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FOREWORD 

This r e p o r t  i s  the  twenty-second i n  a se r ies  o f  Q u a r t e r l y  Technical Progress 
Reports on Damage AnaZysis and FundamentaZ Studies (DAFS), which i s  one 
element o f  the  Fusion Reactor Ma te r i a l s  Program, conducted i n  support  o f  the  
Magnetic Fusion Energy Program o f  the  U.S. Department o f  Energy (DOE). 
f i r s t  e i g h t  r epo r t s  i n  t h i s  se r ies  were numbered DOE/ET-0065/1 through 8. 
Other elements o f  the Fusion Ma te 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) 
P1 asma-Materi a1 s l n t e r a c t i  on ( P M I  ) 

The 

Special Purpose Ma te r i a l s  (SPM). 

The DAFS program element i s  a na t i ona l  e f f o r t  composed o f  con t r i bu t i ons  from 
a number o f  Nat iona l  Laborator ies  and o the r  government l abo ra to r i es ,  un ive r-  
s i t i e s ,  and i n d u s t r i a l  l abo ra to r i es .  
Rad ia t ion  E f f ec t s  Branch, DOE/Office o f  Fusion Energy, and a Task Group on 
Damage AnaZysis and FundmentaZ Studies,  which operates under the  auspices o f  
t h a t  branch. 
techn ica l  record o f  t h a t  e f f o r t  f o r  the use o f  the  program p a r t i c i p a n t s ,  the  
f us i on  energy program i n  general,  and the DOE. 

Th is  r e p o r t  i s  organized along t o p i c a l  l i n e s  i n  p a r a l l e l  t o  a Program Plan 
o f  the  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 fo l l owed  
r e a d i l y ,  r e l a t i v e  t o  t h a t  Program Plan. 
may appear throughout the  repo r t .  
Reduced A c t i v a t i o n  Ma te r i a l s  t o  accommodate work on a t o p i c  n o t  inc luded i n  
the  e a r l y  program plan.  
the  reader. 

Th is  r e p o r t  has been compiled and ed i t ed  under the guidance o f  the  Chairman 
o f  the  Task Group on Damage AnaZysis and FundamentaZ Studies ,  D. G. Doran, 
Hanford Engineering Development Laboratory (HEDL). H i s  e f f o r t s ,  those of the  
suppor t ing s t a f f  o f  HEOL, and the  many persons who made techn ica l  con t r ibu-  
t i o n s  a re  g r a t e f u l l y  .acknowledged. T. C. Reuther, Ma te r i a l s  and Radia t ion 
E f f e c t s  Branch, i s  the  DOE coun te rpar t  t o  the  Task Group Chairman and has 
r e s p o n s i b i l i t y  f o r  the  DAFS program w i t h i n  DOE. 

It was organized by the  Ma te r i a l s  and 

The purpose o f  t h i s  se r ies  o f  r epo r t s  i s  t o  prov ide a working 

Thus, the  work o f  a g iven l abo ra to r y  
Note t h a t  a new chapter has been added on 

The Contents i s  annotated f o r  the convenience o f  

G. M. Haas, Chie f  
Reactor Technologies Branch 

O f f i c e  o f  Fusion Energy 
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however, tends t o  increase with increasing n icke l  or temperature 
or decreasing chromium content.  

4. Swel l ing  o f  High N icke l  Fe-Ni-Cr A l l oys  i n  EBR- I1  (HEDL) 
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C.M. Logan and D. W. Heikkinen 
rawrence Livermore National Laboratory 

1.0 

Tne objectives of this work are operation of K!XS-II (a 14-MeV neutron source 
facility), machine developnent, and support of the experimental program that 
utilizes this facility. Experimenter services include dosimetry, handling, 
scheduling, coordination, and reporting. m.5-I1 is dedicated to materials 
research for the fusion power program. Its prkry use is to aid in the 
developnent of models of high-energy neutron effects. Such models are needed 
in interpreting and projecting to the fusion environment, engineering data 
obtained in other spectra. 

2.0 SUmMrv 

Irradiations were perfom& for 16 different experimenters during this 
quarter. Due to a malfunction in the target scan system, the HEDL furnace 
experiment w a s  damaged after only 40 minutes of running and will be 
rescheduled later. b June 15, 1983 the right machine produced neutrons for 
the first time. 

3.0 proaram 

Title: "s-I1 Operations (WZS-16) 
Principal Investigator: C. M. Logan 
Affiliation: Lawrence Livemre National Laboratory 

TASK II.A.2,3,4. 
TASK II.B.3,4 
TASK II.C.1,2,6,11,18. 
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M. -, D. W. . .  - 5.0 

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

nter P or A* -le Irradiated 

J. Fowler (LANL) 

N. Yoshida (Kyushu) 

C. Ichihara (Kyoto) 
Y. Ogawa (Nagoya) 
R. Hopper (-1 

P. Hahn (Vienna) 

K. Okmra (Tohoku) 
C. Violet (LLNL) 

P. Cannon (HEDL) 
D. Heikkinen (LINL) 
T. Vercelli (LLNL) 

P 

A 

A 

A 

A 

A 

A 

A 

A 

A 

A 

P 
A 

A 

MAcIlR - changes in electrical and 
mechanical properties. 
Pure metals and alloys - sub-cascade 

structure TEM, positron annihilation 
and tensile test. 
Mq3 - light atsorption for dosimetry 
Al alloys - activation analysis 
23%J and optical materials - etched 
fission fragment tracks in optical 
materials for surface treatment. 
Nb-Ti - measure fluxoid pinning 
strength of superconductors. 
Integrated circuits -performance 
1. Cu alloys - activation analysis 
2. Cu-Al - Al assay 
3. Loctite - strength 
Sic - strength 
1. W - Mossbauer effect 
2. CuNi - magnetic, Mossbauer effect 

TEM and x-ray diffraction. 
1. ~iRh -magnetic properties 
2. Geological samples - inert gas 

EMIT instrumentation 
Nb - dosimetry calibration 
Carbon fiber/epoxy - tensile strength 

diffusion. 

4 



5.0 (Continued) 

Y. Tabata (Tokyo) A Polymr materials - tensile strength 
C. Snead (PNL) A Superconductors - critical field and 

*P = Primry, A = Add-on 
current, transition temperature. 

tatw c. M. -D. w. ~elkklnen . .  - 5.1 

A mechanical failure in the sensing system used to measure target scan 
position caused the target controller to drive the target past the nom1 
limit on the "up" direction. The 
furnace is being reconstructed. An overtravel switch has been installed on 
the target. 
Operation of the right machine has begun. Neutrons were produced for the 
first time on June 15, 1983. 

The spinning target hit the HEDL furnace. 

Irradiations will be continued for P. Cannon (HEDL1 , R. Borg (LUG), C. logan 
(LLNL), T. Vercelli (LLNL) and Y. Tabata (Tokyo). Also during this period, 
irradiations for M. Guinan (LINL), T. Okada and C. Ichihara (Kyoto) will be 
made. 

5 
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MEASUREMENT OF SPALLATION CROSS SECTIONS AT IPNS 

L.  R. Greenwood and R .  K .  Smither (Argonne National  Laboratory)  

1.0 Object ive 

To develop new c ross  sec t ions  and techniques f o r  dosimetry and damage a n a l y s i s  

a t  acce lera tor- based  neutron sources.  

2.0 Summary 

S p a l l a t i o n  c ross  sec t ions  f o r  A I  and Cu have been measured a t  the IPNS a t  

Argonne National  Laboratory. 

22Na, and 24Na a t  proton ene rg ie s  between 80-450 M e V .  

used t o  extend our  dosimetry technique to  higher  energ ies  and w i l l  improve 

damage and t ransmutat ion r a t e s  f o r  acce lera tor- based  neutron sources such a s  

IPNS and FMIT. 

Resu l t s  a r e  reported f o r  the A 1  r e a c t i o n s  to  7Be, 

These r e a c t i o n s  w i l l  be 

3.0 Program 

T i t l e :  Dosimetry and Damage Analysis  

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 National  Laboratory 

4.0 Relevant DAFS Program Plan TaskISubtasks 

Task Z I . A . 2  High-Energy Neutron Dosimetry 
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5.0 Accomplishments and S t a t u s  

A t  p r e s e n t ,  dosimetry c ross  s e c t i o n s  a r e  not  we l l  known above 14 MeV and only 

a few r e a c t i o n s  have been measured up t o  28 MeV. Accelerator-based neutron 

sources extend t o  much h igher  neutron ene rg ie s .  For example, FMIT w i l l  produce 

neutrons up to  55 MeV and s p a l l a t i o n  sources up to  500-800 MeV. Even though 

these  sources do no t  have a l a r g e  f r a c t i o n  of t h e i r  neutrons above 30 MeV, i t  

is necessary  t h a t  some da ta  be developed t o  monitor these  high-energy and very 

damaging events .  S p a l l a t i o n  c ross  sec t ions  appear t o  have the g r e a t e s t  poten- 

t i a l  f o r  dosimetry above about 40 MeV s i n c e  one t a r g e t  m a t e r i a l  w i l l  produce 

v i r t u a l l y  a l l  lower-z a c t i v a t i o n  products ,  each product having a d i f f e r e n t  

product ion t h r e s h o l d  and energy dependence. 

that copper s p a l l a t i o n  products  can be used t o  unfold neutron spec t r a  a t  CERN. 

Unfortuantely,  the  required s p a l l a t i o n  c ross  sec t ions  a r e  not  very wel l  known 

f o r  t h i s  purpose. Consequently, we have i n i t i a t e d  s p a l l a t i o n  measurements a t  

the In t ense  Pulsed Neutron Source (IPNS) a t  Argonne National  Laboratory. 

Rout t i  and Sandberg1 have shown 

The IPNS c o n s i s t s  of a 50 MeV proton l i n a c  which feeds a synchroton capable of 

a c c e l e r a t i n g  protons up t o  500 MeV. I n  a somewhat unusual use of t h i s  f a c i l i t y ,  

we have placed var ious  m a t e r i a l s  d i r e c t l y  i n t o  the  proton beam and changed the  

e x t r a c t i o n  time to  obta in  proton energ ies  a s  low a s  80 MeV. I n  t h i s  way we 

were a b l e  to  ob ta in  a c t i v a t i o n  measurements a t  proton energ ies  of 80 ,  100, 150, 

200,  400, and 450 MeV. I t  should be noted t h a t  proton and neutron c r o s s  

s e c t i o n s  a r e  expected t o  be i d e n t i c a l  a t  high p a r t i c l e  ene rg ie s .  A l ,  Cu, V ,  

Nb, and Zr f o i l s  measuring 4" x 4" x 5 m i l s  were i r r a d i a t e d  i n  s t a c k s  of three  

f o i l s  per ma te r i a l .  The c e n t e r  f o i l s  were gamma counted while  the f r o n t  and 

20 



back f o i l s  a r e  used to  c o r r e c t  f o r  r e c o i l  l o s ses .  A t  p r e s e n t ,  only the  A 1  

r e s u l t s  have been completely analyzed and these  d a t a  a r e  reported here .  

o t h e r  m a t e r i a l s  produce many more a c t i v a t i o n  products  and some f o i l s  a r e  s t i l l  

being counted i n  order  t o  measure the longer- l ived a c t i v i t i e s .  

The 

Three a c t i v i t i e s  were measured from the  A 1  f o i l s ,  namely 7Be, 22Na, and 2 4 ~ a .  

Each energy poin t  requi red  an  i r r a d i a t i o n  of about  0.5-1 hour with a proton 

f luence  of about  1017. 

designed t o  opera te  as a Faraday cup. 

monitor the  proton beam, although t h i s  t o ro id  was only  c a l i b r a t e d  a t  ene rg ie s  

above 400 MeV. Following i r r a d i a t i o n ,  the f o i l s  were allowed t o  cool  i n  the 

beam tunnel  f o r  a few hours and then t ranspor ted  t o  the  gamma counting f a c i l -  

i t i e s  i n  the  Chemical Technology Divis ion  a t  ANL. P r i o r  t o  counting,  each f o i l  

was autoradiographed using Polaro id  f i lm.  T h i s  served two purposes.  F i r s t ,  

the  autoradiographs confirmed t h a t  the proton beam was roughly centered on the  

f o i l s  and had a beam diameter  of about  1". Secondly, t h i s  allowed us t o  c u t  

the  f o i l s  i n t o  a hot  c e n t e r  po r t ion  and a r e l a t i v e l y  cold o u t e r  po r t ion  p r i o r  

t o  gamma counting.  This reduced the  s i z e  of the f o i l  s t a c k  to  minimize 

geometric and absorp t ion  c o r r e c t i o n s .  

The proton c u r r e n t  was measured using a beam dump 

An e x t r a c t i o n  to ro id  was a l s o  used t o  

The measured c ross  sec t ions  a r e  l i s t e d  i n  Table 1 and p l o t t e d  i n  Figs. 1-3. 

The va lues  a r e  compared t o  a semi- empir ical  model of s p a l l a t i o n  proposed by 

Rudstam.2 It should be noted t h a t  the Rudstam c r o s s  sec t ions  shown on the  

f i g u r e s  include con t r ibu t ions  from o t h e r  s h o r t - l i v e d  i so topes  in t he  same 

A-chain. 

(weak). 

Hence, 22Na inc ludes  22Mg, 24Na included 24Ne, and 7Be inc ludes  7B 

A s  can be seen ,  the Rudstam formulas are reasonably c lose  to the  

2 1  



TABLE 1 

A 1  SPALLATION CROSS SECTIONS MEASURED AT IPNS 
(Estimated accuracy f5X) 

Cross Sec t ion ,  mb 

80 

100 

150 

200 

400 

450 

Energy, MeV 7Be  22Na 2 4 ~ ~  

20.75 11.42 

18.28 10.53 

15.75 9.64 

15.08 9.50 

13.50 -_ 
13.28 9.68 

exper imental  measurements 01 I 

0.76 

0.89 

1.15 

1.43 

2.85 

3.05 

,r 22Na. Th is n o t  t o t a l l y  unexpecte since 

24Na can a l s o  be made by t h e  27Al(n,a)  r e a c t i o n  and t h e  theory i s  known to  work 

poor ly  for i so topes  e i t h e r  too c l o s e  to  the  t a r g e t  i so tope  o r  too l i g h t  i n  

mass. The d a t a  is a l s o  compared t o  an earl ier  eva lua t ion3  and i t  a l s o  appears 

t h a t  o u r  7Be measurements d i f f e r  considerably .  However, previous  d a t a  appears 

to  have an  apprec iab le  s c a t t e r ,  p o s s i b l y  due to  poor i n t e g r a t i o n  of the  proton 

beam or inadequate  r e c o i l  c o r r e c t i o n s .  

6 .0  References 

1. J .  T .  Rout t i  and J .  V .  Sandberg, Comp. Phys. Comrnun. - 21, pp. 119-144, 1980. 

2. G .  Rudstan, 2 .  Naturforsch.  - 21a, p .  1027, 1966. 

3. J .  Tobailem, C .  H. Lassus - S t .  Genies and L. Leveque, CEA Report N1466, 
1971. 
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7 .O Future Work 

Cross s ec t ions  w i l l  be measured a t  addit ional  energies  to complete the ex- 

c i t a t i o n  functions.  The Cu, Nb, V ,  and Zr data w i l l  be analyzed short ly .  

Integral  neutron data taken a t  IPNS w i l l  then be compared with calculated 

neutron spectra to a s se s s  the technique for  high-energy spectra l  unfolding. 

8 . 0  Publications 

None. 
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MEASUREMENT OF THE HALF-LIFE OF 6 0 ~ e  USING ACCELERATOR MASS SPECTROMETRY 

R .  K.  Smither ,  L.  R .  Greenwood, W. Kutchera, P. J. B i l l q u i s t ,  D. Henning, 
X .  A .  Ma,* L.. F. Mausner,** M .  Paul,*** R.  Pardo, K. E. Rehm, and J .  L. Yntema 
(Argonne National  Laboratory) 

1.0 Object ive 

To develop new c r o s s  sec t ions  and techniques f o r  dosimetry and damage 

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

2.0 Summary 

A new technique,  AMs1 (Accelera tor  Mass Spectrometry),  was used t o  measure the 

h a l f - l i f e  of 6 0 ~ e .  

sample produced through s p a l l a t i o n  in Cu by a 200-MeV proton beam. 

t r a t i o n  measurement was combined with the measurement of the r a d i o a c t i v e  decay 

r a t e  of the 6 0 ~ e  sample measured i n  a low-level  gamma counting f a c i l i t y  t o  

determine the  h a l f - l i f e  of 6oFe. 

develop the  combination of the Argonne FN Tandem plus  the Argonne Super-conducting 

Linac a s  an  a c c e l e r a t o r  mass spectrometry system capable of measuring i so tope  

r a t i o s  of  10-8 t o  10-12 f o r  masses a s  heavy a s  60 atomic mass u n i t s .  

nique can then be used t o  measure o t h e r  long- l ived o r  s t a b l e  t ransmutat ion 

products  f o r  fusion dosimetry and f o r  the  assessment of fus ion  waste products .  

The AMs technique measured the  concen t r a t ion  of 60Fe i n  a 

This  concen- 

The main obJec t ive  of the experiment was to 

This  tech- 

~ 

I n s t i t u t e  of Atomic 

Brookhaven Na t iona  1 

* 

** 
Energy, Peking, Peoples  Republic of China 

Laboratory,  Long I s l a n d ,  New York. 

The Hebrew Univers i ty  of Jerusa lem,  Jerusa lem,  I s r a e l .  *** 
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3.0 Program 

T i t l e :  Dosimetry and Damage Analys is  

P r i n c i p a l  I n v e s t i g a t o r :  L .  R .  Greenwood 

A f f i l i a t i o n :  Argonne Nat ional  Laboratory 

4.0 Relevant DAFS Program Plan Task/Subtask 

Task II.A.5 Technique Development f o r  Dosimetry Appl ica t ions  

Task I I . B . 1 . 2  Acquis i t ion  of Nuclear Data f o r  the  Calcula t ion  of Defect 

Production Cross Sec t ions  

5 .O Accomp 1 i shmen t s and S t a t u s  

5 .1  In t roduc t ion  

The o r i g i n a l  a c c e l e r a t o r  mass spectrometer  (AMs) system developed a t  Argonnel 

used only the  FN Tandem and was capable  of measuring i so tope  r a t i o s  and con- 

c e n t r a t i o n s  f o r  elements a s  heavy a s  aluminum2 and s i l i c o n 3  wi th  ease .  A s  the 

method was extended t o  heavier  masses (Cl ,  Ca, and T i ) 1 , 4  the  technique became 

more d i f f i c u l t  and more time consuming and experiments wi th  elements a s  heavy 

a s  Fe were not  poss ib le  because of the l ack  of s u f f i c i e n t  energy i n  the  acce l-  

e ra t ed  beams. To g e t  around the  i n s u f f i c i e n t  energy problem a new AMs systems 

was developed t h a t  combined the  Argonne FN Tandem with the Argonne Super-Con- 

duct ing  Linac. The increased a c c e l e r a t i n g  power of t h i s  new system makes i t  

poss ib l e  to perform experiments i n  the  mass-60 range wi th  some p o t e n t i a l  f o r  
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the  mass 70 t o  80 range. 

formed t o  demonstrate the p o t e n t i a l  of t h i s  new AMs system. The only  published 

value5 f o r  the  h a l f - l i f e  of 6 0 ~ e  gave a value of T1/2 - 3 x LO5 y r s  w i th  an 

unce r t a in ty  of a f a c t o r  of 3. The 6 0 ~ e  was prepared through the s p a l l a t i o n  

r e a c t i o n  in t h i s  previous work and the  va lue  used f o r  the  concent ra t ion  of 6OFe 

in t he  sample was est imated from s p a l l a t i o n  c ros s- sec t ion  sys temat ics .  

u n c e r t a i n t y  in t h i s  e s t ima te  was the main con t r ibu t ion  t o  the  l a r g e  unce r t a in ty  

in the  quoted h a l f - l i f e  va lue .  By a c t u a l l y  measuring the  concen t r a t ion  of 60Fe 

in the  sample w i t h  the AMs method t h i s  unce r t a in ty  is e l iminated  and a check 

on the  s p a l l a t i o n  theory can be obtained.  This type of check on the  s p a l l a t i o n  

theory should lead t o  f u r t h e r  improvements in the  theory and b e t t e r  damage c a l -  

c u l a t i o n  where the  source of the damage is very e n e r g e t i c  neutrons o r  protons.  

The AMs technique w i l l  be appl ied  t o  measure the product ion of long- l ived 

a c t i v i t i e s  in fus ion  waste products  a s  we l l  a s  f o r  dosimetry purposes. 

t ransmutants  can a l s o  be measured t o  test the e f f e c t s  of t ransmutat ion on 

m a t e r i a l s  p rope r t i e s .  

The measurement of the h a l f - l i f e  of 60Fe was per- 

The 

S tab le  

5.2 The Accelera tor  Mass Spectrometry Measurement of the Half-Life of 6 0 ~ e  

The sample of 60Fe ma te r i a l  was produced by s p a l l a t i o n  in a Cu t a r g e t  w i th  

200 MeV protons in the  Brookhaven Linac Iso tope  Produces (BLIP). The Fe 

f r a c t i o n  was chemical ly e x t r a c t e d  in September 1982 a f t e r  a w a i t  of one yea r .  

The sample contained approximate 1015 atoms of  60Fe along with m C i  q u a n t i t i e s  

of 55Fe (T1/2 = 2.7 yea r s )  and p C i  q u a n t i t i e s  of 59Fe (T1/2 = 45.1 days) .  

an a d d i t i o n a l  wai t ing  period of 5 months the chemical ly separa ted  Fe sample was 

added t o  a known amount of n a t u r a l  Fe and the  AMs method was used t o  measure 

Af ter  
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the 60Fe/Fe r a t i o .  

i n  an improved inve r t ed  s p u t t e r  source a s  the source of the p a r t i c l e  beams 

measured i n  the  AMs system. The 60Fe ions were acce le ra t ed  t o  320 MeV i n  the 

Tandem-Linac system, analyzed by an  Enge s p l i t - p o l e  magnetic spectrometer  and 

counted i n  the mul t ip l e  chamber p o s i t i o n  s e n s i t i v e  d e t e c t o r  loca ted  i n  the 

f o c a l  plane of the spectrometer .  The r e s u l t i n g  t h r e e  dimensional y i e l d  p l o t  of 

counts  ( v e r t i c a l )  versus  t o t a l  energy (E) versus energy l o s s  i n  t h e  f i r s t  

Severa l  130 mg p e l l e t s  were made from t h i s  sample f o r  use 

s e c t i o n  of t h e  d e t e c t o r  (AE) is shown i n  Fig. 1. The p l o t  f o r  the  a c t i v e  Fe 

sample is shown i n  the upper h a l f  of the f i g u r e  e x h i b i t s  a c l e a n l y  separa ted  

60Fe peak while the p l o t  f o r  t he  Cu blank shown i n  the lower p a r t  of  the f i g u r e  

(note  the  s c a l e  change of 100) demonstrates how wel l  t he  6 0 ~ e  peak is separated 

from the s t rong  background peak of 6oNi. 

