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FOREWORD 

Th is  r e p o r t  i s  t h e  f o u r t e e n t h  i n  a s e r i e s  o f  Q u a r t e r l y  Techn ica l  
Progress Reports  on Damage Ana lys i s  and Fundamental S tud ies  (OAFS), which 
i s  one element o f  t h e  Fus ion  Reactor  M a t e r i a l s  Program, conducted i n  suppor t  
o f  t h e  Magnet ic  Fusion Energy Program o f  t h e  U. S. Department o f  Energy 
(DOE). 
th rough 8. 

. . P1 asma-Materials I n t e r a c t i o n  (PMI) . Spec ia l  Purpose M a t e r i a l s  (SPM). 

The DAFS proqram element i s  a n a t i o n a l  e f f o r t  composed o f  c o n t r i b u t i o n s  
f r o m  a number o f  N a t i o n a l  L a b o r a t o r i e s  and o t h e r  government l a b o r a t o r i e s ,  
u n i v e r s i t i e s ,  and i n d u s t r i a l  l a b o r a t o r i e s .  It was organ ized b y  t h e  M a t e r i -  
a l s  and R a d i a t i o n  E f f e c t s  Branch, O f f i c e  o f  Fus ion  Enerqy, DOE, and a Task 
Group on Damage Ana lys i s  and Fundamental Studies,  which operates under t h e  
auspices o f  t h a t  Branch. The purpose o f  t h i s  s e r i e s  o f  r e p o r t s  i s  t o  p ro-  
v i d e  a work ing  t e c h n i c a l  r e c o r d  o f  t h a t  e f f o r t  f o r  t h e  use o f  t h e  proqram 
p a r t i c i p a n t s ,  t h e  f u s i o n  energy program i n  qeneral ,  and t h e  DOE. 

The f i r s t  e i g h t  r e p o r t s  i n  t h i s  s e r i e s  were numbered DDE/ET-0065/1 
Other  elements o f  t h e  M a t e r i a l s  Program are:  

A l l o y  Development f o r  I r r a d i a t i o n  Performance (ADIP) 

Th is  r e p o r t  i s  organized a long t o p i c a l  l i n e s  i n  p a r a l l e l  t o  a Program 
P lan  o f  t h e  same t i t l e  so t h a t  a c t i v i t i e s  and accomplishments may be 
f o l l o w e d  r e a d i l y ,  r e l a t i v e  t o  t h a t  Program Plan. 
l a b o r a t o r y  may appear th rouqhout  t h e  r e p o r t .  
annotated f o r  t h e  convenience o f  t h e  reader .  

Thus, t h e  work o f  a g i ven  
The Tab le  o f  Contents i s  

Th i s  r e p o r t  has been compiled and e d i t e d  under t h e  guidance o f  t h e  
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RTNS-I1 IRRADIATIONS AND OPERATIONS 
C. M. Logan and D. W .  Heikkinen (Lawrence Livermore National Laboratory) 

1 .o Objective 

The objectives of this work are operation of OFE's RTNS-I1 (a 14-MeV neutron 
source facility), machine development, and support of the experimental pro- 
gram that utilizes this facility. Experimenter services include dosimetry, 
handling, scheduling, coordination, and reporting. RTNS-I1 is dedicated to 
materials research for the fusion power program. Its primary use is to aid 
in the development of models of high-energy neutron effects. Such models 
are needed in interpreting and projecting to the fusion environment engi- 
neering data obtained in other neutron spectra. 

2.0 Summary 

Irradiations were done on a total of six different experiments. 
unscheduled outages occurred. 

No major 

3.0 Program 

Title: RTNS-I1 Operations (WZJ-16) 
Principal Investigator: C. M. Logan 
Affiliation: Lawrence Livermore National Laboratory 

4.0 Relevant DAFS Program Plan Task/Subtask 

TASK II.A.2,3,4. 
TASK II.B.3,4. 
TASK II.C.1,2,6,11,18. 
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5 .O Accomplishments and Status 

5.1 Irradiations - C. M. Logan, D. W. Heikkinen and M. W. Guinan 
(LLNL) 

The intermediate irradiation for N. Panayotou (HEDL) using the HEDL dual 
temperature furnace was completed. 
5.9 x 10l8 n/cm2 at the front surface of the furnace. An irradiation of 
Nb, Ti and V was done for R. Bradley (PNL). The total fluence was 
5.8 x lOI7 n/cm2. 
samples of superconducting Wire of Nb3Sn, V3Ga and NbTi for C. Snead 
(BNL) and M. W. Guinan (LLNL). 
specimens for C. Logan and D. Heikkinen (LLNL) were done. An n-situ Nb 
creep experiment was completed for W. Barmore (LLNL). A short irradiation 
of electronic components was done for J .  Srour (Northrop). 

Dosimetry results give a fluence of 

An additional increment of irradiation was begun on 

Further irradiations of thermc ouple wire 

5.2 RTNS-I1 Status - C. M. Logan and 0. W. Heikkinen (LLNL) 

There were no major unscheduled outages during this quarter. 
temperature furnace was removed after completion of the intermediate irradi- 
ation. The Remotely Operated Vehicle and Experiment Retriever (ROVER) has 
been completed. Tritium loading of two 50-cm diameter targets has been 
accomplished at Oak Ridge National Laboratory. The 1500 !L/s turbo pump in 
the high voltage terminal has been replaced with a 2800 k / s  turbo pump. 
This has resulted in better ion source performance. 

The HEDL dual 

6.0 Future Work 

Irradiations are scheduled for C. Snead (BNL), M. W. Guinan (LLNL), R. 
Bradley (PNL), C. Logan and 0. Heikkinen (LLNL), and S. Zinkle (U .  of Wisc.) 
during the next quarter. 
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7.0 Publications 

Development of Manufacturing Methods for 50-cm Diameter Neutron Source 
Targets for RTNS-11, C. M. Logan, J.  W. Dini, W. D. Ludemann, B.J. 
Schumacher, E.N.C. Dalder, W. K. Kelley, G. A. Harter (UCRL 85429) to be 
presented at the Second Topical Meeting on Fusion Reactor Materials, 
Seattle, Washington, August (1981). 
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NUCLEAR DATA FOR DAMAGE STUDIES AND FMIT (AVC) 

D. L. Johnson and F. M. Mann (Hanford Eng ineer ing  Development Labora to ry )  

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

The o b j e c t i v e  o f  t h i s  work i s  t o  supp ly  n u c l e a r  d a t a  needed f o r  damage s t u d i e s  
and i n  t h e  des ign and ope ra t i on  o f  the  Fusiori  M a t e r i a l s  I r r a d i a t i o n  T e s t i n g  

(FMIT) f a c i  1 i ty. 

2.0 Summary 

C a l c u l a t i o n s  o f  t h e  t r ansm iss i on  s p e c t r a  o f  FMIT- l i ke  neut rons through t h i c k  

i r o n  were completed and a re  i n  good agreement w i t h  r e v i s e d  exper imenta l  data.  

An e v a l u a t i o n  was completed o f  p r o t o n  and deuteron- induced a c t i v a t i o n  and 

neu t ron  p roduc t i on  f rom g r a p h i t e  beam s tops  f o r  b o t h  t h e  FMIT p ro to t ype  and 

f u l l  energy a c c e l e r a t o r s .  

3.0 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 lear  Data f o r  Damage S tud ies  and FMIT (WH025/EDK) 

Hanford Eng ineer ing  Development Labora to ry  (HEDL) 

4.0 Relevant  DAFS Program Plan Task/Subtask 

A1.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 Generat ion Rates 

SUBTASK I I .A.5.1 He l ium Accumulat ion Mon i t o r  Development 
SUBTASK 11.13.1.2 A c q u i s i t i o n  o f  Nuc lear  Data 
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5.0 

5.1 

Accomplishments and S ta tus  

Neutron T ranspo r t  Measurements and C a l c u l a t i o n s  

D. L. Johnson, F. M. Mann, and L. L. Car te r  (HEDL), G. L. Woodruff 
(Univ .  o f  Wash.), F. P. Brady, J. L. Romero, J. L. Ullmann, M. L. 

Johnson and C. M. Castaneda (Univ .  o f  C a l i f .  a t  Davis) .  

Measurements o f  t h e  t r ansm iss ion  o f  FMIT-1 i k e  neut rons through t h i c k  i r o n  and 

the  r a d i a t i o n  h e a t i n g  w i t h i n  t h e  i r o n  were o u t l i n e d  i n  t he  DAFS Q u a r t e r l y  

Report  f o r  Ju ly-Sept .  1980(1).  

neu t ron  t r a n s p o r t  c a l c u l a t i o n s  which a r e  used f o r  p r e d i c t i o n s  o f  r a d i a t i o n  

h e a t i n g  i n  t h e  FMIT t e s t  c e l l  w a l l s .  Furthermore, da ta  were ob ta ined  f o r  a 

s i t u a t i o n  t h a t  i s  n e a r l y  i d e n t i c a l  t o  t h a t  which w i l l  be exper ienced i n  t he  

t e s t  assembl ies w i t h i n  t h e  FMIT t e s t  c e l l .  

The o b j e c t i v e  was t o  p rov ide  da ta  t o  c o n f i r m  

The neutrons were produced by a beam o f  35 MeV deuterons ( f r om t h e  c y c l o t r o n  

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  a t  Dav is )  which was stopped i n  a s o l i d  l i t h i u m  

t a r g e t  t h a t  was Q, 2.5 cm i n  d iameter  by 2 cm t h i c k .  T h i s  t a r g e t  was p laced  

c l ose  t o  t h e  c e n t e r  o f  a n e a r l y  c u b i c a l  b l ock  o f  s o l i d  i r o n  which was about  

60 cm on each s ide .  

o f  i r o n  i n  any d i r e c t i o n  i n  o rde r  t o  escape t h e  i r o n  b l o c k .  

Neutrons f rom the  source had t o  pene t ra te  a t  l e a s t  30 cm 

Measurements o f  t he  neu t ron  spec t ra  were made w i t h  d e t e c t o r s  p l aced  10 cm o u t -  
s i d e  t h e  b l o c k  a t  0" and 90" w i t h  r e s p e c t  t o  t h e  beam d i r e c t i o n .  

c o i l  p r o p o r t i o n a l  coun te rs  were used t o  measure the  p o r t i o n  o f  t h e  spectrum 

f rom about  10 keV t o  about  1.5 MeV where most o f  t h e  t r a n s m i t t e d  neut rons a r e  

found. 

about  1 MeV up t o  t h e  maximum t h a t  m igh t  be observable (about  50 MeV). 

Pro ton  r e -  

An NE213 l i q u i d  s c i n t i l l a t o r  was used t o  measure t h e  spectrum f rom 

Subsequent t o  o b t a i n i n g  t h e  p r e l i m i n a r y  r e s u l t s  g i ven  i n  r e f .  1, c a l c u l a t i o n s  

o f  t h e  cor respond ing  neu t ron  s p e c t r a  were performed u s i n g  t h e  Monte C a r l o  

neu t ron  t r a n s p o r t  code MCNP('). 

ENDF/B-IV below 20 MeV and appended from o t h e r  sources f o r  energ ies  between 

20 and 60 MeV(3). Comparison o f  t h e  exper imenta l  da ta  t o  t h e  c a l c u l a t i o n s  

i n d i c a t e d  a l a r g e  d iscrepancy f o r  neu t ron  energ ies l e s s  than  a few hundred 

Po in tw ise  c ross  sec t i ons  were ob ta ined  f rom 
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keV. T h e  discrepancy was found t o  be from an incorrec t  representat ion of the 
d a t a  from proton recoi l  proportional counters and was subsequently corrected.  
The updated experimental data are  compared t o  the ca lcula t ions  in Fiqs. 1 and  
2.  

There i s  now general ly good agreement over the f u l l  energy range. 
energies greater than 1 MeV the r a t i o  of calculat ional  t o  experimental data 
tends t o  be about 0.6 - 0.7. 
between other  experiments and ca lcula t ions  f o r  the transmission of 14-MeV 
neutrons t h r o u g h  i ron  of comparable thickness. For example, i n  Ref. 4 ,  C / E  

r a t i o s  of a b o u t  0 .4 are seen f o r  leakage neutrons i n  the range of 1 t o  5 MeV 
us ing  ENDF/B-IV cross  sec t ions .  Moreover, in Ref. 5 ,  C / E  r a t i o s  of about 0.77 
are  seen f o r  leakage neutrons between 2 and 5 MeV using both ENDF/B-IV and  - V  
cross sec t ions  and  thinner  i ron.  Some of the discrepancies may be due in par t  
t o  poor s t a t i s t i c s  in the Monte Carlo ca lcula t ions .  This i s  especia l ly  t rue  
f o r  the highest energy neutrons because of t h e i r  low probabi l i ty .  

For neutron 

Note t h a t  there  are s imi la r  discrepancies 

5 .2  Evaluation of Residual Gama Doses and Neutron Production from 
Graphite Beam S tops  f o r  the Prototype and FMIT Accelerators.  
D .  L. Johnson 

Large beam currents  wil l  be incident  upon beam stops f o r  b o t h  the prototype 
and FMIT accelera tors  f o r  use in t u n e- u p .  The tune- up  beam f o r  the prototype 
i s  nominally expected t o  cons is t  of lOOmA of 5-MeV +H2 ions (200mA of 2.5-MeV 
protons) p l u s  about  15uA of 5 MeV deuterons. 
current  of 2mA of 35-MeV 'H2 ions (4mA of 17.5 MeV pro tons)  plus abou t  0.3pA 
of 35-MeV deuterons i s  expected. 
assumed f o r  O /  H 2  ions. 
material pa r t ly  because of expected low ac t iva t ion  and low neutron production. 
Evaluation of the ac t iva t ion  and  neutron production i s  needed f o r  design. 

For the FMIT beam s top ,  a 

The natural  i so topic  r a t i o  of 1 . 5 ~ 1 0 ~ ~  i s  
t t  Graphite i s  a leading candidate f o r  the stopping 

The th ick  target r a t e s  f o r  production of s i g n i f i c a n t  radionucl ibes by the 
incident  protons or deuterons were evaluated using the data in Refs. 6 ,  7 ,  

a 
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FIGURE 1. I r o n  Transmiss ion Experiment Neutron Spectrum a t  0 Degrees. 
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FIGURE 2. I r o n  Transmiss ion Exper iment Neut ron Spectrum a t  90 Degrees. 
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FIGURE 3. Dose A f t e r  S a t u r a t i n g  Bombardment Time FMIT P ro to t ype  Beam on 
Th i ck  Carbon 0.2A t o  2.5-MeV Protons P lus  15uA t o  5.0-MeV Deuterons. 
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FIGURE 4. Dose A f t e r  S a t u r a t i n g  Bombardment Time FMIT Tune-up Beam on Th ick  
Carbon 4mA t o  17.5-MeV Protons P l u s  D.3uA t o  35-MeV Deuterons. 
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and 8. 
an i r r ad ia t ion  time in which each radionuclide was sa tura ted .  

The residual dose from decay gamma rays was then evaluated following 

The maximum i n i t i a l  unshielded dose following bombardment of graphite  by the 
prototype tune- up beam will  be about 185 mRem/hr a t  1 meter. T h i s  wil l  decay 
away w i t h  a h a l f - l i f e  of a b o u t  10 minutes t h a t  i s  c h a r a c t e r i s t i c  o f  1 3 N ,  the 
only radionuclide produced. The small deuteron component contributes about 
74% of the dose. Fig. 3 shows the decay of the  dose from the prototype beam 
s top  f o r  various shielding mater ia ls .  

The maximum i n i t i a l  unshielded dose following bombardment of graphite  by the 
FMIT tune-up beam w i l l  be a b o u t  8 Rem/hr a t  1 meter. 
t o  t h i s  a r e  13N and "C (T ,= 20 m i n . )  which wil l  decay away i n  a few hours. 
The remaining dose of about 0.09 mRem/hr a t  1 meter i s  from 7Be which w i l l  
decay away with a h a l f - l i f e  of a b o u t  53 days. The small deuteron component 
cont r ibutes  only a b o u t  1% t o  the dose a t  short cooling times b u t  i s  respon- 
s i b l e  f o r  a l l  of the long-lived dose. 
the FMIT f u l l  energy beam stop f o r  various shielding materials .  

The leading contr ibutors  

-5 

Fig. 4' shows the decay of the dose from 

The neutron production rate from the prototype beam on thick graphite  wil l  be 
about 1 . 6 ~ 1 0 ~ ~  neutrons/sec. 
component. 

All of t h i s  r a t e  i s  due t o  the small deuteron 

The neutron production r a t e  from the FMIT tune-up beam on t h i c k  g r a p h i t e  w i l l  

be a b o u t  1 . 5 ~ 1 0  
deuteron comoonent. 

1 2  neutrons/sec. Only a b o u t  4% o f  this  rate i s  due t o  the 

Data used t o  obtain the neutron production r a t e s  were obtained in Refs. 9 ,  10,  
and 11. 
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CHAPTER 2 

DOSIMETRY AND DAMAGE PARAMETERS 
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FISSION REACTOR DOSIMETRY 

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

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

To e s t a b l i s h  t h e  b e s t  p r a c t i c a b l e  dos imetry  f o r  mixed-spectrum r e a c t o r s  and t o  

p r o v i d e  dos imetry  and damage a n a l y s i s  f o r  OFE experiments. 

2 .o Summary 

Neutron f l u e n c e  and damage parameters a r e  repo r ted  f o r  t h e  ORR-MFE2 and Omega 
West-HEDL1 i r r a d i a t i o n s .  Ana l ys i s  i s  i n  progress f o r  t h e  EBRII-X287 and ORR- 

MFE4A experiments.  

3 .O 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 :  L. R. Greenwood 

A f f i l i a t i o n :  Argonne Na t i ona l  Labora to ry  

Dosimetry and Damage and Damage An l y s i  

4 .O Relevan t  DAFS Program P lan  Task/Subtask 

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

5 .O Accomplishments and S ta tus  

The s t a t u s  o f  a l l  f i s s i o n  r e a c t o r  dos imetry  i s  g i ven  i n  Table 1. 

5.1 Recomnended Fluence and Damage Parameters f o r  t h e  ORR-MFE2 I r r a d i a t i o n  

A n a l y s i s  has been completed f o r  t h e  ORR-MFE2 exper iment  i n  core  p o s i t i o n  E7 o f  

t h e  Oak Ridge Research Reactor  f rom September 1978 t o  March 1980 (10,972 MWD, 

average power 26.4 MW). 
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TABLE 1 

STATUS OF REACTOR EXPERIMENTS 

F a c i l  i ty/Exper iment  

ORR - MFEl 

S t a t u s  and Comments 

Ana lys i s  complete (12/79) - 

- MFE2 Ana lys i s  complete (6 /81)  

- MFE3 Delayed 

- MFE4A Samples r e c e i v e d  (5/81) 
- MFE4B,C I r r a d i a t i o n  i n  progress  

- T K O 7  Ana lys i s  complete (7 /80)  

- T R I O  P lann ing i n  progress  

__ HFIR - CTR 32 Samples r e c e i v e d  (5 /81)  
- CTR 30, 31 I r r a d i a t i o n  i n  progress  

- Tl,T2 I r r a d i a t i o n  i n  progress  

- R E 1  P lann ing i n  progress  

Omega West - S p e c t r a l  Run Ana lys i s  complete (10/80) 

- HEDLl Ana lys i s  complete (5/81) 

EBR I 1  - X287 P r e l i m i n a r y  r e s u l t s  (6 /81 )  

The placement and types o f  dosimeters used were r e p o r t e d  i n  our  p rev ious  r e p o r t  

(OOE/ER-0046/5). 

t h e  dos imet ry  w i r e s  a t  e i t h e r  t h e  t o p  o r  bo t tom o f  each o f  the  f o u r  l e v e l s .  

Complete f l u e n c e  and dpa g r a d i e n t s  have now been measured, as shown i n  F i g u r e s  

1 and 2. I t  i s  i m p o r t a n t  t o  no te  t h a t  the  g r a d i e n t  measurements were made 

w i t h  l o n g  w i r e s  l o c a t e d  on t h e  e a s t  s i d e  o f  t h e  exper imental  assembly. 

f a s t  f l u x  was about 8% h i g h e r  a t  t h i s  p o s i t i o n  than  a t  the  sample l o c a t i o n s ;  

a l though,  t h e  thermal  f l u x  was t h e  same a t  b o t h  l o c a t i o n s .  H o r i z o n t a l  g r a d i -  

en ts  w i t h i n  t h e  samples were l e s s  than 2% and have t h u s  been neg lec ted.  The 

g r a d i e n t s  were averaged ove r  each o f  t h e  f o u r  l e v e l s  and recommended average 

f l u e n c e  va lves  a r e  g i ven  i n  Tab le  2. 

The f l u e n c e  values g i ven  p r e v i o u s l y  were a t  t he  l o c a t i o n  o f  

The 
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'1 

FIGURE 1. Fluence Values a r e  Shown f o r  t h e  ORR-MFE2 I r r a d i a t i o n  as a Func t i on  
of V e r t i c a l  He igh t  Above Midplane. Level  4 Corresponds t o  t h e  
P o i n t s  on t h e  L e f t  and Level  1 t o  Those on t h e  R igh t .  

100 

0 -  DPA, 316 SS 
0 -  Toto1 0 

- , 
-12.0 -8.0 -4.0 0.0 4.0 8.0 12.0 16.0 

HEIGHT ABOVE MIDPLANE,cm 

FIGURE 2. T o t a l  Fluence and dpa Values f o r  316 S t a i n l e s s  S tee l  as Shown f o r  
t h e  ORR-MFE2 I r r a d i a t i o n .  
Scale on t h e  L e f t .  

dpa Values Can Be Read D i r e c t l y  f rom t h e  
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TABLE 2 
AVERAGE FLUENCES AN0 DAMAGE PARAMETERS 

FOR VARIOUS LEVELS FOR ORR-MFE2 

Grad ients  averaged a t  each l e v e l ;  c ross  sec t ions  f rom 
ENOF/B-V, (n ,y )  i nc luded ;  he l ium i n  appm (?15%); OPA (~10%). 

LEVEL 

1 2 3 4 

Height ,  cm: 

11.4, 16.2 4.8, 9.5 -1.9, 2.8 -3.8, -9.5 

F1 uence (~1021 n/cn?) : 

T o t a l  : 12.04 14.40 15.97 16.93 
Thermal : 3.14 3.87 4.44 4.74 
>0.11 MeV: 4.89 5.78 6.41 6.78 
>1.0 MeV: 2.33 2.71 3.01 3.17 

Element: dpa He dpa He dPa He dPa He 

A1 6.17 2.06 7.28 2.46 8.04 2.69 8.50 
T i  3.60 1.83 4.32 2.14 4.77 2.35 5.04 
V 4.16 0.08 4.91 0.09 5.41 0.09 5.72 
C r  3.74 0.55 4.40 0.65 4.86 0.72 5.13 
Mn 3.96 0.41 4.68 0.49 5.17 0.53 5.48 
Fe 3.32 0.88 3.90 1.04 4.30 1.14 4.55 
co 3.76 0.43 4.47 0.52 4.93 0.57 5.25 
N i a  3.53 153. 4.17 248. 4.58 325. 4.86 
cu 3.21 0.75 3.80 0.90 4.19 0.98 4.42 
Z r  3.55 0.09 4.19 0.10 4.63 0.11 4.89 
Nb 3.25 0.18 3.85 0.21 4.24 0.23 4.48 
Mo 2.37 - 2.82 - 3.09 - 3.28 
Ta 0.91 - 1.07 - 1.19 - 1.25 
316 SSb 3.40 16.0 4.00 25.6 4.41 33.4 4.67 

2.77 
2.47 
0.10 
0.75 
0.55 
1.18 
0.58 
386. 
1.02 
0.11 
0.24 

- 
- 

39.6 

aThermal he1 ium p r o d u c t i o n  inc luded .  

bComposit ion assumed as: Cr (16) ,  Mn(2), Fe(701, Ni(lO), Mo(2). 
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Damage parameters were t hen  computed and a1 so averaged over  t h e  f o u r  l e v e l s .  

Recommended dpa and he l ium p roduc t i on  va lues a r e  a l s o  l i s t e d  i n  Table 2. 
damage c a l c u l a t i o n s  were performed us ing  ou r  r e c e n t l y  r e v i s e d  damage c ross  

s e c t i o n s  based on ENDF/B-V. The (n,y)  r e a c t i o n  i s  a l s o  inc luded;  however, t he  
c o n t r i b u t i o n  t o  t h e  t o t a l  damage i s  g e n e r a l l y  l e s s  than 2%, the except ions 

be ing  Co(13%) and Mn(5%1. Caut ion should be used i n  these two cases s i nce  

neu t ron  s e l f - s h i e l d i n g  and burnup e f f e c t s  would d r a s t i c a l l y  a l t e r  t h e  r e s u l t s .  

The 

Hel ium c ross  sec t i ons  were a l s o  taken from ENDF/B-V. The thermal process f o r  

n i c k e l  was computed us ing  the  equat ions i n  ORNL/TM-6361 (1979) w i t h  t h e  t o t a l  

thermal  f l u x  below 0.5 eV. 

he l ium r a t e s  f o r  t h e  OFF-MFE1 experiment. O f  course, H. F a r r a r  I V  and D. Kne f f  

(Rockwel l  I n t e r n a t i o n a l )  w i l l  r e p o r t  p r e c i s e  he l ium measurements f o r  a v a r i e t y  

o f  m a t e r i a l s .  

T h i s  procedure was found t o  agree w i t h  measured 

A l l  o f  t h e  f l uence  and damage parameter g rad ien t s  can be we l l - desc r i bed  by a 

simp1 e q u a d r a t i c  formula:  

f ( x )  = N ( l  + bx + cx2) 

where x i s  t h e  h e i g h t  above midplane (cm), and the  o t h e r  v a r i a b l e s  a r e  g i ven  

i n  t h e  f o l l o w i n g  t a b l e .  

Q u a n t i t y  b C N 

F1 uence -0.01101 -0.0004690 6.45 x 1021 n/cm2 

DPA (316 SS) -0.01 101 -0.0004690 4.47 DPA 
He(N i )  -0.03010 -0.0006364 330.1 appm 

A d d i t i o n a l  dpa, PKA, and hel ium values a r e  a v a i l a b l e  (37 i so topes )  on request .  

5.2 Dosimetry Resu l t s  f o r  t h e  Omega West Reactor 

Dosimetry measurements have been completed f o r  t h e  HEDLl exper iment (N. 
Panayotou) i n  t h e  Omega West Reactor a t  Los Alamos S c i e n t i f i c  Laboratory .  
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Samples were i r r a d i a t e d  i n  t h e  LLL-HEDL furnace i n  co re  p o s i t i o n  4F f rom 

January 22, 1981 t o  February 10, 1981. The n e t  exposure was 849.36 MWH w i t h  

an up t i m e  o f  106.25 hours a t  8.0 MW. 

T h i n  f o i l s  o f  Fe, N i ,  T i ,  Mn, and Co-A1 ( w i r e )  were i n c l u d e d  w i t h  the  i r r a d i -  

a t e d  samples and a t  l e a s t  f o u r  o f  each t ype  o f  f o i l  was gamma counted. Values 

were very  c o n s i s t e n t  f o r  each r e a c t i o n  measured i n d i c a t i n g  t h a t  g rad ien ts  were 

l e s s  than 1% w i t h i n  t h e  exper imental  capsule. 

Seven r e a c t i o n  r a t e s  were determined, as l i s t e d  i n  Tab le  3. These r a t e s  a r e  

compared t o  r a t e s  measured i n  October 1980, d u r i n g  a complete (30 r e a c t i o n )  
s p e c t r a l  measurement (DOE/ER-0046/4, p. 15, 1981). As shown i n  Tab le  3, t h e  

f a s t  r e a c t i o n s  agree w i t h  the  p rev ious  measurements w i t h i n  5%; however, the  

two thermal  r e a c t i o n s  i n d i c a t e  about 10% more thermal  f l u x  i n  t h e  p resen t  
i r r a d i a t i o n .  T h i s  d i f f e r e n c e  i s  most l i k e l y  due t o  smal l  changes i n  t h e  f u e l  

o r  reac to r  o p e r a t i n g  c o n d i t i o n s .  

TABLE 3 

ACT IVAT ION RATES FOR OMEGA WEST - HEOLl 

( I r r a d i a t i o n  from 1-22-81 t o  2-10-81) 
(Exposure = 849.36 MWH; Average Power ( l i v e )  = 8.0 MW) 

U+ (atom/atom-s) 

React ion  P o s i t i o n  6 P o s i t i o n  10 Spec t ra l  Runa R a t i o  

59co( n, y PCO 2.43-9 2.43-9 2.15-9 1.130 

58Fe ( n , Y ) 59Fe 6.88- 11 6.75-11 6.29-11 1.083 

54Fe( n, p)54Mn 2.91-12 2.91-12 3.07- 12 0.948 

58N i ( n, p )58Co 3.73-12 3.73-12 3.78-12 0.987 

4 6 T i  ( n, p )46Sc 3.94-13 3.94-13 3.99-13 0.987 

55Mn( n ,2n )54Mn 9.01-15 9.06-15 8.66-15 1.043 

54Fe( n , ~ ) ~ l C r  3 .OO-14 - 2.89-14 1.038 

aL. R. Greenwood, DOE/ER-0046/4, Volume 1, p. 15 (1981).  
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The f l u x  spectrum, shown i n  F i g u r e  3, was determined u s i n g  the  STAYSL computer 

code and the  seven r e a c t i o n  r a t e s  i n  Tab le  3. The i n p u t  spectrum was taken 

f rom o u r  p rev ious  s p e c t r a l  measurement. 

a re  l i s t e d  i n  Tab le  4. 
computer code w i t h  o u r  r e c e n t l y  ca l cu la ted ,  ENDF/B-V displacement c r o s s  sec- 

t i o n s  and recommended values a r e  l i s t e d  i n  Tab le  5. The (n,Y) r e a c t i o n  i s  
a l s o  i n c l u d e d  i n  t h e  damage c a l c u l a t i o n s ;  however, t h i s  e f f e c t  i s  g e n e r a l l y  

l e s s  than 2%. 

The i n t e g r a l  f l u x e s  and f l uence  va lues 

Damage parameters were then  computed u s i n g  the SPECTER 
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FIGURE 3. Neutron F l u x  Spectrum Computed Us ing the  STAYSL Computer Code f o r  
t h e  HEDLl  Exper iment  i n  P o s i t i o n  4-F o f  t h e  Omega West Reactor. 
Seven React ions Were Used t o  A d j u s t  a P r e v i o u s l y  Measured Spectrum. 
The D o t t e d  and Dashed L ines  Represent One Standard D e v i a t i o n .  
F l u x  Per U n i t  Le thargy  i s  Simply Energy Times F l u x .  

The 
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TABLE 4 
FLUX AND FLUENCE VALUES FOR OMEGA WEST - H E D L l  

(F luxes  normal ized t o  8.0 MW) 

F1 ux Fluence 

Energy Range, MeV ( X  1013) ( X  1019) E r r o r ,  Y, 

T o t a l  19.03 7.27 10 

Thermal 8.06 3.08 15 

>0.11 5.74 2.19 15 

>1 .o 2.82 1.08 16 
>5 .O 0.20 0.076 14 

>10.0 0.0047 0.0018 21 

Hel ium c a l c u l a t i o n s  f o r  n i c k e l  were per formed u s i n g  t h e  t o t a l  thermal f l u x  

(c.5 eV) and t h e  equa t ion  recommended by T .  G a b r i e l  (ORNL/TM-6361, 1979). 

T h i s  procedure was found t o  work q u i t e  w e l l  i n  p rev ious  t e s t s  i n  ORR. I t  i s  

i m p o r t a n t  t o  no te  t h a t  f o r  ve ry  s h o r t  i r r a d i a t i o n s ,  t h i s  equa t ion  r e q u i r e s  

more exac t  parameters. More accura te  va lues  can a c t u a l l y  be ob ta ined  a t  low 

f l u e n c e  u s i n g  t h e  f i r s t  o r d e r  expansion: 

He/M(58Ni) = 1 / 2 ( $ t ) 2  uyuu  

where O t  i s  t h e  thermal  f luence,  ayaa t h e  (n ,y )  and (n,u)  c r o s s  sec t i ons  f o r  

58Ni and 59Ni, r e s p e c t i v e l y .  Some he l i um measurements a r e  now i n  progress  f o r  

t h e  OWR by D. K n e f f  and H. F a r r a r  I V  (Rockwel l  I n t e r n a t i o n a l )  and more p r e c i s e  

he l i um va lues  w i l l  thus  be r e p o r t e d  l a t e r .  

5.3 Ana lys i s  o f  t h e  ORR-MFE4A Exper iment  

Dosimetry samples have been analyzed f rom t h e  MFE4A i r r a d i a t i o n  i n  ORR. 

exper iment  s t a r t e d  on June 12, 1980 and ended on January 20, 1981 w i t h  a t o t a l  

exposure o f  5471 MWD. Fe, N i ,  T i ,  and Co-V w i r e s  measuring about 6 "  i n  l e n g t h  

were i r r a d i a t e d  near t h e  c e n t e r  o f  t h e  assembly. S i x  r e a c t i o n s  were measured 

The 
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TABLE 5 

SPECTRAL-AVERAGED DAMAGE PARAMETERS FOR OMEGA WEST - HEOLl 

[Fluence = 7.3 x 1019 (2.2 x 1019 above 0.11 MeV)] 
(Damage c ross  sec t i ons  c a l c u l a t e d  u s i n g  ENDF/B-V.) 

Damage Energy He 

Element ffD, keV-b (eV/atom DPA (appb) 

A1 26 .O 1.9 0.028 9.5 

T i  22.7 1.6 0.016 8.5 

V 25.8 
C r  23.3 

1.8 0.019 0.31 

1.7 0.017 2.5 

Mn 23.9 1.7 0.017 1.9 

Fe 20.8 1.5 0.015 4.1 

co  20.9 

N i  21.7 

1.5 0.015 2.0 

1.6 0.016 66 .O 
(83.3 ) a 

cu  20.0 1.5 0.015 3.5 

Z r  22.3 

Nb 20.5 

1.6 0.016 0.38 

1.5 0.015 0.83 
Mo 22.2 1.6 0.011 -5 

316SSc 21.4 1.6 0.016 9.9 
(11.6)a 

aThermal process i n c l u d e d  i n  parentheses. 

bHelium c r o s s  s e c t i o n  n o t  known. 

CComposi t ion assumed t o  be Mn(2), Cr (16) ,  N i ( l O ) ,  Mo(21, Fe(7D); 
m inor  elements neglected.  

a t  f i v e  d i f f e r e n t  l o c a t i o n s  a long  the  l e n g t h  o f  t h e  w i re .  

were gamma-counted from 54Fe, 46T i ,  58Ni, and 6ONi; however, t h e  two n i c k e l  

r e a c t i o n s  cannot  be used s ince  about h a l f  o f  t h e  !j8C0 i s  conver ted  t o  6oCo 

i n  t h e  h i g h  thermal f l u x .  The thermal f l u x  was determined by coun t i ng  t h e  

(n ,y )  r e a c t i o n  products  f rom s8Fe and 59Co. 

The (n,p) r e a c t i o n s  
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Fast  gradients  were found t o  vary by l e s s  t h a n  5% along the length of the wires 
(6"). However, the thermal gradients  were l a rge r  and showed a 10% change. T h e  
measured react ion r a t e s  near the center of the  wire ( a b o u t  maximum f l u x )  are  
l i s t e d  in Tab le  6 and compared t o  those measured previously curing the ORR-MFE2 
experiment. As can be seen, the 59Co(n,v) reaction i s  about  15% higher than 
the 58Fe(n,v) r e s u l t s ,  when compared t o  previous measurements. 
thermal reac t ions  usually agree in ORR and depend primarily only on the thermal 
f lux .  This difference may be due t o  an uncertainty in the  cobal t  concentration 
in the Co-V al loy (supplied by O R N L ) .  
t h i s  a l loy  w i t h  a Co-A1 a l loy  (NBS standard) during a simultaneous neutron 
ac t iva t ion  analys is .  

I n  f a c t ,  b o t h  

Checks are now in progress t o  compare 

Fluence values were obtained using the STAYSL computer code, the four reaction 
r a t e s  i n  Table 6 ,  and a neutronics ca lcula t ion  by T .  A .  Gabriel ( O R N L ) .  T h e  
f luxes  l i s t e d  in Table 7 are normalized t o  a 30 MW power l eve l .  The f luxes 
are about 30% lower t h a n  the  neutronics ca lcula t ions .  T h e  reason f o r  t h i s  
difference i s  n o t  known and i s  under inves t iga t ion .  The thermal flux values 
are a l so  uncertain s ince the neutron temperature d i s t r ibu t ion  i s  n o t  co r rec t .  
A n  ambient (20°C) d i s t r ibu t ion  was assumed to  agree with the neutronics calcu- 
l a t i o n s .  Raising the temperature t o  the co r rec t  value (60O0C) would r a i s e  the 
thermal f lux considerably. However, t h i s  would n o t  change average thermal 
react ion ra tes  (e .g. ,  helium produc t ion  from nickel )  s ince most thermal cross 
sec t ions  have the same 1 / V  energy dependence. Hence, care must be taken t o  
use thermal f luxes properly a t  elevated temperatures. 
t o  obtain the  proper temperature and wil l  r ev i se  our  thermal f luxes accordingly. 

We are  now attempting 

Preliminary estimates can be made f o r  displacement damage and helium production. 
Using our  recently revised (ENDF/B-V)  c ross  sec t ions ,  we estimate DPA values 
of 2.6(Ni) ,  2.4(Fe),  and  2.5(316 S S ) .  Helium rates are estimated t o  be 122  
appm(Ni), 0.63 appm(Fe) ,  and 12 .7  appm(316 S S ) .  

assume a thermal fluence of 2.7 x loz1 n/cm2 and the equations in O R N L /  
TM-6361 (1979). 
with helium measurements by Rockwell In ternat ional .  Some nickel samples from 

The nickel values f o r  helium 

This procedure worked well f o r  the MFEl experiment and agreed 

26  



TABLE 6 

DOSIMETRY RESULTS FOR THE ORR-MFE4A EXPERIMENT 

(Resu l t s  normal ized t o  30 MW; accuracy +2%) 

React ion a$ (atom/atom-s) R a t i o  t o  MFE2 

54Fe( n, p )  54Mn 1.02 x 10-11 1.025 

58Fe(n,u)59Fe 1.79 x 10-1O 1.053 

5 9 ~ o ( n , v ) 6 0 ~ o a  7.17 x 10-9 1.203a 

46Ti(n,p)46Sc 1.40 x 1 O - I 2  1.022 

aBurnup c o r r e c t i o n  o f  6% included;  c o n c e n t r a t i o n  
o f  c o b a l t  i n  Co-V a l l o y  may be uncer ta in .  

TABLE 7 
FLUX AND FLUENCE VALUES FOR ORR-MFE4A 

(5471 MWO, 222 days, normal ized t o  30 MW) 

F l u x  (30 MW) 
( x i 0 1 4  n/cmZ-s) F1 uence E r r o r  

React ion  ANL ORNLa R a t i o  ( ~ 1 0 2 1  n/cm2) ( % )  

T o t a l  (5.39) 7.85 (0.69) (8.45) 10 

Thermalb(<.5 eV) (1.72) 2.51 (0.69) (2.70) 15 
0.5 eV-0.11 MeV 1.88 2.73 0.69 2.95 22 

N.11 MeV 1.79 2.61 0.69 2.81 15 

>1 MeV 0.96 1.39 0.69 1.50 14 
>2 MeV 0.51 0.75 0.68 0.80 12 

>5 MeV 0.072 0.107 0.67 0.11 15 

aT. G. G a b r i e l  (ORNL). 

bThermal temperature d i s t r i b u t i o n  n o t  c o r r e c t  (ambient  assumed) 

t h e  p resen t  exper iments a r e  now be ing  analyzed by 0. K n e f f  and H. F a r r a r  I V ,  

so p r e c i s e  he l i um data, w i l l  be a v a i l a b l e  f o r  t h e  MFE4A experiment. 
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6.0 References 

None. 

7 .O Fu tu re  Work 

F u r t h e r  measurements a re  p lanned t o  r e s o l v e  t h e  ou t s tand ing  ques t ions  concern ing 

t h e  MFE4A experiment.  Hel ium measurements a r e  i n  progress a t  Rockwell I n t e r -  

n a t i o n a l  f o r  b o t h  i r r a d i a t i o n s  i n  ORR and the  r e s u l t s  w i l l  be i n t e g r a t e d  w i t h  

t h e  r a d i o m e t r i c  da ta  t o  improve ou r  knowledge o f  he l ium p roduc t i on  f o r  these 

experiments.  More complete dos imetry  s e t s  a r e  s t i l l  be ing i r r a d i a t e d  w i t h  t he  

MFE4 samples. 

a v a i l a b l e  f o r  t h e  f i n a l  i r r a d i a t e d  samples. 

Hence, more p r e c i s e  f l uence  and damage measurements w i l l  be 

The samples f rom the  EBRII-X287 i r r a d i a t i o n  have been counted and a n a l y s i s  i s  

i n  progress. 

they  are now be ing  gamma counted. 

Samples have been rece ived  from the  HFIR-CTR32 exper iment and 

8.0 Pub1 i c a t i o n s  

A paper e n t i t l e d  "Neutron Source C h a r a c t e r i z a t i o n  f o r  Fus ion M a t e r i a l s  S tud ies "  

has been submi t ted  f o r  t h e  Second Top ica l  Meet ing on Fus ion Reactor M a t e r i a l s ,  

S e a t t l e ,  August, 1981. 
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HELIUM GENERATION CROSS SECTIONS FOR FAST NEUTRONS 

D. W .  Knef f ,  B. M. O l i v e r ,  M. M. Nakata, and Har ry  F a r r a r  I V  (Rockwell  I n t e r -  

n a t i o n a l ,  Energy Systems Group) 

1.0 O b j e c t i v e  

The o b j e c t i v e s  o f  t h i s  work a r e  t o  measure he l ium genera t i on  r a t e s  o f  mate- 

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  the  va r ious  neu t ron  e n v i r o n-  

ments 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  c h a r a c t e r i z e  these neut ron 

t e s t  environments, and t o  develop he l ium accumulat ion neu t ron  dosimeters f o r  

neu t ron  f l u e n c e  and energy spectrum dos imet ry  i n  these t e s t  environments. 

2.0 Summary 

An i n i t i a l  three- dimensional  neut ron f l u e n c e  map has been cons t ruc ted  f o r  the  

h i g h - f l u x  r e g i o n  o f  the  R o t a t i n g  Ta rge t  Neutron Source- I1 (RTNS-11) neu t ron  

f i e l d  f o r  the  j o i n t  Rockwell  I n te rna t iona l - Argonne  Na t iona l  Labora to ry  (ANL)- 

Lawrence L ivermore N a t i o n a l  Labora to ry  (LLNL) source c h a r a c t e r i z a t i o n  exper i  - 
ment. T h i s  map i s  based on the  r a d i o m e t r i c  dos imet ry  f o i l s  f rom the  i r r a d i a -  

t i o n  capsule,  and w i l l  n e x t  be c o r r e l a t e d  w i t h  the he l ium accumulat ion neut ron 

dos ime t ry  t o  produce a f i n a l  map. Hel ium analyses a re  near ing  comple t ion  f o r  

t h e  RTNS-11- ir radiated separated i so topes  o f  Fe, N i ,  and Cu. 

