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FOREWORD 

This report is the nineteenth in a series of Quarterly Technical Progress 
Reports onoamage Analysis and Fundamental Studies (OAFS) ,  which iS one 
element of the Fusion Reactor Materials Program, conducted in support of the 
Magnetic Fusion Energy Program of the U.S. Department of Energy (DOE). 
first eight reports in this series were numbered DOE/ET-0065/1 through 8. 
Uther elements of the Fusion Materials Program are: 

The 

. . Plasma-Materials Interaction (PMI) . Special Purpose Materials (SPM). 

Alloy Development far Irradiation Performance (ADIP) 

The DAFS program element is a national effort composed of contributions from 
a number of National Laboratories and other government laboratories, univer- 
sities, and industrial laboratories. 
Radiation Effects Branch, DOE/Office of Fusion Energy, and a Task Group on 
Damage dnalysis and Fundamental Studies, which operates under the auspices 
of that branch. The purpose of this series of reports is to provide a work- 
ing technical record of that effort for the use of the program participants, 
the fusion energy program in general, and the DOE. 

This report is organized along topical lines ia parallel to a Program Plan 
of the same title so that activities and accomplishments may be followed 
readily, relative to that Program Plan. Thus, the work of a given labora- 
tory may appear throughout the report. The Contents is annotated for the 
convenience of the reader. 

This report has been compiled and edited under the guidance of the Chairman 
Of the Task Group Onnamage Analysis and Fundamental Studies, 0. G. Doran, 
Hanford Engineering Development Laboratory (HEDL). 
the supporting staff of HEDL, and the many persons who made technical 
contributions are gratefully acknowledged. M. M. Cohen, Materials and 
Raaiation Effects Branch, is the DOE counterpart to the Task Group Chairman 
and has responsibility for the DAFS program within DOE. 

It was organized by the Materials and 

His efforts, those of 

G .  M. Haas, Acting Chief 
Materials and Radiation Effects Branch 

Office of Fusion Energy 
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CHAPTER 1: IRRADIATION TEST FACILITIES 

1. - RTNS-I1  I r r a d i a t i o n s  and Operat ions (LLNL) 

Irradiat ions were performed for a tota2 o f  tuenty-nine d i f f e r e n t  
experimenters during t h i s  quarter. 
A JOEL 200 CX TEM and associated darkroom equipment have been 
i n s t a l l e d .  
The l a s t  of the present inventory of 50-em targets was consumed. 

Performance of  these targets  was as expected. 
23-em targets  was accomplished i n  August. 
The second meeting o f  the U.S./Japan RTNS-11 Steering Committee 

i s  now scheduled for February 1983. 

Conversion t o  

2.  Dual-Temperature Vacuum-Insulated Furnace System (HEDL) 

A new Dual-Temperature Vacuum-Insulated (DTVI)  furnace system 
i s  available fo r  use a t  the  RTNS-11 f a c i l i t y .  I t  permits s h l -  

taneous i rradia t ion  of specimens a t  two closely controlled temp- 
atures,  under high vacuum conditions, i n  the  p r i m a r y  i rradia t ion  
volume of RTNS-II. 

CHAPTER 2: DOSIMETRY AND DAMAGE PARAMETERS 

1. F i s s i o n  Reactor Dosimetry (ANL) 

Analysis of dosimetry from the  ORR-MFE4A2 and HFIR-CTR 31, 34, 

and 35 i rradia t ions  is i n  progress, and dosimeters have been pre- 

pared for  several new experiments i n  HFIR. A computerized 
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2. Experiments a t  the  IPNS S p a l l a t i o n  Neutron Source (ANL) 31  

Doses f o r  organic insuZators irradiated by LANL a t  t h e  IPNS on 
February 22-27, 1982,  ranged from 1.04 t o  2.87 x l o a  Rads depending 

on the compositions of the  materials .  

36 3 .  Helium Product ion i n  6 L i  and l o B  f rom ORR- TRIO (RIES) 

HeZiwn production measurements have been completed for the  6 L i  

and 'OB dosimeters irradiated i n  t h e  Oak Ridge Research Reactor 
IORR) as par t  of the ANL-ORNL TRIO experiment. The inferred 
t r i t i u m  production ra te  from 6 L i  agrees wi th in  uncertaint ies  
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CHAPTER 3: FUNDAMENTAL MECHANICAL BEHAVIOR 41 

1.  Developments i n  Smal l- sca le  S t reng th  and Impact Tes t ing  (UCSB) 43 

This report  updates the developments of two t e s t  techniques, 

namely shear punch t e s t i n g  and miniaturized impact specimen 
t e s t i n g .  In shear punch t e s t i n g ,  a very strong correlat ion 
has been found, fo r  a wide range of materials,  between the  

y i e l d  load exhibi ted during shear and the  uniaxial t e n s i l e  

y i e l d  strength, and between the  maximum load i n  shear and the 
ul t imate t e n s i l e  s trength.  I n  miniaturized impact t e s t ing ,  
one-third s i z e  Charpy V-notch ICVNN) specimens appear use fu l  

for tracking t rans i t ion  temperature s h i f t  and perhaps upper 
she l f  energy changes. 
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RTNS- I1  IRRADIAT IONS AND OPERATIONS 

C. M. Logan and D. W. Heikkinen (Lawrence Livermore Na t iona l  Laboratory)  

1 .o Ob jec t i ve  

The o b j e c t i v e s  o f  t h i s  work a re  opera t ion  o f  RTNS-I1 (a  14-MeV neut ron 

source f a c i l i t y ) ,  machine development, and suppor t  o f  t he  exper imental  

program t h a t  u t i l i z e s  t h i s  f a c i l i t y .  

dosimetry hand l ing,  schedul ing,  coord ina t ion ,  and r e p o r t i n g .  RTNS-I1 i s  

ded icated t o  m a t e r i a l s  research f o r  t h e  f us i on  power program. I t s  p r imary  

use i s  t o  a i d  i n  t he  development o f  models o f  high-energy neut ron e f f e c t s .  

Such models a re  needed i n  i n t e r p r e t i n g  and p r o j e c t i n g  t o  t he  f u s i o n  

environment eng ineer ing data obta ined i n  o t h e r  neut ron spectra.  

Experimenter se rv i ces  i n c l u d e  

2.0 Summary 

I r r a d i a t i o n s  were performed f o r  a t o t a l  o f  twenty- n ine d i f f e r e n t  e x p e r i -  

menters d u r i n g  t h i s  quar te r .  

A JEOL 200 C X  TEM and o t h e r  p o s t - i r r a d i a t i o n  t e s t  equipment have been 

i n s t a l l e d .  

The l a s t  o f  t he  present  i n v e n t o r y  o f  50-cm t a r g e t s  was consumed. 

Performance o f  these t a r g e t s  was as expected. 
was accomplished i n  August. 

The second meeting o f  t he  U.S./Japan RTNS-I1 S t e e r i n g  Committee was 

rescheduled f o r  February 1983. 

Conversion t o  23-cm t a r g e t s  

3.0 Program 

T i t l e :  RTNS-I1 Operat ions (WZJ-16) 
P r i n c i p a l  I n v e s t i g a t o r :  C. M. Logan 

A f f i l i a t i o n :  Lawrence Livermore Na t iona l  Laboratory  
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4.0 

TASK 

TASK 

TASK 

5.0 

Relevant DAFS Program Plan Task/Subtask 

I. A. 2,3,4. 

I .B. 3.4 

I.C.1,2,6,11,18. 

I r r a d i a t i o n  - C. M. Logan, D. W. Heikk inen and M. W .  Guinan 

The i r r a d i a t i o n  o f  Nb, V and N i  f o r  0. K a l e t t a  (Ka r l s ruhe )  was completed 

e a r l y  i n  Ju ly .  

w i t h  J. Fowler 's  (LANL) MACOR f o r  e f f e c t i v e  use o f  neutrons. 

Th i s  was f o l l o w e d  by a capsule f o r  K i r i t a n i  (Hokkaido). Th i s  capsule 

conta ined a l a r g e  number o f  specimens, mos t l y  TEM d isks ,  f rom many 
Japanese s c i e n t i s t s .  Some of these had a beg inn ing  m i c r o s t r u c t u r e  which 
had been i n t roduced  i n  t h e  HVEM. "Before"  photographs had been prepared 

i n  Japan b e f o r e  shipment. 

I n  August, we ran  f o r  P. Cannon (HEDL). Th i s  assembly conta ined va r i ous  

components and systems which w i l l  be u t i l i z e d  i n  t h e  FMIT F a c i l i t y .  

Th i s  was f o l l o w e d  b y  an i n - s i t u  measurement o f  creep i n  N i  by W .  Barmore 

(LLNL), then resumpt ion o f  Fowler 's  (LANL) MACOR. 

R. Hopper has conducted an ongoing s e r i e s  o f  experiments u s i n g  t h e  

"background" thermal neut ron  f l u x  i n  t h e  t a r g e t  room. These experiments 

a r e  i n v e s t i g a t i n g  a p o s s i b l e  method f o r  t rea tment  o f  o p t i c a l  m a t e r i a l  t o  

c r e a t e  a broad-band a n t i - r e f l e c t i v e  su r face  "coat ing" .  The o p t i c a l  

m a t e r i a l  i s  p laced i n  con tac t  w i t h  a f o i l  o f  235U. F i s s i o n  fragments 

f rom t h e  f i s s i o n i n g  uranium leave damage t r a c k s  i n  t h e  sample which can 

be etched. 

p rope r t i es .  

Experiments b y  R. Mal lon  (LLNL) have cont inued s tudy ing  mass t r a n s p o r t  

i n  a f l u i d i z e d  bed o f  o i l  shale. Ma l lon  i n s t a l l e d  a r a b b i t  system t o  

pe rm i t  r a p i d  r e t r i e v a l  o f  an a c t i v a t e d  o i l  sha le  sample f rom t h e  t a r g e t  

room. 

The K a l e t t a  capsule was t h i n  (-2 nun) so i t  was combined 

The r e s u l t i n g  p i t t e d  su r face  e x h i b i t s  a n t i - r e f l e c t i v e  

These samples a r e  p o s i t i o n e d  4 . 5  m f rom t h e  neut ron  source. 
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Radiation detectors are used to observe movement of the activated material 
in the fluidized bed. 
in FY 83. Measurements will probably cease soon. 

We have begun irradiating more Si for G. Woolhouse (Aracor) to study by 
TEM. R. Borg's (LLNL) mineral irradiations continue. Fluence is 
accumulating on K. Kawamura's ( T I T )  amorphous metal and C. Snead's (BNL) 
superconductors. These experimenters a17 desire n/cm but do not, 
in general, occupy the highest flux region of the available test volume. 

T. Iida (Osaka) has conducted many irradiations, mostly add-on. In this 
quarter he irradiated: fiber optics, transistors, integrated circuits, 
synthetic quartz, a photomultiplier tube, diodes, ZnS, LED circuits, a 
solid state detector, CsI, and plastic scintillators. 

The budget for this work has been sharply reduced 

2 

5.1 RTNS-I1 Status - C. M. Logan and D. W. Heikkinen 

Target lifetime of the 50-cm diameter targets was considerably better 
than the 23-cm targets. Neutron production as a function of incident 
deuterons for these targets is well represented by a function o f  the form: 

-A2 * x 
y = A1(l-e 1 

where 
y = total neutron production (units of 1918 neutrons) 
x = total incident deuterons (units of deuterons) 

A, and A2 are constants determined by a non-linear least squares fitting 
procedure and are given in units of 10l8 neutrons 
10 /incident deuteron (10 /d ) ,  respectively. As can be seen from 
Fig. 1 ,  the fitted points agree very well with the data. 
is generally within 2%. 

Differences in neutron production rate are perhaps better illustrated by 
considering that 

n) and 
-24 . -24 + 

The agreement 

-A2 - x 
dyldx = (A1 A2)e 
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FIGURE 1. P l o t s  o f  T o t a l  Neutron P roduc t i on  vs T o t a l  I n c i d e n t  Deuterons f o r  
"Average" 23- and 50-cm Targets .  A l s o  shown a r e  t h e  f i t t e d  values 
(see t e x t ) .  
used i n  t h e  f i t t i n g  procedure. 

The da ta  p o i n t s  rep resen t  o n l y  a subset  o f  t h e  da ta  
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Semi-log p l o t s  o f  t h i s  f u n c t i o n  a re  shown i n  F ig .  2 f o r  t he  same t a r g e t s  

as shown i n  Fig. 1. The y a x i s  i n t e r c e p t  g i ves  the  i n i t i a l  y i e l d  o f  t he  

t a r g e t  (n /d t )  and t he  s lope an i n d i c a t i o n  o f  t h e  t r i t i u m  d e p l e t i o n  r a t e  

o f  t h e  t a rge t .  

r a t es ,  F ig .  2 a l s o  shows t he  e f f e c t  o f  i n a d v e r t e n t  a i r  exposure o f  a 

p a r t i a l l y  used t a r g e t  (#2017).  
l a r g e  d e p l e t i o n  r a t e  o f  t r i t i u m .  

We have completed t h i s  t r i a l  r un  o f  50-cm t a r g e t s .  

t i o n a l  subs t ra tes  was i n i t i a t e d  i n  A p r i l  1982. Completed t a r g e t s  a r e  

expected e a r l y  i n  1983. 

w i t h  23-cm ta rge ts .  

Soon a f t e r  changing t o  23-cm t a r g e t  opera t ion ,  we exper ienced a f a i l u r e  

o f  a commercial brass f i t t i n g  i n  an a i r  supply l i n e  which p rov ides  l i f t -  

o f f  a i r  f o r  the  t a r g e t  vacuum seal. 

cause o f  unscheduled outage t h i s  quar te r .  

s u f f e r e d  from poor t a r g e t  performance. 

s t o r e d  f o r  about  one year  as backup f o r  50-cm opera t ions  a re  no good. 

Storage c o n d i t i o n s  a re  probab ly  the  cause. 

Sargent Welch turbomolecu lar  vacuum pumps con t inue  t o  be a major  

maintenance problem. Three pump f a i l u r e s  occur red t h i s  per iod.  We a r e  

c o n v e r t i n g  t o  Ba lzers  pumps as r a p i d l y  as budget and system redes ign 

permi t .  

We have rece ived  new i o n  source a r c  power supp l ies .  

machine t e s t i n g  are encouraging. We w i l l  i n s t a l l  t he  supply on t he  l e f t  

machine a t  t he  f i r s t  p r a c t i c a l  o p p o r t u n i t y .  The o r d e r  has been placed 

f o r  h i g h e r  vo l tage  and c u r r e n t  e x t r a c t i o n  supp l ies .  

i n  t h e  summer o f  1983. 

A cons iderab le  q u a n t i t y  o f  p o s t - i r r a d i a t i o n  t e s t  equipment has now been 

i n s t a l l e d  a t  RTNS-11. 

a c c e l e r a t o r  was converted t o  t h i s  use. A new JEOL 200 CX TEM i s  t he  

p r i n c i p a l  occupant. 
room. A dark room has a l s o  been const ruc ted.  

To i l l u s t r a t e  more c l e a r l y  t he  d i f f e r e n c e  i n  d e p l e t i o n  

I n  t h i s  case, t he  t a r g e t  shows a very  

Product ion o f  add i-  

I n  t h e  meantime, opera t ions  w i l l  be cont inued 

The r o t a t i n g  assembly was converted i n  August. 

The ensuing wreck was t he  major  

Neutron p roduc t ion  a l s o  

Twelve 23-cm t a r g e t s  which were 

New t a r g e t s  a re  now on hand. 

Resu l ts  o f  r i g h t  

D e l i v e r y  i s  expected 

A room o r i g i n a l l y  des t ined  t o  house a Van de Graa f f  

We have moved our  t r i t i u m  contaminated SEM t o  t h i s  

7 
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FIGURE 2 .  Neutron Production Rates vs The Number of Incident Deuterons f o r  
the Same Targets as in Figure 1. A lso  shown in the neutron pro- 
duction r a t e  f o r  a t a rge t  showing a high depletion r a t e  (see t e x t ) .  
These are derived using values of A 
t ing  procedure. 
incident on each t a rge t .  

and A determined in the f i t -  
The arrows ind ica t i  the &ta l  number of deuterons 
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6.0 Future Work 

I r radia t ion of MACOR for J. Fowler (LANL) will  continue. Cryogenic 
i r rad ia t ion  of magnet s t a b i l i z e r  copper f o r  M. G u i n a n  ( L L N L )  will be 
performed. Add-ons f o r  T. I ida (Osaka), R. Borg (LLNL) and G. Woolhouse 
(Aracor) a re  planned. R. Hartman (Northrolp) will resume exposures of 
LSI c i r c u i t s .  A non-fusion experiment f o r  T. Norris (LANL) i s  planned. 

The second meeting of the  U.S./Japan RTNS-I1 Steering committee wi l l  be 
held February 10-11, 1982. 

An upgraded ion source arc  power supply will be ins ta l l ed  on the l e f t  
machine. Tests wil l  begin of redesigned ion source electrode apertures. 
Orders wil l  be placed for  prototypes of redesigned accelera tor  column 
components. 

6.1 Pub1 ica t ions  

T r i t i u m  Targets a t  - RTNS-11, D. W.  Heikkinen and C. M. Logan, t o  be 
presented a t  11th World Conference of the International Nuclear Target 
Development Society, Sea t t l e ,  Washington, October 6-8, 1982. 

-- Guide f o r  Experimenters Rotating Target Neutron Source - 11, Manual L L N L  
M-094 Rev. 1. 

High  Speed Rotating Vacuum - Seal, J .  L. Garibaldi and C. M. Logan, 
submi t t ed  t o  Nuclear Instruments and Methods. 

U C R L  87806 
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THE DUAL-TEMPERATURE VACUUM-INSULATED FURNACE SYSTEM 

N. F. Panayotou (Westinghouse Hanford Company) 

1.0 O b j e c t i v e  

The o b j e c t i v e  o f  t h i s  work i s  t o  determine t h e  e f f e c t s  o f  h i g h  energy neut rons  

on damage p roduc t i on  and e v o l u t i o n ,  and t h e  r e l a t i o n s h i p  o f  these e f f e c t s  t o  

e f f e c t s  produced by f i s s i o n  r e a c t o r  neutrons. The s p e c i f i c  o b j e c t i v e  o f  t h e  

c u r r e n t  work i s  t o  develop a fu rnace system which w i l l  e f f i c i e n t l y  u t i l i z e  t h e  

pr imary  i r r a d i a t i o n  volume o f  t h e  R o t a t i n g  Ta rge t  Neutron Source (RTNS)-11. 

2.0 Summary 

A new furnace,  t h e  Dual-Temperature Vacuum-Insulated (DTVI) fu rnace system i s  
a v a i l a b l e  f o r  use a t  t h e  RTNS-I1 f a c i l i t y .  Using t h i s  furnace system e x p e r i -  
menters can i r r a d i a t e  specimens s imul taneous ly  a t  two c l o s e l y  c o n t r o l l e d  

temperatures, under h i g h  vacuum c o n d i t i o n s  i n  t h e  pr imary  i r r a d i a t i o n  volume 

o f  RTNS-11. The DTVI fu rnace system was designed t o  be r e l i a b l e  and t o  be 

e a s i l y  ma in ta ined  and operated. 

3.0 Program 

T i t l e :  I r r a d i a t i o n  E f f e c t s  Ana lys 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 :  Westinghouse Hanford Company 

4.0 Relevant  DAFS Program P lan  Task/Subtask 

Task II .B.3 
Task I I .C.6 

Task II.C.ll 
Task I I .C .14  

Task I I .C.17 

Task II.C.18 

Exper imental  Pr imary Damage S t a t e  

E f f e c t  o f  Rate and Cascades on M i c r o s t r u c t u r e  

E f f e c t  o f  Cascades and F l u x  on Flow 

Models o f  Flow and F rac tu re  Under I r r a d i a t i o n  

M i c r o s t r u c t u r a l  C h a r a c t e r i z a t i o n  

R e l a t i n g  Low and High-Exposure M i c r o s t r u c t u r e s  



5.0 Accomplishments and Status 

5.1 Introduction 

The radiat ion damage sustained by s t ruc tura l  metals i s  an  important consid- 
erat ion in the design of fusion power plants.  
will  subject s tructural  metals t o  a high energy neutron environment while 
operating a t  temperatures in the range 50 t o  500°C. The extrapolation of 
f i s s ion  reactor  data t o  cover the e f fec t s  o f  high-energy neutrons on the mech- 
anical propert ies  of s tructural  metals i s  n o t  r e l i ab le  without a be t te r  know- 
ledge of the e f f e c t  of neutron spectrum on neutron induced property changes. 
Therefore, elevated temperature high energy neutron i r radia t ion  experiments 
must be conducted in support of the fusion materials development program. 
The Rotating Target Neutron Source (RTNS)-I1 i s  a 14-MeV neutron source dedi- 
cated t o  fusion materials  research. 

Next generation fusion devices 

Current high-energy neutron sources such a s  the RTNS-I1 are characterized by 
a r e l a t ive ly  low peak neutron f lux and by a rapid decrease in neutron flux 
with distance from the source. 
systems designed for use a t  a f a c i l i t y  l ike  RTNS-I1 must permit the position- 
ing of specimens within the primary i r radia t ion  volume while maintaining a 
controlled environment and minimizing specimen thermal gradients.  An innova- 
t i v e  system, the Dual-Temperature Vacuum-Insulated furnace system, has been 
designed and b u i l t  f o r  t h i s  purpose and i s  current ly avai lable a t  the RTNS-I1 
f a c i l i t y .  The purpose of this  report i s  t o  provide potential users w i t h  
general information on the design, performance and operation of the DTVI 
furnace system. 

Accordingly, elevated temperature experimental 

5.2 Furnace System Design 

5.2 .1  Design Requirements 

The furnace system was required t o  provide two temperature zones, each having 
equal access to the neutron f l u x ;  t o  minimize temperature gradients in e i t h e r  
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zone; t o  p e r m i t  a maximum temperature o f  400°C and t o  a l l o w  t h e  temperature 

d i f f e r e n t i a l  between t h e  zones t o  be c o n t r o l l a b l e  over  a wide range; t o  p rov ide  
a c o n t r o l  l e d  atmosphere; t o  min imize  t h e  added sepa ra t i on  between neu t ron  source 

and specimens due t o  t h e  furnace; t o  heat  o r  coo l  specimens w i t h i n  t h i r t y  min- 
u t e s  and t o  min imize  t h e  r e s i d u a l  induced r a d i o a c t i v i t y  o f  t h e  fu rnace system. 

S p e c i f i c  requirements were a l s o  imposed on t h i s  furnace system by t h e  f a c i l i t y .  

The geometr ica l  c o n f i g u r a t i o n  had t o  p e r m i t  f u l l  scanning o f  t h e  r o t a t i n g  

o s c i l l a t i n g  t a r g e t s  and system r e l i a b i l i t y  had t o  p rec lude extended down t ime  

due t o  f a i l u r e s  o f  heaters  and vacuum system components. 

5.2.2 System Overview 

The assembled fu rnace system i s  shown i n  F igures  1 and 2. 
h a l f  cores, F igu re  2, a r e  mounted on a standard s i x - i n c h  s t a i n l e s s  s t e e l  
c o n f l a t  f l ange .  

f u n c t i o n s  as a separate temperature zone. 

c o n f l a t  f l a n g e  by t h r e e  l a r g e  d iameter  heater  o r  gas c o o l i n g  w e l l s  and one 

smal l  d iameter  thermocouple w e l l .  Heaters and thermocouples p o s i t i o n e d  i n  

these w e l l s  a r e  i n  good thermal c o n t a c t  w i t h  t h e  h a l f  cores  and a r e  a l s o  

access ib le  s i nce  t h e  w e l l s  open on t h e  c o n f l a t  f lange.  

assembly i s  p o s i t i o n e d  w i t h i n  an u l t r a  h i g h  vacuum (UHV) enclosure.  Using 

bakable a l l  meta l  UHV va lves  t h e  enc losure  can be connected t o  e i t h e r  a 

turbomolecular-mechanical vacuum pump combinat ion o r  t o  a 20 a / s  i o n  pump. 

Dur ing  i r r a d i a t i o n  o n l y  t h e  i o n  pump, which con ta ins  no moving pa r t s ,  i s  

employed. The o t h e r  system i s  va lved o f f  and shut  down, t h u s  p r e c l u d i n g  down 

t i m e  due t o  t h e  f a i l u r e  o f  mechanical t ype  vacuum components ( a  problem which 

p lagued p rev ious  fu rnace systems). The vacuum syste1:i a l s o  i nc ludes  an up- to-  

a i r  va l ve  and a thermocouple (TC) t y p e  vacuum gage, F igu re  1. Pressure read-  

i n g s  i n  t h e  h i g h  and u l t r a  h i g h  vacuum range a r e  ob ta ined  d i r e c t l y  f rom t h e  

i o n  pump c o n t r o l  un i t .  Typ i ca l  pressures a t  t h e  i o n  pump f l a n g e  a r e  i n  t h e  

range 1.10-8 t o r r .  

co re  have been es t ima ted  t o  be i n  t h e  low 

The two fu rnace 

Specimens a r e  conta ined w i t h i n  t h e  h a l f  cores,  each o f  which 
Each h a l f  co re  i s  connected t o  t h e  

Th i s  fu rnace c o r e  

Pressures a t  t h e  specimen p o s i t i o n s  w i t h i n  t h e  fu rnace 

t o r r  range. 
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1 r" 

5.2.3 System D e t a i l s  

An exploded view o f  t he  vacuum enclosure and furnace co re  assembly i s  shown 

i n  F igu re  3. C a r t r i d g e  type heaters,  F igures 2 and 3, a re  i n s e r t e d  i n  t he  

l a r g e  diameter w e l l s  which a re  a l s o  used t o  p e r m i t  n i t r o g e n  gas t o  be c i r c u -  

l a t e d  through each furnace h a l f  cork.  The furnace was designed so t h a t  up 

t o  t h r e e  c a r t r i d g e  heaters  c o u l d  be p o s i t i o n e d  w i t h i n  each furnace h a l f  core. 

Furthermore, each heater  con ta ins  t h r e e  independent windings arranged i n  a 

l i n e a r  a r r ay .  

core  o p e r a t i n g  w i t h  o n l y  i t s  cen te r  w ind ing was a b l e  t o  heat  each co re  t o  t he  

r e q u i r e d  temperature w i t h i n  one- ha l f  hour. 

However, i t  was determined t h a t  j u s t  one heater  i n  each furnace 

FIGURE 3. Exploded View o f  t he  Furnace Core Assembly 
w i t h  C a l i b r a t i o n  Feedthroughs, C a r t r i d g e  Heaters and Con t ro l /  
I n d i c a t i n g  Thermocouple (One of Two). 

d Vacuum Enclosure 
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Also shown i n  Figure 3 a re  two UHV thermocouple feedthroughs. These feed- 
t h r o u g h s  were used t o  instrument each temperature zone in the furnace core 
with u p  t o  f ive  thermocouples f o r  ca l ibra t ion .  
temperature uniformity between specimen positions and  between specimen posi- 
t ions  and the thermocouple well in e i t h e r  zone was found t o  be within k1"C 

of the nominal temperature. Accordingly, a s ingle thermocouple positioned 
in the thermocouple well i s  used t o  control and measure the temperature in 
each zone. 
f l a t  flange i s  shown in Figure 4 .  

During bench checking the 

The layout of these wells and instrument feedthroughs on the  con- 

The overall  dimensions of the vacuum enclosure a re  shown in Figure 5. The 
portion of the enclosure which i s  positioned c loses t  t o  the neutron source 
was fabricated from 6061 aluminum al loy.  
s t a i n l e s s  s teel  weldment. This approach minimized the residual-induced radio- 
a c t i v i t y  of the enclosure while permitting the use of standard vacuum flanges. 

This section was then joined t o  a 

FIGURE 4. 

HEATERIGAS COOLING WELLS 161 LOCATED 

0 WL 0 ' 

STANDARD 5 STAINLESS STEEL 
CONFLAT UHV FLANGE 

STANDARD MINI STAINLESS STEEL 
CONFLAT unv FLANGES 

" E D L U - I  

Layout of Six Heater/Gas Cooling Wells, the Two Control/Indicating 
Themocouple Wells and  the Two Mini-Flanges f o r  Calibration Feed- 
throughs. 
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STANDARD 
6“ STAINLESS STEEL 
CONFLAT 
UHV FLANGE 

c ALUMINUM 
ALLOY 

~ - 

I 
I r 
I 

_t STAINLESS 

FIGURE 5. Overall Dimensions of the Vacuum Enclosure. Joining an aluminum 
alloy weldment with a stainless steel weldnlent reduced handling 
problems due to residual-induced radioactivity while allowing 
standard UHV flanges to be used. 

A s  shown in Figure 2 the furnace core consists of two hemi-cylinders which 
are connected to a conflat flange by wells. 
from oxygen-free, high-conductivity copper. The external surfaces of each 
half core were carefully polished to minimize radiative heat transfer. 
walled stainless steel tubing, chosen to minimize conductive heat transfer, 
was brazed to the furnace half cores and welded to the conflat flange to form 
wells for heaters, cooling gas and thermocouples. 
the furnace core assembly are shown in Figures 6 and 7.  

was designed to operate at two independent temperatures simultaneously, 
bellows were installed on each of the six large diameter wells and the two 
small diameter thermocouple wells to accommodate the resulting differential 
thermal expansion of the furnace half cores. The two ceramic standoffs on 
the front of each half core and these bellows allow the position of the furnace 
half cores, and therefore the specimens, to be referenced to the vacuum enclosure. 

These half cores were fabricated 

Thin- 

The overall dimensions of 
Since the furnace 
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unv FLANGE 

n 
CERAMIC 

HEATERIGAS COOLING r- WELLS 
I-. FURNACE CORE 

\I @ <+/ -CERAMIC STANDOFFS 141 1 1  

CALIBRATION 
INSTRUMENTATION 
FEEDTHROUGH 

FIGURE 6. O v e r a l l  Dimensions o f  t h e  Furnace Core Assembly. 

VACUUM ENCLOSURE 

\ 
FURNACE CORE 

NEUTRON SOURCE 

Schematic o f  t h e  Furnace Core Assembly Pos i t i oned  W i t h i n  t h e  Vacuum 
Enclosure.  
o f  t h e  fu rnace co re  assembly t o  p e r m i t  f u l l  scanning o f  t h e  r o t a t i n g ,  
o s c i l l a t i n g ,  t a r g e t .  

FIGURE 7 .  
The specimen volume has been d i sp laced  f rom t h e  a x i s  
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A d e t a i l  o f  t h e  alumina ceramic s tando f f s  i s  shown i n  F igu re  8. Heat l osses  

a r e  reduced by m i n i m i z i n g  c o n t a c t  area and by recess ing  each s t a n d o f f  i n t o  

t h e  fu rnace h a l f  cores t o  inc rease t h e  hea t  t r a n s f e r  pa th  l eng th .  The l e n g t h  

o f  t h e  s t a n d o f f  v a r i e s  accord ing  t o  t h e  p o s i t i o n  o f  t h e  s tando f f .  Four 3.4-IM~ 

l o n g  s tando f f s  m a i n t a i n  t h e  0.25-mm separa t i on  between t h e  fu rnace h a l f  cores, 

two 3.54-mm l o n g  s t a n d o f f s  a r e  p o s i t i o n e d  on t h e  f r o n t  o f  each h a l f  co re  and 

f o u r  3.68-mm l o n g  s tando f f s  a r e  p o s i t i o n e d  on t h e  body o f  each h a l f  core.  

s t a n d o f f s  a r e  h e l d  i n  p o s i t i o n  by a r e t a i n i n g  r i n g  which i s  s taked i n  p lace .  

T h i s  pe rm i t s  easy removal and replacement should a s t a n d o f f  be damaged. 

The 

As shown i n  F igu re  7 t h e  a x i s  o f  t h e  specimen volume o f  each fu rnace h a l f  co re  

i s  d i sp laced  so t h a t  t h e  minimum d i s tance  between i t  and t h e  edge o f  t h e  vacuum 

enc losure  does n o t  exceed 17.46 mm. 

f u l l y  scanned, hence f u l l y  u t i l i z e d ,  even w i t h  t h e  fu rnace system p o s i t i o n e d  
as c l o s e l y  as p o s s i b l e  t o  the  t a r g e t .  

T h i s  a l l ows  t h e  r o t a t i n g  t a r g e t s  t o  be 

1.57 mm 

7- 
t-. STANDOFF --+---) 

RETAINING RING 

HEDL 82W-025.4b 

FIGURE 8. D e t a i l  o f  a Ceramic S tando f f  Pos i t i oned  i n  a 1.5-mm Deep Recess. 
The s t a n d o f f s  m a i n t a i n  t h e  r e q u i r e d  c learance between t h e  fu rnace 
h a l f  cores, between t h e  h a l f  cores  and t h e  neut ron  window and 
between t h e  h a l f  cores  and t h e  vacuum enclosure.  
t o  min imize  conduct ive  heat  t r a n s f e r .  

They a r e  designed 
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A detail of a furnace half core is shown in Figure 9. This sectional view 
illustrates the three large diameter penetrations used for heaters and gas 
cooling and the single small diameter penetration used for the control and 
indicating thermocouple. 
specimens. The positions of the specimen penetrations are shown in Figure 10. 
A rectangular specimen holder (shown in Figure 9) and three cylindrical speci- 
men holders (not shown) can be inserted into each furnace half core from the 
rear. Structural components in key locations were designed to be of minimum 
thicknesses: a 0.02 mm thick cover foil is used on the rectangular specimen 
holder, and 0.13 and 0.25 mm thick cover foils are used for the furnace half 
core. 
peak flux by increasing the target-specimen separation. 

The other penetrations shown are used for holding 

Thicker structures are not required and would needlessly reduce the 

The rectangular specimen holder can accommodate both tensile and transmission 
electron microscopy (TEM) disk type specimens. Currently the tensile speci- 
mens are loaded directly into the specimen holder while the 3-mm diameter TEM 
disks are first loaded into packets and then the packets are loaded into the 
specimen holder. The holders for the three cylindrical specimen penetrations 
accommodate only TEM disk specimens. 
and the flat temperature profile of the furnace half cores, specimens posi- 
tioned at the rear of these holders can be used as thermal control specimens. 

Given the large gradient in neutron flux 

A view of the rear of the furnace half cores is shown in Figure 11, illustrat- 
ing one of two thermal radiation shields. 
specimen penetrations and were designed to complete the high conductivity 
enclosure around the specimen and to permit efficient vacuum pumping of the 
specimen penetrations. The shields are indeed effective. Without the shields 
in place a furnace half core at a nominal temperature of 300°C was found to 
have a 40°C gradient over the rear half of the furnace half core. 
pares with a temperature uniformity of i l " C  over the entire furnace half core 
when the shield is in place. 

These shields permit access to the 

This com- 
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THERMAL 
RADIATION 
SHIELD 

STEEL FOIL 

DISK PACKET 

TEM DISK SPECIMEN 

TENSILE SPECIMEN 

2 5  mm THICK COPPER FOIL 

L 0 . 1 3  mm THICK COPPER FOIL 
HfoL-mts 

FIGURE 9. D e t a i l  o f  a Furnace H a l f  Core Showing Pene t ra t i ons  f o r  Heaters, 
Gas Cool ing,  Thermocouples and Specimens; a Specimen Holder  and 
M i n i a t u r e  Specimens; and a Thermal Rad ia t i on  Sh ie ld .  

HEATER/GAS COOLING WELLS 
/7i 

3.8 mm DIAMETER PENETRATIONS FOR 
TEM DISK SPECIMENS 

PENETRATION FOR 
TEM DlSKlTENSlLE 
SPECIMENS HALF-CORE 

, 6 2 4  ' \D+BEAM AXIS I 
46.48- 

ALL DIMENSIONS IN mm 

HEDL 8mbms.3 

FIGURE 10. P o s i t i o n  o f  t h e  Specimen Pene t ra t i ons  i n  a Furnace H a l f  Core. 
T h i s  view i s  a s e c t i o n  through t h e  h a l f  co re  a t  t h e  h i g h e s t  f l u x  
specimen p o s i t i o n .  
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FIGURE 11. View o f  the  Rear o f  the  Furnace Core I l l u s t r a t i n g  the  Access t o  t he  
t he  Specimen Penet ra t ions and a Thermal Rad ia t ion  Sh ie ld .  

A major  goal o f  t he  design o f  the  DTVI  fu rnace system was t o  a l l o w  experimenters 
access t o  t he  pr imary  i r r a d i a t i o n  volume o f  RTNS-11. 
volume o f  RTNS-I1 i s  de f ined  as a c y l i n d e r  1 cm i n  diameter and 2-mm deep 

centered on t he  deuteron beam ax is .  Over t h i s  volume t he  neut ron f l u x  drops 
by a f a c t o r  o f  two. 
mens due t o  t he  furnace system i s  l i m i t e d  t o  1 mn, f i f t y  percent  o f  t he  p r i -  

mary i r r a d i a t i o n  volume can be accessed. F igu re  12 i l l u s t r a t e s  how t h i s  was 

achieved. 

on the  furnace h a l f  cores and t he  specimen holders,  t he  th ickness o f  t he  

vacuum enc losure ' s  neut ron window, F igu re  8, had t o  be op t im ized  t o  min imize 

t he  t o t a l  separat ion.  The d e f l e c t i o n  o f  t he  aluminum a l l o y  window was f i r s t  
l i m i t e d  by m in im iz ing  the  diameter o f  t he  window. 

window was found t o  d e f l e c t  0.25-m under vacuum. Th is  d e f l e c t i o n  c o u l d  be 

accommodated i n  t he  0.35-mm o f  a v a i l a b l e  c learance l e a v i n g  a 0.10-mm minimum 

clearance under vacuum and a l s o  l i m i t i n g  t he  t o t a l  separat ion t o  1 mm. 

The pr imary  i r r a d i a t i o n  

I f  the added separat ion between neut ron source and spec i-  

I n  a d d i t i o n  t o  m in im iz ing  t he  th ickness o f  t he  cover f o i l s  used 

A 0.50-mm t h i c k  neut ron 
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FIGURE 

/ FIRST TENSILE SPECIMEN 

.02 mm SPECIMEN HOLDER 
COVER FOIL 

L.13 mm FURNACE CORE COVER FOIL 

.35 mm CLEARANCE; VACUUM GAP 
WINDOW DEFLECTION 

-50 mm WINDOW, DEFLECTS .25 mm 
UNDER VACUUM 

12. Schematic I l l u s t r a t i o n  o f  t he  Furnace System S t ruc tu res ,  t h e  
Neutron Window and t he  Required Cover F o i l s  and Clearance, Which 
Together Add Only 1 mm o f  Separat ion  Between t he  Neutron Source 
dnd t h e  Specimens. 