A 1  f o i l  s t ack  before being magnet ical ly analyzed i n  the  spectrometer .  The d f f -  

fe rence  i n  energy loss due to  the  d i f f e r e n t  Z's (atomic charge) of 6 0 ~ e  and 

6ONi p a r t i c l e s  a s  they passed through t h i s  A 1  f o i l  s t a c k  made it poss ib l e  to 

s epa ra t e  the 6 0 ~ e  beam from a s t rong  background beam of s t a b l e  6 O ~ i  atoms. 

d i f f e r e n t  energy l o s s  (AE) i n  the  f i r s t  s e c t i o n  of the d e t e c t o r  a l s o  h e l p s  to 

sepa ra t e  the  6 0 ~ e  beam from the  background in the three  dimensional p l o t  i n  

Fig. 1. 

to  be cross contamination i n  the ion source .  The r e s u l t s  of 18 ind iv idua l  runs 

were averaged t o  g ive  a r a t i o  of 60Fe/Fe of 1.16 x 10-7 w i t h  an unce r t a in ty  of 

20%. Most of t h i s  unce r t a in ty  is r e l a t e d  to  the  v a r i a t i o n  i n  the opera t ion  and 

thus the e f f i c i e n c y  o r  t ransmiss ion  from run to  run of t h i s  complex a c c e l e r a t i o n  

system. 

The p a r t i c l e  beam passed through an 

The 

The s i n g l e  count i n  the  peak lab led  60Fe i n  the  lower graph is bel ieved 



ACTIVE Fe 

60 
Fe/min 

FIGURE 1. Three-Dimensional P l o t  o f  Counts ( V e r t i c a l )  Versus Tota l  Energy 
o f  the Ion (ET) and P a r t i a l  Energy Loss i n  the F i r s t  Sect ion of 
the Focal Plane Detector. 
t a i n i n g  60Fe, and the lower p l o t  i s  f o r  a Cu blank i n  the i o n  
source. 

The upper p l o t  i s  f o r  the sample con- 
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With the concen t ra t ion  of 60Fe i n  the  sample known from the  AMs experiments 

one need only t o  measure the  rate of decay of the  sample t o  be a b l e  t o  calcu- 

l a t e  a h a l f - l i f e .  

atoms decay t o  the  2+ (56.60 keV) s t a t e  of 6oCo which decays 99.75% of the 

time to  t h e  5+ groundsta te  of 6oCo through a h igh ly  converted low energy 

t r a n s i t i o n  (56.60 keV) which makes i t  very  d i f f i c u l t  t o  be oberved ( s e e  Fig.  2 ) .  

What can be observed i s  the  subsequent decay of the 6oCo t o  6 o N i .  Figure 2 

This is d i f f i c u l t  t o  do d i r e c t l y  because 100% of the  6OFe 

shows t h i s  somewhat complicated decay p a t t e r n .  By monitoring the  bui ldup of 

6oCo as a f u n c t i o n  of time by measuring the  change in  i n t e n s i t y  o f  the two 

6oCo decay gamma rays  a t  1173.2 keV and 1332.5 keV one can c a l c u l a t e  the  

primary decay rate  of the  6OFe sample. 

progress  a t  the  low- level  gamma count ing f a c i l i t y  a t  Argonne-CMT. The o r i g i n a l  

sample was found t o  have a cons iderab le  amount of r e s i d u a l  6oCo i n  i t  so a 

second chemical s e p a r a t i o n  was performed i n  e a r l y  March of 1983. 

of 6oCo i n  t h i s  sample has  been monitored f o r  t h r e e  months. 

lower l i m i t  on the  h a l f - l i f e  of 60Fe of 1 .3  x 106 y r s .  This l i m i t  is about  

f o u r  t imes longer  than the  previous  measurement o f  3 x 105 y r s . 5  The upper 

l i m i t  has n o t  been e s t a b l i s h e d  y e t  because u n c e r t a i n t i e s  o f  the  d a t a  p o i n t s  

make them c o n s i s t e n t  wi th  an  i n f i n i t e  h a l f - l i f e .  The low l e v e l  counting ex- 

periments are s t i l l  i n  p rogress  and w i l l  be continued u n t i l  a n  upper l i m i t  on 

the h a l f - l i f e  i s  a l s o  determined. 

This low level  counting i s  now i n  

The bui ldup 

This d a t a  sets a 

Although 6 0 ~ e  i s  n o t  produced by f u s i o n  neutrons  the  experiment desc r ibed  

above demonstrate the c a p a b i l i t y  of the  AMs technique to  measure the  trans- 

mutation rates and/or product ion r a t e s  o f  long- l ived i s o t o p e s  i n  the  mass-60 

region.  
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27=0 
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FIGURE 2. Rad' a c t i v e  Decay Scheme o f  60Fe and the Subsequent Decay t o  6oCo 
t o  i 8 N i .  The branching r a t i o s  f o r  each mode o f  decay are given 
i n  %. 
The h a l f - l i f e  o f  the ground s t a t e  o f  each isotope i s  g iven i n  
parentheses below the l eve l .  

The l eve l  energies i n  each isotope are given t o  the l e f t .  
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7 .0  Future Work 

The AMs technique has  s e v e r a l  q u i t e  i n t e r e s t i n g  a p p l i c a t i o n s  to  f u s i o n  neutron 

dosimetry.  Long-lived a c t i v i t i e s  can be measured f o r  assessment o f  waste  and 

f o r  dosimetry dur ing long i r r a d i a t i o n s .  

and can d e t e c t  10Be, 14C, 53Mn, 59Ni, 93M0, 93Zr, and 94Nb, a l l  of which are 

produced i n  fus ion  m a t e r i a l s .  S t a b l e  transmutants can a l s o  be d e t e c t e d  t o  

determine transmutation r a t e s  which are of concern s i n c e  composit ional  changes 

even tua l ly  change the  p r o p e r t i e s  of m a t e r i a l s  and a l l o y s .  

We have observed 26A1 (730,000 y r )  
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H. L .  H e i n i s c h  ( W e s t i n g h o u s e  H a n f o r d  Company) 

1 . o  QhiaGkiYa 

The o b j e c t i v e  o f  t h i s  work i s  t o  d e v e l o p  c o m p u t e r  m o 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 - e n e r g y  c a s c a d e s  w h i c h  w i l l  be used  t o  g e n e r a t e  

d e f e c t  p r o d u c t i o n  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 .  

r a n g i n g  i n  e n e r g y  f r o m  1-200 keV, a l o n g  

a n a l y s e s  o f  c a s c a d e  shapes and s i z e s  and d e f e c  

c a s c a d e s .  The p i c t u r e s  c l e a r l y  show t h a t  w 

e n e r g y ,  c a s c a d e  c o n f i g u r a t i o n s  u n d e r g o  a 

p r o d u c t i o n  o f  a s i n g l e  compac t  damage r e g i o n  

2 .0  Summay 

A compendium o f  i n f o r m a t i o n  o n  c o m p u t e r  - s i m u l a t e d  d i s p l a c e m e n t  

c a s c a d e s  i n  c o p p e r  i s  now a v a i l a b l e ,  and i t  i s  summar i zed  h e r e .  

The compendium c o n t a i n s  g r a p h i c a l  d e p i c t i o n s  o f  21 c a s c a d e s  

w i t h  q u a n t i t a t i v e  

d e n s i t i e s  w i t h i n  

t h  i n c r e a s i n g  PKA 

t r a n s i t i o n  f r o m  

t o  w i d e l y  spaced  

m u l t i p l e  damage r e g i o n s .  The number o f  d i s t i n c t  damage r e g i o n s  

( " l o b e s " )  p e r  c a s c a d e  i s  

damage e n e r g y  b e g i n n i n g  a 

cascades ,  a l t h o u g h  h i g h  

c l a s s i f i e d  i n t o  t w o  m a i n  c a  

ound t o  i n c r e a s e  u n i f o r m l y  w i t h  PKA 

a b o u t  30- 50 keV. The h i g h  - e n e r g y  

y i r r e g u l a r  i n  shape, h a v e  been  

e g o r i e s  o f  shapes :  t a r b u r s t s an d 

" c h a i n s " .  The d e f e c t  d e n s i t y  o f  t h e  c a s c a d e s  d e c r e a s e s  w i t h  
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i n c r e a s i n g  e n e r g y ,  b u t  t h e  a v e r a g e  l o c a l i z e d  d e f e c t  d e n s i t y  

r e m a i n s  c o n s t a n t .  

3 . 0  P L Q ~ L ~ D  

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  ( A K J )  

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

A f f i l i a t i o n :  W e s t i n g h o u s e  H a n f o r d  Company 

4 . 0  Be 

S u b t a s k  1l.B 

e y a n r t 9 8 E S ~ ~ L a ~ l ~ n ~ ~ k ~ ~ ~ ~ a ~ k  

2.3 Cascade P r o d u c t i o n  M e t h o d o l o g y  

5 .0  k m m p l i r h m n r t s + a L S i a ~  

A k n o w l e d g e  o f  t h e  i n i t i a l  damage s t a t e  p r o d u c e d  i n  m e t a l s  by t h e  

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

example ,  t h e  s t u d y  o f  v a r i o u s  " cascade  e f f e c t s , "  i .e . ,  t h e  

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

omogeneous ly ,  i s  

d i s t r i b u t i o n s  o f  

o f  t h e  p r o d u c t i o n  

knock- on  a toms 

de  d e t a i l e d  i n f o r m a t i o n  o n  an a t o m i c  s c a l e  n o t  

n a b l e  by  e x p e r i m e n t a l  me thods .  

d i s c r e t e  c a s c a d e s  as opposed t o  be  

a i d e d  c o n s i d e r a b l y  by a k n o w l e d g e  o 

d e f e c t s  w i t h i n  c a s c a d e s .  Computer  

o f  d i s p l a c e m e n t  damage i n i t i a t e d  

(PKAs)  p r o v  

r e a d i l y  a t t a  

ng c r e a t e d  

t h e  s p a t i a  

s i m u l a t i o n s  

by p r i m a r y  

A compendium o f  i n f o r m a t i o n  on c o m p u t e r - s i m u l a t e d  d i s p l a c e m e n t  
( 1 )  

c a s c a d e s  i n  c o p p e r  i s  now a v a i l a b l e  as a HEDL r e p o r t .  i t  
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c o n t a i n s  c o m p u t e r  g r a p h i c s  o f  21 r e p r e s e n t a t i v e  c a s c a d e s  a l o n g  

w i t h  q u a n t i t a t i v e  a n a l y s i s  o f  c a s c a d e  shapes  and s i z e s  and d e f e c t  

o f  t h e  i n f o r m a t i o n  i n  t h a t  r e p o r t  i s  

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

been r e p o r t e d  e l s e w h e r e .  

d e n s i t i e s .  A summary 

p r e s e n t e d  h e r e ,  i n c l u d  

a n a l y s e s ,  w h i c h  h a v e  n o t  

( 2  
U s i n g  t h e  MARLOWE c o d e  

PKAs w i t h  e n e r g i e s  f r o m  

b e h a v i o r  r a n g i n g  f r o m  

i keV t o  5 0 0  k e v .  T h i s  c o v e r s  

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

d e f e c t  p a i r s  p e r  c a s c a d e  a t  low e n e r g i e s  t o  t h e  p r o d u c  

w i d e l y  s e p a r a t e d ,  b u t  d e n s e l y  p o p u l a t e d ,  m u l t i p l e  damage 

( v e r s i o n  I l l ,  r e s u l t s  were  o b t a i n e d  f o r  

c a s c a d e  

so I a t e d  

i o n  o f  

r e g i o n s  

a t  h i g h  e n e r g i e s .  The a v e r a g e  PKA e n e r g y  r e s u l t i n g  f r o m  i4-MeV 

n e u t r o n s  i n  c o p p e r  I s  a b o u t  170 keV, so t h e  e n e r g y  r a n g e  t r e a t e d  

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

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

i n  an  o t h e r w i s e  p e r f e c t  c r y s t a l  o f  a 

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

c o l l i s i o n a l  phase  (-10 s e c )  o f  c a s c a d e s  p r o d u c e d  i n d i v i d u a l l y  

p u r e  m a t e r i a l .  The 

s u b s e q u e n t  q u e n c h i n g  

es t h a t  t h e  i n i t i a l  

t i n g  f a c t o r  i n  i t s  

- 1  3 

i n f o r m a t i o n  o b t a i n e d  by s i m u l a t i o n s  o f  t h e  

and s h o r t - t e r m  a n n e a l i n g  p h a s e s  i n d i c a  
( 3 )  

s t r u c t u r e  o f  t h e  c a s c a d e  i s  t h e  domin  

s u b s e q u e n t  d i s p o s i t i o n .  

T a b l e  1 c o n t a i n s  t h e  v a l u e s  o f  MARLOWE c o d e  p a r a m e t e r s  emp loyed  

i n  t h i s  s t u d y .  These p a r a m e t e r  v a l u e s  w e r e  d e t e r m i n e d  by 
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( 4 )  
R o b i n s o n  i n  a c o m p a r i s o n  o f  MARLOWE w i t h  r e s u l t s  o f  m o r e  

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

c a s c a d e s .  
( 5 )  

TABLE 1 

M A R L O W E  PARAMETER SETTINGS F O R  C A S C A D E S  

GENERATED I N  COPPER AT 300K 

I n t e r a t o m i c  P o t e n t i a l :  M o l i e r e .  w i t h  s c r e e n i n g  l e n g t h  
o f  7 .30  pm 

I n e l a s t i c  L o s s e s :  

L a t t i c e  P a r a m e t e r :  

Maximum I m p a c t  P a r a m e t e r :  

Debye  T e m p e r a t u r e :  

E n e r g y  C r i t e r i a  f o r  
D i s p l a c e d  A toms :  

L o c a l  ( F i r s o v )  

ALAT = 0.3615 nm 

RB = 0 .62  l a t t i c e  p a r a m e t e r s  

TDEBYE = 314 K 

EDISP = 5.0 eV 
E Q U l T  = 4.8 eV 
EBND = 0 . 2  eV 

c o n f i g u r a t i o n s  o f  t y p i c a  

c a s c a d e s  i n  c o p p e r  we 

F i g u r e s  1-3 show t Y  P 

r e s p e c t i v e l y .  

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

c a s c a d e  s t r u c t u r e s  f o r  I -  t o  200-keV 

e p r o d u c e d  u s i n g  c o m p u t e r  g r a p h i c s .  

c a l  2-, 20-  and 200-keV c a s c a d e s ,  
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FIGURE 1. (a) Orthographic P r o j e c t i o n  o f  t he  Vacancy 
D i s t r i b u t i o n  o f  a T y p i c a l  2-keV Cascade. 
I n  Figures 1-3 the  small arrows show t h e  
o r i g i n a l  p o s i t i o n  and d i r e c t i o n  o f  t h e  PKA. 
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FIGURE 1. (b)  3-D V iew o f  a Typ ica l  2-keV Cascade. 
The vacancies a r e  represented by cubes 
and the  i n t e r s t i t i a l s  bv " s ta rs" .  Each 
three-dimensional symboi i s  1 /2  l a t t i c e  
parameter on a side. 
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FIGURE 2. (a )  Or thographic  P r o j e c t i o n  o f  t h e  Vacancy 
D i s t r i b u t i o n  o f  a T y p i c a l  20-keV Cascade. 
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FIGURE 2 .  ( b )  3-D view o f  a Typical 20-keV Cascade. 
A t  20-keV and above, the vacancies are 
represented by 1 / 2  l a t t i c e  parameter s t a r s ,  
and  the i n t e r s t i t i a l s  a re  simply d o t s .  
the actual s ize  o f  the plotted s t a r s  de- 
creases, they tend t o  appear as diamond 
shapes, then as large dots. 
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FIGURE 3. (a) Othographic P r o j e c t i o n  o f  t h e  Vacancy 
D i s t r i b u t i o n  o f  a Typ ica l  200-keV Cascade. 
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FIGURE 3. (b)  3-D View o f  a Typ i ca l  200-keV Cascade. 
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Each c a s c a d e  i s  d e p i c t e d  i n  f o u r  v i e w s  t h r e e  o r t h o g r a p h i c  

p r o j e c t i o n s  o f  t h e  v a c a n c y  d i s t r i b u t i o n  a ong  t h e  d i r e c t i o n s  o f  

t h e  c u b i c  c r y s t a l  axes  ( p a r t  a ) ,  and one  h r e e - d i m e n s i o n a l  v i e w  

o f  b o t h  v a c a n c i e s  and i n t e r s t i t i a l 5  e n c l o s e d  i n  a c u b e  a l i g n e d  

w i t h  t h e  c u b i c  c r y s t a l  axes  ( p a r t  b ) .  The l e g e n d  f o r  e a c h  

c a s c a d e  g i v e s  t h e  PKA e n e r g y  i n  eV, t h e  number o f  d e f e c t  p a i r s  i n  

t h e  p i c t u r e ,  t h e  s i z e  o f  t h e  c u b e  edge i n  l a t t i c e  p a r a m e t e r s ,  and 

t h e  a n g l e  i n  d e g r e e s  o f  t h e  i n i t i a l  momentum v e c t o r  o f  t h e  PKA 

w i t h  r e s p e c t  t o  t h e  c r y s t a l  axes .  

A t  low e n e r g i e s ,  t h e  g e n e r a l  

zone s u r r o u n d e d  b y  a more  d i f  

T h e r e  does n o t  a p p e a r  t o  be 

c o n f i g u r a t i o n  i s  a s 

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

n g l e  d e p l e t e d  

t i a i s .  

a s h a r p  t h r e s h o l d  a t  w h i c h  w i d e l y -  

spaced  m u l t i p l e  damage r e g i o n s  a r e  a l w a y s  p r o d u c e d .  Cascades 

f r o m  20- 50 keV o c c u r  w i t h  b o t h  w i d e l y  spaced  damage r e g i o n s  and 

w i t h  wha t  a p p e a r s  t o  b e  o n l y  one m a j o r  damage r e g i o n .  P e r h a p s  

t h e  a p p a r e n t l y  s i n g l e- d a m a g e  r e g i o n s  s h o u l d  b e  c o n s i d e r e d  as 

c l o s e i y - s p a c e d ,  m u l t i p l e - d a m a g e  r e g i o n s .  T h i s  v i e w p o i n t  l e d  t o  

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

o f  q u a n t i t a t i v e  a n a l y s i s .  

A t  100-keV and above, t h e  c a s c a d e s  e x h i b i t  t w o  t y p i c a l  

c o n  i g u r a t i o n s ,  a " s t a r b u r s t "  c o n f i g u r a t i o n  o f  s e v e r a l  damage 

r e g  o n s  e m a n a t i n g  f r o m  a c e n t r a l  p o i n t ,  and t h e  " c h a i n "  

c o n f i g u r a t i o n  o f  damage r e g i o n s  s t r u n g  o u t  a l o n g  a s i n g l e  p a t h  
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(Figure 3 ) .  Most higher energy cascades can be classified as 

either chains or starbursts, or as some combination of the two 

forms. 

In general, the h i g h  energy cascades appear to be made u p  of 

collections of lower energy cascades, sometimes contiguous, 

sometimes wldeiy separated. Because of thelr irregular shapes, 

it is difficult to describe the true lengths or volumes of the 

high energy cascades In quantitative terms. However, attempts 

have been made to obtain quantitative characterization of the 

cascades, and this information is contained in Ref. 6 and 7 .  

Another quantity of Interest is the defect denslty of cascades. 

The difficulty in determining meaningful defect densities lies in 

defining the volume o f  the cascade. How the volume, hence the 

defect density, is defined depends very much on the application 

of the information. I n  some cases the cascade volume or size 

Itself may be more pertinent than the defect density, e.g., In 

studying cascade overlap or the interactions o f  cascades wlth 

precipitates. However, other properties may be influenced by the 

detailed behavior of the individual defects after they are 

created. The subsequent behavlor of defects Is strongly 

Influenced by their immedlate surroundings. Hence, one must have 

a clear idea o f  what the defect density value represents. 
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Let the volume of the cascade be the volume of the parallelepiped 

AxAyAz , oriented along the crystal axes x. y, z, that Just 

encloses the vacancy distribution of the cascade, and divide that 

into the number of defects that remain after imposing a 

recomblnation radlus of 2 lattice parameters. The resulting 

defect density, plotted as a function of PKA energy (Figure 4 ) ,  

decreases smoothly by more than two orders of magnitude over the 

energy range from 1- 200 keV.  The number of defects increases 

approximately Ilnearly with energy, but the cascade volume 

increases much more rapidly. In the lower part of the energy 

range the slngie vacancy distributlons tend to become more open 

and Irregular with increasing energy. At high energles the 

production of muitlple, widely separated damage regions leads to 

larger, sparsely populated enclosing volumes as the energy 

increases. 

However, some aspects of individual damage regions do not change 

much wlth energy. The average defect denslty in the viclnlty of 

each defect Is about the same at each energy, even though the 

cascades become more irregular in shape. This can be examined 

quantitatively by determining the average local defect density as 

a functlon of cascade energy. The number of other defects in a 

small volume about each defect s averaged over the cascades. In 

Figure 5 the average number of neighboring vacancies within the 

third nearest neighbor distance from each vacancy is plotted as a 
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PKA ENERGY (keV1 

FIGURE 4.  The Average Density o f  Vacancies a s  a Function of 
Cascade Energy. The dens i ty  i s  the  number of 
vacancies  remaining a f t e r  imposing a recombination 
r ad ius  o f  2 l a t t i c e  parameters d iv ided  by the  
volume o f  t h e  r ec t angu la r  pa ra l l e l ep iped  o r i en ted  
along the  c r y s t a l  axes which jus t  enc loses  t h e  
vacancy d i s t r i b u t i o n .  
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f u n c t i o n  o f  c a s c a d e  e n e r g y .  Above 1-2 keV t h i s  v a l u e  i s  c o n s t a n t  

a t  a b o u t  2.7 n e i g h b o r i n g  v a c a n c l e s  p e r  v a c a n c y .  The f i g u r e  a l s o  

shows a c o n s t a n t  v a l u e  o f  1 .2  n e a r e s t  n e i g h b o r  v a c a n c i e s  p e r  

v a c a n c y .  

