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FOREWORD 

T h i s  r e p o r t  i s  t h e  t h i r t e e n t h  i n  a s e r i e s  o f  Q u a r t e r l y  Techn ica l  
Proqress Repor ts  on Damage A n a l y s i s  and Fundamental S t u d i e s  (DAFS), which 
i s  one element o f  t h e  Fus ion  Reactor  M a t e r i a l s  Program, conducted i n  suppor t  
o f  t h e  Magnet ic Fus ion  Energy Program o f  t h e  U. S. Department of Energy 
(DOE). 
t h r o u g h  8. 

. . Plasma-Mater ia ls  I n t e r a c t i o n  (PMI) . Spec ia l  Purpose M a t e r i a l s  (SPM). 

The DAFS orogram element i s  a n a t i o n a l  e f f o r t  composed o f  c o n t r i b u t i o n s  

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

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

f r o m  a number o f  N a t i o n a l  L a b o r a t o r i e s  and o t h e r  government l a b o r a t o r i e s ,  
u n i v e r s i t i e s ,  and i n d u s t r i a l  l a b o r a t o r i e s .  It was o rgan ized  by t h e  M a t e r i -  
a l s  and R a d i a t i o n  E f f e c t s  Branch, O f f i c e  o f  Fusion Energy, DOE, and a Task 
Group on Damage A n a l y s i s  and Fundamental S t u d i e s ,  which opera tes  under t h e  
auspices o f  t h a t  Branch. The purpose o f  t h i s  s e r i e s  o f  r e p o r t s  i s  t o  p r o-  
v i d e  a work ing  t e c h n i c a l  r e c o r d  o f  t h a t  e f f o r t  f o r  t h e  use o f  t h e  program 
p a r t i c i p a n t s ,  t h e  f u s i o n  energy program i n  genera l ,  and t h e  DOE. 

P lan  o f  t h e  same t i t l e  so t h a t  a c t i v i t i e s  and accomplishments may be 
f o l l o w e d  r e a d i l y ,  r e l a t i v e  t o  t h a t  Program Plan.  Thus, t h e  work o f  a g i v e n  
l a b o r a t o r y  may appear th roughou t  t h e  r e p o r t .  
annotated f o r  t h e  convenience o f  t h e  reader .  

T h i s  r e p o r t  i s  o rgan ized  a long  t o p i c a l  l i n e s  i n  p a r a l l e l  t o  a Program 

The Table  o f  Contents  i s  

T h i s  r e p o r t  has been compi led and e d i t e d  under t h e  guidance o f  t h e  
Chairman o f  t h e  Task Group on Damage A n a l y s i s  a n d  Fundamental S t u d i e s ,  
D. G. Doran, Hanford Eng ineer ing  Development L a b o r a t o r y  (HEDL). H i s  
e f f o r t s ,  those  o f  t h e  s u p p o r t i n g  s t a f f  o f  HEDL, and t h e  many persons who 
made t e c h n i c a l  c o n t r i b u t i o n s  a r e  g r a t e f u l l y  acknowledged. M. M. Cohen, 
M a t e r i a l s  and R a d i a t i o n  E f f e c t s  Branch, i s  t h e  DOE c o u n t e r p a r t  t o  t h e  Task 
Group Chairman and has r e s p o n s i b i l i t y  f o r  t h e  DAFS Program w i t h i n  DOE. 

K l a u s  M. Zw i l sky ,  Chief 
M a t e r i a l s  and R a d i a t i o n  

E f f e c t s  Branch 
O f f i c e  o f  Fus ion  Energy 

iii 





CONTENTS 

Forward 

F igures 

Tables 

CHAPTER 1. IRRADIATION TEST FACILITIES 

1 .  Rota t i ng  Target  Neutron Source (RTNS)-I1 Operat ions (LLNL) 

I r a d i a t i o n s  were performed f o r  e ight  d i f f e ren t  experimenters 

from f i v e  d i f f e ren t  laboratories. These include f i v e  "piggy- 
back" experiments. 

during t h i s  period. 

No major unscheduled outages occurred 

3 

2. Fusion Ma te r i a l s  I r r a d i a t i o n  Test  (FMIT) F a c i l i t y  (HEDL) 5 

Evalwt ion  of deuteron-induced act ivat ion o f  goZd and a l m i n m  

was done and residual doses were calculated. 

CHAPTER 2. DOSIMETRY AND DAMAGE PARAMETERS 

1. Dosimetry Resul ts  f o r  t he  ORR-MFE2 Experiment (ANL) 

Dosimetry r e s u l t s  are presented f o r  the ORR-MFE2 irradiat ion.  

There uppears t o  be no spectral s h i f t  from our more complete 
spectral measurement a t  low power i n  January 1979. The m a x i -  

m m  ftuence (Level 4 )  was 1.75 x n/em2. 

2. Hel ium Generation Cross Sect ions f o r  Fas t  Neutrons (RIES) 

Total h e l i m  generation cross sections have been determined 
for Mo, Zr, V ,  and the seven separated isotopes of  Mo i n  the 
14.8-MeV RTNS-I neutron spectrwn, ad a l l  h e l i m  analyses 
have been completed f o r  the h e l i m  acmrmulatwn dosimetry 

materials irradiated i n  t ke  RTNS-II neutron characterization 
experiment. 

13 

19 

V 



CONTENTS (Cont 'd )  

3. I n t e r n a t i o n a l  Comparison o f  Dosimetry Cross Sect ions (REAL-80) 
(ANL) 24 

The progress of the international REAL-80 Project t o  compare 
dos imetq  data and techniques i s  discussed. 
sect ion comparisons with W. L .  Z i j p  (ECN, Pet ten)  have re- 
vealed some minor errors in our multigroup processing code, 

which have rww been corrected. 

Detailed cross 

4. Displacement Damage Ca lcu la t ions  (ANL) 

Displacement cross sections are now being revised f o r  25 

elements of i n t e res t  t o  the fus ion  materials program. 
cross sections are derived f r o m  ENDF/B-V. 

( n , y i  capture has been developed and beta-decay e f f e c t s  are 
also being included. 

A l l  

A new model fo r  

29 

5.  S p e c i f i e d - P r o j e c t i l e  Displacement Funct ion Resul ts  f o r  MqO, 38 

2 - 3  A1 0 and TaO (LANL) 
Analysis of displacement cascades i n  MgO, A 1 2 0 3  and !?a0 i s  
reported using data obtained with the speci f ied-project i le  

displucement function. 
co l l i s ion  events that  p r o h c e  displacements. 
show that the importance of spec i f i c  col l is ion-pairs  i n  
producing displacements i s  a funct ion of i n i t i a l  PKA energy 

and mass ra t io .  

This funct ion describes the spec i f i e  
The resu l t s  

6. Damage Parameter Ca lcu la t ions  (HEDL) 

A n  examination w a s  made of potent ial  sel f- shielding correc- 
t ions  t o  calculated displacement rates  for  specimens irradia- 
ted i n  FFTF. Monte Carlo ca lcula twns  show tha t  f o r  5-em Fe 

spheres the volume averaged displacement rates  w i l i  be about 

15% lower than inferred from a knowledge of the surface f l m  
and data from small samples. 

44 

v i  



CONTENTS (Cont'd) 

7. 

a. 

9. 

CHAPTER 

1 .  

A Comparison o f  Simulated and Experimental Cascade 
-Au - ( H E D L )  
The average areas of simulated and observed cascades i n  
ordered & ~ A u  irradiated with Cuf ions agree well when 
the th in  foil thickness required for  the observation i s  

taken i n to  accomt.  

52 

Microstructural Analysis of Specimens Irradiated in RTNS-I1 
(HEDL) 

60 

Additional examinations of the copper-alloy ser ies  irradiated 
i n  RTNS-11 a t  25'C c o n f i n  the va l id i t y  of conclusions drawn 
in previous studies of point defec t  production and clustering.  

Prediction o f  the Change i n  the Offset  Yield Strength o f  

Copper Due t o  High Energy Neutron I r radia t ion  Using Vickers 
Microhardness Data ( H E D L )  
f i e  re la t i ve  increase i n  the  Vickers hardness o f  copper ir- 
radiated t o  1 x 
t ional  t o  the increase i n  the 0.2% o f f s e t  y ie ld  strength of 

copper. 