5.3 Furnace System Operat ion  

Once t h e  specimen ho lde rs  have been loaded t h e  l a r g e  pan head screw on t he  

thermal r a d i a t i o n  s h i e l d ,  F igu re  11, i s  t i g h t e n e d  which expands t he  s ides o f  

t h e  s h i e l d  secur ing  i t  i n  p o s i t i o n .  The e n t i r e  fu rnace core  assembly i s  then 

o r i e n t e d  p r o p e r l y  and c a r e f u l l y  i n s e r t e d  i n t o  t h e  vacuum enc losure  and secured. 

C a r t r i d g e  heaters,  thermocouples and gas c o o l i n g  i n l e t s  a re  i n s e r t e d  i n t o  t he  

a p p r o p r i a t e  w e l l s .  

p o s i t i o n i n g  i n  f r o n t  o f  t h e  r o t a t i n g  t a r g e t .  The furnace has been operated 

a t  simultaneous temperatures o f  288 and 80'C. Dur ing ac tua l  o p e r a t i o n  i t  

takes approx imate ly  twenty  minutes f o r  t he  temperature o f  t he  fu rnace  cores 

t o  s t a b l i z e  a t  these t e s t  temperatures. Temperature c o n t r o l  i s  p rov ided  b y  

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

A vacuum i s  obta ined and t he  furnace system i s  ready f o r  

N i t rogen  gas i s  c i r c u l a t e d  through t h e  w e l l s  on 
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the cooler half core during normal operation. 
cooling, the few watts of heat radiated from a 288OC half core would result 
in a temperature in excess of 80°C in the other half core. 
system is operated so that the temperature of the cooler half core is conven- 
iently regulated at 80°C using electrical heating in opposition to a low flow 
of cooling gas. 
thermocouples positioned in the spare large diameter wells of each furnace 
core. 

This is required since, without 

Accordingly, the 

Overtemperature protection is provided using two additional 

Nitrogen gas is circulated through both half cores and at a higher flow rate 
when the experimenter decides to quench the experiment. Quenching the speci- 
mens to temperatures significantly below the test temperatures is required in 
order to limit annealing of radiation induced damage. Quenching to 6OoC from 
288°C and to 40°C from 80°C requires one-half hour. This furnace system can, 
therefore, be taken from a cold start to the required test temperatures and 
quenched in fifty minutes. 
is a significant capability at an accelerator-based neutron facility like 
RTNS-11; the facility does not operate continuously and is also subject to 
unscheduled interruptions of the neutron flux. 

The ability to cycle a furnace system this rapidly 

5.4 Conclusions 

The Dual-Temperature Vacuum-Insulated furnace system was delivered to the 
RTNS-I1 facility on November 2, 1981. Overall the DTVI furnace system has 
met or exceeded all design requirements. Specifically this system allows an 
experimenter to efficiently access the primary irradiation volume of RTNS-I1 
for elevated temperature experiments. Specimens are irradiated at exceedingly 
uniform temperatures and under high vacuum conditions. Irradiations are 
performed at two independent temperatures which can differ by as much as 
320°C with a maximum temperature of 400'C. 
cooled rapidly making this furnace system compatible with the operation of 
an accelerator-based neutron source. This system was designed to be reliable, 
maintainable and to minimize post-irradiation handling problems associated 
with residual induced radioactivity. Although long-term reliability has yet 

Specimens can also be heated and 
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t o  be t e s t e d  t he  system performance has been e x c e l l e n t .  

o f  ac tua l  t ime a t  temperature has been logged t o  date  and no problems have 

been noted. 

A t o t a l  o f  100 hours 

6.0 References 

None 

7.0 Future  Work 

None 

8.0 Pub1 i c a t i o n s  

N. F. Panayotou, D. R. Green and L. S. P r i ce ,  " A  Unique Furnace System f o r  

H igh Energy Neutron Experiments," Proceedings o f  t h e  Conference on Fast ,  

Thermal and Fusion Reactor Experiments ANS A p r i l  12-15, 1982, Volume 11, 
PP. 57-65. 
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CHAPTER 2 

DOSIMETRY AND DAMAGE PARAMETERS 
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FISSION REACTOR DOSIMETRY 

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

1 .o Objective 

To characterize f i s s ion  reactor i r rad ia t ion  f a c i l i t i e s  and t o  provide dosimetry 

and damage analysis for  fusion experiments. 

2 .o Sumnary 

Samp. JS have been rece from the ORR-MFE4A2 and HFIR-CTR 31, 34, and 35 ir- 

Dosimeters have been prepared fo r  

A computerized dosimetry and damage 

radiations and analysis i s  now i n  progress. 

several new experiments in HFIR-CTR 39-45. 

data f i l e  has been in i t i a t ed  t o  permanently record data i n  a format eas i ly  

accessible t o  a l l  fusion experimenters. 

ments i s  summarized in Table 1. 

The s t a tus  of a l l  dosimetry experi- 

3.0 Program 

T i t l e :  Dosimetry and Damage Analysis 

Principal Investigator:  L. R.  Greenwood 

Affi 1 ia t ion:  Argonne National Laboratory 

4 .O Relevant DAFS Program Plan Task/Subtasks 

Task I 1  . A . 1  Fission Reactor Dosimetry 
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TABLE 1 

STATUS OF DOSIMETRY EXPERIMENTS 

Fac i l i t y /Expe r imen t  Status/Comments 

HFIR 

ORR - MFE 1 

- MFE 2 

- MFE 4A1 

- MFE 4A2 

- MFE 4 B,C 

- TBC 07 

- TRIO-Test 

- TRIO-1 

- CTR 32 

- CTR 31, 34, 35 

- CTR 30 

- T1, T2, T3 

- RB1, RB2, RB3 

- CTR 39-45 

Omega West - Spec t ra l  Ana lys is  

- HEDLl 

EBR I 1  - X287 

IPNS - Spectra l  Ana lys is  

- LANLl (Hur ley )  

- Hur l  ey/Col tman 

~~ ~~~~~~ 

Completed 12/79 

Completed 06/81 

Completed 12/81 

Samples Received 09/82 

I r r a d i a t i o n  i n  Progress 

Completed 07/80 

Completed 07/82 

Samples Sent 07/82 

Completed 04/82 

Samples Received 09/82 

I r r a d i a t i o n  i n  Progress 

I r r a d i a t i o n s  i n  Progress 

I r r a d i a t i o n s  i n  Progress 

Samples Being Prepared 

Completed 10/80 

Completed 05/81 

Completed 09/81 

Completed 01/82 

Completed 06/82 

P1 anned 09/82 
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5.0 Accomplishments and S ta tus  

Samples have been rece ived  from the  f o l l o w i n g  i r r a d i a t i o n s :  

CTR31, CTR34, and CTR35. 

Argonne Na t iona l  Laboratory  i n  p r e p a r a t i o n  f o r  Ge(Li ) gamma spectroscopy. 

F o l l o w i n g  these analyses, se lec ted  samples and he l ium moni tors  w i l l  be sent  to 

D. K n e f f  a t  Rockwell I n t e r n a t i o n a l  f o r  he l ium ana lys i s .  A new h i g h- l e v e l  gamma 

spectroscopy system i s  be ing  u t i l i z e d  t o  handle these samples. 

ORR-MFE4A2, HFIR- 

The capsules a re  now be ing opened i n  a h o t  c e l l  a t  

New dosimeters a re  be ing  prepared f o r  n ine  planned i r r a d i a t i o n s  i n  HFIR 

(CTR 39-45 and RB s e r i e s ) .  A t  l e a s t  f i f t y  new aluminum dosimetry capsules w i l l  

be requ i red ,  mos t l y  c o n t a i n i n g  Fe, Co-A1 a l l o y ,  T i ,  and Mn-Cu a l l o y ,  s i m i l a r  t o  

the  capsules used i n  t he  CTR 34 and 35 i r r a d i a t i o n s .  

r e f e r r e d  t o  our more ex tens ive  spec t r a l  analyses and f l uence  and damage para- 

meter maps w i l l  be c a l c u l a t e d  f o r  each i r r a d i a t i o n .  

A l l  r e s u l t s  w i l l  be 

A computerized dosimetry and damage data  f i l e  has been i n i t i a t e d  i n  o rde r  t o  

permanently r e c o r d  a l l  dosimetry data i n  a format  t h a t  i s  e a s i l y  access ib le  to 

a l l  f u s i o n  experimenters. The data  f i l e  w i l l  be p laced  on the  NMFE computer 

a t  Lawrence Livermore Laboratory  and a r e p o r t  i s  now be ing  w r i t t e n  concerning 

access data and formats.  The data i s  w r i t t e n  i n  a s imple card- image format  

s i m i l a r  t o  t he  ENDF s t y l e .  

c luded w i t h  each f i l e  t o  make the  data as readab le  as poss ib le .  

t i o n  f i l e  w i l l  con ta in  a p l a i n- E n g l i s h  d e s c r i p t i o n  and re ferences to more 

complete pub1 i c a t i o n s ,  a c t i v i t y  data, t he  i n p u t  spectrum, ou tpu t  spectrum, a 

sumnary o f  f luences,  se lec ted  damage parameters, and a complete l i s t i n g  o f  

However, alphanumeric t i t l e s  and headers a re  i n -  

Each i r r a d i a -  
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i n p u t  u n c e r t a i n t i e s  and ou tpu t  covar iances.  

parameters, h a l f - l i v e s ,  and branching r a t i o s  w i l l  be re ferenced and i nc luded  

i n  separate f i l e s  as needed. Re t r i eva l  codes a re  designed so t h a t  a user  can 

r a p i d l y  r e t r i e v e  o n l y  se lec ted  data (e.g., - fluence  and damage s u n a r i e s  f o r  

any o r  a l l  f i l e s ) .  However, i t  i s  a l s o  in tended t h a t  a l l  data w i l l  be suf-  

f i c i e n t l y - w e l l  recorded such t h a t  a complete r e a n a l y s i s  c o u l d  be performed i n  

the  f u t u r e  as new data becomes a v a i l a b l e .  Most p rev ious  i r r a d i a t i o n  da ta  are 

now be ing  p laced  i n  t h e  f i l e ,  s t a r t i n g  with the  most r e c e n t  experiments. 

Older da ta  may need t o  be reassessed accord ing t o  changes i n  cross sec t ions  

h a l f - l i v e s ,  and branching r a t i o s .  A p r e l i m i n a r y  ve rs ion  o f  the  f i l e  should 

be a v a i l a b l e  s h o r t l y  f o r  t e s t i n g  by i n t e r e s t e d  p a r t i e s .  

Cross sec t ions ,  s e l f - s h i e l d i n g  

6.0 References 

None. 

7 .O Fu tu re  Work 

The ORR-MFE4A2 and HFIR-CTR31, 34, and 35 analyses should be completed i n  the  

nex t  qua r te r .  The computer ized dos imetry  and damage data f i l e  w i l l  be a v a i l -  

ab le  s h o r t l y ;  however, we p l a n  t o  c o n t i n u a l l y  update the f i l e  as each new 

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

8.0 Pub1 i c a t i o n s  

1. Neutron Source Cha rac te r i za t i on  and Rad ia t ion  Damage Ca l cu la t i ons  f o r  

M a t e r i a l s  Studies,  L. R. Greenwood, J .  Nucl. Mater. 108, 21 (1982). 
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EXPERIMENTS AT THE IPNS SPALLATION NEUTRON SOURCE 

L. R. Greenwood (Argonne Nat iona l  Laboratory)  

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

To c h a r a c t e r i z e  the  IPNS i r r a d i a t i o n  f a c i l i t i e s  and t o  p rov ide  OFE exper i -  

menters w i t h  dosimetry and damage ana lys i s .  

2.0 Summary 

Damage c a l c u l a t i o n s  have been completed f o r  G. Hur ley  (LANL) f o r  an IPNS ir- 

r a d i a t i o n  on February 22-27, 1982. 

depending on t he  composi t ions o f  the  organ ic  i n s u l a t o r  m a t e r i a l s .  

be ing  made f o r  a second i r r a d i a t i o n  f o r  G. Hur ley  and R. Coltman (ORNL) d u r i n g  

September 1982. 

Doses ranged from 1.04 t o  2.87 x 108 Rads 

Plans a re  

3 .O 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 iona l  Laboratory  

4 .O Relevant  DAFS Program Plan TaskDubtasks 

Task I1 .A.2 High-Energy Neutron Dosimetry 
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5.0 Accomplishments and S t a t u s  

Dosimetry measurements were reported previously (Damage Analysis and Funda- 

mental Studies,  Quarterly Progress Report DOE/ER-0046/10) for  the i r radia t ion  

of organic insulators  a t  4°K a t  the IPNS. 

1.51 x 1017 n /cd  (>0.1 MeV) or 2.17 x 1017 n/cm2 ( t o t a l ) .  

have now been completed for  t h i s  i r radia t ion  and the dose values are described 

bel ow. 

The average neutron fluence was 

Damage calculat ions 

I n  order t o  routinely calculate  doses delivered t o  insula tors ,  ionization 

energies must be added t o  the displacement damage which we usually report for  

the i r radia t ion  o f  metals. Consequently, we have included the MACKLIB1 l i b r a r y  

of Kerma fac tors  in our SPECTER computer code so t h a t  dose values are spectral-  

averaged along with our DPA,  PKA,  and gas production cross sect ions.  

present version of MACKLIB i s  based on ENDF/B-IV rather than version V .  

ever, based on the small DPA differences noted between versions IV and V we 

expect dose ra t e  differences to be l e s s  t h a n  10%. 

The 

How- 

Table 1 l i s t s  Kerma and dose values for  various elements and organic insulators  

u s i n g  the neutron spectrum measured a t  IPNS.2 The most s t r ik ing  conclusion 

evident from the values i s  the high dose in hydrogen and hence organics com- 

pared t o  inorganics. Polyimides t h u s  suffer  l e s s  damage than epoxies and  glass  

i s  l e s s  than the organics. Several comments should be made about these values. 

F i r s t  of a l l ,  characterization of organics i s  quite  important since the exact 

composition (especia l ly  hydrogen) obviously e f f e c t s  the calculated dose. 
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Secondly, composites such as GI0 w i l l  have s t rong,  l o c a l  v a r i a t i o n s  i n  dose 

s ince  the  g lass  f i b e r s  damage more s l o w l y  than the  r e s i n .  

dose d e l i v e r e d  t o  G10 may n o t  be t he  most r e p r e s e n t a t i v e  number t o  l ook  a t .  

Caut ion i s  thus needed t o  c a l c u l a t e  and i n t e r p r e t  doses i n  a s tandard ized 

manner. To t h i s  end t he  MACKLIB K e n a  f a c t o r s  have been inc luded  i n  our  

l a t e s t  v e r s i o n  o f  the  SPECTER code on t he  NMFE computer a t  Lawrence L i v e n o r e  

Laboratory .  

Hence, t he  average 

TABLE 1 

DOSE CALCULATIONS AT IPNS (REF-VT2) 
Neutron Fluence = 1.51 x 1017 above 0.1 MeV 

Mate r i  a1 Kerma (keV-b) Dose ( x  107 Rads) 

H 

B 

C 

N 

0 

S i  

S i  02 

E-Glass (B )  

1432. 308. 

9827. 196. 

257. 4.60 

316. 4.86 

234. 3.14 

152. 1.16 

2.21 

8.01 

Poly imide 16.5 

Epoxy A (6% H) 22.6 

Epoxy B (8% H )  28.7 
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One u n c e r t a i n t y  remain ing i n  our dose c a l c u l a t i o n s  a t  IPNS i s  t h a t  we do n o t  

have a r e l i a b l e  est imate o f  t h e  gamma dose. Several measurements have been 

made w i t h  thermoluminescent dosimeters (TLD-LiF) .3 However, t h e  neutron 

f r a c t i o n  of t h e  dose so overwhelms t h e  gamma f r a c t i o n  t h a t  no r e l i a b l e  va lue  

f o r  t h e  gamma dose can be ex t rac ted .  

o f  t h e  neutron dose are  s l i g h t l y  h i ghe r  than our  measurements (19.1 Rads/$ 

vs. 18.7 Rads/,,C). 

em i t t ed  by f l u o r i n e .  

measured doses, then our  upper l i m i t  on the  gamma dose to L i F  i s  about 15%. 

Other methods have been considered f o r  measuring t h e  IPNS gama  f l u x ,  a l though 

none appear t o  be s a t i s f a c t o r y .  Ca lo r imet ry  measurements a re  a l so  dominated 

by t h e  neutron dose and have accurac ies s i m i l a r  t o  t h e  TLD measurements. 

A c t i v e  de tec to rs  a re  d i f f i c u l t  t o  operate due to t h e  pu lsed  na tu re  o f  IPNS 

s i nce  the  f l u x  i s  g rea te r  than 1018 n/cm2 d u r i n g  a pulse.  

gama  dose i s  a small f r a c t i o n  o f  the  t o t a l .  

I n  f a c t  ou r  b e s t  c a l c u l a t i o n s  (MACKLIB) 

Th is  may be due i n  p a r t  t o  the  escape o f  some p r a y s  

I f  we p lace  10% u n c e r t a i n t i e s  on bo th  the c a l c u l a t e d  and 

I n  any case, t h e  

We have a l s o  measured the  p ro ton  f l u x  i n c i d e n t  on our  samples us ing  t h e  V and 

Cu (p,n) r eac t i ons  and a t h i c k  ( 5  cm) l e a d  absorber.3 Al though these da ta  are 

s t i l l  be ing  analyzed, i n i t i a l  r e s u l t s  show t h a t  the secondary p ro ton  f l u x  i n  

the  i r r a d i a t i o n  th imb le  i s  o n l y  about 1/800 o f  t h e  neutron f l u x  and t h a t  the 

average p ro ton  energy i s  g r e a t e r  than 100 MeV. Hence, we can conclude t h a t  

the  dose d e l i v e r e d  by secondary p ro tons  i s  q u i t e  n e g l i g i b l e  f o r  t h i n  samples. 
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7 .O Futu re  Work 

A second cryogenic (4°K) i r r a d i a t i o n  i s  planned a t  IPNS i n  September 1982. 

Samples w i l l  be i r r a d i a t e d  f o r  G. HUrley (LANL) and R. Coltman (ORNL). Dosi-  

metry w i res  w i l l  be inc luded  t o  determine the f l uence  and dose values w i l l  be 

c a l c u l a t e d .  Experiments a re  a1 so be ing proposed t o  improve our  dosimetry 

techniques, e s p e c i a l l y  a t  h igher  neut ron energies.  

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

1. Neutron I r r a d i a t i o n  F a c i l i t i e s  a t  the  In tense  Pulsed Neutron Source, 

R. C. B i r t c h e r ,  T. H. B l e w i t t ,  M. A. K i r k ,  T. L. Sco t t ,  B. S. Brown, and 

L. R. Greenwood, J. Nucl. Mater. 108, 3 (1982). 
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HELIUM PRODUCTION IN 'jLi AND 'OB FROM ORR-TRIO 
D. W .  Knef f ,  B .  1.1. O l i v e r ,  M. 14. Nakata, and H. F a r r a r  I V  (Rockwel l  I n t e r n a-  

t i o n a l ,  Energy Systems Group) 

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

The o b j e c t i v e  o f  t h i s  work i s  t o  develop and app l y  he l ium accumulat ion neut ron  

dos imet ry  t o  t h e  measurement o f  neut ron  f l uences  and energy spec t ra  i n  mixed- 

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

2.0 Summary 

Hel ium p roduc t i on  measurements have been completed f o r  t h e  6L i  and 'OB dosim- 

e t e r s  i r r a d i a t e d  i n  t h e  Oak Ridge Research Reactor (ORR) as p a r t  o f  t h e  
Argonne Na t i ona l  Labora tory  (ANL)-Oak Ridge Na t i ona l  Labora tory  (ORNL) TRIO 

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

t r i t i u m  p roduc t i on  r a t e  f o r  t h i s  i r r a d i a t i o n .  The r e s u l t  was found t o  agree 

w i t h i n  u n c e r t a i n t i e s  w i t h  ORNL's t r i t i u m  p roduc t i on  measurement. 

The 6 L i  measurements were used t o  determine t h e  'L i (n,a)  H 

3.0 Program 

T i t l e :  Hel ium Generat ion i n  Fusion Reactor M a t e r i a l s  

P r i n c i p a l  I n v e s t i g a t o r s :  D. W .  Knef f  and Har ry  F a r r a r  I V  
A f f i l i a t i o n :  Rockwell I n t e r n a t i o n a l ,  Energy Systems Group 

4.0 Relevant  DAFS Program Plan Task/Subtask 

Subtask I I . A . l . l  F lux- Spect ra l  D e f i n i t i o n  i n  a T a i l o r e d  F i s s i o n  Reactor  

5.0 Accomplishments and Sta tus  

The ORR-TRIO t e s t  i r r a d i a t i o n ," )  conducted i n  A p r i l  1982 as p a r t  o f  an ANL- 

ORNL exper iment  t o  measure and recover  t r i t i u m  f rom f u s i o n  b l a n k e t  m a t e r i a l s ,  
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6 i n c o r p o r a t e d  a s e t  o f  L i -  and B-doped aluminum a l l o y  dos imet ry  w i r e s .  The 

purpose o f  i n c l u d i n g  these w i res  was t o  p rov ide  he l ium accumulat ion neut ron 

t i o n s ,  and t o  compare t he  hel ium p roduc t ion  from 6 L i  w i t h  the  L i  t r i t i u m  

p r o d u c t i o n  r a t e s  measured by ORNL and c a l c u l a t e d  by ANL. ( l )  The a l l o y  w i res  
6 were se lec ted  because t h e i r  smal l  L i  and n a t u r a l  boron concen t ra t ions  

(0.705 w t .  % and 0.47 w t .  %, r e s p e c t i v e l y )  i n t roduced  minimal s e l f - s h i e l d i n g  

and f l u x - p e r t u r b a t i o n  e f f e c t s .  

dos imet ry  f o r  the  i r r a d i a t i o n ,  u t i l i z i n g  t he  ‘Li(n,n) 3 H and 10B(n,a)7Li reac-  

6 

Ana lys is  o f  these w i res  i s  now complete. 

A 13-mm l e n g t h  each o f  t he  A1-0.7% 6 L i  and A1-0.5% B w i res  was i r r a d i a t e d  t o  a 

t o t a l  exposure o f  253.35 NWH. 

analyzed by h i g h - s e n s i t i v i t y  gas mass spectrometry f o r  generated he1 ium. 

purpose o f  the  sample e t c h i n g  procedure was t o  remove a l l  p o s s i b l e  su r face  

e f f e c t s  o f  a lpha r e c o i l  i n t o  o r  o u t  o f  the  m a t e r i a l s .  The r e s u l t s  o f  t he  

he l ium analyses a re  summarized i n  Table 1, where the he l i um c o n c e n t r a t i o n  

measurements a re  g i ven  i n  Column 3, and a re  converted t o  a tom- f rac t ion  burnup 

o f  

c o r r e c t e d  f o r  s e l f - s h i e l d i n g  and f l ux- depress ion  e f f e c t s  (-1.9% f o r  L i  and 

-1.1% f o r  ’OB) assoc ia ted w i t h  the  sample i r r a d i a t i o n  geometry. The abso lu te  

u n c e r t a i n t i e s  i n  t he  he l ium measurements a re  about 1%, and g r a d i e n t s  o f  about 

2% can be seen a long t he  segmented w i res .  

con ten t  o f  t he  A1-0.7% 6 L i  a l l o y  i s  3.6%. 
measured f o r  6L i  and ‘OB a re  g i ven  i n  Column 5. 

These w i res  were then etched, segmented, and 

The 

6 L i  and ’OB, r e s p e c t i v e l y ,  i n  Column 4. The Column 4 r e s u l t s  have been 
6 

The quoted u n c e r t a i n t y  i n  the  6L i  

The average f r a c t i o n a l  burnups 

6 The t r i t i u m  concen t ra t ions  i n  the  A l -  L i  a l l o y  segments were a l s o  determined 

by h i g h - s e n s i t i v i t y  gas mass spectrometry.  These measurements were performed 

by ana lyz ing  the  

ment r e s u l t s  a re  g i ven  i n  Table 2, where they a re  expressed as  He/ He r a t i o s  

(Column 2 ) .  For comparison, t he  c a l c u l a t e d  He/ He r a t i o s  f o r  the  i n d i v i d u a l  

samples, which a re  based on t he  equal p roduc t ion  o f  he l ium and t r i t i u m  by t he  

‘Li(n,a) H r e a c t i o n ,  a re  g i ven  i n  Column 3. 

a l l  o f  t he  t r i t i u m  and he l ium i s  r e t a i n e d  by t he  a l l o y  w i r e  and t h a t  the  

t r i t i u m  h a l f - l i f e  i s  12.33 years.  

3 He decay product  f rom t he  r a d i o a c t i v e  t r i t i u m .  The measure- 
4 3  

4 3  

3 These c a l c u l a t i o n s  assume t h a t  

Since he l ium and t r i t i u m  have s i g n i f i c a n t l y  
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TABLE 1 

SUMMARY OF HELIUM GENERATION RESULTS FROM THE 
ORR-TRIO IRRADIATION TEST EXPERIMENT 

Average 
Measured Atom-Fract ion Atom-Fract ion 

M a t e r i a l  Sample 4He/mg Burnup* Burnup 

A1-0.7% 6 L i  ORT-ALLI-A 1.672 x 1015 2.540 x 6 L i  

ORT-ALLI-B 1.664 x 1015 2.529 x 

ORT-ALLI-C 1.654 x 1015 2.514 x 10 -3 'L i ]  6Li 

ORT-ALLI-D 1.643 x 1015 2.496 x 6L i  

ORT-ALLI-E 1.633 x 1015 2.481 x 10 

6L i  2.512 10-3 

-3 6Li 

1.064 x l o - '  
1% 

ORT-ALB-A 5.485 x 1014 1.075 x 10 - 2 l o B  
- 2 l o B  
-2 l o B  
-2 l o B  

A1-0.57; B 

ORT-ALB-B 5.441 x 1.067 x 10 
ORT-ALB-C 5.378 x 1014 1.054 x 10 

ORT-ALB-D 5.404 x 1014 1.059 x 10 

*With respec t  t o  6L i  o r  l 0 B ;  co r rec ted  f o r  i s o t o p e  burnup, s e l f - s h i e l d i n g ,  
and f l ux- dep ress ion  e f f e c t s .  

TABLE 2 
MEASURED AND CALCULATED 4He/3He RATIOS FRO3 6 L i  ( n , a )  3 H 

REACTIONS I N  THE A1-0.7% 6 L i  ALLOY SAllPLES 

Sample 

ORT-ALLI-A 

ORT-ALLI-B 

ORT-ALLI-C 

ORT-ALLI-D 

ORT-ALLI-E 

I 4He/3He R a t i o  

Measured Ca lcu la ted*  Calculated/Measured 

75.49 76.05 1.007 

66.31 66.13 0.997 

66.31 66.13 0.997 

65.87 66.13 1.004 

74.84 76.05 1.016 

Average = 1.004 

*Assuming a t r i t i u m  h a l f - l i f e  o f  12.33 yea rs  
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d i f f e r e n t  m o b i l i t i e s  i n  s o l i d s ,  the  e x c e l l e n t  agreement between t h e  measured 

and c a l c u l a t e d  r a t i o s  i n d i c a t e s  t h a t  a l l  o f  the  t r i t i u m  and hel ium was 

r e t a i n e d .  

3 The 6Li (n ,a)  H t r i t i u m  p roduc t i on  r a t e  determined f rom the  he l ium measurements 

i s  g iven  i n  Table 3. 

a l s o  i nc luded  f o r  comparison. I n  o rde r  t o  compare the  r e s u l t s  d i r e c t l y ,  the  

he l ium r e s u l t s  were normal ized t o  a 30-MW r e a c t o r  power l e v e l ,  and increased 

by 2.3% t o  c o r r e c t  f o r  t h e  f l u x  g rad ien t  between the  Rockwell and ORNL i r r a -  

d i a t i o n  p o s i t i o n s .  The Rockwell and ORNL r e s u l t s  agree t o  w i t h i n  -5%, which 

i s  w i t h i n  the  measurement u n c e r t a i n t i e s  o f  t h e  two values. The ANL-calculated 

t r i t i u m  p roduc t i on  r a t e  i s  about 9% h igher  than the  p resent  r e s u l t s .  

smal l  d i f f e r e n c e  t h a t  e x i s t s  between the  Rockwell and ORNL measurements i s  

be ing  i n v e s t i g a t e d .  

3.6% u n c e r t a i n t y  i n  t h e  6 L i  concen t ra t i on  i n  the  A l -  L i  a l l o y .  

con ten t  o f  t h i s  a l l o y  i s  now be ing  independent ly  measured a t  ANL. 

The ORNL t r i t i u m  measurement and ANL c a l c u l a t i o n ( ' )  a re  

The 

The l a r g e s t  u n c e r t a i n t y  i n  the  he l ium measurements i s  t h e  
6 The l i t h i u m  

6.0 References 

1. L. R. Greenwood, "Dosimetry Resu l ts  f o r  t h e  T r i o  Test  i n  ORR," i n  Damage 
Ana l ys i s  and Fundamental Studies,  Q u a r t e r l y  Progress Report  Ap r i l - June  
- 1982, DOE/ER-0046/10, U.S. Department o f  Energy, 9 (1982).  

TABLE 3 

SUMMARY OF 6L i  ( n , c ~ ) ~ H  TRITIUM PRODUCTION RATE 
DETERMINATIONS FOR ORR-TRIO AT 30 I.lW 

Source T r i t i u m  Produc t ion  Rate 

Rockwell measurement (he l ium)  (8.45 t 0.34) x 10 -8 3H/6Li-s 

ORNL measurement ( t r i t i u m )  (8.91 t 0.45) x 10 -8 3H/6Li-s 

ANL c a l c u l a t i o n  9.22 x 10 -8 3H/6Li-s 
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7.0  Future Work 

Mixed-spectrum reactor  dosimetry development and use will  continue, with near- 
term analysis  emphasis on current ORR and HFIR experiments. 

8.0 Pub1 i cations 

None. 
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CHAPTER 3 

FUNDAMENTAL MECHANICAL BEHAVIOR 

4 1  





DEVELOPMENTS I N  SMALL-SCALE STRENGTH AND IMPACT TESTING 

G.E. Lucas, J.W. Sheckherd, G.R. Odette, (Department o f  Chemical and Nuclear 

Engineer ing,  U n i v e r s i t y  o f  C a l i f o r n i a ,  Santa Barbara) 

1.0 O b j e c t i v e  

The purpose o f  t h i s  aspect  o f  t he  program i s  t o  develop t e s t  techniques t o  

e x t r a c t  mechanical p r o p e r t y  i n f o r m a t i o n  from smal l  volume specimens e i t h e r  

b e i n g  used o r  p lanned f o r  use i n  neut ron i r r a d i a t i o n  experiments f o r  t he  

f u s i o n  m a t e r i a l s  development program. 

2.0 Summary 

Th is  r e p o r t  updates t he  developments o f  two t e s t  techniques,  namely shear 

punch t e s t i n g  and m i n i a t u r i z e d  impact specimen t e s t i n g .  I n  shear t e s t i n g ,  a 

very  s t r o n g  c o r r e l a t i o n  has been found f o r  a wide range o f  m a t e r i a l s  between 

the  u n i a x i a l  t e n s i l e  y i e l d  s t r e n g t h  o f  a m a t e r i a l  and t he  y i e l d  l oad  e x h i b i t e d  

d u r i n g  a shear punch t e s t ,  and between t he  u l i m a t e  t e n s i l e  s t r e n g t h  i n  t e n s i o n  

and t he  maximum load  i n  shear. I n  m i n i a t u r i z e d  impact t e s t i n g ,  o n e - t h i r d  s i z e  

Charpy V-notch (CVN) specimens have been t e s t e d  f o r  a v a r i e t y  o f  commercial 

and model pressure  vessel  s t ee l s .  Al though t he  curves o f  normal ized impact 

energy as a f u n c t i o n  o f  t e s t  temperature do n o t  c o i n c i d e  f o r  t he  smal l  and 

standard CVNs,  t h e  s m a l l  CVNs, do appear use fu l  f o r  t r a c k i n g  t r a n s i t i o n  
temperature s h i f t  and perhaps upper s h e l f  energy changes. 

3 .0  Program 

T i t l e :  Damage Analys is  and Fundamental Stud ies  f o r  Fusion Reactor 

M a t e r i a l s  Development. 

P r i n c i p a l  I n v e s t i g a t o r s :  G.R.  Odet te and G.E. Lucas 

A f f i l i a t i o n :  U n i v e r s i t y  o f  C a l i f o r n i a ,  Santa Barbara. 
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4.0 Relevant  DAFS Program Plan Task/Subtask 

Subtask 8: Fundamental Mechanical P r o p e r t i e s  

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

5.0 Accomplishments and Sta tus  

Near term devices which a re  ( o r  w i l l  be) a v a i l a b l e  t o  p r o v i d e  h i gh  energy 

neut ron i r r a d i a t i o n  environments f o r  t he  f u s i o n  m a t e r i a l s  development program 

have, by t h e i r  nature ,  somewhat l i m i t e d  t e s t  volumes. A need t h e r e f o r e  e x i s t s  

t o  develop smal l  volume specimens and t he  t e s t  techniques necessary t o  e x t r a c t  

b o t h  m i c r o s t r u c t u r a l  and mechanical p r o p e r t y  i n f o r m a t i o n  from them. Two such 

t e s t s ,  which have been descr ibed prev ious ly ," ) a re  t he  shear punch t e s t  and 

m i n i a t u r i z e d  Charpy V-notch specimen impact t e s t .  A d d i t i o n a l  data  and 
f i n d i n g s  ob ta ined  i n  these t e s t s  a re  repor ted  here. 

5.2 Shear Punch Test  

As descr ibed i n  Reference 1, the  shear punch t e s t  i s  based on a b l a n k i n g  

o p e r a t i o n  common t o  t he  sheet metal fo rming i n d u s t r y .  A t h i n  (.5mm) coupon 

sample i s  clamped i n  a d i e ,  and a c y l i n d r i c a l  punch i s  d r i v e n  through it. The 

load  on t he  punch and t h e  displacement o f  t he  punch r e l a t i v e  t o  t he  sample a re  

b o t h  moni tored and used t o  generate a l oad  displacement curve l i k e  t h a t  shown 

i n  F i g .  1. A s i m i l a r  curve i s  ob ta ined  by s imply  m o n i t o r i n g  punch load  as a 

f u n c t i o n  o f  t ime f o r  cons tan t  ram displacement r a t e .  

E a r l y  t e s t s  w i t h  t h e  shear punch t e s t  were analyzed f o r  d u c t i l i t y  
in format ion ." ) However, i t  i s  c l e a r  from F ig .  1 t h a t  t he  t e s t  r e s u l t s  may 

c o n t a i n  s t r e n g t h  i n f o r m a t i o n  analogous t o  t h a t  ob ta ined  from the  load-  

displacement curve o f  a standard t e n s i l e  t e s t .  I n  p a r t i c u l a r ,  t he  punch 

Y '  load-displacement curve e x h i b i t s  a d e v i a t i o n  from n e a r - l i n e a r i t y  a t  a load  P 

which might  be r e l a t e d  t o  a t e n s i l e  y i e l d  l oad  and a maximum l oad  Pmax which 

might  be r e l a t e d  t o  an u l t i m a t e  t e n s i l e  load. 
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SPECIMEN 

PUNCH LOCATION 

FIGURE 2. Mount O r i e n t a t i o n  o f  Samples Tested i n  I n t e r r u p t e d  Shear Punch Tests  . 

1 L/ DISPLACEMENT 
L 

FIGURE 3. Punched Region i n  Brass Samples Punched t o  D i f f e r e n t  F r a c t i o n s  o f  
d . 
s6onding c o n d i t i o n  o f  each sample. 

The load-displacement curve i s  used t o  i n d i c a t e  t he  co r re -  
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i s ,  t h e  punch con tac ted  t h e  sample on one s i d e  f i r s t ,  and hence 

permanent displacement i n i t i a t e d  there .  Attempts t o  c o r r e c t  t h i s  

d e f i c i e n c y  i n  t h e  system are  underway as descr ibed  i n  Sec t ion  7.0.  

The punching process c rea ted  a zone o f  deformat ion 20-50 pm wide a t  

t h e  l o c a t i o n  o f  t h e  punch-die i n t e r f a c e .  Th i s  w i d t h  was o f  t h e  

o rder  o f  t h e  gap between the  punch and i t s  gu ide ho le  i n  t h e  d ie .  

The amount of  deformat ion,  as evidenced by g r a i n  geometry d i s t o r t i o n  

i n  t h e  zone, increased i n  s e v e r i t y  w i t h  i nc reas ing  punch 

displacement;  however, t h e  zone w i d t h  d i d  n o t  appear t o  inc rease  

w i t h  punch displacement. 

2. 

3. The specimen th ickness  ( v e r t i c a l  d i r e c t i o n  i n  F ig .  3) w i t h i n  t h e  

deformat ion zone, and hence the  l oad  bea r i ng  area o f  t h e  specimen, 

decreased w i t h  i nc reas ing  punch displacement;  however, t h i s  was 

apparen t l y  o f f s e t  by work hardening o f  t h e  m a t e r i a l  f o r  loads up t o  

'max. 
Beyond Pmax, t h e  specimen " t h i n s " ,  o r  shears o f f ,  r a p i d l y  i n  t h e  4. 

deformat ion zone. 

Hence, i t  appears from such observat ions t h a t  t h e  va lue  o f  P m igh t  c o r r e l a t e  
w i t h  t h e  y i e l d  s t r e n g t h  o f  t h e  m a t e r i a l ,  and Pmax w i t h  t h e  u l t i m a t e  t e n s i l e  

s t reng th .  To t e s t  t h i s ,  r e s u l t s  f rom punch t e s t s  were compared w i t h  u n i a x i a l  

da ta  f o r  a v a r i e t y  o f  m a t e r i a l  rang ing  from annealed aluminum t o  h i g h l y  
cold-worked s t a i n l e s s  s t e e l .  R e s u l t s  a r e  shown i n  F igs .  4 and 5. These show 

reasonable c o r r e l a t i o n  between u and P and uu and Pmax f o r  a wide range of 

y i e l d  s t reng ths  and u l t i m a t e  t e n s i l e  s t reng ths .  Some o f  t h e  v e r t i c a l  s c a t t e r  

i n  F ig .  4 i s  a t t r i b u t a b l e  t o  t h e  d i f f i c u l t y  i n  d e f i n i n g  d e v i a t i o n  from 

l i n e a r i t y ,  and t h e  s lope  o f  t h e  l i n e a r  r e g i o n  i t s e l f .  The s c a t t e r  i n  Pmax, 

however, was very  smal l ,  as t h e  maximum p o i n t  i s  w e l l  def ined.  A d d i t i o n a l  

s c a t t e r  may be i n t roduced  by s l i g h t  misal ignments o f  t h e  punch and d i e ,  as 

w e l l  as m a t e r i a l  v a r i a b i l i t y .  It should be noted t h a t  t h e  c o r r e l a t i o n s  

i l l u s t r a t e d  i n  F igs .  4 and 5 a re  s e n s i t i v e  t o  bo th  sample geometry and punch 

geometry. Nonetheless, f o r  a g iven  punch geometry and specimen s i z e  t h e  

technique appears p romis ing  f o r  o b t a i n i n g  s t r e n g t h  in fo rmat ion .  