F i g u r e  6 i s  a s i m i l a r  p l o t  f o r  i n t e r s t i t i a i s  o n l y .  W i t h i n  a 

s p h e r i c a l  v o l u m e  w i t h  a r a d i u s  o f  5 l a t t i c e  p a r a m e t e r s  c e n t e r e d  

o n  e a c h  i n t e r s t i t i a l ,  a b o u t  1 n e i g h b o r i n g  i n t e r s t i t i a l  e x i s t s ,  o n  

t h e  a v e r a g e ,  above  10- 20 keV. O n l y  a b o u t  5 %  o f  l n t e r s t i t i a l s  

h a v e  n e i g h b o r i n g  i n t e r s t i t i a i s  w i t h i n  o n e  n e a r e s t  n e i g h b o r  

d i s t a n c e .  

The l o c a l i z e d  d e f e c t  d e n s i t y  a n a l y s i s  i n d i c a t e s  q u a n t i t a t i v e l y  

t h a t  t h e  d e f e c t s  s e e  t h e  same a v e r a g e  e n v i r o n m e n t ,  i n d e p e n d e n t  o f  

c a s c a d e  e n e r g y ,  and t h a t  t h e  v a c a n c y  d i s t r i b u t i o n  is more dense  

t h a n  t h e  i n t e r s t i t i a l  d i s t r i b u t i o n .  
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The f u l l  r e p o r t  and  " c a s c a d e  compendiumtt  i s  a v a i l a b l e  a s  HEDL- 
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14-MEV NEUTRON RADIATION-INDUCED MICROHARDNESS INCREASE I N  COPPER ALLOYS 
S.J. Z i n k l e  and G.L. Ku l c insk i  ( U n i v e r s i t y  o f  Wisconsin - Madison) 

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  examine the e f f e c t  o f  a high-energy neutron 

i r r a d i a t i o n  on damage product ion i n  copper a l l o y s .  Spec i f i c  ob jec t i ves  are: 

1 )  t o  determine the e f f e c t  o f  neutron f luence and so lu te  add i t i ons  on the 

rad ia t ion- induced Vickers microhardness number o f  copper, 2) t o  examine the  
e f f e c t  o f  indenter  l oad  on the radiat ion- induced microhardness a t  low load 

values, and 3)  t o  c o r r e l a t e  microhardness r e s u l t s  w i t h  r e s i s t i v i t y  and TEM 
data. 

2.0 Summary 

V ickers  microhardness measurements have been performed on copper and copper 

a l l o y  (Cu-5% Al, Cu-5% Mn, Cu-5% N i )  TEM d i sks  which were i r r a d i a t e d  a t  room 

temperature w i t h  14-MeV neutrons i n  incremental  doses up t o  a maximum f luence 

o f  2.2 x 1021 n/m2, A f t e r  an i n i t i a l  incubat ion  period, t he  rad ia t ion- induced 

hardness was found t o  be propor t iona l  t o  the square r o o t  o f  neutron f luence 

f o r  a l l  f o u r  metals.  This r e s u l t  i s  i n  good agreement w i t h  p rev ious l y  

repor ted  pure copper r e s i s t i v i t y  da ta . ( l )  The incubat ion  pe r i od  ranged 
from 5 1 x lo2' n/m f o r  the a l l o y s  t o  about 4 x 10'' n/m2 f o r  pure copper. 
The copper a l l o y s  a l so  e x h i b i t e d  a l a r g e r  radiat ion- induced hardness increase 

than the pure copper samples. The Cu-5% Mn samples showed a s i g n i f i c a n t l y  
l a r g e r  r a d i a t i o n  hardening than any o f  the o the r  samples. Adomaldus behavior 

o f  the i r r a d i a t e d  Cu-5% Mn samples compared t o  the o the r  a l l o y s  was a l s o  

2 

observed i n  repor ted  r e s i s t i v i t y  data. (1) 

3 .O Program 

T i t l e :  Rad ia t ion  E f f e c t s  t o  Reactor Ma te r i a l s  

P r i n c i p a l  I nves t i ga to rs :  G.L. Ku l c insk i  and R.A. Dodd 
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A f f i l i a t i o n :  U n i v e r s i t y  o f  Wisconsin 

4.0 Relevant DAFS Program Plan Task/Subtask 

Subtask II.B.3.2 Experimental Charac ter iza t ion  o f  Primary Damage State; 

Subtask II.C.6.3 E f f e c t s  o f  Damage Rate and Cascade St ruc ture  on Micro- 

Subtask II.C.16.1 14-MeV Neutron Damage Cor re la t i on  

Studies o f  Metals 

s t ruc ture ;  Low-Energy/High-Energy Neutron Cor re la t ions  

5.0 Accomplishments and Status 

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

V ickers  microhardness measurements are a convenient experimental method which 

can be used t o  help charac ter ize  the ex ten t  o f  r a d i a t i o n  damage i n  c r y s t a l s .  

This  r e p o r t  describes some o f  the microhardness r e s u l t s  which we have obta ined 

,as p a r t  o f  a three-pronged approach t o  analyz ing 14-MeV neutron i r r a d i a t e d  
copper a l loys .  The f i r s t  method, r e s i s t i v i t y  measurements, i nd i ca ted  t h a t  the 

neutron-induced damage was propor t iona l  t o  the square r o o t  o f  neutron fluence 

f o r  a pure copper sample, wh i l e  the  copper a l l o y s  exh ib i t ed  short- range 
order ing  e f f e c t s .  ( l )  The r e s u l t s  o f  the t h i r d  experimental t o o l ,  t ransmiss ion 

e l e c t r o n  microscopy (TEM) observations, w i l l  be repor ted i n  the nex t  q u a r t e r l y  
progress repo r t .  

This  study i s  a con t i nua t i on  o f  research on i r r a d i a t e d  copper a l l o y s  which was 

i n i t i a t e d  by researchers a t  HEDL. I n  t h e i r  study('), the authors used micro-  

hardness and TEM i n  an attempt t o  quan t i f y  de fec t  s u r v i v a b i l i t y  and micro- 

s t ruc tu re .  We have inc luded r e s i s t i v i t y  measurements, the  r e s u l t s  o f  which 

were repor ted prev ious ly  ( l l 3 ) ,  along w i t h  TEM and microhardness measurements 
a t  incremental f luences i n  order  t o  more completely understand the  r a d i a t i o n  

e f f e c t s  shown by the copper/copper a l l o y  samples. D e t a i l s  concerning a l l o y  

c o m p ~ s i t i o n ( ~ ) ,  f o i l  p r e p a r a t i ~ n ( ~ ) ,  and heat  treatment and i r r a d i a t i o n  
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procedure(' ) have been previously reported. 

5.2 Experimental Procedure 

Vickers microhardness measurements were performed u s i n g  a Buehler Micromet@ 
microhardness t e s t e r .  The standard operating indenter load range of this 
instrument i s  from 59 t o  5009, w i t h  loads down to  1 gram available from the 
manufacturer. For t h i s  investigation, the indenter loading was res t r ic ted  t o  
be l e s s  than  or  equal t o  10 grams i n  order for  the diamond pyramid indentation 
depth  t o  be less than one-tenth of the nominal TEM fo i l  thickness of 25 ran. 
A t  t h i s  low indenter load, special care mst be taken t o  ensure tha t  back- 
ground vibrations do not introduce errors  into the measurement. A simple 
anti-vibration t e s t  stand was designed which effectively isolated the micro- 
hardness t e s t e r  from background vibrations down to  indenter loads of 1 gram. 
T h i s  test s tand  assembly is shown i n  schematic form i n  Fig. 1. The 1000-kg 
lead brick base provides the t e s t  stand w i t h  a large iner t ia  so t ha t  a l l  
except very low frequency vibrations are damped out. The a i r  pad serves as a 
dashpot t o  effectively suppress most of the remaining external vibrations. 
The remaining cushion materials were chosen on the basis of the i r  di f ferent  
s t i f fness  values. The use of varied materials was found t o  be effect ive i n  
eliminating external vibrations. Also, the value o f  a mu1 t lple-interface 
design, which serves t o  reflect/dampen vibration waves, was found t o  be 
important. The anti-vibration stand was found to  be very effect ive In sup-  
pressing background vibrations down t o  indenter loads of 1 gram as  determined 
by various tes t ing methods (e.g. hardness vs. load curves, reproducibility of 
hardness resu l t s  while slamning door, dropping bricks from a designated 
height, e tc . ) .  

A standard sample preparation procedure was developed for  a l l  of the TEM disks 
prior to  indentation. Each d i sk  was given a l i g h t  mechanical polish i n  a 0.3 
pm alumina slurry on a rotating cloth wheel i n  order t o  remove the oxide layer 
and give a relatively smooth surface. The samples were then electropolished 
in  a 33% HN03/67% CH30H solution cooled t o  -2O'C a t  an applied potential of 
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FIGURE 1. Microhardness Anti-Vibration Test Stand. 

5V f o r  5 seconds. The purpose o f  the e lect ropol ish was to remove the work- 
hardened layer  introduced by the mechanical polishing, and also to give an 
o p t i c a l l y  smooth surface. The electropol i s h  treatment removed approximately 
1-2 vm, which i s  expected t o  exceed the work-hardened layer  i n  copper f o r  the 
type o f  mechanical pol ishing which was ut i l ized. (7)  

Table 1 shows the grain size o f  each o f  the four metals i r r ad ia ted  a t  RTNS-I1 
as detennined by Heyn's Procedure ( l i n e  in tercept  method). A t o t a l  o f  250 t o  
500 gra in  boundary intercepts i n  a t  l eas t  20 d i f f e r e n t  viewing areas were 
sampled to deternine the average grain s i r e  f o r  each metal. 

A minimum o f  60 indentations were made on four d i f f e r e n t  EM disks f o r  each 
metal a t  every fluence leve l  and f o r  the control  samples. A 12 second 
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TABLE 1 

RTNS-I1 SAMPLE GRAIN S I Z E  

Copper CU-5% A1 C U - ~ %  Mn Cu-5% N i  

13 urn 23 rm 22 Im 12 um 

i nden ta t i on  t ime was used throughout. A l l  measurements were made by the  same 
operator  i n  order t o  minimize the  e f f e c t  o f  d i f f e r e n t  observers'  biases. The 
lengths  o f  the  diagonals were measured a t  a magn i f i ca t ion  o f  600X using a 
c a l i b r a t e d  eyepiece accurate t o  f 0.2 m. Both diagonals o f  the  i nden ta t i on  
were measured twice and the r e s u l t s  averaged i n  order t o  minimize measurement 
e r ro rs .  The c h i s e l  t i p  o f  the  Vickers diamond was found t o  l e s s  than 0.2 w, 
as checked by SEM methods. Several TEM d isks  were re-examined a t  d i f f e r e n t  

t ime per iods and on d i f f e r e n t  days o f  the week i n  order  t o  check the  e f fec-  
t iveness o f  the  a n t i - v i b r a t i o n  t e s t  stand and a lso  t o  determine the reproduci-  

b i l i t y  o f  the r e s u l t s .  Agreement on the Vickers microhardness (Hv) f o r  a 
s i n g l e  d isk  was t y p i c a l l y  found t o  be w i t h i n  about 1 kg/m2. A l a r g e r  
v a r i a t i o n  was noted between d i f f e r e n t  TEM d isks  which had been exposed t o  
i d e n t i c a l  heat  treatment and i r r a d i a t i o n  h i s t o r i e s  -- t y p i c a l  standard 

dev ia t ions  about the mean f o r  a s e t  o f  4 d isks  were 2-3 kg/mm2. 

5.3 Experimental Results 

The Vickers microhardness values obtained f o r  the  con t ro l  and i r r a d i a t e d  f o i l s  

a t  an indenter  load o f  10 grams are summarized i n  Table 2. The t a b l e  a l s o  
inc ludes the standard dev ia t i on  f o r  each s e t  o f  4 d isks  which were examined 

(Each value g iven i n  the t a b l e  i s  the r e s u l t  o f  the  measurement o f  a t  l e a s t  60 
indenta t ions) .  The microhardness value f o r  the u n i r r a d i a t e d  pure copper was 

56.7 kg/mm2, wh i l e  the copper a l l o y  con t ro l  samples a l l  measured about 53.5 
kg/inn2 a t  an indenter  l oad  o f  log. It may be noted t h a t  the microhardness 

values f o r  the a l l o y  and pure copper c o n t r o l  samples are  equ iva len t  w i t h i n  
quoted e r r o r  bars. The value o f  Hv f o r  pure copper i s  i n  good agreement w i t h  
the u n i r r a d i a t e d  value measured by o ther  i n v e s t i g a t o r s ( 6 )  a t  an indenter  
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TABLE 2 

VICKERS MICROHARDNESS RESULTS (10-GRAM LOAD 

Dose Sample H, (kg/mn2) 

1020 n/r? Copper C U - ~ %  A1 Cu-5% Mn Cu-5% N i  

c o n t r o l  56.7 f 4.3 53.8 f 0.9 53.4 f 2.5 53.4 f 2.8 
1 56.3 2 0.8 57.2 t 0.8 62.6 t 4.6 57.3 t 0.7 
4 58.6 f 2.8 62.7 f 1.2 73.6 f 2.2 63.8 f 1.4 

10 68.9 f. 1.6 74.1 2 1.7 85.8 f 0.4 69.6 f 1.7 
20 78.2 f 3.6 82.3 f 1.1 90.2 f 3.5 78.3 2 4.2 

load ing  o f  50 grams. However, the  hardness values f o r  the  un i r rad ia ted  a l l o y s  
( i n  p a r t i c u l a r  Cu-5% A1 and Cu-5% Mn) are s i g n i f i c a n t l y  lower than p rev ious l y  

repor ted  values. The reason f o r  t h i s  discrepancy i s  uncer ta in,  as the 
ma te r ia l s  were obtained from the same l o t  and were given i d e n t i c a l  heat  
treatments. 

As can be seen from Table 2, 14-MeV neutron i r r a d i a t i o n  t o  a f luence o f  2 x 

1021 n/m2 induces s i g n i f i c a n t  hardening i n  copper and copper a l l o y s  -- micro-  
hardness changes are on the  order o f  50% o f  the  u n i r r a d i a t e d  microhardness 

value. The f luence dependence o f  the microhardness change i s  shown i n  F ig.  2 
f o r  an indenter  l oad  o f  10 grams, along w i t h  representa t ive  e r r o r  bars. 

Results obtained a t  an indenter  load ing  o f  59 ( t o  be repor ted separate ly)  

showed t rends s i m i l a r  t o  the 109 data. Fo l lowing a s h o r t  incubat ion  period, 

the data f o r  a l l  four  metals scales l i n e a r l y  w i t h  the square r o o t  o f  neutron 
fluence. The dura t ion  o f  the  incubat ion pe r iod  i s  l ess  than 1 x lo2' n/m2 f o r  

the copper a l loys ,  wh i l e  f o r  pure copper i t i s  about 4 x lo2' n/m2. Cu +5% Mn 

e x h i b i t s  s i g n i f i c a n t l y  l a r g e r  r a d i a t i o n  hardening as compared t o  the  o ther  

metals a t  the f luence l e v e l s  inves t iga ted .  This a l l o y  may a lso  be s t a r t i n g  t o  

approach a sa tu ra t i on  hardness value a t  the h ighest  f luence examined, b u t  
w i thout  h igher  f luence data t h i s  conclus ion i s  speculat ive.  
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FIGURE 2. Change i n  Vickers Microhardness vs. Square Root o f  14-MeV Neutron 
F1 uence. 

5.4 Discussion 

The general f luence dependence o f  the radiat ion- induced change i n  Vickers 

microhardness i s  i n  good agreement w i t h  a recent  t h e o r e t i c a l  model developed 
by Ghoniem e t  a1.(*) The model p red i c t s  t h a t  r a d i a t i o n  hardening should scale 

l i n e a r l y  w i t h  the square r o o t  o f  neutron f luence f o l l o w i n g  a sho r t  incubat ion  
per iod.  The data obtained from r e s i s t i v i t y  and microhardness measurements as 
a func t i on  o f  f luence are compared i n  Fig. 3 w i t h  t e n s i l e  specimen r e s u l t s  

obtained by M i t c h e l l  e t  al(') f o r  copper i r r a d i a t e d  a t  room temperature w i t h  
14-MeV neutrons. From t h i s  f i g u r e  i t  can be seen t h a t  the  r e s i s t i v i t y  r e s u l t s  

and t e n s i l e  data are i n  good agreement. The microhardness r e s u l t s  curve i s  
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FIGURE 3. Change i n  Resistance, Microhardness, and Y i e l d  Strength vs. Square 
Root o f  14-MeV Neutron Fluence f o r  Copper. 

somewhat a t  odds w i t h  the above-mentioned data, although there i s  agreement 
w i t h i n  the quoted e r r o r  bars. It i s  be l ieved t h a t  the s l i g h t  discrepancy of 

t h e  microhardness data w i t h  regard t o  the o ther  r e s u l t s  i s  due t o  the  we l l-  

known low- load microhardness surface e f f e c t  (see, e.g., Ref. 10). Evidence 
i n d i c a t i n g  t h a t  t h i s  i s  the case, along w i t h  a discussion o f  the  low- load 

microhardness phenomena, w i l l  be presented i n  the next qua r te r l y  progress 
repor t .  

The roughly equal slopes f o r  a l l  four  metals i n  the curve o f  microhardness 
change vs. square r o o t  o f  neutron f luence (F ig.  2) may be seen as an i nd i ca-  

t i o n  t h a t  there i s  equ iva len t  damage product ion ra tes  i n  these ma te r ia l s  

f o l l ow ing  the i n i t i a l  t r a n s i t i o n  period. Reasonably good agreement has been 
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observed w i t h  t e n s i l e  data(9)  us ing the c o r r e l a t i o n ( 2 )  Au = 3.27 AHv . Y 

5.5 Conclusions 

It appears t h a t  q u i t e  reproducib le Vickers microhardness r e s u l t s  may be 
obtained a t  low indenter  loads when adequate precaut ions are taken t o  e l i m i -  
nate background v i b r a t i o n s  and when a s t a t i s t i c a l l y  s i g n i f i c a n t  number o f  

indenta t ions  are sampled. Microhardness measurements are  a ue fu l  t o o l  which 
may be u t i l i z e d  t o  help character ize i r r a d i a t i o n  damage i n  conjunct ion w i t h  
other  techniques. However, care must be taken when attempting t o  ex t rapo la te  
measurements made a t  low loads t o  bu lk  values. 
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7.0 Future Work 

Vickers microhardness measurements obtained a t  an indenter  load ing  o f  59 w i l l  

be compared t o  the  present r e s u l t s  i n  the  next  qua r te r l y  progress repor t .  
These f i nd ings  w i l l  be coupled w i t h  l i t e r a t u r e  r e s u l t s  i n  an attempt t o  corre-  
l a t e  low indenter  l oad  values w i th  data obtained a t  h igher  loads. TEM d i s k s  

a t  var ious f luences w i l l  be examined i n  an e lec t ron  microscope i n  order  t o  
determine v i s i b l e  defect  c l u s t e r  s ize  and densi ty  as a func t i on  o f  14-MeV 
neutron f l  uence. 

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

The copper/copper a l l o y  r e s i s t i v i t y ,  microhardness and TEM data w i l l  be 

presented a t  the 3rd  Topical Meeting on Fusion Reactor Mater ia ls ,  Albuquerque, 
NM, September 19-22, 1983. An abs t rac t  has been submitted t o  the Symposium on 

the  Use o f  Nonstandard Subsized Specimens f o r  I r r a d i a t i o n  Test ing, 
Albuquerque, NM, September 23, 1983, which deals w i t h  the c o r r e l a t i o n  o f  low- 

load microhardness values w i t h  bu lk  values. 
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C H A P T E R  3 

REDUCED ACTIVATION MATERIALS 
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ACTIVATION OF COMPONENTS OF A FUSION ALLOY 
F. M .  Mann (Westinqhouse Hanford Company) and W .  E.  Kennedy, J r .  (Ba t te l le  
Pacific Northwest caboratory) 

1 .o Objective 

The objective of this work i s  t o  determine the activation of the consti tuents 
of potential fusion alloys so as t o  guide metallurgists  i n  selecting low 
activation materials. 

2.0 Summary 

As the NRC has based i t s  isotopic concentration l imits  fo r  land disposal of 
low-level radioactive wastes on present experience, l imi t s  fo r  those isotopes 
not covered by the NRC regulation (10 CFR 61) ,  b u t  w h i c h  would be produced in 
a fusion environment, were determined. 
of A1 as a prime consti tuent of an alloy and fur ther  r e s t r i c t  Mo as a minor 
consti tuent.  

These l imi t s  severely r e s t r i c t  the use 

3.0 Program 

T i t l e :  Irradiation Effects Analysis (AKJ) 
Principal Investigator: D. G. Doran 
Aff i l ia t ion:  Westinghouse Hanford Company 

4.0 Relevant DAFS Program Plan Task/Subtask 

No relevant task.  

5.0 Accomplishments and Status 

In past  quarterly reports,  r e su l t s  were presented o f  calculations of the ac t-  
ivation of various elements a t  the STARFIRE f i rs t-wal l  position.'" In addi- 
t ion ,  the result ing isotopic concentrations were compared' with the NRC 
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regulation (10 CFR 61) t o  determine l imi t s  on the i n i t i a l  elemental composi- 
t ion of the f i r s t  wall. 

The NRC regulation, however, i s  based upon present experience, mainly LWRs 
and medical f a c i l i t i e s .  Therefore, some radioactive daughters presently 
considered unimportant under the regulation will almost surely be regulated 
when fusion devices become more powerful. 

A brief  investigation of such isotopes was conducted. Since i t  was no t  our  
in tent  t o  duplicate the complex exposure scenario analysis used by the N R C ,  
disposal l imi t s  fo r  these radionuclides were developed using a ra t ioing tech- 
nique based on 59Ni. 
63Ni disposal l imits -were  calculated and found t o  be in good agreement with 
the detailed NRC analysis.  

As a check of the adequacy of t h i s  technique, 6oCo and 

Using the calculated act ivat ion from References 1 and 2 and these additional 
l imi t s  on bur ia l ,  new potential l imita t ions  on i n i t i a l  compositions of f i r s t  
wall materials can be estimated (see Table 1 ) .  Note t ha t  the data in  th is  
table  a re  fo r  one spec i f ic  exposure, 10 MW-y/m ( the  resu l t s  a re  generally 
proportional t o  the exposure). 
Reference 2 a re  lower l imi t s  fo r  Fe, Mo, and Pb, and new l imits  f o r  B, Al, 
and S .  
ent  o f  a f i r s t  wall exposed t o  s ign i f ican t  fluences i f  near-surface burial 
were desired. 
magnitude. 

