based on a semi- 
empirical equation f o r  helium production in H F I R .  (12)  NO values were re- 
ported f o r  the EBR-I1 data.  Consequently, i t  was necessary t o  est imate helium 
concentrations based on helium cross sec t ions  determined from the measurements 
made in EBR-I1 by McElroy and Farrar .  ( 1 3 )  For DFR i r r a d i a t i o n s ,  EBR-I1 
core center  values were used. 
metal fueled and sodium cooled, and thus have s imi la r  neutron spect ra .  
Helium concentrations f o r  ETR i r r ad ia ted  specimens were estimated t o  be one- 
fourth t ha t  predicted f o r  HFIR a t  the  same fluence. The values are probably 
correc t  t o  within a f a c t o r  o f  two. 
l e s s  in ETR t h a n  i n  HFIR because HFIR i s  a thermal f lux  t r a p  reactor con- 
f igura t ion  designed t o  enhance the thermal neutron f lux  
helium generation r a t e ,  whereas ETR i s  a water-moderated reactor with no 
thermal f lux  enhancement. 

Helium 

This i s  j u s t i f i e d  because bo th  reac tors  are 

The value per un i t  fluence should be 

and,consequently, 

The o ther  parameters of importance a r e  t e s t  temperature and s t r a i n  r a t e .  
All avai lable  data were used i n  t h i s  analys is  t h r o u g h  the temperature range 
25°C t o  800"C,provided the s t r a i n  r a t e  was 5 5 x 10-4/second and the test  
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temperature was near the i r r a d i a t i o n  temperature. 
t h i s  analysis  were f o r  a s t r a i n  r a t e  of 5 x 10-5/second. 
obvious s t r a i n  r a t e  e f f e c t  in the data used. 
t o  increase y ie ld  s trength a t  temperatures > 600°C. ( 1 4 )  
by i r r a d i a t i o n  temperature. 
of the group. 

Most of the data used i n  
There was no 

Higher s t r a i n  r a t e s  are  known 

Each group i s  iden t i f i ed  by the mean temperature 
The data were grouped 

The maximum deviation from the mean of any g roup  was 10°C. 

There were a t o t a l  of 104 data points used i n  t h i s  analys is .  Not a l l  o f  

the data were from the same heat o r  same specimen geometry. 
i t  would not be prudent t o  give a l l  the data the same weight in the 
analys is .  Assigning weights t o  the data t o  account f o r  material differences 
i s  unquestionably a r b i t r a r y .  Since the l a r g e s t  portion of the data were 
from N and T l o t s  o f  heat 87210, t h i s  co r re la t ion  was t a i lo red  t o  t h i s  
data s e t  by g i v i n g  i: a w e i g h t  of 1 . 0  and the o ther  s e t s  l e s s e r  weights. 
This i s  fu r the r  j u s t i f i e d  by the f a c t  t h a t  the temperatures a r e  somewhat 
be t t e r  known i n  E B R - I 1  than HFIR. 
of 0.5. 

strength (approximate 280-350 MPa higher t h a n  the r e s t  of the data) presumably 
due t o  the method of fabr ica t ion(4)  and was given a weight of 0.125. The 304 
and M316 data made up  1 3 o f  the to ta l  and were given weights of 0.125. The 
small weight was assigned because the material was e i t h e r  s u f f i c i e n t l y  d i f f e r -  
ent  (304) or had d i f f e r e n t  unirradiated proper t ies  (M316). The s impl ic i ty  of 

the design equations developed in t h i s  analys is  did n o t  permit accounting f o r  
t h i s  large var ia t ion  in y i e l d  strength.  However, several of these specimens 
exhibited the same property level as  the r e s t  of the specimens a f t e r  extended 

damage exposure. 
point ,  the s t a i n l e s s  s t e e l  wil l  eventually reach the same property l eve l .  
Table I summarizes the y i e l d  s trength data used in t h i s  ana lys i s .  

Consequently, 

Most of the HFIR data were given a weight 
One se t  of 316 da ta (3 )  from HFIR showed a high unirradiated y ie ld  

This supports the premise t h a t ,  regardless  of the s t a r t i n g  
(15)  

Correlation Equation Development 

The corre la t ion  equation f i t  t o  the data should be as  physically based as  
possible.  Tradi t ional ly ,  y i e l d  s t rength  i s  modeled as a sum of incremental 
changes in y ie ld  s t rength  due t o  various d is locat ion  pinning mechanisms. 
The corre la t ion  equation developed assumed the y ie ld  s trength was equal t o  
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t h e  i n i t i a l  va lue  p l u s  o r  minus an i nc remen ta l  change i n  y i e l d  s t r e n g t h  which 

depends on damage parameter and i r r a d i a t i o n  temperature.  

appears t o  work w e l l  a t  l ower  temperatures (<300"C) b u t  does n o t  work as 

w e l l  a t  h i g h e r  temperatures where t h e  y i e l d  s t r e n g t h  depends on t h e  i n i t i a l  

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

h e a t  o f  m a t e r i a l .  Below 500"C, an i r r a d i a t i o n  harden ing  mechanism(s) was 

e v i d e n t  which shows a tendency t o  s a t u r a t e  w i t h  exposure. 

d e f i n i t e l y  e v i d e n t  a t  low tempera tures  (<300"C) i n  304 and M316 s t a i n l e s s  

s t e e l s  used i n  t h i s  a n a l y s i s .  

T h i s  assumpt ion 

Thus , th is  a n a l y s i s  method i s  a p p r o p r i a t e  f o r  a s i n g l e  

S a t u r a t i o n  i s  

The E B R - I 1  da ta  appear t o  show a h i g h  dose s o f t e n i n g  i n  y i e l d  s t r e n g t h .  

T h i s  i s  p a r t i c u l a r l y  e v i d e n t  a t  470°C . 
t i o n s  i n  E B R - I 1  and HFIR. The E B R - I 1  da ta  c l e a r l y  shows s o f t e n i n g  a t  h i g h  
doses,whi le  t h e  HFIR da ta  shows an immediate s o f t e n i n g  a t  low doses. The 

p r i m a r y  d i f f e r e n c e s  between t h e  two i r r a d i a t i o n  i s  t h e  h e l i u m  c o n c e n t r a t i o n ;  

b o t h  r e a c t o r s  have about  t h e  same d isp lacement  r a t e ,  a10-6dpa/s, b u t  E B R - I 1  

produces < 50 appm h e l i u m  w h i l e  HFIR e a s i l y  produces > 100 appm he l ium.  

Hel ium i s  a p o s s i b l e  cause o f  i r r a d i a t i o n  s o f t e n i n g .  

same da ta  p l o t t e d  as a f u n c t i o n  o f  t h e  e m p i r i c a l  parameter  ,'hpa.dpa. 
da ta  show some o v e r l a p  i n  t h e  )'hpa.dpa parameter and appear t o  c o r r e l a t e  

w e l l .  However, s i n c e  t h i s  i s  an e m p i r i c a l  c o r r e l a t i o n ,  one cannot  r u l e  o u t  

ano the r  f u n c t i o n  o f  h e l i u m  and dpa. 

375°C. 