Y 

Y Y '  
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FIGURE 

@ALUMINUM 

4. 

UNIAXIAL YIELD STRESS, (7" (MPa) 

w i t h  
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5.3 M i n i a t u r e  CVN Tests 

M i n i a t u r e  Charpy V-notch (CVN) specimens a r e  be ing  developed and t e s t e d  as 

p a r t  o f  a program on neut ron  i r r a d i a t i o n  embr i t t l emen t  o f  p ressure  vessel  

s t e e l s ,  funded by t h e  E l e c t r i c  Power Research I n s t i t u t e . *  However, because 

t h e  t e s t  r e s u l t s  may be o f  some i n t e r e s t  t o  t h e  f u s i o n  m a t e r i a l s  community, 

they  a r e  r e p o r t e d  here. 

To date,  m i n i a t u r e  CVNs, 1 /3  s tandard dimensions, have been f a b r i c a t e d  and 

t e s t e d  f o r  t h e  m a t e r i a l s  shown i n  Table 1. Tests a r e  per formed on an 

ins t rumented drop tower w i t h  a mass o f  96.7 kg  and an impact v e l o c i t y  o f  ,975 

m/s. A s p e c i a l l y  designed, removable a n v i l  was used t o  improve temperature 

c o n t r o l .  The specimen was mounted on t h e  a n v i l  and heated o r  coo led  t o  t h e  

a p p r o p r i a t e  t e s t  temperature i n  a temperature bath.  Rapid removal o f  t h e  

a n v i l  from t h e  b a t h  and placement i n  t h e  drop tower p e r m i t t e d  t e s t i n g  w i t h  

l i t t l e  temperature change i n  t h e  specimen i t s e l f .  

Table 1 

ALLOYS INVESTIGATED BY M I N I - C V N  TESTING 

Oesi g n a t i  on 

A 

D 

T 

A508-2 

A508-2 T 

D e s c r i p t i o n  

A 3028 s t e e l  

E P R I  weld, Lin-0080 

Fe-. lC-.25Cu-.6Ni-1.5Mn-.6Si 

A508-2 s t e e l ;  as- rece ived 

A508-2 s t e e l ,  aged 1 h @ 1900°F 

* 
E P R I  Cont rac t  RP-1021-7; T. Marston, p r o j e c t  manager; J o i n t  program w i t h  

F rac tu re  Cont ro l  Corpora t ion ,  Goleta,  CA,  J. P e r r i n ,  Pres ident .  The 
m i n i a t u r e  CVN t e s t s  were performed a t  F rac tu re  Con t ro l  Corporat ion.  
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Resul ts  f o r  a l l o y s  A,  0, and T a re  shown i n  F igs .  6-8. For a l l o y s  A and D t he  

data  a re  compared t o  standard CVN data.  A l l  da ta  a re  normal ized by volume 

Bb2, where B i s  t he  specimen w i d t h  (10 mm f o r  CVN and 3.3 mm f o r  mini-CVN) and 

b i s  the  l igament  s i z e  (8  mm f o r  CVN and 2.64 mm f o r  mini-CVN). The da ta  a re  

f i t  by tanh curves which a re  shown as s o l i d  l i n e s  f o r  t he  standard CVN's and 

d o t t e d  l i n e s  f o r  t he  mini-CVNs. Whi le  t h e  mini-CVN curves have shapes l i k e  

t he  standard CVN curves,  t h e r e  i s  no c l e a r  c o r r e l a t i o n  between t he  two types 

of  normal ized impact energy curves f o r  t he  m a t e r i a l s  i n v e s t i g a t e d .  

Shown i n  F i g .  9 a re  r e s u l t s  obta ined on an A508-2 s t e e l  i n  t he  as- received and 

t he  temper- embr i t t l ed  c o n d i t i o n  ( i . e .  aged 1 h @ 1900 OF) .  The standard CVN 

curves show a drop i n  upper s h e l f  energy and an increase. i n  t r a n s i t i o n  

temperature upon ag ing t he  A508-2 s t e e l .  The mini-CVN curves show t h e  same 

behav ior  even though t he  mini-CVN and standard CVN curves do n o t  co inc ide .  
Fo r  ins tance,  a t  t he  normal ized energy l e v e l  o f  770 f t - l b / i n  , corresponding 
t o  t he  30 f t - l b  l e v e l  i n  a standard CVN t e s t ,  t he  s h i f t  i n  NOTT i s  -2OOOF f o r  

t he  standard CVN and -17OOF f o r  t he  mini-CVN. Hence, t h e r e  i s  cons iderab le  

p o t e n t i a l  f o r  us ing  these specimens t o  t r a c k  changes i n  t he  impact energy 

curves.  

3 

6.0 References 

1. G.E. Lucas, e t  al., "Small Specimen Test  Development," OAFS Q u a r t e r l y  

Progress Report,  DOE/ER-0046/4 (1981) 45. 

7.0 f u t u r e  Work 

The shear punch t e s t  i s  be ing  sca led down. A punch-and-die apparatus has been 

f a b r i c a t e d  t o  produce 3mm diameter punched d i scs .  Hence, i t  i s  env is ioned 

t h a t  t h e  shear punch t e s t  might  be used t o  e x t r a c t  mechanical p r o p e r t i e s  from 

sheet m a t e r i a l  d u r i n g  t he  b l a n k i n g  opera t ion  f o r  TEM d iscs .  Moreover, spec i a l  

p recau t ions  have been taken t o  improve t he  al ignment and p e r p e n d i c u l a r i t y  o f  

t he  new punch-and-die based on exper ience gained w i t h  t he  o r i g i n a l  apparatus. 

Punch t e s t i n g  w i t h  t h e  new apparatus has been i n i t i a t e d .  
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Work will continue on the miniature CVN specimens. In particular testing o f  

mini-CVNs of alloys A ,  D and T following irradiation at various levels o f  

flux, fluence and temperature are planned. Moreover, testing o f  alloys A ,  D ,  

and T as well as a variety o f  other commercial and model alloys are planned 
after aging them at various times in the temperature regime 550°F-6200F. 

Results will be reported i n  the future. 
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FUNDAMENTAL FLOW AND FRACTURE ANALYSIS OF PRIME CANDIDATE ALLOY (PCA) FOR 

PATH A (AUSTENITICS)  

G. E. Lucas, M. Jayakumar (Department o f  Chemical and Nuclear Engineering, 

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

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

1.0 Ob jec t i ve  

The purpose of t h i s  aspect o f  t he  program i s  t o  use a s e t  o f  w e l 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 he  A l l o y  Development f o r  I r r a d i a t i o n  

Performance ( A D I P )  program t o  develop an understanding o f  t he  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 he  development o f  c o r r e l a t i o n  methodologies f o r  use 
i n  t he  f u s i o n  m a t e r i a l s  program. Moreove r ,  t he  mechanical p r o p e r t i e s  da ta  
obta ined i n  such an ana l ys i s  w i l l  be o f  immediate i n t e r e s t  t o  t he  A D I P  pro-  

gram. 

2.0 Summary 

To date room temperature microhardness t e s t s  have been performed on samples of 

Prime Candidate A l l o y  (PCA) f o r  t he  a u s t e n i t i c s  (Path A )  subjected t o  var ious  

thermomechanical t reatments (TMT). The TMTs have e f f e c t e d  var ious  micro-  

s t ruc tu res ,  which have been w e l l  charac ter ized  by o p t i c a l  metal lography and 

TEM. For comparison, microhardness t e s t s  have been performed on samples of 

N- lo t ,  DO heat and MFE 316 s t a i n l e s s  s t e e l  w i t h  s i m i l a r  TMTs. The r e s u l t s  

i n d i c a t e  t h a t  t he  TMTs i nves t i ga ted  can s i g n i f i c a n t l y  a l t e r  the microhardness 

o f  t h e  PCA i n  a manner which i s  cons i s ten t  w i t h  m i c r o s t r u c t u r a l  changes. 

Moreover, w h i l e  PCA had the  lowest  microhardness o f  t he  f o u r  a l l o y  types a f t e r  

c o l d  working, i t s  microhardness increased w h i l e  t he  o thers  decreased t o  com- 

parab le  values a f t e r  ag ing f o r  2 h a t  750OC. 
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3.0  Program 

T i t l e :  Damage Ana lys is  and Fundamental Studies f o r  Fusion Reactor 

M a t e r i a l s  Development 

P r i n c i p a l  I n v e s t i g a t o r s :  G. R.  Odette and G. E. Lucas 

A f f i l 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, A l l o y  Develop- 

ment f o r  I r r a d i a t i o n  Performance ( A D I P )  Program f o r  Magnetic Fusion Energy, 

Meta ls  and Ceramic D i v i s i o n ,  Oak Ridge Nat iona l  Laboratory)  

4.0 Relevant DAFS Program Plan Task/Subtask 

Subtask B Fundamental Mechanical P rope r t i es  

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  

Successful  development o f  s t r u c t u r a l  a l l o y s  f o r  f u s i o n  r e a c t o r  systems re-  

q u i r e s  bo th  t h e  experimental  i n v e s t i g a t i o n  o f  t h e  p r o p e r t i e s  o f  candidate 

a l l o y s  exposed t o  var ious  environmental  c o n d i t i o n s  as w e l l  as the  development 

o f  a fundamental understanding o f  the  response o f  these same m a t e r i a l s .  The 
l a t t e r  can be used t o  i n t e r p r e t  r e s u l t s ,  t o  he lp  develop p r e d i c t i v e  methodolo- 

g ies ,  and t o  a s s i s t  i n  g u i d i n g  t h e  a l l o y  development e f f o r t .  The e f f e c t i v e -  

ness of such a p a r a l l e l  e f f o r t  i n  t u r n  r e q u i r e s  a c l ose  c o l l a b o r a t i o n  between 

researchers i n  bo th  programs. I n  keeping w i t h  t h i s  ph i losophy ,  t h e  f o l l o w i n g  

c o l l a b o r a t i v e  e f f o r t  was i n i t i a t e d  t o  develop a fundamental understanding of 

t h e  r e l a t i o n s h i p  between t h e  m i c r o s t r u c t u r e  and t h e  mechanical behavior  o f  

Prime Candidate A l l o y  (PCA).  Such an understanding may be used i n  t h e  des ign 

o f  a supe r i o r  a l l o y  f o r  s t r u c t u r a l  a p p l i c a t i o n s  i n  a f u s i o n  environment. 
PCA i s  a 14 Cr-16 Ni-0.25 T i  a u s t e n i t e  t h a t  i s  o therwise s i m i l a r  t o  A l S l  316 

s t a i n l e s s  s t e e l .  I t s  exac t  composi t ion i n  comparison t o  severa l  o t h e r  s t a i n -  

l e s s  s t e e l s  i s  g iven  i n  Table 1. PCA i s  be ing  considered as a candidate 
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s t r u c t u r a l  m a t e r i a l  f o r  f u s i o n  systems. for  a number o f  reasons, among them t h e  

p o t e n t i a l  f o r  MC carb ides  which form i n  t h e  system t o  c o n t r o l  t ransmutant  

he l ium d i s t r i b u t i o n  and thus  suppress s w e l l i n g .  (1-3) Consequently,  cons ider -  

a b l e  e f f o r t  o f  t h e  A D I P  program has been devoted t o  eng ineer ing  m ic ros t ruc-  

t u r e s  i n  PCA th rough thermomechanical t rea tments  (TMT). Tests have a l s o  been 

i n i t i a t e d  t o  eva lua te  t h e  s t a b i l i t y  and s w e l l i n g  r e s i s t a n c e  of  these micro-  

s t r u c t u r e s  under neut ron  i r r a d i a t i o n .  

However, even i f  one o r  more m i c r o s t r u c t u r e s  i n  t h e  PCA system proves t o  be 

s w e l l i n g  r e s i s t a n t ,  mechanical p r o p e r t i e s  degradat ion  may l i m i t  w a l l  l i f e t i m e .  

There fore ,  t e n s i l e  s t reng th ,  d u c t i l i t y ,  creep, creep r u p t u r e ,  f r a c t u r e  and 

f a t i g u e  r e s i s t a n c e  as a f u n c t i o n  o f  TMT and i r r a d i a t i o n  h i s t o r y  must a l l  be 

g i ven  c o n s i d e r a t i o n  i n  t h e  e v a l u a t i o n  o f  t h e  a l l o y .  Th i s  s i t u a t i o n  -- i . e . ,  

t h e  ex i s tence  o f  a v a r i e t y  o f  PCA m i c r o s t r u c t u r e s  which have been w e l l  char-  

a c t e r i z e d  and t h e  need t o  eva lua te  t h e  mechanical p r o p e r t i e s  o f  PCA as a 

f u n c t i o n  o f  these m i c r o s t r u c t u r e  -- a l s o  represents  an e x c e l l e n t  o p p o r t u n i t y ,  

f r o m  a fundamental p o i n t  o f  view, t o  i n v e s t i g a t e  t h e  r e l a t i o n  between micro-  

s t r u c t u r e  and f l o w  and f r a c t u r e  behav ior  i n  a system o f  major  i n t e r e s t .  

To i n i t i a t e  an i n v e s t i g a t i o n  o f  mechanical p r o p e r t i e s  o f  PCA as a f u n c t i o n  o f  

m i c r o s t r u c t u r e ,  s tandard room temperature microhardness t e s t s  were performed 

on p r e - e x i s t i n g  m a t e r i a l s  hav ing  a v a r i e t y  o f  TMTs. The r e s u l t s  were used t o  

screen m a t e r i a l s  f o r  subsequent t e s t i n g .  Microhardness t e s t s  on t h e  N - l o t ,  DO 
and MFE re fe rence  hea ts  o f  316 s t a i n l e s s  s t e e l  were performed f o r  comparison. 

The r e s u l t s  of  these screening t e s t s  and t h e  consequent p lanned t e s t i n g  a r e  

r e p o r t e d  here. 

5 . 2  M a t e r i a l s  and M i c r o s t r u c t u r e s  

The m a t e r i a l s  t e s t e d  i n  t h i s  i n i t i a l  sc reen ing  a r e  l i s t e d  and b r i e f l y  de- 

s c r i b e d  i n  Table 2. The M s e r i e s  c o n s t i t u t e s  MFE 316; t h e  0 s e r i e s ,  DO heat ;  
t h e  N s e r i e s ,  N - l o t  316; and A ,  6, C ,  D s e r i e s ,  t h e  PCA m ic ros t ruc tu res .  A l l  

m a t e r i a l s  were f a b r i c a t e d  i n  sheet  form .25-.75 mm. i n  th ickness .  
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Des igna t ion  

N 1  

N3 

N4 

M 1  

M3 

M4 

0 1  

03 

04 

A 1  

A 2  

A3 

B 2 C  

B 2 F  

cc 
CF 

D 

T A B L E  2 

M A T E R I A L S  SCREENED I N  MICROHARDNESS TESTS 

D e s c r i p t i o n  

N- l o t  316 -- s o l u t i o n  annealed (1 h a t  105OOC) 

N - l o t  316 -- 2 0 %  c o l d  worked 

N- l o t  316 -- 20% c o l d  worked 

p l u s  2 h @ 75OOC 

MFE 316 -- s o l u t i o n  annealed (1 h a t  105OOC) 

MFE 316 -- 2 0 %  c o l d  worked 

MFE 316 -- 2 0 %  c o l d  worked 

p l u s  2 h @ 75OOC 

DO Heat -- s o l u t i o n  annealed (1 h a t  1O5O0C) 

DO Heat -- 2 0 %  c o l d  worked 

DO Heat -- 20% c o l d  worked 

p l u s  2 h (3 75OOC 

PCA -- s o l u t i o n  annealed (1 h a t  115OOC) 

PCA -- 10% c o l d  worked 

PCA -- 2 5 %  c o l d  worked 

PCA -- s o l u t i o n  annealed (1 h a t  115OOC) 

p l u s  8 h @ 8OO0C, p l u s  2 5 %  c o l d  work 

p l u s  2 h @ 75OOC 

PCA -- s o l u t i o n  annealed (45 min a t  115OOC) 

p l u s  8 h @ 8OO0C, p l u s  25% c o l d  work 

p l u s  2 h @ 75OOC 

PCA -- 2 5 %  c o l d  work, p l u s  2 h @ 75OOC 

PCA -- 2 5 %  c o l d  work, p l u s  2 h @ 75OOC 

PCA -- 10% c o l d  work, p l u s  2 h @ 75OOC 

p l u s  10% c o l d  work 
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The m i c r o s t r u c t u r e s  o f  most o f  these a l l o y s  have been descr ibed i n  d e t a i l  
elsewhere, (3-4) b u t  f o r  completeness, and f o r  i n i t i a t i n g  those u n f a m i l i a r  w i t h  

t he  p rev ious  work. t he  m i c r o s t r u c t u r e s  o f  a l l  t he  m a t e r i a l s  w i l l  be summarized 

lown i n  F igs .  1-5. 
. .  - 

)f m i c r o s t r u c t u r a l  fea tu res  which i s  c h a r a c t e r i s t i c  o f  s o l u t i o n  ai  

n a t e r i a l s  (F ig .  l), t o  A3, a m a t e r i a l  having a f a i r l y  h i g h  d i s l c  

l e n s i t y  th roughout  ( s i m i l a r  t o  F ig .  2a). The m i c r o s t r u c t u r e s  o f  N1, M1 

Representa t ive  o p t i c a l  mlcrograpns ana t ransmiss ion  e l e c t r o n  micrographs o f  

The micro-  t h e  m i c r o s t r u c t u r e s  o f  t h e  PCA a l l o y s  a re  sh 

s t r u c t u r e s  o f  t h e  A s e r i e s  range from A l ,  a m a t e r i a l  a lmost  comple te ly  devo id  
c inea led 

P ) ca t i on  
c and 01 

iowever, t h e  g r a i n  s i zes  a re  somewhat d i f f e r e n t .  The i n i t i a l  ASTM g r a i n  s i z ,  
lumber i s  8 f o r  N- l o t ,  DO heat  and MFE 316. It i s  5-7 f o r  t he  f i n e- g r a i n e  

T A ' s  (annealed .75 h a t  l l O O ° C )  and 1-3 f o r  t h e  coarse g ra ined  PCAls (an 

w a l e d  1 h a t  115OOC) as descr ibed below. For c e r t a i n  m i c r o s t r u c t u r e s  severa 

d i f f e r e n t  g r a i n  s i zes  have been produced. For example, t h e  m i c r o s t r u c t u r e  B 
i a s  been produced i n  b o t h  t he  f i n e- g r a i n e d  (B2F) and coarse-grained (B2C 

:ondi t ion.  Some r e p r e s e n t a t i v e  micrographs a re  g i ven  i n  F ig .  3. 

a t  8OO0C p l u s  c o l d  work ing 25% and f i n a l l y  ag ing  2 h a t  75OoC (see 

Both B2C and B2F have r e l a t i v e l y  coarse MC p r e c i p i t a t e s  a t  t he  gr: 
. .  . _. . . I  -. . . . . . . . ..I 

Table 2). 
I i i n  bound- 

a r i m  lnrnrliirprl hv t.hP first aaino,  ana a t i n e  aist . r iDut. ion OT VL th rouahout  

t r o n  

i c a l  

r a i n  

-. . - -  \r. -----_ _.I . . . _ _  -=...=, . ~ ~ ~ ~ I 

t h e  m a t r i x  (produced by t h e  second aging). The set of t ransmiss ion  e l e c  

micrographs i n  F ig .  4 show t h e  g r a i n  boundary carb ides i n  B2. The typ 

f i n e  m a t r i x  MC d i s t r i b u t i o n  i n  B2 i s  represented i n  Fig.  2. The ASTM g 

s i z e  number f o r  B2C i s  1-3, w h i l e  t h a t  f o r  B2F i s  5-7. 

The m i c r o s t r u c t u r e  o f  C was produced by ag ing  25% cold-worked m a t e r i a l  f o r  

a t  75OoC. It c o n s i s t s  o f  f i n e  MC carb ides b o t h  a t  t h e  g r a i n  boundary 

throughout  t h e  mat r i x .  Whi le  t h e  m a t r i x  ca rb ide  d i s t r i b u t i o n  i s  s i m i l a ,  

t h a t  o f  82 (Fig.  2b), t he  g r a i n  boundary carb ides a re  much f i n e r .  An exa 

o f  t h i s  i s  shown i n  F ig .  5. M i c r o s t r u c t u r e s  CC and CF o n l y  d i f f e r  i n  g 

2 h  

and 

r t o  

mpl e 

r a i n  
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FIGURE 1. Transmission Electron Micrograph o f  PCA Solution Annealed 1 h 
at 115OOC (Al). The matrix is relatively free of dislocations, 
and both the matrix and grain boundaries are quite free o f  MC. 
The micrograph i s  representative o f  the structures of N1, M 1  

and 01 as well. 
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FIGURE 3. Opt ica l  Micrographs ( 1 O O X )  o f  50% Cold-Worked PCA Annealed for 
30 Minutes a t  a )  1100°C and b) 1150°C. 

i s  c h a r a c t e r i s t i c  o f  both CF and BZF. The g r a i n  s i z e  o f  b)  i s  

c h a r a c t e r i s t i c  o f  both CC and BZC. 

The g r a i n  s i z e  o f  a) 
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FIGURE 5 .  Transmission E lec t ron  Micrographs o f  PCA 25% Cold-Worked Plus 

Aged 2 h a t  75OOC i n  a)  B r i g h t  F i e l d  and b)  Dark F i e l d .  

f i n e  MC carbide d i s t r i b u t i o n  which forms a t  t h e  g r a i n  boundary 

i s  c h a r a c t e r i s t i c  o f  microstructures CF, CC and D. 

The 
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M i c r o s t r u c t u r e  0 was produced by s o l u t i o n  annea l ing  p l u s  c o l d  work ing 10% p l u s  

ag ing  a t  75OOC and f i n a l l y  c o l d  work ing another 10%. The m i c r o s t r u c t u r e  i s  

s i m i l a r  t o  t h a t  o f  C i n  t h a t  i t  has a f i n e  d i s t r i b u t i o n  o f  MC b o t h  a t  t h e  

g r a i n  boundar ies and i n  the  ma t r i x .  However, i t  appears t o  have an increased 

d i s l o c a t i o n  d e n s i t y  i n  add i t i on .  

The m i c r o s t r u c t u r e s  o f  M4, N4, and 04 a re  produced by ag ing M3, N3, and 03, 

r e s p e c t i v e l y ,  f o r  2 h a t  75OOC t o  compare t h e  behav ior  o f  t y p e  316 t o  t he  PCA 

f o r  t h i s  same treatment.  M4, N4 and 04 recover  r e l a t i v e  t o  M3, N3 and 03 w i t h  

d i s l o c a t i o n  d e n s i t y  be ing  s l i g h t l y  reduced, and t h e  f r a c t i o n a l  " d i s l o c a t i o n -  

f r e e "  area b e i n g  l a r g e r  i n  t h e  former m i c r o s t r u c t u r e .  A r e p r e s e n t a t i v e  micro-  

graph o f  t h e  m a t r i x  i s  g i ven  i n  Fig.  6a. The g r a i n  boundaries a l s o  c l e a r l y  

have p r e c i p i t a t i o n  (probably o f  MZ3C6 p l u s  M6C) developing, a l s o  shown i n  F ig .  

6b. 

The major  f e a t u r e s  o f  these m i c r o s t r u c t u r e s  a re  summarized f o r  each o f  t h e  

a l l o y s  i n  Table 3. It should be noted f o r  l a t e r  re fe rence  t h a t  m ic ros t ruc-  

t u r e s  o f  m a t e r i a l s  A l ,  M1, N 1  and 01 a re  s i m i l a r  as a re  A3, M3, N3 and 03. 

Moreover, a major  d i f f e r e n c e  between t h e  82 and C m i c r o s t r u c t u r e s  and M4, N4 

and 04 i s  t h e  absence o f  i n t r a g r a n u l a r  MC i n  t h e  l a t t e r  m ic ros t ruc tu res .  

5.3 Microhardness Resu l ts  

Standard diamond pyramid microhardness (DPH) t e s t s  were  performed a t  room 

temperature on each of t h e  m a t e r i a l s  l i s t e d  i n  Table 2. From p r e l i m i n a r y  

t e s t s  a l oad  o f  1009 was s e l e c t e d  t o  p r o v i d e  i n d e n t a t i o n s  l a r g e  enough such 

t h a t  su r face  e f f e c t s  were n e g l i g i b l e ,  y e t  smal l  enough t h a t  specimen th i ckness  

e f f e c t s  were avoided. A t  l e a s t  s i x  i n d e n t a t i o n s  were performed on each 

sample. The r e s u l t s  a re  l i s t e d  i n  Table 4. 

For t h e  v a r i o u s  PCA TMTS, t h e  t r e n d  was as expected. Microhardness increased 

w i t h  i n c r e a s i n g  c o l d  work, and was g r e a t e s t  f o r  m i c r o s t r u c t u r e s  i n  which MC 

carb ides were d i s t r i b u t e d  i n  t h e  ma t r i x .  Beyond t h i s  no c l e a r  t rends  were 

i n d i c a t e d  except  t h a t  t h e  s c a t t e r  i n  microhardness data  increased w i t h  i n -  

c r e a s i n g  inhomogeneity i n  t he  m i c r o s t r u c t u r e .  
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FIGURE 6. Transmission E lec t ron  Micrographs o f  MFE 316 20% Cold-Worked and 

Aged 2 h a t  75OOC (M4). As shown i n  (a )  the  d i s l o c a t i o n  network 

produced upon cold-working i s  p a r t i a l l y  recovered. This  micro- 

s t r u c t u r e  i s  a l s o  representa t ive  o f  N4 and 04. As shown i n  (b) 

some g r a i n  boundary p r e c i p i t a t i o n  has a l ready  occurred. 
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Des igna t ion  

N 1  

N3 

N4 

M1 

M3 

M4 

01 

03 

04 

A 1  

A2 

A3 

B2C 

82F 

cc 

CF 

D 

TABLE 3 

MAJOR FEATURES OF THE MICROSTRUCTURES OF 

THE TEST MATERIALS 

M i c r o s t r u c t u r e  

s o l u t i o n  annealed, ASTM g r a i n  s i z e  number 8 

20% c/w d i s l o c a t i o n  d e n s i t y  

p a r t i a l l y  recovered d i s l o c a t i o n  d e n s i t y  

s o l u t i o n  annealed, ASTM g r a i n  s i z e  number 8 

20% c/w d i s l o c a t i o n  d e n s i t y  

p a r t i a l l y  recovered d i s l o c a t i o n  d e n s i t y  

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

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

s o l u t i o n  annealed; ASTM g r a i n  s i z e  number 8 

20% c/w d i s l o c a t i o n  d e n s i t y  

p a r t i a l l y  recovered d i s l o c a t i o n  dens i t y  

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

s o l u t i o n  annealed, ASTM g r a i n  s i z e  number 1-3 

10% c/w d i s l o c a t i o n  dens i t y  

25% c/w d i s l o c a t i o n  d e n s i t y  

ASTM g r a i n  s i z e  number 1-3; coarse MC a t  
g r a i n  boundaries; f i n e  MC i n  m a t r i x  
ASTM g r a i n  s i z e  number 5-7; coarse MC a t  

g r a i n  boundaries;  f i n e  MC i n  m a t r i x  
ASTM g r a i n  s i z e  number 1-3; f i n e  MC a t  g r a i n  

boundaries and i n  m a t r i x  
ASTM g r a i n  s i z e  number 5-7; f i n e  MC a t  g r a i n  

boundaries and i n  m a t r i x  
ASTM g r a i n  s i z e  number 5-7; f i n e  MC a t  

g r a i n  boundaries and i n  m a t r i x  p l u s  i n t e r -  

mediate d i s l o c a t i o n  p o p u l a t i o n  
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RESULTS OF ROOM 

Ma te r i a l  

Designat ion 

N 1  

N3 

N4 

M1 

M3 

M4 

01 

03 
04 

A1 

A2 

A3 

B2C 

B2F 

cc 
CF 

D 

TABLE 4 

TEMPERATURE DPH TESTS AT lOOg 

DPH 

( kg/rnm2) 

130 f 8 

375 f 10 

300 f 18 

158 k 5 

295 f 22 

241 f 12 

166 f 8 

308 f 18 

256 k 20 

143 f 4 

198 f 4 

237 f 16 

252 f 14 

242 f 12 

245 f 14 

268 f 4 

244 f 27 
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I n  comparing PCA w i t h  N- l o t ,  MFE 316 and DO hea t  t h e  t rends  i l l u s t r a t e d  i n  

F ig.  7 and 8 were observed. I n  the  s o l u t i o n  annealed c o n d i t i o n ,  bo th  DO heat  

and MFE 316 were harder  t han  PCA. Th i s  was a l s o  t h e  case a f t e r  20-25% c o l d  

work. Moreover, i t  appears t h a t  PCA work hardens t o  a l e s s e r  e x t e n t  than  

e i t h e r  DO hea t  o r  MFE 316, and t h a t  N - l o t  work hardens t o  t h e  g r e a t e s t  ex ten t .  

T h i s  w i l l  be i n v e s t i g a t e d  i n  subsequent t e n s i l e  t e s t s .  A f t e r  aging, t h e  

cold-worked s t r u c t u r e s  f o r  2 h a t  75OoC, however, t h e  N- lo t ,  MFE 316 and 00 

heat  p a r t i a l l y  recover  t o  produce a s o f t e r  m a t e r i a l ,  whereas t h e  PCA p r e c i p i -  

t a t e  hardened t o  a va lue  equal t o  o r  g r e a t e r  than  00 heat  and MFE 316 i n  t h e  

aged c o n d i t i o n .  The e x t e n t  o f  recovery (s lope o f  t h e  l i n e  i n  F ig .  8) was t h e  

same f o r  N- lo t ,  MFE 316 and DO heat,  i n d i c a t i n g  t h e  recovery k i n e t i c s  a re  

s i m i l a r ,  even though t h e  work hardening response i s  no t .  

Consequently, i t  appears t h e  MC p r e c i p i t a t i o n  may have some b e n e f i t s  w i t h  
respec t  t o  improved mechanical p r o p e r t i e s  o f  PCA. The MC f o rma t i on  appears t o  

p i n  t h e  d i s l o c a t i o n  s t r u c t u r e  and i n h i b i t  s t r e s s- f r e e  recovery.  It i s  ex- 

pected t h a t '  t h i s  w i l l  b e n e f i t  s t r e n g t h  a t  e leva ted  temperatures. A d d i t i o n a l  

t e s t s ,  p a r t i c u l a r l y  e l eva ted  temperature s t reng th ,  d u c t i l i t y  and f r a c t u r e  

res i s tance ,  a re  warranted. 
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FIGURE 7. Variation of Diamond Pyramid Hardness (DPH) with Cold-Work for 
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FIGURE 8. Variation of Diamond Pyramid Hardness (DPH) with Aging Time at 
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7.0 Future  Work -- 

Room temperature t e n s i l e  t e s t s  a re  a l r eady  i n  progress t o  inc rease  t h e  nominal 

f low propery  i n fo rma t i on  on PCA. I n  a d d i t i o n  creep and creep r u p t u r e  t e s t s  on 

se lec ted  m ic ros t ruc tu res  o f  PCA are  be ing  planned. I n  p a r t i c u l a r ,  t h e r e  i s  

i n t e r e s t  i n  e v a l u a t i n g  t h e  r o l e  o f  g r a i n  boundary carb ides  on creep and creep 

r u p t u r e  l i f e  f rom bo th  a p r a c t i c a l  and fundamental p o i n t  o f  view. 

The 6, C ,  and D m ic ros t ruc tu res  should be r e l a t i v e l y  s t a b l e  a t  temperatures 

less  than  t h e i r  corresponding ag ing  temperatures. These ag ing  temperatures i n  

t u r n  a re  l a r g e r  than t h e  temperatures a t  which cold-worked 316 s t a i n l e s s  s t e e l  

begins t o  l o s e  s t r e n g t h  by recovery and r e c r y s t a l l i z a t i o n .  Therefore,  t h e  6, 

C ,  and D m ic ros t ruc tu res  h o l d  some promise o f  hav ing supe r i o r  h i g h  temperature 
s t r e n g t h  . 
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EFFECT OF HELIUM IRRADIATION ON FRACTURE MODES 

T. Hanamura and W. A. Jesser  ( U n i v e r s i t y  o f  V i r g i n i a )  

1 .o Ob jec t  i ve 

The o b j e c t i v e  o f  t h i s  work i s  t o  determine the crack  opening mode d u r i n g  i n -  

s i t u  HVEM t e n s i l e  t e s t i n g  and how i t  i s  i n f l u e n c e d  by t e s t  temperature and he- 

l i u m  i r r a d i a t i o n .  

2.0 Summa r,y 

iflost cracks were mixed mode I and 11. However, between 250°C and room temper- 

a t u r e  t h e  e f f e c t  o f  he l ium i r r a d i a t i o n  i s  t o  inc rease t h e  amount o f  mode I 
crack  propagat ion.  Mode I 1  c rack  opening was observed as g r a i n  boundary s l i d -  

i n g  i n i t i a t e d  by a predominant ly  mode I crack  s t e e p l y  i n t e r s e c t i n g  t h e  g r a i n  

boundary. 

between 250°C and room temperature, b u t  cou ld  be r e s t o r e d  by a pos t  i r r a d i a -  

t i o n  anneal.  

Mode I 1  c rack  opening was absent i n  i r r a d i a t e d  specimens t e s t e d  

3.0 Program 

T i t l e :  

P r i n c i p a l  I n v e s t i g a t o r s :  W .  A. Jesser  and R. A. Johnson 

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

S imu la t i ng  t h e  CTR Environment i n  t h e  HVEM 

4.0 Relevant  DAFS Program Plan Task/Subtask 

Task l l .C .13  E f f e c t s  o f  Hel ium and Displacements on Crack I n i t i a t i o n  and 

Propagat ion 
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5.0 Accomplishments and Sta tus  

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

I n  o r d e r  t o  understand t h e  mechanisms o f  crack i n i t i a t i o n  and propagat ion i n  

i r r a d i a t e d  m a t e r i a l s ,  i n - s i t u  HVEM t e n s i l e  t e s t i n g  o f  microspecimens i s  be ing 

conducted under va r ious  c o n d i t i o n s  o f  i r r a d i a t i o n  induced m i c r o s t r u c t u r e  and 

temperature. Al ready such crack propagat ion parameters as c r a c k - t i p  angles 

and p l a s t i c  zone s i z e  have been i n v e s t i g a t e d  (1-3) . 
regard ing  the  c h a r a c t e r i z a t i o n  o f  crack propagat ion is necessary before  t he  

mechanisms o f  i n t e r g r a n u l a r  f r a c t u r e  and f l o w  l o c a l i z a t i o n  can be r e l a t e d  t o  

i r r a d i a t i o n  induced m i c r o s t r u c t u r e  and t e n s i l e  t e s t   condition^(^). One such 

parameter i s  c rack  opening mode. I n t e r g r a n u l a r  f a i l u r e  can occur  by g r a i n  

boundary s l i d i n g  through mode I 1  c rack  propagat ion a long t he  boundary o r  i t  can 

occur by o t h e r  c rack  opening modes i n c l u d i n g  a mixed mode. 

r a d i a t i o n  hardened m a t e r i a l  may be expected t o  f a i l  i n t e r g r a n u l a r l y  through 

mode I crack propagat ion.  

t a i n e d  from conduct ing i n - s i t u  HVEM t e n s i l e  t e s t s  on type 316 s t a i n l e s s  s t e e l  

microspecimens and t o  determine t he  e f f e c t  o f  i r r a d i a t i o n  and t e n s i l e  t e s t  

temperature on crack opening mode. 

However, more i n f o r m a t i o n  

Low d u c t i l i t y  and 

It i s  t he  i n t e n t  o f  t h i s  r e p o r t  t o  show th'e data ob- 

5.2 Experimental Detai  1 s 

F o i l s  o f  commercial type 316 s t a i n l e s s  s t e e l ,  a f i r s t  w a l l  candidate f o r  the  

Tokamak, were prepared f o r  t e n s i l e  t e s t i n g  by anneal ing  a t  1000°C f o r  1 hour 

i n  vacuum Specimens were 12 nun by 3 nun i n  s i z e  punched 

from the  40-pm t h i c k  f o i l .  Next t he  c e n t r a l  p o r t i o n  o f  t he  specimen was e l e c-  

t r o p o l i s h e d  t o  p e r f o r a t i o n  i n  a 90% a c e t i c  a c i d  - 10% p e r c h l o r i c  a c i d  s o l u t i o n  

a t  18OC. A f t e r  t h i n n i n g ,  He- ion i r r a d i a t i o n  induced m i c r o s t r u c t u r e s  were pro-  
duced i n  an HVEM-ion a c c e l e r a t o r  f a c i l i t y  ( 5 a 6 )  by bombarding specimens w i t h  

80 keV he l ium ions  t o  f luences up t o  % 3 x 1 0 l 8  ions  cm-2. I n  add i t i on ,  some 

samples were g i ven  a p o s t - i r r a d i a t i o n  anneal i n  vacuum ( l o - "  Pa o r  b e t t e r )  t o  

coarsen t he  m i c r o s t r u c t u r a l  fea tu res .  

(pressure < l o - "  Pa). 

Tens i le  t e s t i n g  i n  t he  HVEM was c a r r i e d  
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out in a hydraulically operated load-elongation t e n s i l e  stage capable of heat- 
ing the specimen up t o  about 600"C(7). During the crack propagation, data was 
obtained from s t i l l  micrographs and video tape. 
of crack opening was determined. 

From these sources the mode 

5.3 Experimental Results and Discussion 

In order t o  determine the crack opening mode, frames from a video recording of 
crack propagation were used t o  measure the crack propagation d i rec t ion ,  d,  
angle, a, between the t e n s i l e  axis and 6 ,  and the crack opening displacement 
vector,  D. 

parameters. 