2 

The differences from the e a r l i e r  r e su l t s  in 

The l imi t  found for A1 would r e s t r i c t  i t s  use as the prime consti tu-  

The l imi t  on Mo, already very low, i s  reduced by an order of 
The other new l imi t s  should n o t  greatly r e s t r i c t  a l loy  designers. 
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TABLE 1 

ESTIMATED MAXIMUM FRACTIONAL WEIGHT CONCENTRATIONS 
PER 10 MW-yr/mz (10 CFR 61) ( A l l  T r i t i u m  Expel led) 

Element 

B* 
C 
N 

0 

- 
- 

Mg 
A1 

T i  
S 

v 
C r  
Mn 
Fe 
co 
N i  
cu 
Z r  
Nb 
Mo 
Ta 
w 
Pb 

- 

- 

- 
- 
- 

- 

Class A Disposal 

. 3Za 

.00033( 330 ppm) 

.31 

.0096 

. 0036a 

62. 

26. 

. 4a 

.37 

.00064( 640 ppm) 

.0015 

. 4a 
7.5(-7)'(.75 ppm) 

4. (-5)(40 ppm) 
6.(-6)(6 ppm) 
1.2(-5)(12 ppm) 

2.9(-7)( .29 ppm) 
4.9(-6)(.5 ppm)a 

2.3(-5)(23 ppm) 
.0025 

.0031a 

Class C Disposal 

3.1 8a 
620. 

.0033 

3.1 
b 

. 036a 
b 

4.0 
b 
b 
b 

4.0a 
b 

.0091 

. 001 2 
2.1 

2.9(-6)'( 2.9 ppm) 
4.9(-5)(49 ppm)a 
b 

b 

.031 a 

a . .  

bL imi ted  by p r a c t i c a l  considerat ions, such as the  e f f e c t s  o f  ex terna l  rad ia-  

'X(Y) should be read as X x 10'. 

L i m i t  s e t  by BNWL study. 

t i o n  and i n t e r n a l  heat  generat ion on t ranspor t ,  handl ing, and d isposal .  

* 
Under l ined elements may be a f f e c t e d  by new regu la t ions .  
S i ,  P, - Sn, and H f .  

No l i m i t s  on L i ,  Be, 
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7.0 Future Work 

A c t i v a t i o n  c a l c u l a t i o n s  f o r  a TASKA f i r s t - w a l l  p o s i t i o n  w i l l  be performed t o  
determine the ef fect  of neutron spectrum on a c t i v a t i o n .  Also, b lanket  
p o s i t i o n s  i n  TASKA and STARFIRE w i l l  be examined. 
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C H A P T E R  4 

FUNDAMENTAL MECHANICAL BEHAVIOR 
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EFFECT OF NEUTRON AND HELIUM IRRADIATION ON FRACTURE MODES 
T. Hanamura and  W .  A.  Jesser (University of Virginia) 

1 .o Objective 

The objective of t h i s  work i s  t o  determine the  crack opening modes during in- 
s i t u  HVEM t ens i l e  t es t ing  and how i t  i s  influenced by t e s t  temperature and  
neutron and  helium ir radiat ion.  

2 .0  Summary 

Neutron and  helium ir radiat ion were found t o  hinder Mode I1  f a i l u r e  and in- 
crease Mode I cracking instead. Over the temperature range studied (25-600OC) 
i r radiated specimens showed t h a t  Mode I 1  intergranular f a i l u r e  was absent and  
intergranular f a i l u r e  occurred mostly by a Mode I crack opening. I n  unirradi- 
ated specimens tes ted under the same t ens i l e  conditions as fo r  the i r radia ted 
specimens, Mode I1  crack opening a t  the grain boundaries was present. 

3.0 Program 

Ti t le :  
Principal Investigators: W .  A .  Jesser  and R .  A. Johnson 
Aff i l i a t ion :  University of Virginia 

Simulating the CTR Environment in the HVEM 

4.0 Relevant DAFS Program Plan Task/Subtask 

Task ll.C.13 Effects of Helium and Displacements on Crack In i t i a t ion  and 
Propagation 
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5.0 Accomplishments and Status 

5.1 Introduction 

In a fusion reactor neutron and helium ions from the plasma that strike a 
first wall are known to cause a number of serious material problems, one of 
which is the embrittlement of the material due to a weakening of grain bound- 
aries. The weakening of grain boundaries can cause intergranular fracture by 
grain boundary sliding through Mode I 1  crack propagation or by other opening 
modes including a mixed mode. To understand this mechanism, in this investi- 
gation crack opening mode is used as a crack propagation parameter'') like 
other parameters which have been investigated (2-4) . The intent of this paper 
is to understand the mechanism of crack initiation and propagation in neutron- 
and helium-irradiated stainless steel, using in-situ HVEM tensile testing of 
microspecimens under various conditions of irradiation-induced microstructure 
and temperature, and to determine the effect of irradiation on crack opening 
mode. 

5.2 Experimental Details 

In this investigation either type 316 or type 304 stainless steel was investi- 
gated. Type 316 stainless steel was helium ion-irradiated for in-situ tensile 
testing in the HVEM. Type 304 stainless steel was neutron-irradiated and in- 
situ tensile tested after the irradiation. The type 316 stainless steel spe- 
cimens were vacuum annealed at 1000°C for one hour at a pressure less than 
1 x Pa and then punched into microtensile specimens 12.5 mm long, 2.5 mm 
wide and 40 pm thick. After punching, the specimens were electropolished in a 
90% acetic-10% perchloric acid solution at 18°C and at 20 mV in a Tenupol elec- 
tropolishing apparatus. The helium irradiations were conducted at tempera- 
tures estimated from ion beam heating to be less than 300"C(5'6) by bombarding 
the electropolished specimens with 80 keV helium ions to fluences up to 
= 3 x 1018 cK2. 
neal in vacuum 
tural features. The neutron-irradiated specimens were from a control rod 

In addition, some specimens were given a post-irradiation an- 
Pa or better) to coarsen the radiation-induced microstruc- 
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th imb le  from the EBR-I1 reac tor .  
same s o l u t i o n  a s  above b u t  i n  a Fischione J e t  e l e c t r o p o l i s h i n g  apparatus. 

specimens i nves t i ga ted  here were designated by ORNL as 3T-2b and 3T-5b. 
3T-2b specimen was neu t ron- i r rad ia ted  a t  428OC t o  a f luence o f  1.0 x 1023 neu- 

t rons  ( >  .1 MeV)/cm2 and the 3T-5b specimen was neu t ron- i r rad ia ted  a t  371°C t o  

a f luence o f  6.5 x l o 2 *  neutrons (>  .1 MeV)/cm2. 
was c a r r i e d  o u t  i n  a h y d r a u l i c a l l y  operated load-elongat ion t e n s i l e  stage which 

i s  capable o f  heat ing the specimen t o  about 600°C. ( 7 )  
s t i l l  micrographs and video tape dur ing  the  dynamic observat ion o f  crack pro-  

pagat ion. 

These specimens were e lec t ropo l i shed  i n  the  
The 

The 

Tens i le  t e s t i n g  i n  the  HVEM 

Data were obta ined from 

From these sources the mode o f  crack opening was determined. 

5.3 Experimental Results and Discussion 

Crack opening displacement vectors were obta ined by ana lys is  o f  a sequence o f  

p i c tu res  dur ing  i n - s i t u  HVEM t e n s i l e  t e s t i n g  from video tape and s t i l l  p i c -  

tu res  o f  e lec t ron  images on the HVEM screen. The crack opening displacement 

vector,  D, i s  de f ined as the d i f f e rence  vector  between two vectors:  one ob- 
ta ined  from one micrograph by connect ing a reference p o i n t  on one crack f l a n k  

t o  a corresponding reference p o i n t  on the  opposi te crack f l ank ,  and another 

vec to r  obta ined from the  same two po in t s  on the  crack f l a n k  bu t  measured from 

a micrograph l a t e r  i n  the  sequence. The d i r e c t i o n  o f  D i s  where i t  po in ts  t o  
the t i p  o f  t h e  vec tor  obta ined i n  the  l a t t e r  micrograph o f  the  p a i r .  The r e f -  

erence po in t s  are chosen as any p a i r  o f  e a s i l y  d i s t i ngu i shab le  po in t s  loca ted  

w i t h i n  10 urn o f  the  t i p  o f  each crack. 

A 

I 

I n  o rder  t o  describe the  crack mode, i t  i s  convenient t o  de f ine  add i t i ona l  

crack c h a r a c t e r i s t i c s  which are  shown i n  F igure  1-A. I n  t h i s  f i gu re ,  the  

crack angle i s  @ and t h e  crack t i p  angle i s  e .  
t i o n ,  P ,  i s  def ined as the  b i s e c t o r  o f  the  crack f l a n k  angle, @, and po in t s  
i n t o  the  ma te r ia l .  The crack d i r e c t i o n a l  angle c( i s  inc luded between P and 

the  t e n s i l e  ax is ,  and the  angle between the  t e n s i l e  a x i s  and I) i s  denoted by 8 .  

The sum o f  CL and 5 i s  denoted as e ' ,  i .e . ,  e '  i s  the  angle between D and P. 

The crack propagation d i rec-  

~ 

I 

.. 
~ 
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A 

B 

C 

FIGURE 1: (A),Schematic Drawing o f  a Crack Tip. TheAcrack opening displacement 
i s  D, the  crack propagation d i r e c t i o n  i s  P, the  angle betwepn the  
t e n s i l e  a x i s  and p i s  a, t h a t  between the  t e n s i l e  a x i s  and D i s  B ,  
a + 6 = e ' ,  the crack angle i s  (@ , and the crack t i p  angle i s  e .  
( 6 )  Schematic Diagram o f  a Pure Mode I Crack Propagation. 
between 
Propagation. 

The angle 
(C) Schqnatic Drawing o f  Pure Mode I1  Crack and P i s  90". 

The angle between D and p i s  0". 
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.L ... 
Each displacement vector, D, was separated into  a segment, D,,, parallel  t o  the 
direction of crack propagation, and  a perpendicular segment D l .  Using the 
angle e ' ,  i t  can be expressed as Dl = D sin e '  which corresponds t o  Mode I 
crack opening and s imilar ly  D,, = D cos e '  which corresponds t o  idode I1 crack 
opening. Since D L 2  + D , , 2  = D2, the  % Mode I character o f  a crack can be de- 
fined as 100 - DL2/D2, which i s  100 s in2  e ' ,  and  the % Mode I 1  character as 
100 * D I l 2 / D 2 ,  which i s  100 
I and Mode I1  cases respectively. Any Mode 111 component i s  paral le l  t o  the  
electron beam and i s  n o t  revealed by the present technique. 

cos2 e ' .  Figure 1 - B  and  1 - C  show these pure Mode 

Figure 2 shows the g r a p h  of % Mode I versus crack directional angle, a, for  
the cases of an unirradiated type 316 s ta in less  s teel  specimen tes ted a t  room 
temperature, a neutron-irradiated type 304 s ta in less  s teel  specimen (3T-5b 83) 
tes ted a t  4D0°C, and another neutron-irradiated specimen (3T-5b 81) tested a t  
room temperature. A t ransi t ion area from predominantly Mode I crack propaga- 
t ion t o  Mode I1  crack propagation was determined t o  be around a = 30" f o r  the 
unirradiated specimen tes ted a t  room temperature. 
cimen tested a t  room temperature showed the t ransi t ion area a t  a higher angle 
of c1 compared t o  the case of the unirradiated specimen tested a t  room temper- 
ature.  I n  the case of the neutron-irradiated specimen tes ted a t  4OO0C,  the 
observed values of a were close t o  a = go", and a l l  the cracks showed a charac- 
ter of nearly 100% Mode I .  This temperature corresponds t o  channel f racture  in 
bulk  specimens which have been neutron-irradiated. I n  the microtensile speci- 
mens, the cracks appear sharp and propagate in s t r a igh t  directions mostly 

The neutron-irradiated spe- 

across grains. 
smooth curve i s  superimposed on the plot .  
of D parallel  t o  the t ens i l e  axis fo r  a l l  values of a, i . e . ,  B = 0 fo r  a l l  a. 
The displacement vector D may be thought of as locating the direction of the 
local t ens i l e  axis so t ha t  D parallel  t o  the t ens i l e  axis ( i . e . ,  6 = 0 )  repre- 
sents no deviation of the macroscopic t ens i l e  axis from the microscopic one. 
One example of such a s i tua t ion  i s  a r ig id  displacement of one crack flank 
from i t s  opposite, mating crack flank and could be approximated by a completely 
b r i t t l e  crack propagation t h r o u g h  weak material i n  which constraints and  local 

As a reference curve fo r  comparison with the data points, a 
This curve shows the idealized case 

A 

I 

A 
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A @  A 100 Q @m. 0 
- 
- @ @ A  

m A  - 0 n 
0 -r 

w 
0 - 8 0  

H - 
a 

0 

- 30 30 60 90 120 / Crack Direction, a ( "1 

@ Unirradiated 316 SS tested a t  R.T. 
A Neutron-irradiated 304 SS (3T-5b, #3) tes ted a t  400°C 

(dose = 6.5 x neutrons - cm-2 a t  371°C) 
Neutron-irradiated 304 SS (3T-5b, #1)  tested a t  R.T. 
(dose = 6.5 x loz2 neutrons * a t  371°C) 

FIGURE 2: Graph of Observed % Mode I Opening of a Given Crack Plotted a s  a 
Function of i t s  Propagation Angle a. 
l e s s  s teel  i r radia ted with neutrons. The smooth curve represents a 
r ig id  displacement of the crack flanks in the direction paral le l  t o  
the t ens i l e  ax i s ,  i . e . ,  B = 0. 

Specimens were type 304 s ta in-  

p las t ic  deformation which might lead t o  bending and effect ive  rotations a re  
negl i g i  ble. 

100 I 
0 -r 

w 
0 

H I -  

I 

30 60 90 120 
Crack Direction, a ( "1 

The e f f ec t  of helium ir radiat ion on crack mode i s  shown i n  Figure 3, which i s  
a graph of % Mode I character versus crack directional angle, a ,  f o r  four type 
316 s t a in l e s s  s tee l  specimens: an unirradiated one tested a t  room temperature, 
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100 t 

H L 

I Crack  Direction, o( ( 0 )  

0 Unirradiated 316 SS tes ted a t  R . T  
A Post i r radia t ion annealed 316 SS tes ted a t  R.T.  

( f lux = 1 .4  x 1015 ions 
(annealed a t  900°C fo r  * 10 sec) 

( f lux = 3.3 x lo1'+ ions cm-2sec-1; dose = 1.0 x 1017 ions - 
(no  annealing) 
Post- irradiation annealed 316 SS, tes ted a t  250°C 
( f lux  = 3.0 x lo"+ ions - crn-2sec-1; dose = 1.0 x 1017 ions 
(annealed a t  300°C) 
(mixed fracture  mode) 

cm-2sec-1; dose = 4 . 2  x 1017 ions - c r 2 )  

No post i r radia t ion annealing, 316 SS tes ted a t  R.T. 

F I G U R E  3 :  Graph o f  Observed % Mode I Opening of a Given Crack Plotted as a 
Function of i t s  Propagation Angle a. Specimens were type 316 s ta in-  
l e s s  s teel  i r radia ted with 80 keV helium ions .  The smooth curve re- 
presents a r ig id  displacement of the crack flanks in a direction 
parallel  t o  the tens i le  ax i s ,  i . e . ,  6 = 0. 
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an annealed he l i um- i r rad ia ted  one tes ted  a t  room temperature ( f l u x  = 1.4 x 1015 

i ons  

f o r  % 10 sec), a he l i um- i r rad ia ted  one tes ted  a t  room temperature ( f l u x  = 

3.3 x lo1" ions  

t i o n  anneal ing) ,  and a he l i um- i r rad ia ted  one tes ted  a t  250°C ( f l u x  = 3.0 x 10'" 

i ons  
f o r  30 min) .  Mode I 1  g r a i n  boundary s l i d i n g  was observed o n l y  i n  t he  case o f  

t he  u n i r r a d i a t e d  specimen tes ted  a t  room temperature and the annealed hel ium- 

i r r a d i a t e d  one tes ted  a t  room temperature. 

t h i s  i n v e s t i g a t i o n ,  i t i s  seen t h a t  when ~1 i s  smal l ,  i .e .  6 i s  almost p a r a l l e l  
t o  t h e  t e n s i l e  ax i s ,  t he  crack opening i s  c lose  t o  100% Mode 11. 

periment,  a l l  t he  observed 100% Mode I 1  cracks were along g r a i n  boundaries, 

which means a l l  t he  100% Mode I 1  crack propagat ions correspond t o  g r a i n  bound- 
a r y  s l i d i n g .  When the  observed g r a i n  boundary s l i d i n g  occurred, a l l  cases 
showed t h a t  s t rong Mode I character  cracks preceded the 100% Mode I 1  cracks 

and i n i t i a t e d  the  Mode I 1  c rack ing  by i n t e r s e c t i n g  the  g r a i n  boundaries a t  an 
angle near 90" as schemat ica l ly  shown i n  F igure  1-C. 

sec- l ,  dose = 4.2 x 1017 i ons  fo l lowed by anneal ing a t  900°C 

sec- l ,  dose = 6.0 x 1017 i ons  c w 2 ,  and no p o s t - i r r a d i a -  

sec- l ,  dose = 1.0 x 1017 i ons  fo l l owed  by anneal ing a t  3OOOC 

From the  s i x  specimens tes ted  i n  

I n  t h i s  ex- 

I n  t he  case o f  t he  neu t ron- i r rad ia ted  specimens (3T-5b #3) t es ted  a t  400°C and 

(3T-5b #1) t es ted  a t  room temperature, and i n  the case o f  t he  annealed helium- 

i r r a d i a t e d  type 316 s t a i n l e s s  s tee l  specimen tes ted  a t  250", t he  data p o i n t s  

were c l o s e r  t o  t he  smooth curve than o the r  cases. This  i s  e s p e c i a l l y  t r u e  f o r  

t he  neu t ron- i r rad ia ted  one (3T-5b #3) t es ted  a t  4OO0C, which a l s o  showed most 
o f  t he  data p o i n t s  l y i n g  i n  a reg ion  o f  a c lose  t o  90". Accord ingly ,  a l l  t he  

p o i n t s  f o r  t h i s  case correspond t o  the f r a c t u r e  which i s  c lose  t o  100% Mode I 
f r a c t u r e .  

A f u r t h e r  i n d i c a t i o n  o f  b r i t t l e n e s s  i s  the f l o w  l o c a l i z a t i o n  a t  g r a i n  bound- 

a r i e s  which mani fests  i t s e l f  as i n t e r g r a n u l a r  f a i l u r e .  

two specimens e x h i b i t e d  a s i g n i f i c a n t  amount o f  i n t e r g r a n u l a r  f a i l u r e ,  t he  

he1 i um- i r rad ia ted  one tes ted  a t  250°C and the  neu t ron- i r rad ia ted  one (3T-5b #3) 

t es ted  a t  400OC. Both o f  these specimens f a i l e d  l a r g e l y  by n e a r l y  pure Mode I 
crack propagat ion and e x h i b i t e d  a s i g n i f i c a n t  amount o f  i n t e r g r a n u l a r  f a i l u r e .  

I n  t h i s  i n v e s t i g a t i o n ,  
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The range of crack directions for the helium case was wider than that for the 
neutron case, which showed a narrow range of values of o near 90". 

It is also important to note that a small amount of intergranular failure oc- 
curs in the ductile, unirradiated specimen through the mechanism of grain 
boundary sliding. 
by a Mode 1 mechanism of intergranular failure when the specimen is subjected 
to irradiation as seen in Figure 2 by comparing the case of the unirradiated 
specimen tested at room temperature and the case of the neutron-irradiated spe- 
cimens, especially the one tested at 400OC. 
duct a post-irradiation anneal of the helium-irradiated specimen and thereby 
restore the small amount of Mode I1 intergranular failure found in ductile un- 
irradiated specimens as seen in Figure 3 by comparing the case of the unan- 
nealed helium-irradiated one tested at room temperature and the case of the an- 
nealed helium-irradiated one tested at room temperature. 
the post-irradiation annealing is to favor ductile crack propagation character- 
istics which are typified by the crack propagation data for the unirradiated 
specimen. 

This Mode I1 mechanism of intergranular failure is replaced 

It is possible, however, to con- 

A further effect of 

Displacement vector changes with distance to the crack tip. 
vector was measurea as a function of distance to the crack tip and it was 
found that as the measurement is made closer to the crack tip, the % Mode I 
character of the crack opening increases gradually as shown in Figure 4. 
this figure, the lowest point in a series of points is = 10-15 pm from the 
crack tip and the highest point in a given series i s  1 pm from the tip. 
result confirms that the choice of reference points for calculating D is not 
critical . 

The displacement 

In 

This 
A 

5.4 Theoretical Development 

In this investigation,grain boundary sliding was observed in the case of the 
unirradiated type 316 stainless steel tested at room temperature and the post 
helium irradiation annealed type 316 stainless steel tested at room tempera- 
ture, and only when I C ( (  <30° .  To understand the initiation and propagation 
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1 Crack Direct ion, ~4 ( 0 )  

FIGURE 4: Relationship Between % Mode I and Distance t o  Crack Tip. -: Direc- 
t ion t o  the Crack Tip. 
vector gets closer t o  the crack t i p ,  % :lode I i s  seen t o  increase. 
The lowest point in a se r ies  i s  = 10-15 p m  from the t i p  and the 
highest point i s  1 pm from the t i p .  

As the position t o  measure the displacement 

mechanisms of grain boundary s l id ing ,  i t  i s  important t o  develop a c r i t e r ion  
which explains the condition t o  produce grain boundary s l id ing ,  and so, in 
t h i s  paper, a new cr i t e r ion  i s  developed. 