F i g u r e  1- A shows da ta  f r om i r r a d i a -  

F i g u r e  1-B shows t h e  

The 

F i g u r e  2 shows t h e  same e f f e c t  a t  

The i r r a d i a t i o n  harden ing  i s  d e s c r i b e d  by t h e  f u n c t i o n  

aYSH = Y,, ( 1  - e -6dpa) e-~-d- ( 1 )  

where YH, a , and 8 a r e  tempera ture  dependent parameters.  

appear as r a t e  cons tan ts ,  t h i s  suggests an A rhen ius- t ype  e q u a t i o n  f o r  t h e  

tempera ture  dependence. 

420, and 475°C con f i rmed  t h i s .  

S ince  cx and 6 

A p r e l i m i n a r y  a n a l y s i s  o f  t h e  d a t a  a t  25, 375, 

The equat ions  f o r  a and 6 have t h e  f o rm  

146 



700 I I I I 
0 EBR-II IRRAD. 
0 HFlR IRRAD. 

2600 - 
u 

I c 
c1) 

E500 rn 0 - 

L 

2400 
n 
1 

* - 

300 I I 1 1 

700 - I I I 
0 EBR-II IRRAD. 
0 HFlR IRRAD. 

h 

* 6 0 0  a z 
I 
t- 
W 

P: 

- 
- 
W = m -  LI- 
b 

u r n -  ++ 

n 
1 

* 
- 

300 I I I 

147 



a 1 L 

VI 
3 

0 VI 
N L 

W > 
c 
IJ 

S 
W 
L 
c, 
v, 

m 

0 

u 
W 
> 

r- 

.r 

N 

W 
L 
3 
m 
.r 
U 

148 



where E and ri a r e  f i t t e d  constants .  The constant  11 i s  pos i t ive  f o r  B and 
negative f o r  CY. 

s ingle  mechanism o r  mult iple  mechanism with add i t ive  ac t iva t ion  energies.  
In equation ( l ) ,  6 dominates a t  low temperatures, giving a sa tu ra t ion  e f f e c t ,  
while a dominates a t  high temperatures, r e su l t ing  i n  e s s e n t i a l l y  no hardening. 
With the form of a and B e s t ab l i shed ,  the YH function was described by a 
l i n e a r  function of temperature ( O K ) .  

f i t  t o  the high temperature data was obtained when YH was constant above 
500°C. 

A simple r a t e  constant as i n  equation ( 2 )  implies a 

I n  the analys is  o f  the d a t a ,  the best 

The high temperature ( T  > 500°C) y i e l d  s trength shows softening i n  both 
EBR-I1 and HFIR i r r a d i a t i o n s ,  and i n  ex-reactor aging experiments. F i s h  
e t  al.(’) point  out  t h a t  aging accounts f o r  most of the y ie ld  strength s o f t -  
ening. Although i r r a d i a t i o n  appears t o  cont r ibute  t o  the softening,  the 
mechanism causing i t  i s  n o t  c l e a r .  The exposure o r  time dependent term i s  
p robab ly  a sa tu ra t ion  funct ion;  however, i t  appears t o  have such a shor t  
time constant  t h a t  i t  has l i t t l e  e f f e c t  f o r  i r r a d i a t i o n  times in excess of 
1.1000 hours.  
dependence of the time constant ,  and consequently 
pendent of i r r a d i a t i o n  temperature. 
the data a t  low doses. 
range,with l e s s  softening a t  both ends of t h i s  temperature range. 
which describes t h i s  temperature dependence i s  

There were too few data points  t o  determine the temperature 
i t  was t rea ted  as inde- 

This may introduce some s c a t t e r  in 
The softening e f f e c t  i s  l a r g e s t  in the 550 - 650°C 

A function 

( 3 )  - w ( T  - To) nYSA = n(T - To) e , T , T o  

= o  , T < T o  

where R, w and T a re  f i t t e d  parameters. This function includes e f f e c t s  
from aging and i r r a d i a t i o n .  

0 

The f ina l  y i e l d  s t rength  equation used f o r  the temperature range 25 < T < 800°C 

i s  
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where Y 1  = A * T  - B TLTI 
Y l = A  T i - B  T ,Ti 
Ti = 773°K 

R = C exp(+ O/T) 

a = E exp(-F/T) 

Y 2  = G ( T  - To)  e x p ( - H ( T - T o ) ] ,  T)To 

Y2 = 0 , T<To 

where A,  B, C,  0, E, F, G, H, To, and y a r e  f i t t e d  cons tan ts .  

t u r e  T 
p e r  atom, hpa i s  t h e  he l i um  atoms p e r  atom i n  u n i t s  o f  appm, and Y o  i s  t h e  

measured u n i r r a d i a t e d  y i e l d  s t r e n g t h  i n  MPa. 

The tempera- 

i s  i n  u n i t s  o f  degrees K e l v i n ,  dpa i s  t h e  number o f  d i s p l a c e d  atoms 

Resu l t s  and D i scuss i on  

The p r ima ry  emphasis o f  t h i s  a n a l y s i s  was p l aced  on t h e  hea t  87210 ( N  and T 
l o t s )  w i t h  lower  emphasis on t h e  DO heat .  

which m in im ize  t h e  weighted sum of t h e  squares o f  t h e  r e s i d u a l s  f o r  equa t i on  

( 4 ) .  

Tab le  I 1  summarizes t h e  parameters 

The we igh ted  20 u n c e r t a i n t y  w i t h  these parameters i s  i 65 !.!Pa. 

TABLE I1 

F i t t e d  Parameters f o r  Equa t ion  ( 4 )  

Parameter e ~ U n i t s  

Two addi  

A 
B 
C 
0 
E 
F 
G 
H 
TO 
Y 

0.969 
168. 

4605. 
10080. 

617. 
7079. 

6.55 
0.01389 

730. 

0.384 

I n a l  s o l u  i o n s  were determined w i t h  a l t e r n a t e  we igh ts  (1 .0  and 

0.0) f o r  t h e  DO hea t .  

we igh t  o f  one f a r  t h e  DO h e a t  da ta ,  t h e  2a u n c e r t a i n t y  was 110 MPa. However, 

I n i t i a l l y  us i ng  t h e  parameters o f  Table  I1 and a 
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t h e  s o l u t i o n  d ive rged .  Wi th  a we igh t  o f  ze ro  f o r  t he  DO hea t  da ta  ( i . e . ,  

e x c l u d i n g  DO hea t  da ta ) ,  t he  s o l u t i o n  converge p o o r l y  ( i . e . ,  t he  s o l u t i o n  

e x h i b i t e d  smal l  o s c i l l a t i o n s )  w i t h  a 20 u n c e r t a i n t y  o f  about  50 MPa. I n  

b o t h  cases t he  d e t e r m i n a t i o n  o f  t h e  parameters E and F adverse ly  a f f e c t e d  

t h e  s o l u t i o n  convergence. These parameters determine a,which i n f l u e n c e s  

t h e  h i g h  exposure s o f t e n i n g  i n  y i e l d  s t r e n g t h .  With a we igh t  o f  one t h e r e  

i s  appa ren t l y  t o o  much s c a t t e r  i n  t h e  data,and w i t h  a we igh t  o f  zero t h e r e  

i s  i n s u f f i c i e n t  i n f o r m a t i o n  t o  determine t he  cons tan t s  f o r  a. The i n t e r m e d i a t e  

we igh t  a l l o w s  a compromise between t h e  two extremes. 

need f o r  accu ra te  da ta  w i t h  h i g h  h e l i u m  c o n t e n t  (>50 appm) f rom HFIR i r r a -  

d i a t i o n s  t o  complement t h e  da ta  f rom EBR-11. 