3.0 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 :  D. W .  Knef f  and Harry F a r r a r  I V  
A f f i l i a t i o n :  Rockwell  I n t e r n a t i o n a l ,  Energy Systems Group 

4.0 Re levant  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 II.A.4.2 T(d,n) Hel ium Gas Produc t ion  Data 
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5.0 Accomplishments and Sta tus  

An i n i t i a l  three-dimensional neutron fluence map has been constructed f o r  the 
i r r a d i a t i o n  volume of the  miniature sample assembly i r rad ia ted  a t  RTNS-I1 
f o r  source character izat ion and he1 i u m  generation cross section measurements. 
Deta i ls  o f  the experiment, a j o i n t  i r r a d i a t i o n  with ANL and L L N L ,  have been 
described i n  a previous repor t .  This i n i t i a l  map i s  based on the ANL and 
L L N L  counting r e s u l t s  from the segmented radiometric f o i l s  i r rad ia ted  i n  the  
sample assembly. A f i n a l  neutron fluence map wil l  be constructed from t h i s  
map when i t  i s  corre la ted with the fluence gradient  information from the more 
f i n e l y  segmented helium accumulation dosimetry r ings .  
for  these ring segments were completed l a s t  quar ter .  

The helium analyses 

The radiometric map ind ica tes  a decrease i n  the axia l  neutron fluence (along 
the  RTNS-I1 beam a x i s )  of about a fac to r  of 3 in the f r o n t  4 mm of the 
i r r a d i a t i o n  capsule, a gradient  s imi la r  to t h a t  found f o r  RTNS-I. (’) 
axial  f luence drop through the  8.5-mm thickness of the capsule was about a 
f a c t o r  of 6 .  
a s  c lose  a s  poss ible  t o  the RTNS t a r g e t s ,  with the RTNS-I1 capsule 0.8 mm 
(30 mi l s )  from the  f r o n t  face  of the ro ta t ing  t a r g e t  assembly. The radia l  
neutron fluence var ia t ion  across the  16-mm-diameter radiometric f o i l s  was 
about a f a c t o r  of 2 a t  the capsule f r o n t  face and about a f a c t o r  o f  1 . 3  a t  
the  capsule back face .  The capsule was o f f s e t  from the neutron source ax i s  
by about 1.1 mm. 

The 

B o t h  the RTNS-I1 and RTNS-I i r r a d i a t i o n  capsules were mounted 

The helium analyses a r e  nearing completion f o r  the RTNS-11-irradiated sepa- 
ra ted isotopes o f  Fe, Ni, a n d  Cu. 

pleted f o r  molybdenum and i t s  separated isotopes ,  will be combined w i t h  the 
f i n a l  RTNS-I1 fluence map t o  deduce 14.8-MeV T ( d , n )  t o t a l  helium generation 
cross  sec t ions .  The cross sect ions  will be reported a t  the Second Topical 
Meeting on Fusion Reactor Materials  i n  S e a t t l e  in A u g u s t .  

These r e s u l t s ,  plus those recent ly  com- 
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6.0 References 

1. D. W. Knef f ,  B. M. O l i v e r ,  M. M. Nakata, and H. F a r r a r  I V ,  " Charac te r i -  
z a t i o n  o f  t h e  RTNS-I1 Neutron F ie ld , "  i n  Damage Ana lys i s  and Fundamental 
S tud ies ,  Q u a r t e r l y  Progress Report  July-September 1980, DOE/ER-0046/3, 
U.S. Department o f  Energy (1980).  

2. D .  W. Knef f .  B. M. O l i v e r .  M.  M. Nakata. and H. F a r r a r  I V  " U ~ l i l l m  , ,._..".I. 

Genera t ion  Cross S e c t i o n s - f o r  Fas t  Neutrons," i n  Proc. Symp. on Neutron 
Cross-Sect ions f rom 10 t o  50 MeV, M. R .  Bhat and S. P e a r l s t e i n  (Eds),  
BNL-NCS-51245, Brookhaven N a t i o n a l  Labora tory ,  N.Y. (1980), p. 289. 

7.0 F u t u r e  Work 

The he l ium analyses o f  s e l e c t e d  pure  elements and separated i s o t o p e s  i r r a -  

d i a t e d  i n  t h e  RTNS- I ,  RTNS-11, and Be(d,n) neut ron spec t ra  w i l l  con t inue .  

The analyses o f  the  RTNS-11- and Be(d ,n ) - i r rad ia ted  separa ted i s o t o p e s  o f  Fe, 

N i ,  and Cu w i l l  be completed d u r i n g  the  n e x t  q u a r t e r .  

mapping o f  t h e  sample capsu le  i r r a d i a t i o n  volume w i l l  a l s o  be completed 

d u r i n g  t h i s  pe r iod .  

The R T N S - I 1  f l u e n c e  

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

None. 
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CALCULATION OF DAMAGE PARAMETERS (AKJ) 

F. M. Mann (Han fo rd  Eng ineer ing  Development Labora to ry )  

1 .o Ob jec t i ves  

The o b j e c t i v e  o f  t h i s  work i s  t o  a p p l y  nuc l ea r  da ta  t o  r a d i a t i o n  damage 

s t u d i e s .  

2.0 Summary 

The damage energy c ross  s e c t i o n s  processed ( E  < 20 MeV) from ENDF/B-V by t h e  

D I S C S  and NJOY codes were found t o  have o n l y  s l i g h t  d i f f e r e n c e s .  

CSEWG has e s t a b l i s h e d  a charged p a r t i c l e  fo rmat  f o r  ENDF/B which w i l l  a l s o  
be used f o r  neu t ron  eva lua t i ons  above 20 MeV. 

Hel ium p roduc t i on  c ross  s e c t i o n s  f rom ENDF/B-V were processed. 

3.0 Program 

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

P r i n c i p a l  I n v e s t i g a t o r :  D .  G. Doran 

A f f i l i a t i o n :  Hanford Eng ineer ing  Development Labora to ry  

4.0 Relevant DAFS Program Plan Task/Subtask 

11.6.1 C a l c u l a t i o n  o f  Defect  P roduc t ion  Cross Sec t ions  

5.0 Accomplishments and S t a t u s  

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

Because so many d i f f e r e n t  neu t ron  environments a r e  b e i n g  used i n  t h e  f u s i o n  
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program t o  determine d i f f e r e n t  m a t e r i a l  p r o p e r t y  changes, parameters such as 

f l u e n c e  o r  even f l u e n c e  above 0.1 MeV a r e  n o t  s u f f i c i e n t  t o  c h a r a c t e r i z e  

neu t ron  exposure. Rather,  t h e  number o f  d isplacements per  atom i s  i n c r e a s i n g-  

l y  b e i n g  used as t h e  r e l e v a n t  exposure parameter. 

5.2 Code Comparison 

Greenwood (ANL) has c a l c u l a t e d  damage energy c ross  s e c t i o n s  f rom ENDF/B-V (see 
r e p o r t  t h i s  i s s u e )  u s i n g  t h e  code D I S C S ( ’ ) .  

t h e  NJOY code(2)  t o  a l s o  c a l c u l a t e  damage energy c ross  s e c t i o n s .  The l a t e s t  

v e r s i o n  o f  NJOY was r u n  a t  HEDL u s i n g  t h e  same group s t r u c t u r e  and we igh t i ng  

f u n c t i o n  as those  used by Greenwood f o r  Fe. 

MacFarlane (LANL) has m o d i f i e d  

The m u l t i g r o u p  va lues were u s u a l l y  w i t h i n  3% o f  each o t h e r .  

energ ies  ( 4 0 e V )  where o n l y  cap tu re  i s  impor tan t ,  t h e  codes produce d i f f e r e n t  

r e s u l t s  ( w i t h i n  ?r 15%) because o f  d i f f e r e n t  t rea tments  o f  photon r e c o i l .  The 

va lues o f  D I S C S  l i e  between t h e  a v a i l a b l e  va lues c a l c u l a t e d  by t h e  two d i f f e r -  

e n t  t rea tments  i n  NJOY. 

t h r e s h o l d  o f  25eV, t h e  va lues o f  t h e  two codes d i f f e r  near  t h e  accepted Fe 

t h r e s h o l d  energy o f  40eV used i n  t h e  D I S C S  c a l c u l a t i o n s .  I s o l a t e d  d i s c r e p-  

anc ies  remain i n  t h e  resonance r e g i o n  and w i l l  be i n v e s t i g a t e d .  The s imp le r  

t rea tment  o f  charged p a r t i c l e  emiss ion by NJOY does n o t  produce s i g n i f i c a n t l y  

d i f f e r e n t  r e s u l t s  than D I S C S .  

A t  l o w  neu t ron  

As NJOY p r e s e n t l y  uses a m a t e r i a l  independent r e c o i l  

5.3 Damage Cross Sec t ions  a t  H igh Energ ies 

The Cross S e c t i o n  Eva lua t i on  Working Group (CSEWG) has approved a fo rmat  f o r  

charged p a r t i c l e - i n d u c e d  c r o s s  s e c t i o n s .  T h i s  fo rmat  w i l l  a l s o  be used f o r  

neut ron- induced eva lua t i ons  above 20 MeV. Because r e c o i l  energ ies  a r e  i n -  

c luded  i n  t h e  new format,  damage energy c r o s s  s e c t i o n s  can be more a c c u r a t e l y  

c a l c u l a t e d .  Other  improvements w i l l  p r o v i d e  a more complete d e s c r i p t i o n  o f  

t h e  b a s i c  n u c l e a r  c r o s s  s e c t i o n s .  The convers ion  of NJOY t o  handle t h i s  new 

format i s  c o n t i n u i n g .  F i r s t ,  however, t h e  code i s  b e i n g  m o d i f i e d  t o  handle 
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t h e  LANL Fe e v a l ~ a t i o n ' ~ ) ,  which i s  n o t  i n  t h e  new format .  

5 . 4  Gas Produc t ion  Cross Sec t ions  

Hydrogen and he l ium p roduc t i on  have been c a l c u l a t e d  f o r  t h e  m a t e r i a l s  shown i n  

Table 1, i n  55 groups u s i n g  t h e  ENDF/B-V General Purpose These c a l -  
c u l a t i o n s  suppor t  t h e  HEDL s t u d i e s  o f  t h e  c o r r e l a t i o n  o f  m a t e r i a l  p r o p e r t y  

changes w i t h  damage parameters. 

Tab le  1 

ENDF/B-V MATERIALS PROCESSED FOR GAS PRODUCTION 

M a t e r i a  1 

B-10 

B-11 

C 

N-14 

0-1 6 

Mg 
A1 

S i  

P 

S 

T i  

V 

C r  

Fe 

co 
N i  

cu 

Mat # 

1305 

1160 

1306 

1275 

1276 

1312 

1313 

1314 

1315 

1316 

1322 

1323 

1324 

1326 

1327 

1328 

1329 

Eva1 u a t o r  (Lab) Ref. 

G.Hale, L.Stewart, P.Young (LANL) 4 

C. Cowan (GE-BNL) 5 

P.Young, D.Foster Jr., G.Ha1e (LANL) 

P.Young, D.Foster Jr., G.Hale (LANL) 

D.C.Larson (ORNL) 5 

P.G.Young, D.G.Foster Jr. (LANL) 4 
Larson, Perey (ORNL), Drake (SAI ) ,  Young (LANL) 

R.Howerton (LLNL) 5 

M. D i  vadeenam (BNL) 5 

C.Y.Fu, F.G.Perey (ORNL) 6 

4 

4 

5 

C . P h i l l i s  (BUR), A.Smith (ANL), R.Howerton (LLNL) 7 

A.Smith e t  a1 (ANL), R.Howerton (LLNL) F.M.Mann 8 

9 A.Pr ince and T.W.Burrows (BNL) (HEDL) 

C.Y.Fu, F.G.Perey (ORNL) 10 

S.F.Mughabghab (BNL) 5 
M.Divadeenam (BNL) 11 

C.Y.Fu (ORNL), Drake, F r i c k e  (SAI)  5 
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SOLID AND GAS TRANSMUTATION PRODUCTION CODE DEVELOPMENT (AKJL 
F.M.Mann (Hanford Eng ineer ing  Development Labora to ry )  

1.0 O b j e c t i v e  

The o b j e c t i v e  of t h i s  work i s  t o  deve lop and ma in ta i n  a computer code system 

t o  c a l c u l a t e  t h e  amounts o f  s o l i d  and gas t ransmutants  a t  v a r i o u s  f a c i l i t i e s  

used by OFE expe r imen ta l i s t s .  

2.0 Summary 

The computer code REAC w i t h  i t s  assoc ia ted  l i b r a r i e s  has been developed and 

s u c c e s s f u l l y  used. 

3 .0  Program 

T i t l e :  I r r a d i a t i o n  E f f e c t s  Ana l ys i s  (AKJ) 
P r i n c i p a l  I n v e s t i g a t o r :  D.G.Doran 

A f f i l i a t i o n :  Hanford Eng ineer ing  Development Labo ra to r y  

4.0 Relevant  DAFS Program P1 an Task/Subtask 

I I .A .4 .5  Gas Generat ion Rates 

I I .C.4 .1  E f f e c t s  o f  S o l i d  Transmutat ion Products  on M i c r o s t r u c t u r e  

5.0 Accomplishments and S t a t u s  

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

When m a t e r i a l s  a r e  p laced  i n  neu t r on  environments,  n o t  o n l y  a r e  atoms d i s -  

p laced  f rom t h e i r  s i t e s ,  b u t  t ransmutants  a r e  a l s o  produced. 

c a l l e d  REAC has been developed t o  c a l c u l a t e  t r ansmu ta t i on  f o r  t h e  v a r i o u s  

f a c i l i t i e s  t h a t  OFE uses. 

A code system 
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5.2 Code D e s c r i p t i o n  

The code reads da ta  f rom four  l i b r a r i e s  ( f l u x ,  c ross  sec t ion ,  m a t e r i a l ,  and 

decay da ta ) ,  c o l l a p s e s  t h e  a p p r o p r i a t e  m u l t i g r o u p  f l u x  and cross  s e c t i o n s  

t o  generate r e a c t i o n  r a t e s ,  c a l c u l a t e s  t h e  t ransmuta t i ons  caused by  r e a c t i o n s  

and by  decays, and f i n a l l y  s o r t s  and p r i n t s  t h e  r e s u l t s .  

5.3 L i b r a r y  D e s c r i p t i o n  

The f l u x  l i b r a r y  c o n t a i n s  m u l t i g r o u p  spec t ra  f o r  HFIR, ORR, ETR, EBR-11, FFTF, 
UWMAK-1, RTNS-2, and FMIT. 

values f rom 

C r ,  Mn, Fe, Co, and N i .  

whenever p o s s i b l e  w i t h  o t h e r  sources used t o  f i l l  i n  gaps. 

l i b r a r y  has t h e  composi t ions of  3 heats of 316 s t a i n l e s s  s t e e l ,  304 s t e e l ,  

600 s t e e l ,  625 s t e e l ,  aluminum 6061 a l l o y ,  as  w e l l  as o t h e r  m a t e r i a l s .  The 

decay l i b r a r y  which has 625 s e t s  o f  decay da ta  i s  based on ENDF/B-V(l) and 

The cross  s e c t i o n  l i b r a r y  c o n t a i n s  m u l t i g r o u p  

eV t o  50 MeV f o r  a l l  i m p o r t a n t  r e a c t i o n s  on C,  N, A I ,  S i ,  P, 
M u l t i g r o u p  c ross  s e c t i o n s  a re  based on ENDF/B-V (1) 

The m a t e r i a l  

t he  1978 Table o f  Iso topes.  ( 2 )  

5.4 T y p i c a l  Resu l t s  

F i g u r e  1 shows the  p r e d i c t e d  t ransmuta t i on  o f  CN-13 l o t  o f  316 s t a i n l e s s  s t e e l  
when i r r a d i a t e d  i n  the  h i g h e s t  f l u x  r e g i o n  o f  FMIT. For  a f l uence  o f  1.0 x 

10 n/cm , Fe, C r ,  and S i  change by  l e s s  than 5%, w h i l e  V,  Mn, and Co show 

s i g n i f i c a n t  increases.  H and He are,  o f  course,  produced i n  l a r g e  amounts. 

23 2 

F u r t h e r  r e s u l t s  a re  d iscussed i n  t h e  r e p o r t  "The E f f e c t s  o f  Transmutat ion 

Products on S w e l l i n g  i n  316 S t a i n l e s s  S t e e l "  by  J. F. Bates, F. A. Garne r ,  

and F. M. Mann elsewhere i n  t h i s  issue.  
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7.0 Future Work 

The cross  sect ion l i b r a r y  wil l  be expanded w i t h  i n i t i a l  work planned for T i ,  
V ,  and  Mo. The code will De modified t o  include mult i- step react ions.  



COMPUTER SIMULATION OF HIGH ENERGY RECOILS I N  fcc METALS: CASCADE SHAPES 

AND SIZES - H. L. He in isch  and J .  D. V a l e t t  (Hanford Eng ineer ing  Development 

La bora t o r y )  

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

The o b j e c t i v e  o f  t h i s  work i s  t o  develop computer m d e l s  f o r  t h e  s i m u l a t i o n  

o f  h i g h  energy cascades which w i l l  be used t o  generate d e f e c t  p roduc t i on  

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

2.0 Summary 

Displacement cascades i n  copper generated b y  p r i m a r y  knock-on atoms w i t h  

energ ies  f rom 1 keV t o  500 keV were produced w i t h  t h e  computer code 

MARLOWE. The s i z e s  and o the r  f e a t u r e s  o f  t h e  p o i n t  d e f e c t  d i s t r i b u t i o n s  

were measured as a f u n c t i o n  o f  energy. 

50 keV t h e r e  i s  a t r a n s i t i o n  f rom compact s i n g l e  damage r e g i o n s  t o  cha ins  o f  

g e n e r a l l y  c l o s e l y  spaced, b u t  d i s t i n c t  m u l t i p l e  damage reg ions .  The average 

spac ing  between m u l t i p l e  damage r e g i o n s  remains cons tan t  w i t h  energy. On ly  

a smal l  f r a c t i o n  o f  t h e  r e c o i l s  f rom f u s i o n  neut rons  i s  expected t o  produce 

w i d e l y  separated subcascades. 

I n  t h e  energy range f rom 30 keV t o  

3.0 Pro gram 

T i t l e :  I r r a d i a t i o n  E f f e c t s  Ana lys i s  ( M J )  
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 1 i a t i o n :  Hanford Eng ineer ing  Development Labo ra to ry  

4 .O Relevant  DAFS Program P lan  Task/Subtask 

Subtask II.B.2.3 Cascade P roduc t i on  Methodology 
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5 .o Accomplishments and S ta tus  

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

A knowledge o f  t h e  i n i t i a l  damage s t a t e  produced i n  meta ls  b y  t h e  v a r i o u s  
neu t ron  spec t ra  o f  f u s i o n  m a t e r i a l s  t e s t  f a c i l i t i e s  i s  an e s s e n t i a l  element 

f o r  t h e  development o f  c o r r e l a t i o n  models. 

p r o d u c t i o n  o f  d isplacement damage b y  p r imary  knock-on atoms ( PKAs) p rov ide  

d e t a i l e d  i n f o r m a t i o n  on an a t o m i s t i c  s c a l e  n o t  p r e s e n t l y  a t t a i n a b l e  b y  

exper imen ta l  methods. 

d isplacement damage f rom t h e  h i g h  energy PKAs (up t o  500 keV i n  t h i s  s tudy )  

which r e s u l t  f rom i r r a d i a t i o n  by f u s i o n  neut rons.  

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

i n  these d isp lacement  cascades. The s i z e s  and shapes o f  cascades w i l l  be 
examined as a f u n c t i o n  o f  energy. The tendency t o  produce subcascades, 

i.e., m u l t i p l e ,  w i d e l y  separated r e g i o n s  o f  damage f rom t h e  same KA, i s  
a l s o  discussed. 

Computer s i m u l a t i o n s  o f  t h e  

The work r e p o r t e d  on here i s  a s i m u l a t i o n  o f  the  

The major  emphasis o f  

5.2 Computations 

F i v e  hundred f i f t y  cascades r ang ing  i n  energy f rom 1 keV t o  500 keV were 
generated i n  copper u s i n g  t h e  computer code MPRLOWE. ( ’ )  The b i n a r y  c o l -  

l i s i o n  approx imat ion  employed i n  the  MARLOWE model shou ld  be a good approx i -  

mat ion  f o r  t h e  h i g h  energy c o l l i s i o n s ,  which determine t h e  gross f e a t u r e s  o f  

h i g h  energy cascades. 

MARLOWE, i s  appa ren t l y  a reasonable  approx imat ion f o r  f a i r l y  low energy 

c o l l i s i o n s  as w e l l .  The MARLOWE parameter s e t t i n g s  used i n  t h i s  work were 

those  which have produced good agreement w i t h  many-body s i m u l a t i o n s  o f  low 

energy even ts (2 )  (20-500 eV). 

The b i n a r y  c o l l i s i o n  approximat ion,  as used i n  

To ach ieve t h e  a p p r o p r i a t e  l e n g t h s  f o r  focused c o l l i s i o n  sequences i n  low 

energy events, i t  i s  necessary t o  a l l o w  f o r  c o l l i s i o n s  t o  occur  i n  MARLOWE 

i n v o l v i n g  atoms which have as l i t t l e  as 5 eV o f  k i n e t i c  energy. 

f o r  atoms w i t h  l e s s  energy are  n o t  fo l l owed .  

C o l l i s i o n s  
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A t  t h i s  low s e t t i n g  o f  t h e  minimum energy f o r  c o l l i s i o n s ,  t h e  number o f  

atoms d i s p l a c e d  f rom t h e i r  p e r f e c t  l a t t i c e  s i t e s  becomes ex t r eme l y  l a r g e  f o r  

cascades w i t h  energ ies  o f  hundreds o f  keV. 

above 100 keV i t  was necessary t o  use a h i g h e r  minimum energy f o r  a l l owab le  

c o l l i s i o n s ,  namely 17 eV, which i s  about t h e  minimum d isp lacement  t h r e s-  

ho ld .  

he re  a r e  independent o f  t h e  va lues used f o r  t h i s  minimum energy parameter. 

I n  o rder  t o  hand le  cascades 

It was found t h a t  t h e  f e a t u r e s  o f  t h e  d e f e c t  d i s t r i b u t i o n  r e p o r t e d  on 

To s imu la te  t h e  recomb ina t ion  which occurs  as t h e  h i g h l y  e n e r g e t i c  cascade 

r e g i o n  "quenches", i .e., comes t o  thermal e q u i l i b r i u m  w i t h  t h e  su r round ing  

m a t e r i a l ,  t h e  c l o s e s t  p o i n t  d e f e c t  p a i r s  are  recombined u n t i l  t h e  remain ing 

number o f  p a i r s  i s  equal  t o  a va lue  e x t r a c t e d  f rom r e s i s t i v i t y  measurements 

on copper i r r a d i a t e d  a t  %4K. ( 3 )  

The dimensions o f  t h e  quenched (recombined) cascades were determined f o r  t h e  

d i s t r i b u t i o n s  o f  vacancies on ly .  The maximum dimension o f  t h e  vacancy d i s -  

t r i b u t i o n  was determined, as w e l l  as t h e  dimensions a long  and t r ansve rse  t o  

t h e  o r i g i n a l  PKA d i r e c t i o n .  

t h e i r  shapes and t h e  f o rma t i on  o f  subcascades was determined f r om  t h r e e -  

d imens iona l  g r a p h i c  r ep resen ta t i ons  and two-dimensional  d e f e c t  d e n s i t y  maps. 

I n f o r m a t i o n  on o t h e r  cascade f e a t u r e s  such as 

5.3 Resu l t s  

It was r e p o r t e d  p r e v i o u s l y  f o r  MPRLOWE cascades i n  copper(4) t h a t  t h e  number 

o f  d e f e c t  p a i r s  rema in ing  a f t e r  quenching recomb ina t ion  was i n  good agree- 

ment w i t h  va lues e x t r a c t e d  f r om  r e s i s t i v i t y  measurements f o r  PKA energ ies  up 
t o  100 keV, u s i n g  a recomb ina t ion  volume which i s  independent o f  energy. It 

was a l s o  r e p o r t e d  t h a t  s imu la ted  sho r t - t e rm  annea l ing  o f  i s o l a t e d  cascades 
was found c o n s i s t e n t  w i t h  Stage I r e s i s t i v i t y  recovery  measurements. The 

h i g h e r  energy cascades generated f o r  t h e  p resen t  work were s i m i l a r l y  recom- 

b i n e d  and annealed. The r e s u l t s  show t h e  same cons is tency  w i t h  exper imen ta l  

measurements as r e p o r t e d  f o r  t h e  lower  energy cascades. Thus, these  s imp le  

models o f  cascade quenching and annea l ing  have now been s u c c e s s f u l l y  a p p l i e d  

t o  cascades o f  up  t o  500 keV. 
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Cascade model ing s t u d i e s  w i t h  MAQLOWE have a l s o  been performed r e c e n t l y  f o r  

C U ~ A U . ' ~ )  The s i z e s  o f  MPRLOWE d e f e c t  d i s t r i b u t i o n s  f o r  Cu PKAs i n  ordered 

Cu3Au compare f a v o r a b l y  w i t h  t h e  s i z e s  o f  d i so rde red  r e g i o n s  measured f rom 

e l e c t r o n  micrographs of ordered Cu3Au i r r a d i a t e d  w i t h  CU' ions.  

ment i s  ob ta ined  a t  energ ies  above 50 keV o n l y  i f  t h e  smal l  f o i l  th icknesses 
necessary f o r  t h i s  type o f  microscopy i s  taken i n t o  account.) Thus, MPRLOWE 

cascades i n  copper have been compared f a v o r a b l y  w i t h  s e v e r a l  exper imenta l  

measurements. 

(Agree-  

I n  general ,  t h e  h igh  energy cascades appear t o  be  made up o f  c o l l e c t i o n s  of 

lower  energy cascades, sometimes cont iguous, sometimes w i d e l y  separated. 

They c o u l d  be desc r ibed  as cha ins made o f  d i f f e r e n t  s i z e  l i n k s ,  each l i n k  

o r i e n t e d  i n  a d i f f e r e n t  d i r e c t i o n .  F igu res  l a - b  i l l u s t r a t e  some d e f e c t  

d i s t r i b u t i o n s  r e s u l t i n g  f r om  200-keV cascades. F i g u r e  l a  compares a 200-keV 
cascade w i t h  a 20-keV cascade. The wide sepa ra t i on  between ma jo r  damage 

areas i n  t h e  200-keV cascade i s  n o t  a r a r e  event,  b u t  n o t  t y p i c a l  o f  a l l  

200-keV cascades. F igu re  l b  i l l u s t r a t e s  a 200 keV cascade which has damage 

r e g i o n s  somewhat more t y p i c a l ,  except  t h a t  t h e y  appear t o  emanate from a 

c e n t r a l  p o i n t  i n  s t a r l i k e  f a s h i o n  r a t h e r  than  t h e  more usua l  cha in  con- 

f i g u r a t i o n .  

Because o f  t h e i r  i r r e g u l a r i t y ,  i t  i s  d i f f i c u l t  t o  desc r i be  t h e  t r u e  l e n g t h s  

o r  volumes o f  t h e  h i g h  energy cascades i n  q u a n t i t a t i v e  terms. 

a t tempts  were made t o  o b t a i n  q u a n t i t a t i v e  c h a r a c t e r i z a t i o n  o f  t h e  cascades. 

The maximum e x t e n t  of each cascade, Rmax, which was taken as t h e  d i s t a n c e  
between t h e  two most w i d e l y  separated vacancies, was determined. 

imum e x t e n t  p a r a l l e l  t o  t h e  PKA d i r e c t i o n ,  A Z ,  and t h e  cor responding t r a n s -  

verse  dimensions, A X  and AY,  were a l s o  determined. F i g u r e  2 shows the  

average va lues o f  Rmax as a f u n c t i o n  o f  K A  energy, E. 

f i t  t o  t h e  p o i n t s  and i s  desc r ibed  b y  t h e  f u n c t i o n  Rmax = 3.25 E '  

w i t h  Rma, i n  l a t t i c e  parameters and E i n  keV. 

However 

The max- 

The l i n e  i s  a b e s t  
78 , 
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FIGURE l a .  A comparison o f  ZOO-keV and 20-keV cascades, vacancies on ly ,  
a f t e r  recombinat ion.  
r i g h t  i n  a d i r e c t i o n  approx imate ly  a long  which t h e  vacancies 
now l i e .  The l e n g t h  o f  t h i s  cascade i s  278 l a t t i c e  
parameters (100 nm). 

The 200-keV FKA began a t  t h e  lower  
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FIGURE l b .  A 200-keV cascade, w i t h  both  vacancies ( s m a l l  boxes) and i n t e r -  
s t i t i a l s  ( d o t s ) ,  a f t e r  recombinat ion.  The FKA began a t  t h e  lower  
l e f t .  The cube s i d e  i s  125 l a t t i c e  parameters (45  nm). 

Dens i t y  maps o f  t h e  d e f e c t  d i s t r i b u t i o n  were p l o t t e d  i n  two o r  t h r e e  o r t h o -  

gonal  views, and t h e y  were analyzed t o  o b t a i n  t h e  average number and separa-  

t i o n s  o f  t h e  d i s t i n c t  segments o f  which t h e  cascades a re  composed. I n  o r d e r  

t o  have the  g r e a t e s t  p o s s i b l e  d e n s i t i e s  o f  d e f e c t s  t o  d e f i n e  t h e  cascade 

segments, t h e  d e n s i t y  maps i n c l u d e d  b o t h  vacancies and i n t e r s t i t i a l s  w i t h  no 

quenching recombinat ion.  A t y p i c a l  d e n s i t y  map i s  shown i n  F i g u r e  3. 
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3 
E a 

PKA ENERGY, keV 

F i g u r e  2. The average maximum e x t e n t  i n  l a t t i c e  parameters o f  s imu la ted  
cascades i n  copper as a f u n c t i o n  o f  PKA energy, measured on t h e  
vacancy d i s t r i b u t i o n  o n l y ,  a f t e r  recombinat ion.  E r r o r  b a r s  on a l l  
f i g u r e s  a re  one s tandard d e v i a t i o n .  

1 )  w i d e l y -  Three c a t e g o r i e s  o f  sub- reg ions o f  t h e  cascades were i d e n t i f i e d :  

separated subcascades, f o r  which t h e  edge t o  edge separa t ions  are  a t  l e a s t  
as l a r g e  as t h e  subcascade diameter,  2) c l o s e  subcascades, f o r  which t h e  

edge t o  edge sepa ra t i on  i s  a t  l e a s t  6 l a t t i c e  parameters (about  t h e  d iameter  

o f  t h e  average 2 keV cascade), and 3)  lobes, which appear as cont iguous b u t  

i d e n t i f i a b l y  separate  p a r t s  o f  t h e  cascade. 

t h e  average 2 t o  3 keV cascade were n o t  cons idered as separa te  lobes o r  

subcascades. They were e i t h e r  assoc ia ted  w i t h  ano ther  l o b e  o r  ignored.  

I n d i v i d u a l  subcascades o f t e n  have s e v e r a l  lobes.  

D i s t i n c t  r e g i o n s  sma l l e r  than 

F i g u r e  4 shows t h e  average number o f  l obes  and subcascades per  cascade as a 

f u n c t i o n  o f  energy. 

w ide ly- separa ted  subcascades. 

The ca tego ry  "subcascade" i n c l u d e s  bo th  c l o s e  and 

"Lobes" r e f e r s  t o  t h e  t o t a l  number o f  lobes 
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F i g u r e  3. Dens i t y  map f o r  p a r t  o f  a 200-keV cascade i n  copper. 
d i r e c t i o n  i s  i n t o  t h e  page, and i t  began a t  a p o i n t  about 2 2  
l a t t i c e  parameters down f rom t h e  t o p  o f  t h e  p i c t u r e .  
r ep resen t s  t h e  number of p o i n t  d e f e c t s  (bo th  vacancies and 
i n t e r s t i t i a l s )  which f a l l  i n  a square o f  s i d e  2 l a t t i c e  parameters 
cen te red  on t h e  l o c a t i o n  o f  t h e  number. 
a r e  rep resen ted  b y  sma l l  l e t t e r s  o f  t h e  a lphabet .  

The PKA 

Each number 

Numbers g r e a t e r  than  9 
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i n  each cascade rega rd l ess  o f  t h e  subcascade s t r u c t u r e .  

e x h i b i t  some l o b e - l i k e  i r r e g u l a r i t i e s ,  t h e r e f o r e  t h e y  were analyzed. 

However, t h e  t r u e  m u l t i p l e  r e g i o n  cascade s t r u c t u r e  occurs  a t  about 50 keV 

and above. Both lobes  and subcascades p e r  cascade inc rease  approx imate ly  

l i n e a r l y  w i t h  energy. The f requency o f  occurrence o f  w i d e l y  separated 

subcascades i s  about 5% o f  t h e  cascades a t  50 keV, and the  f requency 

increased l i n e a r l y  w i t h  energy t o  a l e v e l  o f  50% a t  500 keV. 

The 20-keV cascades 

c I I I 1 

SUB-CASCADES 

1 I I I I I 
100 200 300 400 500 

PKA ENERGY. kaV 

F i g u r e  4. The number o f  subcascades and lobes  p e r  PKA i n  copper cascades as 
a f u n c t i o n  o f  K A  energy. 

F i g u r e  5 shows t h e  average c e n t e r  t o  c e n t e r  sepa ra t i on  o f  l obes  as a f u n c-  

t i o n  o f  energy. 

were produced. 

g r e a t e r  than  50 keV. The e r r o r  b a r s  i n d i c a t e  a l a r g e  v a r i a t i o n  i n  separa- 

t i o n  l e n g t h s  p a r t l y  because o f  t h e  s m a l l e r  sample s i z e s  o f  t h e  h i g h e r  energy 

cascades, and p a r t l y  because, b y  t h e  conven t ion  used i n  t h e  ana lys is ,  some 

l o b e  sepa ra t i ons  i n c l u d e  t h e  l a r g e  subcascade separa t ions .  

Measurements were made f rom l o b e  t o  l o b e  i n  t h e  o r d e r  t h e y  

The average sepa ra t i on  o f  lobes i s  cons tan t  f o r  energ ies  
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F i g u r e  5 .  The average l o b e  sepa ra t i on  i n  l a t t i c e  parameters as a f u n c t i o n  o f  
PKA energy. 

5.4 D iscuss ion  

A t  energ ies  g r e a t e r  than about 50 keV t h e  cascade shapes become q u i t e  

i r r e g u l a r .  

r e g i o n  o f  t h e  c r y s t a l  occupied b y  d e f e c t s  f o r  each cascade can e a s i l y  be 

done o n l y  i n  a r a t h e r  crude way. 

t ransverse  t o  ( A X  and AY)  t h e  PKA d i r e c t i o n  were determined f o r  each cascade. 

A q u a n t i t a t i v e  de te rm ina t i on  o f  t h e  shape and volume o f  t h e  

The maximum dimensions a long ( A Z )  and 

I n  Table 1 t h i s  i n f o r m a t i o n  i s  presented i n  t h e  form o f  r a t i o s .  N e i t h e r  t h e  

r a t i o  of Rmax t o  A Z  nor  t h e  aspect r a t i o  r e l a t i v e  t o  t h e  P K A  d i r e c t i o n  

g i v e  an i n d i c a t i o n  o f  t h e  d r a s t i c  d i f f e r e n c e s  between c o n f i g u r a t i o n s  o f  t h e  

d e f e c t s  a t  low and h i g h  energ ies ,  as i l l u s t r a t e d  b y  F i g u r e  l a .  The dimen- 

s i o n s  A X ,  A Y ,  and A Z  d e f i n e  a r e c t a n g u l a r  p a r a l l e l e p i p e d  which c o n t a i n s  t h e  

cascade. A t  low energ ies  t h i s  volume i s  occupied ' f a i r l y  dense ly  b y  d e f e c t s ,  

whereas f o r  t h e  h i g h l y  i r r e g u l a r  h i g h  energy cascades a l a r g e  f r a c t i o n  o f  

t h i s  volume i s  f r e e  o f  d e f e c t s .  Whi le  t h i s  measure o f  cascade dimensions 

does n o t  adequate ly  r e f l e c t  t h e  change i n  n a t u r e  o f  t h e  cascade c o n f i g u r a-  

t i o n  w i t h  energy, i t  neve r t he l ess  p r o v i d e s  an i n d i c a t i o n  o f  t h e  volume of 



c r y s t a l  under t h e  i n f l u e n c e  o f  t h e  cascade. Hence, i t  may b e  u s e f u l  i n  

e s t i m a t i n g  t h e  amount o f  cascade o v e r l a p  t o  be expected a t  a g i v e n  f l u e n c e .  

TABLE 1 

AVERAGES OF Rmax/ Z AND THE ASPECT RATIO 

E (keV) 

1 

2 

5 
10 

20 

30 

50 

100 

200 

500 

Rmax/AZ 

1.38 

1.29 

1.39 

1.38 

1.53 

1.36 

1.42 

1.37 

1.25 

1.16 

Asoect R a t i o  

1.99 

1.77 

1.26 

1.61 

1.32 

1.38 

1.47 

1.58 

1.89 

1.92 

The cascade i n  F i g u r e  l a  e x h i b i t s  w i d e l y  separated subcascades, perhaps 

produced b y  t h e  phenonemon o f  " quas i- channel ing" .  Based on t h e  p resen t  

sample o f  cascades, w i d e l y  spaced damage r e g i o n s  occur  no more than  20% o f  

t h e  t ime  f o r  cascades o f  200 keV o r  less,  and o n l y  r a r e l y  below 50 keV. 

o n l y  a few cases d i d  t h e  subcascade sepa ra t i on  exceed 2 o r  3 t imes  t h e  
average Rmax f o r  cascades o f  t h a t  energy. 

produced i n  copper b y  14-MeV neutrons,  w i d e l y  separated subcascades would 

be t h e  excep t ion .  

I n  

Thus, f o r  m s t  o f  t h e  PKAs 
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I n d i v i d u a l  l o b e  s i z e s  were n o t  measured, b u t  few lobes a t  any energy 

exceeded t h e  dimensions o f  a 30 keV cascade. Thus, one m igh t  c h a r a c t e r i z e  

t h e  h i g h  energy cascades i n  copper as a s e r i e s  o f  most ly- connected 5 t o  

30 keV cascades separated by an average spac ing ( F i g u r e  5 )  o f  243 l a t t i c e  

parameters (15.5 nm). Indeed, t h e  average number of lobes i n  a cascade 

( F i g u r e  4)  i s  approx imate ly  equal  t o  t h e  PKA energy d i v i d e d  b y  30 keV. 

Concerning l o o p  f o r m a t i o n  i n  cascades, t h e  genera l  c o n f i g u r a t i o n s  o f  these 

cascades, e s p e c i a l l y  t h e  segmented nature ,  would l e a d  one t o  t h e  conc lus ion  

t h a t ,  i f  t h e  vacancy d i s t r i b u t i o n s  c o l l a p s e  t o  form loops d u r i n g  cascade 

quenching, then t h e y  should  have an average s i z e  on t h e  o r d e r  o f  those t h a t  

fo rm f rom 30 keV PKAs. Also, t h e  number o f  loops p e r  cascade shou ld  inc rease  

w i t h  PKA energy. These conc lus ions  are  c o n s i s t e n t  w i t h  e l e c t r o n  microscope 

observa t ions  o f  copper i r r a d i a t e d  w i t h  s e l f - i o n s 6  as w e l l  as w i t h  h i g h  
energy neu t rons  f rom R T N S - I I . ~  

lobes c o u l d  p robab ly  produce some l a r g e r  loops, b u t  appa ren t l y  a v e r y  l a r g e  

l o o p  f rom a s i n g l e  h i g h  energy cascade c o u l d  be  accomplished o n l y  through 

t h e  d i f f u s i o n  o f  d e f e c t s  over  d i s t ances  o f  hundreds of l a t t i c e  parameters.  

I n t e r a c t i o n s  among d e f e c t s  f r om  ad jacen t  

6 .O 
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7 .o Futu re  Work 

I n t e r a c t i o n s  of cascades d u r i n g  s h o r t  t e rm  annea l ing  w i l l  be i n v e s t i g a t e d  

a long  w i t h  s imp le  models o f  cascade quenching. 

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

T h i s  paper w i l l  be  presented a t  t h e  Second T o p i c a l  Meet ing on Fus ion Reactor 

M a t e r i a l s ,  S e a t t l e ,  August, 1981. 
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THE EFFECT OF IRRADIATION ON THE ORDER/DISORDER TRANSFORMATION I N  CuPd - 
G. L. K u l c i n s k i ,  R .  A.  Dodd, and R. Zee ( U n i v e r s i t y  o f  Wisconsin-Madison) 

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

The o b j e c t i v e  i s  t o  s tudy  t h e  d i s o r d e r i n g  and r e o r d e r i n g  c h a r a c t e r i s t i c s  o f  t h e  

ordered CuPd system under 14-MeV copper and 14.8-MeV neu t ron  i r r a d i a t i o n s  us ing  

w s i s t i v i  t y  and t r ansm iss i on  e l e c t r o n  microscopy. 

2.0 Summary 

Th is  r e p o r t  covers  t h e  i n v e s t i g a t i o n  o f  damage s t r u c t u r e  o f  i n i t i a l l y  ordered 

CuPd under d i f f e r e n t  i r r a d i a t i o n  c o n d i t i o n s .  Resu l t s  o f  i r r a d i a t i o n  w i t h  14-MeV 

copper i o n s  show t h a t  t h e  ordered s t r u c t u r e  d isappears  a t  temperatures below 

200°C a f t e r  0.2 dpa when i r r a d i a t e d  a t  a dose r a t e  o f  dpa /sec .  D iso rdered  

zones a re  formed randomly throughout  t h e  e n t i r e  m a t e r i a l .  

temperature (250 t o  550°C) was n o t  capable o f  d i s o r d e r i n g  t h e  same a l l o y  system 

due t o  t h e  h i g h  m o b i l i t y  o f  vacanc ies.  

i n d i c a t e  t h a t  t h e  r e o r d e r i n g  process i s  a c l a s s i c a l  n u c l e a t i o n  and growth type.  

I r r a d i a t i o n  a t  h i g h  

Resu l t s  o f  p o s t i r r a d i a t i o n  annea l i ng  

Low temperature (4.1"K) 14.8-MeV neu t ron  i r r a d i a t i o n  o f  ordered and d i so rde red  

CuPd p r o v i d e s  a replacement t o  d isp lacement  r a t i o  o f  70. 

anea l i ng  i n d i c a t e s  t h a t  i n t e r s t i t i a l  m i g r a t i o n  i s  r espons ib l e  f o r  some r e o r d e r i n g .  

Vacancy m i g r a t i o n ,  however, i s  s t i l  1 t h e  main mechanism f o r  r e o r d e r i n g .  