* 
The crack geometry i s  shown in Figure 1 along w i t h  the relevant 

Direction of displacement vectors f o r  several direct ions of crack propagation 
were measured by using data from video tape. The  displacement vectors were 
determined by measuring the displacements of a r b i t r a l  points ,  A and 6, near 
the crack t i p .  
para l le l  t o  the crack propagation vector,  P, denoted by D,,, and a perpendicular 
segment, 
corresponds t o  mode I crack opening and D,, = D cos e corresponds t o  mode I1 
cracking. Also, DL2 + Dl12 = D2.  Therefore the % mode I i s  calculated as 
109 DL2/D2, which i s  100 s in2  e. Similarly the % mode I1 crack opening d is-  
placement becomes 100 D I l 2 / D 2 ,  which i s  100 cos2 e .  Accordingly % mode I + % 

mode I 1  = 100%. This l a s t  r e s u l t  i s  a consequence of deleting mode 111 d i s-  
placements. From the video recordings, displacements para l le l  t o  the electron 
beam are not  measurable and hence any mode I11 displacements are unnoticed. 

Each displacement vector, b, may be separated i n t o  a segment 

The angle between d and  4, i s  taken t o  be e so t h a t  DL = D s in  e 

The progression of one or  more cracks was followed by video recordings through 
each of four d i f ferent  specimens. As each crack propagated through the speci- 
men, the crack changed direct ions and  propagation charac ter i s t ics .  The % mode 
I crack opening when the crack was recorded in any of many configurations i s  
plotted against the crack propagation angle a i n  Figure 2. 
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FIGURE 1. Schematic Drawing o f  a Crack Tip. The crack opening displacement 

i s  6, the crack propagation direct ion i s  P, the angle between the 
t e n s i l e  axis  and  f i s  a ,  and t h a t  between the t e n s i l e  axis  and 6 
i s  8 .  

-L 
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* unirradiated, tes ted  a t  room temperature 
+ post  i r radia t ion  annealed, tested a t  room temperature 

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

Elno pos t  i r radia t ion  annealing, tested a t  room temperature 
( f lux  - 3.3 x 
(no  anneal i n g )  

( f lux  = 3.0 x 1014 ions - c r r 2  sec-’; dose = 1.0 x 1017 ions * 

(annealed a t  300OC) 

(mixed f rac ture  mode) 

cm-* sec - l ;  dose = 4.2 x 1017 ions cm-2) 

ions.cm-2 sec-’; dose = 6.0  x lo1’ ions cm-*) 

A post i r radia t ion  annealed, tes ted  a t  250°C 

I_ 

18 
0 

0 

FIGURE 2 .  Graph of Observed % Mode I Opening of a Given Crack Plotted as a 
Function of I t s  Propagation Angle a.  

s t a in less  s tee l  i r radia ted  with 80 keV helium ions. The smooth 
curve represents a r ig id  displacement of the crack flanks in a d i-  
rection paral lel  t o  the t ens i l e  ax i s ,  i . e .  6 = 0. 

Specimens were type 316 
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The smooth curve represents the theoret ical  relat ionship between % mode I and 
a when B = 0. 
flanks i n  a direct ion para l le l  t o  the t e n s i l e  axis ,  i . e .  6 ,  paral lel  to the 
t e n s i l e  axis  f o r  a l l  values of a. 

t l e  material.  

This s i tua t ion  corresponds t o  a r ig id  displacement of the crack 

Such a case would approximate a very b r i t -  

Grain boundary s l id ing  would be expected t o  occur when 6 and 6 are pa ra l l e l .  
Experimentally grain boundary sl iding i s  observed when a i s  small or  negative, 
i . e .  i s  approximately paral lel  t o  the t ens i l e  axis  and when essen t i a l ly  100% 
mode I1 crack opening occurs. All of the 100% mode I1 cracks were along grain 
boundaries and a l l  were preceded by a crack of strong mode I character in te r-  
secting the grain boundary a t  an angle near 90". 
t ion was t o  inh ib i t  t h i s  mode I1 crack propagation and favor mode I propaga- 
t ion .  
there i s  a t rans i t ion  area from mode I cracking t o  t h a t  of mode I1  a t  a % 30". 
In a l l  cases tested, mode I1 cracking was only occasionally observed while 
near mode I crack propagation was common. 

The e f fec t  of helium i r radia-  

In the case o f  the unirradiated specimen tested a t  room temperature, 

Using the unirradiated specimen tes ted  a t  room temperature a s  an example of a 
duct i le  f a i l u r e ,  one can compare the pos t  annealed specimen w i t h  the one which 
was n o t  pos t  annealed and see t h a t  according t o  Figure 2 ,  the e f f e c t  o f  post 
annealing i s  t o  increase d u c t i l i t y .  
the one exhibiting part ly intergranular f a i l u r e  and par t ly  transgranular f a i l -  
ure. Only one of the four specimens tested showed t h i s  mixed mode of f a i l u r e ,  
which  is  a t t r ibu ted  t o  the elevated test temperature and t o  the low temperature 
o f  the p o s t  i r radia t ion  annealing. The absence of 100% mode I1 f a i l u r e  in t h i s  
specimen shows t h a t  i r radia t ion  can promote mode I type intergranular f a i l u r e .  

The l e a s t  duct i le  specimen i s  taken as 

Another graphical method fo r  revealing b r i t t l e - l i k e  f a i l u r e  i s  the angle bet- 
ween b and $, a + 8, plotted against crack direct ion a .  The d a t a  of Figure 2 
are replot ted in Figure 3 according t o  the a + 6 versus a scheme. 
displacement case of 8 = 0 i s  represented by the s t r a i g h t  l ine  and i s  found t o  
well represent the s e t  of data obtained a t  250" which showed a mixed f rac ture  

The r ig id  
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(3 u n i r r a d i a t e d  SS316 t e s t e d  a t  R.T.  
* unannealed H e- i r r a d i a t e d  SS316 tes ted  a t  R.T.  

A annealed H e- i r r a d i a t e d  SS316 tes ted  a t  R.T.  
minixed f r a c t u r e  mode H e- i r r a d i a t e d  SS316 tes ted  a t  250°C 

30 60 90 120 

Crack Direct ion, o( ( "1  

F I G U R E  3 .  Graph o f  il + B vs a f o r  the  Same Four Specimens o f  F igure 2 .  
The 6 = 0 l i n e  i s  drawn as a reference l i n e  represent ing b r i t t l e -  

ness. 



mode which was part ly intergranular and  par t ly  transgranular.  

5.4 Conclusions 

Grain boundary s l id ing  i s  in i t i a t ed  by a nearly mode I crack intersect ing the 
boundary a t  a steep incl inat ion.  

Mode I 1  crack propagation was only observed when the displacement vector and 
t e n s i l e  axis  were paral lel  t o  each other and  also t o  a grain boundary. 

Mode I1  f a i l u r e  i s  hindered and mode I cracking favored by helium ion i r r a d i -  
at ion when t e n s i l e  tes t ing  a t  temperatures between 25OOC and room temperature. 

In  i r radia ted  specimens tested between 250°C and room temperature mode I in-  
tergranular  f a i l u r e  replaces mode I1 intergranular f a i l u r e .  
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7 .0  Future  Work 

S i m i l a r  s t u d i e s  a r e  be ing  extended t o  neut ron  i r r a d i a t e d  specimens and t o  h igh-  

e r  t e n s i l e  t e s t  temperatures. 
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THE DEVELOPMENT OF ANISOTROPIC DISTRIBUTIONS O F  NETWORK DISLOCATION BURGERS 
VECTORS IN ALLOYS IRRADIATED UNDER STRESS 

0. S. Gelles,  F.  A .  Garner (Westinghouse Hanford Company), B. L .  Adam 
(Uni versi ty  of Florida) 

1 .o Objective 

The object  o f  t h i s  e f f o r t  is  t o  provide models f o r  the microstructural develop- 
ment tha t  occurs in i r radia ted  al loys and thereby predict  the deformation 
expected in environments t h a t  l i e  outside the range of avai lable data.  
deformation a r i s ing  from i r rad ia t ion  creep in fusion environments requires 
knowledge of the evolution of Frank i n t e r s t i t i a l  loops and network d is lo-  
cations. 

The 

2.0 S uma ry 

When s t r e s s  i s  applied t o  a metal during high temperature i r r ad ia t ion ,  both 
the Frank loops and the network dislocat ion products develop an anisotropy 
in  the dis t r ibut ion  of Burgers vectors. 
important stages of microstructural development: f i r s t  in  the planar d is-  
t r ibut ion  of loops, then in t h e i r  unfaulting and f i n a l l y  in  the post-unfaulting 
growth of the network components. 
a re  dominated by the Stress-Induced Preferent ial  Absorption (SIPA) mechanism 
of i r radia t ion  creep f o r  PE16, t h e  experimental system s t u d i e d .  

This anisotropy appears in a l l  three 

The f i r s t  and l a s t  of these three stages 

One consequence of the anisotropy of network dislocat ions may be the loss a t  
high fluence of the previously observable microstructural record of the 
s t r e s s  s t a t e  expressed in the d is t r ibut ion  of the Frank loops on the various 
close-packed planes. 

3.0 Program 

Ti t l e :  I rradiat ion Effects Analysis ( A K J )  
Principal Investigator: D .  G.  Doran 
Af f i l i a t ion :  Westinghouse Hanford Company 
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4.0 Relevant Program Plan Task/Subtask 

Subtask I I .C.14 Models o f  Flow and F r a c t u r e  Under I r r a d i a t i o n  

Subtask I I .C.17 M i c r o s t r u c t u r a l  C h a r a c t e r i z a t i o n  

5.0 Accomplishments and Sta tus  

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

It has been shown i n  a number o f  s t u d i e s  t h a t  t h e  e a r l y  e v o l u t i o n  o f  Frank 

s e n s i t i v i t y  i s  expressed p r i m a r i l y  i n  t h e  unequal p a r t i t i o n  and growth o f  

Frank loops on t h e  va r i ous  close-packed atomic p lanes.  The p a r t i t i o n  i s  

thought  t o  be a consequence o f  t h e  S IPA*  mechanism o f  i r r a d i a t i o n  creep 
responding t o  t h e  an i so t ropy  o f  t h e  a p p l i e d  s t r e s s  f i e l d .  
t h i s  work t h e r e  has n o t  been demonstrated a corresponding an i so t ropy  i n  t h e  

network dis1,ocat ions t h a t  evo lve  a f t e r  u n f a u l t i n g  o f  t h e  Frank loops.  

loops i n  i r r a d i a t e d  meta ls  i s  s e n s i t i v e  t o  t h e  l o c a l  s t r e s s  s t a t e .  (1-9) Th is  

P r i o r  t o  (3,4,10,11) 

I f  b o t h  loops  and network d i s l o c a t i o n s  evo lve  i n  an a n i s o t r o p i c  f a s h i o n  i t  i s  

expected t h a t  t h e r e  w i l l  be s i g n i f i c a n t  consequences n o t  o n l y  i n  t h e  microscop ic  
b u t  a l s o  t h e  macroscopic behav ior  o f  t h e  a l l o y  w i t h  f u r t h e r  i r r a d i a t i o n .  

t h i s  r e p o r t  t h e  ex i s tence  o f  a n i s o t r o p i c  e v o l u t i o n  o f  network Burgers vec to rs  

i s  demonstrated, and i t s  o r i g i n  and some consequences a r e  analyzed. 

I n  

5.1.1 D i s l o c a t i o n  S t r u c t u r e  o f  Nimonic PE16 

I f  t h e  d i s l o c a t i o n  network analyzed i s  t o o  f a r  removed i n  f l u e n c e  f rom t h e  l o o p  

network f rom which i t  o r i g i n a l l y  evolved, a s u b s t a n t i a l  p o r t i o n  o f  t h e  m ic ro-  

s t r u c t u r a l  r eco rd  o f  d i s l o c a t i o n  e v o l u t i o n  may be l o s t .  There fore  i t  i s  bes t  

t o  analyze a m i c r o s t r u c t u r e  which has o n l y  r e c e n t l y  evolved f rom one dominated 

by Frank loops  t o  one dominated b y  d i s l o c a t i o n s .  

compared w i t h  o t h e r  specimens i r r a d i a t e d  t o  h i g h e r  f l uence .  Table 1 l i s t s  t h e  

*Stress-  Induced P r e f e r e n t i a l  Absorp t ion  ( o f  i n t e r s t i  t i  a1 s )  . 

Those r e s u l t s  can then  be 
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i r r a d i a t i o n  c o n d i t i o n s  o f  the f o u r  Nimonic PE16 specimens s tud ied.  

specimens were c u t  f rom t h i n - w a l l e d  gas- pressur ized i r r a d i a t i o n  creep tubes 

i r r a d i a t e d  i n  EBR-11. Care was taken t o  determine t he  o r i e n t a t i o n  o f  each 

m i c r o s t r u c t u r a l  component w i t h  respec t  t o  the  2 : l  b i a x i a l  s t r ess  s t a t e  o f  

the tube w a l l .  

A l l  

Two o f  t he  specimens (AV69 and AV75) a re  a t  low f l uence  ( * l o  dpa) and a re  

e x c e p t i o n a l l y  use fu l  f o r  our  purpose because they a re  i d e n t i c a l  specimens 

except  t h a t  one i s  s t ressed  and one i s  no t ,  a l l o w i n g  a de te rm ina t ion  un ique ly  

o f  t he  e f f e c t  o f  s t r ess  on m i c r o s t r u c t u r a l  e v o l u t i o n .  

a t  h i g h e r  f l uence  (ET08 and AX41) u n f o r t u n a t e l y  do n o t  have s t r e s s - f r e e  

coun te rpar ts .  

break down, which a l l ows  comparison i n  a s i n g l e  g r a i n  o f  the  a n i s o t r o p y  o f  

bo th  t he  u n f a u l t e d  loops and t h e i r  p roducts  a f t e r  u n f a u l t i n g .  
o f  the  m i c r o s t r u c t u r e s  o f  AV69 and AV75 have been p r e v i o u s l y  r e p o r t e d  i n  

References 4 and 10.) 

The o t h e r  two specimens 

I n  a d d i t i o n ,  the  loop  s t r u c t u r e  i n  AV75 i s  j u s t  beg inn ing t o  

(Some aspects 

As shown i n  F igu re  1, t he  predominant m i c r o s t r u c t u r a l  fea tu res  o f  one g r a i n  

i n  AV75 are l a r g e  f a u l t e d  Frank loops which a re  j u s t  beg inn ing t o  u n f a u l t  i n  

some areas. I n  t he  f a u l t e d  reg ions t he  p lanar  d e n s i t i e s  o f  Frank loops ex- 

h i b i t  a s t r o n g  dependence on t he  s t r ess  component normal t o  the loop  plane,  
as shown i n  F igure  2. 
con ta ins  p l a n a r  l oop  d i s t r i b u t i o n s  which a re  much more un i form.  

s t ressed  and unstressed specimens i t  was e a r l i e r  shown t h a t  t he  i n t e r s t i t i a l s  

t h a t  have s u r v i v e d  recombinat ion a re  inco rpora ted  i n t o  Frank loops and the  

corresponding vacancies can a l l  be found i n  vo ids . (4 )  

m i c r o s t r u c t u r e  competes w i t h  loops p r i o r  t o  the  onset  o f  t he  u n f a u l t i n g  p ro-  

cess. 
t o t a l  i n t e r s t i t i a l  content .  (4)  

loop pe r ime te r  i n  AV75 compared t o  t h a t  o f  specimen AV69. 

Note t h a t  a s i m i l a r  g r a i n  i n  the  unstressed tube AV69 

I n  both  the  

No o t h e r  d i s l o c a t i o n  

The a p p l i e d  s t r ess  has increased t he  number o f  loops b u t  n o t  t h e i r  

Th is  causes a smal l  enhancement (*28%) o f  the  

When one o f  t he  u n f a u l t e d  areas o f  AV75 was examined, the r e s u l t i n g  p e r f e c t  

d i s l o c a t i o n  network was found t o  e x h i b i t  a pronounced v a r i a t i o n  i n  d e n s i t y  

f o r  each o f  the  s i x  p o s s i b l e  Burgers vec to rs .  Table 2 shows t h a t ,  i n  specimen 



Montage Showing Va r i a t i ons  i n  t h e  D i s l o c a t i o n  M ic ros t ruc tu re  o f  a 
S ing le  Gra in i n  a Specimen o f  Nimonic PE16 
2.0 x lozz n/cm2 (E>0.1 MeV) a t  545°C Under a Hoop Stress o f  167 
MPa. Note t h a t  Some Areas a re  Jus t  Beginning t o  Unfau l t .  

A f t e r  I r r a d i a t i o n  t o  
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A V O  
UNSTRESSED 
FAULTED 

0 100.0 200.0 300.0 100.0 m.0 

AV75 
STRESSED 
FAULTED 

FIGURE 2. Frank Loop Size Distributions ( a rb i t r a ry  un i t s )  Observed in Faulted 
Regions o f  Solution-Treated Nimonic PE16 Irradiated t o  a Fluence of 
2.0 x 1022 n/cmz (E>0.1 MeV) a t  550°C. A t  Hoop Stresses o f  0 and 167 
MPa. The Normal Stress Levels f o r  Each Plane a r e  Given in  the 
Figure. 

AV75, a f ac to r  of twelve difference i n  density i s  found between dislocat ions 
possessing the most common and least common Burgers vectors. 

The to ta l  dislocation density i n  the faul ted  area o f  AV75 i s  only *2.0 x 109 
cnr2. I t  t h u s  appears t h a t  the unfaulting process has led t o  a substant ial  
reduction i n  to t a l  dislocation density. Note i n  Table 2 t h a t  i n  the higher 
fluence specimens i r r ad ia ted  a t  a lower temperature the network dislocation 
dens i t ies  a re  a l s o  quite anisotropic b u t  exist a t  higher to ta l  dens i t ies  
( ~ 1  x 10'0 cm-2). 
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T A B L E  2 
MEASUREMENTS OF DISLOCATION DENSITY ( cm/cm3) FOR THE VARIOUS PERFECT 

DISLOCATION B U R G E R S  VECTORS IN SELECTED IRRADIATION CREEP SPECIMENS 
OF NIMONIC PE16 

b AV75 BT08 AX41 
- 

$ <iio> 6.04 x 107 1.62 x 10' 6.81 x 10' 

7.25 x 10' 3.57 x 109 1.59 x 109 a <110> 2 

- a <101> 6.04 x 107 2.11 x lo8 2.27 x 10' 2 

a <101> 5.31 x 10' 6.05 x 109 2.21 x 109 2 

1.02 x 108 2.92 x 10' 1.36 x 109 a -  
- <011> 2 

5.31 x 10' 5.25 x 109 1.60 x 109 a <011> 2 

Total 20.1 x 10' 15.5 x 109 7.7 x 109 

A further important observation i s  t h a t  the dominant perfect  dislocation 
type i n  a l l  cases was found t o  be a/2  <loo> ( 1 0 0 )  edge dislocations.  
configuration gl ide  i s  t h o u g h t  t o  be highly r e s t r i c t e d  and dislocation climb 
becomes the predominant creep mode. 
s ign i f i can t  amount o f  gl ide  cannot be controll ing i r rad ia t ion  creep i n  these 
specimens. 

In th i s  

Therefore, a mechanism involving a 
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5.2 D iscuss ion 

5.2.1 Low Fluence Specimens 

The data of Table 2 c l e a r l y  show t h a t  t he  network d i s l o c a t i o n  d e n s i t y  t h a t  

evolves under s t r ess  i s  a n i s o t r o p i c  i n  i t s  d i s t r i b u t i o n  of Burgers vectors .  

I f  one o r  more f low processes are opera t ing ,  the  o r i g i n  o f  the a n i s o t r o p y  

must l i e  e i t h e r  i n  t h e  o r i g i n a l  an iso t ropy  o f  the  Frank loop  popu la t ion ,  o r  

i n  the  n a t u r e  o f  the  u n f a u l t i n g  process, o r  i n  the p o s t - u n f a u l t i n g  events.  

As shown below i t  appears t h a t  t he  an iso t ropy  a r i s e s  i n  a l l  t h r e e  stages o f  

the  e v o l u t i o n .  

It i s  e a s i e s t  t o  demonstrate the  a c t i o n  o f  some o f  these stages us ing  the  data 

from specimens AV69 and AV75. 
i s  obv ious ly  j u s t  i n  t he  process o f  u n f a u l t i n g .  

a f f e c t s  t h e  post- unfau l  t i n g  d i s t r i b u t i o n  o f  l i n e  l eng th  on the  f o u r  c lose -  

packed planes.  I f  the  s t r ess  t h a t  produced t he  an iso t ropy  were t o  be removed 

and t he  loops a l l owed  t o  s e l f - u n f a u l t ,  one would expect  t o  see some r e l a x -  

a t i o n  o r  r e d u c t i o n  i n  t he  an iso t ropy  o f  t he  r e s u l t i n g  network. Th is  would 

occur  because each loop  Burgers v e c t o r  can decompose t o  form any one o f  th ree  

p e r f e c t  d i s l o c a t i o n  vec to rs  (as shown i n  Table 3 ) .  Each o f  these vec to rs  
l i e s  on two close-packed planes which a re  d i f f e r e n t  f rom t he  o r i g i n a l  l oop  

plane.  

No u n f a u l t i n g  has occur red i n  AV69, and AV75 
It can be shown t h a t  s t r e s s  

I f  one c a l c u l a t e s  t he  consequence o f  an i s o t r o p i c  s e l f - u n f a u l t i n g  process 

f o r  a s t ressed  specimen based on t he  d e t a i l e d  u n f a u l t e d  loop  s i z e  d i s t r i -  

b u t i o n ,  t he  r e s u l t s  a re  seen i n  Table 4. I n  t h i s  e q u i p a r t i t i o n  approach 

no l o s s  o f  l i n e  l eng th  i s  assumed. 

p r e d i c t  d e n s i t i e s  o f  t he  va r ious  vectors  v a r y i n g  no g r e a t e r  than a f a c t o r  

o f  2.8, t he  ac tua l  v a r i a t i o n  i s  a f a c t o r  o f  twe lve.  Th is  i n d i c a t e s  t h a t  t h e  

u n f a u l t i n g  process i t s e l f  i s  q u i t e  a n i s o t r o p i c ,  s ince  u n f a u l t i n g  i s  j u s t  

o c c u r r i n g  i n  specimen AV75 and i n s u f f i c i e n t  t ime  has accumulated f o r  some 

post- unfau l  t i n g  mechanism t o  dominate t he  e v o l u t i o n .  

Al though t he  e q u i p a r t i t i o n  approach would 
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TABLE 3 
POSSIBLE PERFECT DISLOCATIONS FORMED FROM FRANK LOOPS 

Loop 
P1 ane Poss ib le  Vectors 

TABLE 4 
COMPARISON OF MEASURED AND CALCULATED DISLOCATION DENSITY FOR 

THE VARIOUS POSSIBLE PERFECT DISLOCATION BURGERS VECTORS I N  SPECIMEN AV75 

D i s l o c a t i o n  Oensity(cm-*) 

Ca lcu la ted  
- f rom E q u i p a r t i t i o n  
b Measured Model and Loop Data 

a <iio> 6.04 x 107 0.88 x 109 

5 <110> 7.25 x l o 8  2.43 x 109 

a <ioi> 6.04 x 107 1.54 x 109 

2 

2 

2 

a <101> 5.31 x 10' 1.76 x 109 

a <011> 1.02 x lo8 2.02 x 109 

2 

2 

a <oil> 5.31 x lo8 1.284 x lo5 
2 
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I t  i s  generally assumed t h a t  even i n  unstressed specimens the Frank loop  
unt'au1;icg process can occur in an  au tocata ly t ic  manner. (12-14) 
grows su f f i c i en t ly  la rge ,  i t  may in te r sec t  another microstructural feature 
t h a t  can generate su f f i c i en t  localized s t r e s ses  t o  nucleate an unfaulting 
par t ia l  dis locat ion of the type a/6 <11?>. 
can then gl ide in the plane of the F rank  loop and react with the Frank par t ia l  
dis locat ion according t o  the re la t ion  

Once a l o o p  

This Shockley par t ia l  dis locat ion 

31121 + $1111 = 3 1 1 0 1  , 

thereby transforming the Frank loop in to  a perfect prismatic loop. 

Since a Frank  loop can be transformed in to  any one of three perfect loops with 
d i f f e ren t  Burgers vectors ,  an  au tocata ly t ic  o r  equipart i t ion approach would 
t e n d  t o  lessen the  anisotropy rather  t h a n  enhance i t .  Even more important, 
one would expect t o  see in a rapidly unfaulting specimen such as AV75 some o f  

the unfaulted perfect loops, b u t  none were found. 

An a l t e rna t ive  mechanism exists,  however, which allows Frank loop unfaulting. 
I t  has been demonstrated t o  operate in the case of F rank  loop unfaulting i n  
quenched pure a1 uminum deformed a t  room temperature (15 '16) .  This mechanism 
d i f f e r s  from the autocata ly t ic  mechanism in t h a t  nucleation of an <11% 
par t i a l  dis locat ion i s  n o t  required. This unfaulting mechanism i s  i n i t i a t e d  
by the interact ion of a s e s s i l e  4 <111> Frank loop with a g l i s s l e  $ <iiO> 
perfect  dis locat ion.  

( 2 )  
a -- a -- $1101 + $111 = 41121. 6 

The resul t ing  Shockley par t ia l  sweeps across the Frank loop, removes the 
stacking f a u l t  and reacts  w i t h  the opposite s ide  of the Frank loop according 
t o  the re la t ion  
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The process diagramed i n  F i g u r e  3 shows t h e  i n t e r a c t i o n  o f  a Frank loop  i n  t he  

p lane o f  t h e  f i g u r e  and a p e r f e c t  d i s l o c a t i o n  moving on some o t h e r  p lane and 
i n t e r s e c t i n g  t h e  loop.  Thus, t he  Frank loop  can be a n n i h i l a t e d . a n d  i t s  o n l y  

remnant i s  a c o i l  i n  t he  a / 2 [ i i 0 ]  d i s l o c a t i o n  approx imate ly  on t h e  Frank loop  
(i l l} plane. Thus, t h e  u n f a u l t i n g  product  o f  a p e r f e c t  d i s l o c a t i o n / F r a n k  loop  
i n t e r a c t i o n  immediate ly becomes p a r t  o f  t h e  p e r f e c t  d i s l o c a t i o n  network. 

Whereas no p e r f e c t  loops were observed i n  t h i s  a l l o y  t o  support  t he  assumption 

o f  a u t o c a t a l y t i c  u n f a u l t i n g ,  evidence o f  t h i s  second mechanism was easy t o  f i n d .  

F igu re  4 shows a micrograph o f  severa l  loops i n  stage (c )  o f  t he  u n f a u l t i n g  

wocess.  

There a re  a number o f  consequences o f  t h i s  mechanism. 
be u n f a u l t e d  by any one o f  t h r e e  o f  t h e  s i x  p e r f e c t  d i s l o c a t i o n  vectors .  

t he  Frank l o o p  conta ins  opposing Burgers vec to rs  on oppos i te  s ides o f  t he  loop,  
t h e  s i g n  of  t h e  u n f a u l t i n g  p e r f e c t  d i s l o c a t i o n  i s  unimportant .  

i t  i s  p o s s i b l e  t o  u n f a u l t  a l l  Frank loops i n  a g i ven  area w i t h  o n l y  two o f  t he  
s i x  p o s s i b l e  Burgers vec to rs .  
d i s l o c a t i o n s  w i t h  d i f f e r e n t  Burgers v e c t o r  can lead  t o  a cascade o f  u n f a u l t i n g ,  

w i t h  each u n f a u l t i n g  event f u r t h e r  m u l t i p l y i n g  t he  l i n e  l eng th  o f  t he  imping ing 

p e r f e c t  d i s l o c a t i o n  vec to r .  The imposed s t r ess  s t a t e  o f  course determines t he  
Burgers vec to rs  most l i k e l y  t o  be t he  i n i t i a t o r s  o f  t he  u n f a u l t i n g  cascade. 

A g i ven  Frank loop  can 

As 

Furthermore, 

Therefore  t he  i n i t i a t i o n  o f  o n l y  one o r  two 

Another consequence o f  t h i s  an iso t ropy- produc ing process can be seen i n  t he  

d e t a i l s  o f  t h e  Frank loop  d i s t r i b u t i o n .  E a r l y  i n  t h e  loop  e v o l u t i o n  process 
one can capture  a record  o f  t he  s t r e s s - s t a t e  i n  t he  a n i s o t r o p i c  d i s t r i b u t i o n  

o f  l oop  Burgers vec to r .  A t  h igher  f luences,  however, t h e  an iso t ropy  o f  loops 
cannot be captured i n  a micrograph. ( 4 )  
r a t i o n a l i z e d  i n  terms of  a fundamental d i f f e r e n c e  i n  t he  c o m p e t i t i v e  growth 

environments i n  which t he  loops e x i s t  a t  low and h i gh  f luence l e v e l s .  

This apparent d iscrepancy can be 
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Whereas the network dislocat ion density a t  low fluence was e i t h e r  nonexistent 
t h r o u g h o u t  the majority o f  the i r r ad ia t ion  or  consisted of a f a i r l y  i so t ropic  
d i s t r ibu t ion ,  i t  inevitably becomes qu i t e  anisotropic with consequences both 
on the  growth and destruct ion o f  Frank  loops. As shown by Wolfer ( I 7 )  the  
growth  of a Frank l o o p  i s  determined by the difference between the in te r-  
s t i t i a l  and vacancy currents .  
radial growth rate o f  the  loop can be shown t o  be proportional t o  the  bias of 
the  loop being examined minus the average bias o f  a l l  other  microstructure, or 
L ? "  - -  z . / z V  - Z i / Z v .  
1 

favored loop growth will  tend t o  decrease. 
anisotropy of the network i s  expected t o  change the intersect ion probabil i ty  
for loops on the  various planes. 
Burgers vectors uniquely sui ted t o  unfault  other  loops of the same Burgers 
vector,  the  continued anisotropy of F r a n k  loop nucleation would gradually lead 
t o  an  increased r a t e  o f  loop unfaulting on those planes favorably oriented t o  

If vacancy emission a t  the loops  i s  ignored, the 

As the network becomes more anisotropic t h i s  net bias fo r  

More importantly the developing 

Since loops unfault t o  form dislocat ions with 

HEDL 8005-195 6 

FIGURE 3 .  Frank Loop Unfaulting Mechanism Results from the Interaction of a 
Perfect Dislocation with the Frank Loop. 
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Note t h a t  t he  t race,  ukk, i s  i n v a r i a n t  w i t h  respec t  t o  the  o r i e n t a t i o n  o f  t he  

s t r ess  s t a t e .  Hence, the  f i r s t  f o u r  terms i n  brackets  ( 1 on t he  r i g h t  hand 

s i de  c o n s t i t u t e  an o r ien ta t ion- independen t  b i as  c o n t r i b u t i o n .  The l a s t  te rm 
g i v e  t he  o r i e n t a t i o n  dependence through the  or ien ta t ion- dependent  d e v i a t o r i c  

s t r e s s ,  s 
of the  S IPA c o m p e t i t i v e  c l imb  mechanism i s  

A parameter Y ,  where Y can be d e f i n e d  t o  desc r ibe  t he  i n f l u e n c e  jj. 

AV75, AX41 

b .b .  1 
6 i J  b 1 . J  

Y = --5 . ( 5  + + n.n.)  . 

BT08 

(4 )  

Here, n i s  t h e  d i s l o c a t i o n  l i n e  d i r e c t i o n .  

chosen t o  p r o p e r l y  weight  t he  d e v i a t o r i c  normal term, s .  .b .b . ,  and t h e  

d e v i a t o r i c  l i n e  t e n s i o n  term, s . .n .n . ,  accord ing t o  t h e  r a t i o s  g iven i n  

equat ion (3 ) .  

Note t h a t  t he  f a c t o r s  i n  (4) a re  

1.l 1 J 
1.I 1 J 

Both h i g h  f l u e n c e  specimens (and a l s o  AV75) were analyzed u s i n g  equa t ion  (4 ) .  

Local  specimen s t r ess  s t a t es  a re  r e a d i l y  c a l c u l a b l e  f o r  these specimens s ince  

t h e i r  o r i e n t a t i o n s  w i t h  respect  t o  t h e  a p p l i e d  s t r ess  were p r e c i s e l y  d e t e r -  

mined. 

w i t h  t he  normal t o  t h e  specimen c o i n c i d i n g  w i t h  t h e  dominant t e x t u r e  component 

f o r  t h e  drawn t u b i n g  f rom which t he  specimens were der ived.  

specimen BT08 was found t o  be c o i n c i d e n t  w i t h  a minor t e x t u r e  component, as 
shown i n  Table 5 .  

For t h e  specimens AV75 and AX41, t he  o r i e n t a t i o n s  a re  i d e n t i c a l ,  

The normal o f  

TABLE 5 
ORIENTATION OF TEXTURE COMPONENTS FOR STRESSED SPECIMENS 

TUBE COORDINATE 

x ( r a d i a l  d i r e c t i o n )  

y (hoop d i r e c t i o n )  1 [5  ii 81 

I 
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Six variants  of the a/2 <100>[100} edge dislocat ion mode a re  possible in FCC 
materials .  Figures 5 ,  6 and 7 show the variat ion of dis locat ion density for 
each of the s i x  variants  in specimens AV75, AX41 and BT08 with t h e i r  corre- 
sponding SIPA parameter, Y (see also Table 6 ) .  

A trend f o r  increasing dislocat ion density with increasing Y i s  noted in a l l  
three specimens. A t  lower fluences (AV75, $t ?I 2 x 10 n/cm E>0.1 MeV) the  
trend i s  very c lea r ,  b u t  may re f l ec t  the combined influence 
on a l l  three evolutionary stages.  
s c a t t e r  i s  observed. 
substant ial  deviation from the general trend. I n  a l l  specimens, however, the 
general trend of increasing density with increasing Y i s  reasonably well 
establ ished.  

22 2 

Of Stress  

I n  the specimens a t  higher fluence a la rger  
Specimen BT08 shows one variant  (<i10>[001] ) a t  

Notably, specimens AV75 and  AX41, which are coincident w i t h  the dominant 
texture component, show the best agreement over the e n t i r e  range of s t r e s ses .  
I t  i s  t o  be expected, in view of the texture-induced internal  s t r e s s  f i e l d s ,  
t h a t  the specimen with the  dominant tex ture  component as normal will  experience 
the  l e a s t  e f fec t  from internal  s t r e s ses .  Specimen BT08, on the other  hand ,  i s  
oriented in coincidence with a minor texture component and i s  subject  t o  
la rger  internal  s t r e s ses .  

5.3 Conclusions 

When stress i s  applied t o  a metal during high temperature i r r ad ia t ion ,  both the 
Frank loops and t h e i r  resul t ing dislocation products develop an anisotropy 
in the Burgers vector d is t r ibut ion .  The anisotropy appears t o  develop i n  a l l  
three important stages of microstructural deve1opment:first in the planar 
d is t r ibut ion  of loops, then in  t h e i r  unfaulting and f i n a l l y  in the post- 
unfaulting growth  of the network components. The f i r s t  and l a s t  of these 
three stages appear t o  be dominated by the Stress-Induced Preferent ial  
Absorption (SIPA) mechanism of i r radia t ion  creep f o r  the system studied. 
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FIGURE 7. V a r i a t i o n  o f  D i s l o c a t i o n  Dens i ty  w i t h  S I P A  Parameter, $, fo r  
Specimen BT08. 

DISLOCATION VARIANT 

. 

<110>[001 I/"?- 
<110> [001 ] /n  

< io1  > [ o i  011 n 
<lo1 > [ 0 1 0 1 / ~  

<011> [ 1 00 I/ $7 

< o i l >  [I o o ] / f i  

v(MPa) 

AV75 AX41 BT08 

-32.0 -64.0 29.0 

58.6 117.2 -1.6 

-27.9 -55.8 -84.3 

14.4 28.8 51.7 

-27.7 -55.4 -96.9 

14.4 28.8 102.1 
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It appears t h a t  one consequence o f  t h e  an i so t ropy  o f  network d i s l o c a t i o n s  

may be t h e  l o s s  a t  h i g h  f l uence  o f  t h e  p r e v i o u s l y  observable m i c r o s t r u c t u r a l  

r eco rd  o f  t h e  s t r e s s  s t a t e  expressed i n  t h e  d i s t r i b u t i o n  o f  Frank loops  on 

t h e  va r i ous  close-packed p lanes.  
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7.0 Future  Work 

Th i s  e f f o r t  w i l l  cont inue,  concen t ra t i ng  on t h e  a n a l y s i s  o f  r e c e n t l y  
pub l i shed  data. 

8.0 Pub1 i c a t i o n s  

None. 
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ACCELERATION OF IRRADIATION CREEP WITH FLUENCE: ABSENCE OF A DEFINITIVE 
MICROSTRUCTURAL RECORD 
F. A. Garner (Hanford Engineering Development Laboratory) and W. G. Wolfer 
(University of Wisconsin) 

1.0 Ob,j ect i ve 

The object of this effort is to develop models which describe the evolution 
and behavior of radiation-induced microstructure and to apply these models 
to the prediction of material response in environments that lie outside the 
current range of available data. 

2.0 Summary 

The irradiation creep rate of AIS1 316 is known to accelerate during the 
period when the alloy matrix undergoes a microchemical evolution. 
current change is observed in the densities and distributions of the compo- 
nents of microstructure responsible for creep deformation however. A model 
has been developed to explain how the network dislocation density and the 
Frank loop density can be relatively insensitive t o  changes in matrix 
chemistry while the creep rate can be changed substantially. 

No con- 

3.0 Program 

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

4.0 Relevant DAFS Program Plan Task/Subtask 

II.C.14 Models of Flow and Fracture Under Irradiation 
II.C.18 Relating Low and High Exposure Microstructures 
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5.0 Accomplishments and Sta tus  

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

I n  a recen t  r e p o r t  i t  was shown t h a t  b o t h  t h e  Frank l o o p  and network d i s l o -  

c a t i o n  d e n s i t i e s  o f  i r r a d i a t e d  meta ls  approach s a t u r a t i o n  l e v e l s  a t  r e l a t i v e l y  

low f luence.  The t r a n s i e n t  s tage o f  t h i s  e v o l u t i o n  i s  over  r a t h e r  q u i c k l y ,  

however, compared t o  t h e  onset  o f  s w e l l i n g ,  t h e  concur ren t  microchemical 

e v o l u t i o n  and an assoc ia ted  a c c e l e r a t i o n  o f  t h e  i r r a d i a t i o n  creep r a t e ,  

as shown i n  F igures  1 and 2. 

( 2 - 3 )  

One would a n t i c i p a t e  t h a t  t h e  creep r a t e  would be p r o p o r t i o n a l  t o  t h e  number 

of  d i s l o c a t i o n  components and t h e  speed a t  which t h e y  move th rough t h e  a l l o y  

ma t r i x .  
indeed appears t o  be r e l a t e d  t o  an i r r a d i a t i o n - i n d u c e d  t r a n s i e n t  i n v o l v i n g  a 

r e d u c t i o n  o f  network d i s l o c a t i o n  d e n s i t y  i n  cold-worked m a t e r i a l .  It has been 

shown however t h a t  b o t h  t h e  network d i s l o c a t i o n  d e n s i t y  and Frank l o o p  d e n s i t y  

do n o t  change d u r i n g  t h e  f l uence  i n t e r v a l  i n  which t h e  a c c e l e r a t i o n  o f  creep 

r a t e  occurs.  