65 

n/cm2 ( E  4 4  MeV) i s  d irect ly  propor- 

3.  FUNDAMENTAL MECHANICAL BEHAVIOR 

Irradiat ion Creep Transient i n  Ni-4 a t .  % Si (ANL)  
Creep rate  transients  i n  Ni-4 u t .  % S i  associated with the 

i n i t i a t i o n  and termination of 21 MeV deuteron irradiation a t  
35OoC were analyzed. A short term transient  observed a t  the 

end of irradiation appears t o  be a r e su l t  o f  surplus vacancy 
f lux  t o  dislocations whereas other transients  lJith longer 

durations may have resulted from a c h q e  i n  disloeatiou, 
structure . 

77 

vi i 



CONTENTS (Cont'd) 

2. Creep Fracture Mechanism i n  Unirradiated and  I r rad ia ted  89 
S ta in l e s s  S tee ls  (UCSB) 
A revised creep fracture map f o r  solut ion annealed 316 s tain-  

l e s s  s t ee l  was developed t o  include the e f f e c t  of creep con- 
tro l led  cavity growth. Further, a new model of creep rupture 

for helium embritt led s ta in less  s t e e l s  was compared to data 
on a T i  modified 316. 

construct a map f o r  the embritt led s ta in less  s t e e l s .  

This "calibrated" model was used t o  

3.  Radiation Enhanced Segregation t o  Grain Boundaries (PNL) 
Radiation induced surface segregation of phosphorus was found 
i n  both 316 type s ta in less  s t e e l  and in Nimonic PE16 irradiated 
wi th  5 MeV Ni" ions. Segregation and depletion of the other 

alloying elements i n  316 s ta in less  s t e e l  agreed with that  re-  
ported by  other invest igators .  

hanced or induced segregation was observed i n  the f e r r i t i c  
HT-9 or Ti-GA1-4V al loy .  

No s igni f icant  radiation en- 

114 

CHAPTER 4.  CORRELATION METHODOLOGY 

1 .  Dual-Ion I r rad ia t ions  o f  316 S ta in l e s s  Steel (W-ARD) 121 
Analytical e lectron microscopy of acicular precipi tates  i n  dual 
i on  bombarded SA 316 SS shows them t o  be rich i n  N i ,  S i  cmd P. 

The resu l t s  are i n  qual i ta t ive  agreement with acicular precipi-  

t a t e  compositions i n  aus teni t ic  s ta in less  s t e e l s  a f t e r  long 
term aging or f i s s i o n  reactor irradiat ion.  

homogeneity i n  T i  concentration i n  SA 316 from the MFE heat 

has been observed. 
than one prec ip i ta te  morphology and do not experience r a p i d  
anomotous cavi ty  growth. 

Parametric s tudies  of the  dependence of c r i t i c a l  cavi ty  s i z e  

An unexpected in-  

Regions with high T i  content exhib i t  more 

v i i i  



CONTENTS (Cont'd) 

on the  magnitude and temperature dependewe of surface energy 

and V a n  der Waals exclusion volwne are reported. 

onstrated that  h r g e  variations i n  these parameters have only 
a minimal e f f e c t  a t  temperatures below %65O0C. 

& 

I t  i s  dem- 

2 .  The  Influence o f  Microchemical E v o l u t i o n  on the Swelling 
o f  AISI 316 and I t s  Dependence on Stress, Temperature and 
Heat Treatment (ANL-W, H E D L )  
Extraction and analysis of prec ip i ta tes  i n  irradiated AIS I  

141 

316 shows that  the  microchemical evolution i s  sens i t ive  t o  
some variables but  not others. There i s  an acceleration 
with applied s t r e s s  of the radiation-indueed nickel  removal 

process a t  55OOC but  not a t  400'C. 

behavior can be correlated wi th  the amount of nickel removal 

from the al loy matrix. 
s i t i v i t y  o f  the leveZ of precipi tat ion t o  neutron f lux  and/or 
time i n  reactor. 

!The re la t i ve  sailing 

A t  400aC there appears t o  be a sen- 

3. The Microchemical Evolution of I r radiated Stainless Steel ( H E D L )  152 
The pree ip i ta tes  that  develop during irradiat ion play the 

dominant role i n  the response of 300 ser i e s  s ta in less  s t e e l  
aZZoys. This roZe is expressed p r i m a r i l y  i n  a Large change 
i n  matrix composition that  may s igni f icant ly  a l t e r  the d i f -  

fusional properties of point  defects  and the i r  ra te  of ac- 
ceptance a t  dislocations and voids. 

part icipants  are carbon, nickel  and s i l icon .  Much of the 
var iab i l i t y  i n  the swelling of 316 s ta in le s s  s t e e l  can be 

at tr ibuted t o  the s e n s i t i v i t y  of the  behavior of carbon and 
of radiation-stable precipi tates  t o  a w i d e  range of materials 

and environmental parameters. 

!The major elemental 

ix  



CONTENTS (Cont'd) 

4.  S t a b i l i t y  of the  Radiation-Induced y '  Phase i n  316 Sta in less  187 
~teel  ( H E D L )  
The y '  phase observed i n  A I S I  316 i s  only stable during irradia-  
t ion;  hence it i s  expected t o  exhib i t  a s e n s i t i v i t y  t o  displace- 
ment rate .  
i t s  formation i n  a mmner which suggests that  the dissolut ion 
rate  i s  sens i t ive  t o  the precipi tate  radius. 

I t  dissolves during annea2ing a t  the temperature of 

5. Extrapolation of Stress-Affected Swelling Models In to  Compres- 198 
sive and Cyclic S t r e s s  S t a t e s  (HEDL) 
Recent data confirm the existence o f  both microstructural2y- 
based and microchemicalZy-based mechanisms ofs tress-enhmced 
sweZZing. The Zatter mechanism i s  anticipated t o  respond t o  
compressive or cyc l i c  s t resses  i n  a d i f f e ren t  manner from the 
former mechanism, on which the current s t ress  e f f e c t  correla- 

t i o n  i s  based. 

6 .  A Kinetic Model for Helium Bombardment of T h i n  Foils (U.Va.) 21 9 
A k ine t i c  mode2 has been developed t o  study the growth o f  

bubbles i n  th in  specimens of s ta in le s s  s t e e l  irradiated by 
h e l i m  ions.  
vacancies i n  c lus ters  decreased with increasing temperature, 

uhi le  vacmey c2ustering was enhanced by helium a t  a l l  tem- 
peratures. The lack of swelling a t  low temperatures i s  not 
caused by thermal recombination of i n t e r s t i t i a l s  with vacan- 
c i e s  but  rather b y  the deereased de fec t  production ra te  as- 
sociated with a high vacancy concentration. 

It was found tha t  the  r a t i o  of helium ions t o  

7. Effects of Near Surface Damage and Helium on the Performance 222 
of the First Wall (MIT) 
Neutron i rradia t ion  of a 316 SS pressurized tube specimen with 
simuZtaneous ion  bmnbarhent and s t re s s  m d  temperature cycZing 

x 



CONTENTS (Cont'd) 

was completed. 
sample from an ear l i e r  experiment were sectioned and analyzed 
b y  optical microscopy and SEM. The outer surface of the im- 
bombarded sample i s  more heavily cracked than that  of the neu- 
tron bombarded specimen and there i s  preliminary evidence of 

surfaee damage from helium recoi l s  on the  specimen inner surfaces.  

This sonpte and a similar but  non-ion-bombarded 

8. S ta tus  o f  OWR and RTNS-I1 I r r ad ia t ion  Programs (HEDL) 231 
HEDL-IO, the f i r s t  DAFS irradiat ion i n  the OWR thermal reactor 
f a c i l i t y  a t  LANL, was completed on schedule. HEDL-VR, an on- 
going irradiat ion experiment a t  the  RTNS-11 f a c i l i t y  a t  LLNL, 

was re in i t ia t ed  during t h i s  reporting period and i s  expected 
t o  a t t a i n  a peak dose of 2 . 5  x lo1' n/cm2, E '1.14 MeV, a t  90 

and 290OC during the next reporting period. 