P o s t i r r a d i a t i o n  an- 

3.0 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 :  G. L. K u l c i n s k i ,  R .  A.  Dodd, (Exper imental  work 

performed by R. Zee) 

R a d i a t i o n  Damage S tud ies  f o r  Fus ion Reactors 

A f f i l i a t i o n :  U n i v e r s i t y  o f  Wisconsin-Madison 

4.0 Relevant  DAFS Program T a s k / S u b W  

Subtask I I . C . l . l  Phase S t a b i l i t y  Mechafiism Experiments 
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5.0 Accomplishments and S t a t u s  

5.1 14-MeV Copper I r radia t ion  

All the i n i t i a l l y  ordered CuPd samples are disordered when i r r ad ia ted  with 14 

MeV copper ions a t  temperatures between 23°C and 200°C a t  doses as low as  0.2 
dpa a t  a damage r a t e  of  loT3 dpa/sec. 
structure representa t ive  of these disordered samples i n  two d i f f e r e n t  magnifi- 
cat ions.  
parameter corresponds t o  t h a t  of a random fcc phase. 
structure belongs t o  a CsCl bcc type (82). Therefore, i r r ad ia t ion  n o t  only 
destroys the ordered s t ruc tu re  b u t  a lso  transforms the basic l a t t i c e  from bcc 
t o  fcc. This i s  because the f r e e  energy of the ordered 82 phase increases 
with decreasing order S. 
the f ree  energy of the random fcc phase becomes lower, thus allowing the  for- 
mation of t h i s  

Figure l ( a )  and l ( b )  show the damage 

A d i f f r a c t i o n  pattern i s  included in the inse r t .  The basic l a t t i c e  
The original  order 

The increase in t h i s  case i s  la rge  enough so t h a t  

Diffusion plays l i t t l e  o r  no r o l e  in the transformation since vacancies a r e  
imnobile u p  t o  2 5 O O C  as  indicated by a separate annealing experiment of a 
quenched wire. The damage s t ruc tu re  shown in Figure 1 cons i s t s  mainly of 
microtwins and internal  f a u l t s  ins ide  0.1 micron diameter disordered c l u s t e r s .  
The microtwins are  formed in order t o  re l ieve  the  s t r e s s  induced by the volu- 
metric change accompanying the  phase transformation. 

A lower dose sample i r radia ted  a t  23°C t o  only 0.05 dpa shows the  co-existence 
of ordered and disordered materials.  This i s  shown in Figure 2 along with the  
d i f f r a c t i o n  pattern in the inse r t .  The d i f f r ac t ion  pattern has spots corre- 
sponding t o  both the  (100) super l a t t i ce  r e f l ec t ions  (arrowed) as  well a s  the 
disordered ref lec t ions .  Figure 2 ( a )  i s  a br ight  f i e l d  and 2(b) and 2 (c )  are 
da rk  f i e l d  images using a (100) super l a t t i ce  r e f l ec t ion  and a disordered re- 
f l ec t ion .  The d i r e c t  angular corre la t ion  between the (100) super l a t t i ce  spots 
and the disordered pattern in the  d i f f r ac t ion  i n s e r t  indica tes  t h a t  t he  orien-  
t a t i o n  of the  product and parent phases i s  related.  
typical  of the  formation of semi-coherent p rec ip i t a t e s .  

This cha rac te r i s t i c  i s  
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Figure 3(a)  and 3(b) show a b r i g h t  and a dark f i e l d  image using (100) super- 
l a t t i c e  re f l ec t ion  from a sample i r rad ia ted  a t  23°C t o  0.06 dpa b u t  a t  a lower 
damage r a t e  of 2 x dpa/sec. This sample i s  s t i l l  highly ordered. The 
dark f i e l d  image i n  Figure 3(b) shows t h a t  the basic damage i s  microtwins 
which are  probably created t o  re l i eve  the  induced s t r e s s  discussed e a r l i e r .  

A t  temperatures above 25OOC. i r r a d i a t i o n  a t  a r a t e  as  h i g h  as  
unable t o  disorder the ordered s t ructure .  This i s  most l i k e l y  because the 
vacancies a r e  very mobile i n  t h i s  temperature range and reorder any disorder  
induced by i r rad ia t ion .  
h i g h  thermal reordering r a t e  observed i n  the same temperature range. 

dpa/sec i s  

The h i g h  mobility of vacancies i s  confirmed by the 

Figure 4 i s  a plot  o f  the  var ia t ion  of steady s t a t e  degree o f  order w i t h  ir- 
radia t ion temperature a t  a displacement r a t e  of dpa/sec. The phase 
diagram modified by such i r r a d i a t i o n  i s  shown i n  Figure 5. A t  temperatures 
below 25OoC, order structure i s  destroyed due t o  low reordering rate. 

Result of post- i r radia t ion annea l ing  shows t h a t  reordering (recovery) does n o t  
occur unt i l  260°C. A t  this  temperature, small ordered nuclei of about 0.5 

microns i n  diameter a r e  formed i n  the  disordered matrix. The order-disorder 
material forms a sharp boundary a s  shown i n  Figure 6 (a )  and 6(b) .  A t  310°C, 
almost the  e n t i r e  matrix i s  transformed (ordered). Figure 6(c)  shows the 
f ina l  grain s t r u c t u r e  of the transformed material .  The recovery i s  typical  of 
a c lass ica l  nucleation and growth phenomena which i s ,  of course, e n t i r e l y  
d i f fe ren t  from the  disordering process. 

5.2 14.8-MeV Neutron I r rad ia t ion  

Two CuPd f o i l s ,  one ordered and one disordered were i r rad ia ted  a t  RTNS-I1 up 
t o  a fluence - 1.6 x 10 1 7  neutrons/cm2. 
ta ined a t  4.3"K. Figure 7(a)  and 7(b) give the r e s i s t i v i t i e s  of these  two 
samples as a function of neutron fluence. 
ordered sample i s  due t o  the simultaneous production of point defects  and dis- 
ordering whereas i n  t h e  disordered sample, only t h e  former e f f e c t  needs t o  be 

The i r r a d i a t i o n  temperature was main- 

The increase in r e s i s t i v i t y  in t h e  
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5.0 Accomplishments and Status  

5.1 14-MeV Copper I r rad ia t ion  

All the i n i t i a l l y  ordered CuPd samples a re  disordered when i r rad ia ted  with 14 
MeV copper ions a t  temperatures between 23OC and 200°C a t  doses a s  low as  0.2 
dpa a t  a damage r a t e  of dpa/sec. Figure l ( a )  and l ( b )  show the  damage 
s t ruc tu re  representat ive of these disordered samples in  two d i f f e r e n t  magnifi- 
cat ions.  
parameter corresponds t o  t h a t  of a random fcc phase. 
s t ruc tu re  belongs t o  a CsCl bcc type (B2) .  
destroys the  ordered structure b u t  a l so  transforms t h e  bas ic  l a t t i c e  from bcc 
t o  fcc. 
w i t h  decreasing order S. 
t he  f r e e  energy of the  random fcc phase becomes lower, thus allowing the  for- 
mation of this phase.(lY2) 

A d i f f r ac t ion  pat tern i s  included in the  in se r t .  The basic l a t t i c e  
The or iginal  order 

Therefore, i r r ad i a t ion  not only 

This i s  because the  f r e e  energy of the  ordered B2 phase increases 
The increase i n  t h i s  case is la rge  enough so t h a t  

Diffusion plays l i t t l e  o r  no ro l e  in the transformation s ince  vacancies a re  
imnobile u p  t o  25OOC a s  indicated by a separate annealing experiment of a 
quenched wire. The damage structure shown i n  Figure 1 cons i s t s  mainly of 
microtwins and internal  f a u l t s  inside 0.1 micron diameter disordered c lus t e r s .  
The microtwins a re  formed i n  order t o  r e l i eve  the  s t r e s s  induced by the volu- 
metric change accompanying the phase transformation. 

A lower dose samole i r rao ia reo  ax LS-L TO oniv 0.05 dpa shows the co-existence 
of ordl m i n  Figure 2 along w i t h  the 
d i f f r a  In pat tern has spots corre- 
sponding t o  both the (100) supe r l a t t i ce  r e f l ec t ions  (arrowed) a s  well a s  the 
disordered re f lec t ions .  Figure 2(a)  i s  a b r i g h t  f i e l d  and 2(b) and 2(c)  a re  
dark f i e l d  images using a (100) supe r l a t t i ce  r e f l ec t ion  and a disordered re-  
f l ec t ion .  The d i r e c t  angular cor re la t ion  between the  (100) supe r l a t t i ce  spots 
and the disordered pat tern i n  the d i f f r ac t ion  insert ind ica tes  t h a t  the orien-  
t a t i o n  of the  product and parent phases i s  re la ted.  This cha rac t e r i s t i c  i s  
typical  of the formation of semi-coherent prec ip i ta tes .  
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F 

FIGURE 1. T y p i c a l  Damage S t r u c t u r e ,  shown i n  two m a g n i f i c a t i o n s ,  8 f  i n i t i a a l y  
ordered CuPd i r r a d i a t e d  w i t h  14-MeV copper i o n s  f rom 23 C t o  200 C 
t o  Doses Above 0.2 dpa. D i f f r a c t i o n  p a t t e r n  i s  i nc luded .  
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FIGURE 2. A Bright Field Image of the Dama e Structure or a bample Irradiated 
at 23 C to 0.05 dpa at 1.4 x IO-! dpa/s is shown in (a). The 
corresponding dark field images using (100) superlattice spot 
(arrowed) and a disordered spot are shown in (b)  and (c). " 
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Figure 3(a)  and 3(b) show a bright  and a dark f i e l d  image using (100) super- 
l a t t i c e  re f l ec t ion  from a sample i r r ad ia ted  a t  23°C t o  0.06 dpa b u t  a t  a lower 
damage r a t e  of 2 x dpa/sec. This sample i s  s t i l l  highly ordered. The 
dark f i e l d  image i n  Figure 3(b) shows t h a t  the  basic damage i s  microtwins 
which a re  probably created t o  re l i eve  the  induced s t r e s s  discussed ea r l i e r .  

A t  temperatures above 25OoC, i r r ad ta t ion  a t  a r a t e  a s  high as 
unable t o  disorder  the  ordered structure.  
vacancies a r e  very mobile i n  th is  temperature range and reorder any disorder 
induced by i r radia t ion .  
h i g h  thermal reordering r a t e  observed in the  same temperature range. 

dpa/sec i s  
This i s  most l i k e l y  because the  

The h i g h  mobility of vacancies is confirmed by the  

Figure 4 is a plot  of the var ia t ion  of steady s t a t e  degree of order w i t h  i r -  
radiat ion temperature a t  a displacement r a t e  of dpa/sec. The phase 
diagram modified by such i r rad ia t ion  i s  shown i n  Figure 5. 

below 25OoC, order structure i s  destroyed due t o  low reordering ra te .  

A t  temperatures 

Result of post- i r radia t ion annealing shows t h a t  reordering (recovery) does not 
occur unti l  260°C. A t  t h i s  temperature, small ordered nuclei of about 0.5 
microns i n  diameter a re  formed i n  the disordered matrix. The order-disorder 
material forms a sharp boundary a s  shown i n  Figure 6(a)  and 6(b). A t  310°C, 
almost the  e n t i r e  matrix i s  transformed (ordered). Figure 6 (c )  shows the  
f inal  grain s t ruc tu re  of the  transformed material.  The recovery is typical  of 
a c lass ica l  nucleation and growth phenomena which is ,  of course, e n t i r e l y  
d i f fe ren t  from the  disordering process. 

5.2 14.8-MeV Neutron I r radia t ion  

Two CuPd f o i l s ,  one ordered and one disordered were i r rad ia ted  a t  RTNS-I1 up 
t o  a f luence - 1.6 x 1017 neutrons/cm'. The i r rad ia t ion  temperature was main- 
tained a t  4.3%. Figure 7(a) and 7(b) give the  r e s i s t i v i t i e s  of these two 
samples a s  a function of neutron fluence. The increase i n  r e s i s t i v i t y  i n  t h e  
ordered sample is due t o  the  simultaneous production of point defects  and dis-  
ordering whereas in the  disordered sample, only the  former e f f e c t  needs t o  be 
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FIGURE 3. B r i g h t  Field ( a )  and Dark Field (b) Images o f  a CuPd Sample I r r ad i-  
ated a t  23OC t o  0.06 dpa a t  2 x 10-4 dpa/s. The dark f i e l d  image 
uses the (100) supe r l a t t i ce  r e l f ec t ion  (arrowed). 
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FIGURE 5. Phase Diagram o f  CuPd as M o d i f i e d  b y  I r r a d i a t i o n  Descr ibed i n  
F i g u r e  4. 
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considered. 

replacement t o  d isp lacment  r a t i o  (CR/CF). 
f o r  such r a t i o  as: 

The s lopes o f  these  curves can be u t i l i z e d  t o  determine t h e  
B e ~ k e r ( ~ )  ob ta ined  an express ion  

(Equat ion  1) 

wher (dAp/dot)Ord and (dAp/d@t)dis a r e  t h e  s lopes o f  F i g u r e  7 (a)  and 7(b) 

r e s p e c t i v e l y ,  and APF i s  t h e  r e s i s t i v i t y  pe r  u n i t  concen t ra t i on  o f  Frenkel  

pa i r s .  The va lue  APF = 2.5 x Q-cm w i l l  be used. Th i s  i s  ob ta ined  f rom 

pure copper da ta  which i s  a good approx imat ion f o r  CuPd. The r e s i s t i v i t y  

i nc rease  per  u n i t  c o n c e n t r a t i o n  o f  replacement, APR, can be  c a l c u l a t e d  us ing  

t h e  method developed by Becker and us ing  Landauer's t heo ry (4 )  f o r  r e s i s t i v i t y  
o f  a t w o  component system. Th i s  g i v e s  APR = 6 x 10-6 a-cm. 

With a l l  these  parameters, Equat ion 1 g i ves  CR/CF = 70. This agrees we l l  w i t h  

CR/CF = 80 f o r  f a s t  neu t ron  i r r a d i a t i o n  o f  Cu3Au by K i r k  and B l e ~ i t t ( ~ )  and 

suggests t h a t ,  i n  t e rm  o f  replacement e f f i c i e n c y ,  f a s t  and f u s i o n  neut rons a r e  

q u i t e  s i m i l a r .  

PKAs than  a 1 MeV-neutron, t h e  e x t r a  energy from t h e  14 MeV-neutron i s  more 

l i k e l y  t o  produce subcascades r a t h e r  than  a supercascade. 

by t h e  TEM work o f  Eng l i sh  and Jenkins.(6) 

Even though a 14-MeV neut ron  can t r a n s f e r  more energy t o  t h e  

Th is  i s  conf i rmed 

F i g u r e  8(a) and 8(b)  shows t h e  n m e r i c a l  d i f f e r e n t i a l  i sochrona l  annea l ing  re-  

s u l t s  o f  t h e  ordered and d i so rde red  samples a f t e r  neu t ron  i r r a d i a t i o n .  

annea l i ng  curve  o f  t h e  ordered sample shows a peak a t  35'K which i s  p robab ly  

due t o  c l o s e- p a i r  recombinat ion.  

o rder ing .  

n e a l i n g  f r om 35°K t o  200'K i s  p robab ly  due t o  a small amount o f  r e o r d e r i n g  due 

t o  i n t e r s t i t i a l  m ig ra t i on .  A s i m i l a r  annea l ing  r e s u l t  was found by Takamura 

and O k ~ d a ( ~ )  i n  f a s t  neu t ron  i r r a d i a t e d  CuZn and Cu3Au. The amount o f  r e -  

cove ry  t h e y  observed up t o  200°K i s  60% f o r  CuZn and 7% f o r  Cu3Au as opposed 

t o  12% i n  t h i s  study. h i s  i s  a t t r i b u t e d  t o  a s i z e  e f f e c t  on i n t e r s t i t i a l  

The 

This, o f  course, does n o t  i n v o l v e  any r e -  

The an- A t  h i g h e r  temperatures t h e  annea l ing  i s  r a t h e r  gradual. 
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FIGURE 7. R e s i s t i v i t y  Increase i n  an I n i t i a l l y  Ordered Sample (a )  and an 
I n i t i a l l y  D isordered Sample ( b )  Dur ing  I r r a d i a t i o n  w i t h  14.8-MeV 
Neutrons. 
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D iso rdered  (b )  CuPd Samples A f t e r  Fus ion Neut ron I r r a d i a t i o n .  

62 



reo rde r ing .  I n t e r s t i t i a l  m i g r a t i o n  i s  u n l i k e l y  t o  produce r e o r d e r i n g  i f  t h e  

s i z e  d i f f e r e n c e  between t h e  components o f  t h e  a l l o y  i s  la rge .  Since t h e  s i z e  

d i f f e r e n c e  between copper and z i n c  i s  17%, between copper and g o l d  i s  48% and 

between copper and pa l l ad ium i s  29%(8), i t  i s  reasonable t h a t  t h e  recovery  o f  

CuPd i s  between CuZn and Cu3Au. 

The h ighe r  tempera ture  (200°K t o  300'K) annea l ing  o f  t h e  ordered sample i s  

a l s o  q u i t e  smooth. 

vacancy reo rde r ing .  

The h i g h  temperature annea l ing  behav io r  i s  p robab ly  due t o  

I n  t h e  d i so rde red  sample, a s i m i l a r  l ow  temperature peak a t  35°K i s  observed. 

Th is  can aga in  be assigned t o  c l o s e - p a i r  recombinat ion  b u t  a t  temperatures 

above 120°K, t h e  r e s i s t i v i t y  a c t u a l l y  inc reases  w i t h  annea l ing  temperature. 

p o s s i b l e  e x p l a n a t i o n  o f  t h i s  behav io r  i s  as fo l l ows .  The ordered n u c l e i  i n  

t h e  d i so rde red  m a t r i x  grow due t o  reorder ing .  

an average s i z e  comparable t o  t h e  wavelength o f  t h e  conduct ion  e l e c t r o n s  ( i n  
copper t h i s  i s  about 0.5 nm), t hese  c l u s t e r s  behave as e x t r a  s c a t t e r i n g  s i t e s  

and t h e  r e s i s t i v i t y  t h e r e f o r e  increases.  

A 

When these ordered n u c l e i  reach 
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7.0 F u t u r e  Work 

T h i s  r a d i a t i o n  induced o rde r- d i so rde r  t r a n s f o r m a t i o n  s tudy i n  CuPd i s  now 

completed. 
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EFFECTS OF HEAVY- ION IRRADIATION ON THE PHASE STABILITY OF A Cu-3.4 a t %  Be 
ALLOY R.W. K n o l l  and G.L. K u l c i n s k i  ( U n i v e r s i t y  o f  Wisconsin-Madison) 

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

To develop a fundamental unders tand ing o f  the  fo rma t ion  o f  voids,  loops,  and 

p r e c i p i t a t e s  i n  heavy i o n  and e l e c t r o n  i r r a d i a t e d  meta ls  and a l l o y s .  

2.0 Summary 

Th is  paper r e p o r t s  on an i n v e s t i g a t i o n  i n t o  r a d i a t i o n- i n d u c e d  p r e c i p i t a t i o n  

i n  undersatura ted and supersatura ted Cu-3.4 a t %  Be s o l i d  s o l u t i o n s ,  d u r i n g  

i r r a d i a t i o n  w i t h  14 MeV Cu ions .  

300"-475°C induced copious p r e c i p i t a t i o n  o f  CuBe p l a t e l e t s ,  even a t  ve ry  

low damage doses. 

i t a t i o n  was s y s t e m a t i c a l l y  c h a r a c t e r i z e d  w i t h  respec t  t o  r a d i a t i o n  parameters, 

and da ta  r e g a r d i n g  t h e  e f f e c t s  o f  dose and dose r a t e  were a l s o  obta ined.  

By u s i n g  a c ross  s e c t i o n a l  TEM t h i n n i n g  technique,  the  p r e c i p i t a t i o n  was a l s o  
c h a r a c t e r i z e d  as a f u n c t i o n  o f  depth i n t o  the  damaged reg ion.  Al though t h e  

damage dose and dose r a t e  v a r i e d  s t r o n g l y  w i t h  depth w i t h i n  the  r e g i o n  t r a -  

versed by t h e  heavy ions ,  t h e  p r e c i p i t a t e  c h a r a c t e r i s t i c s  were n o t  s t r o n g l y  

depth  dependent. P o s t - i r r a d i a t i o n  annea l ing  s t u d i e s  proved t h a t  the  c o n t i n -  

uous p r e c i p i t a t e  morphology was uns tab le  i n  t h e  absence o f  i r r a d i a t i o n ,  even 
a t  an annea l i ng  temperature w i t h i n  the  two-phase r e g i o n  on the  e q u i l i b r i u m  

phase diagram. Thermal ag ing  s t u d i e s  showed t h a t  t h e  p r e c i p i t a t i o n  process 

was ve ry  s l u g g i s h  i n  t h e  absence o f  i r r a d i a t i o n ,  and t h a t  pro longed thermal  

ag ing  produced a p r e c i p i t a t e  morphology q u i t e  d i f f e r e n t  than t h a t  induced 
by i r r a d i a t i o n .  

c o u l d  n o t  be c o n c l u s i v e l y  determined, a l though  the  so lu te- d rag  mechanism 

p rov ided  t h e  most l i k e l y  e x p l a n a t i o n  f o r  p r e c i p i t a t e  growth d u r i n g  i r r a d i a t i o n .  

I r r a d i a t i o n  i n  t h e  temperature range o f  

Using t ransmiss ion  e l e c t r o n  microscopy (TEM), t h e  p r e c i p -  

The mechanism r e s p o n s i b l e  f o r  r a d i a t i o n- i n d u c e d  p r e c i p i t a t i o n  
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3.0 Program 

T i t l e :  Rad ia t i on  E f f e c t s  t o  Reactor M a t e r i a l s  

P r i n c i p a l  I n v e s t i g a t o r :  G. L .  K u l c i n s k i  

A f f i  1 i a t i o n  : U n i v e r s i t y  o f  Wisconsin 

4.0 Re levant  DAFS Program Plan Task/Subtask 

Phase s t a t i  li ty mechanism exper iments ( I 1  . C .  1.1:) 

5.0 Accomplishments and S ta tus  

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

There i s  cons ide rab le  exper imenta l  evidence t h a t  d u r i n g  i r r a d i a t i o n ,  unders ize  
s o l u t e  elements i n  a l l o y s  can become r e d i s t r i b u t e d  o r  can p r e c i p i t a t e  o u t  o f  
s o l u t i o n  due t o  i n t e r a c t i o n s  w i t h  i r r a d i a t i o n - p r o d u c e d  p o i n t - d e f e c t s .  (1 -6 )  

Several  mechanisms have been p o s t u l a t e d  i n  t h e  l i t e r a t u r e  t h a t  can q u a l i t a -  
t i v e l y  o r  s e m i q u a n t i t a t i v e l y  account  f o r  these e f f e c t s .  (317-9 )  However, more 

exper imenta l  da ta  i s  needed t o  f u l l y  understand the  behav ior  o f  even s imple  

b i n a r y  a l l o y s  under i r r a d i a t i o n .  The aim o f  t h i s  s tudy ( l o )  was t o  c h a r a c t e r -  

i z e  r a d i a t i o n- i n d u c e d  p r e c i p i t a t i o n  i n  the  Cu-3.4 a t %  Be a l l o y ,  and t o  t r y  t o  

e l u c i d a t e  mechanisms r e s p o n s i b l e  f o r  the  p r e c i p i t a t i o n .  

because 
t h a t  o f  Cu, and because the  p r e c i p i t a t i o n  process i n  some Cu-Be a l l o y s  has 

been w e l l  c h a r a c t e r i z e d .  (11) 

chosen spanned t h e  CY phase boundary as shown i n  Fig.1,  so both  supersatur-  

a ted  and undersatura ted s o l i d  s o l u t i o n s  were s tud ied .  

Th is  a l l o y  was chosen 

the  l a t t i c e  parameter o f  the  Be s o l u t e  i s  cons ide rab ly  s m a l l e r  than 

The i r r a d i a t i o n  temperature range t h a t  was 

5.2 Exper imental  Procedure 

The Cu-3.4 a t %  Be (0.5 w t %  Be) a l l o y  was f rom s tock  m a t e r i a l  prepared by  

Eli 1 kes. (12)  

and quenched i n t o  water .  

Before  i r r a d i a t i o n ,  the  a l l o y  was s o l u t i o n  annealed a t  800°C 

The specimens were mechan ica l l y  p o l i s h e d  and 
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FIGURE 1. 
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Copper-Rich End o f  the  E q u i l i b r i u m  Phase Diagram o f  t h e  Cu-Be 
System, Showing the  Temperatures a t  which the  Cu-3.4 a t %  Be 
A l l o y  was I r r a d i a t e d .  

e l e c t r o p o l i s h e d  t o  produce f l a t ,  c lean  su r faces .  

ment damage was produced by i r r a d i a t i o n  w i t h  14 MeV Cu i o n s ,  which have a 
maximum range o f  about 3 u n  i n  the  a l l o y .  

dpa/sec and the  damage dose ranged f rom 0.25 t o  10 dpa a t  a depth o f  
1 um i n t o  the  damage zone. Two d i f f e r e n t  methods o f  TEM specimen p r e p a r a t i o n  

were employed f o r  p o s t - i r r a d i a t i o n  a n a l y s i s :  

t o  a depth o f  about 1 um from the  o r i g i n a l  su r face ;  o t h e r  specimens were 
th inned  i n  c ross  s e c t i o n  t o  produce a t h i n - s e c t i o n  l y i n g  i n  a p lane p a r a l l e l  

t o  the  pa th  o f  the  i n c i d e n t  ions ,  which a l l owed  the  e n t i r e  damage zone t o  

be imaged. 

Depth dependent d i s p l a c e-  

The displacement r a t e  was about  

some specimens were back th inned 
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5.3 Resu l t s  

5.3.1 Temperature Dependence 

I r r a d i a t i o n  o f  t h e  Cu-3.4 a t %  Be a l l o y  w i t h  14-MeV Cu i o n s  induced t h e  forma- 

t i o n  o f  CuBe p r e c i p i t a t e  p l a t e l e t s ,  whose s i z e ,  number d e n s i t y ,  and t o t a l  

volume f r a c t i o n  were s t r o n g l y  temperature dependent w i th in  t h e  temperature 

range o f  300"'C t o  475'C. 
observed i n  u n i r r a d i a t e d  reg ions  o f  t h e  specimens (which exper ienced t h e  same 

temperature h i s t o r y ) ,  i n d i c a t i n g  t h e  p r e c i p i t a t i o n  k i n e t i c s  a r e  no rma l l y  q u i t e  

s l u g g i s h  i n  t h i s  a l l o y .  The TEM micrographs i n  F ig .2  show t h a t  p r e c i p i t a t e  

s i z e  inc reases  and number d e n s i t y  decreases w i t h  i n c r e a s i n g  i r r a d i a t i o n  tem- 

p e r a t u r e  i n  t h e  supersa tu ra ted  specimens. 

undersa tu ra ted  specimens a t  430°C and 475"C, b u t  a t  525'C no p r e c i p i t a t i o n  

formed d u r i n g  i r r a d i a t i o n .  The c r y s t a l l o g r a p h i c  s t r u c t u r e  and h a b i t  p lane  
o f  t h e  p r e c i p i t a t e s  were t h e  same as t h a t  r e p o r t e d  f o r  t h e  mature y '  p r e c i p -  

i t a t e  i n  h e a t  t r e a t e d  Cu-13 a t %  Be a l l o y s .  (11 )  

t h e  temperature dependence o f  t h e  mean p r e c i p i t a t e  s i z e  and number d e n s i t y  i s  

p l o t t e d ,  f o r  h i g h  dose (5-10 dpa) and f o r  low dose (0.5-1 dpa) specimens 

( s i z e  i s  d e f i n e d  as t h e  maximum p r e c i p i t a t e  d imens ion) .  
ness a l s o  inc reased  w i t h  temperature,  f rom 6 nm a t  300°C t o  35 nm a t  430'C. 

From t h e  s i z e  and d e n s i t y  da ta ,  t h e  temperature dependence near  s teady- s ta te ,  

o f  t h e  atom f r a c t i o n  o f  Be rema in ing  i n  s o l u t i o n  ( t h e  u n p r e c i p i t a t e d  s o l u t e ) ,  

was computed as shown i n  F ig .5 .  The u n p r e c i p i t a t e d  f r a c t i o n  o f  Be s o l u t e  was 

l o w e s t  i n  t h e  temperature range o f  390°C -43OoC, i n  c o n t r a s t  t o  t h e  e q u i l i b -  

r i u m  case, where a lmos t  a l l  Be remains i n  s o l u t i o n  a t  these temperatures.  

I n  c o n t r a s t ,  no p r e c i p i t a t i o n  o f  any k i n d  was 

T h i s  same t r e n d  was f o l l o w e d  i n  t h e  

I n  F i g s . 3  and 4, r e s p e c t i v e l y ,  

The p l a t e l e t  t h i c k -  

5.3.2 Depth Dependence, and E f f e c t s  o f  Dose and Dose Rate 

The TEM micrograph o f  a c r o s s  sec t i oned  specimen i n  F ig .6  i l l u s t r a t e s  t h e  
depth dependence o f  t h e  CuBe p r e c i p i t a t i o n  w i t h i n  t h e  r e g i o n  t r ave r sed  b y  t h e  

h i g h  energy Cu i o n s .  

urements o f  t h e  depth dependence o f  p r e c i p i t a t e  s i z e  and number d e n s i t y  were 

ob ta ined ,  as p l o t t e d  i n  F i g . 7  f o r  a specimen i r r a d i a t e d  a t  375°C. 

e s t i n g  t h a t  t h e  p r e c i p i t a t e  s i z e  and number d e n s i t y  v a r y  w i t h  depth i n  a ,nan- 

n e r  such t h a t  t h e  p r e c i p i t a t e  volume f r a c t i o n  remains r e l a t i v e l y  cons tan t  w i t h  
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It i s  i n t e r -  
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Cu-3.4 at.% Be 4OOOC 8 . 8 ~ 1 0 ~  ions/cm2 

( b )  

AGE0 20 HOURS 
at 400°C 

AFTER IRRADIATION 

~ 

500 1000 1500 2000 2500 3000 
D E P T H ,  nm 

Effect of Post-Irradiation Annealing at 4OO0C on Specimen Irradi- 
ated at 400°C. Most Radiation-Induced Precipitation has Dissolved. 
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, 

FIGURE 10. Discontinuous Prec ip i ta t ion  in Unirradiated, Thermally Aged Cu- 
3.4 a t %  Be Alloy. 
t ion  a t  Grain Boundaries. 
Region Composed o f  Densely Clustered CuBe P l a t e l e t s .  
Matrix i s  Completely Free o f  Prec ip i t a t e s .  

( a )  Optical Micrograph Showing CuBe Precipi ta-  

Sur round ing  
(b )  TEM Micrograph o f  a Two-Phase 
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F 

depth w i t h i n  t h e  damage zone (excep t  near  t h e  end- of- range) .  

specimens i r r a d i a t e d  a t  t h e  same temperature b u t  t o  d i f f e r e n t  f l u e n c e  l e v e l s ,  

some i n f o r m a t i o n  was ob ta ined  rega rd ing  t h e  dependence o f  p r e c i p i t a t e  char-  

a c t e r i s t i c s  on dpa l e v e l  and dpa r a t e ,  as shown i n  F ig.8.  

c reas ing  t h e  damage dose inc reased t h e  p r e c i p i t a t e  s i ze ,  w h i l e  i n c r e a s i n g  t h e  

dpa r a t e  produced a f i n e r  p r e c i p i t a t e  s i z e  d i s t r i b u t i o n .  

By comparing 

I n  genera l ,  i n -  

5.3.3 Post-  I r r a d i a t i o n  .Anneal ing E f f e c t s  

Cont inued h e a t i n g  o f  t h e  undersa tu ra ted  specimens ( a t  43OOC o r  475°C) w i t h  
t h e  i o n  beam o f f  caused d i s s o l u t i o n  o f  a l l  p r e c i p i t a t i o n ,  as expected. How- 
ever,  i t  was found t h a t  t h e  cont inuous p r e c i p i t a t i o n  i n  supersa tu ra ted  s o l i d  

s o l u t i o n s  a l s o  d i s s o l v e d  d u r i n g  p o s t - i r r a d i a t i o n  h e a t i n g  a t  400°C (Fig.9), 

even though t h i s  temperature i s  w i t h i n  t h e  two-phase f i e l d  on t h e  e q u i l i b r i u m  
phase diagram. Instead,  t h e  400°C anneal produced some coarse d i scon t i nuous  

CuBe p r e c i p i t a t i o n  w i t h i n  t h e  specimens. To f u r t h e r  s tudy t h e  morphology o f  
e q u i l i b r i u m  p r e c i p i t a t i o n  i n  t he  Cu-3.4 a t %  Be a l l o y ,  thermal  ag ing  s t u d i e s  
were conducted on u n i r r a d i a t e d  specimens. As shown i n  Fig.10, t h e  e q u i l i b r i u m  

p r e c i p i t a t i o n  i s  d iscon t inuous ,  fo rming  a t  g r a i n  boundaries and i n  c l u s t e r s  

w i t h i n  t h e  g ra ins .  Genera l l y ,  t h e  m a t r i x  between t h e  d iscon t inuous  p r e c i p -  

i t a t e  c l u s t e r s  was comple te ly  f r e e  o f  p r e c i p i t a t i o n ,  i n  c o n t r a s t  t o  t h e  ir- 

r a d i a t e d  specimens, where con t inuous  p r e c i p i t a t i o n  formed th roughout  t h e  

m a t r i x ,  b u t  no d iscon t inuous  p r e c i p i t a t i o n  was observed a t  g r a i n  boundaries.  

5.4 - Discuss ion  

Comparison o f  t h e  r e s u l t s  o f  t h e  i r r a d i a t i o n  exper iments w i t h  r e s u l t s  o f  t h e  

p o s t - i r r a d i a t i o n  annea l ing  exper iments and thermal ag ing  exper iments proved 

t h a t  a n o n e q u i l i b r i u m  p r e c i p i t a t e  morphology was produced i n  t he  Cu-3.4 a t %  Be 
a l l o y  by i r r a d i a t i o n  w i t h  heavy ions .  There fo re ,  a r a d i a t i o n- i n d u c e d  mechan- 

ism was necessary f o r  n u c l e a t i o n  and growth o f  t h e  cont inuous CuBe p r e c i p i t a -  

t i o n .  Because t h e  p r e c i p i t a t e s  appa ren t l y  nuc lea ted  q u i c k l y  a f t e r  t he  s t a r t -  

up o f  i r r a d i a t i o n ,  and t h e  n u c l e a t i o n  s tage ceased be fo re  doses o f  about  0.2 
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dpa were a t ta ined ( a t  i r r ad ia t ion  temperatures below about 43OoC), i t  could 
n o t  be determined whether the p rec ip i t a t e s  nucleated homogeneously in the 
matrix, o r  whether they nucleated on point-defect c l u s t e r s .  However, the 
growth of the p rec ip i t a t e s  can be s a t i s f a c t o r i l y  explained by the solu te-  
drag mechanism proposed by Okamoto,Lam and coworkers, (317)  f o r  the fol!owing 
reasons: a )  The Be solute i s  undersize with respect  to  the matrix and i n t e r -  
a c t s  with i n t e r s t i t i a l s ,  therefore Be i s  expected t o  be transported with the 
i n t e r s t i t i a l  defect  f lux.  
point-defect  s ink ,  then Be atoms wil l  be deposited a t  the precipi tate/matr ix 
in te r face  and growth wil l  be encouraged. b )  From Fig.5, i t  appears t h a t  the 
prec ip i ta t ion  (segregation) mechanism i s  most e f f i c i e n t  near the temperature 
of 400"C, which i s  approximately one-half the melting temperature of the 
a l loy  (1 /2  T m ) .  
where the g rea tes t  degree of segregation occurred a t  a b o u t  1 / 2  Tm. 

I f  the periphery of a CuBe p l a t e l e t  a c t s  as a 

This agrees with a study by Rehn, e t  a l . " )  ( i n  a Ni-Si a l l o y )  

5.5 Conclusions 

a )  I r radia t ion  with 14-MeV C u  ions a t  a dose r a t e  of about 
a t  temperatures in the range 3OO0C-475"C, caused the Cu-3.4 a t %  Be a l loy  t o  
decompose in to  a mixture of (x 

were d i s t r ibu ted  uniformily t h r o u g h o u t  the matrix, and t h e i r  s i z e ,  number 
dens i ty ,  and volume f rac t ion  were strongly temperature dependent. 
b) Post- i r radia t ion  annealing experiments proved t h a t  the continuous precip- 
i t a t e  morphology was unstable in the absence of i r r a d i a t i o n ,  hence the precip- 
i t a t i o n  was radiation-induced ra ther  t h a n  j u s t  radiation-enhanced. 
c )  The solute-drag mechanism provides a s a t i s f a c t o r y  explanation f o r  growth 
of the CuBe prec ip i t a t e s  during i r r ad ia t ion .  

dpa/sec, and 

solut ion and CuBe p l a t e l e t s .  The  p l a t e l e t s  c u  
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DAMAGE DEVELOPMENT AND HARDENING I N  14-MeV NEUTRON IRRADIATION OF COPPER 
ALLOYS AT 25°C 

H. R. Brager, F. A. Garner and N. F. Panayotou (Hanford Eng ineer ing  Develop- 

ment Labora to ry )  

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

The purpose o f  t h i s  s tudy i s  t o  determine t h e  e f f e c t  o f  14-MeV neu t ron  i r r a -  

d i a t i o n  on t h e  m i c r o s t r u c t u r a l  development o f  copper a l l o y s ,  us ing  t h e  

coupled techniques o f  e l e c t r o n  microscopy and microhardness.  The u l t i m a t e  

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

t o  macroscopic mechanical p r o p e r t y  changes i n  me ta l s  o f  i n t e r e s t  t o  t h e  

Fusion Reactor Development program. 

2.0 Summary 

Copper and copper a l l o y e d  w i t h  f i v e  atom percen t  o f  e i t h e r  aluminum, n i c k e l  

o r  manganese were i r r a d i a t e d  a t  25°C w i t h  14-MeV neut rons t o  f l uences  up t o  

7.5 x lo1’  n/cm2 (0.003 dpa). The 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  o f  these 

m a t e r i a l s  was c h a r a c t e r i z e d  by t h e  coupled use o f  e l e c t r o n  microscopy and 

microhardness.  The i r r a d i a t i o n - i n d u c e d  microhardness changes were found t o  

be independent o f  a l l o y  i d e n t i t y  and t h e  magnitude o f  t h e  so lu te- induced  
hardening.  It appears t h a t  a t  l e a s t  70% of t h e  defec t  c l u s t e r s  a r e  s m a l l e r  
than r e s o l v a b l e  by microscopy (%l nm). 

s u r v i v e  recombinat ion  and aggregate i n  e i t h e r  v i s i b l e  o r  i n v i s i b l e  c l u s t e r s  

c o n s t i t u t e  a t  l e a s t  9-10% o f  those produced i n  t h e  cascades. 

The p o i n t  d e f e c t s  a t  25°C which 

3.0 Program 

T i t l e :  I r r a d i a t i o n  E f f e c t s  A n a l y s i s  (AKJ) 

P r i n c i p l e  I n v e s t i g a t o r :  D. G. Doran 

A f f i l i a t i o n :  Hanford Eng ineer ing  Development Labora to ry  
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4.0 Re levant  DAFS Program Plan Task/Subtask 

Subtask I I .B.3.2 

Subtask I I .C.6 .3  

Subtask I I .C.11.4 

5.0 Accomplishments and S ta tus  

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

A p p l i c a t i o n  o f  t h e  e x t e n s i v e  f i s s i o n  r e a c t o r  d a t a  base t o  des ign o f  f u s i o n  

r e a c t o r s  r e q u i r e s  an unders tand ing o f  t h e  d i f f e r e n c e s  i n  t h e  d i s p l a c i v e  and 

t ransmuta t i ona l  c h a r a c t e r i s t i c s  o f  t h e  two types o f  neu t ron  spec t ra .  One 

o f  t h e  many k inds o f  exper iments d i r e c t e d  toward t h i s  goal  i n v o l v e d  compari-  
son o f  t h e  m i c r o s t r u c t u r e s  induced by i r r a d i a t i o n  i n  each environment. 

When seeking i n f o r m a t i o n  on d i f f e r e n c e s  i n  atomic d i s p l a c i v e  behav ior  o f  
neutrons,  m i c r o s t r u c t u r a l  examinat ions must be conducted on specimens i n  

which t h e  damage l e v e l  i s  r e l a t i v e l y  sma l l .  

i s  t h a t  no s i g n i f i c a n t  a l t e r a t i o n ,  o v e r l a p  o r  e rasure  o f  t h e  m i c r o s t r u c t u r a l  

r e c o r d  occur  due t o  i n t e r a c t i o n  o f  damage r e g i o n s  a r i s i n g  f rom d i f f e r e n t  

neut rons.  

f rom t h e  d isplacement and cascade events i s  smal l ,  t h e  r e s o l u t i o n  l i m i t  o f  

t h e  exper imenta l  t o o l s  employed becomes a major  c o n s i d e r a t i o n .  

The impor tan t  c r i t e r i o n  here  

Since t h e  c h a r a c t e r i s t i c  d imension o f  t h e  c l u s t e r s  r e s u l t i n g  

T h i s  paper desc r ibes  t h e  r e s u l t s  o f  a 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  o f  a 

copper a l l o y  s e r i e s  i r r a d i a t e d  a t  25°C t o  f l uences  up t o  7.5 x 1017 n/cm2 

( E  = 14 MeV) o r  0.003 dpa. The r e s o l u t i o n  aspect  o f  t h e  c h a r a c t e r i z a t i o n  

has been addressed by t h e  coupled use o f  e l e c t r o n  microscopy and m ic ro-  

hardness measurements. The s p e c i f i c  o b j e c t i v e s  o f  the  examinat ions r e p o r t e d  

here  were t o  de termine t h e  s u r v i v a b i l i t y  and v i s i b i l i t y  o f  p o i n t  d e f e c t  

c l u s t e r s  a t  25"C, and a l s o  t h e  i n f l u e n c e  on these parameters o f  bo th  s o l u t e  

a d d i t i o n s  and i n c r e a s i n g  neu t ron  f l uence .  

i r r a d i a t i o n s  have n o t  y e t  become a v a i l a b l e .  

S i m i l a r  specimens f rom f i s s i o n  
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5.2 Experimental Details 

The metals employed in this study were pure (99.99 + atom %) copper and copper 
alloyed with five atom percent of either aluminum, nickel or manganese. 
The specimens were in the form of 3 mm diameter microscopy disks of 0.25 mn 
thickness. 
from the Rotating Target Neutron Source I1 (RTNS-11) at Lawrence Livermore 
Laboratory to fluences up to 7.5 x 1017 n/cm2 (E = 14 MeV) or 0.003 dpa. 
After irradiation, the specimens were tested using a Vickers diamond pyra- 
mid indenter loaded to 50 grams in a TUKON microhardness machine. 
measurements were made on each specimen, carefully avoiding the edges of 
the disk which might have been deformed in specimen preparation. 

The irradiations were conducted at 25°C using 14 MeV neutrons 

Five 

Selected specimens were then prepared for examination in a JEOLCO 100 CX 
electron microscope. Electrolytic thinning was performed at 20°C and 12 
volts DC, employing a solution of 5% isopropyl alcohol, 24% phosphoric 
acid, 24% ethyl alcohol and 47% water by volume. 