In t h i s  theory o f  a maximum stress c r i t e r i on ,  i t  i s  assumed tha t  grain bound- 
ary s l id ing occurs when the boundary l i e s  in an  orientation near t h a t  corre- 
sponding t o  a maximum local shear s t r e s s  produced by the geometry of a crack 
in the presence of a load. To obtain the shear s t r e s s  dis t r ibut ion in f ront  
o f  a crack t i p ,  f i r s t  consider the  local s t r e s s  in  f ront  of the crack t i p ,  
which can be expressed in the notation in Figure 5 as (8)  
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1st crack 

FIGURE 7 :  Schematic Drawing of Crack Propagation. 

fo r  d i f fe ren t  values of 6. The plotted graph fo r  6 = lo" ,  Z O O ,  30", 40", 
and 50' i s  shown i n  Figure 8. Each curve i s  seen to  have some re la t ive  maxima 
which s h i f t  t h e i r  positions as 6 changes i t s  value. If the value of e "  which 
corresponds t o  the maximum point i s  taken t o  be e"max, there i s  a poss ib i l i ty  
o f  the occurrences of shearing across a plane lying in the orientation of 

e"max 
angle of  the crack propagation of the second crack against the tens i le  direc- 
t i on ,  the maximum value o f  i s  p l o t t e d  against a i n  Figure 9. One can see 
t ha t  as a changes, the value o f  T ~ ~ , ,  a t  the maximum p o i n t  s h i f t s  smoothly. 
Also, i t  i s  seen tha t  when a i s  close t o  13", 2 5 O ,  155", and 167", T ~ ~ , ,  a t  i t s  
maximum point has a maximum value. From t h i s  r e su l t ,  i t  i s  theoret ical ly  es- 
timated t ha t  when a = 13", 25", 155", and 167", the probability of the occur- 
rence of grain boundary s l id ing i s  highest. 

. Hence, t o  see the relat ion between the maximum shear s t ress  and the 

T h i s  theoretical  r e su l t  agrees with the experimental data which showed when 
la1 < 30" grain boundary s l id ing was observed. 
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FIGURE 8: Re la t ionsh ip  Between and e "  for  6 = lo",  20", 30", 40", and 50". 

FIGURE 9: Re la t ionsh ip  Between ( T ~ ~ , , ) ~ ~ ~  and CY f o r  Various Values o f  6. 
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5.5 Conclusions 

All grain boundary s l iding observed here was caused by a nearly Node I crack 
reaching a grain boundary and i n i t i a t i ng  Mode I 1  cracking a t  the g ra in  bound- 
a r y ,  i . e . ,  i n i t i a t i ng  grain boundary s l iding.  Node I1 cracking was only ob- 

served when the macroscopic tens i le  axis was nearly parallel  t o  the g r a i n  
boundary and a1 so t o  the crack opening displacement vector. 

Mode I1 fa i lu re  i s  hindered and Mode I cracking i s  formed by neutron and he- 
lium irradiat ion.  In the case o f  helium irradiat ion,  Mode I1 cracking can be 

restored by pos t  i r radiat ion annealing. 

Over the temperature range studied (25-6OO0C), Mode I1 intergranular f a i l u re  
i n  i r radiated specimens was absent and Mode I intergranular f a i l u re  was pres- 
ent in irradiated specimens. 

In unirradiated specimens, the crack propagation mode was observed to  undergo 
a t ransi t ion from Mode I1 t o  Mode I when the crack direction angle a exceeded 
about 30° ,  and th i s  resu l t  agrees with the theoretical resu l t .  
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7.0 Future Work 

Assessment of the amount of Mode 111 cracking will be made. 
microtensile specimen data and  bulk specimen data i s  be ing  addressed. 
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CHARACTERIZATION OF LOCALIZED PLASTIC FLOW BY INDENTATION GEOMETRY ANALYSIS 
M. Jayakumar and G. E. Lucas (Department of Chemical and Nuclear Engineer- 
ing, University of California, Santa Barbara) 

1.0 Objective 

The purpose of this study was to investigate a means of characterizing 
localized plastic flow in irradiated metals with indentation hardness. 
Specifically, we have investigated techniques for characterizing the flow 
distribution around impressions produced by static indentation tests and to 
determine a relationship, if any, between this flow distribution and the 
degree of homogeneity in the plasticity of the test material. 

2.0 Summary 

Seven alloys, heat treatable to a range of strengths and ductilities, have 
been investigated. Specimens were fabricated and pulled in uniaxial tension 
as well as subjected to indentation hardness. Both tensile and hardness 
specimen surfaces were replicated and examined by transmission electron 
microscopy. In addition, hardness indentations were examined by multiple 
beam and differential interference techniques. It was observed that speci- 
mens exhibiting very coarse slip produced quite asymmetric pile-ups around 
the indentations, whereas specimens exhibiting fine slip produced indenta- 
tions which were symmetric in their pile-up. 

3.0 Program 

Title: Damage Analysis and Fundamental Studies for Fusion Reactor Materials 
Development 

Principal Investigators: G. R. Odette and G. E. Lucas 
Affiliation: University of California, Santa Barbara 
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4.0 Relevant OAFS Program Plan Task/Subtask 

Subtask B Fundamental Mechanical Proper t ies  

5.0 Accomplishments and Status 

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

For a v a r i e t y  o f  reasons, i n c l u d i n g  volume l i m i t a t i o n s  i n  h i g h  energy 

neutron sources, techniques are requ i red  f o r  e x t r a c t i n g  mechanical proper-  

t i e s  from small volume specimens. To t h i s  end, a number o f  techniques have 
been under i n v e s t i g a t i o n  a t  UCSB. (1-5) 

One p l a s t i c  f l o w  phenomenon f o r  which the re  i s  i n t e r e s t  i n  c h a r a c t e r i z i n g  i n  
i r r a d i a t e d  meta ls  i s  t he  onset o f  inhomogeneous o r  l o c a l i z e d  p l a s t i c  f low.  

Th i s  i s  gene ra l l y  a t t r i b u t e d  t o  d i s l o c a t i o n  channel ing subsequent t o  o r  

concurrent  w i t h  an i r r a d i a t i o n  de fec t  c l e a r i n g  o r  sweeping i n  w ide l y  spaced 

narrow channels co inc iden t  w i t h  s l i p  planes. 

A technique f o r  cha rac te r i z i ng  l o c a l i z e d  p l a s t i c  f l o w  was i d e n t i f i e d  as 

having p o t e n t i a l  by Lucas and Haggag. (3)  I n  t h e i r  i n v e s t i g a t i o n  o f  t h e  

geometry o f  t he  p i l e - u p  around indenta t ions  i n  m i l d  s t e e l ,  they noted t h a t  

t h e  i n d e n t a t i o n  l i p  e x h i b i t e d  peaks and va l l eys ,  i . e . ,  it was "crown- l ike' '  

i n  appearance. Th is  had a l s o  been p rev ious l y  observed by Underwood,(6) who 

p o s t u l a t e d  t h a t  i t  was r e l a t e d  t o  Liiders band fo rmat ion  i n  s tee ls .  Since 

Lijders deformation i s  one t ype  o f  l o c a l i z e d  p l a s t i c  f low,  i t  was f e l t  t h a t  

l o c a l i z e d  o r  inhomogeneous p l a s t i c  f l o w  i n  general might  l ead  t o  such a 

phenomenon; hence, i n d e n t a t i o n  geometry ana l ys i s  migh t  be use fu l  f o r  moni- 

t o r i n g  and c h a r a c t e r i z i n g  t h e  onset o f  d i s l o c a t i o n  channel ing i n  i r r a d i a t e d  

metals.  

Consequently, a s tudy was undertaken t o  i n v e s t i g a t e  several  techniques f o r  

i n d e n t a t i o n  p i l e - u p  ana l ys i s  and t o  determine a r e l a t i o n s h i p ,  i f  any, be- 
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tween the pile-up geometry and the degree of homogeneity in the plastic flow 
of the test material. 

5.2 Materials 

Technique and correlation development was carried out on the six heat-treat- 
able alloys listed in Table 1. These alloys were selected because of the 
range of strengths and ductilities to which they could be heat-treated and 
because of the low ductilities which could be achieved -- thereby simula- 
ting, to a certain extent, radiation effects. In addition, the alloys taken 
together exhibit a range of homogeneities in their plasticity. Final heat 
treatments and conditions are also given in Table 1. 

Following development, techniques have been (and are being) tried on ad- 
ditional material. Reported here are results on nearly pure aluminum (1100 
Al) in both the hot-rolled and the quenched and aged condition. This latter 
conditon was achieved by annealing specimens at 6000C for 1/2 h, quenching 
in liquid nitrogen and aging at room temperature for 15 h. This produces 
hardening by vacancy dislocation loop formation, (7) thereby simulating 
radiation-induced dislocation channeling during plastic deformation. 

5.3 Experimental Procedure 

Tensile specimens -- 3.2 mm in diameter, 50.8 mm long and with a 25.4 mm 
gage length -- were fabricated from the various conditions of the first Six 
alloys given in Table 1. Three specimens of each material were pulled in 
uniaxial tension at room temperature; and stress-strain curves, strength, 
and ductility data were obtained. Selected tensile specimen gage section 
surfaces were electropolished and then replicated before and after tensile 
testing. Replicas were examined on a JEM-200 CX to determine the nature of 
deformation in uniaxial tension. 

Following tensile testing, the specimen end tabs were sectioned off, mounted 
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ALLOY I-- 
Cu-2 Be 

7075 A1 

TABLE 1 

Desc r i p t i on  o f  Test A l l o y s  

HEAT TREATMENT 

S o f t  

Anneal a t  
8000C, 1/2 h; 
water quench 

Anneal a t  
4700C, 2 h; 
water quench 

Anneal a t  
8450C, 1 h; 
oil quench; 
age 1 h a t  
5400C 

Anneal a t  
7300C, 1/2 h; 
furnace cool  
t o  6300C and 
water quench 

Anneal a t  
10400C, 1 h; 
water  quench; 
age 6 h a t  
6500C 

Anneal a t  
7850C, 20 min; 
a i r  cool  

As- r e c e i  ved 

In te rmed ia te  

As rece ived 

Anneal a t  
4700C, 2 h; 
water quench; 
age 1 day 
a t  Rm. Temp. 

Anneal a t  
8700C, 1 h; 
water quench; 
age 1 h a t  
5950c 

Anneal a t  
10400C, 1 h; 
water quench, 
age 2 h a t  
5400C 

Hard 

Anneal a t  
8000C, 1/2 h; 
age 1 h a t  
330°C 

Anneal a t  
4700C, 2 h; 
water quench; 
age 1 day 
a t  1200C 

Anneal a t  
8450C, 1 h; 
o i l  quench; 
age 1 h a t  
2600C 

Anneal a t  
8700C, 1 h; 
water quench; 
age 1 h a t  
1200c 

Anneal a t  
10400C, 1 h; 
water quench; 
age 1 h a t  
4800C 

Anneal a t  
7850C, 20 min: 
water quench; 
age 72 h a t  
4800C; water 
quench 

Anneal a t  
6000C, 1/2 h; 
l i q u i d  n i t r o -  
gen quench; 
Age a t  rm. 
temp., 15 h. 
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in Bakelite, polished and subjected to 12OY cone indentations. Loads were 
adjusted to provide indentations with diameters of 0.11 to 0.15 mm, a size 
convenient for subsequent investigation by optical microscopy. Selected 
indentations were replicated, and the replicas examined by transmission 
electron microscopy. All indentations were examined by both multiple beam 
interferometry and differential interferometry. Multiple beam interfero- 
metry was conducted on a Unitron Series N Metallograph using a xenon source 
and cadmium filter to produce monochromatic light with a 644 nm wavelength. 
Differential interfeometry was conducted on a Leitz Laborlux microscope 
using a tungsten source and a polarizer. Micrographs o f  indentations and 
replicas were then used in conjunction with tensile data to determine a 
relationship between flow distribution and indentation geometry. 

5.4 Results and Discussion 

Results of the tensile tests are summarized in Table 2. As can be seen, 

materials exhibited total ductilities ranging from -,. 4 to 40% and yield 
stresses ranging from 143 to 1800 MPa. In addition it should be noted that 
the Cu-2Be, 7075 A1 and Ti-Cr-A1 all showed evidence of localized plastic 
flow phenomena in the tensile tests. The Cu-2Be and 7075 A1 exhibited ser- 
rated yielding, characteristic of dynamic strain aging, and the Ti-Cr-A1 
alloy in the soft condition showed nearly elastic-perfectly plastic be- 
havior. 

Analysis of indentation geometries and surface replicas revealed the follow- 
ing. For materials which exhibited fine slip in uniaxial tensile deforma- 
tion ( i . e . ,  the A6, 17-4 PH and 4340 steel specimens), fine slip was also 
exhibited in the indentation pile-up; and the pile-up itself showed a high 
degree of uniformity with little or no crowning ( i . e . ,  exhibition o f  a 
crown-like lip). A representative example is shown in Fig. 1. The differ- 
ential interference micrograph shows that slip is relatively fine, and the 
multiple beam interferograph shows that the pile-up is quite uniform; i.e., 
the fringes are concentric with no nested circles, (which are indicative of 
crowning) at the lip of the indentation. 
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A1 1 oy 

Cu-2 Be 
Hard 
Medi um 
S o f t  

7075 A1 
Hard 
Medi um 
S o f t  

4340 Steel  
Hard 
S o f t  

A6 Steel  
Hard 
Medi um 
S o f t  

17-4 PH 
Hard 
Medi um 
S o f t  

Ti-Cr-A1 
Hard 
S o f t  

TABLE 2 

Summary o f  Un iax ia l  Tens i le  Test  Results 

Y i e l d  U l t imate  Uniform Tota l  Reduction S t r a i n  
Stress Tens i l e  Elongat ion D u c t i l i t y  i n  area Hardening 
(MPa) (MPa) (%) (%) (%I Exponent 

1014 1225 6.2 7.2 11.8  0.117 . .- .. . . . 
613 744 4.9 17.7 65.2 0.126 
21 2 491 36.1 37.5 71.4 0.242 

515 580 9.7 17.4 31.2 0.066 
258 459 17.4 20.6 34.3 0.017 
143 356 16.3 20.7 40.0 0.244 

1544 1898 3.7 12.7 49.8 0.138 
697 834 9.2 20.4 66.1 0.068 

1800 2331 4.4 4.4 6.9 0.133 
1320 1471 4.8 7.9 22.7 
477 837 10.0 12.8 23.6 0.198 

- -  

1245 141 1 4.1 15.1 56.3 0.102 
1060 1163 4.4 16.4 61.4 0.113 
706 971 4.3 17.7 63.8 0.187 

1309 1421 5.2 6.1 11.1 0.054 
990 990 14.4 23.6 57.9 0.020 

On t h e  o the r  hand, ma te r i a l s  which e x h i b i t e d  l o c a l i z e d  f l o w  i n  t h e i r  t e n s i l e  

behavior  e x h i b i t e d  coarse s l i p  steps on the  gage surface. An example f o r  

Cu-2 Be i s  shown i n  F ig .  2. I n  add i t i on ,  coarse s l i p  was a l so  ev ident  i n  

t h e  p i l e- up  around the  indenta t ions  i n  these a l l o y s ,  and t h e  p i le- ups ex- 

h i b i t e d  a pronounced crown- l ike appearance. An example f o r  Cu-2 Be i s  shown 

i n  F ig .  3. The d i f f e r e n t i a l  i n te r fe rence  micrograph demonstrates the  

coarseness o f  s l i p  around t h e  indenta t ion ,  and the  m u l t i p l e  beam i n t e r f e r o -  

graph shows l a r g e  groups o f  nested f r i n g e s  around the  i nden ta t i on  l i p .  
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F 

sion Electron Micrograph of a Surface Replica o f  the Soft 
Tensile Specimen at 8.1% Strain. Lines Correspond to 

PS. 

investigated, this correspondence between coarse slip and 
e indentation lip was observed. Moreover, for a given 
j observed to either be coarse for all heat treatments or 
re was no transition from fine slip to coarse slip as the 
!r as one might expect, for instance, in an irradiated 

3ttempted to simulate an irradiation response in 1100 
ling and aging as described previously in Section 5.2. 
!d and quenched/aged sample were investigated by inter- 
of indentation geometries. Results of the interferometry 
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analysis are shown in Fig. 4. The hot-rolled sample exhibited fine-to- 
intermediate slip, and as can be seen in Fig. 4, the pile up is largely 
devoid of crowning (the lip is somewhat obscured by deformation that took 
place when the reference plane of the interference objective contacted the 
surface). The quenched and aged sample showed coarse slip, and as can be 
seen in Fig. 4, pronounced crowning was exhibited in multiple beam inter- 
ferography. Thus, the technique appears promising for application to 
irradiated materials. 
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Future Work 

Work is underway to quantify the results described above. In addition other 
materials, particularly copper, are being investigated in quench and age 
experiments similar to the one conducted on aluminum as described above. 
Following favorable evaluation, the technique may be applied to other alloy 
systems and to actual irradiated samples. 
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FUNDAMENTAL FLOW AND FRACTURE ANALYSIS OF PRIME CANDIDATE ALLOY (PCA) FOR 

PATH A (AUSTENITICS) 

G.E. Lucas, P. Brashear (Department o f  Chemical and Nuclear Engineering, 
U n i v e r s i t y  o f  C a l i f o r n i a ,  Santa Barbara) 

P. J. Maziasz (Metals and Ceramics D iv i s ion ,  Oak Ridge Nat ional  Laboratory) 

1.0 Ob jec t ive  

The purpose o f  t h i s  aspect o f  the  program i s  t o  use a s e t  o f  wel l -character-  
i z e d  a l l o y s  under i n v e s t i g a t i o n  i n  t h e  A l l o y  Development f o r  I r r a d i a t i o n  

Performance (ADIP)  program t o  develop an understanding o f  t h e  r e l a t i o n s h i p  

between m ic ros t ruc tu re  and fundamental f l o w  and f r a c t u r e  behavior. Such an 
understanding i s  v i t a l  t o  t h e  development o f  c o r r e l a t i o n  methodologies f o r  
use i n  t h e  f u s i o n  ma te r ia l s  program. Moreover, t h e  mechanical p r o p e r t i e s  
da ta  obta ined i n  such an ana lys is  w i l l  be o f  immediate i n t e r e s t  t o  the A D I P  

program. 

-ent areas. I n  t h e  f i r s t ,  shear punch t e s t s  

, t r uc tu res  o f  PCA and values o f  room temper- 
i l e  s t rength,  and reduct ion  i n  area were pre-  

nd t e s t ,  w i t h  ac tua l  experimental values o f  
etermined separate ly  a t  ORNL. Q u i t e  good 

p red i c ted  and ac tua l  values o f  t h e  s t reng th  
a, techniques have been developed t o  t e s t  

under creep and creep rup tu re  cond i t ions ;  a 

i t i a t e d  on the  A3 and 82 micros t ruc tures  o f  

compared t o  MFE 316 s t a i n l e s s  s t e e l ,  a re  

96 



3.0 Program 

T i t l e :  Damage Analys is  and Fundamental Studies f o r  Fusion 

Reactor Ma te r i a l s  Development 

P r i n c i p a l  I nves t i ga to r :  G. R. Odette and G. E. Lucas 

A f f i l i a t i o n :  U n i v e r s i t y  o f  C a l i f o r n i a ,  Santa Barbara 

(Th is  work was performed i n  c o l l a b o r a t i o n  w i t h  P. J. Maziasz, 

A1 l o y  Development f o r  I r r a d i a t i o n  Performance (ADIP )  Program 

f o r  Magnetic f us ion  Energy, Metals and Ceramics D i v i s i o n ,  

Oak Ridge Nat ional  Laboratory.) 

4.0 Relevant DAFS Program Plan Task/Subtask 

Subtask B Fundamental Mechanical Proper t ies  

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

5.0 Accomplishments and Status 

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

As described prev iously ," ) t h i s  program was i n i t i a t e d  f o r  several reasons. 

A number o f  mic ros t ruc tures  o f  PCA have been fab r i ca ted  and w e l l  

charac ter ized f o r  purposes o f  s tudying the  v o i d  swe l l i ng  response o f  t h i s  
system; hence, a ma te r ia l s  bank e x i s t s  which i s  i d e a l l y  s u i t e d  f o r  

fundamental f l o w  and f r a c t u r e  i nves t i ga t i ons .  Moreover, a need e x i s t s  t o  
evaluate t h e  mechanical p rope r t i es  o f  t h i s  a l l o y  system t o  complement t h e  

swe l l i ng  res is tance data which are c u r r e n t l y  being co l lec ted .  

I n i t i a l  microhardness studies" ) showed t h a t  PCA prec ip i ta te- hardened w i t h  

aging t ime a t  750"C, whereas cold-worked, s o l u t i o n  strengthened austenic  

s t a i n l e s s  s t e e l s  sof tened under t h e  same cond i t ions .  This  prov ided some 

demonstration t h a t  PCA i n  the  p r e c i p i t a t e  hardened c o n d i t i o n  might  e x h i b i t  a 

b e t t e r  e levated temperature s t reng th  than s o l u t i o n  strengthened and/or co ld-  
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work strengthened a u s t e n i t i c  s t a i n l e s s  s tee ls .  As a subsequent e f f o r t ,  shear 

punch t e s t s  were performed on PCA t o  corroborate t h e  microhardness f i nd ings .  

(This  was a l so  done, t o  some ex ten t ,  t o  t e s t  t h e  shear punch approach, as 

p a r t  o f  t h e  e f f o r t  t o  develop small specimen t e s t  techniques.(2)) I n  addi- 

t i o n  creep and creep rup tu re  i nves t i ga t i ons  were i n i t i a t e d  on several micro-  

s t ruc tu res  o f  PCA and on MFE 316 s t a i n l e s s  s tee l  i n  the 20% c o l d  worked 

c o n d i t i o n  as a reference. The r e s u l t s  o f  these e f f o r t s  are repor ted  below. 

5.2 Shear Punch Tests 

Shear punch t e s t s  were conducted on PCA mic ros t ruc tures  A l ,  A2, A3, 82, C, 

and D a t  room temperature us ing bo th  3 mm and 1 mm punches. From the  re-  

s u l t i n g  load-displacement curves, the  y i e l d  s t ress ,  u l t ima te  t e n s i l e  s t reng th  

(UTS) and reduc t i on  i n  area were  determined by procedures discussed e lse-  

where. (3) A t  t h i s  t i m e ,  because o f  the  l i m i t e d  data upon which these 

c o r r e l a t i o n s  are  based, t h e  unce r ta in t y  i n  s t rength  p red i c t i ons  i s  f 150 MPa; 

and the  unce r ta in t y  i n  reduc t ion  i n  area (RA) p r e d i c t i o n s  i s  f 20% o f  t h e  RA 

value. For comparison, shear punch t e s t s  were a lso  conducted on the  M1, M3, 

and M4 micros t ruc tures  o f  MFE 316 s t a i n l e s s  s t e e l  and the  01, 03, and 04 

mic ros t ruc tures  o f  t h e  DO heat o f  316 s t a i n l e s s  s tee l . x  These data were 

obta ined w i thou t  p r i o r  knowledge o f  the  actual  room temperature t e n s i l e  data 

o f  the  corresponding a l l oys .  Hence, the  experiment was performed as a b l i n d  

t e s t .  