9. ORR I r rad ia t ion  of the MFE-I1 Experiment (HEDL) 233 
Specimens of f i v e  al loys were irradiated i n  the ORR MFE- 11 t e s t  

and sent t o  HEDL for d i s t r ibu t ion  t o  other DAFS invest igators  
or for e m i n a t i o n .  This experiment invest igated the e f f e c t  of 

helium concentration, i n i t i a l  helium d i s t r ibu t ion  and material 

s tar t ing  condition on the swelling and microstructural develop- 
m e n t  in the  materials. The specimens have been sorted, inter-  

ested invest igators  have been no t i f i ed  and a selected number of  

specimens have been scheduled for innnersion densi ty ,  e lectron 
microscopy and microhardness measurements a t  HEDL. 

x i  



CHAPTER 1 

2. Fusion Ma te r i a l s  I r r a d i a t i o n  Test  (FNIT) F a c i l i t y  (HEDL) 

FIGURE 1. Dose A f t e r  20-Year Bombardment Time. (35 MeV 

FIGURE 2. Dose A f t e r  20-Year Bombardment Time. (35 MeV 

Deuterons on Thick Gold).  

Deuterons on Thick Aluminum). 

9 

10 

CHAPTER 2 

4. Displacement Damage Ca lcu la t ions  (ANL) 

FIGURE 1. Schematic o f  the (n,y) Reaction With t he  Emission 31 
o f  Three Gamma Rays. 

Where the  Primary y-Energy i s  70% o f  t he  Neutron 
Binding Energy ( i n  2 8 A 1 )  and the  Energy o f  t he  
Second y-Ray i s  30% o f  t he  Neutron Binding Energy. 

Recoi l  Energy Spectrum From 28A1 B-Decay t o  2 8 S i .  

FIGURE 2. Recoi l  Energy Spectrum f o r  a Two Step y-Ray Cascade 33 

FIGURE 3. 36 

5. S p e c i f i e d - P r o j e c t i l e  Displacement Funct ion Resul ts  f o r  MgO, 
A1203 and TaO (LANL) 

FIGURE 1. 

FIGURE 2. 

FIGURE 3. 

FIGURE 4. 

FIGURE 5. 

FIGURE 6. 

Values o f  R l i j  f o r  MgO (62,62,62,62). 

Values o f  R 2 i j  f o r  MgO (62,62,62,62). 

Values o f  R l i j  f o r  A1203 (18,45,45,72). 

Values o f  R 2 i j  f o r  A l 2 O 3  (18,45,45,72). 

Values o f  R l i j  f o r  TaO (60,60,60,60). 

Values o f  R 2 i j  f o r  TaO (60,60,60,60). 

41 

41 

42 

42 

43 

43 

7. A Comparison o f  Simulated and Experimental Cascade Dimensions 
i n  Cu3Au (HEDL) 

FIGURE 1. Dens i ty  P r o f i l e  f o r  P o i n t  Defects P ro jec ted  Normal 57 

FIGURE 2 .  __  Average Diameter and Average Maximum Dimension 58 

t o  t he  PKA D i r e c t i o n  f o r  a 50-keV Cu PKA i n  Ordered 
Cu3Au. 

Omax as a Funct ion o f  Energy. 

x i  i 



FIGURES (Cont'd) 

- 
FIGURE 3. D and h a x  as a Func t ion  of Energy, Where the 

Simulation Has Been Adjusted t o  Correspond t o  
a 30-nm Film Thickness. 

& 
59 

8. Microstructural Analysis of Specimens Irradiated i n  RNTS-I1 
(HEDL)  

FIGURE 1.  Weak Beam Dark Field Imaging of Defect Clusters 
Formed i n  Copper Irradiated a t  25OC t o  7.6 x 10l6  
n/cm2 ( E  = 14 MeV). 

62 

9. Prediction of the Change in the Offset  Yield Strength of 
Copper Due t o  High  Energ Neutron Irradiat ion Using Vickers 

FIGURE 1 .  Original Attempt t o  Correlate Measured Strength- 67 

Microhardness Data (HEDL 7 
ening and Calculated Strengthening Based on Hard- 
ness Data fo r  Irradiated Copper. 

FIGURE 2. Correlation Between Measured St rengthen ing  and 70 
Calculated Strengthening Based on Hardness Data 
for Irradiated Copper. 

Curve a ,  Unirradiated Copper; Curve b, Sl ight ly  
Irradiated Copper; Curve c ,  Highly Irradiated 
Copper. 

FIGURE 3. Typical Schematic Stress-Strain Curves fo r  Copper; 73 

CHAPTER 3 

1.  I r radia t ion  Creep Transient i n  Ni-4 a t .  % Si (ANL)  

FIGURE 1 .  

FIGURE 2. 

FIGURE 3. 

Creep Curves Showing the Last Portion of Irradia-  a4 
t i o n  Creep Experiments and the I n i t i a l  Portion of 
Post irradiat ion Thermal Creep Tests. 

t r ibut ions  During I r radia t ion  Creep and Thermal 
Creep Experiments. 

The Magnitude o f  the Rapid S t ra in  Increase Observed 
When the Specimen Temperature was Increased t a  35OOC 
by Turning on the Resistance Heat ing After the Beam 
was Aligned. 

Schematic Representations of the Temperature Dis- a5 

86 

x i i i  



2. 

3. 

FIGURES (Con t ' d )  
& 

FIGURE 4. S t ress  Dependencies o f  t h e  Observed S t r a i n  Assoc ia ted  87 
Wi th  t he  Short-(AyS) and Long-(by ) Term T r a n s i e n t s  

p e r a t u r e  D i s t r i b u t i o n  Change (ay;) When t h e  Beam was 
Turned O f f .  

as Well as t he  C a l c u l a t e d  S t r a i n  k hange Due t o  Tem- 

FIGURE 5. Time Dependencies o f  Creep T r a n s i e n t  Caused by 
Surp lus  Vacancy F l u x  f o r  Two D i f f e r e n t  Vacancy 
D i  f f u s i  v i  t i e s .  

88 

Creep F r a c t u r e  Mechanism i n  U n i r r a d i a t e d  and I r r a d i a t e d  S t a i n -  
l e s s  S t e e l s  (UCSB) 

FIGURE 1.  

FIGURE 2. 

FIGURE 3. 

FIGURE 4. 

FIGURE 5. 

F I G U R E  6. 

A Creep F r a c t u r e  Map f o r  S o l u t i o n  Annealed 316 100 
S t a i n l e s s  S tee l  Having Gra in  S i ze  o f  50 m 
Developed E a r l i e r .  

316 S t a i n l e s s  S t e e l  Wi th  G ra in  S i z e  50 wn T r e a t i n g  
Creep C o n t r o l l e d  C a v i t y  Growth. 

Comparison o f  t h e  Exper imenta l  Creep Rupture Data 104 
and t h e  Model P r e d i c t i o n s  f o r  So lu t i on -Annea led  
316 S t a i n l e s s  S t e e l .  

Schematic I l l u s t r a t i o n  o f  S i ze  D i s t r i b u t i o n s  of  106 
Hel ium Bubbles and t he  F r a c t i o n  Which Forms Creep 
Cavi t i e s .  

C o r r e l a t i o n  o f  Model P r e d i c t i o n s  and P o s t i r r a d i a t i o n  108 
and Hel ium I n j e c t e d  Creep Rupture Data f o r  a T i t a n i u m -  
S t a b i l i z e d  S t a i n l e s s  S t e e l .  

Revised Creep F r a c t u r e  Map f o r  S o l u t i o n  Annealed 101 

M o d i f i c a t i o n  o f  t h e  Creep F r a c t u r e  Map Given i n  
F i g u r e  2 by Cons ider ing  an Exponent ia l  D i s t r i b u -  
t i o n  o f  C a v i t i e s .  

110 

R a d i a t i o n  Enhanced Segrega t ion  t o  G r a i n  Boundar ies (PNL) 

FIGURE 1.  AES S p u t t e r  P r o f i l e s  o f  S i  and Mo Type 316 S t a i n -  
l e s s  S t e e l ,  Ion Bombarded a t  500°C. 