5.3 Results 

Figure 1 shows the neutron-induced changes in microhardness produced in the 
four copper a1 loys. The microhardness changes are essentially independent 
of alloy identity, linear with the square root of neutron fluence and extra- 
polate back to the origin. 

Typical mic ilong 

ments o f  each specimen examined. 
transmission microscopy are tabulated in Table 1. 
except Cu + 5% A1 that there are roughly two visible clusters per calculated 
PKA. 
per PKA. Figure ‘2 shows that the size distribution of defect clusters in 
each of the various alloys is not very different, even though the pure 

The microstructural data extracted by 
Note that for all alloys 

In the copper aluminum alloy, there are four to five visible clusters 
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DEFECT CLUSTER SIZE DISTRIBUTION 
COPPER BASED ALLOY; 2S°C IRRADIATION BY 14 MeV NEUTRONS 

II 

z 
3 e e 

10 

C U  l o t- 2 . 7  x 1017 nlcm21 Cu + 5 a/o Mn 1 ~ t - 7 . 4 ~ 1 0 1 ~ 1  

I I I I 

Cu + 5 a/o Ni I @ t - 7 . 6 ~ 1 0 ~ ~ 1  Cu + 5 a/o AI 0 - 7 . 1  10171 
HEOL 266 13 

FIGURE 2. The size distribution of visible defect clusters formed in the 
copper and copper alloys. 
indicated. 

The mean size of the clusters i s  

copper specimen shown in Figures 1 and 2 was irradiated to a much lower 
fluence than were the other alloys. 
lower fluence was also found to have roughly the same size distribution. 

Another pure copper specimen at even 

For a given diamical diffraction condition, the defect clusters produce 
black/white contrast images which are parallel to specific crystallographic 
directions. 
tors of a/2 <111> and a/2 <110>. 
the "2kD" technique") has identified both vacancy and interstitial clusters 

The defect clusters appear to be platelets with Burger's vec- 
Preliminary analysis of the defects with 
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5.4 Discussion 

For fluences approaching 10l8 n/cm2 (0.004 dpa) at flux levels of - <2 x 10l2 
n/cm2 at RTNS-11, the PKA-cascade damage events and their subsequent inter- 
nal rearrangements can be considered to be essentially isolated events, both 
in space and time. The evidence supporting this conclusion is that the 
visible cluster density is linear with fluence, the mean size of these clus- 
ters is independent of fluence and, consistent with the expectations of 
most hardening theories, the hardness measurements vary linearly with the 
square root of the fluence with no measurable incubation period. 
clusion is significant in that no judgment concerning the magnitude of 
defect survivability can be made if a significant fraction of the point 
defects created by each cascade are erased by subsequent cascades. 

This con- 

There are several significant observations to be made concerning the size of 
the clusters. 
directly by current cascade/clustering models. Second, the hardness calcu- 
lations indicate that the total hardening is independent of the alloy while 
the visible cluster density i s  significantly larger in the copper-aluminum 
alloy. This suggests that a substantial fraction of the defects are in 
clusters which are smaller than the resolution limit of the microscope. 

First, the clusters are significantly larger than indicated 

A lower-bound estimate of the number of invisible clusters can be made using 
the following logic. 
exhibit identical hardening, then the density per unit fluence (p) and dia- 
meter (d) of the invisible (i) and visible (v) clusters should obey the 
following relationship: 

If the copper and copper plus 5% aluminum alloys 

Copper Copper + 5% Aluminum 

- CU CU + - CU CU - - A1 A1 + - A1 A1 
pv dv pi di - pv dv pi di 

Rearranging this expression leads to 
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- CU CU - A1 A1 - A1 A1 
'i di pv dv p i  d i  
- cu cu - cu cu - cu cu ' 
P V  dV pv dv P V  V 

1 +  

where t h e  f i r s t  te rm on t h e  r i g h t  hand s i d e  i s  a known q u a n t i t y  and t h e r e f o r e  

-- cu cu - A1 A1 

- cu cu - cu cu 
d i  pi di 

= 0.79 + 
pv dv pv dv 

( 3 )  

I f  one assumes t h a t  - no c l u s t e r s  a r e  i n v i s i b l e  i n  t h e  5% aluminum a l l o y ,  t h e  

above express ion d e f i n e s  t h e  lower  l i m i t  o f  t h e  hardening due t o  t h e  i n v i s i b l e  

c l u s t e r  p o p u l a t i o n  i n  copper. The r e s o l u t i o n  l i m i t  o f  t h e  microscope i n  
these s t u d i e s  i s  % l . O  nm and i t  i s  n o t  unreasonable t o  assume t h a t  t h e  mean 
s i z e  o f  t h e  i n v i s i b l e  c l u s t e r s  l i e s  i n  t h e  range 0.5 i;= diCU 5 1.0 nm s i n c e  

a t y p i c a l  a tomic  d iamete r  i s  0.25 nm. S ince t h e  mean v i s i b l e  c l u s t e r  d i a -  

meter  i s  about  2.5 nm, then  dicu/dvcu %1/3. Us ing t h i s  r e l a t i o n s h i p  and 

assuming t h a t  t h e  c l u s t e r s  a r e  c i r c u l a r  loops,  t h e  f o l l o w i n g  q u a n t i t i e s  can 

be c a l c u l a t e d ,  u s i n g  t h e  va lues  f o r  copper a t  2.7 x l O I 7  n/cm2 and t h e  

average va lues f o r  Cu + 5% A l .  

F r a c t i o n  o f  hardening due 
t o  i n v i s i b l e  d e f e c t  c l u s t e r s :  

- cu cu 
p i  d i  ?, 

- cu cu + picu diCU > 44% 

p v  dv 

F r a c t i o n  o f  i n v i s i b l e  
d e f e c t  c l u s t e r s :  

- cu 

- cu - cu 
?, 
> 70% pi 

P v  + P i  

(4) 

(5) 
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Fraction of defec ts  in the 
form of i n v i s i b l e  c l u s t e r s :  

picu ( d i C u ) *  
;” 21% - cu c u  2 + - cu  ( d i c u ) 2  

P v  (dv 1 Pi 

The to ta l  defects  in the v i s i b l e  c l u s t e r s  it7 a specimen i r r ad ia ted  t o  7.5 x 
1017 n/cm2 i s  3.6  x 
i nv i s ib le  c l u s t e r s  can account f o r  a t  l e a s t  4 .6  x 1019 defects/cm3. 

defects/cm3, which means t h a t  the v i s i b l e  and 

Assuming 8.42 x atoms/cm3, a displacement cross sect ion of 3690 barns, ( 2 )  
and two defects  per displacement leads t o  the conclusion t h a t  4.7 x 1020 
defects/cm3 were o r ig ina l ly  created.  A t  l e a s t  9.7% now survive. (Remember 
t h a t  9.7% i s  a lower bound estimate in t h a t  some c l u s t e r s  in the 5% aluminum 
a l loy  must a l s o  be i n v i s i b l e . )  

I t  i s  important t o  not ice  t h a t  the  above analys is  assumes t h a t  the so lu te  
hardening and defect  c l u s t e r  hardening are  d i r e c t l y  addi t ive  and t h a t  the 
radia t ion  hardening i s  insens i t ive  t o  the magnitude of the so lu te  hardening. 
As shown in Table 2 ,  the d i f ferences  in measured hardness of the a l loys  in 
the unirradiated condition a r e  qua l i t a t ive ly  cons is tent  w i t h  t h a t  expected 
on the  basis  of an increase or a decrease in the l a t t i c e  parameter. Note 
t h a t  the concentration o f  the so lu te  atoms (-4 x 10” atoms/cm3) i s  about 
100 times l a rge r  than t h a t  estimated f o r  the defec t  c l u s t e r s .  
magnitude of so lu te  hardening i s  comparable t o  or l e s s  t h a n  t h a t  of the 
defec t  c l u s t e r  hardening, the hardening per so lu te  atom i s  about two orders 
of magnitude smaller t h a n  t ha t  due t o  defect  c l u s t e r s  and can be considered 
separable and addi t ive .  

Since the 

The data presented in t h i s  report  a l so  appear t o  indica te  t h a t  so lu tes  such 
as nickel and manganese have no s ign i f i can t  e f f e c t  on the damage production 
and recombination process in copper. 
atomic weights of the three  elements are s imi lar .  The atomic weight i s  an 

This i s  n o t  surpr is ing  in t h a t  the 
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TABLE 2 

ROOM TEMPERATURE HARDNESS OF UNIRRADIATED ALLOYS 

So lu te  Change i n  
Hardness Hardening L a t t i c e  

A l l o y  (DPH) (DPH) Parameter ( % )  

pure  copper 56 
copper + 5% n i c k e l  58 
copper + 5% aluminum 66 
copper + 5% manganese 73 

0 0 
2 -0.14 

10 + O .  33 
17 +O .47 

i m p o r t a n t  de terminant  o f  t h e  amount o f  energy t r a h s f e r r e d  f rom t h e  neut ron.  

The d i f f e r e n c e  i n  atomic we ight  o f  s o l u t e  and s o l v e n t  atoms a l s o  a f f e c t s  

a tomic  replacement sequences and energy propagat ion  i n  t h e  l a t t i c e .  The 

magnitude and s i g n  o f  t h e  d i f f e r e n c e  i n  l a t t i c e  parameter does n o t  appear 
t o  be a d e c i s i v e  f a c t o r  e i t h e r .  

The aluminum atom has o n l y  43% o f  t h e  mass o f  t h e  average copper atom how- 

ever.  

g r e a t e r  share o f  t h e  neut rons energy. 

o f  energy t r a n s f e r  between an e n e r g e t i c  aluminum atom and t h e  copper atoms 

which compose 95% o f  t h e  a l l o y .  

ces i n  t h e  s p a t i a l  d i s t r i b u t i o n  o f  damage i n  the  cascade. 

T h i s  means t h a t  p e r  c o l l i s i o n  t h e  aluminum atoms w i l l  r e c e i v e  a 

There w i l l  a l s o  be a -15% i n e f f i c i e n c y  

These f a c t o r s  may have i m p o r t a n t  consequen- 

For t h e  p resen t ,  i t  appears t h a t  s o l u t e s  such as aluminum l e a d  t o  substan-  

t i a l  d i f f e r e n c e s  i n  t h e  in- cascade c l u s t e r i n g  o f  p o i n t  d e f e c t s  and t h e r e -  

f o r e  a f f e c t  t h e  subsequent v i s i b i l i t y  o f  such c l u s t e r s .  It i s  a l s o  p o s s i b l e  

t h a t  i n t e r a c t i o n s  may e x i s t  between vacancies and elements such as aluminum. 

These i n t e r a c t i o n s  would a l s o  a f f e c t  t h e  d e f e c t  c l u s t e r i n g  and recombinat ion  

processes. 

5.5 Comparison Wi th  Other Data 

The copper da ta  o f  t h i s  s tudy can be compared t o  t h a t  o f  M i t ~ h e l l ' ~ ) ,  who 

i r r a d i a t e d  two heats o f  copper i n  RTNS- I  a t  25°C. The p o s t i r r a d i a t i o n  
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microstructure of Mitchel l ' s  specimens was s imi lar  t o  t h a t  of t h i s  study. 
There was a d i f ference ,  however, i n  the impurity so lu te  level of h i s  speci-  
mens, each containing about 500 appm vs. the 4 5  appm level of t h i s  study. 
In l i g h t  of the conclusion of t h i s  study t h a t  up t o  f i v e  atomic percent o f  

so lu te  does not change the level of radiation-induced hardness, one would 
not expect the  d i f ference  between 25 and 500 appm t o  be s i g n i f i c a n t .  

Mitchell measured the change in 0.2% o f f s e t  y ie ld  strength ra ther  than micro- 
hardness. However, using the  re la t ionship  between indenter hardness and 
the t r u e  flow s t r e s s  of a metal (4 '5 ) ,  one can est imate the  change in 0.2% 
o f f s e t  y ie ld  strength AU 

study. 
t h a t  would be expected f o r  the specimens of t h i s  

Y 

u % DPH/3, o r ,  AU (MPa) = 3.27 ADPH(Kg/m2) ( 7 )  Y 

Figure 3 shows t h a t  a good corre la t ion  i s  obtained between Mitchel l ' s  r e s u l t s  
and est imates of y ie ld  s trength based on microhardness measurements, par- 
t i c u l a r l y  a t  fluences where the hardening i s  s i g n i f i c a n t .  

5.6 Conclusions 

A t  l e a s t  70% of the c l u s t e r s  produced by 14-MeV neutrons in pure copper and 
in 5%-nickel and 5%-manganese copper a l loys  a r e  smaller than the resolu t ion  
l i m i t  of the  microscope (%l nm).  I t  a l so  means t h a t  TEM, used alone, i s  an  
inadequate tool t o  study the su rv ivab i l i ty  o f  point defec t  c l u s t e r s .  

Providing t h a t  assumptions can be made on the d i s t r ibu t ions  o f  c l u s t e r  s i z e  
as  a function of f luence,  microhardness measurements a r e  a very good method 
t o  assess the r e l a t i v e  amounts of de fec t s ,  b o t h  v i s i b l e  and i n v i s i b l e .  A 
better approach i s  the coupled use of TEM and microhardness measurements. 

A minimum of 9-10% of the calculated displacements survive the original  defect  
cascade event. 
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FIGURE 3. Comparison o f  c a l c u l a t e d  es t imates  o f  y i e l d  s t r e s s  changes (based 
on microhardness measurements o f  o per i r r a d i a t e d  i n  RTNS-11) 

i r r a d i a t e d  i n  RTNS- I .  
w i t h  t h e  r e s u l t s  o f  e a r l i e r  t e s t s  F35 performed on copper specimens 

A d d i t i o n s  o f  N i  o r  Mn have no observab le  e f f e c t  on the  damage p r o d u c t i o n  and 

recombinat ion  process i n  copper. The a d d i t i o n  o f  A1 has a s t r o n g  e f f e c t  on 

measurements o f  d e f e c t  s i z e  d i s t r i b u t i o n s  and p o s s i b l e  d e f e c t  s u r v i v a b i l i t y .  

None o f  these elements a f f e c t  t h e  r a d i a t i o n- i n d u c e d  change i n  microhardness.  
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7.0 Future Work 

Analysis and documentation will be completed on the nickel-alloy series irra- 
diated in RTNS-11. 

8.0 Pub1 icati ons 

This paper will be published in the Proceedings o f  the Second Topical Meeting 
on Fusion Reactor Materials, August 9-12, 1981, in Seattle, WA. 
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CRACK PROPAGATION CHARACTERISTICS I N  HELIUM IRRADIATED TYPE 316 STAINLESS STEEL 

R. U. Gerke, T. Hanamura, and W .  A. Jesser ( U n i v e r s i t y  o f  V i r g i n i a )  

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

f h e  purpose o f  t h i s  work i s  t o  i n v e s t i g a t e  t h e  n a t u r e  o f  c rack  p ropaga t ion  i n  

i r r a d i a t e d  m a t e r i a l s  c o n t a i n i n g  v o i d s  o r  bubbles by i n - s i t u  t e n s i l e  t e s t i n g  

i n  an HVEM, and t o  r e l a t e  some proposed parameters t o  specimen d u c t i l i t y .  

2.0 Summary 

From cont inuous observa t ions  o f  t h e  dynamic behav io r  o f  c racks d u r i n g  t e n s i l e  

t e s t s  i n  an HVEM, i t  was found t h a t  i n  r e l a t i v e l y  d u c t i l e  t y p e  316 s t a i n l e s s  

s t e e l  a c r a c k  propagates i n  a o s c i l l a t o r y  manner w i t h  t h e  c rack  ang le  and c rack  

t i p  ang le  v a r y i n g  w i d e l y  as t h e  c r a c k  lengthens.  The mean c r a c k  p ropaga t ion  

o i r e c t i o n  a l s o  v a r i e s  w i d e l y  d u r i n g  propagat ion.  The e f f e c t  o f  he l ium i r - 

r a d i a t i o n  o f  s u f f i c i e n t  dose t o  produce l a r g e  (d iameter  120 nm) bubbles i s  t o  

reduce t h e  indgnitude o f  t h e  o s c i l l a t i o n s ,  reduce t h e  mean va lue  o f  t h e  c rack  

ang le ,  anu inc rease  t h e  c r a c k - t i p  ang le  as a r e s u l t  o f  s i g n i f i c a n t  g r a i n  bound- 

a r y  s l i u i n y .  

3.0 Program 

T i t l e :  S i n u l a t i n g  t h e  CTR Environment i n  t h e  HVEM 

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  

4.0 Relevant  DAFS Program Plan Task/Subtask 

Task l l .C.13 E f f e c t s  o f  Hel ium and Displacements on Crack I n i t i a t i o n  and 

Propagat ion 
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5.0 Accomplishments and S t a t u s  

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

There a r e  severa l  m i c r o s t r u c t u r a l  parameters t y p i c a l l y  used as measures o f  

d u c t i l i t y .  

has p r e v i o u s l y  been shown t h a t  c racks p ropaga t ing  i n  u n i r r a d i a t e d  s o l u t i o n  

annealed samples of 316 s t a i n l e s s  s t e e l  t e s t e d  a t  room temperature t y p i c a l l y  

e x h i b i t  ang les o f  about 10". ( 3 )  However, f u r t h e r  i n v e s t i g a t i o n  o f  t h e  c rack  

ang les has shown t h a t  as d u c t i l i t y  i nc reases  t h e  c rack  p ropaga t ion  c h a r a c t e r i s  

t i c s  become more complex and suggest t h a t  more d e t a i l  i s  needed t o  understand 

t h e  c rack  p ropaga t ion  c h a r a c t e r i s t i c s  i n  n o n - b r i t t l e  m a t e r i a l s .  Severa l  para-  

meters  have been proposed and i n v e s t i g a t e d  i n  t h i s  s tudy.  

C r a c k - t i p  ang les and p l a s t i c  zone w id ths  a r e  w i d e l y  used. (1,2) I t 

5.2 Exper imental  Kesul t s  

5.2.1 Exper imenta l  Procedure 

In t h i s  s t u d y  a l l  u n i r r a d i a t e d  and he l i um  i r r a d i a t e d  specimens ( F l u x :  

s t e e l  s o l u t i o n  annealed a t  1000" C f o r  one hour,  and 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  400 kV e l e c t r o n s .  Then t h e  samples were t e n s i l e  t e s t e d  

ro f a i l u r e  a t  room temperature i n  an HVEM. 

was ob ta i ned  f rom s t i l l  micrographs and v i d e o  tape. 

L i o n  d a t a  was ob ta i ned  by u s i n g  a t e n s i l e  r o d  equipped w i t h  a l i n e a r  t ransducer .  

From these sources c rack  ang le ,@,  c r a c k - t i p  ang le ,  e, c r a c k  l e n g t h ,  L, and 

c r a c k  d i r e c t i o n a l  ang le  a g a i n s t  t h e  t e n s i l e  a x i s ,  a, was ob ta i ned  as a f u n c t i o n  

o f  t o t a l  specimen e l o n g a t i o n  (crosshead d isp lacement ) .  

1 . 4  x 

i o n s  - cm-' s e c - l ,  Dose: 4.2 x 1017 i o n s  - cm-*) were t y p e  316 s t a i n l e s s  

Dur ing  t h e  c rack  propagat ion,  d a t a  

A l s o  q u a n t i t a t i v e  elonga- 

5 .2 .2  C o r r e l a t i o n  Between Crack Length and T o t a l  E l onga t i on  

S t i l l  m icrographs were ob ta i ned  f rom t h e  HVEM d u r i n g  t e n s i l e  t e s t i n g  o f  u n i r -  

r a d i a t e d  specimens. 

graphs and p l o t t e d  i n  F i g u r e  1 a g a i n s t  t h e  specimen e l o n g a t i o n ,  which was ob- 

The c r a c k  l e n g t h  L was measured d i r e c t l y  f rom these m i c ro-  
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FIGURE 1: Graph of  Crack Length Data Produced by Two Cracks versus T o t a l  E lon-  
g a t i o n  f o r  an U n i r r a d i a t e d  Specimen Tested a t  Room Temperature. 

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

From t h i s  graph i t  appears t h a t  L f o l l o w s  a s t e p - l i k e  r e l a t i o n s h i p  t o  e longa-  

t i o n ,  t h e  l a t t e r  be ing  smooth and cont inuous w i t h  t ime.  I n  t h e  specimen f rom 

which t h i s  da ta  was obta ined,  two cracks,  l y i n g  a long t h e  same l i n e  b u t  p o i n t -  

i n g  i n  o p p o s i t e  d i r e c t i o n s ,  propagated i n  oppos i te  d i r e c t i o n s  and e x h i b i t e d  t h e  

same L versus e l o n g a t i o n  graphs. 
showed t h a t  b o t h  c racks  propagated and stopped propagat ing  toge the r .  They were 

synchronized i n  t h e i r  p ropagat ion  behavior .  F i g u r e  1 i s  a graph which sums t h e  

d a t a  f rom b o t h  c racks .  

Observat ions o f  b o t h  c r a c k - t i p  p o s i t i o n s  

5.2.3 R e l a t i o n s h i p  Between Crack Angle and Crack Length 

I n  t h i s  s tudy  c rack  ang le  0 and c r a c k - t i p  ang le  e were cons idered sepa ra te l y .  

C r a c k- t i p  angles were measured a t  t h e  c rack  t i p ,  w h i l e  c rack  angles were mea- 

sured f rom t h e  c rack  f l anks  approx imate ly  10-15 pm behind t h e  c rack  t i p .  The 

angle, a, i s  t h e  ang le  between t h e  t e n s i l e  a x i s  and t h e  mean c rack  propagat ion  

d i  r e c t i  on. 

99 



A l l  t h r e e  c r a c k  angles were measured as a f u n c t i o n  o f  c rack  l e n g t h  f o r  i r r a d i -  

a t e d  and u n i r r a d i a t e d  specimens. However, i t  was found t h a t  t h e  c r a c k - t i p  ang le  

was ve ry  s e n s i t i v e  t o  t h e  presence o f  g r a i n  boundary s l i d i n g ,  w h i l e  t h e  c rack  

ang le  was i n s e n s i t i v e  t o  g r a i n  boundary s l i d i n g .  

angle ,@, r a t h e r  than t h e  c r a c k - t i p  angle,  e ,  was p l o t t e d  a g a i n s t  L. The c rack  

d i r e c t i o n ,  a ,  was a l s o  p l o t t e d .  These graphs were cons t r uc ted  f o r  u n i r r a d i a t e d  
and he l i um  i r r a d i a t e d  specimens p u l l e d  under s i m i l a r  c o n d i t i o n s  and a r e  shown 

i n  F i g u r e  2. 

v a r i a b l e s  occur  d u r i n g  c r a c k  propagat ion.  

specimen, and t h e  e l e c t r o t h i n n e d  s e c t i o n  w i t h  i t s  p e r f o r a t i o n  a c t s  as t h e  i n i -  

t i a t i o n  s i t e  f o r  t h e  c racks .  

g a t e  f rom t h i n  r e g i o n s  ( s  0.1 pm) t o  t h i c k  r e g i o n s  ( >  1 pm) and hence t h e  c r a c k  

l e n g t h s  beyond two hundred microns r ep resen t  t h e  t h i c k  r e g i o n s .  
i t  i s  seen t h a t  t h e  v a r i a t i o n  o f  c rack  ang le  i n  t h e  u n i r r a d i a t e d  specimen i s  
s m a l l e r  i n  t h e  t h i n  r e g i o n  than i t  i s  i n  t h e  t h i c k  r e g i o n .  In t h e  he l ium i r -  

r a d i a t e d  specimen t h e  v a r i a t i o n  o f  t h e  c rack  ang le  i n  t h e  t h i n  r e g i o n  i s  
sma l l e r  than t h a t  o f  t h e  u n i r r a d i a t e d  sample i n  t h e  same r e g i o n .  In t h e  t h i c k -  

e r  r e g i o n  o f  t h e  he l ium i r r a d i a t e d  sample, t h e  amp l i tude  o f  o s c i l l a t i o n  o f  

c r a c k  ang le  inc reases  and approaches t h a t  o f  t h e  u n i r r a d i a t e d  sample. 

r e s u l t  agrees w i t h  p rev ious  r e p o r t s ( 4 )  f r om  t h i s  f a c i l i t y  and shows t h a t  t h e  

he l ium a f f e c t e d  r e g i o n  i s  l i m i t e d  t o  t h e  t h i n  s e c t i o n s  o f  t h e  specimen. 

For t h i s  reason t h e  c r a c k  

I t  i s  c l e a r  f rom these graphs t h a t  l a r g e  o s c i l l a t i o n s  o f  t h e  

There i s  a th i ckness  g r a d i e n t  i n  t h e  

As a r e s u l t  o f  t h i s  c o n d i t i o n  t h e  c racks  propa-  

From F i g u r e  2 

T h i s  

A l s o  seen i n  F i g u r e  2 i s  t h e  v a r i a t i o n  o f  c r a c k  d i r e c t i o n  angle,  a ,  d u r i n g  

c r a c k  propagat ion,  which seems t o  d i f f e r  i n  u n i r r a d i a t e d  and he l i um  i r r a d i a t e d  

specimens. 

a g r e a t e r  amp l i tude  i n  t h e  u n i r r a d i a t e d  specimen than i n  t h e  i r r a d i a t e d  one. 

S i g n i f i c a n t  g r a i n  boudary s l i d i n g  was observed i n  t h e  i r r a d i a t e d  specimen and 

can account  f o r  t h e  reduced f requency o f  change i n  a versus c r a c k  l e n g t h .  

The parameter, a ,  changes va lue  more f r e q u e n t l y  and o s c i l l a t e s  w i t h  

5.2.4 Composite R e l a t i o n  Between Crack Angle, C r a c k - t i p  Angle, Crack Length 

and T o t a l  E l onga t i on  

The c h a r a c t e r i s t i c s  o f  c r a c k  p ropaga t ion  d u r i n g  t e n s i l e  t e s t i n g  a r e  complex b u t  

c o r r e l a t i o n s  can be expected between t h e  leng then ing  s teps  o f  a c r a c k  and i t s  
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FIGURE 2: Graphs of Crack Angle and Crack-Direction Angle versus Crack Length 
for Unirradiated and He-Irradiated 316 SS Tested at Room Temperature. 
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angular o s c i l l a t i o n s .  
length as well as crack angle and  crack- t ip  angle versus elongation. 
graph i s  shown i n  Figure 3 which appl ies  t o  an unirradiated specimen. 
lowing crack propagation fea tu res  a r e  suggested t o  a l imited extent  by t h i s  
f igure .  
crack- t ip  angle a r e  both smoothly varying d u r i n g  propagation. 
ing (increased e )  i s  associated w i t h  a slowly propagating crack. 
t i p  angles migh t  be associated w i t h  rapid increases in crack length.  
rapid o s c i l l a t i o n s  i n  c rack- t ip  angle a r e  not accompanied by rapid o s c i l l a t i o n s  
of crack angle. 

Any cor re la t ions  would be revealed in a p lo t  of crack 
Such a 

The f o l -  

Steady increases in  crack length seem t o  occur when crack angle and 
Crack-tip blunt- 

Sharp crack- 
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FIGURE 3 :  Graphs o f  Crack Length, Crack Angle and Crack-Tip Angle versus Total 
Elongation f o r  Unirradiated 316 SS Tested a t  Room Temperature. 

5 .3  Discussion 

The o s c i l l a t i o n s  observed i n  the c h a r a c t e r i s t i c  crack parameters,@, e ,  a ,  and 
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L show t h a t  cracks propagate in a "jerky,  breathing" manner which i s  associated 
with large changes in d i rec t ion  and crack- t ip  angle. This manner o f  crack prop-  
agation i s  not the r e s u l t  of an in tersec t ion  of the crack with grain boundaries 
because rapid o s c i l l a t i o n s  occur when the crack i s  propagating within one grain.  
I t  i s  possible t h a t  the o s c i l l a t i o n s  in crack- tip angle a r e  caused by the build- 
u p  and re lease  of local ized s t r a i n  energy. 
where e i s  increasing and L i s  only slowly increasing,  a n  increase in s t r a i n  
energy may occur. 
may suddenly propagate as  a crack with a sharp t i p ,  thereby converting the 
stored s t r a i n  energy densi ty in to  energy absorbing p l a s t i c  deformation processes. 
The var ia t ions  in c( r e f l e c t  the inhomogeneity of the p l a s t i c  deformation process. 
This type of osc i l l a to ry  behavior during crack propagation would be expected 
t o  occur in r e l a t i v e l y  d u c t i l e  material and n o t  during b r i t t l e  crack propagation. 

During the crack blunting stage 

Once a c r i t i c a l  s t r a i n  energy densi ty i s  reached the crack 

The  d e t a i l s  of the p l a s t i c  deformation mechanisms associated with crack propa- 
gation can provide an understanding of flow local iza t ion .  The crystallography 
o f  the grain and the morphology of the crack and i t s  r e l a t ion  t o  the t e n s i l e  
ax i s  should allow one t o  predict  the subsequent crack behavior when the s t r a i n  
energy densi ty var ia t ions  near the crack are  known. The re la t ion  of t h i s  ap- 
proach t o  t h a t  of microvoid coalescense, crack coalescence and the i n i t i a t i o n  
of grain boundary s l id ing  and twinning i s  n o t  c l e a r  a t  t h i s  time;' however, d a t a  
being col lec ted  suggests t h a t  these re l a t ions  can be establ ished.  

5.3 Conclusions 

In type 316 s t a i n l e s s  s t ee l  microspecimens t e n s i l e  tes ted  a t  room temperature 
in an HVEM, the following conclusions were found f o r  unirradiated and helium i r -  
radiated specimens containing large (diameter 120 nm) bubbles, i . e .  f o r  r e l a t ive-  
l y  d u c t i l e  mater ia l .  

Crack length versus to ta l  elongation exh ib i t s  a s t ep- l ike  re la t ionship .  
Large o s c i l l a t i o n s  are  found in crack- t ip  angle and mean crack propagation 
d i rec t ion .  S igni f icant  o s c i l l a t i o n s  in crack angle a l s o  occur. The e f f e c t  
of helium i r rad ia t ion  when large bubbles a r e  present i s  t o  decrease the 
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ampl i tude  o f  t h e  angu la r  o s c i l l a t i o n s ,  t o  decrease t h e  mean c rack  ang le ,  

and p o s s i b l y  t o  promote g r a i n  boundary s l i d i n g .  

The e f f e c t  o f  decreas ing specimen th i ckness  i s  t o  decrease the  amp l i tude  

o f  t h e  angu la r  o s c i l l a t i o n s .  
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7.0 Fu tu re  Work 

The e f f e c t  o f  temperature on c r a c k  p ropaga t ion  c h a r a c t e r i s t i c s  w i l l  be i n v e s t i -  
ga ted  i n  an e f f o r t  t o  understand t h e  mechanisms o f  f l o w  l o c a l i z a t i o n  which 

r e s u l t s  from he l ium and d isp lacement  damage. 



THE ROLE OF LUDERS STRAIN IN DETERMINING FLOW PROPERTIES IN STEEL FROM AN 
INSTRUMENTED HARDNESS TEST 
G.E. Lucas and F. Haggag (University of California, Santa Barbara) 

1.0 Objective 

The purpose of this aspect o f  the program i s  to develop test techniques to 
extract mechanical property information from small volume specimens either 
being used or planned for use in high energy neutron irradiation experiments. 

2.0 Summary 

From tests on a set of steels heat treated to exhibit a range of Liiders 
strains E = 5.40%) a quantitative 
correlation was determined between the LUders strain and the geometry of the 
lip around a ball indentation. Interferometric techniques were found 
superior to profilometric techniques for lip characterization. In addition, 
it was found that hardnedmicrohardness data were best correlated to the 
homogeneous plastic flow portion of the tensile stress-strain curve. 

when tested in tension (cL = 0.88% to L 

3.0 Program 

Title: Damage Analysis and Fundamental Studies for Fusion Reactor Materials 

Principal Investigators: G. R. Odette and G. E. Lucas 
Affiliation: University of California, Santa Barbara 

Development 

4.0 Relevant DAFS Program Plan Task/Subtask 

Subtask B Fundamental Mechanical Properties 
Subtask C Correlation Methodology 
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5 .0  Accomplishments and S t a t u s  

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

One t e s t  techn ique  o f  i n t e r e s t  i n  e x t r a c t i n g  mechanical p r o p e r t y  i n f o r m a t i o n  

f rom t h e  smal l  volume specimens used i n  h i g h  energy neu t ron  i r r a d i a t i o n  

exper iments i s  t h e  microhardness t e s t .  Consequently, some e f f o r t  has been 

undertaken 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 t o  develop t h e  

microhardness t e s t  f o r  t h i s  a p p l i c a t i o n .  The ins t rumented  hardness t e s t  and 

t h e  r e l a t e d  ba l l - m ic rohardness  t e s t  desc r ibed  p r e v i o u s l y  (l,*) a r e  r e s u l t s  o f  
t h i s  e f f o r t .  

I n  c o r r e l a t i n g  hardness/microhardness d a t a  w i t h  u n i a x i a l  s t r e s s - s t r a i n  

d a t a  i t  was found'') t h a t  i n  s t e e l s  e x h i b i t i n g  r e l a t i v e l y  l a r g e  Luders s t r a i n s  

t h e  c o r r e l a t i o n  was u n c e r t a i n .  Consequently, a s tudy  was undertaken t o  1) 

develop a techn ique  f o r  p r e d i c t i n g  t h e  magnitude o f  Luders s t r a i n s  i n  s t e e l  

specimens f rom a c h a r a c t e r i z a t i o n  o f  t h e  geometry o f  a s p h e r i c a l  i n d e n t a t i o n  

and 2) determine a methodology f o r  p r e d i c t i n g  f l o w  p r o p e r t i e s  i n  s t e e l s  

e x h i b i t i n g  Li iders s t r a i n  f rom hardness/microhardness data .  

5.2 M a t e r i a l s  

T e n s i l e  samples were c u t  f rom c o l d - r o l l e d  SAE No. 1015 s t e e l  sheet .  The 

samples i n  groups o f  4 were sub jec ted  t o  a range o f  e l eva ted  temperature,  20 

minute  anneals t o  o b t a i n  s t e e l s  which e x h i b i t e d  a v a r i e t y  o f  Luders s t r a i n s  

when t e s t e d  i n  u n i a x i a l  t e n s i o n .  Anneal temperatures ranged f rom 121OC t o  

621OC. 

5.3 Exper imenta l  Procedure 

F o l l o w i n g  h e a t  t rea tment ,  t h e  samples were p u l l e d  i n  u n i a x i a l  t e n s i o n  a t  room 

temperature i n  an I n s t r o n  mechanical t e s t i n g  machine. A l l  t e s t s  were 

conducted a t  a crosshead speed o f  .021  mm/sec. Data f rom these t e s t s  were 

used t o  c o n s t r u c t  t r u e - s t r e s s ,  t r u e - p l a s t i c - s t r a i n  curves f o r  each s e t  o f  h e a t  

t r e a t e d  s t e e l s .  And these d a t a  were regressed t o  o b t a i n  va lues o f  t h e  Luders 
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strain, the lower yield strength, u 
coefficient K for homogeneous plastic flow. 

and the strain hardening exponent n and QY' 

The undeformed end tabs of the tensile samples were then subjected to ball 
hardness and microhardness tests, again at room temperature. These techniques 

The hardness tests were conducted on an 
Instron @ testing machine with a .159 mm diameter ball indenter; maximum 
loads were in the range .90 kg to 18.2 kg; all indentations were made at a 
cross head speed of 8.47~10-~ cm/sec. The microhardness tests were conducted 
on a Tukon @ microhardness tester with both a .159mm and a .025mm diameter 
ball. Loads were applied in the range 2009 to 10009. These data were then 
correlated to the uniaxial tensile data. 

have been described previously. (1,2) 

Selected indentations were characterized by both profilometric and interfero- 
metric techniques. The most systematic study was done on indentations made on 
each of the heat treated steels at a load of 18.2 kg. Profiles of each 
indentation were obtained with a Bendix @ RCC-4 profilometer; and the 
geometric features, d, W ,  hQ and h as defined in Figure 1, were measured 
from the profile traces. In addition, the area A between the "Reference 
Surface" and the indentation lip boundary was measured with a planimeter for 
each trace. Empirical correlations between these features and were then 
investigated. 

P' 

Optical interferographs were also obtained for selected indentations. 
Interferographs were made at 20x on a Unitron series N metallograph using an 
interference objective and a Xe light source and cadmium filter to obtain 
monochromatic light of wavelength A = 644 nm. These data were compared with 
the profilometric data, and correlations between interferographic features and 
.cL were investigated. 

5.4 Results 

The tensile data regression parameters c L ,  u K, and n are given in Table 1. 
As can be seen, steel samples were obtained which exhibited Luders strain in 

QY' 
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u n i a x i a l  t e n s i o n  from 0.88% (as rece ived)  t o  5.04% (aged 20 minutes a t  621OC). 

However, o t h e r  f l o w  c h a r a c t e r i s t i c s  changed w i t h  heat  t rea tment  as w e l l .  I n  

p a r t i c u l a r ,  t h e  lower  y i e l d  s t r e n g t h ,  t h e  s t r a i n  hardening exponent, and t h e  

s t r a i n  hardening c o e f f i c i e n t  v a r i e d  w i t h  as 

K 
L Q n - = &  - n Q n &  L 

QY 
a 

(3 )  i n  agreement w i t h  t h e  observa t ions  o f  Mor r i son  

T A B L E  1 
T E N S I L E  D A T A  REGRESSION PARAMETERS 

52 

54 

56 

S8 

s10 

s11 
S15 

518 

520 

.88  

1.74 

2.16 

2.76 

3.25 

3.86 

4.70 

4.80 

5.40 

245 

257 

272 

281 

290 

293 

301 

281 

296 

473 

478 

495 

484 

533 

534 

597 

615 

605 

,138 

,150 

,154 

,147 

,175 

,182 

.221 

.256 

.244 

Several  approaches t o  c o r r e l a t i n g  t h e  hardness/microhardness da ta  w i t h  

u n i a x i a l  t e n s i l e  da ta  were t r i e d .  The bes t  approach o f  those t r i e d  was found 

t o  be a c o r r e l a t i o n  between t h e  hardness da ta  and t h e  homogeneous f l o w  p o r t i o n  

o f  t h e  u n i a x i a l  s t r e s s - s t r a i n  curve ,  back- ex t rapo la ted  t o  zero p l a s t i c  s t r a i n .  

T h i s  c o r r e l a t i o n  i s  g i ven  by 
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E = .19 d/D P 

(3.48 

where u = true 5 'ess a a true p stic 5 P .sin E 

W = applied (maximum) load in the hardness test 
D = indenter ball diameter 
E = elastic modulus of the specimen 

Although the form of Eqn. (2) is identical to the correlation reported 
earlier,") the coefficients ,713 and 3.48 are somewhat larger. This appears 
to be the result of a strain rate effect, as the hardness tests were conducted 
at a larger effective strain rate than the tesile tests(4). For the less 
strain rate sensitive material investigated earlier, this effect wa5 not 
apparent. 

Equation (2) fit all of the hardness/microhardness data to the corresponding 
tensile data, i.e. the homogeneous flow portion of the tensile stress strain 
curve. A representative fit is given in Figure 2. Note that the hardness 
data fits the back-extrapolated line of the homogeneous flow part of the 
tensile curve as well. Consequently, the entire tensile curve can only be 
predicted from hardness data with such a correlation - if the value of cL  can be 

P determined from the hardness test; then a horizontal line drawn on the u-E 

plot, intersecting the homogeneous flow curve at E ~ ,  would correspond to the 
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Liiders plateau. To this end, some correlation between the indentation 
geometry and cL was sought. 

The best correlation between features of the indentation obtained with the 
profilometer and cL was found to be for A, the area between the "Reference 
Surface" and the indentation lip boundary. The empirical correlation is shown 
in Figure 3.  Note that there is a considerable amount of uncertainty 
associated with each data point as well as scatter from point to point. The 
reasons for this will be discussed shortly. For now, though, it is important 
to note that despite the data scatter a general trend was observed; the area 
under the lip increased with cL. 

A much better characterization of the lip geometry was obtained with 
interferometric techniques. Representative results are shown in Figure 4 
where the interferographs and corresponding profilometer traces are shown for 
indentations made on three different steels at 9.07 kg. In the interfero- 
graphs each fringe corresponds to a displacement of h/2 = 322nm between the 
objective reference plane and the sample surface. Hence, the relatively few 
fringes indicate a small lip height around the indentation in Figure 4a and 
the larger number of fringes indicates a steeper and higher lip in Figure 4c. 
It is evident that as the material exhibits a larger cL, it also piles up 
around a ball indenter to a greater extent during penetration. Such behavior 
is consistent with the relationship between zL, n and the piling up 

phenomenon. 

It should be noted that a set of nested fringes appears at the top of the lip 
in Figure 4. This i s  important for LWO reasons. First, this indicates that 
the edge of the lip is crown-like in appearance. This explains much of the 
data scatter in Figure 3 ,  as the profilometer trace gives no indication of 
whether the profilometer stylus traced over a peak or a valley at the edge of 
the lip. Second, the crown-like appearance o f  the lip appears to be 
characteristic of steels exhibiting Luders strains and not of other materials 
exhibiting strictly homogeneous f 1 ow. (5) Consequently, such features may be 
useful in detecting the onset of other inhomogeneous plastic flow phenomena 
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such as localized plastic flow in irradiated metals. This is currently under 
further investigation. 

5.5 Conclusions 

It appears that the flow properties of steels exhibiting LUders strains can be 
determined from ball hardness and/or ball microhardness data. Hardness data 
can be correlated to the homogeneous flow portion of the tensile stress-strain 
curve, and the geometry of the lip can be analyzed to determine the magnitude 
of the Liiders strain exhibited by the specimen. 

The best technique found for examining indentation lip geometry was optical 
interferometry. This permits a three-dimensional representation of the 
indentation to be recorded and it should be compatible with microhardness test 
techniques. Moreover, some features of the indentation obtained in such a 
fashion may permit detection of localized flow phenomena other than Luders 
strain. 
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7.0 Fu tu re  Work 

A T u k o n a  microhardness t e s t e r  i s  b e i n g  m o d i f i e d  t o  i n c o r p o r a t e  t h e  techniques 

lea rned  i n  t h i s  study. Load c a p a c i t y  i s  be ing  increased f rom 1 kg t o  10 kg, 

o p t i c a l  i n t e r f e r o m e t r y  equipment i s  be ing  added, and t h e  o u t p u t  i s  be ing  

d i g i t i z e d  f o r  use i n  computer ized da ta  a n a l y s i s .  T h i s  should s i g n i f i c a n t l y  
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TENSILE PROPERTY CORRELATION FOR 20% COLD WORKED 316 STAINLESS STEEL 

R .  L. Simons (Hanf o rd  Engineer ing Development Labora to ry )  

1 .o Ob jec t i ves  

The o b j e c t i v e  o f  t h i s  work i s  t o  deve lop c o r r e l a t i o n  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  p r o p e r t i e s  o f  m a t e r i a l s  i m p o r t a n t  t o  magnet ic f u s i o n  

energy dev ices.  