T h i s  demonstrates t h e  

F igu re  3 shows t h e  da ta  f o r  hea t  87210 and t h e  curves  f o r  each temperature 

group. 

a few excep t i ons  t h e  curves f i t  t h e  da ta  reasonab ly  w e l l .  

excep t i on  i s  f o r  515°C. 

than  p r e d i c t e d  by t h e  curve.  

model. 

r ecove ry  which may r e q u i r e  a d d i t i o n a l  parameters t o  desc r i be  adequate ly .  

However, i t  i s  observed t h a t  t h e  genera l  f e a t u r e s  o f  t h e  da ta  a r e  apparent  

i n  t h e  curve, i . e . ,  a weak peak around 20 dpa. 

The curves  cor respond t o  an EBR-I1 co re  c e n t e r  spectrum. Wi th  o n l y  

The one major  

The y i e l d  s t r e n g t h  da ta  drops f u r t h e r  a t  low dpa 

T h i s  temperature corresponds t o  t h e  onse t  o f  r e c r y s t a l i z a t i o n  and 

T h i s  i s  p robab l y  due t o  t h e  s i m p l i c i t y  o f  t he  

A t  h i g h e r  temperatures,  t h e  temperature independent cons tan t  f o r  t h e  t r a n s i -  

e n t  term may be an o v e r - s i m p l i f i c a t i o n ;  however, a more complex temperature 

dependence may be d i f f i c u l t  t o  determine due t o  t h e  s c a r c i t y  and s c a t t e r  i n  

t he  data.  A dpa t r a n s i e n t  was found t o  f i t  t h e  da ta  bes t .  

dependent t r a n s i e n t  term, t h e  l e a s t  square f i t t i n g  r o u t i n e  would n o t  converge. 

T h i s  does n o t  r u l e  o u t  any he l ium e f f e c t  a t  temperatures above 500°C. 

840°C t h e  equa t i on  ( 4 )  i s  abou t  50% h i g h e r  than  t h e  measured data.  

t h i s  i s  w i t h i n  t h e  95% con f idence  l e v e l  o f  c e r t a i n t y ,  t h e  a p p l i c a t i o n  of 

equa t i on  ( 4 )  i s  l i m i t e d  t o  <800"C. 

Wi th  a he l ium 

A t  

A l though 

F i g u r e  4 shows a p l o t  o f  measured versus c a l c u l a t e d  y i e l d  s t r e n g t h  f o r  hea t  

87210. The dashed l i n e s  r e p r e s e n t  t h e  95% con f idence  bounds ( t 6 5  MPa). 
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The high exposure softening i s  s t ronges t  in the temperature range 300 < T 
< 568°C. 
316 SS. Helium i s  generally considered as  a source of void nucleat ion.  Since 
the softening corre la ted  f a i r l y  well with helium content ,  i t  i s  assumed t h a t  
void or gas  bubble swelling i s  involved in the  softening mechanism. Bloom 
and W i f f e f ~ ' ~ )  found t h a t  the high densi ty of voids and/or bubbles produced 
in HFIR i r r ad ia ted  specimens was associated with a reduction in the disloca-  
t ion densi ty.  
hardening mechanism, possibly a c t  ind i rec t ly  t o  reduce dis locat ion  densi ty 
which, in tu rn ,  lowers the y i e l d  s t rength .  

This temperature range a l so  corresponds t o  the swelling region of 

Thus,the voids, which a r e  general ly considered as  a weak 

Figure 5 shows the DO heat data and the predicted curves f o r  the  corresponding 
temperature f o r  HFIR i r r ad ia t ions .  The s c a t t e r  in the data about the pre- 
dicted curves i s  subs tan t i a l ly  g rea te r  than f o r  the heat 87210. Since the 
gamma heating rates are  ten times higher i n  HFIR than  in EBR-I1 and are  u n-  
ce r t a in  by IO%, the temperatures a r e  harder t o  pre- select  and control in 
HFIR than in EBR-11. 
f o r  the HFIR specimens a r e  accurate on a r e l a t i v e  sca le  b u t  could be as  much 
as  50 - 75°C low on an absolute sca le .  For heat 87210 i r r ad ia ted  i n  EBR-I1 
a temperature increase from 475 t o  525°C decreases the y i e l d  strength nearly 
200 Mpa. Consequently, the la rge  s c a t t e r  i s  not surpr is ing .  

(4) Grossbeck and Maziasi reported t h a t  the temperature 

The HFIR data show a more rapid softening than the  E B R - I 1  data in the i n t e r -  
mediate temperature region (300 - 500°C). 
the much higher helium generation in HFIR than in EBR-11. Below about 300°C 
the displacement-related hardening appears t o  dominate the y i e l d  strength 
behavior. 
t o  be general ly s imi lar  t o  t h a t  i n  E B R - 1 1 .  

This i s  assumed t o  be related t o  

Similar ly the y i e l d  strength behavior above about 600°C appears 

Figure 6 shows the  DO heat y i e l d  s trength data p lo t ted  versus ca lcula ted  
y i e l d  strength. 
f o r  the heat 87210 data.  One half of the  DO heat data f a l l s  within the 
boundaries, about 25% of the d a t a  f a l l  j u s t  outside the boundaries, and the 
remaining data f a l l  s i g n i f i c a n t l y  outside the boundaries. Note t h a t  two- 

The dashed l i n e s  show the same 95% confidence bounds shown 
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t h i r d s  of the DO heat data f a l l  on the low s ide  of the curve,which indica tes  
t h a t  the predicted values are  h i g h .  
a r e  based on unirradiated values which are higher.  
d ic t ions  are  a t  low y ie ld  s t rength  values which correspond t o  h i g h  temp- 
e ra tu res  ( >5OO0C). 

Note a l s o  t h a t  these predicted values 
Most of the  over pre- 

Summary and Conclusions 

Data on t e n s i l e  proper t ies  of i r r a d i a t e d  20% CW 316 s t a i n l e s s  s t e e l  were 
compiled and helium and  dpa values were calculated f o r  a l l  the data.  
ten-parameter equation was developed t o  describe behavior of y i e l d  s trength 
f o r  i r r a d i a t i o n  temperatures ranging from 25 t o  800°C. 
both high hel ium (> lo0  appm) and low helium (<50 appm) data so t h a t  i t  
should be applicable t o  a l l  neutron environments. 
f o r  s t r a i n  r a t e s  < 5 x lO-'+/second and i r r ad ia t ion  temperatures approximately 
equal t o  t e s t  temperatures. The equation f i t s  the heat 87210 ( N  and T l o t s )  
data t o  within k65 MPa (15%) a t  the 95% confidence l eve l .  The DO heat data 
i r r ad ia ted  in HFIR shows l a rge r  s c a t t e r , b u t  i t  i s  predicted t o  within a b o u t  
2 100 MPa. The cor re la t ion  equation i s  character ized by an i n i t i a l  i r r a -  
d ia t ion  hardening which saturates ,fol lowed by a softening effect ,which i s  
corre la ted  with the square roo t  of helium concentration and displacements 
per atom. Above approximately 500°C the y i e l d  s trength change appears t o  
be  dominated by r e c r y s t a l l i z a t i o n  and recovery as  noted by Fish e t  a l .  

A 

The equation uses 

The t e s t  conditions a r e  

( 1 )  

VI .  

1 .  

2. 

3. 

4.  
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11. 