AES S p u t t e r  P r o f i l e s  o f  P and Mo i n  PE-16, I o n  
Bombarded a t  550°C. 

116 

FIGURE 2. 117 

x i  v 



FIGURES (Cont 'd)  

CHAPTER 4 

1. Dual- Ion I r r a d i a t i o n s  o f  316 S ta in less  Steel  (W-ARD) 

FIGURE 1 .  

FIGURE 2. 

FIGURE 3. 

FIGURE 4. 

FIGURE 5. 

FIGURE 6. 

FIGURE 7. 

FIGURE 8. 

FIGURE 9. 

STEM Micrographs Obtained f rom SA 316 SS Dua l l y  
Bombarded With 0''' and Helium a t  600°C t o  %4 
dpa and 83 appm He. 

EDS Analyses. 

TEM Micrographs o f  an SA 316 SS Specimen Dua l l y  
Bombarded With 0+4 and Helium, Showing P r e c i p i -  
t a t e s  and Bubbles ( ~ 4  dpa, 83 appm He a t  600'C). 

V a r i a t i o n  o f  the Maximum E q u i l i b r i u m  Bubble Size, 
Dc, With Temperature and Surface Energy, y. 

V a r i a t i o n  o f  t h e  Maximum E q u i l i b r i u m  Bubble Size, 
Dc, Wi th  Temperature and Surface Energy, y. 

V a r i a t i o n  o f  the Maximum E q u i l i b r i u m  Bubble Size, 
Dc, With Temperature and B ' ,  t he  Van de Waals 
Constant. 

Cav i t y  S ize Histograms f o r  Aged 316 SS Specimens 
Dua l l y  Bombarded With 28 MeV S i f 6  and 5 2 MeV He 
Ions a t  (a )  650 and (b )  700OC. 

V a r i a t i o n  o f  t h e  Maximum E q u i l i b r i u m  Bubble Size, 
Dc, With Temperature f o r  SA 316 SS. 

V a r i a t i o n  o f  the Maximum E q u i l i b r i u m  Bubble Size, 
Dc, With Temperature f o r  20% CW 316 S S .  

2. The In f luence  o f  Microchemical Evo lu t i on  on the Swe l l i ng  o f  
A I S I  316 and I t s  Dependence on Stress, Temperature and Heat 
Treatment (ANL-W, HEDL) 

FIGURE 1. N icke l  Content o f  Ex t rac ted  P r e c i p i t a t e s  Formed 
a t  400°C i n  10 and 20% Cold-Worked A I S I  316. 

FIGURE 2. Amount o f  P r e c i p i t a t e s  Corresponding t o  Each 20% 
Cold-Worked Datum o f  F igure 1. 

FIGURE 3. Comparison o f  N icke l  Content o f  P r e c i p i t a t e s  i n  
Heat-Treat  D and Cold-Worked A I S I  316 a t  400°C. 

132 

133 

134 

135 

136 

137 

138 

139 

140 

147 

147 

148 

xv 



FIGURES (Cont 'd)  

FIGURE 4. Comparison of Nickel Segregation Behavior i n  Heat- 148 
Treat  D a t  400 and  550°C. 

FIGURE 5. Effect  of S t ress  on Nickel Segregation I n t o  Pre- 149 
c ip i ta tes  i n  10% Cold-Worked AISI 316 a t  550OC. 

FIGURE 6 .  Comparison of Nickel Segregation Behavior of 149 
Annealed and 20% Cold-Worked AISI 316 a t  550°C. 

3. The Microchemical Evolution of I r rad ia ted  Sta in less  Steel ( H E D L )  

FIGURE 1. Measurements of Extracted Prec ip i ta tes  and Their 156 
Nickel Content f o r  Both 20% Cold-Worked and Aged 
( 2 4  hr a t  482"C, a i r  quenched, 216 hr a t  704"C, 
a i r  quenched) A I S I  316 After I r r ad ia t ion  a t  550°C. 

FIGURE 2 .  Measurement of  the Nickel Concentration of Precipi-  157 
t a t e s  Extracted From I r rad ia ted  Annealed AISI 304L. 

FIGURE 3. Correlated Development of  Voids and y' Prec ip i ta tes  158 
(shown i n  dark f i e l d )  Observed i n  Cladding of  the  
PNL-11-9R Fuel P i n .  

FIGURE 4. Formation of y' on the  Edge of FrankLoopsinSil icon- 161 
Modified AISI 316 I r rad ia ted  i n  EBR-I1 a t  482°C. 

F I G U R E  5. Schematic Representation of the  Correlation Observed 163 
Between Swelling Versus the  Original Alloy Nickel 
Content and Swelling Versus the Average Instantan-  
eous Nickel Content i n  the  Matrix of AISI 316. 

FIGURE 6. Distr ibut ion of  Nickel Content i n  Many Small Matrix 164 
Locations i n  I r rad ia ted  AISI 316 Specimens I r rad ia-  
ted a t  650°C t o  a Fluence of 1.0 x l o z 3  n/cm2 ( E  > 
0.1 MeV). 

FIGURE 7 .  Schematic Representations of the Dual Role of 165 
Si l icon i n  Void Swelling of AISI 316. 

a t  Many Areas i n  20% Cold-Worked AISI 316 I r rad ia ted  
a t  650°C to  a Fluence o f  1.0  x l o z 3  n/cm2 ( E  >0.1 MeV). 

FIGURE 8. Sirnul taneous Determinations of Elemental Compositions 166 

FIGURE 9. Effec t  of Carbon Content on the Swelling o f  Four i 67 
British 316 Sta in less  S tee ls  I r rad ia ted  a t  425OC. 

xvi 



FIGURES ( C o n t ' d )  

FIGURE 10. 

FIGURE 11. 

FIGURE 1 2 .  

FIGURE 13. 

FIGURE 14.  

FIGURE 15. 

FIGURE 16. 

FIGURE 17.  

FIGURE 18. 

FIGURE 19. 

FIGURE 20. 

FIGURE 21. 

Carbon Increases Swelling of AISI 316 in Various 
S ta r t ing  Conditions a t  High Temperature and 
F1 uence. 

Relative Measurements of Extracted Precipi ta tes  and 
Their Nickel Content in Annealed 316 Fuel Pin Cladding. 

Diameter Measurements From a Fuel Pin Clad With 171 
Titanium-Stabilized 20% CW 316 Sta in less  Steel and 
From a Fuel P i n  Clad With T-Lot 20% CW S ta in less  
S tee l .  

Similar Influence of Carbon Content and Cold Work on 173 
Swelling of AISI 316. 

168 

169 

( a )  Effect  of Cold Work on Swelling of Type 316 
S ta in less  Steel a t  High Fluences. ( b )  Root Mean 
Stra in  as a Function o f  the Degree of Cold Work 
and Aging f o r  Type 316 S ta in less  S tee l .  

174 

Schematic I l l u s t r a t i o n  of Deformation Prof i les  
Observed in AISI 316 Fuel Pins I r radia ted  in  a 
Typical Fast Reactor. 

Diameter Change Data f o r  5% Cold-Worked AISI 
316 Suggesting That the  Swelling i s  Sensi t ive t o  
Displacement Rate and Time i n  Reactor as Well as  
the Total Number of Displacements. 

175 

176 

Flux-Dependent Swelling Behavior Observed in  177 
I r radia t ion  of French Sol ution-Annealed Cladding 
and Col d-Worked 316L Ducts. 

Typical Temperature His tor ies  o f  20% CW AISI 316 
Specimens Subjected t o  Gradual Temperature Reduc- 
t ion Dur ing  I r rad ia t ion .  

Enhancement o f  Swelling by Gradual Temperature 
Reductions During Neutron I r rad ia t ion  of 20% Cold- 
Worked AISI 316. 

Comparison of Average Creep Coefficients  of 20% CW 
AISI 316 Obtained in  Response t o  Isothermal and 
Gradually Declining I r rad ia t ion  Temperatures. 

Stress-Enhanced Density Changes Observed in 20% Cold- 
Worked AISI 316. 