Fo l lowing these t e s t s ,  data were compared t o  t e n s i l e  data obta ined on a l l o y s  

01, 03,(4) A l ,  A3, E d 5 )  and M3. (6) Results o f  the  comparison are shown i n  

Table 1 and F ig .  1. Several p o i n t s  are worth not ing.  F i r s t ,  g iven the  

unce r ta in t y  i n  t h e  shear punch-UT5 p r e d i c t i o n  and the  unce r ta in t y  i n  t h e  
empi r ica l  c o r r e l a t i o n  between diamond pyramid hardness and UTS, ( 7 )  t he re  i s  

XThe numbers i n  t h e  designat ions M1-M4 and 01-04 have the  f o l l o w i n g  meanings: 
1 = s o l u t i o n  annealed 
3 = 20% c o l d  worked 
4 = 20% c o l d  worked p l u s  aged 2 h @ 750°C 
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T LEGEND 

MEASURED STRENGTH (MPa) 

FIGURE 1 .  Comparison of Values of Yield S t r e s s  and Ultimate Tens i le  Strength 

Measured i n  Uniaxial Tension Tests w i t h  Values Predicted from Both 
Shear Punch and Diamond Pyramid Hardness Tests. 

reasonable agreement among b o t h  predic ted  values and t h e  ac tua l  measured 

values o f  UTS. Secondly, w i t h  t h e  exception o f  one material  (03), t h e r e  i s  
reasonable agreement between t h e  predic ted  and measured values of y i e l d  

s t r e s s .  F i n a l l y ,  t h e  values of UTS predic ted  from shear da ta  a r e  i n  b e t t e r  

agreement than t h e  values of y i e l d  s t r e s s ;  t h i s  is  a r e f l e c t i o n  o f  t h e  b e t t e r  
experimental accuracy i n  determining maximum loads i n  t h e  shear-punch load- 

displacement curves than i n  determing y i e l d  loads. ( 3 )  
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It should also be noted that the material exhibiting the highest room temper- 
ature yield stress (813 MPa), and the highest room temperature UTS (848 MPa) 
is 03. The microstructure/alloy exhibiting the lowest room temperature yield 
stress (220 MPa) and the lowest ultimate tensile strength (529 MPa) is Al. 

Finally, the predicted values of reduction in area are in rather poor agree- 
ment with measured values. This may in part be due to difference in tensile 
specimen geometries (i.e., the ones used to generate the punch correlation 
versus the ones used to obtain the data in Table 1). This is currently under 
investigation. 

5.3 Creep and Creep Rupture Tests 

Creep and creep rupture properties of alloys selected from those mentioned 
above are being conducted on sheet tensile specimens with the nominal 
geometry given in Fig. 2. These specimens are relatively small. This 
geometry was selected to maximize the number of specimens which could be 
tested from the available experimental alloy stock. 

Prior to initiating tests on PCA microstructures and reference materials, an 
initial developmental effort was undertaken to devise a means of testing 
these small specimens to obtain both creep and creep rupture data, and to 
validate these data against larger specimens. ATS 2430 creep frames were 
modified to provide both lever arm and direct dead weight loading. Special 
wedge grips were fabricated to permit aligned gripping of the small specimens 
and to provide standard mechanical/electrical extensometers (ATS 412 type) to 
be attached for displacement measurement. The grip geometry is shown in Fig. 
3. Because of the specimen size, it was decided to avoid attaching an exten- 
someter directly to the specimen gage section. However, to minimize 
extraneous displacment measurements, the points of attachment were kept as 
close to the specimen gage section as possible. As shown in Fig. 3 ,  the 
extensometer attaches to the rib just behind the specimen end tab. 
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L w 2  L w 3  
D = 0.073 

THICKNESS=0.031 W2 = 0.060 

W1 = W3 = 0.0010 TO 0.0015 

GREATER THAN WD 

FIGURE 2. Geometry o f  Sheet T e n s i l e  Specimen. (Dimensions a r e  i n  inches. )  

FIGURE 3. Small Creep Specimen Gr ips .  
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To v a l i d a t e  t h e  smal l  specimen t e s t  technique, bo th  small specimens ( i . e . ,  

F ig .  2) and l a r g e  ( i .e . ,  a gage sec t i on  5.08 cm long  x .64cm x .084 cm) 

specimens -- t o  which t h e  extensometer cou ld  be d i r e c t l y  at tached -- were c u t  

from A I S 1  302 s t a i n l e s s  s tee l .  Both types o f  specimens were t e s t e d  i n  uni-  
a x i a l  tens ion  over a temperature range o f  755-1030°K and a s t ress  range o f  

124-558 MPa. Resul ts  a re  shown i n  Figs. 4 and 5. 

F igure  4 i l l u s t r a t e s  t h e  v a r i a t i o n  o f  t h e  Larson-Mi l ler  parameter (LMP) w i t h  

app l i ed  s t ress  u f o r  bo th  l a r g e  and small specimens, here 

LMP = T(”K)(log t r (h )  + 20) (1) 

where tr i s  the  rup tu re  t ime and T i s  the  t e s t  temperature. 

As can be seen, t h e  data obtained from both  l a r g e  and small specimens f a l l  on 

t h e  same master curve, i n d i c a t i n g  the  v a l i d i t y  o f  t h e  small specimen tech- 

nique f o r  o b t a i n i n g  creep rup tu re  data. Note t h e  two separate regimes o f  u 
vs. LMP. These both  correspond t o  regimes o f  t ransgranular  f r a c t u r e  as can 

be v e r i f i e d  by the  corresponding factographs shown i n  F ig.  4. Pre l im inary  

analyses i n d i c a t e  t h a t  the  behavior a t  h igh  st resses probably corresponds t o  

a d i s l o c a t i o n  g l i d e  c o n t r o l l e d  regime, and t h e  behavior a t  low st resses t o  a 

d i s l o c a t i o n  c l imb- g l  i d e  regime. 

F igure  5 i l l u s t r a t e s  the  v a r i a t i o n  o f  the  rup tu re  t ime w i t h  the  minimum creep 

r a t e ,  i . e . ,  the  Monkman-Grant r e l a t i o n s h i p ,  (8) f o r  bo th  l a r g e  and small 

specimens. Again bo th  data se ts  f a l l  on t h e  same master curve, i n d i c a t i n g  

t h e  v a l i d i t y  o f  the  small specimen t e s t  technique f o r  measuring bo th  creep 

s t r a i n  and creep r a t e s .  

Once the  techniques had been developed and v e r i f i e d ,  t e s t s  were begun on PCA 

mic ros t ruc tures  A3 and 82 and on M3 as a reference ma te r ia l  ( i .e, ,  MFE 316 

s t a i n l e s s  s tee l ,  20% cold-worked). To date, t e s t s  have on l y  been conducted 

a t  65OoC i n  the  s t ress  range 262-379 MPa. Comparisons o f  t h e  data f o r  t h e  

t h r e e  a l loys /mic ros t ruc tures  are shown i n  Figs. 6 and 7. 
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STI\NDARDSPEClMENS 
A MINIATURE SPECIMENS 

leW0 l7WO l80W 19WO 2wW 21000 

LARSON~MILLER PARAMETER 

FIGURE 4. Variation of the Larson-Miller Parameter with Applied Stress for 
Both Large and Small Tensile Specimens. 

I I I I 
0 1  ( 0  100 0 0 1  

MINIMUM CREEP RATE, mcr ipercentihi 

FIGURE 5. Variation o f  the Minimum Creep Rate with Rupture Time for Both 
Large and Small Tensile Specimens. 
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RUPTURE TIME, 1, (hi 

FIGURE 6. V a r i a t i o n  o f  t h e  Rupture Time w i t h  Appl ied Stress f o r  M3, A3, and 

82 a t  650°C. 

?my- 3. 

\,. 

PCA A3 
A PLC 82  

7 

I I I J 
0.1 1.0 100 

1 
0 .W 0 01 

MlNlMUM CREEP RATE. mCr 1pBrClinfIhl 

FIGURE 7. V a r i a t i o n  o f  t he  Minimum Creep Rate w i t h  Rupture Time f o r  M3, A3, 

and 82 a t  65OUC. 
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Figure  6 i l l u s t r a t e s  the  v a r i a t i o n  o f  rup tu re  t ime w i t h  app l i ed  st ress.  For 

these cond i t ions ,  a l l  f a i l u r e s  were t ransgranu lar  w i t h  the  except ion o f  the  

t e s t  a t  262 MPa f o r  A 3 .  Th is  f a i l u r e  was i n t e r g r a n u l a r  (as v e r i f i e d  by 

f ractography)  and corresponds t o  a slope change i n  u vs. tr. I n  the  t rans-  

g ranu lar  f a i l u r e  regime, f o r  a g iven rup ture  t ime, t h e  app l ied  s t ress  i s  

g rea tes t  f o r  A 3  and smal lest  f o r  82. This  i s  cons is ten t  w i t h  t h e  e levated 
temperature y i e l d  s t ress  data f o r  these a1 loys/microstructures.  (5) 

F igure  7 i l l u s t r a t e s  the  v a r i a t i o n  o f  the  minimum creep r a t e  w i t h  rup tu re  

t i m e  f o r  t h e  th ree  mater ia ls .  For a g iven rup tu re  t ime,  t h e  creep r a t e  i s  

somewhat h igher  f o r  M3.  The creep ra tes  f o r  82 and A 3  a re  near ly  i d e n t i c a l .  

It i s  important  t o  note t h a t  a t  these t e s t  temperatures and t imes, the  micro-  

s t ruc tu res  o f  these ma te r ia l s  are no t  constant.  For instance,  time-temper- 
a t u r e - p r e c i p i t a t i o n  (TTP) curves f o r  PCA show t h a t  t h e  percent  formation of 

MC achieved by aging a t  7 5 0 0 C  f o r  2 h ( i . e . ,  the  m a t r i x  p r e c i p i t a t i o n  step i n  
m ic ros t ruc tu re  82) i s  a l so  achieved a t  65OoC i n  42 h .  This  i s  born o u t  

i n  the  t e s t s  t o  date. For instance, Fig. 8 shows both  b r i g h t  f i e l d  and dark 

f i e l d  TEM micrographs o f  a l l o y  A3 a f t e r  exposure t o  6 5 0 ° C  f o r  217 h ( i . e . ,  

t h e  TEM d i s c  was c u t  from t h e  gage sec t i on  o f  the  corresponding creep rup tu re  

specimen a f t e r  the  t e s t ) .  The decorat ion w i t h  MC o f  t h e  d i s l o c a t i o n s  i s  
q u i t e  s i m i l a r  t o  b u t  s l i g h t l y  coarser than t h a t  f o r  m ic ros t ruc tu re  82. 

(Note t h a t  bo th  the  m a t r i x  - and g r a i n  boundary MC d i s t i r b u t i o n s  are  s i m i l a r  

t o ,  b u t  again s l i g h t l y  coarser than, m ic ros t ruc tu re  C")). Consequently, i t  

i s  no t  e n t i r e l y  s u r p r i s i n g  t h a t  the creep r e s u l t s  are s i m i l a r  f o r  A 3  and 82 
a t  long t e s t  t imes.  However, s ince  t h e  82 has s i g n i f i c a n t l y  coarser MC a t  

t h e  g r a i n  boundary (see r e f .  1) than t h e  tes ted  A 3 ,  t h e  response t o  i n t e r -  

granular  f a i l u r e  may be considerably  d i f f e r e n t .  This  w i l l  be i nves t i ga ted  i n  
f u t u r e  t e s t s .  S i m i l a r l y ,  TEM inves t i ga t i ons  o f  the  o the r  mic ros t ruc tures  and 

t e s t  cond i t ions  are  ongoing. However, t he re  i s  i n s u f f i c i e n t  data a t  t h i s  

p o i n t  i n  t ime t o  draw any conclusions. 

(1) 
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7.0 Future Work 

Work w i l l  continue on obta in ing creep and creep rupture  data on mate r ia l s  M3, 

A3, and 82, p a r t i c u l a r l y  a t  lower temperatures. Addi t ional  micros t ruc tures 

may be invest igated.  Furthermore, microst ruc tura l  analysis o f  specimens w i l l  
continue. Microstructures o f  the as- fabr icated mater ia l  w i l l  be compared t o  

mate r ia l  exposed t o  t ime a t  temperature (specimen end tabs) and creep defor-  

mation (gage length). Work w i l l  begin on microstructure- property r e l a t i o n -  

sh ip  and deformat ion/ f racture mapping. 
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SUPPRESSION OF V O I D  NUCLEATION BY INJECTED INTERSTITIALS FOR MEDIUM ENERGY 
IONS 

D.L. Plumton, H.M. Attaya and W.G. Wolfer (Un ive rs i t y  o f  Wisconsin) 
- 

1 .o Objec t ive  

I n j e c t e d  i n t e r s t i t i a l s  were recen t l y  shown t o  suppress vo id  nuc lea t ion  i n  14 
MeV i o n  bombardment. For 5 MeV i o n  bombardment, which i s  employed by many 
l abo ra to r i es ,  the  spread o f  the i n j e c t e d  i n t e r s t i t i a l s  represents a l a r g e r  
f r a c t i o n  o f  the e n t i r e  range. The e f f e c t  o f  t h i s  increased over lap o f  the  two 
p r o f i l e s ,  displacement damage and i n j e c t e d  i n t e r s t i t i a l ,  on t h e  suppression o f  
vo id  nuc lea t ion  i s  inves t iga ted .  

2.0 Summary 

The e f f e c t  o f  i n j e c t e d  i n t e r s t i t i a l s  on v o i d  nuc lea t ion  depends on the  prec ise  
d i s t r i b u t i o n  o f  both the displacement damage and the deposited ions. The 

lower the  i o n  energy, the l a r g e r  the over lap o f  these two d i s t r i b u t i o n s .  
These d i s t r i b u t i o n s  have been obtained f o r  5 MeV N i  i o n  bombardment o f  n i c k e l  
us ing  two d i f f e r e n t  computer codes. The BRICE and HERAD codes were used t o  
evaluate the depth d i s t r i b u t i o n  o f  the vo id  nuc lea t ion  ra te .  S i g n i f i c a n t  d i f -  
ferences were found f o r  the  degree and range o f  vo id  nuc lea t ion  suppression. 

3.0 Programs 

T i t l e :  E f f e c t s  o f  Radiat ion and High Heat F lux on the Performance o f  F i r s t  

P r i n c i p a l  I nves t i ga to r :  W.G. Wolfer 
A f f i l i a t i o n :  Un ive rs i t y  o f  Wisconsin-Madison 
T i t l e :  Rad ia t ion  Damage Studies 

P r inc ipa l  I nves t i ga to r :  G.L. Ku lc insk i  and R.A. Dodd 
A f f i l i a t i o n :  U n i v e r s i t y  o f  Wisconsin-Madison 

Wall Components 
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4.0 Relevant DAFS Program Task/Subtask 

11.5.2.3 

Subtask C. Correlation Methodology 

5.0 Accomplishment and Status 

5.1 Introduction 

In a recent investigation, Plumton and Wolfer(l) have shown tha t  the injected 
self- ions in ion-bombardment studies can suppress void nucleation i n  the  peak 
damage region. T h i s  suppression was particularly pronounced a t  low tempera- 
tures when recombination becomes the dominant point defect loss  mechanism. 
Since the predominance of recombination a1 so depends on the displacement ra te ,  
which in t u r n  is  a function of depth, the depth dis t r ibut ion of the void 
nucleation ra te  exhibits a complicated profile.  The void nucleation prof i le  
i s  determined by the mutual overlap of the two depth distribution prof i les ,  
the displacement ra te  prof i le  and the ion deposition r a t e  prof i le .  For 
example, i t  was found that  voids nucleate in two separate bands, one found in 
f ront  and one behind the peak damage region. A1 though a large f ract ion of the 
self- ions come t o  r e s t  behind the peak damage region, void nucleation i s  s t i l l  
possible inspi te  of the high concentration of excess i n t e r s t i t i a l s  because the 
displacement ra te  i s  low. The low displacement ra te  gives a low point defect  
supersaturation so tha t  point defect loss occurs mainly a t  sinks and recombi- 
nation i s  insignificant as  a loss mechanism; therefore the injected i n t e r s t i -  
t i a l s  have l i t t l e  e f fec t  on void nucleation. 

The previous investigation was specifically carried out for 14 MeV Ni ion 
bombardment of nickel and ut i l ized the BRICE code to  determine prof i les  for  
the displacement damage and i o n  deposition. Because of the large ion range, 
the region of mutual overlap of these prof i les  i s  re la t ively small and n o t  
very sensi t ive  t o  the precise determination of these profiles.  However, for  
lower energy bombardment the overlap region becomes an increasing fraction of 
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t h e  t o t a l  i o n  range. Consequently, any inaccuracies i n  the  damage and i o n  
depos i t ion  p r o f i l e s  f o r  low energy ions w i l l  l i k e l y  have a l a r g e r  e f f e c t  on 
the  accuracy o f  the nuc lea t ion  p r o f i l e .  For  example, i t  i s  assumed i n  the  
BRICE code t h a t  the i o n  deposi t ion p r o f i l e  i s  Gaussian. While t h i s  i s  proba- 
b l y  a reasonable assumption f o r  h igh  energies, i t  i s  expected t o  be l e s s  r e l i -  
able a t  lower i o n  energies. 

The c a l c u l a t i o n s  were c a r r i e d  ou t  f o r  5 MeV N i  i o n  bombardment o f  n i cke l  us ing 

the r e s u l t s  o f  both the BRICE(') and the HERAD(3) code. The l a t t e r  code 
solves the i o n  t ranspor t  problem w i thou t  r e s o r t i n g  t o  any compromising assump- 

t i o n s  by the implementation o f  a Monte Carlo s imulat ion.  With a s u f f i c i e n t l y  
l a r g e  number o f  case h i s t o r i e s ,  accurate damage and i o n  depos i t ion  p r o f i l e s  

can be obtained. 

5.2 Displacement Damage and I o n  Deposi t ion P r o f i l e s  

The displacement damage p r o f i l e s  ca l cu la ted  w i t h  the  BRICE and HERAD codes are  
i l l u s t r a t e d  i n  Figs. 1 and 2, respect ive ly ,  where the  min imm displacement 
energy i s  taken as 40 eV. The damage peak f o r  the  BRICE case i s  a t  - 0.85 P 

wh i le  f o r  the HERAD case the peak i s  a t  - 1.05 v. This s h i f t  o f  the HERAD 

peak, r e l a t i v e  t o  the BRICE peak, towards the  end o f  range i s  r e f l e c t e d  i n  the  

i on  depos i t ion  p r o f i l e s .  The BRICE peak depos i t ion  i s  a t  - 1 P wh i le  t h e  
HERAD peak depos i t ion  i s  a t  - 1.2 N. 

The displacement r a t e  and the  excess i n t e r s t i t i a l  f r a c t i o n  are p l o t t e d  as a 
func t i on  o f  depth f o r  both codes i n  Fig. 3. The excess i n t e r s t i t i a l  f r a c t i o n  
i n  both 5 MeV cases r i s e s  t o  about three t imes the  magnitude o f  t h a t  i n  the  14 

MeV case. Therefore the  excess i n t e r s t i t i a l s  should be more important  f o r  5 
MeV i r r a d i a t i o n s  than the 14 MeV i r r a d i a t i o n s .  

5.3 Void Nucleat ion P r o f i l e s  

For  the eva lua t ion  o f  the vo id  nuc lea t ion  ra tes  as a func t i on  o f  depth i n  

n i cke l  the same mate r ia l s  parameters were used as i n  the  previous study. (1) 
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DEPTH IN MICRONS 

FIGURE 1. Displacement Damage and Ion Deposition stribution for 5-MeV 
Nickel on Nickel Using the BRICE  Code.( ? j  

DEPTH IN MICRONS 

FIGURE 2. Displacement Damage and Ion Deposition D’stribution for 5-MeV 
Nickel on Nickel Using the HERAD Code.(3 J 
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FIGURE 3 .  Comparison o f  the Displacement Rates and Excess I n t e r s t i t i a l  
Fraction, E ~ ,  Between the B R I C E  ( E )  Code and the HERAD ( H )  Code. 
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S p e c i f i c a l l y ,  a d i s l o c a t i o n  densi ty  ( s i n k  st rength)  o f  5 E 1 3  n i 2  i s  assumed and 

the cascade su rv i va l  f r a c t i o n  i s  taken as 0.25. Although the  same vacancy 
format ion and m ig ra t i on  energies were used, 1.7 eV and 1.2 eV respect ive ly ,  

the sel f - d i f f u s i o n  pre-exponential f a c t o r  i s  s l i g h t l y  d i f f e r e n t  a t  1 . 3 4 E - 6  

m /sec. The o l d  value was an exper imenta l ly  determined value t h a t  was good 

f o r  a p a r t i c u l a r  vacancy migra t ion  energy only.  To make the  self-atom d i f -  

f u s i v i t y  i n t e r n a l l y  consis tent ,  a change i n  the  vacancy m ig ra t i on  energy must 

no t  only  e f f e c t  the exponential  b u t  a lso  the  pre-exponential .  The formal ism 

used i s  t h a t  developed by Seeger and Mehrer($) where t h e  pre-exponential i s  

t r ea ted  as a func t i on  o f  the vacancy m ig ra t i on  energy. The change i n  the  pre- 

exponenti a1 i s  most important  a t  h igh  temperatures (600°C)  where previously( ' )  

the ca l cu la ted  vo id  nuc lea t ion  r a t e  dropped p rec ip i t ous l y .  

2 

The depth and temperature dependence o f  the vo id  nuc lea t ion  ra tes  f o r  5 MeV N i  
on n i cke l  i s  shown i n  Fig. 4 f o r  the B R I C E  code, and i n  Fig. 5 f o r  the  HERAD 

code. The dashed l i n e s  i n  both f i gu res  represent the vo id  nuc lea t ion  r a t e s  
w i t h  the i n j e c t e d  i n t e r s t i t i a l s  neglected. The suppression o f  v o i d  nuc lea t i on  
i s  seen t o  be very s i g n i f i c a n t  except f o r  the h igh  temperature, 6OO0C, cases. 

I n  add i t ion ,  l a r g e  discrepancies i n  the vo id  suppression between the  B R I C E  and 
HERAD code are observed. Whereas the  damage and i o n  depos i t ion  p r o f i l e s  from 

the  B R I C E  code r e s u l t  i n  l i t t l e  suppression a t  5OODC, the p r o f i l e s  obta ined 
w i t h  the HERAD code g i ve  a l a r g e  suppression a t  50O0C. Even a t  600'C the  

HERAD r e s u l t s  g i ve  a s i g n i f i c a n t  reduc t ion  o f  vo id  nuc lea t ion  a t  the  peak 
damage loca t i on .  