T i t l e :  I r r ad ia t ion  Effects  Analysis (AKJ) 
Principal Inves t iga tor :  D. G .  Doran 
A f f i l i a t i o n :  Hanford Engineering Development Laboratory 

OBJECTIVE 

The objec t ive  o f  t h i s  work i s  t o  determine the e f f e c t s  of high energy 
neutrons on damage production and evolut ion,  and the re la t ionships  of these 
e f f e c t s  t o  e f f e c t s  produced by f i s s i o n  reac tor  neutrons. 
t i v e s  o f  current  work a r e  the planning and performance of i r r a d i a t i o n  pro- 
grams a t  the Rotating Target Neutron Source (RTNS)-I1 a t  the Lawrence 
Livermore National Laboratory ( L L N L )  and the Omega West Reactor ( O W R )  a t  
the Los Alamos National Laboratory ( L A N L ) .  

Speci f ic  objec- 

111. RELEVANT OAFS PROGRAM TASK/SUBTASK 

Subtask II.B.3.2 

II.C.6.3 

II.C.11.4 

II.C.18.1 

IV. SUMMARY 

Experimental Character izat ion o f  Primary Damage 
State;  Studies of Metals 
Effects  of Damage Rate and Cascade St ruc ture  on 
Microstructure; Low-Energy/High-Energy Neutron 
Correlations 
Effects  of Cascades and Flux on Flow; High-Energy 
Neutron I r rad ia t ions  
Relating Low- and High-Exposure Microstructures; 
Nucleation Experiments 

A new reactor  furnace fab r i ca ted  a t  LLNL has been i n s t a l l e d  in the 
OWR, a thermal reac tor  located a t  LANL.  
has been measured by Argonne National Laboratory and the i n i t i a l  experiment 
assembled a t  Hanford Engineering Development Laboratory ( H E D L ) .  This experiment, 

The flux-spectrum of the reac tor  
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HEDL-Ia, w i l l  be one o f  seve ra l  low-energy i r r a d i a t i o n s  which w i l l  comple- 

ment HEDL-VR, an ongoing h igh- energy  n e u t r o n  exper iment  a t  RTNS-I1 (LLNL) . 
Together  these exper iments w i l l  p r o v i d e  a b a s i s  f o r  t h e  c o r r e l a t i o n  o f  d i s -  

placement e f f e c t s  o f  l o w  and h i g h  energy neut rons .  The m a t r i c e s  o f  bo th  

exper iments a r e  descr ibed .  

d e l i v e r e d  t o  t h e  RTNS-I1 f a c i l i t y  a t  LLNL. The fu rnace  pe rm i t s  i r r a d i a t i o n  

o f  specimens a t  two temperatures s imu l taneous l y  w i t h o u t  any s i g n i f i c a n t  l o s s  

o f  h i g h  f l u x  i r r a d i a t i o n  volume. 

A new fu rnace  f a b r i c a t e d  a t  HEDL has been 

V.  ACCOMPLISHMENTS AND STATUS 

S p e c t r a l  E f f e c t s  Experiments - N. F. Panayotou (HEDL) 

A.  Omega West Reac tor  

The Type A In-Core Furnace, designed and b u i l t  by  R .  Van Konynenberg 

(LLNL), has been i n s t a l l e d  i n  t h e  4F p o s i t i o n  o f  t h e  OWR f a c i l i t y  a t  Los 

Alamos N a t i o n a l  Labo ra to ry .  I r r a d i a t i o n  temperatures f r om 70 t o  about  120°C 

can be o b t a i n e d  u s i n g  t h i s  fu rnace.  It w i l l  p e r m i t  i r r a d i a t i o n  o f  specimens 

i d e n t i c a l  t o  those  c u r r e n t l y  undergoing i r r a d i a t i o n  i n  HEDL-VR. F o r  i r r a d i a -  

t i o n s  a t t e m p e r a t u r e s  i n  excess o f  120"C, a Type B In-Core Furnace i s  c u r r e n t l y  

under c o n s t r u c t i o n  a t  LLNL. 

OWR i s  a thermal ,  heterogeneous, sea led  and p r e s s u r i z e d  tank- t ype  
( 1 )  research  r e a c t o r  l o c a t e d  a t  t h e  Omega s i t e  o f  Los Alamos N a t i o n a l  L a b o r a t o r y .  

The r e a c t o r  u t i l i z e s  a luminum-clad f u e l  elements o f  t h e  M a t e r i a l s  T e s t i n g  

t y p e  and i s  l i g h t  wa te r  moderated and coo led .  The normal o p e r a t i n g  power 

l e v e l  o f  t h e  r e a c t o r  i s  8 MW. 
r e p o r t  e lsewhere i n  t h i s  volume), t h e  neu t ron  f l u x  a t  t h e  specimen capsu le  

p o s i t i o n  i s  5.7 x l O I 3  n/cm2-s, E >0.1 MeV. 

Based on t h e  a n a l y s i s  by L .  R. Greenwood (see 

The In-Core Furnace was o r i g i n a l l y  i n tended  t o  be used i n  t h e  

L ivermore  Pool Type Reactor  (LPTR). 

f rom r e a c t o r  c o o l a n t  by  a v o i d  space, was designed t o  be  heated  by a 

A sea led  specimen capsule,  separa ted  
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combination of nuclear and e l e c t r i c a l  heating t o  temperatures ranging from 
reactor  ambient t o  800°C. 
the thermal conductivity of the void space: reac tor  water could be used 
from reactor  ambient t o  about 95"C, s t a t i c  helium f o r  intermediate tempera- 
tu res ,  and a vacuum f o r  temperatures up t o  800°C. 
the operation of LPTR, the furnace was modified f o r  use in the OWR f a c i l i t y .  
Due t o  the higher gamma heating r a t e  in OWR, provisions f o r  the use of 
c i r cu la t ing  coolants had t o  be made. With c i r cu la t ing  reac tor  coolant 
water, the Type A In-Core Furance can operate a t  temperatures between 70 
( reac to r  ambient) and  120°C with ?l°C contro l .  
i r r a d i a t i o n  temperature i s  l imited by the boi l ing  poin t  of the pressurized 
reac tor  cooling water. The use of c i r cu la t ing  helium gas was judged t o  be 
impract ical .  Therefore, a second furnace (designated Type B) i s  current ly  
being modified a t  LLNL so t h a t  helium can be c i r cu la ted  using a small 
Roots-type blower. 

Various temperatures could be obtained by a l t e r i n g  

Upon the termination of 

The maximum permissible 

A sect ional  view of the  lower 25 cm of the Type A In-Core Furnace 
i s  shown in Figure 1 .  
a chromel-alumel sheathed thermocouple inser ted  in the center  of the  specimen 
capsule. The thermocouple assembly a l so  a c t s  as  the specimen capsule posi-  
tioning device. As shown, the capsule i s  seated f i rmly agains t  a s t a i n l e s s  
s t ee l  h o t  f inger .  
and  the main furnace tube. Two addit ional  thermocouples were brazed i n t o  
holes in the hot f inger .  A tube, added f o r  c i r cu la t ion  of reactor  coolant ,  
i s  a l s o  shown. 