178 

178 

179 

180 

xvi i 



FIGURES ( C o n t ' d )  

4. S t a b i l i t y  o f  t he  Rad ia t ion- Induced  y' Phase i n  316 S t a i n l e s s  
S t e e l  (HEOL) 

FIGURE 1. Four Low-Order D i f f r a c t i o n  Pa t t e rns  o f  t h e  Same 
Gra in  Which Demonstrates Tha t  Y' i s  Produced i n  

190 

20% C W  316 S t a i n l e s s  S t e e l  (Heat  87210) I r r a d i a t e d  
a t  475°C t o  1.0 x n/cm2 (E >0.1 MeV). 

FIGURE 2. Micrographs Showing y '  M i c r o s t r u c t u r e  o f  Specimen 192 
AN P r i o r  t o  Annea l ing  and A f t e r  Anneal ing f o r  1000 
Hours a t  475°C. 

FIGURE 3. Voids and y' P r e c i p i t a t e s  Observed i n  Specimen C-71 193 
A f t e r  Annea l ing  f o r  500 Hours a t  483°C. 

FIGURE 4. Temperature and Fluence Regime i n  Which y '  Phase 195 
Has Been Observed i n  N - l o t  and a S i m i l a r  S t e e l .  

5 .  E x t r a p o l a t i o n  o f  S t r e s s - A f f e c t e d  S w e l l i n g  Models I n t o  Compres- 
s i v e  and C y c l i c  S t ress  S ta tes  (HEDL) 

FIGURE 1.  ( a )  P r e v i o u s l y  Pub l i shed  Data on S t r e s s - A f f e c t e d  201 
S w e l l i n g  o f  Long Tubes; ( b )  A d d i t i o n a l  New S w e l l i n g  
D a t a  at. 270 MPa and Lower Fluence Compared t o  Data a t  
293 MPa and H igher  F luence.  

FIGURE 2. Pos t - I ncuba t i on  S w e l l i n g  o f  Two D i f f e r e n t  Annealed 202 
304L S t e e l s  Observed by F l i n n  and Coworkers.(3) 

F I G U R E  3. Subsequent S w e l l i n g  Behav io r  o f  Specimens Shown 203 
i n  F igu re  2. 

Khera, Schwaiger and U l l m a i e r  i n  "pure"  
A I S I  316 Dur ing  Deuteron Bombardment. 

FIGURE 4. S t r e s s - A f f e c t e d  S w e l l i n g  Behav ior  Observed by  204 

F I G U R E  5. D e t a i l s  o f  Vo id  S i ze  D i s t r i b u t i o n  f o r  M a t e r i a l s  205 
Shown i n  F i g u r e  4. 

S w e l l i n g  a t  High Temperature o f  A I S I  316 i n  t h e  20% 
Cold-Worked C o n d i t i o n  i s  S e n s i t i v e  t o  t he  S t ress  
Leve l  and Cons is ts  o f  C o n t r i b u t i o n s  From Both Voidage 
and Phase Changes. 

Thermal Aging a t  700OC. 

F IGURE 6. 206 

FIGURE 7. " S w e l l i n g "  o f  20% Cold-Worked A I S I  316 Tubes Upon 206 

x v i  ii 



FIGURES (Cont 'd)  

FIGURE 8. L i g h t  Micrograph Showing Cross Sect ion o f  Tube 209 
Wall From Specimen AR7, I r r a d i a t e d  a t  Zero St ress.  

Wall From Specimen AR2, I r r a d i a t e d  a t  6.9 MPa 
Hydros ta t i c  St ress.  

FIGURE 9. L i g h t  Micrograph Showing Cross Sect ion o f  Tube 210 

FIGURE 

FIGURE 

0. Trac ing o f  Those Features o f  F igu re  8 and 9 That 21 1 
Represent I n t e r m e t a l l i c  P r e c i p i t a t e s .  

by I n t e r m e t a l l i c  Phases i n  t h e  Sect ions Shown i n  
F igure 10. 

1. Comparison o f  Measured Frac t ions  o f  Area Occupied 21 3 

FIGURE 1 2 .  The Dependence o f  Mean S ize  o f  I n t e r m e t a l l i c  214 
P r e c i p i t a t e s  on P o s i t i o n  W i t h i n  the  Tube Walls. 

Two Heats o f  20% Cold-Worked A I S 1  316 Dur ing 
Thermal Aging. 

FIGURE 13. Second-Phase P r e c i p i t a t i o n  Observed by Hales i n  21 5 

7.  E f f e c t s  o f  Near Surface Damage and Helium on the  Performance 
o f  the F i r s t  Wall (MIT)  

FIGURE 1. 

FIGURE 2. 

FIGURE 3. 

FIGURE 4. 

FIGURE 5. 

SS 316 Pressure Capsule. 227 

SEM Micrographs o f  SS 316 Pressur ized Tube 228 
Specimen - Neutron I r r a d i a t e d ,  Ion Bombarded 
and Stress and Temperature Cycled. 

SEM Micrographs o f  Boron Vapor Deposited ( a t  500°C) 
on T i tan ium Subst ra te  (Un i r r ad ia ted ) .  

SEM Micrographs o f  19.8% l o B  Vapor Deposited ( a t  
500°C) on T i tan ium Subst ra te  - Neutron I r r a d i a t e d  
and Temperature Cycled. 

SEM Micrographs o f  92% l o g  Vapor Deposi ted ( a t  
500OC) on T i tan ium Subst ra te  - Neutron I r r a d i a t e d  
and Temperature Cycled. 

229 

229 

230 

x i x  



TABLES 

CHAPTER 2 

i. Dosimetry Resu l t s  f o r  t h e  ORR-MFE2 Exper iment  (ANL) 

TABLE 1. S t a t u s  o f  Reactor  Exper iments 

TABLE 2. Mean Reac t i on  Rates f o r  ORR-MFE2 

TABLE 3. F luence f o r  ORR-MFE2 

14 

16 

1 7  

2. He l i um Genera t ion  Cross Sec t i ons  f o r  F a s t  Neutrons (RIES) 

TABLE 1. P r e l i m i n a r y  T o t a l  He l ium Genera t ion  Cross Sec t i ons  21 
f o r  %14.8 MeV Neutrons 

3. I n t e r n a t i o n a l  Comparison o f  Dosimetry Cross Sec t i ons  (REAL-80) 
(ANL) 

TABLE 1. Comparison o f  ORR Spec t ra  - Averaged Cross Sec t i ons  
(BARNS) 

27 

6. Damage Parameter C a l c u l a t i o n s  (HEDL) 

TABLE 1. M u l t i g r o u p  C o r r e c t i o n  Fac to rs  f o r  Fe Spheres f o r  

TABLE 2. R e l a t i v e  Kerma Reac t i on  Rate as a Func t i on  o f  

r = 5.0 cm 

Radius f o r  an FFTF Core Spectrum 

50 

51 

8. M i c r o s t r u c t u r a l  A n a l y s i s  o f  Specimens I r r a d i a t e d  i n  RTNS-I1 
(HEDL) 

TABLE 1 .  Mic roscopy  Data -. RTNS-I1 Copper B i n a r y  Se r i es  62 

TABLE 2. N i c k e l  S e r i e s  Specimens 64 

C .  P r e d i c t i o n  o f  t h e  Change i n  t h e  O f f s e t  Y i e l d  S t r e n g t h  o f  Copper 
Due t o  H igh  Energy Neut ron  I r r a d i a t i o n  Us ing  V i c k e r s  M ic ro -  
hardness Data (HEDL) 

TABLE 1. Copper S t reng then ing  Data 69 

xx  



TABLES (Cont 'd)  

CHAPTER 3 

2. Creep Fracture  Mechanims i n  Un i r r ad ia ted  and I r r a d i a t e d  S ta i n -  
l ess  Stee ls  (UCSB) 

TABLE 1. High Temperature Deformation Mechanisms 

TABLE 2. High Temperature Fracture  Mechanisms 

TABLE 3. Parameters Used i n  the  Const ruc t ion of Creep 
Frac tu re  Map 

3. Rad ia t ion  Enhanced Segregation t o  Gra in  Boundaries (PNL) 

Phosphorus Concentrat ion i n  316 S ta i n l ess  Stee l  
a t  Various Depths from Surface. 