The f i r s t  creep t r a n s i e n t  shown i n  t h e  r i g h t  hand s i d e  o f  F igu re  1 

(1) 

I f  one accepts t h e  p r e v i o u s l y  proposed suggest ion(* )  t h a t  t h e  a c c e l e r a t i o n  

o f  b o t h  s w e l l i n g  and i r r a d i a t i o n  creep i n  a u s t e n i t i c  s t e e l s  a r i s e s  f rom t h e  

microchemical e v o l u t i o n  o f  t h e  a l l o y  m a t r i x ,  one might  reasonably expect  t h a t  

some evidence o f  t h i s  e v o l u t i o n  would be expressed i n  t h e  d e n s i t i e s  o f  t h e  

creep components o f  m i c r o s t r u c t u r e .  

The concept o f  m i c r o s t r u c t u r a l  records  i m p r i n t e d  on t h e  a l l o y  m a t r i x  by 

i r r a d i a t i o n  creep i s  a r e l a t i v e l y  new idea,  b u t  one t h a t  has shown a g r e a t  

deal  of  success i n  severa l  areas. (4-7)  

t h e  progress o f  t h e  microchemical e v o l u t i o n  c a s t s  some doubt on t h e  v a l i d i t y  

and u t i l i t y  o f  such records  however. How can one r e c o n c i l e  t h e  s a t u r a t i o n  o f  

d i s l o c a t i o n  and l o o p  m i c r o s t r u c t u r e  w i t h  a cont inued i nc rease  i n  creep r a t e ?  

The l a c k  o f  a d i s l o c a t i o n  reco rd  o f  
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The answer l i e s  p r i m a r i l y  i n  t h e  n a t u r e  of  t h e  d i f f e r e n c e  between t h e  m ic ro-  

s t r u c t u r a l  records  l e f t  by s w e l l i n g  and i r r a d i a t i o n  creep. Whereas t h e  v o i d  

m i c r o s t r u c t u r e  represents  a t ime- in teg ra ted  reco rd  o f  t h e  s w e l l i n g  behavior ,  

t h e  d i s t r i b u t i o n  and d e n s i t y  o f  d i s l o c a t i o n  components a re  a r e c o r d  o n l y  o f  

t h e  instantaneous and recen t  d i s l o c a t i o n  h i s t o r y .  

p r i o r  component growth o r  movement; n o r  i s  t h e r e  any reco rd  o f  t h e  r a t e  a t  

which these components were r e d i s t r i b u t i n g  mass when t h e  i r r a d i a t i o n  was 

i n t e r r u p t e d .  

c a t i o n s  which w i l l  be exp lored i n  more depth  i n  l a t e r  sec t i ons .  

There i s  no t o t a l  r eco rd  of  

T h i s  l a t t e r  p o i n t  has some r a t h e r  s u b t l e  b u t  impor tan t  i m p l i -  

5.2 Fac tors  Which Determine t h e  Loop S ize  D i s t r i b u t i o n  

The m i c r o s t r u c t u r a l  r eco rd  f o r  Frank loops  i s  conta ined i n  i t s  l o o p  s i z e  

d i s t r i b u t i o n  and i t s  t o t a l  dens i t y .  I t  should a l s o  be noted t h a t  a t  t y p i c a l  
f a s t  r e a c t o r  d isplacement r a t e s  Frank loops  a r e  n o t  found i n  app rec iab le  

d e n s i t i e s  i n  mjcrographs taken a t  temperatures approaching 550°C and 

above. (8 -9) .  

Wol fer  and coworkers (lo) have p rov ided  t h e  t h e o r e t i c a l  d e s c r i p t i o n  t h a t  can 

e x p l a i n  t h e  i n v a r i a n c e  o f  t h e  l o o p  s i z e  d i s t r i b u t i o n  and y e t  a l l o w  a change 

o f  t h e  c reep r a t e .  

denses t h e  r a t e  equat ions f o r  i n t e r s t i t i a l  loop  popu la t i ons  i n t o  Fokker-Planck 

equat ions.  
d r i f t  terms. 

T h i s  t rea tment  employs a continuum d e s c r i p t i o n  wh ich  con- 

These equat ions can be i n t e r p r e t e d  as d i f f u s i o n  equat ions w i t h  

The normal ized s teady- s ta te  s i z e  d i s t r i b u t i o n  o f  loops  i s  g iven by 

f l d x '  exp { - f ' dx"  H/G> 

f 'dx '  ex,{ - f '  dx"  HI,} 
0 0 

G # = x  X 

X X 

X '  
fX1 r , 1 d x '  exp { - dx"  H/G] 

f 'dx '  ex,{ - f '  dx"  HI,} 
0 0 

G # = x  X 

X X 
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where x is the number of atoms in the cluster, g(x) is the number of clusters 
at size x and H and G are the "drift" and "diffusion" functions defined by 
the following relations. The number of loop embryos is g and in this treat- 
ment the embryo is considered to be the di-interstitial. 

0 

c31 

Here, Aa is a geometric factor appropriate for loops, z is a bias factor for 
interstitials (i) or vacancies (v) for either the loop ( a )  or the average bias 
f for the entire microstructural network; F is a condensation of various 
factors defined in Reference lO(page 850) and Dv is the vacancy diffusivity. 
The average concentration of vacancies c: at all sinks ( s )  is balanced against 
the concentration at loops ( a ) .  

For temperatures below 6 O O O C  the thermal vacancy emission terms can be 
neglected and for typical breeder reactor displacement rates 

Except for the fact that the average bias factors zi and TV depend on the 
microstructure [and its associated segregation('')] produced by the irradi- 
ation, the ratio H/G is independent of the environmental conditions or defect 
diffusivities. Therefore the normalized size distribution defined in Equation 
1 i s  also independent of variables such as Dv and depends only on bias 
factors. 

Note that Equation 1 says nothing about the flux or current of loops through 
the size distribution; that is defined by Equation 3 and is strongly dependent 
on Dv. 
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The vacancy i i l o b i l i t y  i s  expressed by Dv and i s  one o f  t h e  major  determinants 

o f  t h e  r a t e  a t  which loops  f l o w  th rough t h e  s i z e  d i s t r i b u t i o n .  

t r i b u t i o n  i s  deter i i i ined o n l y  by t h e  dependence on l oop  s i z e  of  t h e  b i a s  

f a c t o r s  ( l o )  and t h e  s i z e  dependence o f  t h e  l oop  i n t e r s e c t i o n  p r o b a b i l i t y .  

The l a t t e r  i s  l a r g e l y  f i x e d  by t h e  tempera tu re- insens i t i ve  s a t u r a t i o n  den- 

s i t y  o f  network d i s l o c a t i o n s  and t h e  tempera ture- sens i t i ve  l oop  l i n e  l eng th ,  

as shown i n  References 9 and 12. 

The s i z e  d i s -  

As has been shown iiiany t i lues be fore  t h e  d e f e c t  f l u x e s  DvCv and DICI a r e  

dependent on Dv b u t  a r e  e s s e n t i a l l y  independent o f  DI as l o n g  as DI>>DV. 

Therefore t h e  e f f e c t  on l oop  t r a n s i t  c u r r e n t  o f  changes i n  t h e  vacancy 

i i i o b i l i t y  was i n v e s t i g a t e d .  

can occur  i n  D v  due t o  r e l a t i v e l y  smal l  changes i n  t h e  vacancy m i g r a t i o n  

energy E v ,  as va r i ous  f a s t  d i f f u s i n g  s o l u t e  species a re  removed f rom o r  added 
t o  t h e  a l l o y  m a t r i x .  

In  another  r e p o r t  i t  was shown t h a t  l a r g e  changes 

m 

(13) 

5 .3  C a l c u l a t i o n  o f  Loop Fluxes and Loop S ize  D i s t r i b u t i o n s  

(10) Employing a comprehensive l oop  e v o l u t i o n  computer code descr ibed e a r l i e r ,  

t h e  steady s t a t e  c u r r e n t  o f  loops th rough t h e  t ime- independent o r  " s t a t i o n -  

a r y "  d i s t r i b u t i o n  was c a l c u l a t e d  f o r  va r i ous  values o f  Ev .  Since go i s  n o t  
known as a f u n c t i o n  o f  temperature t h e  values a r e  g iven as r a t e s  normal ized 

t o  t h e  c u r r e n t  $E: c a l c u l a t e d  f o r  E: = 1.4 eV. I t was a l s o  assumed t h a t  go 
i s  independent o f  E:. 

assumed i n  development o f  Equat ion 1. 
computed l o o p  cu r ren ts .  

m 

Thermal vacancy emiss ion has n o t  been neg lec ted  as was 

Table 1 con ta ins  a c o m p i l a t i o n  of 

The normal ized l o o p  s i z e  d i s t r i b u t i o n s  a r e  shown i n  F igu res  3 and 4. 

t h a t  w h i l e  t h e  l o o p  s i z e  d i s t r i b u t i o n s  a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  E:, t h e  
l o o p  f l u x e s  a r e  n o t  a t  a l l  i n s e n s i t i v e .  

i s  a t  h i g h  temperatures where thermal vacancy emiss ion i s  an impor tan t  

nega t i ve  c o n t r i b u t i o n  t o  t h e  r a t e  o f  l oop  growth. 

Note 

Note a l s o  t h a t  t h e  g r e a t e s t  e f f e c t  
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TABLE 1 
RATIO OF LOOP CURRENTS ( E t )  

Temperature 
"C Q( 1.2)/$(1.4) @(1.6)/@(1.4) 

300 I 400 
7.5 
5.38 

0.3 
0.18 

500 33.6 23 0.16 I 600 1.7 x 10 0.4 x 

5.4 Discuss ion 

There are a number o f  impor tan t  i n s i g h t s  d e r i v e d  f rom t h i s  a n a l y s i s :  

( a )  The mi .c ros t ruc tura1 record  i s  n o t  as d e f i n i t i v e  as one m igh t  expect. If 

the  vacancy m i g r a t i o n  energy changes d u r i n g  i r r a d i a t i o n  due t o  a microchemical 

e v o l u t i o n  then the  m i c r o s t r u c t u r a l  reco rd  expressed by t he  loop  s i z e  d i s t r i -  

b u t i o n  and t o t a l  number d e n s i t y  w i l l  n o t  c o n t a i n  a record  o f  t h i s  change 

unless t h e  o v e r a l l  b i as  f a c t o r s  o f  t he  m i c r o s t r u c t u r e  a re  changed substan- 

t i a l l y .  Th is  l a t t e r  c o n d i t i o n  i s  n o t  l i k e l y  t o  be met. As w i l l  be shown 

l a t e r ,  t h e  b i as  o f  t he  network d i s l o c a t i o n s  i s  u n l i k e l y  t o  be changed and t he  
vo i d  b i as  c o n t r i b u t i o n  t o  the  t o t a l  i s  r e l a t i v e l y  s m a l l  d u r i n g  t he  t r a n s i e n t  

regime o f  t he  microchemical e v o l u t i o n .  

(b )  The r a t e  o f  l oop  growth through t he  s i z e  d i s t r i b u t i o n  (and the re fo re  t he  

loop  c o n t r i b u t i o n  t o  i r r a d i a t i o n  creep) i s  very s e n s i t i v e  t o  f a c t o r s  which 
a f f e c t  vacancy m i g r a t i o n .  

( c )  
i n  t he  v a r i a b l e s  t o  which i t  responds. Since an a n i s o t r o p i c  s t r ess  f i e l d  

a f f e c t s  t h e  b i as  f a c t o r s ,  a reco rd  i s  l e f t ,  w h i l e  t h e  a p p l i c a t i o n  o f  a com- 
p l e t e l y  i s o t r o p i c  s t r ess  f i e l d  would n o t  change t h e  r e l a t i v e  b ias  f a c t o r s ,  (6) 

and no record  would be l e f t ,  j u s t  as i n  t he  case o f  changes i n  E:. 

The m i c r o s t r u c t u r a l  reco rd  expressed i n  t he  loop p o p u l a t i o n  i s  s e l e c t i v e  
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I I I I I 

0 IO 20 30 40 

HEDL 7810-147.3 LOOP RADIUS, nrn 

F igu re  3. Normalized Loop-Size D i s t r i b u t i o n s  Ca lcu la ted  f o r  E: = 1.2 and 
1.4 eV. Except a t  600°C a l l  curves a r e  i d e n t i c a l .  A l l  l oops  
a r e  assumed t o  u n f a u l t  a t  R = 40 nm. Note t h a t  l o o p  s i z e  d i s -  
t r i b u t i o n  almost d isappears a t  600°C f o r  E: = 1 .2 eV. 
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( d )  A t  h i g h  temperatures s l i g h t  changes i n  E: due t o  m a t r i x  compos i t iona l  

v a r i a t i o n s  n o t  o n l y  change t h e  l oop  t r a n s i t  c u r r e n t  d r a s t i c a l l y  but  can l ead  

t o  t h e  es tab l ishment  o f  a l o o p  s i z e  d i s t r i b u t i o n  where none p r e v i o u s l y  ex i s ted ,  

o r  des t roy  one which e x i s t e d  e a r l i e r .  The l oop  d e n s i t i e s  a t  these temperatures 

a r e  g e n e r a l l y  t o o  low t o  observe such changes however. 

( e )  
o f  creep w i t h  f l uence  cannot be exp la ined w i t h  removal o f  f a s t - d i f f u s i n g  

species. 

increases and t h e  l oop  f l u x  drops. 

c reep r a t e .  

I f  i r r a d i a t i o n  creep sca les  o n l y  w i t h  l oop  c u r r e n t  t hen  t h e  a c c e l e r a t i o n  

Note i n  Tab le  1 t h a t  as t h e  f a s t  d i f f u s i n g  s o l u t e  i s  removed, E: 
There fore  o t h e r  f a c t o r s  must dominate t h e  

( f )  
d i s l o c a t i o n  d e n s i t y  was d e f i n e d  as 

I n  Reference 1 i t  was shown t h a t  t h e  s a t u r a t i o n  l e v e l  o f  network 

Z;DiCi - ZED C t Z:DVCto v v v  [51 
* 

- 
’ d -  d d d d  Z . D . C .  - Z D C 

t ZvDvCvo + vth 1 1 1  v v v  

where vth i s  t h e  thermal  c l i m b  v e l o c i t y  and t h e  s u b s c r i p t s  d and n. r e f e r  t o  

network d i s l o c a t i o n s  and loops r e s p e c t i v e l y .  If t h e  temperature i s  low enough 

t h a t  vth can be neg lec ted  then  pd  i s  r e l a t i v e l y  cons tan t  w i t h  temperature and 

d isplacement r a t e .  

de fec t  d i f f u s i v i t i e s  s ince  t h e  d e f e c t  f l u x e s  DiCi and DvCV a r e  e s s e n t i a l l y  

cons tant  rega rd less  o f  changes i n  Di and Dv. 

e f f e c t i v e  segregat ion  (comparable t o  t h a t  a t  vo ids ( ” ) )  t o  network d i s l o c a t i o n s  

t h a t  a r e  q u i t e  mob i l e  d u r i n g  i r r a d i a t i o n .  

e i t h e r  t h e  b i a s  o r  d e n s i t y  o f  network d i s l o c a t i o n s  t o  change d u r i n g  t h e  m ic ro-  

chemical e v o l u t i o n .  

* 

It i s  a l s o  r a t h e r  i n s e n s i t i v e  t o  changes i n  t h e  p o i n t  

In a d d i t i o n  t h e r e  can be no 

Therefore,  one would n o t  expect  

5.5 Conclusions 

A model has been developed t o  desc r i be  t h e  e v o l u t i o n  o f  l o o p  m i c r o s t r u c t u r e s  

i n  i r r a d i a t e d  meta ls .  

where Frank loops  a r e  normal ly  found, bo th  t h e  Frank l o o p  d i s t r i b u t i o n  and 

It p r e d i c t s  t h a t  except  a t  temperatures above t h a t  
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density as well as the network dislocation density should be relatively insen- 
sitive to changes in matrix chetiiistry and point defect diffusivity arising 
from radiation-induced microchemical evolution. The creep rate during this 
evolution can change substantially however. 
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7.0 Fu tu re  Work 

T h i s  e f f o r t  w i l l  con t inue  concen t ra t i ng  on t h e  growth r a t e  and s i z e  d i s t r i b u t i o n  

o f  loops a t ' h i g h  temperature. 
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CHAPTER 4 

CORRELATION METHODOLOGY 
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MICROSTRUCTURAL AND MICROCHEMICAL COMPARISONS OF AISI 316 IRRADIATED I N  

HFIR AND EBR-I1 

H. R. Brager and F. A. Garner (Westinghouse Hanford Co.) 

1 .o Objective 

The objective of this effort is to provide microstructural data that 
will provide guidance for the development of swelling correlations for 
fusion applications. 

2.0 Summary 

Two alternative models have been proposed in recent papers by several 
groups of authors to predict the influence of large helium levels on the 
swelling of AISI 316. To test the validity of each model, a series of 
microstructural and microchemical examinations were conducted on specimens 
after irradiation in E B R - I 1  and HFIR. 
neutron spectra, helium/dpa ratios and solid transmutant generation rates. 
The results of these studies show that helium's influence on swelling is 
manifested in the cavity density but not in the dislocation density or the 
microchemical evolution of the alloy matrix. The results also suggest that 
the influence of helium is not strong on either the total swelling or the 
steady-state swelling rate. 

These reactors differ greatly in 

At least in the range 500-720°C the steady-state swelling rate of AISI 
316 appears to be relatively insensitive to both helium level and tempera- 
ture. The attainment of steady-state swelling appears to be governed pri- 
marily by the rate of microchemical evolution of the alloy matrix and only 
secondarily by the He/dpa ratio. It is expected that this conclusion will 
not be changed in the intermediate helium/dpa environment anticipated in 
fusion reactors. 
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3.0 Program 

Title: Irradiation Effects Analysis (AKJ) 

Principal Investigator: 0. G. Doran 
Affiliation: Westinghouse Hanford Co. 

4.0 Relevant OAFS Program Plan Task/Subtask 

II.C.1 Effects of Material Parameters on Microstructure 
I I . C . 2  Effect of Helium on Microstructure 
II.C.4 Effect of Solid Transmutants on Microstructure 

5.0 Accomplishments and Status 

5.1 Introduction 

The influence of helium on macroscopic proDerties and dimensional 
changes of metals is of great interest to the designers of future fusion 
devices. The overwhelming majority of relevant experimental data for this 
subject has w e n  derived from irradiations conducted in fast reactors such 
as ESR-II,* where the helium to displacement per atom ratio (helium/dpa) is 
much smaller than that anticipated in fusion environments. There is also a 
smaller amount of relevant data derived from the mixed-spectrum reactor 
designated HFIR.* 
comparable, the'helium/dpa ratio of nickel-bearing alloys in HFIR can be 

While the displacement rates o f  these two reactors are 

much greater than even that of projected fusion devices. (1) 

It has, therefore, been proposed that comparison of data from the two 
fission reactors would allow definition of the influence of helium, and that 
some sort of interpolation would yield a prediction for the intermediate 

*E8R-II and H F I R  are acronyms for the Experimental Breeder Reactor I 1  at 
Aryonne National Laboratory in Idaho Falls, ID and the High Flux Isotope 
Reactor at Oak Ridge National Laboratory, respectively. 
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hel ium/dpa l e v e l s  t y p i c a l  o f  va r i ous  f u s i o n  environments. Th i s  o p t i m i s t i c  

expec ta t i on  has subsequent ly  been tempered by t h e  r e a l i z a t i o n  t h a t  many 
f a c t o r s  o t h e r  than he l ium may e n t e r  i n t o  t h e  comparison. ( 2 )  

The complex i ty  of t h e  problem i n v o l v e d  i s  bes t  i l l u s t r a t e d  by recen t  

f i s s i o n  r e a c t o r  s t u d i e s  d i r e c t e d  toward assessment o f  t h e  e f f e c t  o f  he l ium 

on m i c r o s t r u c t u r a l  development i n  20% cold-worked A I S I  316 s t a i n l e s s  s t e e l .  

Two q u i t e  d i f f e r e n t  i n t e r p r e t a t i o n s  o f  t h e  a v a i l a b l e  da ta  have ar isen ;  bo th  

are descr ibed i n  t h i s  paper. Since no o t h e r  r e l e v a n t  neu t ron  d a t a  w i l l  be 
a v a i l a b l e  f o r  seve ra l  years, i t  was decided t o  t e s t  c e r t a i n  f e a t u r e s  and 

p r e d i c t i o n s  of bo th  models th rough f u r t h e r  examinat ion o f  t h e  o r i g i n a l  spec i -  
mens. The a d d i t i o n a l  da ta  tend t o  support  one o f  t hese  i n t e r p r e t a t i o n s .  It 

a l s o  w i l l  be shown t h a t  recen t  d u a l - i o n  s i m u l a t i o n  s t u d i e s  p r o v i d e  

a d d i t i o n a l  support  f o r  t h i s  i n t e r p r e t a t i o n .  

5.2 The Data and I t s  Several  I n t e r p r e t a t i o n s  

Whi le a l l  heats o f  A I S I  316 have been found t o  e v e n t u a l l y  swe l l  a t  

e s s e n t i a l l y  t h e  same ra te ,  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  o r  i n c u b a t i o n  

regime o f  s w e l l i n g  has been found t o  be  s e n s i t i v e  t o  a hos t  o f  m a t e r i a l  and 

envi ronmental  va r i ab les .  (8’9’15’24) 

and E B R - I 1  s t u d i e s  o f  t h e  i n f l u e n c e  o f  he l ium on s w e l l i n g  can o n l y  proceed 

on specimens made f rom t h e  same heat  o f  s t e e l  and g i v e n  i d e n t i c a l  thermo- 
mechanical t reatments.  Only one heat  o f  s t e e l  meets t h i s  c r i t e r i o n ;  i t  i s  

designated DO-heat and i s  a commercial q u a l i t y  heat  o f  s t e e l  ob ta ined  f ro in  

Oak Ridge Nat iona l  Laboratory.  Un fo r tuna te l y ,  t h e r e  a re  o n l y  twe lve  da ta  

p o i n t s  o f  2% cold-worked specimens a v a i l a b l e  from t h e  two reac to rs ,  cove r ing  

a temperature range o f  400-800°C and an exposure range o f  10-75 dpa. 

This  s e n s i t i v i t y  r e q u i r e s  t h a t  HFIR 

The a n a l y s i s  o f  a l l o y  response i n  t h e  two f i s s i o n  r e a c t o r s  i s  com- 

p l i c a t e d  by temperature u n c e r t a i n t i e s  and d i f f e r e n c e s  i n  t ransmuta t i on  

products  o t h e r  t han  hel ium. Tne temperature assignments f o r  HFIR i r r a -  

d i a t i o n s  have been r e v i s e d  upward by 50-125°C t o  r e f l e c t  improved es t imates  

o f  t h e  l a r g e  gamma-heating r a t e s  i n h e r e n t  i n  h i g h l y  t he rma l i zed  r e a c t o r  
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spectra. (4-6’10) 
associated with EBR-I1 irradiation. 

In addition, there are temperature uncertainties 

It is important to note that helium is not the only transmutation 
product to be enhanced in HFIR. 
is formed in AISI 316 at exposures less than 20 dpa during HFIR irradiation 
and the manganese level is depleted in a relatively continuous manner. 
The swelling of this steel has been shown to be influenced by both of these 
elements (11’12) but the data are insufficient to determine whether these 
elements affect the transient regime of swelling only or whether the steady- 
state regime is also affected. In addition, the transmutation reaction 
59Ni(n,a)56Fe producing the majority of the helium in AISI 316 irradiated in 
HFIR leads to a 13% increase in the number of displacements which were not 

nickel-rich precipitates the percentage increase i s  much larger, ranging as  

A significant amount of vanadium (%0.4%) 

( 1 1 )  

previously considered in comparisons of EBR-I1 and HFIR data. 03) In 

large as 75% in Y ’  precipitates. (41) 

Attempts to subdivide this small data field covering a wide range of 
variables into smaller subsets does not lend confidence to conclusions 
concerning the action of one of these variables. However, there is a recent 
insight derived from extensive fast reactor irradiations of many other heats 
of AISI 316 which allows the data field to be analyzed for helium’s influence 
without subdividing it into smaller temperature increments. 
state swelling rate of 300 series stainless steels is remarkably insensitive 
to irradiation temperature over a wide range as shown in Figures 1 and 2 and 
discussed later in this paper. 
swelling is exhibited in the transient regime and is often quite small. 
This insight supports an analysis using the DO-heat swelling data in 
aggregate.(3) 
the analysis. 
exhibit this behavior, namely a relative insensitivity to both temperature 
and helium content. The inclusion of the 680°C (nominal) datum needs to be 
justified. This specimen was irradiated somewhere above 7OOOC and has been 

The steady- 

The limited temperature dependence of 
(14,151 

It also reduces the impact of temperature uncertainties on 
Figure 3 shows that the limited DO-heat swelling data do 
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NEUTRON FLUENCE IE>O.l M N I  

FIGURE 1. Swelling Behavior o f  Annealed 304L Fuel Capsules Reported by 
Garner and Porter Showing Relative nd pendence o f  Swelling on 
Temperature in the Range 450-538"C.1147 When corrected to dpa, 
the curves below 450' become even more parallel t o  those above 
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FIGURE 2. Isothermal Swelling Data Published by Yang and Garner(l5) 
Showing Relative Temperature Insensitivity o f  Swelling in 
AIS1 316 Heat Designated 87210 (N-lot). 
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considered to be in a helium-driven rather than a bias-driven void swelling 
regime. 
sect ion. 

Evidence against this assumption will be presented in a later 

If the 680°C datum i s  ignored, however, there are no other HFIR data on 
cold-worked material to support or refute the contention that the high swell- 
ing rate associated with fast reactor irradiation will eventually be realized 
in HFIR. 
Breeder reactor studies (16) have shown that the steady-state swelling r,ate of 
AIS1 316 is independent of cold work level, and that increasing the cold work 
level results in only extending the transient regime of swelling as shown in 
Figure 4. As shown in this report and elsewhere, (3’437) the microstructural 
densities of dislocations and voids developed in HFIR are essentially identi- 
cal for both the annealed and cold-worked steels. It would therefore be 
expected that HFIR irradiation of DO-heat in the solution annealed condition 
would reveal the eventual swelling rate expected for cold-worked DO-heat. 
Comparison in Figure 5 of the swelling of annealed and cold-worked DO-heat 
irradiated in HFIR indeed supports the eventual higher swelling rate 
postulated for cold-worked material in HFIR. 

There are, however, additional HFIR data relevant to this question. (7) 

An alternative interpretation has been proposed. (17) 
the higher cavity densitites induced by HFIR irradiation will lead to 
earlier swelling and to steady-state swelling rates that are much lower at 
500-600°C than that obtained in fast reactors. ( 1 7 )  
based on rate theory considerations and does not incorporate microchemical 
evolution. In effect, it is assumed in this approach that no additional 
curvature occurs in the swelling curve beyond the last HFIR datum as demon- 
strated in Figure 6 .  

reported cavity densities(7) of the annealed steel are comparable to those 
of the cold-worked steel at all temperatures investigated (Figure 7),  and 
would predict that the HFIR-induced swelling rate of the annealed steel 
would be depressed in the same way as is proposed to happen in the 
cold-worked steel. 

It asserts that 

This assumption is 

This approach does not consider the fact that the 
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FIGURE 3 .  Comparison of Cavity Volumes Observed in 20% CW DO-Heat Irra- 
diated in EBR-I1 and HFIR. (Only nominal temperatures used.) 
The composite HFIR/EBR-I1 trend curve drawn is typical of 
swelling curves for AIS1 316 in EBR-11. Corrections have been 
include i n  this figure for the displacements produced in HFIR 

from the 5h (n,a) reaction. by the f 6 .  F recoil that accompanies the production of helium 
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of the Transient Regime of Swelling. 
depends on the heat, its annealing and cold working conditions 
and the irradiation temperature. 
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FIGURE 5. Comparison of Swelling in Annealed and Cold-Worked DO-Heat in 
HFIR with That of Cold-Worked DO-Heat in EBR-11. All tempera- 
tures used are the nominal irradiation temperatures quoted for 
the original experiments. The solid symbols refer to cold-worked 
specimens, circles for HFIR and triangles for EBR-11. 
symbols designate annealed specimens irradiated in HFIR, where 
the swelling is determin d b 
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5.3 Experimental Resolution of the Different Helium Interpretations 

Resolution of the divergent interpretations requires that maximum use 
be made of available specimens. Our approach has been to identify the 
underlying assumptions of each analysis and then to subject these assump- 
tions to experimental verification. 

The principal difference between the two interpretations lies in the 
perception of the relative importance to swelling of the radiation-induced 
microchemical evolution and the helium-dependent microstructural evolution. 
The authors approach is based on extensive fast reactor irradiation studies 
of A I S 1  316 which show that the microchemical evolution is an inevitable 
phenomenon with its eventual endpoint independent of most environmental and 
thermal-mechanical variables. (18-26) 
radiation-induced solute segregation of elements such as nickel and silicon. 
The removal of these elements is thought t o  be the rate-controlling process 
governing the instantaneous swelling rate, with the microstructural evolu- 
tion playing a necessary but not rate-determining role in stainless steels 
containing large amounts of solutes such as carbon and silicon. 
tability of this evolution has also been recently demonstrated in niobium- 
modified and titanium-modified stainless steels. (27-2g) 
of silicon and nickel have been examined theoretically in other papers. 

Central to this approach is the 

The inevi- 

The proposed roles 
(30,31) 

Proponents of the alternate approach reason that "high swelling and 
radiation-induced solute segregation are not inevitable" and "indeed are 
separable phenomena" with "helium affecting both. ,,(6) 

The "inevitability" o f  the microchemical evolution and its possible 
correlation with high swelling rates and helium-affected void densities was 
addressed in this study first. 
the details of the cavity and dislocation microstructure found in HFIR irra- 
diations are consistent with the observed or predicted swelling rates. 
Third, should the 68OOC HFIR datum (the only HFIR datum to suggest breeder- 
like swelling rates) be included in the analysis? Fourth, if cavity growth 

The second question addressed was whether 
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above 700" does not require large amounts of helium, is the correlation 
between swelling and microchemical evolution still preserved at these temper- 
atures? 
tion in the two reactors similar and can any differences be confidently 
ascribed only to the influence of helium? 

Finally, are the details of the phase development during irradia- 

5.4 Experimental Results 

5.4.1 Examination of Solution-Annealed AIS1 316 Irradiated in HFIR 

Since the acceleration of swelling has been correlated with the degree 
of microchemical evolution, (21'24'32) particularly the removal of nickel 
and silicon from the alloy matrix, a reasonable test of the inevitability o f  

this process would be to examine whether or not a consistant correlation 
between swelling and nickel removal is observed in both HFIR and EBR-I1 
irradiations. Data from only two HFIR and four EBR-I1 specimens are 
available for such a comparison. (3,4) 

In two previous papers (3'4) it was shown that the microstructural and 
microchemical evolution of one cold-worked DO-heat specimen irradiated in 
HFIR at 55OOC (nominal) to 42 dpa* was completely typical, not only of other 
heats o f  steel in EBR-11, but also of the same heat when irradiated in EBR-I1 
to a comparable exposure. Unfortunately, however, the swelling level of 
this specimen, 1.4 - 1.9%,(4) i s  not sufficient to adequately address 
either the microchemical inevitability or high swelling rate questions. 

Note in Figure 5 that there is an annealed specimen irradiated in HFIR 
at a nominal temperature of 480'C which exhibits swelling greater than 8%. 
This specimen was also exposed to 42 dpa* and had accumulated 2950 appm of 
helium. It was examined using both the JEOL JEM-100CX and VACUUM GENERATORS 

*When the displacements produced by the S6Fe recoil are included, 42 dpa 
becomes 47 dpa. 
dose will be listed hereafter as 42-47 dpa. 

Since this contribution is not uniformly distributed the 
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HB501 microscopes, employing conventional electron microscopy and energy- 
dispersive X-ray analysis. Precipitates were analyzed both in thin foil andon 
carbon extraction replicas prepared using 10% HC1 in methanol. 
radioactivity of HFIR-irradiated specimens complicates X-ray analysis and 
requires more stringent preparation and examination techniques than employed 
for specimens irradiated in EBR-11. These techniques have been described 
ear 1 ier. 

The higher 

(4) 

10 The dislocation density of this specimen was found to average 6 x 10 
cm-‘, similar to that reported in HFIR(4) and in EBR-I1 irradiated 
specimens. (la) 
clearly composed of two quite different size groups. 
there are relatively large cavities at a density ofQ1 x 1015 
mean diameter on the order of 50 nm. 
6%. Maziasz and coworkers had earlier examined another specimen cut from the 
same test component and measured 8.8 + 1.2% swelling from 1.4 x 10 
cavities with a mean diameter of 39.6 nm. 

The cavities were fairly uniformly distributed but were 
Figure 8 shows that 

with a 
This implies a swelling level of about 

15 cm-3 

- (7) 

As shown in both figures 8 and 9, however, there is a second cavity 
component that was not reported in the earlier study by Maziasz or shown in 
figure 7. 
of exceptionally small cavities (2.2.0 nm). These very small cavities are 
most likely helium bubbles while the larger cavities observed in both 
studies are probably voids. 

It is composed of a very high number density (-1.7 x 1017 

There are also the usual M6C, Laves and G-phase precipitates (26,331 

observed in this steel at this temperature (assumed to be ~5550°C) with 
significant enrichment in nickel, molybdenum and silicon. As shown in 
figure 10, this enrichment is at the expense of the matrix. The data in 
Table 1 demonstrate that the matrix nickel level has fallen to an average 
value of ~ 8 % .  From a previously published empirical relationship using 
starting silicon and nickel levels, a saturation value of -8% is predicted 
for this heat. (25) 
tion were found to have an average composition (in weight %) of 26% fe, 

The various precipitates extracted by carbon replica- 
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FIGURE 8. M 
T 
C 

l ic rograph o f  Annealed DO-Heat Specimen I r r a d i a t e d  a t  a Nomina' 
emperature o f  480°C t o  42-47 dpa i n  HFIR. 
lasses of c a v i t i e s  w i t h  diameters of .2.0 nrn and 50 nm. 

Note two d i s t i n c t  
I 

. 
FIGURE 9. Stereo P a i r  Showing Smal ler  C a v i t i e s  Seen i n  F igu re  8. 
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FIGURE.10. Comparison o f  In-Foil X-ray Analysis Spectra o f  a Typical 
Precipitate and One Matrix Area o f  a Solution-Annealed Specimen 
Irradiated at 48OOC (Nominal) in HFIR to 42-47 dpa. 
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TABLE 1 

SPOT-MEASUREMENTS OF ELEMENTAL COMPOSITION I N  MATRIX REGIONS 
OF HFIR-IRRADIATED SPECIMEN OF ANNEALED DO-HEAT A I S I  316 

( a f t e r  i r r a d i a t i o n  t o  42- 47 dpa a t  a nominal temperature 
o f  48OOC and an est imated temperature o f  - >550°C) 

w t %  

Mn - Fe N i  C r  - 
71.2 9.1 17.1 2.4 

72.3 6.7 19.7 0.5 

70.9 7.1 19.4 2.4 

72.3 6.3 18.8 2.4 

72.7 6.9 20.2 0.1 

71.5 8.3 19.3 0.8 

69.6 7.2 19.5 3.6 

68.0 10.7 18.5 2.6 

71.7 7.8 18.8 1.6 

7.8% average n i c k e l  content  

*Matr ix  l e v e l s  o f  S i ,  Mo and V were a t  unreso lvab le  leve ls .  

24% C r ,  22% Mo, 16% N i ,  8% S i ,  and 2.5% V. Note t h a t  the  1.0.496 vanadium 

produced by t ransmutat ion du r i ng  i r r a d i a t i o n  i n  HFIR has concentrated i n  t h e  
p r e c i p i t a t e s  as was observed i n  t h e  cold-worked specimen examined i n  an 
e a r l i e r  repor t .  (4 )  

The y '  phase was no t  found, which may o r  may no t  be s i g n i f i c a n t  s ince 

t h i s  specimen was i r r a d i a t e d  near t h e  upper temperature l i m i t  o f  i t s  range 

o f  existence, based on r e s u l t s  f rom E B R - I 1  i r r a d i a t i o n s  o f  A I S I  316 w i t h  0.5 
w t %  s i l i c o n .  (19) 
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5.4.2 Examination of Cold-Worked AISI 316 Irradiated in EBR-I1 at High 
Temperature 

It appears that the original temperature assignments for HFIR irra- 
diations of DO-heat may be as much as 125'C too low. (lo) When comparisons 
are made between EBR-I1 and HFIR data it is important that specimens be 
compared at nearly identical irradiation temperatures. Data on swelling in 
EBR-I1 to temperatures in excess of 7OOOC are desired. While no DO-heat 
data in this range are available, such data have just recently been pub- 
lished for an FFTF* heat of steel. (34) 
assumptions of "inevitability" and the temperature-independence of swelling. 

They allow an assessment of the 

Although the swelling and microstructurally-oriented experiments of the 
U.S. Breeder Program did not probe the temperature regime above 650°C, pres- 
surized tubes used to study irradiation creep were irradiated at tempera- 
tures as high as 720°C. (Above this temperature the thermal creep rate is 
too high to,permit the service of AISI 316 in a breeder reactor.) 
nominally unstressed specimens irradiated at temperatures above 700°C have 
been examined by electron microscopy and energy dispersive X-ray analysis. 
Both specimens were irradiated for several EBR-I1 irradiation cycles in one 
subassembly and their irradiation was completed in another. 
irradiation was a controlled-flow temperature-monitored experiment while the 
latter was an uninstrumented isothermal heat-pipe experiment. 

Two 

The first 

The examination of these specimens is reported in detail in Reference 
Only a summary of the results pertinent to this paper will be covered 34. 

in the following sections. 

5.4.3 Cavities Produced at High Temperatures in EBR-I1 

The first specimen was extracted from a tube designated K65 fabricated 
from a tubing lot of 20% CW steel designated CN-13. This heat is known to 

*FFTF is an acronym for Fast Flux Test Facility, a fast neutron test reactor 
in Richland, Washington. 
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swell relatively early compared to the N-lot and 00-heats, but is otherwise 
expected to exhibit comparable post-transient swelling behavior. (’) 
K65 specimen was irradiated to 7.5 x loz2 n/cm 
temperature of 700°C. The actual temperature varied from 667 to 71OOC with 
about half of the total fluence accumulated at 710°C. Diameter and density 
change measurements showed that a volumetric increase of 2.5% had occurred. 
It is known that some fraction of  this volume change is due to volume 
changes arising from formation of intermetallic phases. (35) A s  shown in 
Figure 1 1 ,  void swelling is several percent in this specimen. 
also shows that the swelling at-700°C is comparable to that observed in 
another experiment on this and three closely related heats o f  A I S 1  316 
irradiated at 65OOC. 