The s h i f t  i n  the  peak o f  swe l l i ng  due t o  excess i n t e r s t i t i a l  suppression can 

be l a r g e r  f o r  t h e  HERAD code than f o r  the B R I C E  code depending on the  tempera- 

ture .  

The B R I C E  code r e s u l t s  g i ve  a peak nuc lea t ion  s h i f t  o f  - 0.4 p a t  300°C (0.9 p 

t o  0.5 u)  wh i le  a t  500°C the s h i f t  i s  - 0.2 p (0.9 N t o  0.7 11). The HERAD 

code r e s u l t s  g i ve  a peak nucleat ion s h i f t  o f  - 1 a t  300Y (1.1 u t o  0.1 II) 
wh i le  a t  500°C the s h i f t  i s  - 0.3 11 (1.1 11 t o  0.8 d .  
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DEPTH (microns) 

FIGURE 4. Void Nucleation Profile from BRICE Data. 

DEPTH (microns) 

FIGURE 5. Void  Nucleation Profile from HERAD Data. 
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5.4 Discussion 

The vo id  nuc lea t ion  d i f ferences,  obtained between the  BRICE code and the  HERAD 

code, occur because o f  the d i f f e rence  i n  the shape o f  the  displacement r a t e  

and i on  depos i t ion  p r o f i l e s  between the t w o  codes. The B R I C E  code g ives a 
Gaussian shape wh i l e  the HERAD code gives a non-Gaussian shape e x h i b i t i n g  a 

more pronounced t a i l  towards the  surface. Because o f  the more d e t a i l e d  physi-  

ca l  modeling o f  the c o l l i s i o n  process i n  HERAD and the absence o f  any compro- 

mis ing assumptions regarding the s o l u t i o n  o f  the  t ranspor t  equation, the  re-  
s u l t s  o f  the HERAD code are expected t o  be more r e l i a b l e .  

The l a r g e r  e f f e c t  o f  the excess i n t e r s t i t i a l s  a t  ( o r  near) the  peak damage 
reg ion  i n  the HERAD case occurs because the ion- deposi t ion p r o f i l e  does no t  
e x h i b i t  as l a r g e  a s t ragg l i ng  a t  the end o f  range as the BRICE case. The 
l a r g e r  s h i f t  i n  the peak nuc lea t ion  as a f unc t i on  o f  temperature i n  the HERAD 
case occurs because o f  more s t ragg l i ng  towards the  surface than i n  the  BRICE  

case. The long t a i l  towards the surface gives a low excess i n t e r s t i t i a l  

f r a c t i o n  which i s  only  s i g n i f i c a n t  a t  low temperatures when recombination 
dominates the  p o i n t  de fec t  loss. 

Regardless o f  which code i s  used, the e f f e c t s  o f  excess i n t e r s t i t i a l s  a t  t h i s  

mediun energy, 5 MeV, are more pronounced than i n  the 14 MeV r e s u l t s  because 

the excess i n t e r s t i t i a l s  cover a l a r g e r  f r a c t i o n  o f  the  t o t a l  range. When a 

more accurate displacement damage code such as HERAD i s  used the  e f f e c t  o f  
i n j e c t e d  i n t e r s t i t i a l s  i s  l a r g e r  i n  the low and middle temperature range than 

might be expected s t r i c t l y  from ana lys is  w i t h  the BRICE  code. 
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7.0 Future Work 

Fu r the r  evaluat ions w i l l  be performed on low-energy i o n  bombardment i n  the  

range from 10 keV t o  1 MeV. 
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MICROSEGREGATION INDUCED I N  Fe-35.5Ni-7.5Cr B Y  I R R A D I A T I O N  I N  E B R - I 1  

H. R. Brager  and F. A. Garner (Hanford Eng ineer ing  Development L a b o r a t o r y )  

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

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

c reep  and changes i n  mechanical  p r o p e r t i e s  i n  Fe-Ni-Cr a l l o y s .  

2.0 Summary 

The examina t ion  was c o n t i n u e d  of compos i t i on  o s c i l l a t i o n s  i n  an annealed 

Fe-35.5Ni-7.5Cr a l l o y  which i s  r e s i s t a n t  t o  v o i d  f o r m a t i o n .  Energy d i s -  
p e r s i v e  x- ray  measurements were made of t h e  m a t r i x  compos i t i on  a long  

s t r a i g h t  l i n e s  a t  s m a l l e r  i n t e r v a l s  (50 vs 200 nm) t h a n  p r e v i o u s l y  r e p o r t e d .  

These d a t a  b e t t e r  d e l i n e a t e  t h e  o s c i l l a t i o n s  i n  c o m p o s i t i o n  measured i n  t h i s  

s i n g l e  phase m a t e r i a l  i r r a d i a t e d  i n  t h e  E B R - I 1  a t  593°C t o  4 0  dpa and 

v e r i f y  p r e v i o u s  EDX r e s u l t s .  The m a t r i x  compos i t i on  of u n i r r a d i a t e d  s p e c i -  

mens were a l s o  examined b y  EDX and showed o n l y  m in ima l  s p a t i a l  v a r i a t i o n s .  

The c o m p o s i t i o n a l  v a r i a t i o n s  o f  t h e  i r r a d i a t e d  m a t e r i a l  do n o t  c o r r e l a t e  
w i t h  any c u r r e n t l y  e x i s t i n g  m i c r o s t r u c t u r a l  f e a t u r e  and may a r i s e  f r o m  

i r r a d i a t i o n - a s s i s t e d  long- range o r d e r i n g  processes.  The c o m p o s i t i o n a l  

o s c i l l a t i o n s  occur  on a s c a l e  o f  ~ 2 0 0  nm. 

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 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 L a b o r a t o r y  

4.0 Re levan t  OAFS Program P lan  Task/Subtask 

Subtask I I . C . l .  E f f e c t s  o f  M a t e r i a l  Parameters on M i c r o s t r u c t u r e  
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5.0 Accomplishments and Status 

5.1 Introduction 

In several recent reports it has been shown that the swelling of relatively 
pure and annealed Fe-Ni-Cr alloys is sensitive to their chromium and nickel 
levels, (1-3) with the greatest resistance to swelling at %35 wt% nickel 
and low chromium levels (<lo wt%). It was also shown that the matrix of 
the E37 alloy (Fe-35.5Ni-7.5Cr) actually densified during irradiation at 
593'C, with the density increasing 0.9% at 7.6 x lo2* n/cm 2 ( E  > 0.1 MeV). 

Since the E37 alloy is known to be near a composition at which the density o f  

the alloy is a minimum, it was proposed that segregation of the alloy into 
regions that were enriched in nickel at the expense of other regions would 
lead to a net densification of the alloy. ( 4 )  Examination of this alloy by 
microscopy and EDX microanalysis did not reveal the presence of any precipi- 
tate phases, however. 
substantial reproducible variations in composition along any linear traverse 
across the specimen. Not only did the local nickel content vary substan- 
tially (25-53%) but those areas enriched in nickel were depleted in chromium 
and iron, with the reverse being true in regions of low nickel content. 

Additional EDX examination(4) showed that there were 

(4) 

The conclusions reached in the previous report(4) are subject to several 
reservations. First the variation in matrix composition was measured along 
lines with spacings equal to Q00 nm. 
perturbations occurring over shorter intervals needed to be investigated. 
Second, it is assumed that the compositional variation, which appears to be 
irradiation-induced and spinodal in nature, extends in all three dimensions. 
Only a limited number of sets (four) of reproducible compositional traces 
were originally obtained and these were limited by the small concentration 
of identifiable features. It is possible that the variations observed were 
distorted by the averaging effect of the beam over the foil thickness. 
Third, the compositional variation in unirradiated material was not studied. 
These deficiencies were addressed in the current study. 

The possibility of the observed 
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5.2 R e s u l t s  

A prob lem i n  a n a l y z i n g  t h i s  i r r a d i a t e d  a l l o y  was t h e  r e l a t i v e  absence of 

i d e n t i f i a b l e  m i c r o s t r u c t u r a l  f e a t u r e s  f r o m  which one c o u l d  s t a r t  measur ing 

a l l o y  compos i t i ons .  T h i s  l a c k  o f  f e a t u r e s  was a l s o  t r u e  i n  t h e  u n i r r a d i a t e d  

m a t e r i  a1 . 
5.2.1 U n i r r a d i a t e d  Specimen 

An u n i r r a d i a t e d  specimen o f  a l l o y  E37 was examined i n  o r d e r  t o  determine t h e  

magni tude o f  t h e  v a r i a t i o n s  o f  t h e  s o l u t e  c o n c e n t r a t i o n s  i n  t h e  as-processed 

m a t e r i a l .  The i d e n t i f i c a t i o n  marker  used i n  t h i s  example was a sma l l  ch ro-  

mium r i c h  i n c l u s i o n ,  F i g u r e s  1 and 2. The c o m p o s i t i o n a l  v a r i a t i o n s  of t h e  
m a t r i x  a r e  r a t h e r  min imal ,  w i t h  t h e  n i c k e l  c o n t e n t  v a r y i n g  o n l y  from 34.2 t o  

36.6% a long  a t r a v e r s e  of 2.600 nm. 

beam d iamete r  o f  t h e  JEOLCO 100 C X  STEM was a p p r o x i m a t e l y  t h e  same nominal  

s i z e  (%30 nm) used f o r  t h e  i r r a d i a t e d  specimens. The f o i l  t h i c k n e s s  

examined was ~ 5 0  nm. 

I n  those  measurements t h e  e l e c t r o n  

5.2.2 I r r a d i a t e d  Specimen 

The c o m p o s i t i o n a l  v a r i a t i o n s  observed i n  a l l o y  E37 a f t e r  i r r a d i a t i o n  a r e  much 

l a r g e r .  

c o n t e n t  ranged f r o m  32 t o  42%. I n  a l l  cases t h e  chromium and i r o n  concen- 

t r a t i o n  behaved o p p o s i t e  t o  t h a t  o f  n i c k e l  as observed p r e v i o u s l y .  

t h e  c h a r a c t e r i s t i c  d i s t a n c e  o v e r  which t h e  c o m p o s i t i o n a l  o s c i l l a t i o n  occurs  

i s  s t i l l  on t h e  o r d e r  o f  2.200 nm. S i m i l a r  b e h a v i o r  was observed i n  some 

r e s p e c t s  i n  t h i n - f o i l  t r a v e r s e s  u s i n g  o t h e r  markers  such as p r e c i p i t a t e s  

( F i g u r e  4) ,  v o i d s  ( F i g u r e  5 )  and g r a i n  boundar ies  ( F i g u r e  6 ) .  

l a r g e s t  v a r i a t i o n s  o f t e n  o c c u r  w i t h  t h e  m i c r o s t r u c t u r a l  f e a t u r e s  known t o  

segregate  n i c k e l ,  such as v o i d s  and g r a i n  boundar ies .  ( 5 - 6 )  F i g u r e  6 a l s o  

shows how t h e  use o f  t h i c k e r  f o i l s  tends  t o  average o u t  t h e  c o m p o s i t i o n a l  

v a r i a t i o n s .  

Us ing a d i s l o c a t i o n  as a marker ( F i g u r e  3) ,  v a r i a t i o n s  i n  n i c k e l  

Note  t h a t  

Note t h a t  t h e  

I n  an a rea  where a g r a i n  boundary i s  t h e  dominant s i n k ,  t h e  
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FIGURE 1. Compositional Variations Observed in a Thin-Foil Traverse on One 
Side o f  a Precipitate-Inclusion in Unirradiated Alloy E37. Fig- 
ures with open circle and closed triangle symbols represent alloy 
concentrations measured on two independent scans t o  illustrate 
the reproducibility in the spatial variation o f  the alloy 
composition. 
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FIGURE 6a. Thin-Foil Traverse in Irradiated Alloy E37 Using a Grain 
Boundary as Marker. 
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FIGURE 6b. Thick-Foil Traverse i n  I r r ad ia t ed  Alloy E37 Using a Grain 
Boundary as  Marker. 
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t h i c k e r  f o i l  measurement shows a much lower  degree o f  v a r i a t i o n  i n  t h e  

d e p l e t e d  r e g i o n  f a r  f r o m  t h e  g r a i n  boundary. 

5.3 D iscuss ion  

I t  appears t h a t  t h e  v a r i a t i o n  o f  compos i t i on  a r i s e s  f r o m  a t  l e a s t  two 

p o s s i b l y  separate  sources. The l a r g e s t  v a r i a t i o n s  i n  t h e  m a t r i x  compos i t i on  

a t  l o c a t i o n s  which were n o t  ad jacent  t o  observab le  f e a t u r e s ,  m i g h t  be 

assoc ia ted  w i t h  l a r g e  m i c r o s t r u c t u r a l  f e a t u r e s  shown i n  t h i s  s tudy  t o  

segregate n i c k e l .  These f e a t u r e s ,  such as g r a i n  boundar ies  and vo ids ,  would 

need t o  be l o c a t e d  i n  r e g i o n s  ad jacen t  t o  t h e  t h i n  f o i l  b u t  were removed 

d u r i n g  sample p r e p a r a t i o n .  However, w i t h  t h e  v e r y  low d e n s i t y  of these  

f e a t u r e s  found w i t h i n  t h e  f o i l  volume, i t  appears t h a t  t h e  numerous and 

r e l a t i v e l y  s u b s t a n t i a l  v a r i a t i o n s  i n  a l l o y  compos i t i on  cannot be c o r r e l a t e d  

s o l e l y  w i t h  such v i s i b l e  m i c r o s t r u c t u r a l  f e a t u r e s .  

One m i g h t  a l s o  p o s t u l a t e  t h a t  smal l  r a d i a t i o n- i n d u c e d  d i s l o c a t i o n  loops may 

have once occupied t h e  r e g i o n s  o f  h i g h e r  n i c k e l  c o n t e n t  and i n i t i a t e d  com- 

p o s i t i o n a l  v a r i a t i o n s  which p e r s i s t  a f t e r  t h e  growth,  u n f a u l t i n g  and move- 

ment o f  t h e  r e s u l t i n g  d i s l o c a t i o n .  It i s  cons ide red  more l i k e l y  however, 

t h a t  t h e  observed o s c i l l a t i o n s  i n  m a t r i x  compos i t i on  occur  spontaneously 

d u r i n g  i r r a d i a t i o n .  T h i s  p o s s i b i l i t y  w i l l  be d i scussed  i n  more d e t a i l  i n  

t h e  n e x t  r e p o r t .  

The range o f  t h e  measurements r e p o r t e d  here  a r e  l i m i t e d  by t h e  s i z e  of t h e  

e l e c t r o n  probe employed and t h e  t h i c k n e s s  o f  t h e  f o i l  examined. 

s i d e r a t i o n  a r e  t h e  p o s s i b i l i t i e s  o f  u s i n g  e i t h e r  t h e  s m a l l e r  probe a v a i l a b l e  

on t h e  HE501 STEM or  a f i e l d  i o n  microscope. 

Under con- 

5.4 Conc lus ions 

The examinat ion was con t inued  o f  compos i t i on  o s c i l l a t i o n s  i n  an annealed 

Fe-35.5Ni-7.5Cr a l l o y  which i s  r e s i s t a n t  t o  v o i d  f o r m a t i o n .  Energy d i s -  

p e r s i v e  x- r a y  measurements were made o f  t h e  m a t r i x  compos i t i on  a long  
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straight lines at smaller intervals (50 vs 200 nm) than previously reported. 
These data better delineate the oscillations in composition measured in this 
single phase material irradiated in the EBR-I1 at 593OC to 4 0  dpa and 
verify previous EDX results. 
mens were also examined by EDX and showed only minimal spatial variations. 

The matrix composition o f  unirradiated speci- 

The compositional variations of the irradiated material do not correlate 
with any currently existing microstructural feature and may arise from 
i rradi ation-assi sted 1 ong-range ordering processes. The compositional 
oscillations occur on a scale o f  Q O O  nm. 
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7.0 Future Work 

This study will continue, concentrating primarily on the origins of the com- 
positional oscillations that are not associated with currently visible 
microstructural components and also on the consequences of segregation on 

void nucleation and growth. Additional experimental work will proceed on 

other ternary alloys at different irradiation conditions. 

8.0 Pubi ications 

None. 
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DEPENDENCE OF SWELLING ON NICKEL AND CHROMIUM CONTENT IN Fe-Ni-Cr TERNARY 
ALLOYS 
F. A. Garner (Hanford Engineering Development Laboratory) 

1.0 Objective 

The objective of this effort is to determine the role played by each major 
element in the radiation-induced microchemical evolution of irradiated 
alloys. 

2.0 Summary 

The steady-state swelling rate of EBR-I1 irradiated ternary alloys with (35% 
nickel appears to be approximately 5% per 10’’ n cm-’ (E > 0.1 MeV) or l%/dpa, 
independent o f  chromium and/or nickel content and also independent of  the 
irradiation temperature in the range 400-600°C. 
sient regime o f  swelling is sensitive to these three variables, however, 
tending to increase with increasing nickel or temperature or decreasing 
chromium content. A similar relative independence of the steady-state 
swelling rate on temperature has been also observed in commercial stainless 
steels, which also appear to be approaching a swelling rate o f  l%/dpa at 
high fluence. There is some evidence that elemental segregation plays a 
role in the compositional dependence o f  swelling. 

The duration of the tran- 

3.0 Program 

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

4.0 Relevent Program Plan Task/Subtask 

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

133 



5.0 Accomplishments and S t a t u s  

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

It has been shown t h a t  t h e  s w e l l i n g  o f  b o t h  t e r n a r y  and commercial a l l o y s  

d u r i n g  i o n  bombardment can be c o r r e l a t e d  t o  t h e  n i c k e l  c o n t e n t  o f  each 

a l l o y .  ( ’ ” )  

t o  t h e  i r o n ,  n i c k e l  and chromium l e v e l s ,  b u t  most s t r o n g l y  l i n k e d  t o  t h e  

n i c k e l  c o n t e n t  a t  l e v e l s  below 35-40% n i c k e l .  T h i s  b e h a v i o r  has been 

c o n f i r m e d  i n  some aspects  by  i r r a d i a t i o n s  conducted i n  t h e  f a s t  r e a c t o r  

d e s i g n a t e d  EBR-11. ( 3 y 4 )  

generated d a t a  p r o v i d e  a d e f i n i t i v e  c l u e  as t o  whether t h e  n i c k e l  o r  
chromium c o n t e n t  a f f e c t s  t h e  i n c u b a t i o n  pe r iod ,  s t e a d y- s t a t e  s w e l l i n g  r a t e  

o r  both .  

As shown i n  F i g u r e  1, s w e l l i n g  o f  t e r n a r y  a l l o y s  i s  s e n s i t i v e  

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

R e c e n t l y  a d d i t i o n a l  s w e l l i n g  d a t a  have become a v a i l a b l e  f o r  t e r n a r y  a l l o y s  

i r r a d i a t e d  i n  E B R - I 1  t o  f l u e n c e s  as l a r g e  as 12.1 x l o 2 *  n/cm2 ( E  > 0.1 MeV) 

o r  60 dpa. These d a t a  a re  shown i n  Tab le  1. I n  t h i s  r e p o r t  i t  i s  shown 

t h a t  a s i g n i f i c a n t  amount o f  i n s i g h t  can be e x t r a c t e d  f r o m  these  d a t a  and 

a p p l i e d  t o  t h e  mode l ing  o f  t h e  c o m p o s i t i o n a l  dependence o f  s w e l l i n g .  

WT. X Ni - 
FIGURE 1. Compos i t ion  Dependence o f  S w e l l i n g  i n  M V N i t  I o n - I r r a d i a t e d  

Fe-Ni-Cr A l l o y s  a t  6 7 5 O C  and 140 dpa.( 7 ,29  
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5.2 Data Analysis 

It should be noted in Table 1 that for a given alloy composition and tem- 
perature there are occasionally four data points at different fluences. 
Most often there are only three data points, however, and occasionally only 
two, one or no data. Therefore, attempts to extract steady-state swelling 
rates or t o  define an incubation-plus-linear swelling curve for a single 
a1 loy and temperature lead to substantial uncertainty, particularly when one 
attempts to determine the separate effects of temperature, composition, 
natural data scatter and possibly displacement rate. 
not usually considered in analyses of neutron-induced swelling data. 

The last variable is 

An alternate approach to the analysis of this data is to group the data in 
composition-related subsets which are defined by temperature and composition 
limits that confine a minimum variation of swelling within the data set. If 
such limits can be defined then trends within and between subsets can be 
sought to provide the needed insight. 
alloys examined in this study are shown in Table 2. 

The composition.s of the ternary 

5.3 Dependence of Swelling on Nickel Content 

Figure 2 shows the swelling observed in a data subset containing only those 
alloys designated E18, E90 and E19 at temperatures o f  400, 427, 454, 482 and 
510°C. These alloys have 14.9 - 15.6% chromium and have nickel contents of 
12.1, 15.7 and 19.4% nickel respectively. When plotted in this manner it 
becomes very clear that swelling is relatively insensitive to both temper- 
ature and nickel content in this range. 
temperature, nickel content, neutron flux or irradiation position can be 
discerned within the subset. 
line shown in Figure 2 arises primarily from measurement error and the 
natural variation o f  the swelling process. 
has a slope o f  5% per lo2' n cm-' ( E  > 0.1 MeV) or 1% per dpa and is repro- 
duced for comparison purposes in Figures 4 through 8. 