Specimen temperature i s  monitored and control led with 

Two heaters  (one a spare)  a r e  wound around the h o t  f inge r  

An exploded view of the specimen capsule assembly i s  shown in 
Figure 2 .  The assembly cons i s t s  of three  components: a n  outer  s h e l l ,  a 
specimen holder,and a capsule cover with a thermocouple well.  
temperature i r r a d i a t i o n s  the specimen capsule i s  fabr ica ted  using aluminum 
al loys .  
d r i l l e d  and tapped holes i n  the specimen holder.  Specimens a r e  held in 
place by set  screws. 
thick TEM disk specimens. 

For low 

TEM disk and  microtensi le  wire specimens are  loaded i n t o  the 10 

This holder  design can accommodate 500, 0.38-mm- 
The to ta l  ava i l ab le  specimen volume within the 
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FIGURE 1. S e c t i o n a l  View of t h e  Type A In-Core Furnace C u r r e n t l y  Loca ted  
i n  t h e  4F P o s i t i o n  of t h e  Omega-West Reactor,  Los Alamos N a t i o n a l  
Labora to ry .  

s h e l l  i s  about  13 cm3. 

modate o t h e r  specimen geometr ies.  

Other  specimen h o l d e r s  can be f a b r i c a t e d  t o  accom- 

A f t e r  l o a d i n g ,  t h e  assembly i s  clamped t o g e t h e r ,  evacuated, e l e c t r o n  

beam welded s h u t  and l e a k  checked. 

between t h e  components o f  t h e  specimen capsu le ,  and m in im izes  oxygen con ta i i i i na t ion  

T h i s  procedure assures good thermal  c o n t a c t  
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TABLE 1 

HEDL-In: MICROTENSILE WIRE SPECIMEN MATRIX 

Alloy Cond i t i on  Number o f  Specimens 

HT-9 A i T  10 
MFE 316 SS cw 9 
MFE 316 SS Rxl  6 
N i  Rxl  3 

= Cold Worked 
= S o l u t i o n  Annealed 
= A u s t e n i t i z e d  and Tempered 
= R e c r y s t a l l i z e d  
= Microhardness T e s t i n g  
= P o s t i r r a d i a t i o n  Anneal ing 
= Aged 
= S t ress  R e l i e f  
= Experiment R e c o n s t i t u t i o n  

TABLE 2 

HEDL-In: TEM D I S K  SPECIMEN MATRIX 

cw 
SA 
A&T 
Rxl 
VH 
P I A  
A 
SR 
Recon. 

PURE METALS CONDITION 

N i  Rxl 
cu SR 
Fe Rxl 
T i  Rxl 
V Rxl 
Nb Rxl  

PATH A TYPE ALLOYS 

FFTF 1 s t  Core 316SS 20% CW 
FFTF 1 s t  Core 316SS Rxl 

N l o t  316 

MFE 316 SS 
MFE 316 SS 

PCA 
PCA 

Fe-15Cr-2ONi (E-19) 
Fe-15Cr-ZONi (E-19) 

Fe-15Cr-20Ni -2Mo 
Fe-15Cr-20Ni -2Mo 

Fe-15Cr-ZONi 
Fe-15Cr-2ONi 

Fe-15Cr-ZONi -. 12C 
Fe-15Cr-20Ni -. 12C 

Rxl 

40% CW 
Rxl  

40% CW 
Rxl 

30% CW 
Rxl 

40% CW 
Rxl 

30% CW 
Rxl 

30% CW 
Rxl  

TEM pH /RECON. - 

1 3 
13 3 

1 3 
15 3 

5 3 
5 5 

6 3 
13 3 

6 3 

8 3 
6 3 

1 3 
8 3 

8 3 
8 3 

6 3 
6 3 

6 3 
6 3 

pH/PIA 

3 
3 
3 
3 
3 
3 

3 
3 

3 

3 
3 

3 
3 

3 
3 

3 
3 

3 
3 

3 
3 
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Specimens o f  an Fe-1OCr b i n a r y  a l l o y  were a l s o  i nc luded .  

As i n  HEDL-VR d i s k  specimens o f  A533, a l i g h t  water  r e a c t o r  

T h i s  

p a r t i c u l a r  compos i t i on  was chosen t o  b r i d g e  t h e  gap between pure  Fe and 

HT-9. 

p ressu re  vessel  s t e e l ,  were i n c l u d e d .  

d i t i o n  was de f i ned  as t h a t  h e a t  t r e a t m e n t  which produced a minimum g r a i n  

s ize.  when a p p l i e d  t o  t h e  cold-worked s t o c k  m a t e r i a l .  

mater ia l ,however,  was r e c e i v e d  i n  an annealed c o n d i t i o n  and was t h e r e f o r e  

o n l y  s t r e s s- r e 1  i e v e d  p r i o r  t o  i r r a d i a t i o n .  

I n  a l l  cases t h e  r e c r y s t a l l i z e d  con- 

The copper s t o c k  

Except  f o r  t h e  Pot te r /Gu inan b i n a r y  a l l o y s  a t  l e a s t  t h r e e  specimens 

o f  each m e t a l - c o n d i t i o n  w i l l  be s e t  a s i d e  f o r  b o t h  TEM and microhardness,  

f o l l o w e d  by annea l i ng  s t u d i e s .  

a b l e  f o r  r e c o n s t i t u t i o n  i n t o  another ,  h i g h e r  dose, exper iment .  

The ba lance o f  t h e  specimens w i l l  be a v a i l -  

B. RTNS-I1  F a c i l i t y  

I n  o r d e r  t o  maximize t h e  da ta  o b t a i n e d  f rom long- te rm e l e v a t e d  

tempera ture  h igh-energy  neu t ron  exper iments,  a new HEDL vacuum furnace,  

des igna ted  Type C, was f a b r i c a t e d  and d e l i v e r e d  t o  t h e  RTNS-I1 f a c i l i t y .  

F i g u r e  3 i l l u s t r a t e s  t h e  e v o l u t i o n  which has occu r red  i n  t h e  t h r e e  vacuum 

furnaces b u i l t  by HEDL f o r  use a t  t h e  RTNS-I1  f a c i l i t y .  The Type C RTNS-I1 

f u rnace  was designed s o  t h a t  h i g h  energy neu t ron  i r r a d i a t i o n s  c o u l d  be p e r -  

formed a t  two temperatures s imu l taneous ly .  A d i f f e r e n c e  o f  250°C can be 

ma in ta ined  between t h e  two temperature zones,which a r e  separa ted by o n l y  

1.8 mi. T h i s  dev i ce  i nc reases  HEDL's u t i l i z a t i o n  o f  t h e  source t i m e  o f  

RTNS w i t h o u t  any s i g n i f i c a n t  l o s s  o f  h i g h  f l u x  i r r a d i a t i o n  volume. L i k e  

i t s  predecessors,  t h e  Type C f u rnace  m a i n t a i n s  a h i g h  vacuum envi ronment .  

It a l s o  min imizes  t h e  d i s t a n c e  between specimens and t h e  neu t ron  source  

by u s i n g  e f f i c i e n t  thermal  b a r r i e r s .  

The specimen cage o f  t h e  Type C fu rnace  can accommodate specimen 

The c o n t r o l l e d  tempera ture  zone 

The fu rnace  can h e a t  specimens up t o  4OOOC w h i l e  main-  

capsules app rox ima te l y  6 x 47 mm i n  s i z e .  

i s  10 cm i n  depth.  

t a i n i n g  a cont inuous 111-5 t o r r  vacuum. 
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FIGURE 4. Modular MUltiDUrDOSe SDecirnen Holders and TEM D i s k  and M ic ro -  
t e n s i l e  I i i r e  specimens 

I n  these f i r s t  specimen h o l d e r  modules t he  maximum and minimum 

m i c r o t e n s i l e  specimen doses a re  es t ima ted  t o  d i f f e r  by a f a c t o r  o f  2.8. 