The 
2 (1.38 dpa) at a nominal 

This figure 

The second specimen was derived from another CN-13 tube designated KE6. 
2 This specimen reached 1.2 x 10’‘ n/cm 

2.3 x n/cm at 700’C and finally reached 6.2 x 10” n/cm (-31 dpa) 
at 710°C. Some fraction o f  the 
volume change in this specimen is due to t h e  formation o f  lakge intermetallic 
precipitates, (35)  one of which is shown in Figure 12. 

(E > 0.1 MeV) at 718’C, continued to 
2 2 

The density change of this specimen as 2.8%. 

5.4.4 X-Ray Analysis of Specimen K65 (667-71OOC) 

Void formation was found to be relatively homogeneous within any one 
grain but to be rather heterogeneous from grain-to-grain. 
frequently separated heavily voided grains from totally unvoided grains. 
The possible relationship of such behavior to the details of the local 
microchemical environment was investigated using three different types of 
measurements. 

Grain boundaries 

First, entire grains were scanned with the electron beam. Each grain 

These areas inevi- 
chosen for examination had a relatively uniform void array and was adjacent 
to other grains with widely differing swelling levels. 
tably contained some precipitates but the level of precipitation was rather 
low compared to that which evolves at lower temperatures. As shown in Table 2 
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F I G U R E  1 1 .  Comparison o f  High Temperature Swelling o f  20% CW A I S 1  316 
Stainless Steel Specimens from CN- 13 Creep Tube and Three 
Closely Related Heats Irradiated at 650'C. (9,157 

the nickel level in those areas which contained voids was lower than in the 
non-voided regions. 
molybdenum levels. 

In this comparison the voided regions also had higher 

The second type of measurement used a smaller electron probe, about 
10 nm in diameter, to randomly sample the matrix concentrations in the 
area previously scanned by the broader beam. 
the average matrix composition away from both void and precipitate boun- 
daries. As shown in Table 3 and Figure 13, the mean matrix nickel level o f  
voided regions was found to be 9.8 wt.%, while that of an adjacent unvoided 
region as 13.4%. 
There were no other significant differences in elemental composition found 
between the two regions selected for analysis. 
obtained by the two measurement techniques is shown in Figure 14.) 

These measurements determined 

The bulk average composition o f  this steel is 13.7% nickel. 

( A  comparison of the spectra 
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FIGURE 12. High Temperature Swelling of CN-13 Creep Tube KE6 at 700-718OC 
and 6.2 x The swelling is very non- 
unif rm and the voids are very large and at low densities 
(~1073cm-3). Some areas contain large intermetallic 
precipitates. 

n/cm2 (E  =- 0.1 MeV). 

A third type of X-ray measurement employed in these studies was the 
line-of-sight average composition obtained along a traverse through the 
alloy. When a composition gradient exists, a traverse of measurements along 
that gradient can yield information on the direction of flow of various 
elements. These measurements have been used extensively in the study of 
DO-heat and other specimens. (334’22’31’34) As shown in the more detailed 
report on these specimens, nickel was found to be segregating to both void 
surfaces and precipitates. (34) 
from precipitate surfaces was evidence that the microchemical evolution was 
still in progress when the specimen was removed from EBR-11. 

The presence of gradients extending far 
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TABLE 3 

M A T R I X  SPOT ANALYSIS OF COMPOSIT ION I N  SPECIMEN K65 
Area weight  % 

Mo 

# 2  Yes 0.7 19 69 9.3 0.6 
Yes 0.7 18  68 10.0 1.2 
Yes 0.7 19 68 10.0 1.2 
Yes 0.7 19 69 8.6 1.4 
Yes 0.7 19 68 9.8 1.3 
Yes 0.6 19 68 9.2 1.7 
Yes 0.7 19  69 9.3 1.3 
Yes 0.7 19 67 11.1 1.1 
Yes 0.6 19 68 9.9 1 .o 
Yes 0.6 20 67 9.9 1.4 
Yes 0.6 19 69 9.5 0 .9  

- N i  - Fe - C r  - S i  Number Voids? - 

- 
average 9.7% compared t o  9.5% 
by broad beam a n a l y s i s  

#3 Yes 0.4 19  70 9.3 0.8 - 
Yes 0.5 20 68 9.8 1.1 
Yes 0.4 19 67 11.7 1 .o 
Yes 0.3 19  68 10.7 1 .o 
Yes 0.4 19 69 10.0 1.2 

# 4  Yes 0.3 
Yes 0.4 
Yes 0.3 

19 
19 
20 

average 10.3% compared t o  10.3% 
by broad beam ana l ys i s  

68 9.5 1.8 
68 10.3 1.9 
69 8.5 2.0 

#5 No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 

Averages 

0.7 
0.6 
0.5 
0.4 
0.7 
0.4 
0.3 
0.4 
0.3 
0.2 
0.3 
0.5 

0.4 
- 

18 
15 
17 
17 
18 
15 
16 
16 
17 
18 
17 
16 

17 
- 

average 9.4% compared t o  13.6% 
by broad beam a n a l y s i s  

69 9.5 1.1 ~~ 

66 15.9 1.1 
69 11.2 1.2 
66 14.3 1.5 
68 10.2 1.6 
66 16.1 1.1 
67 14.5 1.2 
66 15.5 1.2 
67 12.7 1.4 
68 ::.9 1.2 
67 14.0 1.2 
67 14.6 0.8 

67 13.4 1.2 
- - - 
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MATRIX NICKEL CONCENTRATION Iwt.%l 

WL. . . -m. l  

FIGURE 13. Local M a t r i x  Composit ion o f  N i c k e l  i n  Two Adjacent  Grains o f  
Specimen K65 o f  20”/0 Cold-Worked A I S 1  316 I r r a d i a t e d  a t  667-710°C 
and 7.5 x 1022 n / c d  ( E  > 0.1 MeV). 
have lower average n i c k e l  con ten t  than non-voided regions.  

Note t h a t  voided reg ions  
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(b )  
FIGURE 14. Typ ica l  EUX Spectra of Specimen K65. Spectrum (a)  i s  a between- 

v o i d  spo t- ana lys is  and ( b )  i s  a broad m a t r i x  scan o f  a no- vo id  
reg ion.  There i s  a 9.2% n i c k e l  i n  t h e  fo rmer  and 15.6% n i c k e l  
i n  t h e  l a t t e r .  Note t h e  absence of a vanadium peak, i n  c o n t r a s t  
t o  t h a t  found i n  A I S 1  316 i r r a d i a t e d  i n  HF IR .  
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5.4.6 Summary of EBR-I1 High Temperature Data 

It has previously been shown that the average nickel content of the 
alloy matrix can be used as an index of the degree of completion of the 
microchemical evolution., (21'32) In this study, the validity of this 
index was tested and again has been confirmed. When swelling is just 
starting to accelerate to measurable levels, those regions which fall below 
12-13% nickel first exhibit swelling. The existence of threshold nickel 
levels for void growth has been observed in earlier studies on several 
a1 loys. (21927) The possibility exists, however, that the variation in 
nickel contents (12-16%) about the bulk average of 13.7% on a grain-to-grain 
level represents more the original natural heterogeneity of the steel than 
j u s t  a consequence of the radiation-induced nickel segregation process. 
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TABLE 4 

EOX ANALYSIS OF SPECIMEN K E 6  

No  
No  
No 
No 
N o  
No  
No 
No 
No 
No 

A v e r a g e  s 

No 
No  
No  
No 
No 
No 

A v e r a g e s  

Yes 
Yes 
Y e s  
Ye5 
Yes 
Yes 
Y e s  
Yes 

A v e r a g e s  

w e i g h t  % 
Mo - N i  - Fe 

MATRIX SCAN ANALYSIS  

0.4 17 66 14 2.0 

- C r  - S i  - 

0.3 
0.6 
0.5 
0.7 

16 63 18 ~~ 

17 65 15 
18 68 12 
15 62 19 

0.8 16 62 19 
0 .8  
0 .8  
0.7 

16 
17 
16 

63 
65 
66 

18 
16 
15 

1.7 
0 .8  
0.8 
1 .o 
0.7 ~. 

0.6 
0.8 
0.7 

0.7 16 66 15 0 .8  

0.6 16 65 16 1 .o 
MATRIX SPOT ANALYSIS  

- - - - - 

0.7 17 
0.5 17 
0.7 17 

66 
65 
64 

14 
15 
14 

0.7 16 64 16 
0.6 16 65 16 
0 .3  17 66 14 

0.6 17 65 15 
- - - - 

0.3 
0.3 
0.4 
0.3 
0.2 
0.3 
0.3 
0.2 

0 .3  

18 
18 
17 

MATRIX SCAN ANALYSIS  

67 
67 
66 

13 
12 
13 

18 67 13 
18 
18 
19 

67 
66 
67 

13 
13 
12 

19 67 12 

18 67 13 
- - - 

1.2 
0.9 
2.0 
1.3 
1 .o 
0.8 

1.2 
- 

1 .o 
1.3 
1.1 
1.4 
0 .9  
1.4 
1 .o 
1 .o 

1.1 
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The reduction of the matrix nickel to levels approaching 9% by the time 
substantial swelling has occurred is typical of that observed in other 
~ t u d i e s ( ~ ~ ’ ~ ~ ’ * ~ )  when the silicon level is-0.5 wt.%. 
to be relatively independent of temperature. For higher silicon levels, the 
nickel content of the matrix falls even lower and can be predicted from the 

This value appears 

original silicon and nickel levels. (25) 

A more significant result of this portion of the study lies in the 
observation that not only does swelling occur in AIS1 316 at temperatures 
above 700”C, but that the swelling does not decline with temperaure in the 
range 600-720°C as previously anticipated. 
swelling would not occur at 650-720°C in EBR-I1  due to its low helium/dpa 
ratio and defect supersaturations. 
swelling does not depend very strongly on the helium level at any tempera- 
ture investigated t o  date, even though the void density is sensitive to the 
helium content. 

It is usually thought that 

It therefore appears that the total 

5.5 Discussion 

The experimental results described above (and those of Reference 4) 
clearly indicate that the presence o f  large amounts of helium or the 
elevation of irradiation temperature do not substantially alter either the 
inevitability or the predictability of the microchemical evolution. Fig- 
ure 16 contains a compilation of the microchemical measurements from this 
and previous papers (3’4) and shows that the development of higher swell- 
ing levels correlates with the removal of nickel (and silicon) from the 
alloy matrix. The results also suggest that the appearance of voids can 
be correlated to the attainment of a critical nickel level i n  the matrix, 
although this is probably not a prerequisite for the many small helium 
bubbles observed in the solution-annealed specimen. While the cavity 
density (voids and/or bubbles) is clearly sensitive to the helium level, 
the dislocation density does not appear to be sensitive to the temperature, 
helium content, cold work level, or changes in manganese and vanadium 
concentrations. 

140 



I I I I 
A EBR-II 

l4 .OHFIR 

12 1 Ni - 9% 4 
SWELLING 

Yo 

FIGURE 16. C o r r e l a t i o n  o f  Increased Swe l l i ng  w i t h  Removal o f  N i cke l  f r om 
t h e  A l l o y  M a t r i x .  The average n i c k e l  con ten ts  o f  t h e  m a t r i x  
a r e  shown bes ide  se lec ted  s w e l l i n g  measurements. The sa tu ra-  
t i o n  l e v e l  o f  n i c k e l  i n  t h e  DO-heat i s  p r e d i c t e d  t o  be 8%. 

An impor tan t  quest ion,  however, i s  whether t h e  s teady- s ta te  s w e l l i n g  

r a t e  i s  s t r o n g l y  s e n s i t i v e  t o  t h e  c a v i t y  dens i t y .  

t hese  s t u d i e s  which address t h i s  quest ion.  

c a v i t y  d e n s i t y  i n  t h e  annealed specimen exceeds 10 
concepts advanced i n  Reference 6, one would p r e d i c t  t h a t  t h e  cold-worked 
specimen would swe l l  a t  a h i g h e r  r a t e  t han  t h e  annealed specimen because 

t h e  l a t t e r  i s  c l e a r l y  more cav i ty- dominated than  t h e  former.  ( I n  o rde r  

t o  assure t h e  v a l i d i t y  o f  t h i s  statement, t h e  cold-worked HFIR specimen 

examined i n  Reference 4 was reexamined i n  t h i s  study. 

d e n s i t y  o f  smal l  c a v i t i e s  was n o t  found.) 

There a r e  two c l u e s  f rom 

F i r s t ,  r e c a l l  t h a t  t h e  t o t a l  

. Using t h e  1 7cm-3 

A s i m i l a r  h i g h  

Second, t h e  r e s u l t s  o f  t h e  p rev ious  s e c t i o n  can be combined w i t h  pub- 

T h i s  l i s h e d  EBR-I1 d a t a  on t h e  s w e l l i n g  o f  AISI 316 t o  produce F i g u r e  17. 

shows once aga in  t h a t  s w e l l i n g  r a t e  o f  a s p e c i f i c  heat  o f  AISI 316 can be 

cons idered t o  be independent o f  temperature over  t h e  range 500-700OC. It 

a l s o  appears t h a t  below 500°C t h e  s w e l l i n g  r a t e  i s  approaching t h e  same 
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FIGURE 17. Relative Temperature Independence of S dy-State Swel ling Rate 
for FFTF First Core Heats of Steel.( 9 3 7  

value as found above 500°C, but with a longer transient. (15’32) 
density over this large temperature range varies almost three orders of 
magnitude while the steady-state swelling rate exhibits almost no change. 
It is doubtful, therefore, that the void density per se is an important 
determinant of the swelling rate in neutron irradiations. The same conclu- 
sion can be drawn from irradiations of AIS1 304 stainless steel as shown in 
Figure 1. 

The void 

Another way to assess the relative importance of helium and matrix 
nickel content would be to use simple Fe-Ni-Cr ternary alloys which do not 
have the complicating influence of solutes such as silicon, carbon or 
molybdenum. 
from the matrix, one can remove nickel from the alloy prior to irradiation. 
Figure 18 (reproduced from Reference 36) shows ion bombardment studies that 
demonstrate that a reduction of nickel content from 25 to 20% has a greater 

Rather than study the onset of swelling during nickel removal 
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F I G U R E  18. Comparison o f  Nickel Ion Irradiation Results Showing Relative 
Influenyj6~f381jickel Level and Helium/dpa Ratio for Fe-Ni-Cr 
Alloys. 

effect on the duration of the transient regime than does substantial varia- 
tion in the helium/dpa ratio.* 
both helium and nickel content lies in the transient regime of swelling and 
not in the steady-state regime. 

It is important t o  note that the effect of 

A similar result has been observed in recently published dual-ion irra- 
diation studies(39940) on AIS1 316, as shown in Figure 19. 
also demonstrates the relative insensitivity of steady-state swelling rate 
to irradiation temperature. 

This figure 

It appears to be a quite valid procedure to treat the twelve 00-heat 
swelling data points in aggregate and to ignore differences in temperature 
and details o f  cavity, microstructure and phase development. 
native o f  breaking these limited data into subsets based on hard-to-define 

The alter- 

*As shown in Reference 36, the "effective" helium/dpa ratios for the studies 
shown in Figures 18 and 19 are larger than reported by at least a factor o f  
five. 
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FIGURE 19. Comparison of Dual Ion Irradiation Results on Annealed and Aged 
AIS1 316 at 625 and 700°C Showing That The Effect of Helium/dpa 
Ratio and 
Swelling. 

ature Resides Only in the Transient Regime of ( 5 5 Y S Y  

temperature increments poses a danger of reaching erroneous conclusions due 
to data scatter (in swelling measurements, temperature and dose as well as 
dose rate differences), while ignoring the consistent general trends exhibi- 
ted by DO-heat and all 316 heats irradiated in both HFIR and EBR-11. Thisis 
particularly true when all of the cold-worked data from HFIR (with the 
exception of the 680'C datum) are well within the transient regime for both 
swelling and microchemical evolution. Furthermore, subdivisions of the data 
field place large burdens on the accuracy of both the temperature and dis- 
placement assignments. 

While the microchemical evolution of the matrix (especially nickel 
content) of a specific heat has been shown to be reproducible, the path by 
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which the evolution proceeds is quite variable within a grain, from grain- 
to-grain and from experiment to experiment, in response to the large number 
of variables affecting phase development. (26 )  To draw conclusions con- 
cerning the effect of helium on phase development ignores not only the dif- 
ferences in operational history between EBR-I1 and HFIR but also the very 
pronounced differences in displacement generation and transmutation for 
these two reactors. Those precipitates with increased nickel level will be 
subjected to proportionately larger internal displacement rates relative to 
that of the surrounding nickel-poor matrix. (41) 
recoiling iron atoms is comparable to the size of most precipitate phases 
formed at low temperature, the precipitates will also become net sources o f  

vacancies and will be surrounded by enhanced concentrations of interstitial 
atoms. ( 4 1 )  The helium atoms produced by this reaction will come to rest 
far from the precipitate, however. It is therefore quite possible that 
these indirect consequences of helium production will alter the stability of 
some phases, particularly the ordered low-temperature nickel-enriched y '  

phase. 

Since the range of the 

If one adds to this consideration the depletion of manganese (an 
essential constituent of G-phase formation for A I S 1  316) in HFIR and the 
generation of vanadium (a strong carbide-forming element found in this study 
to concentrate in M6C precipitates) then one should not be surprised to 
find differences in phase evolution between specimens irradiated in HFIR and 
EER-11. 
not expected to be great, however, and no convincing evidence links phase 
evolution and helium level in this study. 

The consequences of these differences on the matrix evolution are 

It appears, therefore, that the correlation between microchemical evo- 
lution and swelling is not perturbed by the differences in helium content, 
solid transmutant concentrations and operational history characteristics of 
EBR-I1 and HFIR irradiations. Providing that swelling can be correlated 
with be dpa for 14-MeV neutron irradiations, it is not anticipated that this 
conclusion will be significantly altered in the intermediate helium/dpa 
range typical of projected fusion environments. 
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5.6 Conclusions 

The microstructural evolution of AIS1 316, namely the number of cavi- 
ties formed and the minor details of phase evolution, is perturbed by the 
differences existing in the irradiation environments of EBR-I1 and HFIR. 
is important to note that the minor phase differences are attributed to the 
combined effect of differences in helium level, spatial differences in damage 
production, the depletion of manganese and the generation of vanadium. 
ever, the dislocation density, the total amount of swelling, the steady- 
state swelling rate and the microchemical evolution of the matrix are not 
perturbed substantially. 

It 

How- 

It also appears that the microchemical evolution of the alloy matrix is 
largely unchanged and is the dominant determinant of the swelling rate during 
neutron irradiation of this alloy. The influence of helium on total swelling 
in the He/dpa range spanned by EBR-I1 and HFIR is not as large as originally 
anticipated.' 
these conclusions. 

Ion bombardment studies in the relevant He/dpa range confirm 
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7.0 Future Accomplishments 

No further work on the AISI 316 00-heat is anticipated. 

8.0 Publications 

Portions of this effort were previously published in references 3 and 
The full results o f  this study will be published in J. Nuclear Materials 4. 

as the Proceedings o f  the TMS-AIM€ Symposium on Radiation Damage Analysis 
for fusion reactors, held in St. Louis, MO on October 24-28, 1982. 
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INFLUENCE OF HELIUM INJECTION SCHEDULE AND PRIOR THERMOMECHANICAL TREATMENT ON 

THE MICROSTRUCTURE OF ION- IRRADIATED TYPE 316 STAINLESS STEEL 

A. Kohyama, G. A y r a u l t  and B. A. Loomis (Argonne Na t iona l  Laboratory)  

1 .o Objec t  i ve 

The o b j e c t i v e  o f  t h i s  work i s  t o  determine t h e  e v o l u t i o n  o f  t he  m i c r o s t r u c t u r e  

i n  f i r s t  w a l l  m a t e r i a l s  d u r i n g  i r r a d i a t i o n  w i t h  spec ia l  emphasis on t h e  

e f f e c t s  o f  he l ium product ion,  displacement damage r a t e s  and temperature. 

2 .o Summary 

The i n f l u e n c e  o f  d i f f e r e n t  he1 ium i n j e c t i o n  schedules on t he  development o f  
t he  m i c r o s t r u c t u r e  i n  316 SS i r r a d i a t e d  a t  625% w i t h  3.0-MeV 58Nit  i ons  t o  25 

dpa i s  descr ibed.  Hot-  o r  c o l d - p r e i n j e c t i o n  o f  he l ium i n  316 SS f o l l o w e d  by 

s i n g l e - i o n  i r r a d i a t i o n  produced lower s w e l l i n g  than d u a l - i o n  i r r a d i a t i o n  i n  

t h e  case of .  s o l u t i o n  annnealed o r  s o l u t i o n  annealed and aged specimens. Hot- 

p r e i n j e c t i o n  o f  he l ium i n  20% cold-worked specimens fo l l owed  by s i n g l e - i o n  

i r r a d i a t i o n  produced g rea te r  s w e l l i n g  than d u a l - i o n  i r r a d i a t i o n .  In s o l u t i o n  

annealed o r  s o l u t i o n  annealed and aged specimens, t h e  d i s l o c a t i o n  d e n s i t y  

increased r a p i d l y  up t o  about 5 dpa and then g r a d u a l l y  increased t o  a 

s a t u r a t i o n  d e n s i t y  a t  25 dpa. 

s a t u r a t i o n  corresponded t o  t he  r a p i d  decrease o f  t he  Frank loop  d e n s i t y  by 
u n f a u l t i n g .  The d i s l o c a t i o n  d e n s i t y  i n  cold-worked specimens decreased very 

r a p i d l y  w i t h  i n c r e a s i n g  damage up t o  5 dpa and then increased s low ly  t o  t h e  

s a t u r a t i o n  d e n s i t y  a t  25 dpa where t he  f r a c t i o n  o f  Frank loops a t t a i n e d  a low, 

s teady- s ta te  value. Dua l- ion i r r a d i a t i o n  o f  s o l u t i o n  annealed o r  s o l u t i o n  

annealed and aged specimens produced a s t r o n g l y  bimodal d i s t r i b u t i o n  o f  c a v i t y  
s i zes  a t  25 dpa. S i n g l e - i o n  i r r a d i a t i o n  fo l l owed  by dua l- ion  i r r a d i a t i o n  o f  

these m a t e r i a l s  t o  t he  same dose and hel ium l e v e l  produced a c a v i t y  s i z e  

d i s t r i b u t i o n  w i t h  a subs tan t i a l  component o f  i n te rmed ia te  s i z e  c a v i t i e s .  

Dua l - ion  i r r a d i a t i o n  o f  20% cold-worked ma te r i a l  produced on ly  very small  

Th is  t r a n s i t i o n  o f  d i s l o c a t i o n  d e n s i t y  t o  

c a v i t i e s ,  whereas 

some i n te rmed ia te  

he l ium i n j e c t i o n  fo l l owed  by dua l- ion  i r r a d i a t i o n  produced 

s i z e  c a v i t i e s .  There was l i t t l e  d i f f e r e n c e  i n  t h e  s w e l l i n g  
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of the 20% cold-worked material for the two different schedules of 
irradiation. 

3 .O Program 

Title: Effects of Irradiation on Fusion Reactor Materials 
Principal Investigator: B .  A. Loomis 
Affiliation: Argonne National Laboratory 

4 .O Relevant DAFS Program P1 an Task/Subtask 

Subtask I1 .C.2.1 Mobility, Distribution and Bubble Nucleation 

5 .o Accomplishments and Status 

5.1 Introduction 

Mixed-spectrum reactor irradiation is commonly used for the study of helium 
effects on radiation damage in nickel-bearing alloys. Helium is generated via 
the two-step reaction 

58Ni(n,y) 59 Ni, . and 

59Ni(n,a) 56 Fe . 

At sufficiently high neutron fluence, the 59Ni concentration in austenitic SS 

alloys can reach levels where the helium generation rate attains or exceeds 
the high level expected in magnetic fusion reactors (-15 appm He/dpa). 
However, during the early phase of microstructure development in these 
materials irradiated in mixed spectrum reactors, there is essentially no 
helium present in the material. In contrast, the neutrons produced in a 
magnetic fusion reactor (MFR) will rapidly generate helium even at the lowest 
fluence. 
(Nit and He') using helium injection schedules that are intended to either (1) 

In this study, we have irradiated 316 SS specimens with dual-ions 
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approximate t h e  MFR c o n d i t i o n  o f  steady he l ium generat ion o r  (2)  mimic t h e  
mixed-spectrum r e a c t o r  c o n d i t i o n  of no he l ium p roduc t ion  a t  l o w  neut ron 
f l u e n c e  and r a p i d  he l ium p roduc t ion  a t  h igh  neut ron f l uence .  Hel ium 

p r e i n j e c t i o n  ( usua l l y  10 t o  30 appm) i s  o f t e n  used t o  compensate f o r  t he  l a c k  

o f  he l ium p roduc t ion  i n  t he  e a r l y  phase o f  m i c r o s t r u c t u r e  development i n  

r e a c t o r  i r r a d i a t i o n s .  I n  a d d i t i o n  t o  t h e  dua l- ion  i r r a d i a t i o n s ,  we have ho t -  

o r  c o l d- p r e i n j e c t e d  316 SS specimens w i t h  helium, and then i r r a d i a t e d  t he  

specimens w i t h  s i n g l e- i o n s  t o  t e s t  t he  v a l i d i t y  o f  he l ium p r e i n j e c t i o n  as a 
s i m u l a t i o n  f o r  t he  p roduc t ion  o f  t ransmutant  hel ium. 

Specimens w i t h  t h r e e  d i f f e r e n t  thermomechanical h i s t o r i e s ,  i.e., e i t h e r  c o l d-  

worked, s o l u t i o n  annealed, o r  s o l u t i o n  annealed and aged, were u t i l i z e d  i n  

t h i s  study.  The m i c r o s t r u c t u r e s  o f  these specimens f o l l o w i n g  i r r a d i a t i o n  have 

been p r e v i o u s l y  repor ted  i n  Ref. [l]. 

5.2 M a t e r i a l s  and Procedures 

The m a t e r i a l  f o r  t h i s  study was 316 SS f rom the  MFE No. 15893 heat .  

o f  t h i s  m a t e r i a l  w i t h  t h r e e  d i f f e r e n t  thermomechanical t reatments,  i.e., 

s o l u t i o n  annealed (0.5 h a t  1O5O0C), s o l u t i o n  annealed and aged (1 h a t  

1O5O0C, 10 h a t  8OO0C), and 20% cold-worked were i r r a d i a t e d  a t  625OC. which i s  
near t he  peak s w e l l i n g  temperature. The specimens were i r r a d i a t e d  w i t h  3.0- 

MeV 58Nit  ions which caused a damage p roduc t ion  r a t e  o f  3 x 10-3dpa.s-1. 
he l ium i n j e c t i o n s  (simultaneous and p r e i n j e c t i o n )  were performed w i t h  degraded 

0.83-MeV 3Het ions. 

Specimens 

The 

Specimens o f  t h e  316 SS were i r r a d i a t e d  w i t h  s i x  dose/hel ium h i s t o r i e s .  For 

s i m p l i c i t y ,  each o f  these h i s t o r i e s  i s  assigned a d i s c r i p t i v e  code, e.g., 5s 
f o r  (1) below, which i s  l i s t e d  w i t h  each dose/hel ium h i s t o r y .  The h i s t o r i e s  

were: 

(1) s i n g l e - i o n  i r r a d i a t i o n  t o  5 dpa (5S), 

(2) 
( 3 )  

dua l- ion  i r r a d i a t i o n  t o  5 dpa w i t h  15 appm He/dpa (50) 

s i n g l e - i o n  i r r a d i a t i o n  t o  5 dpa fo l l owed  by 20 dpa o f  dua l- ion  
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i r r a d i a t i o n  w i t h  18.8 appm He/dpa t o  g i v e  t h e  same f i n a l  he l ium concen t ra t i on  

as  (4 )  (25SO). 

( 4 )  
( 5 )  
dpa o f  s i n g l e - i o n  i r r a d i a t i o n  (25CP), and 

( 6 )  
s i n g l e - i o n  i r r a d i a t i o n  (25HP). 

dua l - i on  i r r a d i a t i o n  t o  25 dpa w i t h  15 appm He/dpa (25D), 
15 appm (co ld )  he l ium p r e i n j e c t i o n  ( a t  room temperature)  f o l l owed  by 25 

15 appm ( h o t )  he l ium p r e i n j e c t i o n  ( a t  650OC) f o l l owed  by 25 dpa of 

H i s t o r i e s  ( 3 )  and ( 4 )  (25SD and 25D) are in tended t o  mimic t h e  mixed-spectrum 

r e a c t o r  and MFR i r r a d i a t i o n ,  r e s p e c t i v e l y .  H i s t o r i e s  ( 1 )  and (2) (5s and 5D) 

p rov ide  i n f o r m a t i o n  on t h e  m ic ros t ruc tu res  t h a t  t h e  25 dpa samples (25SD and 

25D) had a t  low dose. 

The m ic ros t ruc tu res  o f  t h e  i r r a d i a t e d  specimens were ob ta ined  from observa t ion  
i n  t h e  JEM l O O C X  e l e c t r o n  microscope. The photomicrographs f o r  m i c r o s t r u c t u r e  

analyses were recorded i n  t h e  ( Z O O )  two beam d i f f r a c t i o n  c o n d i t i o n  f o r  

d i s l o c a t i o n . c o n t r a s t  o r  were recorded i n  underfocused absorp t ion  c o n t r a s t  t o  

image t h e  c a v i t i e s .  
th ickness  o f  t h e  observed m ic ros t ruc tu res ,  and t h e  c a v i t y - s i z e  d i s t r i b u t i o n s  

were ob ta ined  from observat ions o f  photomicrographs w i t h  a Zeiss p a r t i c l e  s i z e  

analyzer .  

The carbon spot method was used t o  determine t h e  f o i l  

5.3 Experimental  Resu l ts  

5.3.1 Simultaneous Hel ium I n j e c t i o n  and Produc t ion  o f  I r r a d i a t i o n  Damage 

The dependence o f  t h e  d i s l o c a t i o n  dens i t y  on i r r a d i a t i o n  damage i n  s o l u t i o n  

annealed (SA) ,  s o l u t i o n  annealed and aged (SAA), and 20% cold-worked (CW) 

specimens i s  shown i n  F igu re  1. 
annealed (SA) o r  s o l u t i o n  annealed and aged (SAA) specimens t h a t  were 

i r r a d i a t e d  t o  5 dpa, i.e., 5s and 5D, were predominat ly  o f  t h e  Frank l oop  type  

w i t h  a s l i g h t  d i f f e r e n c e  i n  t h e  number d e n s i t y  o f  loops between 5s and 50. 

The average diameter o f  Frank loops i n  SA m a t e r i a l s  was l a r g e r  than i n  SAA 
m a t e r i a l s .  A t  damage l e v e l s  between 5 dpa and 15 dpa, u n f a u l t i n g  o f  t h e  Frank 

loops  occurred w i t h  g l i d e  and c l imb  o f  d i s l o c a t i o n s  t o  form a t ang led  

The d i s l o c a t i o n  s t r u c t u r e s  i n  s o l u t i o n  
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d i s l o c a t i o n  d e n s i t y  increased t o  t h e  s a t u r a t i o n  value. Need le- l i ke  

p r e c i p i t a t e s  t h a t  were formed d u r i n g  i r r a d i a t i o n  were observed i n  a l l  o f  t h e  

specimens. 

p r e c i p i t a t e s  e x h i b i t e d  a p r e f e r e n t i a l  o r i e n t a t i o n .  The p r e c i p i t a t e s  i n  5D 

specimens were more h i g h l y  a l i g n e d  than those i n  5 s  specimens. However, t h e  

number d e n s i t y  o f  p r e c i p i t a t e s  i n  5 s  m a t e r i a l  was h ighe r  t han  i n  t h e  5D 
m a t e r i a l .  

number d e n s i t y  o f  p r e c i p i t a t e s  was no t  s i g n i f i c a n t l y  d i f f e r e n t  f o r  t h e  25SD 

and 25D i r r a d i a t i o n  schedules. 

p r e c i p i t a t e s  i n  SAA m a t e r i a l s  were l a r g e r  t han  i n  SA m a t e r i a l s .  The needle-  

l i k e  p r e c i p i t a t e s  were p o o r l y  a l i g n e d  i n  t h e  SAA m a t e r i a l  i n  comparison w i t h  
t h e  SA m a t e r i a l .  I n  CW m a t e r i a l ,  numerous need le- l i ke  p r e c i p i t a t e s  cou ld  be 

observed t h a t  were sma l l e r  than i n  SA and SAA m a t e r i a l s .  The p r e c i p i t a t e s  i n  

CW m a t e r i a l s  d i d  no t  appear t o  be w e l l  a l i g n e d  and t h e  number d e n s i t y  o f  
p r e c i p i t a t e s  was very  low. 

I n  SA and SAA m a t e r i a l s  i r r a d i a t e d  t o  5 dpa, t h e  need le- l i ke  

I n  t h e  case o f  SA and SAA m a t e r i a l s  i r r a d i a t e d  t o  2 5  dpa. t h e  

The grain-boundary and need le- l i ke  

The c a v i t y  m i c r o s t r u c t u r e s  i n  s o l u t i o n  annealed (SA) specimens i r r a d i a t e d  t o  5 

dpa ( 5 s  and 5D) were q u i t e  d i f f e r e n t  f rom one another .  C a v i t i e s  were n o t  

v i s i b l e  i n  s i n g l e - i o n  i r r a d i a t e d  specimens (5S) ,  whereas dua l- ion  i r r a d i a t i o n  

produced s i g n i f i c a n t  c a v i t y  n u c l e a t i o n  and growth (5D) .  Even though t h e  25SD 
and 25D specimens ( S A )  a t  25 dpa had s i m i l a r  d i s l o c a t i o n  m ic ros t ruc tu res ,  

t h e i r  c a v i t y  m i c r o s t r u c t u r e s  were d i f f e r e n t .  The c a v i t y  s i z e  d i s t r i b u t i o n  i n  

t h e  25D specimen was c l e a r l y  bimodal i n  na tu re  (F igure  2 )  w i t h  a h i g h  number 

d e n s i t y  o f  smal l  c a v i t i e s  (5 7 nm) and a lower  number d e n s i t y  o f  l a r g e  

c a v i t i e s  (up t o  -40 nm). 
smal l  c a v i t i e s  and t h e  maximum c a v i t y  s i z e  was s i m i l a r  t o  t h a t  i n  t h e  25D 

sample. However, t h e  s i z e  d i s t r i b u t i o n  i n  t h e  25SD specimen was no t  as 

s t r o n g l y  bimodal as i n  t h e  25D sample; t h e r e  were many c a v i t i e s  i n  t h e  7 t o  30 
nm s i z e  range. 

The 25SD specimen conta ined a h i g h  number d e n s i t y  o f  

C a v i t y  development i n  t h e  s o l u t i o n  annealed and aged (SAA)  m a t e r i a l  c l o s e l y  

p a r a l l e l e d  t h e i r  development i n  SA specimens. C a v i t i e s  were no t  v i s i b l e  i n  
t h e  5 s  specimen whereas a t  5 dpa c a v i t y  growth was w e l l  underway i n  t h e  5D 

specimen. As shown i n  F igu re  3, t h e  25D and 25SD i r r a d i a t i o n  produced a 
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s t r o n g l y  bimodal c a v i t y  s i z e  d i s t r i b u t i o n  b u t  c a v i t i e s  o f  i n te rmed ia te  s i z e  

(10-30 nm) were more p ro fuse  i n  t h e  case o f  t h e  25SD i r r a d i a t i o n .  

The c a v i t y  s i z e  d i s t r i b u t i o n s  i n  20% cold-worked (CW) specimens a r e  shown i n  

F igu re  4. The m i c r o s t r u c t u r e s  o f  t h e  s i n g l e -  o r  d u a l - i o n  i r r a d i a t e d  specimens 

a t  5 dpa appeared n e a r l y  i d e n t i c a l  except  f o r  a few b a r e l y  r e s o l v a b l e  c a v i t i e s  

i n  t h e  5D specimen. 

than 8 nm. Small  c a v i t i e s  ( s  3 nm) were p r o f u s e l y  d i s t r i b u t e d  and most, if 

n o t  a l l ,  were assoc ia ted  w i t h  d i s l o c a t i o n s .  

a d d i t i o n  t o  t h e  h i g h  number o f  d e n s i t y  o f  smal l  c a v i t i e s ,  a ve ry  low number 

d e n s i t y  o f  c a v i t i e s  as l a r g e  as 15 nm. Al though t h e  c a v i t y  volume f r a c t i o n  i s  

low i n  b o t h  cases, i t  i s  h i g h e r  f o r  t h e  25SD specimen. 

low dose seemed t o  enhance t h e  s w e l l i n g .  

A t  25 dpa, t h e  25D specimen conta ined no c a v i t i e s  l a r g e r  

The 25SD h i s t o r y  produced, i n  

The l a c k  o f  he l i um a t  

The dependence o f  t h e  average c a v i t y  d iameter  i n  t h e  SA, SAA, and CW specimens 

on i r r a d i a t i o n  damage i s  shown i n  F i g u r e  5. 
smal l  c a v i t ' i e s  on damage l e v e l  i s  s i m i l a r  f o r  t h e  t h r e e  d i f f e r e n c t  thermo- 

mechanical t rea tments  p r i o r  t o  t h e  i r r a d i a t i o n .  

smal l  c a v i t i e s  (-3 nm) i s  independent o f  t h e  dose. The average c a v i t y  d iameter  

f o r  l a r g e  c a v i t i e s  increases w i t h  i n c r e a s i n g  t o t a l  dose. The average l a r g e  

c a v i t y  s i z e  i n  t h e  25SD specimens a r e  sma l l e r  than i n  t h e  25D specimens. 

dependence o f  t h e  c a v i t y  number d e n s i t y  on i r r a d i a t i o n  dose i s  shown i n  

F i g u r e  6. 
and smal l  c a v i t i e s  i s  s i m i l a r  f o r  SA, SAA, and CW m a t e r i a l s .  The l a r g e  

c a v i t i e s  have a r a t h e r  s t r o n g  dependence on dose w i t h o u t  a s a t u r a t i o n  tendency, 

and t h e  smal l  c a v i t i e s  have a weak dependence on dose. 

smal l  c a v i t i e s  i n  25SD CW, SA, and SAA m a t e r i a l s  i s  s l i g h t l y  h i g h e r  than f o r  

t h e  d u a l - i o n  i r r a d i a t e d  m a t e r i a l s .  