TABLE 1. 

CHAPTER 4 

1. Dual- Ion I r r a d i a t i o n s  o f  316 S ta i n l ess  S tee l  (W-ARD) 

TABLE 1. Maximum E q u i l i b r i u m  Bubble Sizes i n  Aged 316 SS 
Calcu la ted With B '  = 16.4 x cm3/atom 

TABLE 2. Maximum E q u i l i b r i u m  Bubble Sizes i n  Aged 316 SS 
Ca lcu la ted  With y = 2750 ergs/cm2 a t  750°C 

96 

97 

99 

116 

130 

131 

2. The In f luence  o f  Microchemical Evo lu t i on  on the  Swe l l i ng  o f  
AISI 316 and I t s  Dependence on Stress, Temperature and Heat 
Treatment (ANL-W, HEDL) 

TABLE 1. P r e c i p i t a t i o n  i n  2D'% Cold-Worked A I S I  316 a t  4OOOC 150 

5. Ex t r apo la t i on  o f  S t ress- Af fec ted  Swe l l i ng  Models I n t o  Compres- 
s i v e  and C y c l i c  Stress Sta tes (HEDL) 

TABLE 1. Composition o f  304L Cladding and Capsule Tubing 

7. E f f e c t s  o f  Near Surface Damage and Helium on the  Performance o f  
the F i r s t  Wall (MIT)  

TABLE 1. Boron F i l m  I r r a d i a t i o n  Data 

202 

227 

x x i  



TABLES (Cont'd) 

9. ORR Irradiation of the MFE-I1 Experiment (HEDL) 

TABLE 1. Summary of Specimens Identified After Irradiation 235 
in the ORR MFE-I1 Experiment 

xxii 



CHAPTER 1 

IRRADIATION TEST FACILITIES 

1 





I .  

11. 

PROGKAM 

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

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

A f f i l i a t i o n :  Lawrence L ivermore  N a t i o n a l  Labora to ry  

OBJECTIVE 

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

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

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

dos imet ry ,  hand1 i n g ,  schedu l ing ,  c o o r d i n a t i o n ,  and r e p o r t i n g .  

RTNS-I1 i s  ded ica ted  t o  m a t e r i a l s  research  f o r  the f u s i o n  power 

program. 

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

j e c t i n g  to the f u s i o n  envi ronment  e n g i n e e r i n g  data  o b t a i n e d  i n  o t h e r  

neu t ron  spec t ra .  

I t s  p r imary  use i s  to a i d  i n  t h e  development o f  models o f  h i g h -  

Such m d e l s  a r e  needed i n  i n t e r p r e t i n g  and p r u -  

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

TASK I I. A. 2,3,4. 

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

I V .  SUMMARY 

I r r a d i a t i o n s  were per fo rmed f o r  e i g h t  d i f f e r e n t  exper imenters  f rom 

These i n c l u d e  f i v e  "p iggyback"  exper iments .  f i v e  d i f f e r e n t  l a b o r a t o r i e s .  

No major  unscheduled outages o c c u r r e d  d u r i n g  t h i s  p e r i o d .  

V. ACCOMPLISHMENTS AND STATUS 

A. I r r a d i a t i o n s  - M. W. Guinan, C. M. Logan, and D. W. He ikk inen  
(LLNL) . 
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The HEDL-5 two zone fu rnace e x p e r i m n t  f o r  N. Panayotou (HEDL) was 

the  dominant i r r a d i a t i o n  p e r f o r m d  d u r i n g  t h i s  pe r i od .  The p r e s e n t  

i r r a d i a t i o n  s e r i e s  f o r  R. Jones (PNL) was completed. The f o l l o w i n g  

"p iggyback"  e x p e r i w n t s  were p e r f o r m d  d u r i n g  t h i s  q u a r t e r :  

A c t i v a t i o n  a n a l y s i s  o f  s t r o n t i u m  n i t r a t e ,  I. Bender (LANL). 

I r r a d i a t i o n  o f  e l e c t r o n i c  components, J. Srou r  (No r th rop ) .  

R a d i a t i o n  e f f e c t s  on the  t h e r m a l / m c h a n i c a l  p r o p e r t i e s  o f  

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

T r i  t i u r n a c t i v a t e d  a i r  d e t e c t o r  i n s t r u m e n t a t i o n  development, 

R. J a l b e r t  ( L W L )  

A low f l u e n c e  i r r a d i a t i o n  o f  Cu, Cu-A1 and Cu-M samples 

i n v e s t i g a t i n g  cascade-cascade e f f e c t s ,  

RTNS-I1 S t a t u s  - C. M. Logan and D. W. H e i k k i n e n  (LLNL). 

H. Brager  (HEDL). 

The 50-cm t a r g e t  t e s t  assembly i n  the  r i g h t  t a r g e t  room i s  now 

v i r t u a l l y  complete b o t h  mechan i ca l l y  and e l e c t r i c a l l y .  The R e m t e l y  

Operated Veh i c l e  Exper iment  R e t r i e v e r  (ROVER) has been completed and 

passed f i n a l  t e s t s .  A new l a r g e r  c a p a c i t y  h o r i z o n t a l  t u r b o  pump has been 

i n s t a l l e d  i n  t h e  h i g h  v o l t a g e  t e r m i n a l .  Th is  rep laces  t h e  o r i g i n a l  ver-  

t i c a l  t u r b o  pump and i s  expec ted  to be more r e l i a b l e  i n  a d d i t i o n  t o  

p r o v i d i n g  l a r g e r  pumping capac i t y .  The DFE r a d i o a c t i v i t y  c o n t r o l  r e v i e w  

was comple ted  s a t i s f a c t o r i l y .  

d a t i o n s  a r e  b e i n g  prepared.  No ma jo r  d e f i c i e n c i e s  were found. 

The p a n e l ' s  w r i t t e n  r e p o r t  and recommn- 

V I I .  FUTURE WORK 

Dur ing  t h e  q u a r t e r ,  i r r a d i a t i o n s  w i l l  be c o n t i n u e d  u s i n g  t he  HEDL-5 

I n  a d d i t i o n  i r r a d i a t i o n s  a r e  p lanned  f o r  Barmore (LLNL), J a l b e r t  fu rnace.  

(LANL) and B r a d l e y  (PNL). 

( N o r t h r o p )  w i l l  be done. 

A f u r t h e r  " p iggyback"  expe r imen t  f o r  S rou r  

V I I I .  PUBLICATIONS 

E f f e c t s  o f  Fusion >!eutrons on Thermocouples, C. M. Logan, 0. W. 
He ikk inen ,  B. J. Schumacher, and P. A. House, UCRL 85452 
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I .  PROGRAM 

T i t l e :  

P r i n c i p a l  I n v e s t i g a t o r s :  D.L.Johnson/F.M.Mann 

A f f i l i a t i o n :  Hanford  Eng inee r i ng  Development L a b o r a t o r y  (HEDL) 

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

11. OBJECTIVE 

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

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

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

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

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

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

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

SUBTASK I I .A .5 .1  

SUBTASK I I .B.1.2 

He l i um Accumulat ion M o n i t o r  Development 

A c q u i s i t i o n  o f  Nuc lea r  Data 

I V .  SUMMARY 

E v a l u a t i o n  of deuteron- induced a c t i v a t i o n  of go ld  and aluminum was 
done and r e s i d u a l  doses were c a l c u l a t e d .  

The volume f o r  r e g i o n s  o f  h i g h e s t  f l u x  decreased by  about  a f a c t o r  

o f  2 f o r  35-FIeV o p e r a t i o n  as compared t o  35-MeV o p e r a t i o n .  