2.0 Summary 

U l t i m a t e  t e n s i l e  s t r e n g t h  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 a -  

d i a t e d  i n  f a s t  and thermal r e a c t o r s  and b y  14 MeV neu t rons  were analyzed and 

a ten-parameter equat ion was developed t o  desc r i be  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  behav io r  f o r  t h e  temperature range  25 < T < 800°C. 

inc ludes  t h e  i r r a d i a t i o n  parameters: d i sp l aced  atoms, he l i um  con ten t ,  and 

i r r a d i a t i o n  temperature.  It i s  a p p l i c a b l e  t o  s t r a i n  r a t e s  < 5  x 10 /second 

and t e s t  temperatures approx imate ly  equal  t o  t h e  i r r a d i a t i o n  temperature.  

Un i fo rm e l onga t i on  d a t a  were cha rac te r i zed  i n  terms o f  y i e l d  and u l t i m a t e  

t e n s i l e  s t r e n g t h  data.  

he l ium a t  t em ix ra tu res  below 500°C b u t  s e n s i t i v e  t o  he l i um  above 55OOC. 

The equa t ion  

- 4  

The t o t a l  e l o n g a t i o n  was found t o  be i n s e n s i t i v e  t o  

3.0 Proqram 

T i t l e :  I r r a d i a t i o n  E f f e c t s  Ana lys is  (AKJ) 
P r i n c i p a l  I n v e s t i g a t o r :  D. G. Doran 

A f f i l i a t i o n :  Hanford Eng ineer ing  Development Labora to ry  

4.0 Relevant  DAFS Proqram Plan Task/Subtask 

Subtask II.C.2.2 F a s t  spectrum/mixed-spectrum c o r r e l a t i o n s  

Subtask II.C.16.1 C o r r e l a t i o n  model development 
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5 .o Accomplishments and S t a t u s  

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

Degradat ion o f  f i r s t  w a l l  o r  s t r u c t u r a l  m a t e r i a l s  due t o  i r r a d i a t i o n  i s  a 

major  c o n s i d e r a t i o n  i n  f u s i o n  r e a c t o r  design.  

w a l l  a p p l i c a t i o n  i n  near te rm f u s i o n  dev ices (such as t h e  Fus ion Eng ineer ing  

Dev ice)  i s  20% cold-worked ( C W )  316 s t a i n l e s s  s t e e l .  Development o f  c o r r e -  

l a t i o n  equat ions f o r  i r r a d i a t i o n  e f f e c t s  i n  t h i s  m a t e r i a l  w i l l  be  needed f o r  

des ign  o f  near  term f u s i o n  dev ices.  

a f f e c t  t h e  mechanical  behav ior  o f  t h e  s t a i n l e s s  s t e e l  i n c l u d i n g  t e s t  and 

i r r a d i a t i o n  temperature,  p roduc t  form, m a t e r i a l  h e a t  ( o r  c h e m i s t r y ) ,  s t r a i n  

r a t e ,  i r r a d i a t i o n  spectrum, e t c .  

A cand ida te  a l l o y  f o r  f i r s t  

There are  a number o f  v a r i a b l e s  which 

I n  t h e  development of c o r r e l a t i o n  equat ions f o r  t h e  t e n s i l e  p r o p e r t i e s  of 

20% CW 316 s t a i n l e s s  s t e e l ,  t h e  p r imary  parameters t r e a t e d  were t h e  e f f e c t  

o f  i r r a d i a t i o n  temperature and neu t ron  spectrum. Neutron spectrum e f f e c t s  

were cha rac te r i zed  b y  t h e  r e l a t i v e  amounts o f  d isp lacement  damage and h e l i u m  

accumulat ion.  Al though o t h e r  t r ansmu ta t i on  p roduc ts  may have a d e t r i m e n t a l  

e f f e c t  on t h e  m a t e r i a l ,  t h e i r  e f f e c t  was assumed t o  be n e g l i g i b l e  i n  t h i s  

a n a l y s i s .  On l y  d a t a  f rom t e n s i l e  t e s t s  performed a t  low s t r a i n  r a t e s  ( 5 x 

10-4/second) were used and t h e  t e s t  temperatures were r e q u i r e d  t o  be  near 

t h e  i r r a d i a t i o n  temperatures.  T h i s  r e p o r t  addresses t h e  i r r a d i a t i o n  behav- 

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

The i r r a d i a t i o n  behav io r  o f  y i e l d  s t r e n g t h  was r e p o r t e d  p r e v i o u s l y .  9 1 )  

There were two p r ima ry  sources o f  d a t a  used i n  t h i s  work -- N - l o t  and T - l o t  

o f  h e a t  87210 used f o r  F a s t  F l u x  T e s t  F a c i l i t y  (FFTF)  ladd ding(^-^) and Do 

h e a t  used i n  i r r a d i a t i o n  exper iments b y  Oak Ridge N a t i o n a l  Labo ra to r y  
(ORNL).  (4 -5 )  
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The DO h e a t  con ta i ns  about t w i c e  as much s i l i c o n  as h e a t  87210. Other d i f -  

ferences between t h e  d a t a  s e t s  are  d i f f e r e n c e s  i n  t h e  i r r a d i a t i o n  env i ron-  

ment ( i .e. ,  f a s t  and thermal  r e a c t o r s )  and p roduc t  form. The DO h e a t  was i n  

t h e  fo rm o f  round s t o c k  t e n s i l e  specimens w h i l e  t h e  N and T l o t s  were i n  t h e  

form o f  tubes.  

5.1.1 Data Compi la t ion  

The exposure parameter used b y  F i s h  e t  al.‘[ ’ i n  r e p o r t i n g  t e n s i l e  d a t a  

f rom i r r a d i a t i o n s  i n  Exper imental  Breeder Reac to r - I 1  (EBR-11) was f l u e n c e  

>0.1 MeV. 

conver ted t o  d i sp l aced  atoms per  atom (dpa). 

dpa va lues were t h e  f l u x e s  and spectrum-averaged d isp lacement  c r o s s  s e c t i o n s  

c a l c u l a t e d  f rom r e s u l t s  ob ta ined  from the  EBR-I1 r u n  50H and r u n  75D d o s i -  

m e t r y  t e s t s .  The 50H dos imet ry  was used f o r  t h e  i r r a d i a t i o n s  per-  

formed p r i o r  t o  t h e  b l a n k e t  change ( r u n  56)  and t h e  7 5 D  dos ime t r y  was used 

f o r  t h e  pos t - b l anke t  change i r r a d i a t i o n s .  

(HFIR) t e n s i l e  data,  t h e  r e p o r t e d  dpa va lues  were used except  f o r  those f rom 

Reference 4. They were h i g h  b y  a f a c t o r  o f  two, r e l a t i v e  t o  t h e  o t h e r  v a l -  

ues, because t h e y  a re  based on an e a r l i e r  convers ion  o f  damage energy t o  

displacements.  

For a p p l i c a t i o n  t o  f u s i o n  environments t h e  dose parameter was 

The b a s i s  f o r  de te rm in i ng  t h e  

For High F l u x  I so tope  Reactor 

He1 ium concen t ra t i ons  (hpa) a r e  r e p o r t e d  f o r  t h e  HFIR d a t a  
and a r e  based on a semi- emp i r i ca l  equa t ion  f o r  he l i um  p roduc t i on  i n  HFIR. ( 8 )  

Values f o r  t h e  EBR-I1 da ta  were determined f r o m  t h e  measurement made i n  
E B R - I 1  by McElroy and F a r r a r .  ( 9) 

There were a t o t a l  o f  104 data  p o i n t s  used i n  t h i s  a n a l y s i s .  The d a t a  were 

grouped b y  i r r a d i a t i o n  temperature.  

temperature o f  t h e  group. The maximum d e v i a t i o n  f rom t h e  mean o f  any group 

was 10°C. Since n o t  a l l  o f  t h e  d a t a  were f rom t h e  same h e a t  o r  same s p e c i -  

men geometry, t h e  u n i r r a d i a t e d  p r o p e r t y  l e v e l s  were n o t  t h e  same. 

Each group i s  i d e n t i f i e d  b y  t h e  mean 

Since t h e  l a r g e s t  f r a c t i o n  o f  t h e  d a t a  was f rom N and T l o t s  o f  h e a t  87210, 

t h e  c o r r e l a t i o n  was t a i l o r e d  t o  t h i s  da ta  s e t  b y  g i v i n g  i t  a we igh t  o f  1.0 

and t h e  o t h e r  s e t s  a we igh t  o f  0.5 o r  l e s s .  Most o f  t h e  HFIR data  were 
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g iven  a we igh t  o f  0.5. 

ence 4 because r e p o r t e d  t e n s i l e  p r o p e r t i e s  dev i a t ed  s u b s t a n t i a l l y  f rom those 

expected, presumably due t o  a h i g h e r  l e v e l  o f  mechanical  work ing. (5)  

unequal w e i g h t i n g  a l l o w s  t h e  behav io r  o f  t h e  00 h e a t  d a t a  t o  i n f l u e n c e  the  

c o r r e l a t i o n  equa t ion  w h i l e  n o t  a l l o w i n g  a l a r g e  e f f e c t  due t o  i n i t i a l  mater-  

i a l  d i f f e r e n c e s .  Furthermore, i t  i s  expected t h a t  t h e  two m a t e r i a l s  w i l l  

behave t h e  same a f t e r  extended neu t ron  exposure. 

A lower  v a l u e  was assigned t o  t h e  d a t a  f rom Refe r-  

The 

5.1.2 C o r r e l a t i o n  Equa t ion  Development 

The c o r r e l a t i o n  equa t ion  developed assumed t h a t  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  

l i k e  t h e  y i e l d  s t r e n g t h" )  was equal  t o  t h e  i n i t i a l  va lue  p l u s  o r  minus an 

incrementa l  change i n  u l t i m a t e  t e n s i l e  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.  T h i s  a n a l y s i s  method i s  m s t  appro-  
p r i a t e  f o r  a s i n g l e  h e a t  o f  m a t e r i a l .  Below 5 O O 0 C ,  an i r r a d i a t i o n  hardening 

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. 
S a t u r a t i o n  i s  d e f i n i t e l y  e v i d e n t  a t  low temperatures (<300"C) i n  CW 304 and 

M316 s t a i n l e s s  s t e e l s .  ( 'O-' ' )  The form o f  t h e  y i e l d  s t r e n g t h  and u l t i m a t e  

t e n s i l e  s t r e n g t h  equa t ions  used f o r  t h e  temperature range  25 J T < 800'C i s  

where 

Y 1 = A  T - B ,  

Y1 = A T1 - B, 

T < T i  = 773'K 

T T i  = 773'K 

6 = exp ( +  C/T)/D, 

a = E exp ( -F /T )  

y2 = G ( T  - To) exp 1-H(T - To)] ,  T > To 

Y2 = 0 , T L T o  

where A, B, C, D, E, F, G, H, T and Y a r e  f i t t e d  cons tan ts .  The tempera- 

t u r e  T, i s  i n  u n i t s  o f  degrees Ke lv in ,  x i s  t h e  number o f  d i sp l aced  atoms 

per atom, z i s  t h e  number o f  he l i um  atoms per  atom i n  u n i t s  o f  appm, and 

0 
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Y i s  t h e  measured u n i r r a d i a t e d  s t r e n g t h  i n  MPa. I n  equa t i on  ( l ) ,  6 domi- 

na tes  a t  low temperatures g i v i n g  a s a t u r a t i o n  e f f e c t ,  w h i l e  a dominates a t  

h i g h  temperatures, r e s u l t i n g  i n  e s s e n t i a l l y  no hardening.  

media te  temperature range (300-500°C) the  u l t i m a t e  t e n s i l e  s t r e n g t h  shows an 

i n i t i a l  i n c r e a s e  due t o  i r r a d i a t i o n  hardening f o l l o w e d  b y  a decrease a t  h i g h  

exposures. 

0 

I n  t h e  i n t e r -  

5.2 Resu l t s  and Discuss ion 

5.2.1 S t r eng th  P r o p e r t i e s  

The p r ima ry  emphasis o f  t h i s  a n a l y s i s  was p laced  on h e a t  87210 ( N  and T l o t s )  

w i t h  lower  emphasis on the  DO heat .  Table I summarizes the  parameters f o r  

y i e l d  and u l t i m a t e  t e n s i l e  s t r e n g t h  which m in im ize  t h e  weighted sum o f  t h e  

squares o f  t h e  r e s i d u a l s  f o r  equa t ion  (1 ) .  
these parameters i s  - +70 MPa f o r  y i e l d  s t r e n g t h  and f o r  u l t i m a t e  t e n s i l e  

s t r e n g t h .  The va lues f o r  y i e l d  s t r e n g t h  are  s l i g h t l y  d i f f e r e n t  f rom those 

p r e v i o u s l y  r epo r t ed" )  b u t  t h e y  y i e l d  a comparable f i t  t o  t h e  data .  

changes a re  due t o  u s i n g  lower  we igh ts  on t h e  r e f e r e n c e  4 data.  

The weighted 2 0  u n c e r t a i n t y  w i t h  

The 

Parameter 

A 

F 
G 
H 

Y 
TO 

TABLE I 

F i t t e d  Parameters f o r  Equa t ion  (1 )  

U1 ti mate 
Y i e l d  T e n s i l e  

S t r e n g t h  S t reng th  U n i t s  

186.8 229.7 MPa 
.9997 1 .ooo MPa/"K 

~~ . ~~. 

4713.0 4194.0 ( O K )  

11750.0 9252.0 ( d p a ) - l  
576.5 592.3 (hpa d p a ) - l l 2  

7035 .O 6959 .O ( O K )  

726.3 730.3 ( O K )  

5.053 7.897 MPa/"r 

0.3350 0.3830 (dpa1- l  

0.01137 0.01467 ( O K ) -  
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F i g u r e  1 shows 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  d a t a  f o r  h e a t  87210 and t h e  

curves f o r  each temperature group. The curves correspond t o  an E B R - I 1  core  

c e n t e r  spectrum. For t h e  most p a r t  t h e  curves f i t  t h e  d a t a  reasonab ly  w e l l .  

A t  84OoC, the  equa t ion  ( 1 )  i s  about 50% h i g h e r  than t h e  measured data.  

Al though t h i s  i s  w i t h i n  t h e  95% conf idence l e v e l  o f  u n c e r t a i n t y ,  t h e  a p p l i -  

c a t i o n  o f  equa t ion  ( 1 )  i s  l i m i t e d  t o  <800"C. 

F i g u r e  2 shows t h e  measured h e a t  87210 and Do h e a t  u l t i m a t e  t e n s i l e  s t r e n g t h  

d a t a  (excep t  r e f .  4 da ta )  p l o t t e d  versus c a l c u l a t e d  u l t i m a t e  t e n s i l e  

s t r e n g t h .  The dashed l i n e s  show t h e  weighted 95% conf idence bounds f o r  t h e  

data.  Most o f  t h e  DO h e a t  d a t a  f a l l s  w i t h i n  o r  near  t h e  95% con f idence  

bounds. 

5.2.2 Duct i 1 i t y  P r o p e r t i e s  

The t e n s i l e  d u c t i l i t y  p r o p e r t i e s  un i f o rm  and t o t a l  e l o n g a t i o n  were n o t  as 

e a s i l y  ana lyzed as t h e  s t r e n g t h  p r o p e r t i e s  due t o  an appa ren t l y  more complex 

i r r a d i a t i o n  temperature dependence. Odet te  (") has proposed a s imp le  

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

and 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  fo rm 

a = c ( 1  -2 )  
U 

U 1 

where C 1  = 0.5 f o r  annealed 316 and i s  a f u n c t i o n  o f  t h e  work harden ing  

c o e f f i c i e n t .  
s t a i n l e s s  s t e e l  f o r  temperatures <5OO0C. The a va lues  were based on a 

y i e l d  s t r e s s  model and t h e  au va lues were based on an e m p i r i c a l  model. 

Above 5OO0C, t h e  E U  f u n c t i o n  ove rp red i c t ed  t h e  measured va lues o f  u n i f o r m  

e l o n g a t i o n .  T h i s  was a t t r i b u t e d  t o  t h e  e f f e c t  o f  he l i um  on g r a i n  boundar ies .  

He found  t h a t  t h i s  r e l a t i o n s h i p  was v a l i d  f o r  annealed 316 

Y 

It would be  convenient  t o  r e p r e s e n t  t h e  u n i f o r m  e l o n g a t i o n  i n  terms o f  t h e  

y i e l d  and u l t i m a t e  t e n s i l e  s t r e n g t h .  F i g u r e  3 shows measured t r u e  u n i f o r m  

s t r a i n  versus one minus t h e  r a t i o  o f  measured t r u e  s t r e s s e s  f o r  TI <50O0C. 
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F1 :GURE 1 
C 

Measured and Ca l cu l a t ed  U l t i m a t e  T e n s i l e  S t r eng th  f o r  Heat 87210 
versus dpa. 

A 
0 HEAT 887210 IEBR I1 lRRAD.1 

1WO 1. . DO HEAT lHFlR IRRAO.1 

1 

FIGURE 2. Measured versus Ca l cu l a t ed  U l t i m a t e  T e n s i l e  S t r eng th  i n  20% CW 316 SS. 
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0 HEAT 87210 (EBR I l l  
T HEAT 87210 (AGED) 
0 DO HEAT (HFIR) 

.1 .2 .3 .4 .5 

FIGURE 3 .  True Uniform Elongation Versus an Empirical Strength Function 
(TIRR < 500°C). 
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The dpa va lues  range f rom 1-40 and he l ium concen t ra t i ons  range f rom 

1-1000 appm. 

r a t i o .  Some p o i n t s  agree 

and o t h e r s  d isagree  w i t h  t h e  h e a t  87210 a t  4-5% t r u e  s t r a i n  (375°C). 

appears t o  be  no e f f e c t  o f  excess he l i um  a t  375°C where b o t h  E8R-I1 and HFIR 

d a t a  c o r r e l a t e  w e l l  w i t h  dpa i n  s p i t e  o f  t h e  o r d e r  o f  magnitude d i f f e r e n c e  

i n  he l i um  con ten t .  A t  about 10% s t r a i n ,  t h e  DO h e a t  d a t a  (475°C) shows a 

d e f i n i t e  d e v i a t i o n  f rom h e a t  87210. However, t h i s  d i f f e r e n c e  i s  n o t  e v i d e n t  

when comparing u n i f o r m  e l onga t i on  versus dpa ( F i g u r e  4) .  It i s  g e n e r a l l y  

accepted t h a t  he l i um  i s  n o t  a f f e c t i n g  d u c t i l i t y  a t  these temperatures.  

d i f f e r e n c e s  between t h e  HFIR and EBR-I1 a a t a  i s  p robab ly  due t o  d i f f e r e n c e  

i n  m a t e r i a l  h e a t  o r  p roduc t  form. 

The h e a t  87210 d a t a  show a s i n g l e  f u n c t i o n  o f  t h e  s t r e n g t h  

The DO h e a t  does n o t  c l e a r l y  f i t  t h i s  same curve.  

There 

Any 

F i g u r e  5 shows t h e  un i f o rm  e l o n g a t i o n  da ta  f o r  TI >500"C. 

i s  s h i f t e d  t o  t h e  r i g h t  r e l a t i v e  t o  t h e  lower  temperature d a t a  o f  F i g u r e  4. 

The ag ing  d a t a  shown i n  F i g u r e  5 a re  i n  good agreement w i t h  t h e  i r r a d i a t i o n  

e f f e c t s  da ta  which i n d i c a t e  r ecove ry  i s  t h e  dominant mechanism. 

i r r a d i a t e d  i n  HFIR shows a pronounced s h i f t  t o  t h e  r i g h t  o f  h e a t  87210. 

Since t h e  s t r e n g t h s  f o r  t h e  two hea ts  were i n  r e l a t i v e  good agreement a t  

t hese  temperatures,  t h e  HFIR d a t a  suggest t h a t  t h e  pronounced d rop  i n  duc- 

t i l i t y  i s  p o s s i b l y  due t o  hel ium. However, i f  one cons iders  t h e  two s t e e l s  

t o  have d i s t i n c t  E~ dependence on s t r e n g t h s  a t  low temperatures as shown 

i n  F i g u r e  4, b o t h  s t e e l s  show comparable s h i f t s  between F i g u r e  4 and 5. 
Thus, t h e  s h i f t  i n  F i g u r e  5 c o u l d  r e f l e c t  bo th  a h e a t  t o  h e a t  v a r i a t i o n  and 

a he l i um  e f f e c t .  I n  o r d e r  t o  a r r i v e  a t  t h e  c o r r e c t  i n t e r p r e t a t i o n ,  t h e  two 

heats  need t o  be i r r a d i a t e d  s i d e  b y  s i d e  i n  HFIR. 

The 87210 hea t  

The DO h e a t  - 

F i g u r e  6 shows t o t a l  e l o n g a t i o n  d a t a  versus dpa f rom 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  E B R - I 1  and HFIR a t  376 - +lO°C. The c o r r e l a t i o n  o f  f a s t  and mixed 

spectrum d a t a  i s  i n s e n s i t i v e  t o  t h e  he l i um  con ten t .  P l o t t i n g  t h e  da ta  v e r -  

sus he l i um  con ten t  o r  a combined f u n c t i o n  o f  dpa and he l i um  increases t h e  

s c a t t e r .  
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0 HEAT 87210 (EBR 11) 
I HEAT 87210 (AGED) 
0 DO HEAT (HFIR) 

0 

I p.; / 
/ 

0 

U I I I I 
~~ ~~ 

.o . I  .2 .3 .4 .5 

HEDL 8106 090 8 

FIGURE 5. True Uniform Elongation versus an Empirical Strength Function 
(TIRR 2 500°C) 
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F i g u r e  7 shows t h e  t o t a l  e l o n g a t i o n  da ta  versus dpa f o r  an i r r a d i a t i o n  tem- 

p e r a t u r e  o f  575 - +25"C. The HFIR i r r a d i a t i o n  d a t a  show a more r a p i d  drop and 

u l t i m a t e l y  a lower l e v e l  O f  t o t a l  e l onga t i on  than t h e  da ta  f rom E8R-I1 i r r a -  

d i a t i o n s .  

annealed m a t e r i a l  reached t h e  same l e v e l  o f  t o t a l  e l o n g a t i o n  b y  10-15 dpa i n  

HFIR and t h e y  f e l t  t h a t  t h e  even tua l  l e v e l  o f  t o t a l  e l o n g a t i o n  would be t h e  

same as t h a t  measured b y  Bloom and W i f f e r ~ ' ~ )  a t  >30 dpa. 

expected t o  occur  i n  s p i t e  o f  t h e  f a c t  t h a t  t h e  e a r l i e r  work i n i t i a l l y  

showed lower t o t a l  e l o n g a t i o n .  The b e s t  c o r r e l a t i o n  and subsequent ex ten-  

s i o n  t o  a f u s i o n  environment would i n v o l v e  a merging o f  t h e  da ta  s e t s  f rom 

t h e  two r e a c t o r  i r r a d i a t i o n s .  S ince he l i um  i s  known t o  reduce d u c t i l i t y  a t  

o r  above h a l f  t h e  m e l t i n g  temperature,  t h i s  merging o f  d a t a  m i g h t  be accom- 

p l i s h e d  b y  a p l o t  o f  t o t a l  e l onga t i on  versus he l i um  ( F i g u r e  8 ) .  

F i g u r e  8 does n o t  p r o v i d e  t h e  d e s i r e d  c o r r e l a t i o n  o f  t h e  data.  T h i s  appears 

t o  be  i n  p a r t  due t o  t h e  d i f f e r e n c e s  i n  u n i r r a d i a t e d  t o t a l  e l o n g a t i o n  l e v e l s  

f o r  the  d i f f e r e n t  hea ts  o r  l o t s  o f  m a t e r i a l .  These d i f f e r e n c e s  a re  expected 

81 ack bur  n (13) compi led a number o f  d a t a  p o i n t s  f rom t h e  l i t e r a t u r e  which 

show t h a t  t h e  d a t a  f o r  annealed 316 converges t o  a r e s i d u a l  t o t a l  e l o n g a t i o n  

range o f  10-16% a f t e r  accumulat ing 25 appm hel ium.  T h i s  i s  c o n s i s t e n t  w i t h  

t h e  range presented b y  the  DO h e a t  and 87210 h e a t  d a t a  o u t  t o  t h e  25 appm 

he l i um  l e v e l .  With t h e  t e n s i l e  p r o p e r t i e s  f rom Reference 4 i n  quest ion,  i t  

appears t h a t  a d d i t i o n a l  d a t a  f rom mixed spectrum i r r a d i a t i o n s  a re  needed fo r  

t h e  he l i um  concen t ra t i on  l e v e l  o f  1-100 appm. T h i s  w i l l  p r o v i d e  a b e t t e r  

comparison w i t h  E B R - I 1  d a t a  and e s t a b l i s h  t h e  low exposure behav io r  i n  a 
h i g h  he l i um  genera t ion  r a t e  neu t ron  environment.  

Grossbeck and Maziasz") showed t h a t  b o t h  c o l d  worked and 

Th is  was 

However, 

t o  disappear a f t e r  extended i r r a d i a t i o n  as p o i n t e d  o u t  b y  Grossbeck. ( 5 )  

5.3 Summary and Conc lus ions 

The conc lus ions  f rom t h i s  a n a l y s i s  a r e  o f  two k i n d s :  one concerns t h e  beha- 

v i o r  o f  s t a i n l e s s  s t e e l  i n  a f u s i o n  t y p e  environment where b o t h  h i g h  he l ium 

and dpa exposure a r e  expected, and t h e  o t h e r  i s  recommendations t o  f i l l  t h e  

gaps i n  t h e  d a t a  base f o r  i r r a d i a t i o n  e f f e c t s  on s t a i n l e s s  s t e e l .  
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E m p i r i c a l  c o r r e l a t i o n s  f o r  y i e l d  s t r e n g t h  and u l t i m a t e  t e n s i l e  s t r e n g t h  have 

been developed which a re  f u n c t i o n s  o f  dpa, he l i um  concen t ra t i on ,  and i r r a d i -  

a t i o n  temperature.  They a p p l y  f o r  t e s t  temperatures equal t o  o r  near t h e  

i r r a d i a t i o n  temperature.  The a p p l i c a b l e  s t r a i n  r a t e s  a r e  ~ : 5  x 10-4/second. 

The c o r r e l a t i o n s  are  a p p l i c a b l e  t o  i r r a d i a t i o n  temperatures i n  the  range o f  

25 < T < 80O'C. The c o r r e l a t i o n s  below 500°C a re  cha rac te r i zed  as i n i t i a l l y  

showing i r r a d i a t i o n  hardening which appears t o  s a t u r a t e .  

sures,  t h e  s t r e n g t h  tends t o  decrease. 

t h e  300-500°C temperature range and can be c o r r e l a t e d  w i t h  t h e  exposure 

parameter m. 
the d i s l o c a t i o n  s t r u c t u r e  and i s  indeoendent o f  he l i um  concen t ra t ion .  

A t  h i g h e r  expo- 

The decrease occurs  p redominen t l y  i n  

Above 500"C, t h e  s t r e n g t h  i s  d im in ished  b y  r ecove ry  o f  

The d u c t i l i t y  parameters a re  i n s e n s i t i v e  t o  he l i um  below 500°C. 
h e a t  v a r i a t i o n -  m a y  a f f e c t  un i f o rm  e l onga t i on  i n  t h i s  temperature range. 
Above 500"C, t h e  un i f o rm  e l o n g a t i o n  i s  reduced b y  r ecove ry  i n  E B R - I 1  i r r a d i -  

a t i o n s .  The DO h e a t  shows e i t h e r  f u r t h e r  l o s s  i n  u n i f o r m  e l o n g a t i o n  due t o  

he l i um  o r  a s i g n i f i c a n t  h e a t  t o  h e a t  v a r i a t i o n .  Res idua l  t o t a l  e l onga t i on  

behaves s i m i l a r l y .  There i s  no apparent e f f e c t  o f  he l i um  below 500"C, b u t  

above 500°C he l ium reduces t h e  t o t a l  e l o n g a t i o n  a t  a f a s t e r  r a t e  i n  HFIR 

than i n  E B R - I 1  on a p e r  dpa b a s i s .  

Heat t o  

Present  exper iments i n  t h e  f u s i o n  m a t e r i a l s  research  program a r e  d u p l i c a t i n g  

dpa and hpa va lues  expected i n  f u s i o n  devices.  However, b o t h  cannot be dup- 

l i c a t e d  s imu l t aneous l y  i n  p resen t  t e s t  environments.  Therefore,  i t  i s  

necessary t o  o b t a i n  t h e  b e s t  p o s s i b l e  c o r r e l a t i o n  o f  a l l  a v a i l a b l e  d a t a  from 

both  f a s t  and mixed spectrum t e s t  f a c i l i t i e s .  I n  o r d e r  t o  o b t a i n  a r e l i a b l e  

c o r r e l a t i o n ,  i t  w i l l  be necessary t o  d u p l i c a t e  i n  a mixed spectrum t h e  low 

he l ium concen t ra t i on  (<50 appm) accumulated i n  EBR-11. Th is  w i l l  p r o v i d e  

t h e  b e s t  p o s s i b l e  means o f  s y n t h e s i z i n g  a v a l i d  f i s s i o n - f u s i o n  c o r r e l a t i o n .  

The p resen t  d a t a  base does n o t  i n c l u d e  i r r a d i a t i o n  o f  a g i ven  hea t  o f  mater-  

i a l  i n  bo th  f a s t  and mixed spectrum environments f o r  t h e  f u l l  temperature 

range. It i s  impor tan t  t o  accompl ish t h i s  i n  o r d e r  t o  e l i m i n a t e  t h e  h e a t  t o  

h e a t  v a r i a b l e  which can cause m i s i n t e r p r e t a t i o n  o f  data.  
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'7 .o Future Work 

Development of correlation equations for the ductility properties will 
continue. 

8.0 Publications 
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DOSE AND HELIUM INJECTION RATE DEPENDENCE OF SWELLING I N  DUAL-ION IRRADIATED 

316 STAINLESS STEEL 

G. Ayraul t ,  and H. A. Hoff (Argonne National labora tory)  

1 .o Objective 

The objec t ive  of t h i s  work is  t o  determine the micros t ruc tura l  evolu t ion ,  

during i r r a d i a t i o n ,  of f i r s t  wall  mater ia l s  with s p e c i a l  emphasis on the  

e f f e c t s  of helium production, displacement damage and r a t e s ,  and temperature. 

2 .o Summary 

The dose and helium i n j e c t i o n  r a t e  dependence of d i s l o c a t i o n  and cavi ty  

micros t ruc ture  i n  316 s t a i n l e s s  s t e e l  i r r a d i a t e d  simultaneously with Nif and 

Hef i on s  a t  625OC has been studied with TEM.  

d i s t r i b u t i o n s  were found a t  a l l  th ree  helium i n j e c t i o n  r a t e s  inves t iga ted  ( 5 ,  

15, and 50 appm He/dpa). The 5 and 15 He/dpa i r r a d i a t i o n s  produced s imi l a r  

d i s loca t ion  and cavi ty  micros t ruc tures ,  and swelling ( 1.2% a t  28 dpa).  In 

50 appm He/dpa samples, the d i s loca t ion  d e n s i t i e s  were genera l ly  h igher ,  and 

higher cav i ty  number d e n s i t i e s  produced g rea te r  swelling (- 1.5% a t  20 dpa) 

d e s p i t e  smaller  mean cavi ty  s i z e s .  

Bimodal cavi ty  s i z e  

3 .o Program 

T i t l e :  E f fec t s  of I r r ad ia t ion  on f i s i o n  Reactor Materials  

Pr inc ipa l  Inves t iga to r :  A. P. L. Turner 

A f f i l i a t i o n :  Argonne National labora tory  

4 .o Relevant DAFS Program Plan Task/Subtask 

Subtask II.2.C.1 Xobi l i ty ,  D i s t r ibu t ion ,  and Bubble Nucleation 
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5 .o Accomplishments and Status 

5.1 Introduction 

A major question in the irradiation response of candidate fusion reactor 

structural materials is the influence of concurrent displacement damage and 

helium production. Dual-ion irradiation, using heavy-ions for damage 

production and helium ions to simulate gas production by transmutation events 

provides a means of investigating such effects in the absence of a high energy 

neutron source. 

This report presents the results on the dose and helium injection rate 

dependence of irradiation microstructures in dual-ion irradiated 316 stainless 

steel. 

5.2 Irradiation Conditions 

Type 316 stainless steel from the M E  heat was 50% cold-worked, then solution 
annealed at 1050°C for one hour and aged at 800°C f o r  ten hours. Samples were 

irradiated with 3 .O MeV Ni' and simultaneously injected with degraded 0.87 MeV 

He+. 

Three helium injection rates were used: 5, 15 and M appm Herdpa. The nominal 

irradiation temperature was 625OC, and the nominal doses f o r  each helium 

injection rate were 3, 6, 12 and 25 dpa. The displacement damage rate was 

3 x dpa s - ' .  After irradiation the samples were electrochemically 

sectioned to a depth of 450 nm (peak damage was at 550 nm) and backthinned for 
T E M  inspection. At-depth damage doses were computed for each sample. 

Irradiation temperatures of individual samples were measured with an infrared 

pyrometer. They are listed in Table 1 with the at-depth doses and He/dpa 

ratios. 
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TABLE 1 

IRRADIATION CONDITIONS 

Heldpa 

5 

15 

50 

Dose/ Temperature (dpaIoC) 

2.91610 7.01620 14.51620 27.91615 

2 3 1 6 4 5  7 .61620 1 2 .O 1 635 27.31610 
13.21640 

2.61580 6.21610 11 .a1645 20 .4/630 
6.91585 13.01605 

5.3 Dislocat ion and Cavity Microstructure 

m a n t i t a t i v e  TEM da ta  was ext rac ted  from th ree  or  more regions i n  each of 

f i f t e e n  i r r a d i a t e d  samples; cavi ty  data  from absorpt ion cont ras t  micrographs, 

and d i s loca t ion  da ta  from micrographs recorded i n  ( 2 0 0 )  two beam condi t ions .  

Considerable s c a t t e r  was found, both between regions within the same 

sample (represented by the e r r o r  bars i n  Figs. 1- 4) and between d i f f e r e n t  

samples. 

ex tent  by the d i f fe rences  i n  i r r a d i a t i o n  temperature, l i s t e d  i n  Table 1. 

However, we do not bel ieve t h a t  t h i s  was the major cause. The l a r g e s t  sample- 

to-sample d i f f e rences  between nominally "duplicate" samples were f o r  the  case 

of 12 d p a ,  15 appm He/dpa where the temperature d i f f e rence  w a s  only 5OC. 

Moreover, the region-to-region va r i a t ions  within samples were usual ly s i m i l a r  

i n  magnitude to  d i f fe rences  between nominally dup l i ca t e  samples. 

The sample-to-sample d i f f e rences  were undoubtedly influenced t o  some 

The d i s loca t ion  dens i ty ,  Fig. 1 ,  was f a i r l y  i n s e n s i t i v e  to  both dose and 

helium i n j e c t i o n  r a t e ;  measured mean values f o r  d i f f e r e n t  condit ions varied by 

l e s s  than a f a c t o r  of three and region- to- region v a r i a t i o n s  within samples 

were almost as l a rge  as  the d i f f e rences  between samples. Nevertheless 

cons i s t en t  t rends a re  c l e a r :  5 and 15 appm Heldpa i r r a d i a t i o n s  produced very 

s imi l a r  d i s loca t ion  d e n s i t i e s ,  which increased with dose. In 50 appm Heldpa 

samples t h e  d e n s i t i e s  were higher up t o  - 12 dpa and decreased a t  the h ighes t  

dose t o  a l e v e l  s imi l a r  t o  tha t  i n  the 5 and 15 appm He/dpa samples. 
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Figure 1. Dose dependence of dislocation density in 316 SS.  

At the lowest dose level, the dislocations were almost exclusively Frank loops 

for all three helium injection rates. At the highest doses the structure was 

primarily a network of lines, and few loops remained. However, the rate of 

change from loops to lines depended upon the helium injection rate. The 5 and 

15 appm He/dpa samples were similar in this respect, but the development in 50 

appm He/dpa samples was more rapid; at - 6 dpa with 50 appm He/dpa a 

significant network dislocation component was already present, whereas in 5 
and 15 appm He/dpa samples at similar doses the dislocations were still 

primarily in the form of loops. 

Cavity size distributions in the highest dose samples for all three helium 

injection rates were bimodal, with high number densities of small-cavities and 

lower number densities of large-cavities. Both large- and small-cavities were 

preferentially associated with acicular precipitates lying along <loo> 
directions. %all-cavities were also preferentially associated with 

dislocations and loops. 
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Flgure 2. Dose dependence of cavity size in 316 SS; large-cavity and small- 
cavity components of the bimodal size distributions are plotted separately. 

The large-cavity components in the bimodal distributions produced most of the 

swelling, but small-cavities usually dominated number density and cavity size 

statistics. For this reason the small and large cavity distributions were 

analyzed separately, and the mean sizes and number densities are plotted 

separately in Ngs. 2 and 3 .  The small-cavities were first visible at - 3 ,  6 

and 12 dpa in 5 0 ,  15 and 5 appm He/dpa samples, respectively. The measured 

mean diameter of small-cavities in Fig. 2 was quite insensitive to both dose 

and helium injection rate. However, here we must make a distinction between 

actual and measured values. The measured mean cavity sizes, typically - 3 nm, 
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Figure 3. Dose dependence of cavity number density in 316 SS; large-cavity 
and small-cavity components of the bimodal size distributions are plotted 
separately. 
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were not much l a r g e r  than the p r a c t i c a l  cavi ty  r e so lu t ion  l i m i t  of the 

micrographs analyzed (usual ly  - 2 .O t o  2.5 nm depending on image q u a l i t y ) .  

Moreover the small- cavity s i z e  d i s t r i b u t i o n s  were usual ly  peaked a t  the 

smal les t  v i s i b l e  s i z e ,  i . e .  the smal les t  c a v i t i e s  dominated the cavi ty- s ize  

s t a t i s t i c s .  Therefore growth of small- cavit ies  with dose was l i k e l y  t o  appear 

as  an increase  i n  number densi ty (due t o  growth i n t o  the v i s i b l e  range) 

in s t ead  of a s  a s i g n i f i c a n t  increase  i n  mean s i z e .  Thus the  observed 

increases  i n  small- cavity number dens i ty  i n  Fig. 3 do not  necessar i ly  r e f l e c t  

continued cavi ty  nucleat ion beyond the  lowest dose, and may be l a rge ly  due t o  

growth of smal l- cavi t ies .  (x1 the o ther  hand, the decrease i n  number dens i ty  

between 12 and 20 dpa i n  50 appm He/dpa samples appears t o  be genuine. In 

t h i s  connection we note an i n t e r e s t i n g  p a r a l l e l  i n  M appm He/dpa samples 

between small- cavity number densi ty and d i s l o c a t i o n  dens i ty .  Both populations 

increased rapid ly  from 3-6 dpa, remained sens ib ly  constant between 6 and 12 

dpa, and decreased between 12 and M dpa. The growth and subsequent 

coarsening of the two d i s t r i b u t i o n s  appear to  be i n t e r r e l a t e d ,  and the  

r e l a t i o n s h i p  i s  l i k e l y  t o  be through the  p r e f e r e n t i a l  a s soc ia t ion  of small- 

c a v i t i e s  with d i s l o c a t i o n s .  In  5 and 15 appm He/dpa samples the d i s loca t ion  

d e n s i t i e s  and cavi ty  number d e n s i t i e s  both increased with dose, but a d i r e c t  

c o r r e l a t i o n  is not obvious. 

Iarge- cavity s i z e s  and number d e n s i t i e s  increased s t e a d i l y  with dose a t  a l l  

th ree  hel ium i n j e c t i o n  rates.  The combined e f f e c t s  w e r e  the swell ing 

increases  i n  Fig. 4 .  The increases  i n  mean cavi ty- s ize  were due t o  cavi ty  

growth. Increases i n  large- cavity number dens i ty  a r e  l i k e l y  to  be due t o  

growth of small- cavit ies  i n t o  a s i z e  range where rapid growth could occur. 

For the  5 and 15 appm He/dpa samples the large- cavity s i z e s  and number 

d e n s i t i e s ,  and swel l ing ,  were e s s e n t i a l l y  s imi l a r  a t  each dose l e v e l ,  as  was 

the  d i s l o c a t i o n  dens i ty ;  thus the  only obvious d i f f e rences  between 5 and 15 

appm He/dpa samples were higher small- cavity number d e n s i t i e s  a t  15 appm 

He/dpa. In 50 appm He/dpa samples the mean s izes  of la rge- cavi t ies  were 

smal le r ,  but swell ing was higher a t  each dose l e v e l  because of higher number 

d e n s i t i e s .  
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Figure 4 .  Dose dependence of s w e l l i n g  i n  316 SS. 

The increases  i n  cavi ty  number dens i ty  with increas ing  helium i n j e c t i o n  r a t e  

were presumably due t o  helium-assisted cav i ty  nuclea t ion  and growth. These 

increases  were an t i c ipa ted  based on previous r e s u l t s  i n  a high pu r i ty  

a u s t e n i t i c  te rnary  a l l o y  Fe-ZONi-15Cr i r r a d i a t e d  a t  700 O C  ( l ) .  

increased swell ing a t  high helium i n j e c t i o n  r a t e  was unexpected. In Fe-20Ni- 

15Cr, a high helium i n j e c t i o n  r a t e  (55 appm He/dpa) caused a swell ing 

reduct ion r e l a t i v e  t o  lower (5  and 16 appm He/dpa) helium i n j e c t i o n  r a t e s .  

This con t ra s t  between 316 SS and Fe-20Ni-15Cr i s  q u i t e  dramatic because, a t  

low helium i n j e c t i o n  r a t e s ,  the swell ing i n  Fe-ZONi-15Cr was g rea t e r  than i n  

316 SS (e .g .  - 7% a t  25 dpa and 5 appm He/dpa), but swell ing i n  high helium 

Fe-20Ni-15Cr (- 0 .5% at 19 dpa and 55 appm He/dpa) was well below t h a t  of 

However, the 
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high-helium 316 SS (- 1.5% a t  - 20 dpa and M appm He/dpa). This is  an 

anomaly which we find d i f f i c u l t  to  ra t iona l i ze .  
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THE INFLUENCE OF PREINJECTED HELIUM ON V O I D  NUCLEATION I N  FE-17CR-16.7NI-2.940 

DURING IRRADIATION AT 550°C I N  ORR - H. R. Brager, F. A. Garner and R. L. Gaines 

(Hanford Eng ineer ing  Development Labora to ry )  

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

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  d e f i n e  t h e  mechanisms by which he l i um  a f f e c t s  

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

2.0 Summary 

The r e s u l t s  o f  t h e  MFE-I1 exper iment  on the  r o l e  o f  h e l i u n  p r e i n j e c t i o n  i n  t h e  

P-7 a l l o y  (Fe-17Cr-16.7Ni-2.5Mo) a r e  c o n s i s t e n t  w i t h  e a r l i e r  i o n  bombardment 
s t u d i e s  on t h e  same a l l o y .  P r e i n j e c t i o n  o f  40 appm he l ium leads  t o  a suppres- 
s i o n  o f  s w e l l i n g ,  a l though  t h e r e  i s  some concern t h a t  t h e  p r e i n j e c t i o n  may 

i n h i b i t  v o i d  growth and r e s u l t  i n  vo ids  which a r e  s m a l l e r  than  t h e  r e s o l u t i o n  

l i m i t  o f  TEM. 