The dependence f o r  l a r g e  and 

The average s i z e  of t h e  

The 

The dependence o f  t h e  number d e n s i t y  on i r r a d i a t i o n  dose f o r  l a r g e  

The number d e n s i t y  of 

The average c a v i t y  volume f r a c t i o n  (AV/V)  t h a t  was computed f rom t h e  average 
c a v i t y  d iameters and c a v i t y  number d e n s i t i e s  i n  t h e  SA, SAA and CW specimens 

i s  shown i n  F igu re  7. The c a v i t y  AV/V da ta  f o r  SAA specimens t h a t  were 

ob ta ined  i n  t h i s  s tudy are  i n  good agreement w i t h  t h e  prev ious  data ob ta ined 

by G. Ay rau l t ,  e t  a l .  r21. The AV/V i n  SA specimens i s  lower  t han  i n  SAA 
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specimens because o f  a lower average c a v i t y  diameter o f  l a r g e  c a v i t i e s  and a 
lower  number dens i t y  o f  l a r g e  c a v i t i e s .  The average AV/V  i n  t h e  25SD 

specimens i s  h i ghe r  than t h e  AV/V  i n  t h e  25D specimens, e s p e c i a l l y  f o r  SA and 

SAA specimens. The h igher  number d e n s i t y  o f  l a r g e  c a v i t i e s  i n  t h e  25SD 

specimens i n  comparison w i t h  t h e  25D specimens f o r  SA and SAA m a t e r i a l s  caused 

t h e  h ighe r  AV/V  i n  t h e  25SD specimens. 

c l ose  r e l a t i o n  t o  t h e  d i s l o c a t i o n  and p r e c i p i t a t e  d e n s i t y  i n  these m a t e r i a l s .  

These d i f f e r e n c e s  appear t o  have a 

5.3.2 Helium P r e i n j e c t i o n  and Subsequent I r r a d i a t i o n  Damage 

The s i z e  d i s t r i b u t i o n  o f  c a v i t i e s  i n  SA, SAA and CW specimens t h a t  con ta ined  

ho t-  o r  c o l d - p r e i n j e c t e d  hel ium and were s i n g l e - i o n  i r r a d i a t e d  t o  25 dpa a r e  

presented i n  F igures  8, 9 and 10, respec t i ve l y .  Fo r  comparison w i t h  t h e  dual -  

i o n  i r r a d i a t i o n  r e s u l t s ,  we have i nc luded  t h e  25D r e s u l t s  i n  each f i g u r e .  The 

d i f f e r e n t  he l ium i n j e c t i o n  procedure f o r  t h e  25CP, 25HP and 25D specimens 

produced s i g n i f i c a n t l y  d i f f e r e n t  m ic ros t ruc tu res  i n  specimens w i t h  d i f f e r e n t  

p r i o r  thermomechanical t reatment .  The c a v i t y  m ic ros t ruc tu res  i n  e i t h e r  SA o r  

SAA m a t e r i a l  were s i m i l a r  f o r  a g iven  he l ium i n j e c t i o n  schedule, bu t  t h e  

m i c r o s t r u c t u r e s  o f  CW m a t e r i a l  were e n t i r e l y  d i f f e r e n t .  There were very smal l  

c a v i t i e s  (1-2 nm d iameter)  which were very  c l ose  t o  t h e  v i s i b i l i t y  l i m i t  by 

TEM i n  25CP o r  25HP specimens o f  SA and SAA m a t e r i a l .  The number dens i t y  o f  

t h e  l a r g e  diameter c a v i t i e s  i n  t h e  25CP o r  25HP m a t e r i a l  was s i g n i f i c a n t l y  

l e s s  than  i n  t h e  same m a t e r i a l s  f o l l o w i n g  dua l - i on  i r r a d i a t i o n .  By c a r e f u l  
observa t ions  o f  t h e  small c a v i t i e s ,  t h e  s i z e  d i s t r i b u t i o n s  of c a v i t i e s  were 

revea led  t o  be bimodal i n  He p r e i n j e c t e d  samples o f  SA, SAA, and CW 

m a t e r i a l .  The average c a v i t y  diameters o f  l a r g e  c a v i t i e s  i n  t h e  HP, CP and D 
specimens were h ighes t  i n  25HP samples and lowest  i n  25CP samples f o r  SA and 

SAA m a t e r i a l  as shown i n  F igures  8-11. Dual- ion i r r a d i a t i o n  produced no l a r g e  

c a v i t i e s  i n  CW specimens (F igure IO), but  25HP and 25CP produced l a r g e  cav i -  

t i e s  w i t h  a bimodal c a v i t y  s i z e  d i s t r i b u t i o n  (F igure  11). 
average c a v i t y  s i z e  o f  smal l  c a v i t i e s ,  t h e  hel ium p r e i n j e c t i o n s  caused t h e  

average c a v i t y  s i z e  t o  be very c l o s e  t o  t h e  v i s i b i l i t y  l i m i t  except f o r  t h e  
25HP sample o f  CW m a t e r i a l .  The dependence o f  t h e  c a v i t y  number dens i t y  on 

i r r a d i a t i o n  dose i s  shown i n  F igu re  12. Fo r  bo th  l a r g e  and smal l  c a v i t i e s ,  

I n  t h e  case o f  t h e  
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he1 ium preinjection caused the cavity number density to be significantly lower 
than in dual-ion irradiated specimens. 
specimens was higher than in 25CP specimens for both large cavities and small 
cavities in materials with the three prior thermomechanical treatments. 

The cavity number density in 25HP 

The dependence of the average cavity AV/V  on irradiation dose for hot- and 
cold-helium preinjection followed by single-ion irradiation and for dual-ion 
irradiation is shown in Figure 13. Hot- and possibly cold-preinjection of 
helium enhanced the AV/V  in cold-worked specimens relative to the A V / V  
obtained on dual-ion irradiation whereas the 
diminished. 
cold-worked specimens appears to be as high, or possibly even higher, than 
the V / V  in preinjected SA or SAA samples. 
require further investigation. 

V / V  in SA and SAA material was 
It can also be noted that V / V  in hot- and cold-oreinjected, 

This unexpected result will 

5.5 Discussion 

The experimental results show that the helium effects on the microstructures 
o f  ion-irradiated Type 316 SS are strongly dependent on the thermomechanical 
treatment for the Type 316 SS prior to irradiation and on the schedule for 
helium implantation. These effects are shown by comparing the swelling for 
hot- and cold-preinjected he1 ium, single-ion irradiated specimens and by 
comparing these results with the results obtained for dual-ion irradiated 
specimens. In the case of SA and SAA specimens, the swelling for the hot- 
preinjected helium specimens was larger than the swelling for the cold- 
preinjected helium specimens. 
preinjected helium specimens (SA and SAA) was significantly less than the 
swelling for the dual-ion irradiated specimens. On the other hand, the hot- 
preinjection o f  helium in CW specimens caused swelling that was greater than 
the swelling for dual-ion irradiated, CW specimens. 
cold-preinjected helium, CW specimen was approximately the same or slightly 
less than the swelling for the dual-ion irradiated, CW material. 

The swelling for these hot- and cold- 

The swelling for the 
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The m ic ros t ruc tu res  f o r  Type 316 SS r e s u l t i n g  from s i n g l e  p l u s  dua l- ion  

i r r a d i a t i o n  (25SO) o r  f rom dua l - i on  i r r a d i a t i o n  (25D) were a l s o  s t r o n g l y  

dependent on thermomechanical t reatment  and h e l i u m- i n j e c t i o n  schedule. 

case o f  SA and SAA ma te r i a l s ,  t h e  s w e l l i n g  t h a t  was determined f o r  t h e  s i n g l e  

p l u s  dua l- ion  i r r a d i a t e d  specimens (25SD) was s i g n i f i c a n t l y  g r e a t e r  than t h e  
s w e l l i n g  f o r  the  dua l - i on  i r r a d i a t e d  specimens. 

m a t e r i a l ,  t h e  s w e l l i n g  was approx imate ly  t h e  same f o r  bo th  schedules of 

i r r a d i a t i o n .  These r e s u l t s ,  i.e., r e s u l t s  f o r  25SD and 250, may have a d i r e c t  

r e l a t i o n s h i p  t o  r e s u l t s  t h a t  may be ob ta ined  f rom mixed-spectrum r e a c t o r  and 

MFR i r r a d i a t i o n s  o f  Type 316 SS. 

In t h e  

In t h e  case o f  t h e  CW 
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CORRELATION OF CHARGED PARTICLE AND NEUTRON-INDUCED RADIATION DAMAGE: 
THE ADIP EXPERIMENT REVISITED 

F. A. Garner (Westinghouse Hanford Co.) 

1 .o Objective 

The purpose of this study i s  to explore the applicability of dual-ion 
bombardment studies to the develoment of fission-fusion correlations. 

2.0 Summary 

The successful conclusion of an intercorrelation program developed in 
the U.S. Breeder program has provided significant insight on the factors 
governing the swelling that develops in ion-bombardment studies and its 
relationship to the swelling that occurs during neutron irradiation. It 
appears that the injected interstitial or a related phenomenon exerts a 
pronounced influence on ion-induced swelling. 
cations with respect to the conduct and interpretation of ion irradiation 
experiments employed to study the effect of helium or composition on 
swell ing. 

This conclusion has ramifi- 

3.0 Program 

Title: Irradiation Effects Analysis (AKJ) 
Principal Investigator: D. G. Doran 
Aff 1 i 1 i ation: Westi nghouse-Hanford Co. 

4.0 Relevant OAFS Program Plan Task/Subtask 

Subtask II.C.2 Effect of Helium on Microstructure 
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5.0 Accomplishments and Status 

5.1 Introduction 

The development of property correlations to predict material response 
in fusion devices is frequently complicated by one o f  two problems. 
there is often a total absence of data relevant to the material, property 
and environment of interest. 
insufficient to yield an unambiguous correlation. 
latter problem is the divergent predictions of the effect of large helium 

First, 

Second, relevant data may be available but 
A good example of the 

levels on swelling of stainless steels. (1-5) 

One approach used to overcome these two problems is to employ ion bombard- 
ment experiments to provide insight on the role of helium or other fusion- 
relevant variables. 
assess the impact on the correlation o f  the shortcomings and trade-offs 
inherent in such accelerated simulation studies. (6-7) One particular area 
of concern involves the definition of equivalent exposures and irradiation 
conditions. Does the exposure parameter designated as displacements per 
atom (dpa) adequately account for differences in primary recoil spectra? 
so, what temperature and how many displacements per atom (dpa) for a given 
charged particle represent an adequate simulation for a certain level of 
neutron exposure at some lower temperature and displacement rate? 
question becomes particularly important when defining the helium/dpa ratios 
and total damage levels required in ion bombardment experiments to assess 
the effect of helium on swelling. 

The confident use of this approach requires that one 

If 

This 

This paper reaches back to one of the major experimental studies 
conducted to address these concerns, compares the published results with 
more recent data, and draws conclusions concerning the relative equivalen- 
cies of the neutron and charged particle environments. The impact of these 
conclusions on the interpretation of the influence of helium on swelling is 
then discussed. The implications of these conclusions on the influence of 
compositional variations are also discussed, particularly with respect to 
the relative importance of helium and composition. 
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5.2 The ADIP Intercorrelation Experiment* 

I n  1976 the results were published of the first phase of an ambitious 
national intercorrelation experiment designed to answer questions relevant 
to the simulation of fast reactor neutron damage using charged particles. (8) 

Designated the A1 loy Development Intercorrelation Program (ADIP) experiment, 
it involved the comparative irradiation by six American laboratories of a 
simple well-characterized alloy (Fe-15Cr-25Ni). 
using fast neutrons in the EBR-I1 reactor, 1.0 MeV-electrons, 0.75-MeV 
protons and nickel ions at three incident energies, 2.8, 3.5, and 5.0 MeV . 
While this report will concentrate primarily on comparisons between the 
neutron and nickel ion results, the major experimental details for all ADIP 
irradiations are listed in Table 1. 
implanted in all charged particle specimens at room temperature prior to 
irradiation. No helium was preinjected into the EBR-I1 specimens. 

Irradiation was conducted 

Six appm of helium had been uniformly 

The Phase I ADIP report(8) established "dose equivalencies" by 
requiring steady-state swelling rates for all bombarding species to be 
identical. At that time, however, the neutron data had not exceeded 14 dpa 
or 1% swelling, and the definition of dose equivalency for neutrons was 
deferred until higher fluence data became available. Nickel ions at all 
three incident energies were found to create swelling in the steady-state 
regime at essentially the same rate per dpa, although the duration o f  the 
transient regime of swelling was somewhat variable for the three ion ener- 
gies. Electrons at 1.0 MeV were found to be approximately six times more 
effective per calculated displacement than nickel ions in creating swelling 
and 0.75-MeV protons appeared to be roughly twenty times more effective than 
1.0-MeV electrons. 

*The ADIP experiment predates the formation of the Alloy Development for 
- Irradiation Performance task group of the U. S .  Fusion Mzterials Program. 
The two "ADIF"  activities are not related to each other. 
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TABLE 1 

MAJOR EXPERIMENTAL DETAILS+ OF ADIP PHASE I EXPERIMENT 

Displacement Rate 
Labora tory  P a r t i c l e  (dpa/sec) Data E x t r a c t i o n  Technique 

A tomi  c s 0.75 MeV pt 2 10-4 

General 5.0 MeV N i +  2 x 10-2* 

Westinghouse 1.0 MeV e-  2.1 10-3 

I n t e r n a t i o n a l  (nominal ) 

E l e c t r i c +  

Hanford (Ed = 40 barn)  

EBR-II neutrons 1.0 x 10-6 

Naval Research 2.8 MeV N i t  

Westinghouse 3.5 Mev N i t  5 10-3* 

2.0 x lo -?*  
Labora tory  

Advanced Reactor  
D i v i s i o n  

1.5 - 3.5 M m  

TEM, s e c t i o n i n g  

TEM, s e c t i o n  a t  peak dose 

Uni form displacement p r o f i l e ,  
HVEM stereomicroscopy 

TEM 

TEM, s e c t i o n  a t  peak dose 

HVEM f u l l - r a n g e  s tereomicro-  
SCOPY 

*Measured a t  peak displacement r a t e .  
+ S i x  appm He u n i f o r m l y  implanted i n  a l l  specimens. 
+Two GE l a b o r a t o r i e s  were invo lved,  t h e  M e t a l l u r g y  and Ceramics Labora to ry  

i n  Schenectady, NY, and t h e  Breeder Reactor Department i n  Sunnyvale, CA. 
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There were two other important objectives of the ADIP experiment. 
was to assess the validity of using the dose equivalencies derived from this 
experiment to predict swelling behavior in neutron environments. 
was to determine the impact on these predictions o f  using different data 
extraction procedures. This latter consideration will be shown in this 
paper to be quite important to our current objectives of simulating the 
effect of helium on swelling in the fusion environment and determining the 
effect of compositional variations on swelling in any reactor. 

One 

The other 

5.3 Review of ADIP Nickel Ion Data 

The ion studies were conducted at 600, 650, 700 and 75OoC, a range 
determined from earlier studies on related alloys by Johnston and coworkers 
at General Electric Corporation (GE) to cover the peak swelling regime at 
the accelerated displacement rates employed in this study. (’) 
important to note that in the original ADIP study only two of the three 
major data extraction techniques were employed. Both were microscopy tech- 
niques. One examined the swelling near the peak damage region of a number 
of specimens at different total ion exposures and the other used only one 
specimen at one ion exposure, extracting the dose dependence using full- 
range stereomicroscopy. (lo) The third technique is the measurement of the 

This technique was employed in earlier studies of various structural steels 
as well as a range o f  Fe-Ni-Cr ternary alloys. (’) Step-height measurements 
were not employed in the ADIP experiment, but were utilized in some post-ADIP 
studies described in this report. 

It is 

integrated swelling along the ion path by the step-height technique. (11) 

The full-range stereomicroscopy technique was employed by researchers 
at Westinghouse Advanced Reactors Division (WARD) on specimens irradiated 
with nickel ions at the intermediate energy of 3.5 MeV. Figures 1 and 2 
present a condensation of these results, reported in more detail in Ref- 
erence 12. Note hat the incubation period is quite sensitive to irradi- 
ation temperature in the 600-750°C range but that the steady-state swelling 
rate i s  not. It s also important to note that the incubation exposures 
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FIGURE 2. Swelling v ose Profiles for t h e  ADIP Alloy, Derived From 
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are all greater than 40 dpa. The significance of this observation arises 
from the fact that the two other ion irradiation studies consistently had 
shorter (and usually equal) incubation periods, as shown in Figure 3. 
was, therefore, swelling along a greater portion of the ion range in the 2.8- 
and 5.0-MeV specimens, but the near-surface material was removed during 
specimen preparation. 
potential for assessing swelling along the entire ion path, was not applied 
to a specimen where swelling existed near the incident surface of the 
specimen. As will be shown later, this was an unfortunate circumstance. 

There 

Thus the full-range technique, which had the 

The consistently longer incubation period for the 3.5-MeV WARD 
experiment as compared to that of the 2.8-MeV and 5.0-MeV experiments was 
ascribed in the ADIP Phase I report to differences in pre-irradiation 
preparation of specimen surfaces. 
of introducing near-surface dislocations had been investigated in the 
program and was thought to affect the duration of the transient regime of 
swelling. 
Note in Figure 3 and Table 1 that the WARD irradiation proceeded at a 
calculated peak displacement rate that was one-quarter of that employed at 
the other two ion energies. The longer irradiation period probably reflects 
the additional difficulty of nucleating dislocation loops and voids at high 
temperature in competition with the influence of the surface on point defect 
populations. 

The softness of these alloys and the ease 

It now appears that another explanation is more appropriate. 

This possibility appears to be confirmed in a post-ADIP exercise in 
which the WARD researchers analyzed the highest swelling (8%) Naval Research 
Laboratory (NRL) specimen at 700°C by full-range analysis using a thicker 
portion of the foil. As demonstrated in Figures 3 and 4, the analysis shows 
that the higher exposure portions of the full range data lie on the extrapo- 
lated NRL-GE curve while the lower exposure and displacement rate data lie 
toward the WARD curve. This strongly suggests that the incubation period at 
any depth is sensitive to displacement rate in a relatively reproducible 
manner. 
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Energy.L(8? The lower displacement rate employed by WARD research- 
ers caused an increase in the incubation period of roughly 12 dpa. 
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Comparison of Data Extraction Techniques and Swelling Result 
Obtained by NRL and WARD on a Single ADIP Specimen at 70D°C.f8) 
The WARD researchers used full range stereomicroscopy while the 
NRL researchers used microscopy in the region on the front o f  the 
displacement peak. 
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The uniformity of the post-incubation swelling rate at 0.2%/dpa in all 
three ion irradiations was quite satisfying to the researchers involved, 
particularly since the three techniques covered a range of ion energies, 
penetration depths, displacement rates, specimen preparation methods and 
data extraction procedures. There was, however, one unsettling and unre- 
solved set o f  data whose significance was not fully realized in the ADIP and 
post-ADIP studies. 
to 115 dpa, would lead to a prediction of 12-15% swelling in the range 650- 
7 0 0 O C .  Data published earlier on an extensive study of Fe-Ni-Cr ternary 
alloys at the intermediate temperature o f  675°C would predict a swelling 
level at 115 dpa o f  about 45% for the ADIP alloy. While the three ADIP 
studies are internally consistent, they differ from the prediction of the 
earlier studies by roughly a factor of three. In fact, it is impossible to 
reach approximately 45% swelling at 0.2%/dpa by 115 dpa even in the absence 
o f  an incubation period. This lack of agreement conflicts with the degree 
of consistency and reproducibility shown by the simple ternary alloys, and 
by comparative irradiations of 316 stainless steel at Oak Ridge National 
Laboratory and two different GE installations. This latter comparison 
will be shown later in Figure 9c. 

Note in Figure 5 that the ADIP data, when extrapolated 

In order to assess the origins of this apparent discrepancy the 
original Phase I alloy, designated €20, and a related alloy, E19 (FE-15Cr- 
ZONi), were prepared by Johnston and coworkers in the same manner as em- 
ployed for the earlier GE studies and irradiated to 115 dpa at 675°C. As is 
also shown in Figure 5, both the ADIP and E19 alloys developed swelling 
consistent with the earlier GE studies rather than with the ADIP studies. 

In the original ADIP Phase I report it was proposed that the divergent behav- 
ior of the ADIP alloy may have been due to the different specimen prepara- 
tion techniques employed in each study. (In unpublished post-ADIP studies 
Johnston showed that the behavior did not arise from differences in helium 
or oxygen content that might have occurred during specimen preparation.) 
will be shown that this interpretation was wrong and that the discrepancy 
arose because the two studies did not use the same measurement technique for 

It 
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FIGURE 5. Comparison o f  Swelling Measured by Various Techniques in the ADIP 
Alloy, GE Ternary Alloy Series and the Alloys E19 and E20. The 
latter is the ADIP alloy prior to specimen preparation. All meas- 
urements except that labelled ADIP are by step-height measurement. 

swelling. 
measurements are not equivalent measurements for alloys with relatively 
short incubation periods. 

It also will be shown that step-height and peak microscopy 

5.4 Summary of Neutron Data for the ADIP Alloy 

The ADIP alloy was irradiated in EBR-I1 in sodium-filled subcapsules in 

Neutron exposures have been accumulated to levels as large as 
the form of small disks suitable for both microscopy and immersion density 
measurements. 
12 x n/cm ( E  > 0.1 MeV) for temperatures of 400, 427, 454, 482, 510, 
538, 593 and 650OC. The swelling values measured by immersion density are 
presented in Figure 6 and show that, for the five irradiation temperatures 
spanning the range 400-510°C, the swelling rate, as well as the total swell- 
ing, is quite independent of temperature. At 538°C the incubation or  
transient regime of swelling is longer but the steady-state swelling rate is 
eventually identical at 5%/1022 n/cm 

2 

2 ( E  > 0.1 MeV). 
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FIGURE 6. Swelling of ADIP Alloy in EBR-If in the Range 40O-65O0C, as 
Measured by Immersion Density. 

The transient regime of  swelling continues to increase in duration with 
temperature above 538°C. Insufficient fluence has been accumulated at 593 
and 650'C to make any estimate of the eventual steady-state swelling rate. 
Comparisons with the behavior of neutron-irradiated ternary alloys having a 
lower nickel content imply, however, that the steady-state swelling rate at 
these higher temperatures will eventually be the same as that observed at 
lower temperatures. 

For the neutron spectra of the EBR-I1 experiment, the swelling rate of 

( E  > 0.1 MeV) is equivalent to l.O%/dpa. 2 5%/102' n/cm 
swelling rate per calculated dpa is five times larger than that of the ADIP 
nickel ion irradiation experiments. 

Thus the peak 

As shown in several recent reports ( 3* 4, a re 1 at i vel y temperature- 
independent value of l%/dpa is typical for neutron irradiation of a wide 
variety of austenitic solution-strengthened alloys with nickel contents 
below 35%. It is also interesting to note that Farrell and Packan deter- 
mined that, on the basis of total swelling rather than swelling rate, 4.0-MeV 
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nickel ions are only one-third as effective as EBR-I1 neutrons in creating 
swelling in a simple Fe-17Cr-16.7Ni-2.5Mo-O.OO5C alloy. (15) 

We are, therefore, presented with clear experimental evidence from the 
ADIP and Farrell-Packan studies that nickel ion irradiation is less effec- 
tive in creating swelling than is neutron irradiation. This difference in 
effectiveness is too large to be rationalized in terms of either the uncer- 
tainties in nuclear and electronic cross sections or differences in cascade 
sizes and displacement distribution within the cascade. 
shortly, however, the conclusion of reduced effectiveness of nickel ions iS 
subtly misleading. 
creating swelling per calculated dpa as are neutrons, providing some large 
perturbation of which we are unaware does not intervene. 
has been identified and appears to be something related to the injected 
i ntersti t i a1 effect. 

As will be shown 

It is proposed here that nickel ions are as effective in 

That perturbation 

5.5 Review of Other Ion Bombardment Data 

The failure of the ion-irradiated ADIP alloy to produce the same swel- 
ling results when measured with step-heights or with microscopy at the peak 
damage region is directly related to the factor of five difference found in 
dose equivalency between neutrons and ions. In each case, the cause of the 
discrepancy is that the swelling rate measured near the peak displacement 
position for nickel ions is depressed by a factor of roughly five compared 
to the swelling rate in front of the region where the nickel ions come to 
rest. 

0 

Johnston and coworkers derived an empirical correlation factor of 60A 
Garner and step height per percent swelling at the displacement peak. ( 1 1  

coworkers showed how such a correlation might arise assuming swelling was 
proportional to the displacement level and the incubation period was rela- 
tively small. (16) 
using stainless steels with relatively long incubation periods. 
displacement level accumulated near the front surface of the specimens, 
therefore, should have caused little or no swelling in these regions. In 

Unfortunately, Johnston's correlation was established 
The lower 
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later work, however, Johnston noted that in many specimens substantial and 
unexpected amounts of swelling were obtained in the region 0.1 to 0.5 um 
from the surface. (17-19) 
and was often " more than five times as great as would be seen for the same 
dpa in the peak damage region for 5 MeV Ni 
this phenomenon was first attributed (17) to the "internal temperature 
shift" proposed by Garner and Guthrie. (20) It was later attributed at 
least partially to the influence of composition change along the ion range 
produced by radiation-induced segregation. (I8) Figure 7 shows two typical 
examples of the "excess subsurface swelling" found by Johnston and coworkers. 

This was designated "excess subsurface swelling" 

- 
"(18) The origin of ions. t 

0 

If the empirically derived 60 A/% swelling conversion factor was devel- 
oped from specimens having little swelling near the front surface and sup- 
pressed swelling at the peak, one might expect that this conversion factor 
would not be applicable for cases where swelling was occurring thoroughout 
the ion range. This latter condition is most easily met by pure metals such 
as nickel or ternary Fe-Ni-Cr alloys without significant solute content. 

0 

The inapplicability of 60 A/% as a universal factor can be demonstrated 
in several ways. If we assume that the irradiated metal is attempting to 
swell at a neutron-representative rate of l%/dpa at the front surface and 
0.2%/dpa at the peak displacement region, then one would expect an inter- 
mediate swelling rate when measured by step-heights. How close the inter- 
mediate value falls toward either the 0.2%/dpa or the l%/dpa values depends 
on the magnitude of the dpa level at the peak relative to the incubation 
fluence. Figure 8 shows an excellent example of the fact that microscopy 
measurements at the peak and step-height measurements can agree and still 
yield a swelling rate of 0.7%/dpa for a case where substantial subsurface 
swelling is occurring.(21) 
intermediate swelling rates ranging from 0.45 to 0.7% when the swelling is 
determined by step-height measurements. (22923) Note that the Fe-15Cr-2ONi 
Alloy shown in Figure 9b is the ADIP alloy which was found to swell only 
0.2%/dpa at the peak. 

Figure 9 contains three data sets showing 
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Figure 9 also demonstrates another very important point. The foregoing 
discussion leads to the conclusion that, as the incubation period increases, 
the applicability of the 60 A/% factor increases and the integrated average 
swelling falls toward 0.2%/dpa. 
increasing nickel or silicon is therefore only an artifact of the competing 
phenomena of sub-surface swelling and peak suppression effects. Soon-to-be 
published neutron data show that nickel and silicon levels affect only the 
duration of the transient and not the steady-state swelling rate. 

0 

The slowly decreasing slope observed for 

0 

Another way to demonstrate the nonuniversality of the 60 A/% factor is to 
directly measure step-heights and peak swelling for a variety of alloys. 
Note in Figure 10 that 60 i/% was not observed for the ADIP alloy, pure 
nickel and Fe-37Cr-44Ni indicating very large subsurface swellings. The 
value of 60 A/% appears to be valid only for alloys in which there are both 
long incubation periods and large peak swe1,lings. Another example of this 
type o f  data i s  shown in the next section. 

0 

5.6 Clues to the Nature of the Suppression Phenomenon 

There are four additional sets of ion data which provide both a confir- 
mation of the suppression effect and provide clues concerning its origin. 
The first involves the bombardment with 4-MeV nickel ions of solution- 
annealed AIS1 316 which had been previously irradiated to 40 dpa in E B R - I 1  

at several temperatures, developing 2-4% voidage. 
ation temperature three ion irradiation temperatures were chosen to study 
the effects of displacement rate and temperature shift. 
that the step-height conversion factor is always greater than 60 A/%. 
is exactly what one would expect when the incubation period is already 
essentially over. Note also in Figure lla that the conversion factor 
increases strongly with decreasing temperature for the previously neutron 
irradiated specimens. 

For each neutron irradi- 

Note in Figure lla 
This 

0 
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FIGURE 9. Determinations of Swelling as a Function of Composition and Dis- 
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Measurements.P9,22,23) The solid squares in the bottom figure 
represent previously unpublished data supplied by W .  G. Johnston. 
Squares represent 5 MeV Nit ion data at 625°C while circles 
represent 4-MeV Nit data at 635°C. 

in Nit Irradiated Fe-Ni-Cr Alloys by Step-Height 
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FIGURE lla. The Influence of Injected Interstitials on Ion-Induced Swell- 
ing and Step-Height Measurements in Neutron-Preirradiated 
Solution-Annealed AIS1 316, as Published by Lee and Coworkers.(z5) 
Tn is the neutron irradiation temperature. 
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Figure 12 shows the additional ion-induced swelling along a portion of 
the ion path for two separate neutron/ion irradiations reported by Lee and 
coworkers. (25) 
tion of each specimen is very pronounced. The attainment at this position 
of only 2% swelling for 60 ion-induced dpa implies a very low average swell- 
ing rate of about 0.03%/dpa. 
vanishing, leading to an eventual saturation of swelling at this position. 
Rowcliffe, Lee and Sklad indeed reported that saturation occurred in these 
studies for a variety of ion irradiation temperatures. 

The suppression of swelling at the peak displacement por- 

This suggests that the swelling rate may be 

(26) 

The clues drawn from this experiment are that the suppression phenom- 
enon affects the swelling rate beyond the transient regime, exerts its 
maximum influence where the injected ions come to rest, and is very 
sensitive to temperature. Based on this evidence, Lee and coworkers felt 
that the suppression was caused by the injected interstitials. (25) 

The second set of data represents an extension of the first set. Por- 
tions of  the results have been published in References 26 and 27 and a few 
additional unpublished data have been supplied by T. A .  Lauritzen and 
A. F. Rowcliffe. Note in Figure llb that step-height measurements on the 
same heat of steel shown in Figure lla (but without prior neutron irradi- 
ation) show no substantial amount of enhanced subsurface swelling and no 
dependence on ion irradiation temperature. This is consistent with the 
behavior expected when the incubation period of swelling is a large fraction 
of the accumulated ion exposure. 

Note also in Figure llb that the relative amount of subsurface enhance- 
ment increases with ion exposure as would be expected for previously neutron- 
irradiated material where the incubation period is effectively over before 
the ion irradiation proceeds. It should also be noted that the enhancement 
does not decrease continually with increasing temperature as suggested by 
the more limited data in Figure lla. 

If the suppression of swelling by injected interstitials can be 80% or 
more, why not loo%, or even dissolution of preexisting voids? The latter 
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If the suppression of swelling by injected interstitials can be 80% or 
more, why not loo%, or even dissolution of preexisting voids? 
possibility has been demonstrated in this series of experiments for a 735°C 
ion irradiation of a specimen previously irradiated with neutrons at 450°C. ( 26 )  

Additional swelling forward of the peak dose region was indicated by a step- 
height measurement of 240 A, but the swelling at the peak actually decreased 
by 0.82%, a change of roughly one-half of the original neutron-produced 
voidage. 

The latter 
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Displacement Damage vs Depth for 14-MeV Nickel, 8.1-MeV Aluminum, 
M V Carbon Ions Incident on Nickel, as Published by Whit- 

and ley. Note the different scales for the different ions. 
Also shown near the base of the curves are the mean ion ranges. 

FIGURE 13. 
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Whitley discounted the injected interstitial as a major influence on 
shaping the swelling vs depth profiles, preferring to concentrate on the 
effect of displacement rate on the "internal temperature shift". 
found that the swelling rate increased strongly as he approached the speci- 
men surface where lower displacement rates predominate. 

(20) He 

1.0 

0.8 

0.0 

0.4 

0.2 

For each of the three major ions employed in these studies, the swelling 
rate ranged from about O.2%/dpa at the peak to values approaching l.O%/dpa 
near the surface, as shown in Figure 14. Whitley also showed that the dura- 
tion of the incubation period decreased as he approached the specimen 
surface. 
the ion path eventually saturated at about 3% swelling. 

Once again saturation appeared to be involved, as all points on 

. 

' 

' 

. 

' 

Another surprising feature of Figure 14 is that the swelling rate curves 
for each ion are separated, even though the swelling obtained at a given dpa 
for a given depth is essentially independent of the ion employed. If one is 
thinking in terms of the injected interstitial, however, it should be recog- 
nized that it takes about two and one-half aluminum ions and roughly eleven 

SWELLING RATE 
%/dm 

- 
.dsM*vc+ 

0 1  1 I J 
106 104 10-3 

DISPUCEMENT RATE Idpalaecl 

FIGURE 14. Correlation by Whitley of Swelling Rate with Displacement Rate 
Along the Ion Path or Three Separate Ions Injected into Pure 
Nickel at 525OC.(28 f 
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carbon ions to produce the same peak dpa level as one nickel ion. Therefore, 
the injected interstitial effect is correspondingly more effective per dpa 
for the lighter ions and one would expect the injected interstitial rate per 
dpa to be the best correlation parameter. 
comparison on this basis, multiplying the x-axis coordinate of the aluminum 
curve by 2.4 and that of the carbon curve by eleven. 
the injected interstitials come to rest, the swelling rate vs injected inter- 
stitial rate is essentially independent of ion identity. (Remember that it 
does not have to be the original carbon or aluminum atom which falls into 
the void.) 

Figure 15 represents a rough 

In the regime where 

0.6 
SWELLING RATE 

%Idpa 

0.4 

0.2 

0 

Wh i t 1 ey (28) also provided a graphic demonstration of the increased 
suppression power o f  the injected interstitial at lower temperature. In 
Figure 16 the swelling in the injected interstitial region has been 
completely suppressed, while swelling exists on both sides of that region. 
The step-height/peak swelling ratio here would be infinite. 
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Whereas Lee and coworkers showed an influence of the injected intersti- 
tial on the swelling rate, Whitley's work demonstrates an effect of injected 
interstitials on both the transient and the steady-state regimes of swelling. 

In the fourth data set Farrell, Packan and Houston performed full-range 
analysis on irradiated pure nickel. (30) 
nickel) and higher temperature (6OOOC rather than 525OC). The primary focus 
o f  their study was the influence of both helium/dpa ratios and helium injec- 
tion methods. In Figure 17 one can see that there is a depression in two of 
their swelling curves at about 0.8 pm, corresponding roughly to the loca- 
tion of the injected interstitial. Outside the region of injected helium and 
injected interstitials the swelling levels are identical once corrections are 
made for swelling-induced changes in depth. 

They used lower energy ions (4-MeV 

dpa 
VS Heldpa = 20 
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FIGURE 17. Swelling-Depth and Dose-Depth Data for 50 dpa Self-Ion Irradia- 
tion of Pure N 
and Coworkers. is& No corrections have been made for 
swelling-induced increases of depth. 

1 with Helium Implantation, Reported by Farrell 
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The swelling rates forward of the peak are larger than those of the 
peak region and there is evidence from the helium-implanted curves of a 
tendency toward saturation along the ion path. A similar trend was observed 
by Whitley. The level of saturation appears to be quite sensitive, however, 
to the magnitude of the helium-induced cavity density. 
sion of the swelling rate at high cavity density was earlier observed by 
Packan and Farrell in a Fe-17Cr-16.7Ni-2.5Mo alloy with 1400 appm prein- 
jected helium. (31 1 

A similar suppres- 

5.7 Insights Gained and Their Application to Fusion-Relevant Problems 

There are currently two major areas where ion data are being used to 
provide guidance for the development of fusion-relevant design correlations 
using data derived in fission environments. (32)  The first of these is the 
relative influence of helium and radiation-induced microchemical evolution 
on swelling and the second is the prediction of swelling behavior for alloys 
such as PCA (Prime Candidate Alloy), where changes have been made in the 
alloy composition in an attempt to improve the swelling resistance. 

Studies directed toward the first question must recognize that the sup- 

If microscopy at the peak displacement position 
pression of swelling at the peak corresponds to a reduction in the effective- 
ness of the calculated dpa. 
i s  the data extraction technique employed, then the helium levels must also 
be scaled down by a factor o f  five. Otherwise the simulation of the effect 
of helium on swelling will be conducted in a He/dpa regime outside the range 
o f  interest. In addition, if full-range implantation of helium is employed 
as shown in Figure 17, when the variation with depth in helium/dpa ratio is 
steeper than originally envisioned by a factor of five. 

Figure 18 shows an ion simulation of the effect of helium on the swel- 
ling of A I S 1  316 at 625 and 700'C. (33) 
peak displacement region and averages about O.l%/dpa. 
primarily the duration of the transient regime, however, and not the steady- 
state swelling rate. 

The swelling is measured at the 
The helium affects 

No corrections have yet been made to increase the 
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effective helium/dpa ratios shown in Figure 18. 
independence of swelling rate on temperature in the range 625-700'C. 

Note also the relative 

Another facet of the helium question is whether helium's role is second 
order compared to that of the microchemical evolution and precipitation that 
occurs during irradiation. 
the principal determinant of the duration of the transient regime of swell- 
ing in solute-bearing stainless steels. (34) 
s i 1 icon (35) and 
manifesting itself primarily in the duration of the incubation regime, as 
confirmed by the ion irradiation studies shown in Figure 9. 

This evolution was identified earlier as 

Major physical roles for both 
have been proposed, with their influence 

The relative roles of helium and nickel can be studied using ion 
bombardment. Complications related to the segregation and precipitation 
aspects can be avoided by varying the nickel content of the alloy prior to 
irradiation. Figure 19 shows a comparison of the results of the A D I P  study 
and the results of Agarwal and coworkers. (37) Note that a 5% difference 
in nickel level has a much more pronounced effect on the duration of the 
transient regime than does a large variation in helium/dpa ratio. 
that the helium/dpa ratios employed in this figure have not yet been 
corrected upward for the reduced effectiveness of the nickel ions. 
importantly, however, the influence of helium/dpa ratio does not lie in the 
steady-state regime but only in the transient regime. Continuation of the 
Fe-PONi-15Cr irradiations to higher fluences confirms that the influence of 
helium on swelling lies primarily in the transient regime,(38) as shown in 
Figure 20. 

Note also 

Most 

The second area of interest to fundamental fusion-relevant studies lies 
in providing guidance for alloy development. 
9 and 19 tell us that the primary effect of changes in nickel and silicon 
content is to change the duration of the transient regime of swelling. 
the limitations of step-height measurements pointed out in this study are 
considered, it appears that even the slight dependence of the steady-state 
swelling rate on these elements is an artifact of the data extraction 
procedure. 