No consistent internal trends with 

This implies that the scatter about the trend 

The trend line shown in Figure 2 
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TABLE 2 

COMPOSITIONS OF THE SIMPLE FE-NI-CR ALLOYS 

I I I 1  I I 1  I I I I I -  
X 

m -  - 
- 
- 

P -  

11 - 
SWELUNO 

u - 
- 

14 - 

- 

A 4  
2 -  

0 

- 
x I I I I I I I I I I  

Des igna t ion  

E18 

E90 
E39 

E 26 

E19 

E27 
E20 

E21 

E37 
E22 

E 38 

E25 

E23 
E24 

E36 

T E m  
400. u7.454.482,610 

NICKEL LEVELS 
0 12.1% 
A 16.7% 
X 19.4% 

N i  C r  C 0 N - . _ _ - - -  Fe 

Bal 12.1 15.1 .005 .016 .002 4 

B a l  15.7 15.6 .013 --- --- 
B a l  20.3 7.5 .004 .016 .a014 

Bal  20.1 11.8 .002 .016 .001 9 

Bal 19.4 14.9 .003 .018 .a01 5 

Bal  24.7 10.2 c.001 .012 .0017 

Bal 24.4 14.9 .003 .017 .0017 

B a l  29.6 15.3 .004 .017 .a020 

Bal  35.5 7.5 .002 .016 .0013 

Ba l  34.5 15.1 .003 .017 ,0021 

B a l  35.2 20.0 .004 .017 .(lo10 

Bal  35.1 21.7 .004 .015 .0020 

Bal 45.3 15.0 .002 .014 .0017 

Bal 75.1 14.6 .001 .a077 .0011 
--- 84.9 15.1 .002 .0064 .a010 

- 

FIGURE 2. Swe l l i ng  i n  Neu t ron - I r r ad ia ted  Ternary A l l o y s  a t  Temperatures 
Below 51OOC f o r  N icke l  Levels o f  12.1, 15.7 and 19.4%. 
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figures 3a - 3c show the trend band of the data contained in Figure 2 as 
well as the data for the same three alloys at 538, 593OC and 65OOC. It 
appears that the primary effect of increasing temperature is to extend the 
transient portion of the swelling curve. Most importantly however, there 
now appears to be a clear separation of the swelling curves with increasing 
nickel content at each temperature, a trend that was not discernible at 
400-510°C. Note that the swelling rate at 538°C for the 15.7 and 19.4% 
nickel levels is clearly comparable to that of the 400-510OC trend band. At 
593°C the data are incomplete at 12.1 x 

(15.7% N i )  has clearly reached a swelling rate comparable to that of the 
400-510OC and 538'C data subsets. The data at 650'C have not reached a suf- 
ficient fluence to determine if the same steady-state swelling rate will 
also be reached at this temperature. 

n cm-2 but the E90 alloy 

Figure 4a shows the data subset comprising the alloys E20 and E27 at 24.4 
and 24.7% Ni, and 14.9 and 10.2% Cr respectively. 
tion, these data also fall into a tight grouping, falling in qeneral just a 
little to the right o f  the trend line shown in Figure 2 for the 12.1 to 
19.4% Ni subset. 
regime of swelling is again progressively extended, but that at 538OC the 
steady-state swelling rate is comparable to that of the two low temperatur? 
subsets presented in Figures 2, 3a and 4a. 

Note that with one excep- 

Note in Figure 4b that at higher temperatures the transient 

Figure 5 shows that i n  the range 400 to 454'C all but one of the data points 
at 29.6% Ni - 15.3% Cr (E-21) agree with the trend line of the 12.1 to 19.4% 
Ni subset. Note that where the steady-state slopes can be determined at 
higher temperatures they are again comparable to that of the trend line, but 
the duration of the transient regime increases with temperature. 

Figure 6a shows that at 34.5% Ni and 15.1% Cr the incubation periods have 
been extended to fluences large enough such that the steady-state swelling 
rates cannot be determined at even the lowest irradiation temperature. The 
trends with temperature are consistent with those of previous data subsets 
however. 
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FIGURE 3. S w e l l i n g  i n  N e u t r o n - I r r a d i a t e d  Ternary  A l l o y s  a t  Temperatures of 
Note 538, 593, 650°C f o r  N i c k e l  L e v e l s  o f  12.1, 15.7 and 19.4%. 

t h e  e x t e n s i o n  o f  t h e  t r a n s i e n t  reg ime o f  s w e l l i n g  w i t h  i n c r e a s i n g  
tempera tu re  and n i c k e l  con ten t .  
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FIGURE 4. Swelling of Two Alloys with 24.4-24.7% Nickel Content. 

ml 

F I G U R E  5. Swelling of  One Alloy with 29.6% Nickel Content. 
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FIGURE 6. S w e l l i n g  o f  Four  A l l o y s  w i t h  34.5-35.5% N i c k e l  and Vary ing  
Chromium Content .  
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It should be noted, however, that the curves in Figure 6a are probably 
approaching the slope of the trend line. 
shown in Figures 6b-d, discussed in the next section. 

The reasons for this assertion are 

5.4 Dependence of Swellinq on Chromium Content 

Figures 6b-d contain a subset of alloys comprising E37, E22, E38 and E25, 
containing 34.5 - 35.5% Ni and 15.1, 20.0 and 21.7% respectively. Note that 
at all temperatures the effect of adding chromium is to shorten the tran- 
sient regime of swelling and to yield steady-state swelling rates approaching 
that of the trend line. 
in Figures 7a-c. 
24.7% Ni and 14.9 and 10.2% Cr, respectively. 

A similar trend can be seen at temperatures - >482'C 
This data subset comprises the alloys E20 and E27 at 24.4 - 

Figure 8a shows a subset of data comprising the alloys €39, E26 and E19 at 
temperatures o f  510°C and below. 
concentration (19.4 - 20.3%) and chromium levels o f  7.5, 11.8 and 14.9% 
respectively. 
closely embraces the trend line of the first data set. As shown in Figures 
8b and c the trends observed with chromium level and temperature in previous 
figures are still maintained. 

These alloys have a narrow range o f  nickel 

Note once again the relatively narrow band of swelling, which 

5.5 Discussion 

There are several surprises arising from this analysis. First of all, there 
-2 appears to be an intrinsic steady-state swelling rate of -5% per n cm 

(or l%/dpa) for all Fe-Ni-Cr ternary alloys studied at - <35% nickel. 
data presented in this report are judged insufficient at this time to detet- 
mine the steady-state swelling rate at higher nickel contents.) Second, the 
steady-state swelling regime is preceded by a transient swelling regime which 
is shortest for low nickel, high chromium and low temperature. The transient 

- 2  i s  never shorter than ~2 x n cm ( E  > 0.1 MeV) however. For a given 
nickel and chromium level there appears to be some temperature below which 
the transient regime is also insensitive to temperature. 

(The 

Third and finally, 
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FIGURE 7. Dependence of S w e l l i n g  on Chromium Content i n  A l l o y s  w i t h  
24.4-24.7% N i c k e l  Content. 
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FIGURE 8. Dependence of Swe l l i ng  on Chromium Content i n  A l l o y s  w i t h  N i c k e l  
Contents o f  19.4-20.3%. 
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the steady-state swelling rate itself is independent of temperature in the 
Fe-Ni-Cr system over a remarkably large range of temperatures (40O-65O0C). 

The strong dependence of ion-induced swelling on nickel and chromium content 
in Figure 1 can now be seen to occur as a result of the influence of these 
elements on determining the duration of the transient swelling regime, a 
phenomenon which occurs only at relatively high temperatures. 
of the transient regime with increasing nickel in Figures 3-8 always occurs 
by 538°C and frequently happens at lower temperatures. 
data of Figure 1 were developed at a much higher displacement rate and 675OC,  

a temperature comparable to 55OOC in fast breeder irradiation.* 

The extension 

The ion-generated 

Since nickel and chromium influence the incubation period but not the steady- 
state swelling rate, this implies that any modeling effort must concentrate 
either on transient components of the microstructure or transient phenomena 
occurring either in the matrix or at static microstructural components. 
Matrix changes are expected to be minimal in pure ternaries. Frank loops 
are transient but eventually unfault and glide away, and network dislocations 
can also climb away from any segregated elements. 
that the required transient may arise from the composition-dependent conse- 
quences of radiation-induced nickel segregation and chromium depletion at 
the surface of void embryos. ( 5 )  This has been shown to change the void's 
capture efficiency for point defects. This proposal has been explored in 
another report and appears to be a plausible explanation for at least part 

It has been suggested 

of the dependence of swelling on nickel content. ( 6 )  

Note that Figure 9 shows that one subset o f  the ion irradiation data confirms 
that the primary effect of nickel is to extend the transient regime. This i s  

once again a relatively high irradiation temperature (675OC) and the exten- 
sion is shown to occur to nickel levels of at least 45%. 

*A temperature shift of 125°C was assumed to compensate for the difference 
in displacement rates. 
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FIGURE 9. Influence of Nickel Content on Swelling Behavior on F 15Cr-XNi 
Alloys at 675°C When Bombarded with 5 MeV Ni+ Ions.(3 7- 

It is important to note that the strong dependence o f  high temperature swell- 
ing on nickel content has also been observed in ion irradiation of more com- 
plex Fe-Ni-Cr alloys containing solutes such as Mo, Si, C, Mn, etc., as 
shown in Figure 10. 
adding such solutes is to extend the incubation period but not to change the 
swelling rate as shown in Figure 11. It is therefore reasonable to assume 
that the swelling of the more complex alloys should exhibit not only a depen- 
dence on nickel content but should also show a similar relative independence 
of the steady-state swelling rate on nickel content and temperature. 

It has also been shown that the primary effect of 

This 
trend has been observed in various heats of A I S 1  316 and 304 steel. (7-10) 

The finding that both ternary and commercial alloys exhibit an independence 
of steady-state swelling rate on temperature is at odds with the widely 
accepted perception that a strong temperature dependence exists. This per- 
ception is most strongly reinforced by most ion bombardment data. 
shows that Johnston and coworkers would have predicted a strong temperature 
dependence of swelling (and probably swelling rate) even for the ternary 

Figure 12 
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F I G U R E  10. Dependence of Swelling in Both Commercial and Ternary Alloys on 
Nickel C ntent During 5 MeV Ni' Ion Irradiation to 140 dpa at 
625OC.(3 9 
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F I G U R E  11. Comparison of Ion Bombardment Oat on Swelling of Annealed A I S 1  
316 Stainless Steel at 630 + 5'C.?2,11312) Note that solutes 
extend the transient regimeof swelling but do not affect the 
steady-state swelling rate very strongly. 
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FIGURE 12. Temperature Dependence of Swelling of Ternary Alloys Irradiated 
With 5 MeV Ni' Ions to 140 dpa, as Reported by Johnston and 
Coworkers. ( 2 )  

alloy series. 
and temperature dependence o f  the ion-induced swelling rate is severely 
distorted by the effect of injected interstitials, as shown in Figure 13. 

It has recently been shown (11) however, that the magnitude 

There is one potentially important variable which has not yet been incor- 
porated in this analysis. 
rate, which varies roughly a factor o f  two between the various subcapsules 
in which the ternary alloys were irradiated. In any alloy where the incu- 
bation period was sensitive to temperature it is expected that there will 
also exist a corresponding sensitivity to displacement rate, particularly at 
temperatures where the transient regime begins to get longer. In addition, 
the data are currently correlated to neutron fluence above 0.1 MeV, which 
implies an assumption that the number of displacements per E > 0.1 MeV 
neutron are equal at all positions in the reactor core. 
14 this assumption i s  not completely correct. 
the Fe-Ni-Cr swelling data may partially arise from considerations such as 
these. 

This is the dependence of swelling on displacement 

As shown in Figure 
The variability or scatter of 
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FIGURE 13. (a) 
( b )  

Swelling of Fe-15Cr-25Ni in EBR-I1 as Reported by Garner.(ll) 
Comparison of the Temperature Dependence of Neutron and Ion- 
Induced Swelling Rates for this Alloy. 
derived from microscopy observations at the peak damage 
region, where the injected interstitial effect is largest. 
Step-height measurements yield intermediate swelling rates that 
are also distorted with r 

The ion curve was 

pect to the temperature dependence 
observed with neutrons. ( 175 
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FIGURE 14. Displacement Characteristics of EBR-I1 Neutrons. 
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There a r e  s e v e r a l  o t h e r  f e a t u r e s  o f  t h e  d a t a  t a b u l a t e d  i n  Table  1, which 

shou ld  be e x p l o r e d  i n  more depth. 
u l a r l y  those  w i t h  r e l a t i v e l y  h i g h  n i c k e l ,  e x h i b i t  a r e l a t i v e l y  con t inuous  

d e n s i f i c a t i o n  a t  temperatures o f  593 and 650'C. 
q u i t e  l a r g e  (1.16% f o r  E22 a t  593°C) and was a t  f i r s t  though t  t o  be r e l a t e d  

t o  f o r m a t i o n  o f  a separa te  phase. 

t h a t  no p r e c i p i t a t e  phase forms b u t  t h a t  d e n s i f i c a t i o n  occurs  because t h e r e  

e x i s t s  a minimum i n  d e n s i t y  t h a t  occurs  a t  435% n i c k e l .  

r a d i a t i o n - i n d u c e d  m i c r o s e g r e g a t i o n  causes t h e  d e n s i t y  increases.  
Note a l s o  t h a t  t h e  a l l o y  E37 (35.5 N i ,  7.5 Cr)  e x h i b i t s  d e n s i f i c a t i o n  as low 

as 454°C. 
c o n t r o l  t h e  d u r a t i o n  o f  t h e  t r a n s i e n t  regime. Note t h a t  E24 (75.1% n i c k e l  

and 14.6% C r )  a l s o  undergoes d e n s i f i c a t i o n  and then  a b r u p t l y  s t a r t s  s w e l l i n g  

(12.06% a t  12.1 x lo2' n/cm'). 
compos i t i on  regime, however, and t h e  d e n s i f i c a t i o n  may r e s u l t  f r o m  p r e c i p i -  
t a t e  f o r m a t i o n .  

Note i n  Tab le  1 t h a t  many a l l o y s ,  p a r t i c -  

T h i s  d e n s i f i c a t i o n  can be 

More r e c e n t  microscopy s t u d i e s  have shown 

S u b s t a n t i a l  
(13-15) 

The e lementa l  s e p a r a t i o n  appears t o  c o i n c i d e  w i t h  and p o s s i b l y  

There i s  no known d e n s i t y  minimum i n  t h i s  

5.6 Conc lus ions 

The s t e a d y- s t a t e  s w e l l i n g  r a t e  o f  EBR-II i r r a d i a t e d  t e r n a r y  a l l o y s  w i th  

n i c k e l  c o n t e n t  - ~ 3 5 %  n i c k e l  i s  r o u g h l y  5% p e r  n cm-2 ( E  > 0.1 MeV) o r  
1% dpa, independent o f  chromium and/or n i c k e l  c o n t e n t  and t h e  i r r a d i a t i o n  

temperature .  
t o  these  t h r e e  v a r i a b l e s ,  however, t e n d i n g  t o  i n c r e a s e  w i t h  i n c r e a s i n g  n i c k e l  

and temperature,  o r  dec reas ing  chromium con ten t .  A s i m i l a r  r e l a t i v e  i n d e-  
pendence o f  t h e  s t e a d y- s t a t e  s w e l l i n g  r a t e  on temperature  i s  a l s o  observed 

i n  t h e  v a r i o u s  commercial s t a i n l e s s  s t e e l s ,  which a l s o  approach l%/dpa a t  

h i g h  f l u e n c e .  
r o l e  i n  t h e  c o m p o s i t i o n a l  dependence o f  s w e l l i n g .  

The d u r a t i o n  o f  t h e  t r a n s i e n t  reg ime o f  s w e l l i n g  i s  s e n s i t i v e  

There i s  some ev idence t h a t  e lementa l  segrega t ion  p l a y s  a 
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SWELLING OF HIGH NICKEL Fe-Ni-Cr ALLOYS I N  EBR-I1 
H. R. Brager and F. A. Garner (Hanford Engineering Development Laboratory) 

1.0 Objective 

The objective of this effort is to identify the origins of the compositional 
dependence of swelling in simple ternary alloys. 

2.0 Summary 

Swelling data on Fe-Ni-Cr alloys with nickel in the 35-75 wt% range has been 
obtained to fluences as large as 2.2 x n/cm (E > 0.1 MeV) (2110 dpa). 
At 15% chromium the swelling rate at 35, 45 and 75% nickel continues to 
increase with accumulating exposure, most clearly approaching l%/dpa at 
-35% nickel. 
appears to be due to a maximum in the duration of the transient regime at 
this composition. 
transient regime even further. 

2 

The minimum often observed in swelling at -45% nickel 

Decreasing the chromium level from 15 to 7.5% extends the 

3.0 Program 

Title: Irradiation ffect Analysis (AK 
Principal Investigator: 0. G. Doran 

1 

Affiliation: Hanford Engineering Development Laboratory 

4.0 Relevant Proqram Plan Taskbubtask 

Subtask II.C.1 Effect of Material Parameters on Microstructure 
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5.0 Accomplishments and Status 

5.1 Introduction 

In another report the compositional sensitivity ?d swelling 
in annealed Fe-Ni-Cr alloys was reported for nickel levels of - <35 wt% and 
exposures of 160 dpa. ( 1 )  - 

f eu t ron - i ndu 

With the exception of Fe-35.5Ni-7.5Cr and Fe-34.5Ni-15.1Cr, the swelling data 
for these alloys clearly demonstrate that the primary influence of composi- 
tion lay only in the duration of the transient regime that preceeded steady- 
state swelling (at a rate of -l%/dpa, essentially independent o f  both 
temperature and composition). 

The data for the two alloys mentioned above (as well as two other alloys at 
45 and 75% nickel content) were judged t o  be insufficient at those exposure 
levels to determine whether the lower swelling observed in them was a conse- 
quence only of an extended transient regime or also a reduction in the 
post-transient swelling rate relative to that o f  other Fe-Ni-Cr alloys. 

Limited additional data are now available for these four alloys at exposures 
ranging from 75 to 110 dpa. The new swelling data tabulated in Table 1 were 
obtained by immersion density measurements on small microscopy disks irra- 
diated in sodium-filled subcapsules in EBR-11.  

5.2 Results 

As shown in Figure 1 the swelling rate of Fe-34.5Ni-15.1Cr at 427 and 4 8 2 O C  

is clearly approaching l%/dpa similar to that observed at lower nickel 
levels. The determination of the eventual swelling rates at 400° and 454°C 
requires the acquisition of higher fluence data but the swelling rate at 
51OOC appears to be decelerating. 
this behavior, however, in that there clearly is a densification of 1% or 
more in progress. 

Figure 2a provides a clue to the cause of 

Since these are bulk density measurements it is most 
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TABLE 1 

HIGH FLUENCE SWELLING DATA FOR FOUR TERNARY ALLOYS 

A V  4 t / l o22  - - %  
Temperature ("C) (E > 0.1 MeV) dpa** 

A l l o y  E37 
Fe-35.5Ni-7.5Cr 

A l l o y  E22 
Fe-34.5Ni-15.1 C r  

A l loy  E23 
Fe-45.3Ni-15.OCr 

A l l o y  E24 
Fe- 75.1 N i - 14.6Cr 

400 
454 
6 50 

400 
427 
482 
593 
650 

400 
427 
482 
538 
593 

427 
510 
593 
593 
6 50 

15.2 
15.8 
21.8 

15.2 
14.5 
17.4 
22.0 
21.8 

15.2 
14.5 
17.4 
20.3 
22.0 

14.5 
21 .o 
22.0 
22.0 
21.8 

75 
79 

109 

76 
73 

110 
109 

a7 

76 
73 

102 
110 

a7 

73 
105 
110 
110 
109 

1.71 
1.93 
0.31 

16.2 
21.9 
20.8 
2.90 
4.42 

2.38 
8.19 
9.42 
5.26 
1.09 

9.03 

4.13* 
2.37* 

21.1 

31 .O 

-minominally i d e n t i c a l  specimens i r r a d i a t e d  i n  t h e  same 
packet, i n d i c a t i n g  t h e  s e n s i t i v i t y  o f  s w e l l i n g  a t  h i g h  temperature t o  
ambient c o n d i t i o n s .  

**The d isp lacements  p e r  atom l i s t e d  i n  t h i s  column a re  approximate va lues 
o n l y  and assume t h a t  5 dpa = 1022 n cm-2 (E > 0.1 MeV). 
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FIGURE 1. Swelling o f  Fe-34.5Ni-15.1Cr (Alloy E22) i n  EBR-I1 i n  the Range 
400-51 0°C. 
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ALLOY E22 

6 

4 -  

SWELLING 2. 
% 

-2 

Fe - 34.5 Ni - 15.1 Cr 4l 

ALLOY E37 0 400% 
Fe - 35.5 Ni - 7.5 Cr 427OC 

. 0 454% 
482OC 

'61OoC 
. 0638OC 
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0 0 0 
0- I A 

V A  vQ)= v= 
0 

SWELLING 2 
% 

0 

-2 ' 1 
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NEUTRON FLUENCE in/cm-2 E>O.I M ~ V I  

FIGURE 2a. Swelling and Densification of Fe-34.5Ni-15.1Cr (Alloy E22) i n  
EBR-I1 i n  the Range 538 - 650°C. 

FIGURE 2b. Swelling and Densification o f  Fe-35.5Ni-7.5Cr (Alloy E37) in the 
Range 400 - 650°C. 
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likely that the apparent saturation o f  swelling at 510Y and apparent 
reduction at 538°C represents the competitive action of two separate 
processes: swelling and densification. The cause of the densification has 
been shown elsewhere to be microsegregation to both higher and lower nickel 
levels about a minimum in density that exists at ~ 4 0 %  nickel. (2-4) 

Figure 2b shows that the transient and densification regimes of Fe-35.5 
Ni-7.5Cr persist to higher fluence levels than obtained t o  date. 
swelling in general is lower than that of the Fe-35.5Ni-15.1Cr alloy, a 
result consistent with both neutron (1'2) and ion(5) experiments reported 
earlier. 

The 

Figures 3 and 4 shows that at ~ 1 5 %  chromium and high nickel levels the 
swelling rate slowly increases with increasing exposure. At 75% nickel one 
observes that there is a regime of temperature (400 - 538'C) in which the 
swelling is relatively insensitive to temperature but at higher temperatures 
the transient regimes o f  swelling tend to become longer. At 35% nickel the 
same general trend is also observed. A noteable exception to this trend is 
seen at 65OOC at 75% nickel. 

I n  general it appears that the incubation periods of Fe-15Cr-XNi alloys at 
temperatures above 510°C exhibit a broad maximum at 45% nickel. 
consistent with a shallow minimum in swelling at that composition observed 
in ion irradiations. 

This is 

( 5 )  

5.3 Conclusions 

For Fe-15Cr-XNi alloys the swelling rate continues to accelerate with 
accumulating neutron exposure, even at nickel levels o f  35-75 wt%, with 
about l%/dpa as the upper limit. 
swelling previously reported by John~ton'~) appears to arise from a 
maximum in duration of the transient regime of swelling. 
chromium level from 15.1 to 7.5% chromium extends the transient regime to 
even higher fluences. 

The minimum at ~ 4 5 %  in ion-induced 

Decreasing the 
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FIGURE 3 .  Swelling o f  Fe-45.3Ni-15.OCr (Alloy E23) in EBR-I1 
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FIGURE 4. Swelling o f  Fe-75.1Ni-14.6Cr (Alloy E24) in EBR-11. 
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