The maximum and minimum d i s k  specimen doses a re  es t ima ted  t o  d i f f e r  by a 

f a c t o r  o f  10. 
es t ima ted  t h a t  t h e  maximum and minimum specimen doses w i l l  d i f f e r  by about  

a f a c t o r  o f  400. 

Over t h e  specimen h o l d e r  assembly depth o f  100 mm i t  i s  

Four thermocouples a r e  i n  p l a c e  i n  each temperture zone, t h r e e  

plat inum- rhodium and one chromel-alumel type. (Decal i b r a t i o n  o f  chromel- 

alumel thermocouples exposed t o  h i g h  energy neutrons has been observed by 

Guinan, LLNL). Each temperature zone i s  independent ly  heated and can be 

quenched r a p i d l y  t o  room temperature by c i r c u l a t i n g  water .  
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FIGURE 6. HEDL Type C Furnace and Furnace Tes t  Stand i n  P o s i t i o n  a t  t h e  
RTNS-I1  F a c i l i t y .  

F a c i l i t y  a t  two i r r a d i a t i o n  temperatures t o  a peak dose o f  1.1Ol9 n/cm2, 

E >14 MeV (0.03 dpa).  The even tua l  goal o f  t h e  exper iment  i s  3.1Ol9 n/cm2. 

The exper iment  employs t h e  Type C f u rnace  and modular  m u l t i p u r p o s e  specimen 

h o l d e r s  d e s c r i b e d  above i n  o r d e r  t o  maximize t h e  u t i l i z a t i o n  o f  source  t i m e  

and volume. T h i s  i s  an i m p o r t a n t  c o n s i d e r a t i o n  s i n c e  20 weeks o f  f a c i l i t y  

t i m e  (80 hours  p e r  week) a r e  r e q u i r e d  t o  reach 1 . l O I 9  n/cm2 w i t h  t h e  a v a i l -  

a b l e  23-cm d iameter  r o t a t i n g  t a r g e t s .  

The i r r a d i a t i o n  schedule f o r  t h e  exper iment  i s  shown i n  Tab le  3. 

Specimens w i l l  be removed a f t e r  5 and 20 weeks. I n t e r i m  goa l  dose l e v e l s  

range f rom .05 . 10l8 t o  3.3 . 1 0 l 8  f o r  d i s k  specimens and f rom 1 * 1 0 1 *  t o  
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TABLE 3 

I R R A D I A T I O N  SCHEDULE: HEDL-VR 

Dose Leve ls ,  x 1 0 l 8  n/cm2, E %14 MeV 

Specimen Type 5 weeks' 20 weeks' 

D isk  +A 
0.05 0 .8  
0.2 1.7 
0.4 3.3 

+ 
T o t a l  f a c i l i t y  t i m e  r e q u i r e d  assuming use o f  23-cm d iamete r  r o t a t i n g  
t a r g e t s  o p e r a t i n g  80 hours p e r  week. 

11 . 1OI0 f o r  m i c r o t e n s i l e  w i r e  specimens. 

me ta l s  n o t  i n c l u d e d  i n  t h e  o r i g i n a l  specimen m a t r i x  can be added a t  t h e  

f i v e  week exper iment  r e c o n s t i t u t i o n .  

b e i n g  developed. 

A d d i t i o n a l  dose l e v e l s  and 

A r e c o n s t i t u t i o n  m a t r i x  i s  c u r r e n t l y  

The p r e i r r a d i a t i o n  c o n d i t i o n  and p o s t i r r a d i a t i o n  specimen t e s t  

The specimen m a t r i x  f o r  each m a t r i x  a r e  r e p o r t e d  i n  Tables 4 through 8. 

nominal  tempera ture  l e v e l  i s  i d e n t i c a l .  The nominal  tempera ture  l e v e l s  

s e l e c t e d  f o r  t h e  exper iment  were 80 and 288°C. 

ETF have been c i t e d  as 50 t o  350°C. ( 2 )  A r e v i e w  o f  t h e  l i t e r a t u r e  by Simons 
(HEDL) i n d i c a t e s  t h a t  i r r a d i a t i o n - i n d u c e d  p r o p e r t y  changes i n  y i e l d  s t r e n g t h  

w i t h  dose a r e  independent  o f  i r r a d i a t i o n  tempera ture  below about  200"C, w h i l e  

above 200"C, y i e l d  s t r e n g t h  i s  s t r o n g l y  dependent upon i r r a d i a t i o n  tempera ture .  

Acco rd ing l y ,a  l ow  nominal tempera ture  o f  80°C was s e l e c t e d .  

tempera ture  o f  288°C was s e l e c t e d  so t h a t  comparison o f  o u r  data  w i t h  t h e  

l a r g e  body o f  l i g h t  wa te r  r e a c t o r  data  would be p o s s i b l e .  

Opera t i ng  temperatures f o r  

A h i g h  nominal 

A t o t a l  o f  72 m i c r o t e n s i l e  w i r e  specimens and 422 TEM d i s k  specimens 

i n  each tempera ture  l e v e l  were i n c l u d e d  i n  t h e  exper iment .  

specimens o f  t h r e e  meta ls  i n  f o u r  c o n d i t i o n s  were i n c l u d e d  (Tab le  4) .  

r e c r y s t a l l i z a t i o n  h e a t  t rea tmen ts  f o r  t h e  w i r e  specimens were chosen so t h a t  

M i c r o t e n s i l e  w i r e  

The 
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TABLE 4 

H E O L- V R  MICROTENSILE WIRE SPECIMEN MATRIX 

Dose: 1 . lo1*,  1.1 . lD19 n/cm2, E -14 MeV 
T i :  80 and 288°C 

Metal Condition Number o f  Specimens 

MFE 316 20% cw 12 
MFE 316 Rxl 
HT-9 A ?I T 
Ni Rxl 

T i  = I r rad ia t ion  Temperature 
CW = Cold-Worked 
SA = Solution-Annealed 
A&T = Austenitized and Tempered 
Rxl 
pH = Microhardness Testing 
P I A  = Post i r radia t ion Annealing 

= Recrys t a l  1 i zed 

1 2  
8 
4 

a m i n i m u m  o f  ten gra ins  would be obtained across the 0.254-mm diameter gage 

sect ion.  

The TEM d i s k  specimen matrices a r e  reviewed according t o t h e i r  f i n a l  
ca lcula ted dose l eve l s  i n  Tables 5-8. 
dose l eve l s  there a r e  four Path A type a l loys  in a t o t a l  of eight condit ions,  
two Path E type a l l o y s ,  and one pure metal.  
three  addit ional  pure metals and e igh t  binary a l loys  were included. 
A533 f e r r i t i c  a l l o y  disk specimens were obtained from Charpy-V-Notch spe- 
cimen blank 3PT-34. T h i s  charpy specimen, i n  turn, was c u t  from p l a t e  03 
of ASTM A-533 Grade B c l a s s  1 s t e e l ,  a well-characterized Heavy Section 
Steel  Technology Program s t e e l .  ( 3 )  
as ide  f o r  both TEM and microhardness followed by pos t i r rad ia t ion  annealing 
s tud ies .  
i n t o  another, higher dose, experiment. 