3.0 Program 

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

P r i n c i p a l  I n v e s t i g a t o r :  D. G. Doran 
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4.0 Relevant  DAFS Program P lan  Task/Subtask 

Task I I .C.2 E f f e c t s  o f  Hel ium on M i c r o s t r u c t u r e  

Task I I .C.17 M i c r o s t r u c t u r a l  C h a r a c t e r i z a t i o n  

5.0 Accomplishments and S t a t u s  

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

I t i s  now recognized t h a t  t h e  schedule (e.g., p r e i m p l a n t a t i o n  o f  h e l i m  vs. 
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simultaneous i n s p e c t i o n )  and he l ium i m p l a n t a t i o n  temperature can have a s t r o n g  

e f f e c t  on t h e  e a r l y  m i c r o s t r u c t u r a l  e v o l u t i o n  of i r r a d i a t e d  meta ls .  ( l )  One 

exper iment d i r e c t e d  toward t h e  unders tanding o f  t h i s  phenomenon i s  t h e  DAFS 

MFE-2 T e s t  ( * )  which has r e c e n t l y  been removed f rom t h e  Oak Ridge Research 

Reactor (ORR). 

One o f  t h e  severa l  a l l o y s  i r r a d i a t e d  i n  t h i s  exper iment  i s  t h e  Fe-17Cr-16.7Ni- 
2.5Mo qua te rnary  a l l o y  des ignated as P-7 o r  " pure  316." T h i s  a l l o y  was i r r a d i -  

a t e d  a t  severa l  temperatures i n  each o f  t h e  f o l l o w i n g  c o n d i t i o n s :  

20% c o l d  worked, annealed p l u s  He implanted,  20% c o l d  worked p l u s  He implanted,  

and v a r i o u s  annealed and aged p l u s  imp lan ted  cond i t i ons . (2 )  

specimens con ta ined  a range o f  he l ium concen t ra t i ons  i n j e c t e d  a t  ambient tem- 

pera tu re .  A l l  t h e  specimens chosen f o r  examinat ion were i r r a d i a t e d  t o  3 t o  

annealed, 

The imp lan ted  

5 doa. 

T h i s  r e p o r t  i s  concerned w i t h  He imp lan ted  specimens i r r a d i a t e d  a t  550°C. 

v e n t i o n a l  immersion d e n s i t y  measurements, specimen p r e p a r a t i o n  and microscopy 

techniques were employed. 

Con- 

5.2 R e s u l t s  

The imners ion  d e n s i t y  measurements showed n e i t h e r  s i g n i f i c a n t  s w e l l i n g  n o r  

d i s c e r n i b l e  i n f l u e n c e  f rom any p r e i r r a d i a t i o n  t rea tment .  The mean d e n s i t y  
changes f o r  t h e  (1 )  20% CW, ( 2 )  annealed, (3)  annealed p l u s  40 appm He and 

(4) annealed p l u s  40 appm He p l u s  750°C aged were -0.22%, -0.15%, -0.12% and 
-0.25% r e s p e c t i v e l y  w i t h  a t o t a l  d e v i a t i o n  o f  %+0.10%. 

The un implanted specimens i r r a d i a t e d  a t  550°C a r e  d iscussed i n  more d e t a i l  i n  

ano ther  r e p o r t .  (3)  
found a t  550°C. 

Low l e v e l s  o f  v i s i b l e  v o i d  volume (0.03 t o  0.08%) were 

Cold work ing  t h e  a l l o y  was found t o  i n c rease  t h e  v o i d  number 
d e n s i t y .  (3 )  

I n  t h e  imp lan ted  specimens, e l e c t r o n  microscopy revea led  no v o i d s  i n  t h e  an- 

nealed, c o l d  worked, o r  annealed p l u s  aged c o n d i t i o n s .  Apparen t l y  t h e  
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p r e i n j e c t i o n  o f  40 appm He e i t h e r  comp le te ly  suppressed t h e  smal l  l e v e l  o f  v o i d  

volume seen i n  the  un implanted specimens o r  d i s t r i b u t e d  t h e  voidage so f i n e l y  

as t o  render  i t  unreso lvab le  by e l e c t r o n  microscopy (23 nm). 

5.3 D iscuss ion  

A t  t h e  low dose and p o t e n t i a l  s w e l l i n g  l e v e l s  ob ta ined  i n  t h i s  exper iment,  i t  

i s  imposs ib le  t o  t e l l  whether s w e l l i n g  has been suppressed o r  mere ly  rendered 

i n v i s i b l e .  I r r a d i a t i o n  t o  l a r g e r  displacement l e v e l s  i s  needed. However, 

p o s t i r r a d i a t i o n  a g i n g  a t  a range o f  tempera tu res ; to  determine coarsening k i -  

n e t i c s  may p r o v i d e  some i n t e r i m  answers. 

The suppress ion o f  s w e l l i n g  by  p r e i n j e c t i o n  w i t h  40 appn He i s  c o n s i s t e n t  w i t h  
i o n  bombardment s t u d i e s  o f  s i m i l a r  m a t e r i a l s .  S w e l l i n g  o f  t e r n a r y  a l l o y  specimens 

p r e i n j e c t e d  w i t h  15  appm He a t  ambient temperature and bombarded w i t h  3 MeV n i c k e l  

i o n s  a t  625°C t o  25 dpa was de layed about 10 dpa r e l a t i v e  t o  t h a t  o f  specimens 
d u a l - i o n  bombarded a t  He/dpa r a t i o s  o f  5 t o  15. Bombardment a t  an He/dpa r a t i o  of 

55 induced l a r g e  c a v i t y  n u c l e a t i o n  b u t  l i t t l e  v o i d  volune. ( 4 )  
t e r n a r y  a l l o y s  s w e l l e d  w i t h  s h o r t e r  i n c u b a t i o n  p e r i o d s  t h a n  d i d  p r e i n j e c t e d  

Neutron i r r a d i  a t e d  

speicmens t h a t  were i o n  bombarded. ( 5 )  

I n  ano ther  s tudy,  specimens o f  a l l o y  P-7 were i r r a d i a t e d  w i t h  4 MeV N i t  i o n s  

a t  900°K (629°C) t o  1, 10 and 70 dpa. Hel ium was e i t h e r  p r e i n j e c t e d  t o  1400 

appm a t  room temperature o r  a t  900°K o r  i n t r oduced  s imu l taneous ly  a t  a 

he l ium- to- dpa r a t i o  o f  20. For  re ference,  specimens were i r r a d i a t e d  w i t h o u t  

t h e  a d d i t i o n  o f  h e l i u n .  

decreased by t h e  a d d i t i o n  o f  hel ium; t h e  l a r g e s t  e f f e c t  was f o r  room temperature 

p r e i n j e c t i o n .  A t  1 dpa, t h e  c a v i t y  volume was sma l l  (%0.15%) i n  t h e  u n i n j e c t e d  

s t a t e  and was approx imate ly  ha lved  by room temperature p r e i n j e c t i o n .  

A t  h i g h  f l u e n c e  l e v e l s  (10  and 70 dpa), s w e l l i n g  was 

5.4 Conclusions 

The f i r s t  r e s u l t s  o f  t h e  MFE-I1 exper iment on t h e  r o l e  o f  he l ium p r e i n j e c t i o n  

i n  t h e  P- 7 a l l o y s  a r e  c o n s i s t e n t  w i t h  e a r l i e r  i o n  bombardment s t u d i e s  on t h e  
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same al loy.  Preinjection of 40 appm helium leads t o  a suppression of swelling, 
although there i s  some concern tha t  preinject ion may have rendered the  swelling 
l e s s  v i s i b l e  instead of decreasing i t s  actual volune. 
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7 .0  Future Work - 

Four solut ion annealed specimens preinjected w i t h  about  35 appm He and aged 
a t  700°C wi l l  be heat t rea ted  a t  a range of high temperatures t o  determine 
i f  small cav i t i e s  e x i s t  o r  i f  swelling has been suppressed. 
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THE INFLUENCE OF COLD WORK ON SWELLING OF "PURE" A I S I  316 IRRADIATED I N  ORR 

H. R. Brager and F. A. Garner (Hanford Engineer ing Development Labora to ry )  

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

The o b j e c t  o f  t h i s  e f f o r t  i s  t o  determine t h e  i n d i v i d u a l  r o l e s  o f  t h e  v a r i o u s  

m i c r o s t r u c t u r a l  and microchemical  p a r t i c i p a n t s  i n  t h e  i r a d i a t i o n- i n d u c e d  evo lu-  

t i o n  o f  A I S I  316 and t o  a p p l y  t h e  i n s i g h t  ga ined toward t h e  development o f  

f i  ss i on- fus i on  c o r r e l a t i o n s .  

2.0 Summary 

Solu t ion- annealed and c o l d  worked specimens o f  a Fe-17Cr-16.7Ni-2.5Mo a l l o y  
were  i r r a d i a t e d  i n  ORR and Examined by immersion d e n s i t y  and t ransmiss ion  
e l e c t r o n  microscopy. 

s t u d i  es . 
The r e s u l t s  were then compared w i t h  those  o f  o t h e r  

The i r r a d i a t i o n  o f  t h i s  "pure"  a l l o y  c o n t a i n i n g  no s i g n i f i c a n t  amount o f  m i n o r  

s o l u t e s  such as s i l i c o n ,  carbon, phosphorous, n i t r o g e n ,  e tc . ,  l eads  t o  e a r l y  

s w e l l i n g .  

s w e l l i n g  i s  e s s e n t i a l l y  unchanged. 

t r a n s i e n t  regime o f  s w e l l i n g  i n  t h i s  and o t h e r  a l l o y s  w h i l e  c o l d  wo rk i ng  o f  

a l l o y s  w i t h  such s o l u t e s  g e n e r a l l y  l eads  t o  a f u r t h e r  ex tens i on  and the reby  

less  s w e l l i n g .  

Cold  wo rk i ng  causes an i nc rease  i n  t h e  v o i d  d e n s i t y  w h i l e  t h e  

The a d d i t i o n  o f  m ino r  s o l u t e s  extends t h e  

3.0 Program 

T i t l e :  I r r a d i a t i o n  E f f e c t s  Anzi lys is (AKJ) 

P r i n c i p a l  I n v e s t i g a t o r :  D. G. Doran 
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4.0 Re levan t  OAFS Program P lan  Task/Subtask 

Task 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  
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Task II.C.2 Effects  of Helium on Microstructure 
Task 1I.C. 1 7  Microstructural Characterization 

5.0 Accomplishments and Sta tus  

5.1 Introduction 

I n  two previous repor ts ,  ( l - * )  i t  was proposed t h a t  the primary ro le  of cold- 
work on the swelling of AISI 316 i s  t o  d i s t r i b u t e  the element carbon th roughout  
the a l loy  matrix and  thereby increase the apparent s o l u b i l i t y  of carbon by 
binding i t  i n  the s t r a i n- f i e l d  of the  d is locat ion  core. The resu l t an t  decrease 
in supersaturat ion and a c t i v i t y  of carbon then leads t o  a decrease i n  the r a t e  
of phase formation t h a t  preceeds swelling. 
i n  20% cold worked AISI 316 of nominal al loying element concentrations would be 
i n  bound-solution a t  a l l  relevant fusion and  breeder reac tor  i r r a d i a t i o n  tem- 

I t  was a l s o  shown t h a t  a l l  carbon 

peratures.  (2)  

The i r r a d i a t i o n  of pure metals tends t o  confirm t h i s  conclusion, s ince  the e f f e c t  
of cold work on swelling i s  e s s e n t i a l l y  independent of cold-work level as long as 
the stored energy does n o t  induce rec rys ta l l i za t ion  and as  long as  the influence 
of f r e e  surfaces i s  absent.  Unfortunately, however, there have been few side-by- 
s ide  i r r a d i a t i o n s  of b o t h  annealed and cold-worked a l loys  and  none of pure Fe- 
Ni-Cr t e rna r i e s  or pure Fe-Cr-Ni-Mo quaternaries .  
one would not expect t h a t  void formation would be depressed by cold work i f  
so lu tes  such as carbon are absent. 

Based on the proposed model, 

An a l t e r n a t e  model ignores so lu te  e f f e c t s  and considers only the in te rac t ion  
between point defects  and microstructural f ea tu res .  These in te rac t ions  a r e  
assumed t o  n o t  be a strong function of the matrix composition. 
model, one would expect tha t  void nucleation would be depressed by cold working. 

Based on t h i s  

One method o f  t e s t i n g  the va l id i ty  of these two models i s  t o  i r r a d i a t e  a s t e e l  
which contains no s ign i f i can t  amount of so lu tes  in the annealed and cold worked 
conditions. The best comparison would involve side-by-side i r r a d i a t i o n s  over a 
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f l u e n c e  range spanning t h e  v o i d  i n c u b a t i o n  p e r i o d  o f  t h e  s t e e l  i n  bo th  c o n d i t i o n s .  

Specimens o f  annealed and 20% CW quaternary  a l l o y  (Fe-17Cr-16.7Ni-2.5Mo), des ig-  

nated a s  P- 7  o r  "pure  316," were i r r a d i a t e d  i n  t h e  MFE-2 exper iment  i n  the  Oak 

Ridge Research Reactor  (ORR). T h i s  a l l o y  l i e s  toward t h e  h i g h  n i c k e l  end of 

t h e  compos i t ion  range t y p i c a l  of  AIS1 316. 

worked o r  annealed c o n d i t i o n  were i r r a d i a t e d  i n  l i q u i d - m e t a l - f i l l e d  capsules 

t o  doses i n  the  range o f  3 t o  5 dpa a t  temperatures o f  about 350, 550 o r  650°C. 

Specimens i n  e i t h e r  t h e  20% c o l d-  

These specimens were analyzed us ing  conven t iona l  immersion d e n s i t y  and t r a n s-  

m i s s i o n  e l e c t r o n  microscopy techniques.  

5.2 Resu l ts  

The immersion d e n s i t y  r e s u l t s  ( w i t h i n  t h e  accuracy o f  t h e  techn ique)  d i d  n o t  

i n d i c a t e  any s w e l l i n g  o r  d e n s i f i c a t i o n .  

A t  350°C and 3 dpa, no obvious vo ids  were observed i n  e i t h e r  t h e  annealed o r  

20% cold-worked specimens. 

t h e r e  were smal l  c l u s t e r s  i n  b o t h  t h e  annealed and cold-worked specimens, sane 

of which m i g h t  be s m a l l  (23  nm) vo ids ,  however. 

I n  a d d i t i o n  t o  t h e  r a d i a t i o n- i n d u c e d  Frank loops,  

A t  500°C, t h e  so lu t i on- annea led  specimen was found t o  c o n t a i n  5.7 x loi4 v o i d s /  

cm3 w i t h  a mean s i z e  o f  15 nm (F igu re  1 ) .  

was 0.08% and appeared t o  be r e l a t i v e l y  u n i f o r m  i n  o t h e r  ad jacen t  areas. 

network d i s l o c a t i o n  d e n s i t y  was approx imate ly  3 x l o 9  cm/cm3 and a low d e n s i t y  

of  l a r g e  Frank loops were found: %4 x 1012/cm3 w i t h  a mean diameter  of 100 nm. 

The s w e l l i n g  i n  t h e  area ana lyzed 

The 

The 20% cold-worked specimen con ta ined  rough ly  t w i c e  as many v o i d s  (1.2 x 
cm3) a t  an average d iameter  o f  8 nm (F igu re  2 ) .  The v o i d  volume was found t o  

be 0.03, t h e  d i s l o c a t i o n  d e n s i t y  was 2.2 x 1O1O cm/cm3 w i t h  no v i s i b l e  Frank 

1 oops. 
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5.3 D iscuss ion  o f  Experimental  Behavior  

The s w e l l i n g  behav io r  norma l l y  observed i n  convent iona l  A I S I  316 c o n t a i n i n g  

va r i ous  s o l u t e  elements (and i r r a d i a t e d  i n  breeder  r e a c t o r s )  i s  d i f f e r e n t  frm 

t h a t  observed here i n  t h e  P-7 quaternary a l l o y  w i t h o u t  so lu te .  Whereas l ow  

f l u e n c e  i r r a d i a t i o n  would l ead  t o  some s w e l l i n g  i n  annealed s t e e l ,  complete o r  

n e a r - t o t a l  suppress ion o f  b o t h  v o i d  d e n s i t y  and volume i s  expected i n  t h e  c o l d -  

worked s t e e l .  

tw i ce  t h e  v o i d  d e n s i t y  o f  t h e  annealed specimen and a s w e l l i n g  va lue  which, 

w h i l e  sma l le r ,  i s  n o t  app rec iab l y  d i f f e r e n t  f rom t h a t  o f  t h e  annealed s t e e l .  

S ince t h e  mean s i z e  o f  t h e  vo ids  i n  t h e  cold-worked specimen i s  sma l l e r  and 

nearer  t h e  r e s o l u t i o n  l i m i t  o f  t he  microscope, i t  may be t h a t  a f r a c t i o n  o f  

t h e  s w e l l i n g  i s  i n  unreso lvab le  vo ids.  

I t  i s  t h e r e f o r e  s i g n i f i c a n t  t h a t  t h e  cold-worked P- 7 specimen has 

I t  appears t h a t  t h e  t r a n s i e n t s  i n  m i c r o s t r u c t u r a l  e v o l u t i o n  a re  n o t  q u i t e  over  

a t  t h i s  f l u e n c e  and temperature s i n c e  t h e  t x t w o r k  d i s l o c a t i o n  d e n s i t y  o f  t h e  

annealed specimen i s  l e s s  than and approaching t h a t  o f  t h e  cold-worked specimen. 

As has been observed many t imes  be fo re ,  t h e  s a t u r a t i o n  d i s l o c a t i o n  d e n s i t y  o f  

network d i s l o c a t i o n s  i n  316 i s  independent o f  c o l d  work l e v e l  and appears t o  be 

i n  t he  mid-10” cm/cm3 range. (3 )  The ab:;ence o f  Frank loops  i n  t h e  cold-worked 

specimen i s  a l s o  c o n s i s t e n t  w i t h  t he  h ighe r  i n i t i a l  d i s l o c a t i o n  d e n s i t y  o f  t h a t  
specimen compared t o  t h a t  o f  t h e  annealed specimen. ( 4 )  

The h i g h e r  v o i d  d e n s i t y  i n  t h e  cold-worked specimen i s  a l s o  c o n s i s t e n t  w i t h  t h e  

behav io r  o f  a commercial heat  o f  A I S I  316 s t e e l  des igna ted  DO-heat and i r r a d i a t e d  

i n  HF IR ,  ( 5 - 6 )  as shown i n  F igure  3. 

he l ium pe r  displacement.)  

t i o n s  may be t o  c o l l e c t  t he  he l ium atoms i n t o  c l u s t e r s  on which vo ids  nuc leate.  

The h ighe r  average d i s l o c a t i o n  d e n s i t y  o f  co ld-worked a l l o y s  d u r i n g  t h e  t r a n s i e n t  

regime then leads t o  h i g h e r  v o i d  d e n s i t i e s .  

(Bo th  H F I R  and ORR generate h i g h  l e v e l s  o f  

It is proposed t h a t  t h e  r o l e  o f  p r e - e x i s t i n g  d i s l o c a -  

5.4 D i scuss ion  of Other  Data 

I t was shown e a r l i e r  t h a t  t h e  r e d u c t i o n  o f  s w e l l i n g  by co ld- work ing  o f  A I S I  316 

cou ld  n o t  be exp la i ned  by t h e  t ime-dependent m i c r o s t r u c t u r a l  development o f  
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FIGURE 3. Void D e n s i t i e s  Observed i n  Cold-Worked AISI 316 (DO-Heat) I r r a d i a t e d  
i n  H F I R  and Roughly a Fac to r  o f  Two Grea te r  Than That Formed i n  
Annealed Specimens. (5- 6) 

Frank. l oops  and d i s l o c a t i o n s .  (' ' 3 9 7 )  

As shown i n  F igu re  4, t h e  t y p i c a l  behav io r  o f  s w e l l i n g  versus c o l d  work l e v e l  i s  

a cont inuous d e c l i n e  i n  s w e l l i n g  a t  a g i ven  displacement l e v e l  and temperature,  

w i t h  no s i g n i f i c a n t  r e d u c t i o n  beyond about 30% cold-work.  (8) Ana l ys i s  o f  o t h e r  

i s  t o  extend t h e  t r a n s i e n t  regime o f  s w e l l i n g ,  as shown i n  F igures  5-8. 

I t was shown, however, t h a t  co ld- work ing  
has a l a r g e  e f f ec t  on t h e  phase e v o l u t i o n  which precedes s w e l l i n g  i n  t h i s  a l l o y .  ( 7 )  

da ta  s e t s  shows t h a t  t h e  p r imary  e f f e c t  o f  co ld-work on complex a l l o y s  (9-12) 

The d u r a t i o n  o f  t h e  t r a n s i e n t  regime i n  annealed, cold-worked o r  aged AISI 316 

s t e e l  as e a r l i e r  shown t o  be determined by t h e  d e t a i l s  o f  t h e  e v o l u t i o n  o f  

second phase p r e c i p i t a t e s .  ( 7 )  T h i s  e v o l u t i o n  i s  n o t  o n l y  dependent on the  p re -  
i r r a d i a t i o n  thermal-mechanical  t rea tment  b u t  a l s o  on t h e  amount o f  m inor  so lu tes .  

When such s o l u t e s  a re  absent, t h e  t r a n s i e n t  regime i s  reduced s u b s t a n t i a l l y  as  

shown i n  F igures  9 and 10. The d u r a t i o n  o f  t h e  t r a n s i e n t  regime i n  a l l o y s  

w i t h o u t  m i  nor  s o l u t e s  appears t o  depend o n l y  on t he  t ime  r e q u i  red  t o  reach 

s a t u r a t i o n  l e v e l s  o f  t h e  m i c r o s t r u c t u r e .  
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FIGURE 4. E f f e c t  o f  Cold Work on S w e l l i n g  o f  A I S I  316 S t a i n l e s s  S t e e l  a t  
H igh  Neut ron Fluences. (8) 
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FIGURE 5. Dependence o f  Neutron- Induced S w e l l i n g  on Cold-Work Level  i n  
A I S I  316 a t  55OoC.(9) 
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FIGURE 6. Dependence o f  Neutron- Induced S w e l l i n g  on Cold-Work Level  i n  
A I S 1  304 a t  450°C. (10) 
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FIGURE 7. Dependence o f  S w e l l i n g  on Cold-Work Level i n  1.4981 Wrapper S t e e l  
(N iob ium- Stab i l i zed )  A f t e r  I r r a d i a t i o n  by 46-MeV N i +  Ions a t  
575"C.(11) 
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FIGURE 8. S w e l l i n g  Curves I n f e r r e d  f rom Step-Height Measurements on Annealed 
Type 316 and 20 Percent Cold-Rol led Type 316 Bombarded W i t h  5-MeV 
N i c k e l  Ions a t  625"C.(12) 
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FIGURE 9. Dependence o f  S w e l l i n g  a t  625435°C in A I S 1  316 on I m p u r i t y  Level  
as Revealed by I o n  I r r a d i a t i o n  a t  Two Labora to r ies .  (15) 
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FIGURE 10. S w e l l i n g  o f  Fe-17Cr-14.4Ni-2.6Mo I r r a d i a t e d  i n  EBR-11. ( 9 )  T h i s  
a l l o y  i s  one o f  severa l  " pure 316 a l l o y s "  b u t  has a l o w e r  n i c k e l  
con ten t  t h a t  t h e  P- 7 a l l o y  d iscussed i n  t h i s  r e p o r t  and a l s o  
Reference 20. 

One t e s t  of t h e  proposed r e l a t i v e  and i n t e r a c t i v e  r o l e s  o f  d i s l o c a t i o n s  and 

s o l u t e s  l i e s  i n  t h e  examinat ion o f  pure meta ls .  Neutron i r r a d i a t i o n  da ta  a r e  

r a t h e r  sparce,  b u t  co ld- work ing  o f  A l ,  Mg, Cu and N i  l eads  e i t h e r  t o  smal l  

i nc reases  i n  s w e l l i n g  o r  no change, as shown i n  Table  1. (16) 
t o  be an except ion,  however, i n  t h a t  cold-work reduces s w e l l i n g .  

Vanadium seems 

TABLE 1 

EFFECT OF COLD WORK ON SWELLING 
OF PURE METALS (16)  

AVIV.% 

lmpuriry Slighcly 
eonrent. Tempera- cold 

Mcfal ppM ture, 'C Annealed worked Asrolled 

A I *  60 5 5  0.064 0.35 

hlgt 1 55 11.46 0.46 0.46 
100 55  0.16 0.18 0.20 

C" * 100 250 u .17  0.31 0.14 

Ni' 500 3 3 5  0 .5  0.65 1.0 

V' 5000 435 0.25 o m  a 0 1  

* - . 5  x 10" neutronr/cm' (E > 0.1 MeV). 
t - 1 . 5  x 10" neurronrlcm' ( E  > 0.1 MeV). 



I t  a l s o  appears t h a t  a t  low doses t h e  v o i d  d e n s i t y  i s  h i g h e r  i n  cold-worked 

cu (17)  and A1 (18) t h a n  i n  t h e  annealed meta l ,  a l though  t h e r e  appears t o  be 

some d i s l o c a t i o n  d e n s i t y  beyond which t h e  v o i d  d e n s i t y  and s w e l l i n g  decrease 

again.  From o t h e r  s t u d i e s  u s i n g  charged p a r t i c l e  i r r a d i a t i o n ,  i t  appears 
t h a t  t h e  subsequent r e d u c t i o n  i n  s w e l l i n g  w i t h  co ld-work i s  r e l a t e d  t o  r e-  

c r y s t a l l i z a t i o n  induced by t h e  energy s t o r e d  by t h e  d i s l o c a t i o n s .  The r e -  

c r y s t a l l i z a t i o n  i s  a s s i s t e d  by t h e  p r o x i m i t y  o f  f r e e  sur faces,  e s p e c i a l l y  

i n  charged p a r t i c l e  i r r a d i a t i o n s .  I n  genera l ,  t h e  e f f e c t s  o f  cold-work 

on s w e l l i n g  i n  i o n  o r  e l e c t r o n - i r r a d i a t e d  specimens has y i e l d e d  r a t h e r  ambiguous 

r e s u l t s  and p robab ly  r e f l e c t s  t h e  d i f f i c u l t y  i n  e s t a b l i s h i n g  o r  m a i n t a i n i n g  

h i g h  near- sur face  d i s l o c a t i o n  d e n s i t i e s .  

5.5 Conclusions 

The i r r a d i a t i o n  o f  a "pure"  Fe-Cr-Ni-Mo qua te rnary  a l l o y ,  hav ing  no s i g n i f i c a n t  

l e v e l s  o f  such s o l u t e s  as s i l i c o n ,  carbon, phosphorous, n i t r ogen ,  e t c . ,  l eads  

t o  e a r l y  s w e l l i n g .  Cold-working o f  t h i s  a l l o y  does n o t  suppress v o i d  f o r m a t i o n  

b u t  r a t h e r  induces a h i g h e r  v o i d  d e n s i t y .  

s l i g h t l y  o r  e s s e n t i a l l y  unchanged. 

Vo id  volume i s  e i t h e r  decreased 
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7.0 Future Work 

Some addi t ional  microscopy wi l l  be performed on these specimens. 
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COMPARISONOF THE SWELLING AND THE MICROSTRUCTURAL/MICROCHEMICAL EVOLUTION 
A I S I  316 IRRADIATED I N  E B R - I 1  AND HFIR 

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

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

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  determine t h e  i n f l u e n c e  o f  s p e c t r a l  d i f -  

ferences on t h e  e v o l u t i o n  o f  A I S I  316 d u r i n g  i r r a d i a t i o n  i n  HFIR and E B R - I 1  

and t o  e x t r a p o l a t e  t h e  i n s i g h t  gained t o  p r e d i c t  t h e  a l l o y ' s  behav io r  i n  

proposed f u s i o n  devices.  

2.0 - s ummary 

The m i c r o s t r u c t u r a l  and microchemica l  e v o l u t i o n  has been compared f o r  one hea t  

o f  cold-worked 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  b o t h  HFIR and E B R - I 1  a t  500- 
620°C. The d i s l o c a t i o n  a n d c a v i t y  d e n s i t i e s a n d  t h e  s w e l l i n g  a t  h i g h  f l u e n c e  

a re  remarkably i n s e n s i t i v e  t o  t h e  over  two o rders  o f  magnitude d i f f e r e n c e  i n  

he l iumldpa r a t i o s .  Whi le  t h e  microchemical  e v o l u t i o n  i s  a l s o  l a r g e l y  unaf -  

f e c t d .  m inor  d i f f e r e n c e s  were observed p o s s i b l y  a r i s i n g  f rom s o l i d  t ransmutants  

t h a i  ;arm o n l y  i n  HFIR. The r e p o r t e d  absence o f  y '  phase i n  specimens i r r a d i a t e d  

i n  H F I R  a t  these temperatures r e f l e c t s  i t s  s l u g g i s h  f o r m a t i o n  i n  b o t h  r e a c t o r s .  

The microchemica l  e v o l u t i o n  i s  accompanied by t h e  development o f  a s w e l l i n g  

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

s w e l l i n g  r a t e  i s  co r robo ra ted  by HFIR d a t a  on t h i s  same hea t  i n  t h e  s o l u t i o n  

annealed c o n d i t i o n .  

The magnitude o f  t h i s  

3.0 

T i t l e :  I r r a d i a t i o n  E f f e c t s  Ana l ys i s  (AKJ) 

P r i n c i p a l  I n v e s t i g a t o r :  D. G. Doran 

A f f i l i a t i o n :  Hanford Eng ineer ing  Development Labo ra to r y  
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4.0 Relevant  DAFS Program P lan  Task/Subtask 

Task 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  

Task I I .C .2  E f f e c t s  o f  Helium on M i c r o s t r u c t u r e  

Task I I .C .4  E f f e c t s  o f  S o l i d  Transmutat ion Products on M i c r o s t r u c t u r e  

Task I I .C.17 M i c r o s t r u c t u r a l  C h a r a c t e r i z a t i o n  

5.0 Accomplishments and S ta tus  

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

The rad ia t i on- induced  e v o l u t i o n  o f  m i c r o s t r u c t u r e  and m ic rochemis t r y  o f  A I S 1  316 

i n  f a s t  r e a c t o r s  has been found t o  be s e n s i t i v e  t o  many m a t e r i a l  and envi ronmental  

v a r i  ab1 es.  (1-4) I t i s  reasonable t o  expect  t h a t  t h i s  s e n s i t i v i t y  w i l l  be main- 

t a i n e d  and p o s s i b l y  a l t e r e d  i n  f u s i o n  environments, i n  response t o  l a r g e  

changes i n  t h e  he1 i um/di spl acement r a t i  0 .  

The accumulated f a s t  r e a c t o r  da ta  on t h i s  s t e e l  shows t h a t  v a l i d  s t u d i e s  of 

envi ronmental  s e n s i t i v i t y  can o n l y  be made i n  c o n t r o l l e d ,  s i n g l e - v a r i a b l e  

exper iments u t i l i z i n g  specimens made f rom t h e  same heat  o f  s t e e l  and g i v e n  

i d e n t i c a l  thermal-mechanical t rea tments .  ( 3 )  

comparison a t  r e a c t o r - r e l e v a n t  d isp lacement r a t e s  d i r e c t e d  toward t h e  i n f l u e n c e  

o f  hel ium/displacement r a t i o  on t h e  m i c r o s t r u c t u r a l  and mic rochemica l  e v o l u t i o n .  
These data  were d e r i v e d  f rom HFIR and E B R - I 1  i r r a d i a t i o n s  (5-12) o f  "DO-heat,'' 

a commercial q u a l i t y  heat  o f  s t e e l .  

o f  t h i s  s t e e l  i r r a d i a t e d  i n  EBR-11. P resen t l y ,  no o t h e r  heat  o f  t h i s  s t e e l  has 

been i r r a d i a t e d  t o  l a r g e  neu t ron  exposures (>50 dpa) a t  b o t h  low and h i g h  hel ium/ 

d isplacement r a t i o s .  

The pub l i shed  data  a l l o w  o n l y  one 

T h i s  paper p resents  da ta  on t h e  behav ior  

Comparison o f  t h e  m i c r o s t r u c t u r e s  produced i n  DO-heat specimens i n  EBR-I1 and 

HFIR w i l l  n o t  y i e l d  a s t r a i g h t  fo rward  s i n g l e - v a r i a b l e  d e t e r m i n a t i o n  o f  t h e  

r o l e  o f  hel ium. The a n a l y s i s  i s  compl ica ted  by d i f f e r e n c e s  i n  f l u x  and tem- 

p e r a t u r e  h i s t o r y  and by o t h e r  f a c t o r s  such as t h e  changes i n  compos i t ion  pro-  

duced by t ransmuta t ions  i n  HFIR b u t  n o t  EBR-11. (13) There a r e  a l s o  u n c e r t a i n t i e s  
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i n  t h e  i r r a d i a t i o n  temperature i n  b o t h  r e a c t o r s ,  w i t h  t h e  l a r g e s t  i n  H F I R .  
EBR-I1 d a t a  a re  f o r  o n l y  two temperatures,  w h i l e  t h e  H F I R  d a t s  cover  a l a r g e r  

range. 

d i f f e r e n t  f rom those produced by i r r a d i a t i o n ,  s ince  they  were d e r i v e d  f rom 

t e n s i l e  specimens t e s t e d  a t  temperatures about 25°C l e s s  than  t h e  c a l c u l a t e d  

i r r a d i a t i  on temperature.  ( l o )  The he te rogene i t y  o f  swe l l  i ng i n  cold-worked 

A I S 1  316 i s  a l s o  r e f l e c t e d  i n  t h e  s u b s t a n t i a l  d i s p a r i t i e s  i n  some o f  the  swel-  

l i n g  es t ima tes  based on microscopy and d e n s i t y  measurements. 

The 

The m i c r o s t r u c t u r e s  r e p o r t e d  f o r  t h e  H F I R  specimens (5-9) a r e  p o s s i b l y  

The new da ta  presented here were d e r i v e d  f rom specimens o f  20% cold-worked DO- 
heat  i r r a d i a t e d  i n  EBR-I1 t o  33 dpa a t  500 and 600°C; p o r t i o n s  o f  these  specimens 

were then  r e i r r a d i a t e d  t o  a t o t a l  exposure o f  e i t h e r  69 dpa a t  510°C o r  75 dpa 

a t  620°C. Convent iona l  immersion d e n s i t y ,  e l e c t r o n  microscopy and energy 
d i s p e r s i v e  X- ray  a n a l y s i s  techn iques were employed. P r e c i p i t a t e s  were analyzed 

i n  t h i n  f o i l  and i n  carbon e x t r a c t i o n  r e p l i c a s  prepared u s i n g  10% HC1 

5.2 Summary o f  t h e  M i c r o s t r u c t u r a l  Data 

5.2.1 500"C, 6.6 x l o z 2  n/cm2 ( E  > 0.1 MeV) (33 dpa),  13 appm H e  

i n  methanol .  

i urn - 

E s s e n t i a l l y  no Frank loops  were observed ( & l o l l  cm3) w h i l e  t h e  network  d i s -  

l o c a t i o n  d e n s i t y  was *2 x 1O1O 

popu la t ions ,  one a t  

1 x l o 1 "  The c a v i t y  volume was l e s s  t h a n  

0.01% w i t h  t h e  p r e c i p i t a t e  f o r m a t i o n  r e s u l t i n g  i n  a n e t  b u l k  d e n s i f i c a t i o n  
o f  0.1%. 

ma jo r  ca tego r i es  w i t h  narrow compos i t i ona l  ranges. There were diamond 

c u b i c  M6C (39 w t . %  C r ,  30 w t . %  N i ,  15 w t . %  Mo, 8 w t . %  Fe and 8 w t . %  S i )  w i t h  

a l a t t i c e  parameter o f  1.07 nm and ano ther  ca tego ry  w i t h  s l i g h t l y  lower  

n i c k e l  l e v e l s .  The y' ( N i 3 S i )  phase, n o t  e x t r a c t e d  b y  t h i s  technique,  was 

n o t  observed i n  t h i n  f o i l  specimens. Commensurate w i t h  p rev i ous  s t u d i e s ,  

t h e  low c a v i t y  volume was accompanied by ev idence t h a t  t h e  microchemica l  

e v o l u t i o n  was f a r  f rom complete.  (1-4) Grad ien ts  i n  n i c k e l  c o n c e n t r a t i o n  

extended over  150 nm f rom t h e  M6C p r e c i p i t a t e s  ( F i g u r e  1 )  and t h e  m a t r i x  

n i c k e l  l e v e l s  were a t  12-15% vs. 13% i n i t i a l l y .  

The c a v i t i e s  comprised two d i s t i n c t  

averag ing  50 nm i n  d iameter  and ano ther  a t  

averag ing  5 nm i n  d iameter .  

The compos i t i on  o f  e x t r a c t e d  p r e c i p i t a t e s  f e l l  p r i m a r i l y  i n t o  two 
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COMPOSITION OF MIC PRECIPITAT 

FIGURE 1. Concentrat ion P r o f i l e s  Observed Near M6C P r e c i p i t a t e s  i n  20% 
Cold-Worked DO-Heat a t  500°C and 33 dpa. 

5.2.2 510°C, 13.8 x 10" n/cm2 (69 dpa), 28 appm Helium 

No Frank loops were found and the  d i s l o c a t i o n  dens i t y  was 3.2 x 1O1O 
Void d e n s i t i e s  ranged from 1.3 t o  1.7 x 1014 i n d i c a t i n g  t h a t  no n e t  

change i n  number d e n s i t y  had occured s ince 33 dpa. The voids were l a r g e r ,  
averaging 90 nm and accounting f o r  6.9 volume change i n  t h e  areas examined. 
The bulk d e n s i t y  underwent a change o f  9.9% which ' indicates that on t h e  
average t h e  s t e e l  had experienced 11 % swel l  i n g  . 

The h igh  swe l l i ng  l e v e l  was accompanied by evidence of t h e  near-completion 

o f  t h e  microchemical evo lu t ion .  The p r e c i p i t a t e  dens i t y  had increased sub- 
s t a n t i a l l y ,  w i t h  y '  t h e  dominant phase, a t  2 t o  3 x 1014 cm-3 and s izes  
averaging 35 nm i n  diameter. Three o the r  phases were found; M&, M2,C6 

and G-phase, t o t a l i n g  another 1 x l O I 4  c r 3  w i t h  s izes  i n  t h e  50-100 nm 
range. Ana lys is  o f  ex t rac ted  p r e c i p i t a t e s  i n d i c a t e d  very  narrow and con- 

s i s t e n t  ranges o f  composit ion f o r  each type o f  p r e c i p i t a t e .  The G-phase 
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No Frank loops were observed and t h e  d i s l o c a t i o n  d e n s i t y  was about 1.2 x l O l o  

c w 2 .  

nm d iameter  and 1 x lo1 '+  c ~ n - ~  o f  5 nm diameter .  

i n  f a i r  agreement w i t h  a b u l k  d e n s i t y  change o f  0.3%. 

c i p i t a t e  phases were Laves w i t h  n i c k e l  c o n t e n t  averag ing %lo%, and chrome- 

r i c h  M23C6. M a t r i x  n i c k e l  l e v e l s  ranged f rom 10 t o  15% w i t h  compos i t iona l  

g r a d i e n t s  observed near p r e c i p i t a t e s .  

The c a v i t y  p o p u l a t i o n  was again bimodal,  w i t h  1.5 x l O I 3  ~ m - ~  o f  %70 

The c a v i t y  volume was %0.2% 

The predominant p re-  

5.2.4 620°C, 15.0 x I O z 2  n/cm2 (75 dpa), 30 appm Hel ium 

The network d i s l o c a t i o n  d e n s i t y  was about 2.1 x 1O1O cm-2 w i t h  no Frank loops.  

The v o i d  d e n s i t y  had decreased s l i g h t l y ,  rang ing  f rom 4 t o  7 x 1013 ~ m - ~  

w i t h  mean d iameters  o f  115 nm. 
t o  7.0% i n  agreement w i t h  a b u l k  d e n s i t y  change o f  6.4%. 

The measured c a v i t y  volume ranged f rom 5.9 

The p r e c i p i t a t e s  formed were p r i m a r i l y  Laves, r i c h  i n  n i c k e l  and s i l i c o n ,  

and M23CC which was n o t  en r i ched  i n  e i t h e r  element. 

appeared t o  be s i m i l a r  t o  the rma l l y- induced  chrome ca rb ides  and d i d  n o t  

appear t o  be p a r t i c i p a t i n g  i n  t h e  " i n f i l t r a t i o n - e x h a n g e "  process observed 

f o r  t h e  Laves phase. (2 -3 )  No p r e c i p i t a t e s  o f  t h e  y ' .  M6C o r  G-phase were 
observed. 

p r e c i p i t a t e s .  The m a t r i x  n i c k e l  l e v e l  was reduced t o  4%. 

The M23Cs p r e c i p i t a t e s  

There were no g r a d i e n t s  i n  compos i t ion  i n  m a t r i x  r e g i o n s  near 

5.3 D iscuss ion 

The m i c r o s t r u c t u r e s  developed i n  DO-heat a t  500-620°C i n  E B R - I 1  can be com- 

pared t o  those o f  o t h e r  heats i r r a d i a t e d  i n  f a s t  r e a c t o r s  and t o  those o f  

DO-heat i r r a d i a t e d  i n  HF IR .  It should be noted,  however, t h a t  t h i s  hea t  

has a somewhat a t y p i c a l  compos i t ion  compared t o  the  range employed i n  t h e  

U.S. Breeder Reactor  Program, see Table 1.  

0.5% t y p i c a l l y  i n  breeder s t e e l s )  o f  s i l i c o n ,  an element which has a pro-  

nounced e f f e c t  on v o i d  s w e l l i n g  and p r e c i p i t a t e  e v o l u t i o n .  

i s  a l s o  compl ica ted by  t h e  temperature u n c e r t a i n t i e s ,  p a r t i c u l a r l y  those 

assoc ia ted  w i t h  HF IR .  
low by a t  l e a s t  50-75°C. 

DO-heat c o n t a i n s  0.8 w t . %  (vs .  

The comparison 

It i s  r e p o r t e d  t h a t  most quoted temperatures may be 
(9-1 0) 
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TABLE 1 

CHEMICAL COMPOSITION OF DO-HEAT AND A TYPICAL 
U.S. BREEDER A I S I  316 STAINLESS STEEL 

DO 

C 0.05 
C r  18.0 
N i  13.0 
Mo 2.6 
Mn 1.9 
S i  0.8 
T i  0.05 
N 0.05 

__ 

(we igh t  pe rcen t )  

CN-13 00 CN-13 

0.054 P 0.013 0.005 
17.3 S 0.016 0.004 
13.6 v <0.01 CO.01 

2.3 Z r  0.05 <0.001 
1 .7  Co 0.03 0.01 
0.56 cu 0.10 0.01 

CO.01 W 0.01 0.02 
0.005 Sn 0.02 <0.005 

The d i s l o c a t i o n  d e n s i t i e s  o f  DO-heat a t  500-620°C were observed i n  t h i s  

s tudy t o  i nc rease  s l i g h t l y  w i t h  f l u e n c e  b u t  t o  remain on t h e  lower  s i d e  of 
t h e  6 * 3 x lo1”  cm-2 range observed i n  t h e  U.S. Type 316 breeder s t e e l s .  
E a r l i e r  i r r a d i a t i o n s  o f  t h i s  s t e e l  i n  E B R - I 1  showed t h a t  a d e n s i t y  of 

3 x 10’’ was developed a t  500 and 625°C a t  8.4 dpa and was n o t  t o  be 

a f f e c t e d  by the  p r e i n j e c t i o n  o f  110 appm o f  helium.(’) 

U.S. Type 316 breeder s t e e l s  (14)  Frank loops  were n o t  observed i n  any c o l d -  

worked specimens examined i n  t h i s  o r  p rev ious  s t u d i e s  t o  doses l e s s  than 15 

dpa,(6’9-10) a l though  they  were observed i n  annealed m a t e r i a l  a t  - < 10 dpa. 