V. ACCOMPLISHMENTS AND STATUS 

A. Deuteron- Induced A c t i v a t i o n  o f  FMIT M a t e r i a l s  -- 
0. L. Johnson (HEDL) 
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A c t i v a t i o n  o f  FMIT m a t e r i a l s  b y  deuterons  w i l l  produce ma jo r  c o n t r i -  
b u t i o n s  t o  r e s i d u a l  gamma r a d i a t i o n  doses f o l l o w i n g  o p e r a t i o n  o f  

t h e  FMIT f a c i l i t y .  Resu l t s  o f  measurements o f  deuteron  induced 

a c t i v a t i o n  o f  v a r i o u s  m a t e r i a l s  were desc r i bed  p r e v i o u s l y  i n  t h e  

DAFS q u a r t e r l y  r e p o r t  f o r  January-March 1980!l)The f o l l o w i n g  new 

r e s u l t s  have been ob ta ined.  

I n  t h e  FMIT f a c i l i t y  smal l  l osses  o f  t h e  deuteron  beam w i l l  occu r  

a l l  a l ong  t h e  l i n e a r  a c c e l e r a t o r  and t h e  h i g h  energy  beam t r a n s -  

p o r t  system. 

meter  w i t h  10uA o r  more l o s t  a t  c e r t a i n  h o t  spo ts .  

doses w i l l  r e s u l t  f r om d i r e c t  deuteron  a c t i v a t i o n  o f  components 

exposed t o  beam losses  and a l s o  f rom a c t i v a t i o n  by  neut rons  p ro-  
duced b y  t h e  same beam losses .  

Losses a re  c u r r e n t l y  e s t i m a t e d  t o  be 31iA p e r  l i n e a r  

Large  r e s i d u a l  

Gold i s  c u r r e n t l y  p lanned as t h e  m a t e r i a l  t o  p l a t e  t h e  su r faces  

of t h e  l i n e a r  a c c e l e r a t o r  d r i f t  tubes t h a t  a re  exposed t o  beam 

losses .  Gold i s  known t o  have l e s s  deuteron  induced a c t i v a t i o n  

and neu t ron  p r o d u c t i o n  than  when ba re  copper d r i f t  tubes a r e  

exposed t o  FMIT deuterons.  

An updated a n a l y s i s  o f  measurements o f  t h e  a c t i v a t i o n  o f  g o l d  by  

35 MeV deuterons  was completed. The r e s i d u a l  gamma dose was t h e n  

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

exper iment .  F i g u r e  1 shows t h e  dose f rom a 20 y e a r  bombardment o f  

t h i c k  g o l d  b y  35 MeV deuterons.  The dose corresponds t o  a d i s -  

tance o f  1 meter  f r om a p o i n t  source a c t i v a t e d  by  a s teady  deuteron  

beam c u r r e n t  o f  1 ,,A. 
t i m e  f o r  t h e  unsh ie lded  case and a l s o  f o r  a t t e n u a t i o n  by  v a r i o u s  

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

The dose i s  shown as a f u n c t i o n  o f  c o o l i n g  

The unsh ie lded  dose remains h i g h  f o r  l o n g  c o o l i n g  t imes .  However, 

a smal l  t h i c k n e s s  o f  , sh ie l d i ng  such as l e a d  o r  i r o n  i s  v e r y  e f f e c -  

t i v e  a t  r e d u c i n g  t he  dose, e s p e c i a l l y  f o r  c o o l i n g  t irnes l o n g e r  than  

F 



about  10 days. 

unsh ie lded  dose, however, many o f  these  have low energy decay 

gamma rays  t h a t  a r e  e a s i l y  a t t enua ted .  

t h rough  one i n c h  o f  i r o n  ( s i m i l a r  t o  t h e  t ank  w a l l  o f  t h e  l i n e a r  

a c c e l e r a t o r )  5 r a d i o n u c l i d e s  p r o v i d e  about  99% of t h e  t o t a l .  These 

r a d i o n u c l i d e s  a re  r e s p e c t i v e l y  Iq6Au(6 .2  days) ,  1 9 8 A ~ ( 2 . 7  days) ,  

195mHg(40 hou rs ) ,  I q5Hg(9 .5  hou rs )  and lg4Au(39.5  hou rs ) .  

A l a r g e  number o f  r a d i o n u c l i d e s  c o n t r i b u t e  t o  t h e  

F o r  example, f o r  t h e  dose 

Aluminum i s  t h e  m a t e r i a l  c u r r e n t l y  p lanned f o r  t h e  beam tubes 

between t h e  a c c e l e r a t o r  and t a r g e t  and w i l l  a l s o  be a c t i v a t e d  b y  

beam losses .  
aluminum b y  35-MeV deuterons was completed. C a l c u l a t i o n s  o f  t h e  

r e s i d u a l  gamma dose were t hen  done u s i n g  t h e  measured r a d i o n u c l i d e  

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

i n g  t i m e  f o r  t h e  same c o n d i t i o n s  d e s c r i b e d  f o r  a c t i v a t i o n  o f  go ld .  

A n a l y s i s  o f  measurements o f  t h e  a c t i v a t i o n  o f  t h i c k  

F i g u r e  2 shows t h e  dose as a f u n c t i o n  o f  c o o l -  

For  c o o l i n g  t imes  l e s s  t h a n  about  a week, t h e  dose i s  dominated 

by  24Na(15 hou rs ) .  For  l o n g e r  c o o l i n g  t imes,  "Na(2.6 y e a r s )  i s  

t h e  dominant c o n t r i b u t o r .  

B. Flux-Volume R e l a t i o n s  -- 
F.M.Mann (HEDL) 

The s p e c t r a  and f lux- vo lume r e l a t i o n s  f o r  30 and 32 MeV i n c i d e n t  

deuterons  were c a l c u l a t e d .  The volume f o r  r e g i o n s  o f  h i g h e s t  f l u x  

decreases by  about  a f a c t o r  o f  2 f o r  32 MeV o p e r a t i o n  as compared 

t o  35 MeV o p e r a t i o n .  The f l u x  con tou rs  f o r  32 MeV, 100 mA opera-  

t i o n  a r e  q u i t e  s i m i l a r  t o  35 MeV, 80 mA o p e r a t i o n .  
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FIGURE 1. Dose After 20-Year Bombardment Time. (35 MeV deuterons on 
t h i c k  gold.)  
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Cooling Time 

FIGURE 2. Dose A f t e r  20-Year Bombardment Time 
t h i c k  aluminum.) 

( 3 5  MeV deuterons on 
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CHAPTER 2 

DOSIMETRY AND DAMAGE PARAMETERS 
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I. 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  

11. OBJECTIVE 

To e s t a b l i s h  the bes t  p r a c t i c a b l e  dosimetry f o r  mixed-spectrum 
reac to r s  and t o  p rov ide  dosimetry and damage ana lys is  f o r  OFE experiments. 

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

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

I V .  SUMMARY 

Dosimetry has been completed f o r  the  ORR-MFE2 i r r a d i a t i o n .  

r a tes  appear t o  be cons i s t en t  w i t h  ou r  p rev ious  spec t ra l  measurement a t  

l ow power. 
a t i on ;  ana l ys i s  i s  now i n  progress.  

t o r  dosimetry i s  summarized i n  Table 1. 

Reaction 

Dosimeters have a lso  been counted from t h e  EBRII-X287 i r r a d i -  
The s ta tus  o f  a l l  o the r  f i s s i o n  reac- 

V.  ACCOMPLISHMENTS AND STATUS 

A. Dosimetry Resul ts  f o r  the  ORR-MFE2 Experiment 
L. R. Greenwood (ANL) 

Dosimeters have been counted from the  ORR-MFE2 experiment which 
was i r r a d i a t e d  from September 1, 1978 t o  March 24, 1980 i n  p o s i t i o n  E7 o f  

the  Oak Ridge Research Reactor. The sample was o u t  o f  the r eac to r  f o r  

154 days; hence, the t o t a l  t ime  i n  core was 416 days. 

l e v e l  was 19.24 MW (26.4 MW i n  core) and t h e  accumulated exposure was 

10,972 MWD. Sixteen small dosimetry capsules (Co-A1, Fe, N i ,  and T i  

w i r es )  were inc luded w i t h  the  experimental assemblies, one i n  each assem- 
b l y  on l e v e l s  1-4, l abe led  E-V. Two 30-cm l o n g  dosimetry tubes were 

welded t o  t h e  ou ts ide  of the  assembly on the  eas t  s ide.  One tube con- 

t a i ned  the  above mentioned wi res .  