For each of the  s i x  d i s k  specimen 

A t  the lowest d i s k  dose level ,  
The 

I n  most cases,3 specimens wi l l  be s e t  

The balance of the specimens wi l l  be ava i lab le  f o r  recons t i tu t ion  
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TABLE 5 

HEDL-VR TEM D I S K  SPECIMEN MATRIX 

Dose: 3.3 . l o 1 *  n/cm2, E%14 MeV 

Ti: 80 and 288°C 

pH/TEM p H / P I A  

3 3 
3 3 

Path A Type A l l o y s  Cond i t i on  pH/Recon. 

20% cw 0 
Rxl  0 

FFTF 1 s t  Core 31 6 SS 
FFTF 1 s t  Core 316 SS 

MFE 316 SS 
MFE 316 SS 

40% CW 5 
Rxl  7 

3 3 
3 3 

40% CW 4 
Rxl  

30% CW 2 
Rxl  3 

3 3 
3 3 

3 3 
3 3 

PCA 
PCA 

Fe-15Cr-2ONi (E-19) 
Fe-15Cr-ZONi (E-19) 

Path E Type A l l o y s  

A533 

Pure Meta ls  

id i 
V 
T i  
Nb 

B ina ry  A1 1 oys* 

HT-9 

C U - ~ A ~  
Cu-5Ni 
Cu-5Mn 
Cu-50Ni 
Ni-5A1 
N i- 5Si  
N i  -8Si 
Ni-5Mn 

*Atomic pe rcen t  

A &  T 
A & T  

0 
0 

3 
3 

3 
3 

R x l  
Rxl  
Rxl  
Rxl  

3 3 
0 
0 
0 

SA 
SA 
SA 
SA 

0 
0 
0 
0 
0 

0 
0 
0 SA 

SA 
SA 

0 
0 
0 

0 
0 
0 

0 
0 
0 SA 0 
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Path A Type A l l o y s  

FFTF 1 s t  Core 316 SS 
FFTF 1 s t  Core 316 SS 

MFE 316 SS 
MFE 316 SS 

PCA 
PCA 

Fe-15Cr-20Ni(E-19) 
Fe-15Cr-2ONi (E-19) 

Path E Type A l l o y s  

HT-9 
A533 

Pure Meta ls  

N i  
V 
T i  
I4 b 

B i n a r y  A l l o y s *  

Cu-5Ni 
Cu-5Mn 
Cu-5ONi 
Ni-5A1 
N i - 5S i  
N i- 8S i  
N i  -5Mn 

*Atomic p e r c e n t  

Cu-5Al 

TABLE 6 

HEDL-VR TEM D I S K  SPECIMEN MATRIX 

Dose: 0.8 and 0.2 . 1 0 l 8  n/cm2, E %14 MeV 

Ti: 8.1 and 288°C 

C o n d i t i o n  

20% cw 
Rxl  

40% CW 
Rxl  

40% CW 
Rxl  

30% CW 
Rx l  

A C T  
A & T  

Rxl  
Rxl 
Rx l  
Rx l  

SA 
SA 
SA 
SA 
SA 
SA 
SA 
SA 

pH/Kecon. 

0 
0 

2 
0 

0 
0 

0 
0 

0 
0 

0 
0 
0 
0 

0 
0 
0 
0 

TEM 

2 
2 

2 
0 

2 
2 

2 
3 

2 
1 

2 
0 
0 
0 

0 
0 
0 
0 

p H / P I A  

0 
0 
0 
0 
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TABLE 7 

HEDL-VR TEM D I S K  SPECIMEN MATRIX 

Dose: 1.7 and 0.4 . 1OI8 n/cm2, E %14 MeV 

Ti: 80 and 288°C 

Path A Type A l l o y s  Cond i t i on  pH/Recon. TEM uH/PIA 

FFTF 1 s t  Core 316 SS 20% CW 2 2 2 
FFTF 1 s t  Core 316 SS Rxl 2 2 2 

MFE 316 SS 
MFE 316 SS 

PCA 
PCA 

40% CW 
Rxl 

3 
2 

3 
2 

3 
2 

40% CW 3 3 3 
Rxl 0 3 2 

Fe-15Cr-20Ni (E-19) 30% CW 
Fe-15Cr-20Ni (E-19) Rxl 

Path E Type A l l o y s  

HT-9 
A533 

Pure Meta ls  

N i  
V 
T i  
Nb 

B inary  A l l o y s *  

Cu-5A1 
Cu-5Ni 
Cu-5Mn 
Cu-50Ni 
Ni-5A1 
N i  -5Si 
Ni -8Si  
Ni-5Mn 

*Atomic pe rcen t  

2 
3 

2 
3 

3 
3 

A S T  0 3 3 
A & T  0 3 0 

Rxl 
Rxl 
Rxl  
Rxl 

SA 
SA 
SA 
SA 
SA 
SA 
SA 
SA 

0 
0 
0 
0 

2 
0 
0 
0 

0 
0 
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TABLE 8 

H E D L- V R  TEM D I S K  SPECIMEN MATRIX 

Dose: 0.05 . lo1* n/cm2, E %14 MeV 
T i :  80 and 288°C 

Path A Type Alloys 

FFTF 1s t  Core 316 SS 
FFTF 1 s t  Core 316 SS 

MFE 316 SS 
MFE 316 SS 

PCA 
PCA 

Fe-15Cr-20Ni (E-19) 
Fe-15Cr-ZONi(E-19) 

P a t h  E Type Alloys 

A533 

Pure Metals 

Ni 
V 
T i  
Nb 

Binary Alloys* 

HT-9 

C U - ~ A ~  
Cu-5Ni 
Cu-5Mn 
Cu-  50N i 
Ni-SA1 
Ni-5Si 
Ni -8Si 
Ni-5Mn 

*Atomic percent  

Con d i  t i  on uH/Recon. TEM 

20% cw 0 0 
Rxl 0 0 

40% CW 0 3 
Rxl 0 0 

40% CW 0 2 
Rxl 0 2 

30% CW 0 0 
Rxl 0 3 

A & T  0 0 
A & T  0 0 

Rxl 
Rxl 
Rxl 
Rxl 

SA 
SA 
SA 
SA 
SA 
SA 
SA 
SA 

0 2 
3 3 
0 0 
0 0 

0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 
0 3 

uH/PIA 

3 
3 

3 
0 

2 
2 

2 
0 

4 
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V I I .  FUTURE WORK 

I n i t i a t e  and complete HEDL-In, i r r a d i a t i n g  specimens i n  a thermal neu t ron  

spectrum t o  2 .10 l8  n/cm2 E >0.1 MeV and a t  a temperature o f  90°C. 

HEDL-VR and achieve a peak dose o f  2.5 . 1 0 l 8  n/cm2 E .14 MeV and a t  nominal 

temperatures o f  80 and 288°C. Recons t i t u te  HEDL-VR and con t inue  i r r a d i a t i o n  

t o  peak dose l e v e l s  o f  1 and e v e n t u a l l y  3-1019 n/cm2 E ~ 1 4  MeV. 