I t  i s  presumed t h a t  t h e  s l i g h t l y  lower  d i s l o c a t i o n  d e n s i t y  r e l a t i v e  t o  o t h e r  

s t e e l s  and t h e  unexpected absence o f  Frank loops  a t  500°C r e s u l t s  f rom d i f -  

ferences i n  compos i t ion .  Reported d i s l o c a t i o n  d e n s i t i e s  f o r  DO-heat i r r a d i a -  

t e d  a t  l ower  f l uences  i n  H F I R  a r e  lower  (<6  - x l o 9  cm-*, 475-620°C, 516 dpa) 

b u t  many of these va lues were determined f rom t e n s i l e  specimens t e s t e d  a t  
temperatures near those o f  t h e  i r r a d i a t i o n  temperatures.  ( l o )  

t i o n  d e n s i t y  may have r e l a x e d  under these c o n d i t i o n s .  

(14)  

I n  c o n t r a s t  t o  

(11 )  

The d i s l o c a -  

I t  was e a r l i e r  shown t h a t  t h e  i d e n t i t y  and predominance o f  p r e c i p i t a t e s  t h a t  

develop i n  A I S I  316 can be q u i t e  v a r i a b l e  f rom p o i n t - t o - p o i n t  and g r a i n - t o -  

g r a i n ,  as w e l l  as s e n s i t i v e  t o  many envi ronmental  and m a t e r i a l  v a r i a b l e s .  

I t  i s ,  t h e r e f o r e ,  r i s k y  t o  draw conc lus ions  on phase development on t h e  b a s i s  

o f  l i m i t e d  data .  I t  appears, however, t h a t  t h e  p r e c i p i t a t e s  t h a t  f o rm 

( 4 )  
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during EBR-I1 irradiation at 500-620°C are quite similar to those that form 
in HFIR, with several significant but explainable exceptions. In both 
reactors, MP3C6 and M,C precipitates form. 
in both aged and irradiated conditions, (7,9) possibly as a consequence of the 
higher silicon level of the DO-heat. 
studies, (5-9) is the only phase rich in both silicon and nickel that is 
reported to form in the absence of irradiation. Both this and previous 
studies (4-5) have shown more than one variant in orientation. 
possess differences in composition, and both are rich in nickel and silicon. 

The latter predominates at 500°C 

This phase, referred to as n in other 

The variants 

There appears to be two types of MZ3C6 precipitates, those that form at 
low temperatures and are rich in nickel and silicon, and those that form 
as classical chrome carbides at hiqher temperatures (includinq 600°C) and 
which resist the infiltration-exchange process. 
in both reactors in the range 50O-62O0C, although this and other studies 
have shown that Laves becomes progressively richer in nickel and silicon 
as the irradiation proceeds. Sigma and Chi phases have not been observed in 
this or other(') EBR-I1 studies in the 500-620°C range, but they have been 
observed in HFIR studied at 620°C. 
consequence of the fact that the actual temperature is closer to 700°C than 
600°C. 

Laves is observed to form 
(2-3) 

This discrepancy is thought to be a 

It is significant to note that the radiation-stable phases ( 4 )  y '  and G-phase 
are not reported for HFIR irradiated 00-heat in the range 500-620°C while 
this study found both precipitates at 69 dpa but neither at 33 dpa. 
absence of both phases in HFIR irradiated steel is permanent rather than 
temporary, it could signal a real dependence of microstructure on neutron 
spectra. 
have been missed. 
rich phase is precluded by the burn-out of manganese by transmutation in 
HFIR. 
vanadium enrichment in Laves in 20% cold-worked steel at 600°C and annealed 
steel at 550°C. (5-9) 
surable quantities in EBR-I1 but forms in HFIR to levels approaching 0.82%. 

If the 

However, the Mn-rich G-phase is not a major phase and may easily 
Another possibility is that this late forming manganese- 

The effect of transmutation in HFIR is also demonstrated by the 

Vanadium, nominally <0.01%, is not produced in mea- 
(12) 
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Whi le  t h e  y' phase was r e p o r t e d  t o  form a t  low dose i n  HFIR a t  385°C and then  

t o  be r ep l aced  by t h e  M,C phase, no y' was observed i n  HFIR i n  t h e  sparse 
da ta  base cove r i ng  t h e  range 475-565°C f o r  doses below 50 dpa. The p resen t  

d a t a  show, however, t h a t  a t  500°C y '  has n o t  formed i n  E B R - I 1  a t  33 dpa b u t  

i s  p resen t  a f t e r  69 dpa. T h i s  suggests t h a t  i t s  f o rma t i on  i s  as s l u g g i s h  

i n  t h e  s i l i c o n - r i c h  DO-heat as i t  i s  i n  severa l  o t h e r  heats  i r r a d i a t e d  i n  

A t  doses l e s s  than  about 50 dpa, i t  appears t h a t  y' does n o t  ( 1 4 )  EBR- I I. 

form i n  t h e  DO-heat i n  e i t h e r  r e a c t o r .  

The s w e l l i n g  i n  A I S 1  316 has been shown t o  a c c e l e r a t e  c o n c u r r e n t l y  w i t h  t h e  

a c c e l e r a t i o n  o f  t h e  microchemica l  e v o l u t i o n .  (1 -3 '  14) 

e v o l u t i o n  i s  u n f i n i s h e d  a t  33 dpa, as evidenced by t h e  l o w  s w e l l i n g ,  t h e  near-  

p r e c i p i t a t e  g r a d i e n t s  i n  e lementa l  composi t ion,  t h e  absence o f  y '  a t  500°C 

and t h e  s i m i l a r i t y  of m a t r i x  n i c k e l  a t  b o t h  500 and 600°C t o  t h a t  o f  u n i r -  
r a d i a t e d  s t e e l .  
evidenced by t h e  absence o f  g rad ien ts ,  low m a t r i x  n i c k e l  concen t ra t i ons  and 
l a r g e  s w e l l i n g  va lues.  

The microchemica l  

The e v o l u t i o n  i s  n e a r i n g  comp le t ion  a t  about 70 dpa as 

F i g u r e  3 shows t h a t  t h e  v o i d  d e n s i t i e s  found i n  t h e  HFIR and h i g h  f l u e n c e  

E B R - I 1  specimens a r e  approx imate ly  e q u i v a l e n t  a t  620°C and d i f f e r  by  a 

f a c t o r  o f  about  t e n  a t  510°C. The d i f f e r e n c e  a t  510°C p a r t i a l l y  r e f l e c t s  

coalescence events  a t  t h e  l a r g e r  s w e l l i n g  l e v e l  (11%) i n  t h e  E B R - I 1  s p e c i -  

men. 

i n  hel ium/dpa r a t i o  has had a remarkably  smal l  e f f e c t  on t h e  v o i d  d e n s i t y .  

I n  ano ther  paper, i t  i s  shown t h a t  d i f f e r e n c e s  i n  helium/dpa r a t i o s  i n  

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

s a t u r a t i o n  v o i d  d e n s i t y ,  b u t  do n o t  s t r o n g l y  i n f l u e n c e  i t s  f i n a l  va lue .  
Given t h e  u n c e r t a i n t i e s  i n  i r r a d i a t i o n  temperature f o r  HFIR and t h e  l a r g e  

d i s p a r i t i e s  i n  some of t h e  HFIR d e n s i t y  and microscopy measurements (16.8 
vs. 8.0% a t  680°C, 0.0 vs. 1.43% a t  550°C, 0.8 vs. 2.0% a t  460"C), (10,17) 

i t  i s  d i f f i c u l t  t o  make a comp le te ly  conc l us i ve  comparison between t h e  HFIR 

and E B R - I 1  s w e l l i n g  data .  

c a v i t y  volume produced i n  t h e  two r e a c t o r s ,  a r e s t r i c t i o n  t h a t  has no 

It i s  s i g n i f i c a n t  t o  n o t e  t h a t  over  two o r d e r s  o f  magnitude d i f f e r e n c e  

( 1 6 )  

If we compare o n l y  microscopy de te rm ina t i ons  o f  
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.mCW 
1. ANNEALED 

VOID DENSITIES AT HIGH 
SWELLIND LEVELS IN DO-HEAl 
ARE NOT VERY SENSITIVE TO 
HELIUMIDPA RATIO 

LOWER Pv IN EBR I I  DATA 
PARTIALLY DUE TO 
COALESCENCE AT HIGHER SWELLING 

FIGURE 3 .  Comparison of Cavity Densities Observed in DO-Heat I r radia ted  
in EBR-I1 and HFIR. 

material influence on the conclusions drawn in t h i s  r epor t ,  i t  can be seen 
in Figure 4 t h a t  a l l  data l i e  within a narrow band, independent o f  bo th  
helium level and temperature. T h e  r e l a t i v e  i n s e n s i t i v i t y  o f  swelling a t  
high fluence t o  i r r ad ia t ion  temperature has been observed e a r l i e r  in AISI 
31 6. (1  0 318) 

While the HFIR d a t a  do  n o t  extend t o  as  high a dose as  do the EBR-I1 da ta ,  
an estimate of the eventual swelling data in HFIR can be made. This 
assessment i s  based on data o f  solu t ion  annealed s t e e l  (10,11>17) and t h e  

observation t h a t  the s teady- s ta te  swelling rate of AISI 316 i s  r e l a t i v e l y  
independent of cold work l eve l .  (3114119) 
annealed s t e e l ,  Figure 5 ,  indeed corroborate the high swelling r a t e  o f  

Figure 4. 

The avai lable  HFIR d a t a  on 
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FIGURE 4. Comparison o f  Cavity Volumes Observed in DO-Heat Irradiated in 
EBR-I1 and HFIR. 
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FIGURE 5. Comparison o f  Swelling Observed in Solution Annealed DO-Heat in 
HFIR (ndensity, omicroscopy) With That o f  Cold Worked DO 
(0 HFIR, AEBR-11). 
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The apparent insensitivity of swelling to helium level at high fluence in 
the temperature range of 500 to 610°C is in contrast t o  conclusions drawn 
earlier from HFIR irradiations that swelling is accelerated by high helium/ 
dpa ratios. (20y21) While the cavity density develops more quickly in HFIR, 
the swelling does not respond as dramatically. (' 6, 
that due to the higher helium generation, the HFIR irradiation will produce 
at high temperatures an additional component of swelling at grain bounda- 
ries('') that will not occur in EBR-11. 

It was observed, however, 

Since projected fusion devices will exhibit helium/dpa ratios intermediate to 
that of EBR-I1 and HFIR, it is expected that the void density and associated 
swelling in fusion devices will not be too different at 500-620°C from that 
observed in EBR-11. 

5.4 Concl usi ons 

The microstructural and microchemical evolution of AIS1 316 is not very sen- 
sitive t o  the more than two orders of magnitude difference in helium genera- 
tion rates found in HFIR and EBR-11. The few differences observed in the 
microstructural evolution generated in HFIR and EBR-I1 can be explained in 
terms of differences in solid transmutation rates and neutron fluence levels. 
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7.0 Fu tu re  Work 

A n a l y s i s  o f  microchemical  da ta  on DO-heat i r r a d i a t e d  i n  E B R - I 1  w i l l  proceed. 

Specimens i r r a d i a t e d  i n  HFIR w i l l  a l s o  be examined. 

8.0 Pub1 i c a t i  ons 

Th is  r e p o r t  w i l l  be pub l i shed  i n  t h e  proceedings o f  t h e  Second T o p i c a l  

Meet ing on Fus ion geactor  M a t e r i a l s ,  August 9-12, 1981 i n  S e a t t l e ,  WA. 
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THE HISTORY DEPENDENCE OF THE MICROCHEMICAL EVOLUTION OF IRRADIATED A I S I  316 

AND 304L STEELS - F. A. Garner (Hanford Engineer ing Development Labora to ry )  

and D. L. P o r t e r  (Argonne N a t i o n a l  Labora to ry  - West) 

1.0 O b j e c t i v e  

To determine t h e  dependence o f  t h e  r ad i a t i on- i nduced  microchemical  e v o l u t i o n  o f  

s t a i n l e s s  s t e e l s  on v a r i a b l e s  such as thermal-mechanical  s t a r t i n g  c o n d i t i o n ,  

temperature,  s t r e s s ,  hel ium- to- displacement r a t i o ,  neu t ron  f l u x  and f l u e n c e .  

2.0 S u m n a 9  

I t  appears t h a t  t h e  e f f e c t  o f  he l ium on c a v i t y  d e n s i t y  i n  A I S I  316 i s  p r i m a r i l y  

a t r a n s i e n t  phenomenon and t h a t  bo th  t h e  microchemica l  e v o l u t i o n  and s w e l l i n g  
behav io r  o f  a u s t e n i t i c  s t a i n l e s s  s t e e l s  e x h i b i t  t h e i r  p r imary  s e n s i t i v i t y  t o  

o t h e r  v a r i a b l e s .  The t o t a l  n i c k e l  removal f rom t h e  a l l o y  m a t r i x  i s  a good index  

o f  t h e  m ic rochemica l  e v o l u t i o n ,  and e x h i b i t s  a s t r o n g  dependence on a l a r g e  

v a r i e t y  o f  env i ronmenta l  and m a t e r i a l  v a r i a b l e s .  

3.0 P r og ram 

T i t l e :  I r r a d i a t i o n  E f f e c t s  Ana l ys i s  (AKJ) 

P r i n c i p a l  I n v e s t i g a t o r :  D. G. Doran 

A f f i l i a t i o n :  Hanford Eng ineer ing  Development Labora to ry  

4.0 Relevant  DAFS Program P lan  Task/Subtask 

Task 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  

Task 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  

5.0 - Accomplishments and S t a t u s  

5.1 I n t r o d u c t i o n  
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In a previous repor t  i s  was shown t h a t  ext ract ion and analys is  of p rec ip i t a tes  
t h a t  develop i n  AISI 316 i r rad ia ted  i n  EBR-I1 l e a d s t o  the conclusion t h a t  the  
microchemical evolution a t  a g i v e n  temperature i s  s e n s i t i v e  t o  some var iables  
b u t  not o thers .  (’) 
s t r e s s  of t h e  radiation-induced nickel removal process by p rec ip i t a t ion  a t  550°C 
b u t  not a t  4OO0C, an observation which i s  i n  agreement w i t h  t he  r e s u l t s  of o ther  
studies.  
treatments could a l s o  be corre la ted with the  amount of  nickel removed from the 
a l l o y  matrix. 
c i p i t a t i o n  t o  neutron f lux  and/or time i n  reactor .  
evolution was found t o  be very sluggish and s t i l l  i n  progress a t  14 x 10” n/cm2 
( E  >0.1 MeV). 
a t  7 x 10” n/cm2. 

I t  was found t h a t  the re  i s  an accelera t ion w i t h  applied 

The r e l a t i v e  swelling behavior o f  specimens w i t h  d i f f e r e n t  heat 

A t  4OOOC there  appeared t o  be a s e n s i t i v i t y  of the  level  of pre- 
A t  400°C t h e  microchemical 

A t  550°C the evolution was l e s s  s luggish and s t i l l  i n  progress 

This ana lys i s  has now been extended t o  include addit ional  data and a l so  t o  group 
the data i n t o  smaller  subsets.  
conclusions and y i e l d s  addit ional  i n s i g h t  on the  nature of the  microchemical 
evolution and i t s  dependence on i r r a d i a t i o n  his tory .  

The ana lys i s  of  the  subsets con f ims  the or ig inal  

5.2 Microchemical Evolution: Impact of Newer Data and Additional Analysis 

Figure 1 shows t h a t  a t  550°C both solution-annealed and 20%-cold worked s t e e l s  
continue d u r i n g  i r r a d i a t i o n  t o  develop p rec ip i t a tes  which a r e  progressively 
r i c h e r  i n  nickel content. As expected from the  r e l a t i v e  swelling behavior, the  
nickel content  of p rec ip i t a tes  i n  the annealed s t e e l  i s  somewhat ahead of t h a t  
i n  the 20% cold-worked s t e e l .  The annealed curve may represent material which 
was not s t ressed a t  t h e  nominal 207 MPa level  however. Although this  tube 
s t a r t e d  a t  a hoop s t r e s s  of 207 MPa, i t  leaked a t  some unknown time and r a t e  
d u r i n g  i r r a d i a t i o n  and had only 24.4 MPa a t  the  end of the experiment. 
s t r e s s  was reduced p r i o r  t o  the  end of the swelling incubation period, then 
the nickel removal and swelling l eve l s  m i g h t  be l a r g e r  (than shown i n  Figure 1 )  
f o r  condit ions of constant  stress. 

I f  the  

The newest data point  a t  %7 x 10” n / c m 2  f o r  20% cold worked AISI 316 confirms 
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FIGURE 1. N i c k e l  Content o f  P r e c i p i t a t e s  E x t r a c t e d  From Pressur ized  Tubes o f  
Annealed o r  20% Cold-Worked AISI 316 I r r a d i a t e d  a t  550°C. 

t h e  e a r l i e r  conc lus ion  t h a t  t h e r e  i s  indeed a sepa ra t i on  between t h e  annealed 

and c o l d  worked curves. 

F igu re  2 shows t h e  mole f r a c t i o n  o f  n i c k e l  i n  10  and 20% cold-worked A I S I  316 

d u r i n g  i r r a d i a t i o n  a t  400°C. 

s t r e s s - i n s e n s i t i v i  t y  o f  these  da ta  and t h e i r  independence o f  co ld-work l e v e l  

a t  400°C. 

t u r e s  have been found t o  be s e n s i t i v e  t o  s t r e s s  l e v e l ,  however 

Note t h a t  t h e  l a t e s t  datum con f i rms  b o t h  t h e  

(Some o f  t h e  p r e c i p i t a t e s  t h a t  form a t  500°C and h ighe r  tempera- 
(2 -3) )  

I t  i s  s i g n i f i c a n t  t h a t  t h e  e v o l u t i o n  a t  400°C i s  s t i l l  i n  progress a t  14 x 10" 

n/cmZ ( E  >0.1 MeV). Th i s  demonstrates t h a t  t h e  e v o l u t i o n  i s  very  s l u g g i s h  a t  
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FIGURE 2. N i c k e l  Content o f  P r e c i p i t a t e s  Ex t r ac ted  From Pressur i zed  Tubes o f  
Cold-Worked A I S 1  316 I r r a d i a t e d  a t  400°C. 

400°C and i s  proceeding toward y e t  a h i g h e r  l e v e l  o f  n i c k e l  removal. I t  i s  

t h i s  p o t e n t i a l l y  h i g h e r  l e v e l  o f  n i c k e l  removal, which can be reached i n  n o t  

q u i t e  so s l u g g i s h  a f a s h i o n  f o r  c e r t a i n  temperature h i s t o r i e s ,  and which can 
l e a d  t o  s u b s t a n t i a l l y  h i g h e r  l e v e l s  o f  s w e l l i n g .  (4-5)  

I n  o r d e r  t o  f u l l y  s u b s t a n t i a t e  t h e  conc l us i on  t h a t  t h e  microchemical  e v o l u t i o n  
a t  400°C con t inues  t i l l  a t  l e a s t  1 4  x 10” n/cm2 and p robab ly  beyond, i t  would 

be b e s t  t o  p l o t  t h e  t o t a l  n i c k e l  removal f rom t h e  m a t r i x  r a t h e r  than  j u s t  t h e  

n i c k e l  concen t ra t i on  o f  t h e  p r e c i p i t a t e s .  I n  t h e  p rev ious  r e p o r t  t h i s  was n o t  

done because t h e  amount o f  p r e c i p i t a t e s  produced i n  each specimen d i d  n o t  appear 

t o  f o l l o w  as w e l l - d e f i n e d  a t r e n d  w i t h  f l u e n c e  as d i d  t h e  n i c k e l  l e v e l  o f  t h e  

p r e c i p i t a t e s .  The t o t a l  n i c k e l  removal i s  o f  course t h e  p roduc t  o f  t h e  amount 

o f  p r e c i p i t a t e s  and t h e i r  n i c k e l  content .  

F i g u r e  3 shows t h e  p r e c i p i t a t e  l e v e l s  f o r  t h e  10% cold-work data,  reproduced 

f rom Reference 1. 

a f u n c t i o n  o f  f l u e n c e  was a t  f i r s t  though t  t o  be an exper imenta l  problem. 

The apparent  l a c k  o f  a c l e a r  t r e n d  o f  p r e c i p i t a t e  amount as 
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FIGURE 3. Data From F i g u r e  2 on 10% Cold-Worked A I S 1  316 Only, Showing 
Amounts o f  P r e c i p i t a t e  Assoc ia ted W i t h  Each Concen t ra t ion  
Measurement. 

P r e c i p i t a t e  e x t r a c t i o n s  were done by d i s s o l v i n g  tube  s e c t i o n s  (% l  i n c h )  e l e c-  

t r o l y t i c a l l y  i n  a m i x t u r e  o f  h y d r o c h l o r i c  a c i d  and d imeth l fomamide .  The 

e x t r a c t e d  p r e c i p i t a t e s  a r e  then  d i s s o l v e d  by adding p e r c h l o r i c  a c i d .  A f t e r  

b o i l i n g  t h e  s o l u t i o n  dry,  h y d r o c h l o r i c  a c i d  i s  a g a i n  added and t h e  s o l u t i o n  

examined by a tomic  absorp t ion .  The d a t a  a r e  produced as weights  o f  C r ,  Fe, 
Mo and N i  i n  t h e  s o l u t i o n .  From these data,  r e l a t i v e  concen t ra t i ons  o f  these  

elements can be ob ta i ned  v e r y  a c c u r a t e l y ,  and, w i t h  l e s s  conf idence,  a measure 

o f  t h e  degree o f  p r e c i p i t a t i o n  can be ob ta i ned  by d i v i d i n g  t h e  sum o f  these 

e lementa l  we igh ts  by  t h e  o r i g i n a l  we igh t  o f  t h e  t u b i n g  sample. 

number c a r r i e s  more exper imenta l  e r r o r  s i n c e  i t  i s  d i f f i c u l t  t o  i n s u r e  t h a t  

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

The l a t t e r  

It now appears, however, t h a t  t h e  l a c k  o f  a c l e a r  t r e n d  i s  an a r t i f a c t  o f  t h e  

assumptions u n d e r l y i n g  t h e  a n a l y s i s .  I n  p l o t t i n g  a l l  t h e  d a t a  on a s i n g l e  
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curve i t  i s  i m p l i c i t l y  assumed t h a t  t h e r e  i s  no i n f l u e n c e  o f  tube- to- tube v a r i a -  

t i o n s  o r  h i s t o r y  e f f e c t s  o f  t ime,  f l u x ,  spectrum, e tc .  

however, some l i m i t e d  data were presented f o r  20% cold-worked AIS1 316 i r r a d i a t e d  

a t  400°C which showed t h a t  t h e  l a r g e s t  amount o f  p r e c i p i t a t e s  was formed f o r  t h e  

l owes t  f l u x / l o n g e r  res idence t ime  i r r a d i a t i o n s .  ( ’ )  There fore  t h e  a v a i l a b l e  data  

were re-examined t o  see i f  more c o n s i s t e n t  t rends  cou ld  be found i n  subsets w i t h  

comparable h i  s t o r i  es. 

I n  an e a r l i e r  r e p o r t ,  

I n  t h e  n i n e  da ta  p o i n t s  f o r  10% cold-worked s t e e l  a t  400°C were found f o u r  sub- 

s e t s  o f  two d a t a  each, d e r i v e d  f rom t h e  same tube. 

subset possessed a common p r e i r r a d i a t i o n  m a t e r i a l  h i  s t o r y  and res idence t ime  i n  

r e a c t o r ,  b u t  was i r r a d i a t e d  a t  a d i f f e r e n t  f l u x  l e v e l  t o  a d i f f e r e n t  f luence.  

Note i n  Tab le  1 t h a t  i n  each subset t h e  p r e c i p i t a t e  amount has e i t h e r  s t a b i l i z e d  

o r  i nc reased  d u r i n g  the  f l uence  increment s e p a r a t i n g  t h e  two data  p o i n t s .  

n i c k e l  l e v e l s  o f  the  p r e c i p i t a t e s  have a l l  increased d u r i n g  t h e  f l u e n c e  increment.  

Thus each p a r t n e r  i n  a g i ven  

The 

TABLE 1 

AMOUNT OF NICKEL REMOVAL INTO PRECIPITATES AT 400°C 

Tube Fluence 10’’ n/cm2 P r e c i p i t a t e  N i c k e l  A V  Des ignat ion  (E >0.1 MeV) h o u n t / l O - ’  Content P r ~ d u c t / l O - ~  - Vo ,% - 

EA-85 9.4 

11.5 

EA-93 10.9 

2.9 .066 0.19 .69 

3.5 . lo1 0.35 1.09 

3.1 .093 0.29 1.66 

13.4 3.6 .123 0.44 2.47 

EA-40 10.1 4.5 .055 0.25 1.52 

12.5 4.5 .110 0.49 1.73 

EA-43 10.6 4. a .073 0.35 1.41 

13.05 5.1 .110 0.56 1.89 

EA-44 6.8 2.1 .054 0.11 0.53 
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F i g u r e  4 shows t h e  t o t a l  n i c k e l  removal f o r  t h e  f o u r  subsets and t h e  one d a t m  

f o r  which t h e r e  was no companion i n  t h e  subset. I t  i s  c l e a r  from t h i s  f i g u r e  

t h a t  t h e  microchemica l  e v o l u t i o n  (as expressed i n  t h e  removal o f  n i c k e l  f rom 

t h e  m a t r i x )  i s  s t i l l  p roceeding a t  a f l u e n c e  around 14 x l o 2 ’  n/cm2. 

I 1 1 I I I I 
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FIGURE 4. T o t a l  N i c k e l  Removal Ca lcu la ted  From Data i n  F i g u r e  3, Broken Down 
i n t o  Subsets, Each Represent ing Only  Data Ex t r ac ted  From a S i n g l e  
Tube. (Re fe r  t o  Table 1 f o r  d e t a i l s ) .  

The e x a c t  n a t u r e  o f  t h e  h i s t o r y  d i f f e r e n c e  between t h e  v a r i o u s  tubes i n  n o t  y e t  

c l e a r .  The tubes exper ienced n o t  o n l y  v a r i o u s  s t r e s s  l e v e l s  b u t  a l s o  d i f f e r e n t  

f l u x  l e v e l s .  

d i f f e r e n c e  i n  h i s t o r y  e f f e c t s  i n  t h e  da ta  s e t .  

A d d i t i o n a l  a n a l y s i s  i s  proceeding i n  an a t t emp t  t o  i d e n t i f y  t h e  

5. 3 R e l a t i v e  Role  o f  Microchemica l  E v o l u t i o n  and Helium Generat ion Rates 

I t  appears t h a t  e a r l i e r  conc lus ions  ( l Y 6 )  drawn about t h e  impor tance 
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of the  microchemical evolution of i r rad ia ted  s t a i n l e s s  s t e e l ,  and i t s  h i s to ry  
dependence, a r e  again p a r t i a l l y  confirmed. 
t h i s  path-dependent evolution can be linked d i r e c t l y  t o  the  swelling and creep 
behavior of AISI 316 s t a i n l e s  s t e e l ,  (1 -6)  and t h a t  the  changes i n  nickel content 
of the  matrix a r e  an excel lent  index of the progress of t h i s  evolution.  

I t  was a l s o  shown e a r l i e r  t h a t  

One area of current interest i s  the r e l a t i v e  importance o f  the microchemical 
evolution and the  accelerated cavi ty  development c h a r a c t e r i s t i c  of i r r a d i a t i o n s  
in  neutron spectra producing h i g h  helium-to-displacement r a t i o s .  This question 
i s  being addressed i n  a va r ie ty  of ways. 

One of t h e  most d i r e c t  ways i s  t o  study the  r e l a t i v e  behavior of a s ing le  heat 
of s t e e l  in two spect ra ,  which hopefully d i f f e r  only i n  t h e  helium-to-dpa 
generation r a t e .  As reported i n  Reference 7 ,  an examination of the  
DO-heat of AISI 316 i r rad ia ted  in HFIR and EBR-I1 does no t  show s ign i f i can t  
d i f ferences  i n  microstructural  and microchemical evolution in  the two reactors .  
The primary di f ference i s  t h a t  the  void densi ty  evolves a t  a somewhat slower 
r a t e  i n  EBR-I1 a t  500°C b u t  not a t  600°C. There i s  a l s o  some evidence t h a t  
the  phase evolution of AISI 316 i n  HFIR i s  perturbed somewhat by t h e  burn-out 
of manganese. I t  i s  a l s o  ant ic ipated t h a t  there  wi l l  be consequences of 
the  large  vanadium buildup t h a t  occurs i n  H F I R , ( 8 )  and t h a t  the  transmutational 
changes i n  HFIR i r rad ia ted  s t e e l s  wi l l  complicate and possibly obst ruct  the  
successful determination of t h e  r e l a t i v e  ro les  o f  helium generation and t h e  

nickel removal wocess .  

Another method of addressing t h i s  question i s  t o  analyze the microstructural  
data s e t s  derived from i r r a d i a t i o n s  of d i f f e r e n t  heats of s t ee l  i n  reactors  
having l a rge  di f ferences  in helium generation r a t e .  A comprehensive study i s  
nearing completion and por t ions  of t h a t  study a r e  presented here. 

5.4 Par t i a l  Summary of Available Data on Development of Void Densities i n  
AISI 316 

The time-dependent void  densi ty  t h a t  develops i n  neutron- irradiated AISI 316 has 
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been found t o  be dependent on a number o f  v a r i a b l e s .  

i n  nunber d e n s i t y  f o r  i s o t h e r m a l  i r r a d i a t i o n  can be descr ibed i n  t e n s  o f  two 

ma jo r  regimes, t r a n s i e n t  and s a t u r a t i o n  ( F i g u r e  5 ) ,  and one regime o f  appa ren t l y  

minor  importance (coalescence a t  l a r g e  s w e l l i n g  l e v e l s ) .  The t r a n s i e n t  regime 

i s  where t h e  m a j o r i t y  o f  v a r i a b l e s  e x e r t  t h e i r  s t r onges t  i n f l u e n c e .  

v a r i a b l e s  a r e  temperature,  d isp lacement  r a t e ,  c o l d  work l e v e l ,  p r e i r r a d i a t i o n  

thermal h i s t o r y ,  hel ium/dpa r a t i o ,  a p p l i e d  s t r e s s ,  e t c .  The cold-work l e v e l  

and helium/dpa r a t i o  a re  perhaps t h e  dominant determinants  o f  t h e  d u r a t i o n  o f  

the  t r a n s i e n t  regime. 

I n  genera l  t h e  e v o l u t i o n  

These 

TRANSIENT PORTION OF 
Pv  (T, et) IS SENSITIVE TO 
HELIUM/DPA RATIO 

Pv* IS INDEPENDENT OF 
HELIUM/DPA RATIO 

Pv* STRONGLY DEPENDENT ON 
TEMPERATURE 

VOID 
DENSITY 

I I  I 

/ 
/ 

/ 

DPA 

FIGURE 5. Schematic Represen ta t ion  o f  Helium I n f l u e n c e  on Void Nuc lea t i on  i n  
A I S 1  316 S t a i n l e s s  S t e e l .  

The s t eady- s ta te  o r  s a t u r a t i o n  regime has been found t o  be much less  s e n s i t i v e  

t o  these v a r i a b l e s  t h a n  o r i g i n a l l y  a n t i c i p a t e d ,  w i t h  t h e  excep t ion  o f  temperature 

and d isp lacement  r a t e .  

coupled, which r e q u i r e s  t h a t  c a r e f u l  comparisons be made between d a t a  frm 
var ious  f i s s i o n  r e a c t o r s  t o  o b t a i n  comparable fl ux/ temperature comparisons. 

For ins tance ,  t h e  v e r y  h i g h  y -hea t i ng  r a t e s  i n  HFIR u s u a l l y  r e q u i r e  t h a t  t h e  

h i g h e s t  t e s t  temperature occur  a t  t h e  p o s i t i o n  o f  peak d isp lacement  r a t e ,  w h i l e  

The a c t i o n  o f  these two v a r i a b l e s  on v o i d  d e n s i t y  i s  
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i n  EBR-I1 f u e l  c l a d d i n g  t h e  h i g h e s t  and l o w e s t  t e s t  temperatures a r e  ob ta ined  

a t  t h e  ends of t h e  c o r e  where t h e  d isp lacement  r a t e  i s  lowest .  

t a l  t e s t  assembl ies any f l ux- tempera tu re  combinat ion i s  p o s s i b l e ) .  

( I n  experimen- 

F i g u r e  6a shows t h e  v o i d  d e n s i t i e s  developed i n  HFIR i r r a d i a t i o n  o f  one heat  o f  

A I S I  316.(’) (The d isp lacement  r a t e  a t  380°C i s  r ough l y  o n e- t h i r d  o f  t h a t  a t  

680°C). 

d i f f e r e n t  f l u e n c e ,  t h e  v o i d  d e n s i t y  has n o t  i nc reased  beyond t h a t  observed a t  

1 x l o z 2  n/cm2 (E >0.1 MeV). T h i s  means t h a t  v o i d  n u c l e a t i o n  i s  over  b e f o r e  

%300 appm o f  he l ium has accumulated. i n  He/dpa r a t i o  i n  

HFIR a f t e r  1 x l o z 2  n/cm2 i s  o f  l i t t l e  consequence f o r  v o i d  n u c l e a t i o n .  

Note t h a t  a t  t h e  two temperatures where comparisons can be made a t  

Hence t h e  i nc rease  

F i g u r e  6b shows t h a t  t h e  v o i d  d e n s i t i e s  o f  breeder  f u e l  p i n  c l a d d i n g  i n  DFR (10) 

a r e  comparable t o  t h a t  ob ta ined  i n  HFIR, p a r t i c u l a r l y  when da ta  s e t s  a r e  chosen 

t o  a v o i d  comparisons a t  s u b s t a n t i a l l y  d i f f e r e n t  s w e l l i n g  and/or  f l u x  l e v e l s .  

F i g u r e  6c  shows t h a t  t h e  v o i d  number d e n s i t i e s  a r e  r e p r o d u c i b l e  i n  comparable 

i r r a d i a t i o n s  o f  one h e a t  o f  s t e e l ,  and t h a t  t h e  approach t o  s a t u r a t i o n  a t  low 
helium/dpa r a t i o s  i s  s lowes t  a t  h i g h e r  temperatures.  (10)  

F i g u r e  6d shows t h a t  t h e  b u i l d u p  o f  v o i d  d e n s i t y  toward s a t u r a t i o n  i n  E B R - I 1  a t  

500°C f o r  one h e a t  o f  s t e e l  i s  s lower  t h a n  t h a t  o f  another  h e a t  i n  HFIR and i s  

a l s o  s e n s i t i v e  t o  s t ress .  The v o i d  d e n s i t i e s  i n  each f l u e n c e  subset  o f  data  
i n c r e a s e  w i t h  i n c r e a s i n g  s t r e s s  l e v e l .  

I t  t h e r e f o r e  appears t h a t  t h e  v o i d  d e n s i t i e s  t h a t  deve lop i n  A I S I  316 d u r i n g  

neu t ron  i r r a d i a t i o n  a r e  s e n s i t i v e  t o  he l ium o n l y  i n  t h e  t r a n s i e n t  regime, and 

a r e  remarkably i n s e n s i t i v e  a t  s a t u r a t i o n  t o  d i f f e r e n c e s  i n  he l ium gene ra t i on  

r a t e s  which v a r y  over  two o r d e r s  o f  magnitude. 

Another d a t a  s e t  which o f f e r s  i n s i g h t  on t h e  r e l a t i v e  r o l e s  o f  c a v i t y  d e n s i t y  and 
microchemical  e v o l u t i o n  has r e c e n t l y  been pub l i shed  by P o r t e r ,  McVay and Wal ters .  (13 )  

They s t u d i e d  t h e  s w e l l i n g  and m i c r o s t r u c t u r a l  e v o l u t i o n  o f  annealed 304L a t  415°C 

i n  E B R - I 1  a f t e r  p r i o r  i r r a d i a t i o n  t o  5.1 x 10” n/cm2 ( E  >0.1 MeV) and ex- reac to r  
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annea l ing  a t  7OOOC f o r  one hour. As shown i n  F i g u r e  7 t h e  specimens had 

developed 3% s w e l l i n g  p r i o r  t o  t h e  anneal ing.  

s a t u r a t e  q u i c k l y  a t  l ower  f l u e n c e  i n  304L i n  t h e  annealed c o n d i t i o n .  

annea l ing  t h e  v o i d  d i s t r i b u t i o n  was found t o  be unchanged b u t  t h e  d i s l o c a t i o n  

d e n s i t y  had been g r e a t l y  reduced and t h e  authors  c a l c u l a t e d  t h a t  s u b s t a n t i a l  

r e d i s t r i b u t i o n  o f  segregated elements had occured. 

The v o i d  d e n s i t y  i s  known t o  

A f t e r  

NEUTRON IRRADIATION OF 304L AT 415OC 
PORTER, McVAY AND WALTERS (1980) 

9.0 AFTER 1 HOUR ANNEAL AT 70O0C 

- 0 VOID DISTRIBUTION UNCHANGED 
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FIGURE 7. Comparison o f  S w e l l i n g  o f  Annealed 304L S t e e l  i n  Both t h e  I so therma l  
and Annealed/Rei r rad ia ted Cond i t i ons .  (13) 

Upon subsequent r e i r r a d i a t i o n  t h e  d i s l o c a t i o n  d e n s i t y  was q u i c k l y  r e- es tab l i shed  
and no new v o i d s  were observed. 

au thors  was t h a t  t h e  t r a n s i e n t  was a d u p l i c a t e  o f  t h e  o r i g i n a l  t r a n s i e n t ,  even 

though t h e r e  were 

The s t eady- s ta te  s w e l l i n g  r a t e  was a l s o  i d e n t i c a l  t o  t h a t  o f  t h e  unannealed ma- 

t e r i a l .  The au thors  concluded t h a t  t h e  t r a n s i e n t  was u n r e l a t e d  t o  v o i d  n u c l e a t i o n  
b u t  depended o n l y  on t h e  dynamics o f  d i s l o c a t i o n  b u i l d u p  and microchemica l  seg- 

r e g a t i  on. 

The most impo r t an t  conc l us i on  drawn by t h e  

vo ids /un3  p resen t  a t  t h e  onse t  o f  t h e  second i r r a d i a t i o n .  

5.5 Conclusions 

It appears t h a t  t h e  e f f e c t  o f  he l ium on c a v i t y  d e n s i t y  i n  A I S 1  316 i s  p r i m a r i l y  



a t r a n s i e n t  phenomenon and t h a t  both the  microchemical evolution and swelling 
behavior of a u s t e n i t i c  s t a i n l e s s  s t e e l s  exh ib i t  t h e i r  primary s e n s i t i v i t y  t o  
o ther  var iables .  The t o t a l  nickel removal from the a l loy  matrix i s  a good 
index of the  microchemical evolution,  and exh ib i t s  a strong dependence on a 
l a rge  var ie ty  of environmental and material variables.  
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7.0 Fu tu re  Work 

T h i s  work w i l l  con t inue  as more d a t a  become a v a i l a b l e .  
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THE EFFECTS OF SOLID TRANSMUTATION PRODUCTS ON SWELLING IN 316 STAINLESS STEEL 

J .  F. Bates, F. A.  Garner and F. M. Mann (Hanford Engineering Development 
La bora t ory ) 

1.0  Objective 

The object ive  of t h i s  e f f o r t  i s  t o  assess  the amount of s o l i d  transmutants t h a t  
develop in AISI  316 d u r i n g  i r r a d i t i o n  i n  f a s t ,  thermal o r  fusion reactors  and 
by comparison with the  compositional s e n s i t i v i t y  of swelling observed i n  breeder 
reactors  determine the potent ia l  swelling behavior of t h i s  s t e e l  in thermal and 
fusion reactors .  

2.0 Summary 

Application o f  the  extensive data base developed i n  f i s s i o n  reactors  t o  the  
design of fusion reactors  requires an understanding o f  the  di f ferences  i n  the  
c h a r a c t e r i s t i c s  of the two neutron spect ra .  Whereas the e f f e c t s  of gaseous 
transmutants have been previously recognized a s  po ten t ia l ly  important, the 
amount and r o l e  of s o l i d  transmutants have been assumed t o  be inconsequential 
Although t h i s  assumption has been found  t o  be cor rec t  f o r  i r r a d i a t i o n s  con- 
ducted in f a s t  breeder reac to rs ,  i t  i s  not cor rec t  f o r  fusion and thermal 
reac to r  i r r a d i a t i o n .  

This paper presents t h e  r e s u l t s  of a study in which the  i so top ic  evolution of 
AISI 316 was calcula ted f o r  two breeder reac to rs ,  two fus-ion devices and the 
High Flux Isotope Reactor (HFIR). 
HFIR,wherethe manganese i s  strongly depleted and substant ia l  vanadium i s  
generated. Both of these elements increase  in fusion reactors  b u t  much more 

The l a r g e s t  changes in composition a r i s e  in  

slowly. 

Data on the swelling of A I S I  316 i s  presented t o  show t h a t  depletion of manganese 
i n  HFIR on the time-frdme of typical  i r r a d i a t i o n s  will lead t o  changes i n  the  
swelling behavior. While no swelling data f o r  vanadium-modified s t e e l s  a r e  
ava i lab le  i t  i s  an t i c ipa ted  t h a t  the swelling behavior wil l  be a l t e r e d  in a 
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manner t y p i c a l  o f  o t h e r  s t r o n g  MC-carbide fo rm ing  elements such as t i t a n i u m .  

3.0 Program 

T i t l e :  I r r a d i a t i o n  E f f e c t s  Ana l ys i s  (AKJ) 

P r i n c i p a l  I n v e s t i g a t o r :  D. G. Doran 

A f f i l i a t i o n :  Hanford Eng ineer ing  Development Labora to ry  

4.0 Relevant  DAFS Program P lan  Task/Subtask 

Task I I .C .4  E f f e c t s  o f  S o l i d  Transmutants on M i c r o s t r u c t u r e  

Task II .C.10 E f f e c t s  o f  S o l i d  Transmutat ion Products  on F r a c t u r e  Behav ior  

5.0 

5.1 

Accomplishments and S t a t u s  

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

The c o n f i d e n t  des ign  o f  s t r u c t u r a l  components f o r  f u s i o n  dev ices r e q u i r e s  n o t  

o n l y  a r e l e v a n t  m a t e r i a l s  da ta  base b u t  a l s o  some guidance on how t o  e x t r a p o l a t e  

t h e  p r o p e r t y  c o r r e l a t i o n s  d e r i v e d  f rom t h a t  data  i n t o  t h e  un tes ted  f u s i o n  env i-  

ronment. The overwhelming m a j o r i t y  o f  t h e  r e l e v a n t  da ta  have been developed 

f rom i r r a d i a t i o n s  conducted i n  f a s t  neu t ron  breeder  r e a c t o r s ,  w i t h  s m a l l e r  
amounts of d a t a  d e r i v e d  i n  mixed spectrum ( t h e r m a l )  r e a c t o r s  and 14 MeV neu t ron  
sources a t  low f l u x .  The ma jo r  e x t r a p o l a t i o n  e f f o r t  has t h e r e f o r e  cen te red  on 

d e s c r i b i n g  t h e  impact  o f  d i f f e r e n c e s  between breeder  and f u s i o n  dev ices,  p r i -  
m a r i l y  c o n c e n t r a t i n g  on d i f f e r e n c e s  i n  d isp lacement  c h a r a c t e r i s t i c s  and gaseous 

t r ansmu ta t i on  products .  
recogn ized  as hav ing  a l a r g e  impact  on t h e  e v o l u t i o n  and dimensional  s t a b i l i t y  

o f  i r r a d i a t e d  s t e e l s .  