The ion data shown in Figures 

When 
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FIGURE 19. Relative Influence o f  Helium and Nickel Content on Swelling o f  
Ternary Alloys at 700°C Using Nickel Ions.(7,37) 
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DISPLACEMENTS PER A T O M  

FIGURE 20. Effect of Helium on Swelling of Fe-20Ni-15Cr as Observed During 
Bombardment With 3-MeV Nickel Ions at 700°C. (38)  

FIGURE 21. Composition Dependence of Swelling in the Fe-Ni-Cr System as 
Published by Johnston and 
Step-Height Measurements. ( 58*93! While the trends shown are 
correct, the magnitudes of swelling cannot be accepted without 
correction. 
those produced by neutrons. 

w r ers Using 5-MeV Nickel Ions and 

The curves are also somewhat distorted compared to 
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These insights are important when assessing composition-related data 
fields such as that shown in Figure 21. These trends are not changed by the 
insights gained in this paper but the magnitudes of swelling must be correc- 
ted before making predictions of swelling in a neutron environment. 
required correction factors vary, however, and are largest where the 
swelling is the lowest. Thus the trends shown in Figure 21 are distorted, 
magnifying the depth of the swelling minimum found at 35-45% nickel and low 
chromium levels. 

The 

Various conclusions of this study have not weakened the case for using 
ion bombardments to study the effect of helium or composition on swelling. 
On the contrary, once the apparent discrepancies in various ion and neutron 
studies are resolved, the ion data can be more confidently applied to fusion- 
relevant questions. 
ration of the effects of nickel-generated helium and nickel itself in the 
thermal irradiation of nickel-doped ferritic alloys, (39) the influence of 
titanium on swelling and its interactions with helium,(40) and the influ- 
ence of solid transmutants on swelling. (41) 

Areas where such studies will be valuable are the sepa- 

5.8 Implications of these results on Theoretical Development 

There are a number of conclusions drawn from this study which impact 
the development o f  swelling theory. For instance, there is a steadily 
increasing body of data which demonstrates that the steady-state swelling 
rate of many austenitic alloys is relatively insensitive to temperature in 
neutron irradiations. 
swelling temperature, but only a swelling plateau, then there cannot be a 
definitive temperature shift based on temperature-sensitive swelling rates. 
Most ion data clearly show a swelling rate that peaks with temperature, 
however. Based on the knowledge gained in this and other studies, what is 
the origin of this peak? 

(13314,459 47, and this study) ~f there is  no peak 

Note in Figures 10 and 11  that the influence of the injected inter- 
stitial increases strongly as the temperature decreases. The net result of 
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such action would be to steepen the apparent swelling rate at low tempera- 
tures regardless of the measurement technique employed. 
known that at higher temperatures the proximity of the surface tends to 
reduce the point defect concentrations and therefore the swelling, artifi- 
cially reducing the swelling rate. (6,42) 
and Hayns (43) has demonstrated that surface effects will overwhelm ion 
irradiation studies conducted at 4.2 MeV at temperatures well below those 
attained in irradiations with 46.5-MeV ions that penetrate to greater 
depths. 
as shown in Figures 22 and 23. 
are probably strongly influenced by surface effects at the higher tempera- 
tures. 
without hint of declining swelling rate to at least 72OoC in the EBR-I1 fast 
reactor. (45) Makin has shown that, after low temperature "seeding" of 
voids to overcome the surface influence in electron irradiations, this steel 
swells until1 900°C at displacement rates typical of ion bombardment studies. 

It has long been 

A theoretical study by Bullough 

(44) This has been demonstrated experimentally by Blamires and Worth 
The 46.5-MeV data shown in this figure also 

Brager and coworkers have recently shown that this steel swells 

(46) 

It therefore appears that the steeply peaked temperature dependence 
produced in ion irradiations is largely an artifact of the combined effect 
of both the surface and the injected interstitials. If this is true, what 
is the origin of the temperature shift? 

Figure 3 suggests that the cause of the temperature shift arises from 
the dependence on displacement rate of the transient regime of swelling. 
The conventional arguments advanced to explain the boundaries of the temp- 
erature dependence of swelling are recombination-dominated point defect 
concentrations at low temperature and the emission of thermal vacancies at 
high temperature. 
easily produce the temperature shift by controlling the rate of void nucle- 
ation and thus the duration of the transient regime. In addition, some of 
the phases which precede swelling in microchemically dominated alloys are 

The effect of displacement rate on these mechanisms could 

directly sensitive to displacement rate or to time in reactor. (34,471 Seran 
and Dupouy have recently demonstrated in neutron irradiations of annealed 
A I S 1  316 stainless steel that the displacement rate influences only the 
duration of the transient regime of swelling. (48) 
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FIGURE 22. Demonstration by Blamires and Worth That at 525OC the Swellin ($4) 
Behavior for Shallow and Deep Penetrating Ions is Identical. 
The injected interstitial effect would be comparable for both ions 
since both sets of data were extracted in their respective peak 
damage regions. 
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FIGURE 23. The Effect of Surface Influence on Ion-Induced Swelling.(44) At 
higher temperatures the data of Blamires and Worth show that the 
effect of the surface depresses the swelling at 4.2 MeV, and yields 
a low estimate of the "peak" swelling temperature. 
here that the surface influence is suppressing the swelling even 
for 46.5-MeV ions above 650OC. 

It is proposed 
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It is rather satisfying to find that the neutron-produced displacements 
that lead to swelling at reactor-relevant temperatures are essentially equiv- 
alent to those produced by self-ions. There has never been much enthusiasm 
from researchers participating in the American intercorrelation efforts for 
rationalizing even a factor of two difference in displacement effectiveness 
based on differences in mean PKA energy or defect distribution within the 
cascades. Recent equivalence studies based on electrical resistivity changes 
of pure metals bombarded at low temperatures do not support differences be- 
tween heavy ion and neutron-produced displacements. (49)  

studies using self-ions in the range 2-5 MeV this equivalence was masked by 
the injected interstitial suppression effect on swelling at end-of-range. A 
similar masking occurred in studies using higher energy ions where data was 
extracted from the peak damage region. 

In swell ing 

In effect, this insight shifts the burden of theory from one previously 
designated "problem" to another. 
in fact a problem and was actually a reflection of the relatively unperturbed 
swelling behavior. Since subsurface swelling was observed in pure nickel 
as well as multi-component alloys, there is no need to ascribe it to 
radiation-induced compositional segregation. We now know from both neutron 
data and ion studies that compositional variations along the ion path would 
not affect the selling rate, only the duration of the transient. 

The "excess subsurface swelling" was not 

(28-30) 

The burden of theory thus shifts to rationalizing the suppression at 
end of range. The evidence presented in this report and that of Lee and 
coworkers ( 2 5 )  tends to indict the injected interstitial or some quantity 
proportional to it. 
sensitivity of ion irradiations to injected interstitials and concluded that 
the suppression increases at lower temperatures where recombination is the 
dominant fate of point defects. The suppression, however, was predicted in 
that study to range from a few percent to several tens of percent for the 
particular conditions employed. In a later paper Mansur and Yo0 predicted 
potentially much larger or even total suppression for alloys with high 
vacancy migration energy, low bias or low sink strength. (51) In materials 
with the opposite properties, the suppression was predicted to be negligible. 

Brailsford and Mansur (50) originally explored the 
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The results of this study show a suppression of about 80% not only for the 
ADIP alloy at the mid-range of the temperature regime of swelling but also 
for a variety of 300 series stainless steels. 
match Mansur and Yoo's description of suppression-prone metals. 
ured swelling rates of l%/dpa the bias must be quite large and the sink 
strengths are not particularly low. 
vacancies has been significantly revised recently based on measurements by 
Khanna and Sonnenberg (52) and Smedsk jaer and coworkers. (53) Whereas the 
widely accepted migration energy was previously 1.4 eV, it is now clear that 
the value i s  actually lower at 1.1 - + 0.1 eV. 
this is a relatively low migration energy and the injected interstitial 
effect would be rather small. This suggests that the theory may have to be 
recalibrated and/or expanded to account for the experimental observations. 
It should also be noted that the current theory addresses only the swelling 
rate, assuming in advance a strong effect of temperature on swelling rate. 
The results of Whitley(28s29) show that there is probably an effect of the 
injected interstitial on void nucleation. 

These alloys do not appear to 
With meas- 

In addition the migration energy for 

According to Mansur and Yo0 

Another intriguing possibility has been raised by this study concerning 
If a reduction of 80% or greater in the the role of injected interstitials. 

swelling rate is routine, might it not be possible to cause the swelling 
rate to vanish entirely at some level of voidage, leading to saturation of 
swelling? A tendency toward saturation indeed recurs in all of the ion 
bombardment studies shown in one o f  the preceding sections, the data o f  Lee 
and coworkers(z5), Rowcliffe and coworkersz6) and that of Whitley(28) being 
the most convincing. Whitley's data also show that saturation occurs far 
from the region of injected interstitials, however, so that the saturation 
phenomenon may be independent of or slightly perturbed by the presence of 
injected interstitials. The most convincing demonstrations of saturation 
occur in irradiations where large levels of helium produce higher than 
normal void densities, as shown in Figure 17, and in References 31 and 54. 
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It would be expected that the injected interstitial effect would be 
enhanced by any variable which increased the chance that the extra inter- 
stitial found a void prior to finding some other sink. 
increases in cavity density would raise the probability of such an event. 

Helum-induced 

There are, however, two other ways in which the extra interstitial 
would find an increased probability of reaching a void. 
occur as the voids grow larger without substantial coalescence-induced 
decreases in void density. 
that evolves at lower temperature. 
the injected interstitial effect is not so much a product of the degree of 
recombination, but is partly due to the increased void density at lower 
temperature. 

The first would 

The second is by the increased void density 
Perhaps the temperature dependence of 

Another question remains for further study. If the injected inter- 
stitial effect is sensitive to the density of cavities, what are we studying 
when we perform dual ion irradiations? Is it the effect of helium on 
swelling or the effect of helium on the injected interstitial effect? If it 
is the latter we would expect a lesser influence in neutron irradiations. 
As shown in Reference 1, the effect of helium on swelling in fission 
reactors does not appear to be discernible in the range 500-750°C, even 
though void densities are sensitive to helium level. 

The preceding discussion has so far ignored the synergistic effects of 
diffusional spreading of point defects down the displacement gradient, sur- 
face losses, the internal temperature shift and extension of the ion range 
and straggling resulting from accumulated voidage. The potential inter- 
actions of these variables has been covered in many papers, for example 
References 20, 28 and 51. The proper calibration of the injected inter- 
stitial effect in theory development requires that all relevant factors be 
included in the calibration. The results of this study tend to diminish the 
potential importance of the internal temperature shift, however. 
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5.9 Conclusions 

It appears that the displacements produced by self-ions are as effec- 
tive in creating swelling as are neutrons in fast reactors. 
ing is measured in a volume where the injected ion comes to rest, however, 
there is a substantial local reduction in the swelling rate. Depending on 
the data extraction technique employed, the reduction can range from 30 to 
80% in the mid-range of the temperature regime of swelling. 
eratures the suppression is even larger. The dependence of swelling on 
injected interstitials at low temperature and surface influence at high 
temperature gives rise to a sharply-peaked distribution of ion-induced 
swelling with temperature that is not found in neutron irradiations. 
temperature shift that occurs with varying displacement rate appears to be 
related to the sensitivity of the transient or incubation regime to the rate 
of displacement generation. 

Whenever swell- 

At lower temp- 

The 

The influence of such perturbations on ion-induced swelling requires 
that some care be taken in interpretation of ion bombardment data directed 
toward the prediction of swelling in fission or fusion reactor environments. 
While the trends with respect to a given variable are often preserved in 
both ion and neutron irradiations, the relative shape with respect to that 
variable in ion irradiations may be somewhat distorted. It also appears 
that helium/dpa ratios employed in ion bombardment simulations of the fusion 
environment are larger than intended by a factor of five in the mid-range of 
the swelling temperature regime and even larger at lower temperatures. 

The data presented in this report confirm that, in the absence of the 
injected interstitial effect, the primary influence of many environmental 
and material variables is on the duration of the incubation period. It was 
also shown that helium is a second order variable when compared with changes 
in composition of elements such as nickel or silicon. 
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Future Work 

This work is nearing completion and will focus on the saturation 
phenomenon and its relevance to the study of the effect of helium on 
swell ing. 
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8.0 Publications 

This paper will be published in J. Nucl. Mater. as part of the 
proceedings of the TMS-AIM€ Symposium on Radiation Damage Analysis for 
Fusion Reactors, St. Louis MO, October 24-28, 1982. 
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VOID SWELLING OF PROTON-IRRADIATED STAINLESS STEEL AT LARGE DISPLACEMENT 
LEVELS 

A. Kumar (University of Missouri-Rolla) and F. A. Garner (Westinghouse 
Hanford Company) 

1 .o Objective 

The purpose of this study is to determine whether saturation of void 
swelling in AISI 316 stainless steel can be made to occur at any level rele- 
vant to engineering design and t o  decide whether saturation is sensitive to 
irradiation variables such as helium/dpa ratio or simulation artifacts such 
as injected interstitials. 

2.0 Summary 

There is some evidence which suggests that void swelling may not in- 
crease continuously with increasing irradiation but may saturate at a level 
dependent on irradiation conditions, helium/dpa level or artifacts of the 
simulation such as the presence of injected interstitials. An experiment 
was therefore performed to determine the saturation level of swelling of an- 
nealed AISI 316 at 625°C in the absence of helium and injected interstitials. 
Using 140-KeV protons and step height measurements it was found that satura- 
tion did not occur until 260% swelling was achieved at?.500 dpa. Prior to 
saturation the swelling curve exhibited the anticipated bilinear form with a 
steady state swelling rate of 0.8 %/dpa based on a 25-eV threshold energy. 

3.0 Program 

Title: Irradiation Effects Analysis (AKJ) 
Principal Investigator: D .  G. Doran 
Affiliation: Westinghouse-Hanford Company 
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4.0 Relevant DAFS Program Plan Task/Subtask 

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

Subtask I I . C . 2  Effects of Helium on Microstructure 

5.0 Accomplishments and Status 

5.1 Introduction 

The void-induced swelling caused by neutron irradiation of A I S 1  316 
stainless steel has been found to reach very large levels without any indi- 
cation of eventual saturation. As shown in Figures 1 and 2 the neutron- 
induced swelling of several heats o f  this alloy has reached va lues  of 25-30 
volume percent. While 30% swelling is too large to be incorporated 
into a sound design for a fast breeder or fusion reactor, there is reason to 
speculate whether saturation will eventually occur and at what level. The 
attainment of saturation would allow its examination for clues as to how it 
might be induced at lower swelling levels. 

In order to reach exposures well above those attained in-reactor, one 
must turn to charged particle simulation. 
niques are suitable for this purpose, however. Since it is known in advance 
that saturation (if indeed it exists) lies above 30%, one cannot use elec- 
tron irradiation of thin foils where swelling data can only be extracted by 
microscopy examination. It is very difficult t o  measure accurately by mic- 
roscopy swelling levels in excess of 15-20%. In addition, an artificially 

Not all charged particle tech- 

imposed saturation can arise from the proximity of foil surfaces in such 
exper inients. (2,3,4) 

It has also been shown that irradiation with low energy self-ions can 
lead to surface-affected suppression of swelling at high temperatures. (5) 

In addition, there is strong evidence that suggests that at higher incident 
energies the injected interstitial atom resulting from the impinging ion 
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reduces the rate of swelling(697) and might possibly lead to an artificial 
saturation atypical of that which would occur during neutron irradiation. 
Indeed, self-ion irradiations of AISI 316 by several groups of researchers 

irradiation studies by Johnston and coworkers (l') and Lauritzen and co- 
workers (12) on the same alloys did not yield saturation, however, although 
swelling levels roughly twice as large were attained. 

have exhibited saturation at levels ranging from 12 to 20%. (8,9,10) Other 

Saturation of swelling at low levels during self-ion irradiation has 
been observed in simple metals such as nickel, (l3*l4) but this phenomenon 
has not yet been reported for neutron-irradiated nickel. 

It was therefore decided that the pursuit of saturation in AISI 316 
best proceed using protons rather than self-ions. There is no injected 
interstitial influence since the protons immediately diffuse out of the 
irradiated volume, as demonstrated by Keefer and Pard. (15) 
anticipated that microscopy examination will be of very limited use at large 
levels o f  swelling and that the total integrated swelling along the proton's 
path will have to be measured by step-height techniques developed by 
Johnston and Coworkers. (16) 
unfolding in order to extract the dependence of swelling on accumulated 
exposure, however. 

It i s  also 

This type of swelling data requires some 

5.2 Experimental Details 

The specimens were prepared as disks of one inch diameter and 3/8" 
thickness from AISI 316 stock supplied by Carpenter Technology. After 
annealing one hour under argon at 1010°C and then water-quenching, the 
specimen surfaces were vibratory-polished using a water slurry of 500 A 
alumina powder. 

0 

During irradiation the specimens were maintained at 1~10-~ Torr and 
their temperatures monitored by thermocouples which were spot-welded to the 
specimens' front surfaces. The full details of the irradiation facility and 
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procedure have been pub l i shed  p rev ious ly .  (17)  

a ted  a t  625 + 10°C over  a 1/8" d iameter  c e n t r a l  area w i t h  a u n i f o r m  beam o f  
140-keV p ro tons  a t  

c r e a t e  a damage pe i  low t h e  specimen surface.  T o t a l  i o n  

f l u e n c e s  achieved were 2.25 x l o * - ,  4.5 x 10 , 8.1 x lo", 1.45 x lo2' and 

2.0 x lo2' 
d u r i n g  t h e  i r r a d i a t i o n .  

F i v e  specimens were i r r a d i -  

1 "  A - 
see. As shown i n  F i g u r e  3 these i ons  

19 

No he l ium was i n j e c t e d  i n t o  these specimens b e f o r e  o r  

two ten-mi 1 tun 
. .  . .  

An u n i r r a d i a t e d  area i n  t h e  shape of a c ross  was formed on each spec i -  

men by 

the reby  i n r e r r u p c i n g  a p o r t i o n  o f  t he  beam. 

measured across t h e  mas1 

Sur fana lyze r  System 150 

t i p  e x e r t i n g  50 mg o f  fb,,, Lnr ,  a,,'cc,r,,5,, luLd. 

igsten w i r e s  mounted a t  r i g h t  angles on t h e  c o l l i m a t o r ,  

The i n t e g r a t e d  s w e l l i n g  was then 

places,  u s i n g  a C l e v i t e  
mployed a 5-pm diamond 

ked area a t  e i g h t  d i f f e r e n t  

p r o f i l o m e t e r .  The s t y l u s  E 

nwrn nn the  rnnrimnn r n n r C i r a  

5.3 Resu l t s  

F i g u r e  4 shows t he  su r face  o f  a t y p i c a l  i r r a d i a t e d  area. The low con- 

t r a s t  p o r t i o n s  w i t h i n  and o u t s i d e  t h e  i r r a d i a t e d  c i r c u l a r  area r e t a i n  t h e  

o r i g i n a l  f i n e  p o l i s h ,  w h i l e  t h e  areas exposed t o  t h e  p r o t o n  beam have become 

q u i t e  rough due t o  s p u t t e r i n g  and d i f f e r e n t i a l  swel l ing ,  as shown i n  F i g u r e  5. 

A t y p i c a l  p r o f i l o m e t e r  t r a c e  across t h e  c e n t r a l  i r r a d i a t e d  and u n i r r a d i a t e d  
areas i s  shown i n  F i g u r e  6. The r e l a t i v e  roughness o f  t h e  two sur faces i s  

a l s o  e v i d e n t  i n  t h e  t race .  

The s tep- he ight  measurements a t t a i n e d  i n  t h i s  s tudy a re  shown i n  F i g -  

u r e  7. 
l o c a t i o n s ;  t h e  range o f  these measurements i s  a l s o  shown i n  t he  h e i g h t  o f  

t h e  e r r o r  bars. 

sur faces.  

l a r g e s t  c o r r e c t i o n  was l e s s  than 80A. 

Each va lue i s  an average o f  e i g h t  separate measurements a t  d i f f e r e n t  

A smal l  c o r r e c t i o n  has a l s o  been made f o r  s p u t t e r i n g  o f  t h e  
Assuming a s p u t t e r i n g  y i e l d  o f  5 x l oq4  atoms/proton, t h e  
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FIGURE 3. Nuclear Energy Deposi t ion i n  f c c  I r o n  by 140-keV Protons, 
Courtesy o f  0. S. Oen o f  Oak Ridge Nat iona l  Laboratory.  

, , .  . 

FIGURE 4. Scanning E lec t ron  Micrograph o f  Surface o f  A I S 1  316 A f t e r  
I r r a d i a t i o n  w i t h  140-keV Protons a t  625OC. 
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FIGURE 5. x a i i i i i i i y  c i e ~ ~ i u i i  IviiLruyrapri a~ n i y ~ "  iwayvuui ~ ~ a c i u i i  U I  r i r w r d t e d  
Surface Showing Roughness That Develops Due t o  Proton- Induced i 
S p u t t e r i n g  and D i f f e r e n t i a l  Swel l ing .  

Step Height u 
Masked Area  4 

FIGURE 6. Typ ica l  P r o f i l o m e t e r  Trace Across t h e  Masked Area, Showing 
Swe l l i ng  o f  I r r a d i a t e d  Area and Also t h e  R e l a t i v e  Roughness o f  
t h e  Two Surfaces. 
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FIGURE 7. Step-Heights (Average of Eight Measurements) Induced in Annealed 
AISI 316 by Bombardment with 140-keV Protons at 625°C. 

Note that Figure 7 exhibits a definite tendency toward saturation of 
swelling at high exposure, but at a very large swelling level. The satur- 
ation behavior is camouflaged somewhat, however, by the nonlinear creation 
of displacements with depth, as shown in Figure 3. 
threshold of 25 eV has been assumed in the construction of this curve.) 

(Note that a displacement 

In order to unfold the data and extract the swelling behavior vs. 
displacement level, it is necessary to make several assumptions. First, the 
required swelling vs. dose transform must be assumed to be solely dependent 
on the total number of displacements and not dependent on any other depth- 
dependent variables such as displacement rate. 
this assumption appears to be reasonably valid. 
temperature (575OC) Makin and coworkers have irradiated annealed AISI 316 at 
three displacement rates spanning a factor of roughly four and observed a 

For accelerated bombardments 
At a not-too-different 
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complete independence of the void volume on this variable. The damage 
deposition curve shown in Figure 3 involves a comparable range of damage 
rates (a factor of roughly five) from the front surface to the peak damage 
position. 
the duration of the transient regime (but not the steady-state regime) of 
swelling is known to be sensitive to displacement rate in some temperature 
ranges, however. 

At the much lower displacement rates typical of breeder reactors, 

(20) 

Second, it must be assumed that any influence of the surface in per- 
turbing the swelling behavior has a negligible influence on the total 
step-height. As shown by earlier there are zones 
denuded of swelling near specimen surfaces. Frequently, however there is 
often a counterbalancing increase in swelling just beyond the denuded 
boundary. ( 2 2 )  

The procedure involved in determining the swelling transform S(dpa) 
where dpa = f(x) from five step-height measurements Hi requires that the 
sum of the absolute differences between the transform predictions and the 
individual step-height measurements be minimized. Therefore 

5 
1 =1 (H.-/S(x)dx)* 1 = SUM 

should be a minimum. 
large values of i, but a reasonably close approximation can be obtained for 
the current purpose. 

The uniqueness o f  the transform is only assured for 

The integral in Equation 1 can be approximated by 

where the dpa vs. depth curve is approximated by ten increments of thickness 
Ax = 0.1 wm having an average dose of dpai. 
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A suitable transform was obtained employing a trial and error 
approach. 
behavior normally observed in this steel but confirms that saturation is 
indeed occurring, but a a very high level of 260%. 
this magnitude microscopy techniques are useless for determining the 
microstructural origins of the saturation process. 
%/dpa was observed in the steady-state regime, assuming a threshold 
displacement energy of 25 eV. 
subject to some uncertainties based on the limited number of irradiations 
performed, the conclusion concerning the large magnitude at which saturation 
occurs is not affected very much. 

As shown in Figure 8 ,  it conforms to the incubation-plus-linear 

At swelling levels of 

A swelling rate of 0.8 

While this steay-state swelling rate is 

5.4 Discussion 

It should be noted that 9000 of step-height and 260% swelling imply a 
0 

step height conversion factor of 35 A per percent swelling at the position 
of peak displacement rate. This number is quite different from the value of 

---I  260% I 

SWELLING 
% 

DISPLACEMENTS PER ATOM HEDL moo8.4 

FIGURE 8.  Transform Derived from This Study for Swelling vs Displacement 
Dose of AIS1 316 Irradiated with 140-keV Protons at 625'C. 
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0 
60 A/% employed by Johnston and coworkers. (4'12'16'21) 
been shown that the 60 h% figure is specific only to 5-MeV Nit ions and 
represents the asymptotic limit at large swelling of the integrated swell- 
ing. 
conversion factors for each ion and ion energy. 

However, it has 

The difference in damage energy profiles with depth leads to different 
(23) 

As shown by Garner, Wire and Gilbert (23) the step height conversion 
- 

factor at high swelling approaches ho = Rmax D/Dmax where 

- D = Ri;, tmaX D(x)d(x) 

The maximum range Rmax of the ion takes into account the maximum 
amount of straggling and 'i'j is the average damage deposition rate along the 
damage deposition curve D(x) with a peak at Dmax. 

For 140-keV ions, 'i'j/Dmax = 0.33, Rmax is 10,000 and the step 
0 

height conversion factor is 33 A/%. 
35 i/% derived from this study. 

This agrees very well with the value of 

The results of this study and that of the neutron studies shown in 
Figures 1 and 2 reinforce the suspicion that the saturation of swelling 
observed in self-ion bombardment experiments may be an artifact associated 
with some extraneous influence such as either the injected interstitial or 
the surface proximity effect. Until this possibility is examined, one 
cannot make a confident assessment of the role of helium on saturation 
behavior. A review of all saturation-relevant data is now in progress to 
aid in making this assessment. 

5.5 Conc 1 us ions 

An experiment was performed to determine the saturation level of an- 
nealed A I S 1  316 in the absence of helium and injected interstitials. Using 
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140-keV p ro tons  and s tep- he igh t  measurements i t  was found t h a t  s a t u r a t i o n  

d i d  n o t  occur  a t  625OC u n t i l  260 % s w e l l i n g  was achieved a t s 5 0 0  dpa. 

P r i o r  t o  sa tu ra t i on ,  t h e  s w e l l i n g  curve  e x h i b i t e d  t h e  a n t i c i p a t e d  b i l i n e a r  

behav io r  w i t h  a s teady- s ta te  s w e l l i n g  r a t e  o f  0.8 %/dpa based on a 25 eV- 

t h resho ld  energy. 
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DEPENDENCE OF SWELLING OF Fe-Ni-Cr ALLOYS ON CHROMIUM AND NICKEL CONTENT 

H. R.  Brager and F. A. Garner (Westinghouse Hanford Company) 

1 .o Ob jec t i ve  

The purpose o f  t h i s  s tudy 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 

microchemical  o r i g i n s  o f  t h e  composi t iona l  dependence o f  r a d i a t i o n -  

induced swe l l i ng ,  c reep and changes i n  mechanical p rope r t i es .  

2.0 Summary 

The f i r s t  r e s u l t s  f rom t h e  AD-1 neu t ron  i r r a d i a t i o n  exper iment on swe l l -  

i n g  o f  Fe-Ni-Cr a l l o y s  agree w i t h  p rev ious  r e s u l t s  f rom t h e  A A - V I 1  neu t ron  

i r r a d i a t i o n  exper iment as w e l l  as e a r l i e r  i o n  bombardment experiments. The 

s w e l l i n g  o f  these a l l o y s  was found t o  be s e n s i t i v e  t o  t h e  n i c k e l  and chrom- 

ium content .  

invoked t o  e x p l a i n  bo th  t h e  composi t iona l  dependence o f  s w e l l i n g  and a con-  

c u r r e n t  d e n s i f i c a t i o n  t h a t  occurs. The da ta  a l s o  i n d i c a t e  t h a t  t h e  d i s l o c a-  

t i o n  e v o l u t i o n  may be s e n s i t i v e  t o  composi t ion.  

Segregat ion o f  n i c k e l  t o  va r ious  m i c r o s t r u c t u r a l  s i nks  i s  

3.0 Program 

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

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

A f f i l i a t i o n :  Westinghouse Hanford Company 

4.0 Relevant DAFS Program Plan Task/SubTask 

Subtask I I . C . l .  E f f e c t  o f  M a t e r i a l  Parameters on Mic ros t r uc tu re .  
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5.0 Accomplishments and Status 

5.1 Introduction 

Several ongoing OAFS experiments have as one of their objectives the 
determination of the influence of composition on radiation-induced micro- 
structure and swelling of Fe-Ni-Cr alloys. There are also some limited 
experiments to measure radiation-induced changes in mechanical properties of 
these alloys. The first OAFS results from the AD-1 and AA-VI1 experiments 
are now becoming available. Both experiments were irradiated in EBR-I1 with 
the AD-1 specimens in the forin of tensile flats and the AA-VI1 specimens in 
the form of microscopy disks. 

Results -- 5.2 

Inimersion density measurements were performed on the 
specimens irradiated at 395, 450 and 55OOC to fluences of 
n/cm (E>O.l MeV). The results are shown in Table 1. 2 

AD-1 flat tensile 
22 2.1 to 2.5 x 10 

Figures 1 
through 3 show comparisons of the AD-1 data with density change data for the 
identical alloys irradiated in the AA-VI1 experiment. All density measure- 
ments are considered reproducible within - + 0.16% swelling. 
ible to make comparisons the data appear to be in excellent agreement. At 
1.15% chromium swelling decreases with increasing nickel content, while at 
~ 3 5 %  nickel swelling increases with increasing chromium level. 

t 

Where it is poss- 

Microscopy has now been initiated on the ternary alloy series irradiated 
The first specimen was 
(E>O.lMeV) at 538°C and 

in AA-VII. 
E25 (Fe-35.1Ni-21.7Cr) irradiated to 7.2 x 10'' n/cm 
E37 (Fe-35.5 Ni-7.5Cr) irradiated to 7.6 x lo2' n/cm2 at 593°C. 
fluences are comparable, the specimens span a composition range where a sub- 
stantial chromium dependence exists") and also a temperature range where a 
substantial effect of temperature on the incubation period has been observed.(3) 

Two specimens have been examined to date. 
2 

While the 

t ldentical starting stock but somewhat different annealing conditions 
(945'C/15 min/AC in AD-1 and 1038"C/1 hr/AC in AA-VII) 
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,.Ma 
N C W N  RUENCE 11>0.1 MeV1 

FIGURE 1. Comparison of the AD-1 Data for E20 at 395 and 450°C with the 
AA-VI1 Data for this Alloy at 400, 427 and 454OC, Showing the 
Excel lent Agreement Between the Two Experiments. 

FIGURE 2. Comparison of AD-1 (solid lines) and AA-VI1 (dotted lines) Data 
Showing Dependence of Swelling on Nickel Content at%15% 
Chromium. 
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Z CHROMIUM 

FIGURE 3. Comparison o f  AD-1 and AA-VI1 Data Showing Influence of Chromium 
Level on Swelling at 1.35% Nickel. 

TABLE 1 

IMMERSION DENSITY RESULTS FOR THE AD-1 EXPERIMENT 

Swell i na % 
Composition 

- A1 loy WGT.% 

_I 

2.1* 2.5 2.5 
- 395oc 450°C 550'C - 

E 20 Fe-24.4Ni-14.9Cr 2.65 3.76 0.02 
E22 Fe -34.5N i -1 5.1 Cr 0.63 0.54 -0.02 
E23 Fe-45.3Ni-15.OCr 0.22 0.17 -0.04 
E37** Fe-35.5Ni-7.5Cr 0.18 - .005 0.13 

0.04 - .060 -0.14 
E25 Fe-35.1Ni-21.7Cr 0.81 0.58 -0.10 

* Neutron fluence in Units o f  1OZ2 n/cm2 (E  > 0.1 MeV) 
**Two specimens were measured 
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5.3 Discuss ion 

The d e n s i t y  data  presented i n  F igu res  1-3 suggest t h a t  b o t h  t h e  chromium 

and n i c k e l  l e v e l s  a re  impor tant  determinants o f  t h e  s w e l l i n g  behav ior  i n  s imp le  

t e r n a r y  a l l o y s .  Th is  conc lus ion  i s  c o n s i s t e n t  w i t h  t h e  t rends  observed i n  
n i c k e l  i o n  i r r a d i a t i o n s  o f  t e r n a r y  a l l o ys .  ( 2 )  

The microscopy d a t a  o f  F igu res  4 and 5 suggest t ha t ,  w i t h  few p r e c i p i t a t e -  

a s s i s t e d  except ions,  t h e  smal l  c a v i t i e s  formed i n  t h e  E37 a l l o y  a t  593OC e i t h e r  

those i n  t h e  E25 a l l o y .  

h indered i n  E37 due t o  t h e  combined e f f e c t  o f  h igher  temperature and h i g h e r  

chromium l e v e l .  

nuc lea ted  l a t e r  o r  a re  no t  growing as r a p i d l y  a t  7.6 x 10'' n/cm 2 as a re  

It a l s o  appears t h a t  t h e  d i s l o c a t i o n  e v o l u t i o n  i s  

The c u r r e n t l y  a v a i l a b l e  t h e o r y  (4'5) does no t  address t h e  p o s s i b i l i t y  

t h a t  t he  e v o l u t i o n  of d i s l o c a t i o n s  i s  s e n s i t i v e  t o  n i c k e l  and chromium 

l e v e l s .  It does address t h e  e f f e c t  o f  m a t r i x  compos i t ion  on v o i d  n u c l e a t i o n  

and t h e  e f f e c t  of  e lemental  segregat ion a t  t h e  sur faces o f  v o i d  embryos. 

P r o p e r t i e s  such as t h e  shear modulus and t h e  l a t t i c e  parameter a re  impor tan t  
determinants of v o i d  b i a s  f a c t o r s  and growth ra tes ,  and have been shown t o  

v a r y  s i g n i f i c a n t l y  w i t h  chromium and n i c k e l  content .  I f  t h e  shear modulus 

a t  t he  vo i d  su r face  increases a few percent  due t o  e lemental  segregat ion , 
i t  has been shown t h a t  t he  v o i d  r e s i s t s  t o  a g r e a t e r  e x t e n t  t h e  acceptance 

o f  i n t e r s t i t i a l s  and begins t o  grow more r a p i d l y .  

modulus a t  vo id- re levan t  temperatures t h a t  i s  needed f o r  t h e  c a l c u l a t i o n  o f  

segregat ion e f f e c t s  on vo i d  b ias .  

O f  course i t  i s  t h e  shear 

Data on t h e  shear modulus of Fe-Ni-Cr a l l o y s  have been pub l i shed  i n  

t h i s  temperature range and can be used t o  t e s t  t h e o r e t i c a l  p r e d i c t i o n s  

a g a i n s t  t h e  observat ions o f  these s tud ies .  

shear modulus increases w i t h  n i c k e l  l e v e l  f o r  Fe-15Cr-Ni a l l o y s  a t  24°C and 

a l s o  i n  t he  range 450-650°C as shown i n  F i g u r e  6. He a l s o  showed, however, 

t h e  t h e  shear modulus o f  Fe-7.5Cr-Ni a l l o y s  i n  t h e  range 20-354; n i c k e l  l o s e s  

i t s  s e n s i t i v i t y  t o  n i c k e l  content  as t he  temperature r i ses ,  as shown i n  

F i g u r e  7. 

Bates(6)  has shown t h a t  t h e  
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In other words there may be no benefit to void growth resulting from 
7.5%. segregation of nickel to void surfaces when the chromium level is 

However, there could be a benefit to void growth when the chromium level is 
15% or greater. 
alloy may be a direct consequence of the compositional and temperature 
dependence of the shear modulus. 

Thus the relative resistance to void growth in Fe-7.5Cr-35Ni 

It is interesting to note that the minimum in swelling observed by 
Johnston and coworkers occurs not just at 35-40% nickel but at very low 
chromium levels,(2) a s  demonstrated in Figure 8. 
nickel to void surfaces is accompanied by a reduction in chromium level 

The segregation of 

in these alloys. ( 5 )  

There are two other observations of interest in these studies. First, 
the swelling is insensitive to the difference in annealing conditions in the 
two experiments (954OC/15 min/AC in AD-1 and 1038"C/1 hr/AC in AA-"11). 
insensitivity is in contrast to that observed in AIS1 316 and reflects the 
lack of solute atoms such as carbon, silicon and molybdenum, as well as the 
sensitivity to annealing conditions of the precipitates that form in the 
presence of these elements. 
in AA-VI1 even though some swelling was present. 
seen for a number of alloys in Table I. 
cation in the absence of second phase formation or prior cold-working? A 
possible e~planation'~) lies in the fact that there is a minimum in dens- 
ity in the Fe-Cr-Ni alloy system which at room temperature occurs at 
60Fe-40Ni. (5 )  Figure 9 shows the non-ideal behavior of density with iron 
and nickel content at zero chromium. 
to the minimum in density it is quite possible that the nickel segregation 
that is known to occur(5) will cause portions of the alloy to have nickel 
contents both greater and less than the value at the minimum. 
of such segregation would be an increase in density. 
partitioning of nickel to cause the observed densification is now in 
progress. 

This 

Second, the E37 specimen was observed to densify 
A similar behavior can be 

What is the origin of this densifi- 

Since the E37 alloy lies very close 

A consequence 
A search for sufficient 
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WT. % Ni 

FIGURE 8. Composit ion Dependence o f  Swe l l i ng  i n  t h e  Fe-Ni-Cr System as 
Determined b y  Johnston and Co r k e r s  Using 5-MeV N i c k e l  Ions 
and Step-Height Measurements. 7? 1 

DENSITY, 
glcm3 

- 
IDEAL DENSITY - 

0.2 - 

0 0.2 0.4 0.6 0.8 1 .o 

MOLE FRACTION IRON 

FIGURE 9. The Dens i t y  o f  Fe-Ni B i n  r y  A l l o y s  a t  23OC, as Publ ished b y  
Tom1 inson and Andrews. ( 7  ;5 
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5.4 Conclusion 

The results of two neutron irradiation experiments agree with the 
conclusions of previous ion irradiations and demonstrate the sensitivity of 
void growth to nickel and chromium levels in Fe-Ni-Cr alloys. 
of nickel to various sinks is invoked to explain both the compositional 
dependence of swelling and a concurrent densification that occurs. The data 
also indicate that the dislocation evolution may be sensitive to composition. 

Segregation 
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