R e - i n i t i a t e  
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I. PROGRAM 

T i t l e :  I r r a d i a t i o n  E f f e c t s  A n a l y s i s  

P r i n c i p a l  I n v e s t i g a t o r :  D. G. Doran 

A f f i l i a t i o n :  Hanford E n g i n e e r i n g  Development L a b o r a t o r y  

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  des ign and s t o c k  an expanded m a t r i x  

o f  s imp le  a l l o y s  f rom which t o  draw specimens f o r  HEDL and OAFS i n t e r c o r r e l a -  

t i o n  exper iments  aimed a t  s t u d y i n g  t h e  microchemical/microstructural e v o l u t i o n  

o f  a1 l o y s  s u b j e c t e d  t o  s i m u l a t e d  f u s i o n  environments.  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

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

I 1  .C. 17 M i c r o s t r u c t u r a l  C h a r a c t e r i z a t i o n  

I V .  SUMMARY 

T h i r t y - s i x  d i f f e r e n t  i r o n  based a l l o y s ,  p r e v i o u s l y  used on o t h e r  p r o-  

grams, have been o b t a i n e d  and a r e  b e i n g  processed i n t o  TEM d i s k s .  

specimens a r e  i ron- n icke l- ch romium a u s t e n i t i c  o r  i ron- chromium f e r r i t i c  

a l l o y s  some o f  which c o n t a i n  sma l l  a d d i t i o n s  o f  carbon, s i l i c o n ,  t i t a n i u m  

o r  molybdenum. These a l l o y s  w i l l  be  used t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  

d i f f e r e n t  n e u t r o n  energy env i ronments  on t h e  m i c r o s t r u c t u r a l  and mechanical  

p r o p e r t i e s  o f  s imp le  a u s t e n i t i c  and f e r r i t i c  meta l  systems. 

These 

V.  ACCOMPLISHMENTS AND STATUS 

A. Expanded M a t r i x  o f  Fe-Ni-Cr S o l u t e  A l l o y s  f o r  HEDL Exper iments - 
H. R. B rager  and F. A.  Garner (HEOL). 



1 .  Introduction 

I t  i s  now known t h a t  the microchemical evolution t h a t  occurs 
in i r r a d i a t e d  Fe-Ni-Cr a l loys  i s  as important as  the  concurrent microstructural 
evolution. (’-‘) 
n ickel ,  s i l i c o n ,  carbon, t i tanium and molybdenum. ( ’ )  
these elements i s  d i f f i c u l t  t o  study in complex alloys,however. 
the avai lable  matrix of a l loys  has been expanded t o  provide a s tockpi le  from 
which t o  draw specimens f o r  H E D L  contr ibut ions t o  DAFS goals.  An e f f o r t  has 
been made t o  use a l loys  which were employed n o t  only in previous DAFS e f f o r t s  
b u t  a l so  neutron and ion i r r a d i a t i o n  programs conducted in the U.S. Breeder 

Elements known t o  play a la rge  ro le  in t h i s  evolution are  
The ro le  of each of 

Therefore, 

Reactor Program. ( 3  1 

This repor t  describes the composition and thermal mechanical 
treatment scheduled f o r  these a l loys .  

2 .  Specimen Select ion and Preparation 

Specimens in the form of TEM disks have been processed from a 
s e r i e s  of iron-based a l loys .  Thesematerials ,  previously used on various 
i r r a d i a t i o n  e f f e c t s  programs, were made from high pur i ty  ingredients  and 
cover a range of Fe-Cr-Ni a u s t e n i t i c  o r  Fe-Cr f e r r i t i c  base a l loys ,  as shown 
i n  Table 1 .  Also,  materials  were used t h a t  contained minor amounts of  one 
or two a l l o y  addit ions t o  an a u s t e n i t i c  or t o  a f e r r i t i c  base a l loy  compo- 
s i t i o n ,  Table 2 .  
by minor addi t ions ,  was Fe-ZONi-15Cr and i s  a simple ternary version of the 
PCA a l loy  employed in the ADIP  program. 
which i s  s imi la r  t o  HT-9. 

The primary a u s t e n i t i c  base a l loy  composition, modified 

The f e r r i t i c  base a l loy  was Fe-l2Cr, 

The specimens are  being prepared i n  three  d i f f e r e n t  conditions: 
so lu t ion  treated, 30% cold-worked, and 30% cold-worked plus aging. I t  i s  

envisioned t h a t  these specimens wil l  be included in near-term experiments 
designed t o  be i r r a d i a t e d  i n  RTNS-11, Omega-West, H F I R ,  O R R ,  and possibly 
EBR-11. 
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TABLE 1 

COMPOSITION OF SIMPLE Fe-Cr-Ni AUSTENITIC OR 
FERRITIC ALLOYS 

Alloy # 

E-89 
E-60 
E-62 
E-1 7 
E- 1 8 
E-90 
E-39 
E-26 
E-19 
6-121 
E-20 
E-21 
E-37 
E-22 
E-38 
E-23 

Ni 

0 . 5  
0.1 
0.1 
0.1 

- 

12 
15 
20 
20 
20 
20 
25 
30 
35 
35 
35 
45 

Cr 

3 

6 
11 
15 
15 
15 
8 

11 
15 
15 
15 
15 
8 

15 
20 
15 

- Fe 

96 
95 
90 
85 
73 
69 
70 
69 

65 
65 
60 

56 
58 
49 
45 
40 

- 

Figure 1 i l l u s t r a t e s  t h e  compositional regime encompassed by 
th is  a l l o y  matr ix.  
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TABLE 2 

COMPOSITIONS OF ALLOYS CONTAINING MINOR ADDITIONS (we igh t  %)  

A l l o y  # 

E-72 

E-99 

E-96 

G-34 

G- 36 

G-44 

6-45 

6-46 

6-48 

G-49 

6-54 

6-63 
6-70 

6-105 

6-107 

6-108 

E-34 

E-35 

E-104 

E-30 

N i  

0.1 
0.2 

0.8 

- 

20 

20 

20 

20 

20 

20 

20 

20 
20 
20 

20 

20 

20 

24 

25 

25 
25 

C r  

12 

12 
12 

15 

15 

15 

15 

15 

15 

15 

15 

15 
15 

15 

15 

15 

15 

15 

15 

16 

- Fe 

88 

86 

84 

65 

65 

65 

65 

6 5  

65 

65 

65 

65 
65 

65 

65 

65 

61 

59 

59 

58 

- C - 

- 
0.09 

0.20 
- 
- 

0.05 

0.12 
- 
- 
- 
- 
- 
- 

0.12 
- 
0.12 

0.05 

0.04 
- 
- 

Mo 

1 .o 
1 . o  

- 

- 
- 
- 
- 
- 
- 

0.5 

1.5 
- 
- 
0.5 
- 
0.5 

0.5 
- 
- 
- .06P 

- 

1 E l  



FIGURE 1 

COMPOSITION OF Fe-Cr-Ni ALLOYS 

0 SPECIFIC ALLOY (SEE TAELE 11 

CONTAINING MINOR 
SOLUTE ADDITIONS 1 ISEE TAELE 21 

V 3ALLOVS 
0 14ALLOYS 
A 4ALLOYS 

IRON 
[WEIGHT %I 
c_ 

FIGURE 1. Fe-Ni-Cr Composi t ion o f  Simple A l l o y s  Be ing  Processed i n t o  TEM 
D isks .  

V I I .  FUTURE WORK 

It i s  a n t i c i p a t e d  t h a t  a l l  specimen p r e p a r a t i o n  f o r  t h i s  a l l o y  s e r i e s  

w i l l  be completed i n  t h e  n e x t  r e p o r t i n g  p e r i o d .  
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