Transmutat ions which produce he l ium have l o n g  been 

However, t h e  l i f e t i m e  o f  t h e  f i r s t  w a l l  o f  a f u s i o n  r e a c t o r  i s  s u f f i c i e n t  t o  

p roduc t  s i g n i f i c a n t  s o l i d  c a n p o s i t i o n a l  t ransmuta t ions  i n  316 s t a i n l e s s  s t e e l .  

Some o f  t h e  most s i g n i f i c a n t  o f  these  t ransmuta t ions  can a f f e c t  the  manganese 

and vanadium l e v e l s  i n  316 s t a i n l e s s  s t e e l .  These changes i n  t h e  elemental  
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concentrat ions may r e s u l t  i n  substant ia l  changes i n  void swelling of the  f i r s t  
wall .  I n  add i t ion ,  the changes induced i n  mixed spectrum reactors  such a s  the 
High F lux  Isotope Reactor (HFIR) a r e  l a rger  than projections f o r  fusion devices 
they a r e  used t o  simulate. 

The d i f f e r e n t  swelling behavior of various, nominally s imi la r ,  heats o f  316 has 
been shown t o  a r i s e  from the var ia t ions  in t r a c e  elements," ) some below the  
manufacturer's a b i l i t y  t o  reproduce in commercial pract ice .  T h u s  minor changes 
i n  t r a c e  elements due t o  transmutations may a f f e c t  the swelling. 
the radiation- induced microstructural  evolution of s t a i n l e s s  s t ee l  involves a 
complex d i s t r i b u t i o n  o f  various so lu te  and solvent atoms between a number of 
d i f f e r e n t  phases. Differences i n  generation and segregation r a t e s  of s o l i d  
transmutation products wi l l  a l s o  probably influence the nature of t h i s  "micro- 
c h em i ca 1 " evol u t i  on. 

I n  addi t ion,  

The dimensional s t a b i l i t y  o f  316 a s  affected by compositional transmutations was 
evaluated previously ( * )  u t i l i z i n g  data from low fluence ( 2  t o  4 x 10" n/cm2, 
E >0.1 MeV) i r r a d i a t i o n s  i n  the  Second Experimental Breeder Reactor (EBR-11). 
The s tud ies  indicated no detrimental changes in  l a t t i c e  d i l a t i o n ,  y ie ld  s t rength ,  
r e c r y s t a l l i z a t i o n  temperature or void swell ing.  Swelling was reduced as the  
manganese level  was increased from zero t o  around one weight percent and then 
remained f a i r l y  constant  ou t  t o  about four  percent. However, higher f luence 
EBR-I1 data now reveal t h a t  the swelling does not remain constant  b u t  increases 
a t  the  higher Mn l eve l s .  
mutations can thus produce swelling two t o  three  times t h a t  w h i c h  would occur 
in  an a l loy  w i t h  a standard manganese l eve l .  

Increased o r  decreased manganese resu l t ing  from t rans-  

I n  t h i s  paper we address only s o l i d  transmutants. 
hydrogen has been t rea ted  elsewhere. (3)  
generation r a t e s  o f  those s o l i d  transmutants 
chemical evolution of AIS1 316 s t a i n l e s s  s t e e l  f o r  a var ie ty  of i r r a d i a t i o n  
f a c i l i t i e s .  The l e v e l s  of elemental var ia t ions  a r e  then compared t o  recent  
swell ing data t o  assess  the  impact of t h e  transmutations on fusion reac to r  
component performance. 

The generation of helium and 
Also addressed a r e  di f ferences  i n  

thought t o  be important in the 
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5.2 Exper imental  and C a l c u l a t i o n a l  D e t a i l s  

The r e c e n t  s w e l l i n g  data were determined from pre-  and p o s t i r r a d i a t i o n  d e n s i t y  

measurements o f  specimens i r r a d i a t e d  i n  s o d i u m- f i l l e d  subcapsules i n  row t w ?  

o f  EBR-11. The specimens were s o l i d  r i g h t  c y l i n d e r s ,  approx imate ly  0.2” d iameter  

by 0.375” l ong .  I r r a d i a t i o n s  were conducted a t  620°C t o  a f l u e n c e  (E  >0.1 MeV) 

o f  12.3 x 10” n/cm2 (61.5 dpa) and a t  400 and 51OOC t o  a f l u e n c e  o f  9.1 x 10” 

n/cmZ (45.5 dpa). 

20% c o l d  worked c o n d i t i o n s .  

Specimens were i r r a d i a t e d  i n  b o t h  t h e  s o l u t i o n  annealed and 

The t r ansmu ta t i on  c a l c u l a t i o n s  were performed w i t h  t h e  REAC computer system. 

Th is  system a l l o w s  t h e  r a p i d  c a l c u l a t i o n  o f  t ransmuta t ions  o f  many i s o t o p e s  

i n  a m a t e r i a l  i r r a d i a t e d  i n  nuc l ea r  f a c i l i t i e s  hav ing  d i f f e r e n t  spect ra .  

system c o n s i s t s  o f  a d r i v e r  program and f o u r  l i b r a r i e s :  f l u x ,  m a t e r i a l ,  c ross  

sec t ion ,  and decay data. The d r i v e r  program reads i n f o r m a t i o n  f r om  t h e  l i b r a r i e s ,  

c o l l a p s e s  t h e  m u l t i g r o u p  f l u x e s  and c r o s s  s e c t i o n s  t o  form t h e  needed r e a c t i o n  

r a t e s ,  c a l c u l a t e s  t ransmuta t ion  and a c t i v a t i o n  r a t e s ,  and f i n a l l y  s o r t s  t h e  

r e s u l t s  f o r  o u t p u t .  

The 

The f l u x  l i b r a r y  con ta i ns  63 group rep resen ta t i ons  o f  spec t ra  f o r  impo r t an t  

Magnet ic Fus ion Energy f a c i l i t i e s .  

t h e  u n f o l d i n g  o f  dos imet ry  r e a c t i o n s ,  w h i l e  f l u x e s  f o r  t h e  F a s t  F l u x  Tes t  

and t h e  Fus ion  M a t e r i a l s  I r r a d i a t i o n  Tes t  f a c i l i t y  (FMIT) ( 7 )  a r e  f rom d i f f u s i o n  

F luxes f o r  E B R - I 1  (4) and HFIR ( 5 )  a r e  f rom 

F a c i l i t y  (FFTF), t h e  U n i v e r s i t y  o f  Wisconsin Tokumak conceptual  r e a c t o r  (UWMAK-l), (6 )  

The mu1 t i g r o u p  c r o s s  s e c t i o n s  a r e  based upon ENDF/B-V (8)  o r  t r a n s p o r t  c a l c u l a t i o n s .  

whenever p o s s i b l e .  The ACTL f i l e , ( ’ )  s p e c i a l  eva l ua t i ons ,  ( l o )  and THRESH (11) 

sys temat i cs  were used t o  f i l l  i n  gaps i n  c ross  s e c t i o n  e v a l u a t i o n s .  A l l  impo r t an t  

r e a c t i o n s  f o r  neut ron energ ies  t o  40 MeV were i n c l u d e d  f o r  C,  N,  A l ,  S i ,  P, C r ,  

Mn, Fe, Co, and N i .  

1978 Table  o f  Iso topes.  (12)  

t h e  v a r i o u s  r e a c t o r s  and assoc ia ted  d isp lacements  a r e  g i v e n  i n  Tab le  1. 

c a l c u l a t i o n s  were based on t h e  assumption o f  con t inuous  i r r a d i a t i o n s  b u t  i n c l u d e  

t h e  t ime-dependent decay t o  o t h e r  i so topes .  

Values f o r  t h e  decay l i b r a r y  come f rom ENDF/B-V o r  f rom t h e  

T o t a l  f l u x e s  and d isp lacement  c r o s s  s e c t i o n s  f o r  

A l l  
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TABLE 1 

FLUXES AND CROSS SECTIONS FOR VARIOUS REACTORS 

Reactor 

HFIR 

HFIR 

HFIR 

FFTF 

E B R - I 1  

UWMAK 

FMIT 

P o s i t i o n  

HT 5 
A- 2 

PTP 

Row 1* 
Row 2* 

F i r s t  Wall 

[0,0,01 

T o t a l  F l u x  (n/cm2 sec) 

5.60 x 1015 

5.90 x 1015 

5.84 x 1015 

6.99 x 1015 

2.10 x 1015 

4.76 x 1014 

3.09 x 1015 

Displacement Cross Sec t i on  
(barns ) ** 

152 

175 

200 
283 

436 

856 

2000 

* Midplane p o s i t i o n  
** Eva lua ted  f o r  AISI 316 

The s t a r t i n g  concen t ra t i ons  o f  each element a r e  i n d i c a t e d  i n  Tab le  2. 
compos i t i on  o f  t h e  s t e e l  u t i l i z e d  i n  t h i s  s tudy i s  t h a t  of  CN-13, a 20% c o l d  

worked A I S I  316 l o t  o f  FFTF c ladd ing .  

The 

5.3 Resu l t s  

The r e s u l t s  o f  t h e  s w e l l i n g  eva lua t i ons  f o r  manganese-modif icat ions o f  A I S I  316 

a r e  shown i n  F igu res  1 and 2 f o r  t h e  400°C and h i g h e r  temperature data se ts ,  

r e s p e c t i v e l y .  A minimum i n  s w e l l i n g ,  most p r e v a l e n t  i n  t h e  62D°C d a t a  s e t ,  

occurs  a t  around 1 t o  2 we igh t  pe r cen t  manganese. 

manganese has been observed p r e v i o u s l y  ( see  Figur,? 3)  and i s  t y p i c a l  o f  behav io r  

observed when a s i n g l e  element i s  added a t  t h e  expense o f  Fe i n  316 s t a i n l e s s  
s t e e l .  (1y13214)  

f l u e n c e  minimum s i m i l a r  t o  t h a t  o f  t h e  s o l u t i o n  annealed m a t e r i a l .  

The reduced s w e l l i n g  a t  low 

We a n t i c i p a t e  t h a t  the  c o l d  worked m a t e r i a l  may e x h i b i t  a h i g h e r  

Table  3 summarizes t h e  percentage changes observed i n  a l l  e lements known o r  pro- 
posed t o  i n f l u e n c e  the  r ad i a t i on- i nduced  s w e l l i n g .  ( ’  ’14) i r r a d i a t i o n  creep 

o r  microchemica l  e v ~ l u t i o n , ( ’ ~ - ~ ~ )  o f  316 s t a i n l e s s  s t e e l .  

(13)  
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TABLE 2 

IN IT IAL  CONCENTRATION OF ELEMENTS I N  A I S 1  316 

Element 

Fe 
C r  
N i  

Mn 
Mo 
S i  

C 
v 
N 

co 
cu 
S 

A1 
P 
Ta 
Nb 

I n i t i a l  Atomic Percent  

64.3 
18.5 
13.0 

1.65 
1.30 
0.99 

0.246 
0.0109 
0.01 59 

0.0094 
0.0044 
0.0052 

0.0052 
0.0036 
0.0023 
0.0003 

I n  genera l  t h e  changes t h a t  occur  i n  t h i s  s t e e l  when i r r a d i a t e d  i n  EBR-I1 a r e  

q u i t e  sma l l ,  w i t h  t h e  l a r g e s t ,  b u t  p robab ly  i n s i g n i f i c a n t ,  changes occu r i ng  i n  

t h e  c o b a l t  and vanadium concen t ra t ions .  T h i s  means t h a t  t h e  i n f l u e n c e  o f  s o l i d  
t ransmutants  on t h e  s w e l l i n g  da ta  d e r i v e d  f rom E B R - I 1  i r r a d i a t i o n s ,  can be con- 

s i d e r e d  t o  be n e g l i g i b l e .  

i n  t h e  mixed spectrum and f u s i o n  dev ices t h e r e  a r e  some r a t h e r  consequen t ia l  

changes i n  composi t ion.  

A s i m i l a r  conc l us i on  can be drawn f o r  FFTF. However, 

5.4 

I n  b o t h  HFIR (18) and E B R - I 1  ( 1 5 )  50 dpa can be used as an exposure l e v e l  a t  

wh ich  s w e l l i n g  and creep have approached s t eady- s ta te  behav io r  f o r  most r e l e v a n t  

temperatures.  A t  t h i s  d isp lacement  l e v e l ,  i r r a d i a t i o n  i n  HFIR has r e s u l t e d  i n  

t h e  l a r g e s t  change i n  t h e  ma jo r  a l l o y  c o n s t i t u e n t ,  i r o n ,  a t  +2%. 

D i  scu s s i  on 

A l l  o t h e r  
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FIGURE 1. E f f e c t s  of Manganese Content on Swe l l i ng  i n  Both Annealed and 20% Cold 
Worked 316 a t  400°C. 
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FIGURE 2. E f f e c t  o f  Manganese Content on S w e l l i n g  i n  Both Annealed and 20% Cold 
Worked 316 a t  510 and 520°C. 
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FIGURE 3. E f f e c t ~ o f  Manganese Content on S w e l l i n g  of Annealed 316 a t  Low 
Temperatures and Low Fluence.(14) 

r e a c t o r s  have much s m a l l e r  changes i n  i r o n  con ten t .  There has a l s o  been a 4% 

r e d u c t i o n  i n  t h e  o r i g i n a l  chromium concen t ra t i on  and a 0.7% change i n  t h e  n i c k e l  

con ten t  i n  HF IR .  These changes a r e  b e l i e v e d  t o  be inconsequen t ia l .  

There have a l s o  occur red  r e l a t i v e l y  l a r g e  changes i n  i n i t i a l l y  d i l u t e  elements 

:rhose r o l e s  i n  dimensional  i n s t a b i l i t i e s  a r e  u n c e r t a i n .  I n  t h e  A-2 p o s i t i o n  o f  

HFIR t h e r e  a r e  l a r g e  inc reases  i n  t h e  c o b a l t  and copper concen t ra t i ons  and a 

moderate decrease i n  t h e  n i t r o g e n  concen t ra t ion .  More i m p o r t a n t l y  t h e  vanadium 

has inc reased  by l a r g e  f a c t o r  t o  reach approx imate ly  0.7%. 
amount o f  vanadium, an element which i s  a s t r o n g  MC-carbide former.  Another 

s tudy  has shown t h a t  s t r o n g  F?C formers,  such as t i t a n i u m ,  have l a r g e  

e f f e c t s  on s w e l l i n g ,  and t h a t  t h e  MC ca rb i des  formed i n  HFIR a r e  q u i t e  r i c h  

i n  vanadium. 

even o n e - f i f t h  t h e  amount o f  vanadium t h a t  i s  produced i n  HFIR a t  50 dpa. 

vanadium i n  HFIR a r i s e s  p r i m a r i l y  f rom 5 0 C r  (n,y) 51Cr  + ' l V  w h i l e  t h a t  i n  f u s i o n  

dev ices  i s  generated by 5 2 C r  (r1,2n)~lCr + 51V w i t h  t h e  decay r e a c t i o n  hav ing  

a 28 day h a l f - l i f e .  

T h i s  i s  a v e r y  l a r g e  

As shown i n  F i g u r e  4, no o t h e r  r e a c t o r  system s t u d i e d  w i l l  produce 

The 
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FIGURE 4. Vanadium Concen t ra t ion  as a Func t ion  o f  Exposure f o r  Var ious Reactors.  
HT-5, A 2  and PTP r e f e r  t o  d i f f e r e n t  p o s i t i o n s  i n  HFIR. The s a t u r a t i o n  
o f  vanadium a t  0.814% i n  HFIR s i g n a l s  t h e  complete burn- ou t  o f  " C r .  

The n e x t  most consequent ia l  change i n  t h e  A I S 1  316 compos i t i on  d u r i n g  HFIR i r - 

r a d i a t i o n  appears t o  be t h a t  o f  t h e  manganese c o n t e n t  which d e c l i n e s  60 t o  70% 
a t  60 dpa depending on which r e a c t o r  p o s i t i o n  i s  chosen f o r  s tudy (see F i g u r e  5).  

The manganese i s  s e r i o u s l y  dep le ted  d u r i n g  t h e  v o i d  i n c u b a t i o n  s tage o f  t h e  

s w e l l i n g  phenomenon. 

f i c a n t  e f f e c t  on v o i d  s w e l l i n g .  

Reactor  (ORR) w i l l  induced a somewhat s lower  r a t e  o f  d e c l i n e  s i n c e  t h e i r  

t h e r m a l / f a s t  neu t ron  r a t i o  i s  lower  than t h a t  o f  HFIR. 

T h i s  means t h a t  t h e  manganese d e p l e t i o n  w i l l  have a s i g n i -  

Thermal r e a c t o r s  such as Oak Ridge Research 

The f u s i o n  dev ices  s t u d i e d  a r e  p r o j e c t e d  t o  i n c rease  t h e  manganese con ten t  i n  

316 s t a i n l e s s  s t e e l  ( F i g u r e  4 ) .  
dev ices and HFIR a r i s e s  because of t h e  r e l a t i v e  s h i f t  i n  magnitude between f a s t  

and thermal r e a c t i o n s  i n  t h e  v a r i o u s  r e a c t o r s .  I n  HFIR and ORR t h e  dominant 

T h i s  d i f f e r e n c e  i n  behav io r  between f u s i o n  
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FIGURE 5. Change i n  Manganese as a Func t ion  o f  Exposure f o r  Var ious Reactors.  
HT-5. A2 and PTP r e f e r  t o  d i f f e r e n t  p o s i t i o n s  in ,  HFIR. 

r e a c t i o n  i s  55Mn(n,y) 56Mn(t, = 3 hours)  I) 56Fe. 

f o l l o w i n g  (n,p) and (n,Zn) r e a c t i o n s  t e n d  t o  dominate: 

For  f u s i o n  dev ices t h e  * 

"Fe(n,p) 54Mn(312 days) # 54Fe 

56Fe(n,p) 56Mn(3 hours)  56Fe 

54Fe(n,2n) 53Fe(10 m i n )  

55Fe(n,2n) 55Fe(3 y e a r s )  e 55Mn 

55Mn(n,p) 5 5 C r ( 4  m in )  e 55Mn 

551rln(n,2n) 5'Mn(312 days) # 54Fe 

e 53Mn ( 4  x l o 6  y e a r s )  # "Cr 

The magnitude o f  the  v a r i o u s  h a l f - l i v e s  and abundancies o f  each i s o t o p e  i n d i c a t e  

t h a t  Mn tends n o t  t o  b u r n  o u t  w h i l e  Fe tends t o  t ransmute t o  Mn. I n  f a s t  
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r e a c t o r s ,  t h e  v a r i o u s  b u r n - i n  and burn- out  r e a c t i o n s  tend  t o  cancel  each o t h e r  

and t h e r e f o r e  no l a r g e  change i n  manganese occurs.  A l though FMIT has a ha rde r  

spectrum than does UWMAK, t h e  t r ansmu ta t i on  r a t e  t o  Mn i s  l a r g e r  i n  UWMAK because 

t h e  (n,p) c ross  s e c t i o n  peaks around 10 MeV. 

I t  was shown p r e v i o u s l y  ( 2 )  t h a t  so lu t ion- annea led  A I S I  316 was somewhat sens i -  

t i v e  t o  manganese con ten t  a t  low temperature and l o w  f luences .  

d a t a  a t  400°C ( F i g u r e  1 )  c o n f i r m  t h i s  s e n s i t i v i t y ,  which i s  even more pronounced 

i n  c o l d  wurked s t e e l .  However, t h e  inc reases  i n  manganese con ten t  t h a t  would 

occur i n  f u s i o n  dev ices would n o t  l e a d  t o  much change i n  s w e l l i n g  a t  the  l o w e r  

temperatures. 

temperatures.  As i n d i c a t e d  by F i g u r e  2, d i f f e r e n c e s  i n  t h e  s w e l l i n g  behav io r  

a t  620°C ( r e l a t i v e  t o  t h a t  o f  EBR-11) a r e  expected i n  bo th  HFIR and f u s i o n  
devices.  

which most o f  t h e  n i c k e l  i s  rep laced  w i t h  maiigar;ese would be q u i t e  uns tab l e  i n  
HFIR and p robab ly  r e v e r t  t o  f e r r i t e .  

H igher  f l u e n c e  

But, l a r g e  decreases would l e a d  t o  inc reased  s w e l l i n g  a t  a l l  

Another consequence o f  t h i s  a n a l y s i s  i s  t h a t  a u s t e n i t i c  s t e e l s  i n  

We a r e  aware o f  no exper iments performed on t h e  e f f e c t  o f  vanadium a d d i t i o n s  t o  

A I S I  316. 

o f  carbon i t  i s  expected t h a t  vanadium-modif ied s t e e l s  may e x h i b i t  some o f  t h e  

same c h a r a c t e r i s t i c s  as t i t an i um- mod i f i ed  s t e e l s .  One i n v e s t i g a t i o n  i n d i c a t e s  
t h a t  one may expect  an inc rease  i n  t h e  l o w  temperature s w e l l i n g  (400°C) and a 

decrease i n  t h e  h i g h  temperature s w e l l i n g  (600°C). ( 1 5 )  Another i n v e s t i g a t i o n  
would suggest t h a t  s i n c e  vanadium i s  an a l p h a - s t a b i l i z i n g  element, i nc reased  

concen t ra t i ons  m igh t  reduce t h e  s w e l l i n g .  
MZ3C,, may evo lve  toward an MC t y p e  ca rb ide .  

formed as f r e e  vanadium i n  t h e  m a t r i x ,  gross phase i n s t a b i l i t i e s  may be 

Since vanadium w i l l  d e f i n i t e l y  i n f l u e n c e  t h e  a c t i v i t y  and a v a i l a b i l i t y  

Chromium- rich carb ides,  such as 

However i f  0.7% vanadium i s  

expected. ( 1  1 

The major  elements though t  t o  be impo r t an t  i n  t h e  microchemical  e v o l u t i o n  o f  

A I S I  316 a r e  n i c k e l ,  carbon, and s i l i c o n .  It i s  s i g n i f i c a n t  t o  n o t e  t h a t  no 
app rec i ab l e  changes occur  i n  zny o f  these elements i n  any o f  t h e  r e a c t o r  systems 

s tud ied .  
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5.5 Conclusions 

Al though  so l id  transmutant e f f e c t s  in AISI 316 a r e  minimal in breeder reac tors ,  
there will  be s ign i f i can t  changes in a l loy  composition in both  fusion and 
thermal reac tors .  The elements normally t h o u g h t  t o  be instrumental in the 
microchemical evolution of t h i s  s t ee l  (Ni, S i ,  C )  a re  n o t  changed s ign i f i can t ly  
in any reac tor  however. 

The most s ign i f i can t  changes with respect t o  the void swelling process occur in 
the manganese and vanadium concentrations. Whereas b o t h  elements will  increase 
r e l a t i v e l y  slowly in fusion devices, the changes in reactors  such as the High 
Flux Isotope Reactor (HFIR) are much mre pronounced. 

I n  HFIR the manganese wil l  be es sen t i a l ly  b u r n t  out a t  doses below 100 dpa. 
Data on the swelling avai lable  from breeder reactor  i r r ad ia t ions  lead t o  the 
conclusion t ha t  the severe depletion in HFIR will lead t o  d i f ferences  in swellin! 
r e l a t i v e  t o  t h a t  produced by both the breeder and fusion,environment. 

S tee l s  which depend on manganese t o  s t a b i l i z e  the aus ten i t e  will  probably 
become f e r r i t i c  in HFIR, as the manganese i s  transmuted t o  i ron.  

The l a rge  level of vanadium produced in AISI 316 a t  r e l a t i v e l y  low displacement 
l eve l s  in HFIR i s  expected t o  change the swelling, the  phase s t a b i l i t y  and the  
mechanical proper t ies  of the a l loy .  
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THE INCLUSION OF TRANSMUTANT EFFECTS ON DEVELOPMENT OF FISSION-Fusion Cor- 
RELATIONS 
F. A. Garner and F. M. Mann (Hanford Engineering Development Laboratory) 

1 .o Objective 

The purpose of this study is to determine the impact of differences in gene- 
ration rates of solid transmutants on the development of fission-fusion 
correlations. 

2.0 Summary 

The generation of both solid and gaseous transmutants is a strong function 
o f  neutron spectrum and neither can be ignored in the development of fission- 
fusion correlations of dimensional changes or mechanical properties. This 
report outlines the scope of a study designed to spotlight and assess poten- 
tial areas where differences in transmutation rates will impact analysis of 
data and the development of correlations. The study focuses on four problem 
areas: trace element effects, major element effects, consequences of radia- 
tion-induced segregation on local helium deposition rates, and recoil effects 
on precipitate stability. 

3.0 Program 

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

4.0 Relevant OAFS Program P1 an Task/Subtask 

Subtask II.C.4 Effects of Solid Transmutants on Microstructure 
Subtask II.C.10 Effects of Solid Transmutation Products on Fracture Behavior 
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5.0 Accomplishments and S ta tus  

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

The development o f  f i s s i o n - f u s i o n  c o r r e l a t i o n s  f o r  t h e  i r r a d i a t i o n  behav io r  

o f  s t r u c t u r a l  meta ls  r e q u i r e s  t h a t  t h e  da ta  a n a l y s t  understand t h e  d i f f e r -  

ences i n  d i s p l a c i v e  and t r a n s m u t a t i o n a l  c h a r a c t e r i s t i c s  o f  t h e  two types of 

neu t ron  spect ra ,  as w e l l  as t h e  response o f  t h e  meta l  t o  d i f f e r e n c e s  i n  

p r e i r r a d i a t i o n  o r  i r r a d i a t i o n  h i s t o r y .  The h i s t o r y  e f f e c t s  aspect  has been 

addressed elsewhere ( l ” )  as  has t h e  e f f e c t  o f  gaseous t ransmutants  (3,4) 

More r e c e n t l y ,  however, i t  has become apparent t h a t  t h e  d i f f e r e n c e s  i n  gene- 

r a t i o n  o f  s o l i d  t ransmutants  i n  t h e  v a r i o u s  spec t ra  cannot  be ignored.  T h i s  

r e p o r t  o u t l i n e s  t h e  scope and progress t o  d a t e  o f  a s t u d y  designed t o  spo t-  
l i g h t  and assess p o t e n t i a l  areas where d i f f e r e n c e s  i n  t r ansmu ta t i on  r a t e s  

m igh t  impact  d a t a  a n a l y s i s  and t h e  development o f  f i s s i o n - f u s i o n  c o r r e l a t i o n s .  

5.2 I d e n t i f i c a t i o n  o f  P o t e n t i a l  Problem Areas 

5.2.1 Trace Element E f f e c t s  

There a r e  many a l l o y  p r o p e r t i e s  t h a t  have been found t o  be s e n s i t i v e  t o  l o w  

l e v e l s  o f  v a r i o u s  t r a c e  elements. T h i s  s e n s i t i v i t y  i s  f r e q u e n t l y  accentua-  

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

r a d i a t i o n - i n d u c e d  i n c r e a s e  i n  t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature 

t h a t  occurs  i n  pressure vessel  f e r r i t i c  s t e e l s  d u r i n g  i r r a d i a t i o n  i n  l i g h t  

water   reactor^'^). 
such as copper and p o s s i b l y  phosphorus and n i c k e l .  

n i c k e l - b e a r i n g  a l l o y s  i n  r e a c t o r s  such as t h e  High F l u x  I s o t o p e  Reactor 

(HFIR), b u t  n o t  i n  t h e  Fus ion M a t e r i a l s  I r r a d i a t i o n  T e s t  (FMIT)  f a c i l i t y  

As shown i n  F i g u r e  1, many s o l u t e s  a f f e c t  t h e  i r r a d i a t i o n  creep r a t e  i n  

A I S 1  316, w i t h  t h e  s e n s i t i v i t y  be ing  most pronounced a t  v e r y  d i l u t e  s o l u t e  

1 eve1 s. ( 7 )  

A pr ime example o f  t h e  l a t t e r  i s  t h e  

T h i s  change has been c o r r e l a t e d  p r i m a r i l y  t o  i m p u r i t i e s  

Copper i s  produced i n  

( 6 )  . 

(8,9 A s i m i l a r  t r e n d  has been observed i n  t h e  s w e l l i n g  o f  t h i s  s t e e l .  

206 



P-3. 450 C. I12 MPA 

I t  I 

F I G U R E  1. Effect of Solute Content on Irradiation Creep of 20% Cold-Worked 
A I S 1  316 at 450"C, 4.6 x loz2 n/cm2 ( E  > 0.1 MeV) and 172 MPa 
Hoop Stress. The creep is expressed in percentage changes in 
tube diameter, % AD/D.(~) 

A property such as ductility may be more sensitive to the differences in 
transmutation rates of such solutes produced in two different neutron spectra 
than it is to the differences in gaseous transmutants. A n  example of such 
behavior has been observed in the swelling of austenitic-stainless steels, 
where the swelling was more sensitive to the concentrated lithium produced 

(The differences in concentration arise from the differences in range o f  the 
recoi 1 i ng atoms). 

by the BIO (n,a) reaction than it was to the less concentrated helium. (10) 

The transmutants may exert their influence either as dissolved solutes, 
grain boundary segregants, or separate phases. Examples of the last men- 
tioned are the silicon shells that form on voids in aluminum alloys irra- 
diated in thermal reactors or the insoluble calcium that will form in 
titanium during irradiation in fusion devices. 

A survey is now being conducted to spotlight potential trace element problems 
Table 1 lists the results of an earlier unpublished study directed towards 
this goal. Transmutation of important elements is shown for the projected 
first wall environment of the UWMAK- I conceptual fusion device at a total 
flux of 1.5 x n/cm2 - yr (14 MeV neutron wall loading of 1.25 MW/m 2 ) .  
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TABLE 1 

TRANSMUTATION OF MATERIALS I N  THE FIRST WALL 
OF A FUSION REACTOR 

The amount o f  t ransmuta t i on  i s  g i ven  i n  pe rcen t  ( f o r  t h a t  t ransmuta t i on  
g r e a t e r  than 0.001 pe rcen t )  f o r  a f l u x  as g i ven  f o r  t h e  UWMAK-I. 
pe rcen t  o f  t h e  source element i s  assumed. 

Element 30 Days 

A1 . . .  - 
H 
He 
Na 

0.05 
0.05 
0.002 

M9 0.05 

T i  
H 0.041 
He 0.013 
Ca 0.01 
sc 0.019 

V 
H 0.012 
He 0.008 
sc 0.001 
T i  0.037 
C r  0.014 

C r  

- 

- 

.. - 
H 
He 
T i  

0.037 
0.003 
0.005 

V 0.025 
C r  0.041 

Mn 
H 0.029 
He 0.009 
V 0.002 
C r  0.051 
Mn 0.164 

- 

He 0.009 
V 
Cr 
Mn 

0.000 
0.010 
0.043 

150 Days 

0.24 
0.28 
0.002 
0.28 

0.202 
0.053 
0.47 
0.047 

0.060 
0.041 
0.001 
0.185 
0.072 

0.189 
0.015 
0.031 
0.123 
0.077 

0.147 
0.043 
0.009 
0.354 
0.722 

0.278 
0.044 
0.003 
0.057 
0.172 
0.001 __ -  

1 Year 

0.60 
0.69 
0.002 
0.69 

0.497 
0.129 
0.095 
0.105 

0.147 
0.099 
0.001 
0.452 
0.176 

0.458 
0.039 
0.081 
0.292 
0.080 

0.358 
0.105 
0.023 
1.205 
1.417 

0.679 
0.107 
0.010 
0.179 
0.481 
0.003 _ _ _  

2 Years 

1.2 
1.4 
0.002 
1.4 

0.994 
0.259 
0.156 
0.211 

0.294 
0.197 
0.001 
0.904 
0.352 

0.915 
0.078 
0.176 
0.571 
0.082 

0.717 
0.211 
0.045 
3.199 
2.046 

1.359 
0.214 
0.021 
0.451 
1.160 
0.004 --- 

3 Years 

1 .8 
2.1 
0.002 
2.1 

1.502 
0.39 
0.211 
0.326 

0.441 
0.296 
0.001 
1.355 
0.527 

1.373 
0.177 
0.264 
0.847 
0.083 

1.075 
0.317 
0.068 
5.543 
2.326 

2.037 
0.320 
0.032 
0.764 
2.018 
0.006 
0.001 

One hundred 

5 Years 

3.0 
3.5 
0.002 
3.5 

2.509 
0.653 
0.319 
0.555 

0.736 
0.493 
0.001 
2.258 
0.879 

2.289 
0.194 
0.460 
1.391 
0.087 

1.792 
0.528 
0.113 

10.608 
2.505 

3.394 
0.531 
0.054 
1.437 
4.137 
0.008 
0.001 
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30 Days 5 Years 3 Years 2 Years 1 Year 150 Days Element 

co 
H 
He 
Mn 
Fe 

- 
1.529 
0.759 

0.025 
0.012 
0.005 
0.058 

0.126 
0.062 

0.305 
0.152 
0.055 
0.717 

0.612 
0.304 
0.111 
1.483 

0.917 
0.456 
0.166 
2.152 

0.27.7 
3.586 

0.023 
0.294 

N i  
H 
He 
Mn 

7.389 
1.309 
0.400 

12.312 
2.183 
0.949 
1.494 
4.654 
0.003 

0.203 
0.035 

1.012 
0.178 
0.009 
0.188 
0.841 --- 

2.463 
0.436 
0.053 
0.433 
1.460 --- 

4.926 
0.873 
0.194 
0.778 
2.295 
0.001 

--- 
0.039 
0.234 --- 

~ ~~ 

1.061 
3.095 

Fe 
co 
cu 0.001 

Z r  
H 
- 

0.020 
0.004 
0.002 
0.076 
0.013 --- 

0.110 
0.020 
0.012 
0.417 
0.189 
0.010 

0.270 
0.047 
0.029 
1.070 
1.663 
0.093 

0.545 
0.096 
0.059 

0.777 
0.143 
0.088 
3.082 

1.413 ~~ ~~~ 

0.234 
0.142 
5.144 

He 
S r  
Y 
Nb 
Mo 

2.081 
1.519 
0.244 

2.377 
0.395 

4.094 
0.699 

Nb 
H 
- 

0.064 
0.036 
0.001 
0.100 

0.155 
0.090 
0.001 
0.245 

0.311 
0.180 
0.001 
0.491 

0.466 
0.271 

0.777 
0.452 
0.001 

0.013 
He 0.007 

0.001 
0.019 

Y 
Z r  

0.001 
0.737 1.229 

Mo 
H 
- 

0.230 
0.060 
0.008 
0.042 
0.246 
0.144 
0.047 

0.461 
0.118 

0.691 
0.179 
0.025 
0.117 

1.152 
0.298 
0.042 
0.193 
1.230 
0.726 
0.238 

0.018 0.094 
He 
Y 
Zr 
Nb 
Tc 
Ru 

0.006 
0.001 
0.005 

0.023 
0.003 
0.017 
0.102 
0.058 
0.019 

0.016 
0.079 
0.492 
0.290 
0.095 

.. . . .  

0.738 
0.435 

0.019 
0.010 
0.004 0.143 

H f  
H 
- 

0.010 
0.006 
0.004 
0.297 

0.019 
0.010 
0.008 
0.700 

0.028 
0.014 
0.012 
1 . lo5  

0.048 
0.024 
0.021 

0.004 
0.001 He 

Yb 
Lu 

0.001 
0.080 1.918 

W 
H 
- 

0.008 
0.003 
0.002 

0.016 
0.007 
0.003 
3.183 
4.322 

0.025 
0.011 
0.006 
5.284 
6.852 

0.043 
0.018 
0.009 
9.537 

11.913 

He 
H f  
Ta 
Re 

0.272 
0.480 

~~~~ 

1.189 
1.815 
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Table  1 shows t h e  i d e n t i t y  and percentage o f  elements generated f o r  (n,p) ,  

(n,d), (n,a), (n,2n) and (n,np) r e a c t i o n s  f o r  a v a r i e t y  of pure meta l s .  

t h i s  e f f o r t ,  no c o n c e n t r a t i o n s  l e s s  than 10 ppm were recorded.  

the  concen t ra t i ons  o f  t ransmutants  i n  t h i s  t a b l e  cannot  always be added t o  

determine t h e  l o s s  o f  t h e  o r i g i n a l  element. 

element decays back t o  t h e  o r i g i n a l  element. 

In 
Note t h a t  

I n  some cases t h e  transmuted 

An example i s  58Ni(n,p) 58 C O + ~ ~ N ~  

Reference 6 c o n t a i n s  a t a b u l a t i o n  o f  t h e  t r a c e  elements expected t o  e i t h e r  

form i n  o r  change c o n c e n t r a t i o n  i n  A I S I  316 i r r a d i a t e d  i n  a v a r i e t y  o f  

breeder thermal and f u s i o n  dev ices .  More e f f o r t  i s  needed t o  complete t h e  

assessment o f  t r a c e  element e f f e c t s .  

5.2.2 Major  Element E f f e c t s  

The changes i n  compos i t ion  induced by s o l i d  t ransmutant  r e a c t i o n s  a r e  n o t  

always s m a l l .  As shown i n  F igu res  2 and 3, t h e r e  a r e  s u b s t a n t i a l  changes 

i n  elements such as manganese and vanadium d u r i n g  i r r a d i a t i o n  o f  A I S I  316 

i n  v a r i o u s  types o f  r e a c t o r s .  

such l a r g e  changes i n  manganese a r e  d iscussed,  a long  w i t h  s w e l l i n g  data  t o  

demonstrate t h e  p o t e n t i a l  s e n s i t i v i t y  o f  s w e l l i n g  t o  changes i n  manganese 

l e v e l .  

I n  a separa te  r e p o r t ( 6 ) ,  t he  consequences o f  

I n  some a l l o y s ,  t h e  d e p l e t i o n  o f  manganese can a c t u a l l y  t h r e a t e n  t h e  phase 

s t a b i l i t y  o f  t h e  a l l o y .  A u s t e n i t i c  s t e e l s  i n  which manganese a t  11-14% has 

been s u b s t i t u t e d  f o r  most o f  t h e  n i c k e l  w i l l  i n e v i t a b l y  become f e r r i t i c  as 

t h e  manganese transmutes, p r i m a r i l y  t o  i r o n  i n  thermal  r e a c t o r s  l i k e  HFIR. 

The i n t r o d u c t i o n  t o  vanadium t o  l e v e l s  approaching 0.8 atomic pe rcen t  w i l l  
p robab ly  have a pronounced e f f e c t  on t h e  phase s t a b i l i t y  o f  A I S I  316 ( 6 )  . 
It w i l l  p robab ly  a f f e c t  p r o p e r t i e s  such as s w e l l i n g  and creep which a r e  

s e n s i t i v e  t o  t h e  a c t i v i t y  o f  carbon. ( l  '12)  The tendency o f  vanadium t o  

form MC-carbides may a l s o  have i m p o r t a n t  consequences on t h e  h i g h  tempera- 

t u r e  s t r e n g t h  o f  t h e  a l l o y .  
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FIGURE 2. Changes in Manganese Concentration in AISI 316 as a Function 
of Exposure for Various Reactors. 
ferent positions in HFIR. The curve for ORR was not included in 
reference 6. 

HT-5, A2 and PTP refer to dif- 

A survey has been completed of the transmutation behavior of elements thought 
to be important in the microchemical evolution of AISI 316. (l) NO signifi- 
cant changes were found in the levels of carbon, silicon and nickel in any 
reactor studied.(6) (Carbon and silicon exist at levels too large to desig- 
nate as trace elements and too low to designate as major elements, but their 
influence in the microchemical evolution is a major one.) 

5.2.3 Consequences of Segregation on Local Helium Production Rates 

When correlating property change data with he1 ium/dpa ratio, the appropriate 
helium deposition rate may not be the bulk-averaged value. A common feature 
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3. Vanadium Concentration in AISI 316 as  a Function of Exposure f o r  
Various Reactors. The sa tura t ion  o f  vanadium a t  0.814% in HFIR 
s igna l s  the  complete burn- ou t  of 50Cr. 
included i n  reference 6 .  

The curve f o r  O R R  was n o t  

of radiation-induced prec ip i ta t ion  in 316 s t a i n l e s s  s t ee l  i s  the concentra- 
t ion  of nickel in to  most phases with a concurrent depletion in the a l loy  
matrix. Although the matrix nickel content drops only 30%, the p r e c i p i t a t e  
concentration of nickel can be as  la rge  as  s i x  times t h a t  of the p re i r r ad ia -  
t ion  matrix level .  

Nickel i s  one of the major cont r ibutors  (50-70%) of helium in a u s t e n i t i c  
s t a i n l e s s  s t e e l s  i r r ad ia ted  in breeder reactor spectra, even t h o u g h  nickel 
accounts f o r  only 13-14% of AISI 316. In thermal reac tor  spect ra ,  Ni5* and  
i t s  react ion product Ni5' provide e s s e n t i a l l y  a l l  o f  the helium. Therefore, 
a nonhomogeneous d i s t r ibu t ion  of nickel wil l  lead t o  a corresponding inhomo- 

geneity in he1 ium generation and deposition. Since nickel a l so  segregates 
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to grain boundaries during irradiation, the helium/dpa ratio characteristic 
of such regions will be higher than that of the bulk. 

If the failure process or property change of interest is associated with 
such a region, then the appropriate helium/dpa ratio for correlation pur- 
poses will be that associated with the region and not that o f  the bulk. 
this ratio and its difference from the bulk value will be sensitive to the 
specific reactors involved. 

Both 

The possible consequences of nickel segregation on local helium production 
are now under study. 
studied. 
to the helium generation. 
in both ferritic and austenitic alloys. 
the carbon contribution to helium generation is known to be negligible. 

There are possibly other similar processes to be 
For instance, in fusion spectra carbon becomes a major contributor 

Carbon is known to segregate at grain boundaries 
In thermal and breeder spectra, 

5.2.4 Recoil Effects on Precipitate Stability 

Some precipitates such as y '  (Ni Si) in A I S 1  316 exist in a narrow regime 
o f  displacement and temperature.tl1) Others, such as Tic, are composed of 
relatively insoluble components such as titanium. In reactors where trans- 
mutation rates are large, the stability of the precipitate may be altered 
by the recoil that occurs upon decay. 
ti gated. 

This possibility is now being inves- 

5.3 Conclusions 

It is apparent that an important element of any fission-fusion correlation 
effort is the influence of solid transmutant effects. 
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