The average power 

The o the r  contained he l ium accumulation 
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TABLE 1 

STATUS OF REACTOR EXPERIMENTS 

Fac i l i  tylExperiment S ta tus  and Comments 

- O R R  - MFEl Analysis complete 

- MFE2 Analysis complete (3/81) 

- MFE3 Planning i n  progress 

- MFE4A,B Samples expected 4/81 

- TBC07 Analysis complete 

- TRIO Planning i n  progress 

HFIR - CTR 30,31,32 I r rad ia t ion  i n  progress 

- T l , T 2  I r r ad ia t ion  i n  progress 

- R B 1  P1 anning i n  progress 

__ 

Omega West - Spectral R u n  Analysis complete 

- H E D L / L L L l  Samples expected 4/81 

- ESG-OWR1 Planned f o r  6/81 

EBR I 1  - X287 Samples counted by 4/81 
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m o n i t o r s  and r a d i o m e t r i c  w i res .  A l l  r a d i o m e t r i c  samples have been gamma 

counted as w e l l  as s e l e c t e d  h e l i u m  samples. 

Rockwell  I n t e r n a t i o n a l  (D .  K n e f f  and H. F a r r a r  I V )  f o r  he l i um a n a l y s i s .  

The l a t t e r  have been sen t  t o  

S ix  r e a c t i o n s  were analyzed f rom t h e  dos ime t ry  w i res ,  namely, 

59C0(n ,~ ) ,  58Fe(n,yl ,  54Fe(n,p),  46T i (n ,p) ,  5*N i (n ,p) ,  and 60Ni(n,p) .  

However, as was found w i t h  MFE1, t h e  two n i c k e l  r e a c t i o n s  have v e r y  l a r g e  

burnup c o r r e c t i o n s  s ince  58Co i s  c o n v e r t e d  t o  6oCo i n  t h e  h i g h  thermal 

flux,,. Hence, t h e  n i c k e l  r e a c t i o n s  a r e  cons ide red  h i g h l y  u n r e l i a b l e  and 

have n o t  been used. A d d i t i o n a l  measurements were o b t a i n e d  f rom t h e  he l i um 

samples, namely, 63Cu(n,a) and 93Nb(n,y) a t  s e l e c t e d  l o c a t i o n s .  

Table 2 l i s t s  t h e  mean measured r e a c t i o n  r a t e s  f o r  each l e v e l .  

H o r i z o n t a l  g r a d i e n t s  on each l e v e l  appear t o  be l e s s  than 10% i n  a l l  cases 

and a r e  u s u a l l y  l e s s  than t h e  t2% s t a t i s t i c a l  v a r i a t i o n s  i n  t h e  da ta .  

F luence va lues  can be d e r i v e d  f rom t h e  r e a c t i o n  r a t e s  assuming 

t h a t  t h e  spectrum i s  known. The spectrum was measured p r e v i o u s l y  i n  

p o s i t i o n  E7 a t  l o w  power d u r i n g  January 1979.(1)  

p r e s e n t  r e a c t i o n  r a t e s  w i t h  those measured p r e v i o u s l y  shou ld  r o u g h l y  s c a l e  

w i t h  t h e  d i f f e r e n c e  i n  r e a c t o r  power (19.24 MW/0.965 MW = 19.94). 

measured r a t i o  i s  17.3 a t  t h e  peak f l u x  p o s i t i o n  ( l e v e l  4 ) ,  and v e r t i c a l  

g r a d i e n t s  appear t o  be q u i t e  c l o s e  t o  those measured p r e v i o u s l y .  

d i f f e r e n c e  i s  p robab ly  due t o  d i f f e r e n c e s  i n  f u e l  l oad ing .  

A comparison o f  t h e  

The 

T h i s  

The f i v e  r e a c t i o n  r a t e s  a t  each l e v e l  i n  Table 2 were thus 

used w i t h  the STAYSL computer code t o  a d j u s t  t h e  spectrum measured a t  l o w  

power w i t h  28 r e a c t i o n s ,  cadmium covers ,  and f i s s i o n  f o i l s .  The f i n a l  

f l u e n c e  va lues  a r e  l i s t e d  i n  Tab le  3. The s p e c t r a l  a n a l y s i s  showed no 

ev idence f o r  any s p e c t r a l  s h i f t  between h i g h  power (30 MW) and low  power 

(1  MW). 

than 10%. 

I n  f a c t ,  a l l  f l u x  groups and r e a c t i o n  r a t e s  were a d j u s t e d  by l e s s  

V e r t i c a l  f l u x  g r a d i e n t  d a t a  i s  now b e i n g  analyzed.  Damage c a l -  

c u l a t i o n s  w i l l  a l s o  be per fo rmed and d e t a i l e d  r e s u l t s  w i l l  be c i r c u l a t e d  

t o  t h e  exper imenters .  
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TABLE 2 

MEAN REACTION RATES FOR ORR-MFE2 

P o s i t i o n  E7; average power = 19.24 MW 
(26.4 MW d u r i n g  r e a c t o r  o p e r a t i o n ) .  

Values a r e  mean o f  f o u r  samples on 
each l e v e l ;  accuracy ?5%. 

1 11.4 2.63 7.00 5.LJ 6.46 3.17 

2 5.0 3.13 8.67 5.59 7.53 3.64 

3 2.4 3.31 9.31 5.93 8.00 3.83 

4 -9.1 3.82 10.89 6.38 8.80 4.06 

aHe igh t  above v e r t i c a l  m idp lane.  

b8urnup c o r r e c t i o n s  i nc luded ;  s e l  f - s h i e l d i n g  n e g l i g i b l e .  

‘Data e x t r a p o l a t e d  f rom he1 ium tube p o s i t i o n ;  accuracy ?7%. 

Capsules were l o c a t e d  a t  t he  bo t tom o f  
l e v e l s  1, 2, and 4 and a t  t he  t o p  o f  l e v e l  3. 
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TABLE 3 

FLUENCES FOR ORR-MFE2 
(STAYSL ad justed values based on r e a c t i o n  r a t e s  
i n  Table 2 and low power spec t ra l  measurement) 

Fluence ( x  1021 n/cm2) 

Thermal b >.11 MeV >1 MeV Tota l  
Level Height ,  cma (512%) (*12%) (*15%) ( +9% ) 

~~ 

1 11.4 3.27 5.13 2.44 12.59 

2 5.0 3.99 5.92 2.78 14.75 

3 2.4 4.26 6.28 2.95 15.64 

4 -9.1 4.96 6.87 3.21 17.46 

aHeight  above v e r t i c a l  midplane. 

bF1ux l ess  than 0.55 eV. 
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I .  

I 1  

PROGRAM 

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

P r i n c i p a l  I n v e s t i g a t o r s :  D. W. Kne f f  and H a r r y  F a r r a r  I V  
A f f i l i a t i o n :  Rockwel l  I n t e r n a t i o n a l ,  Energy Systems Group 

O B J E C T I V E  

The o b j e c t i v e s  o f  t h i s  program a r e  t o  measure h e l i u m  g e n e r a t i o n  r a t e s  

o f  m a t e r i a l s  f o r  Magnet ic  Fus ion  Reactor  a p p l i c a t i o n s  i n  t h e  v a r i o u s  

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

t e r i z e  t hese  neu t ron  t e s t  envi ronments,  and t o  deve lop  he l i um accumula t ion  

neu t ron  dos imeters  f o r  neu t ron  f l u e n c e  and energy spectrum dos ime t r y  i n  

t hese  t e s t  envi ronments.  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

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

SUBTASK I I . A . 4 . 2  T(d,n) Hel ium Gas P roduc t i on  Data 

SUBTASK II.A.4.3 Be(d,n) Hel ium Gas P roduc t i on  Data 

I V .  SUMMARY 

Hel ium ana lyses  have been completed f o r  a l l  samples o f  Mo, Z r ,  and 

t h e  seven separa ted  i so topes  o f  Mo i r r a d i a t e d  i n  t h e  RTNS-I, RTNS-11, and 

Be(d,n) neu t ron  spec t ra ,  and f o r  a l l  V samples i r r a d i a t e d  i n  t h e  RTNS-I 

and Be(d,n) spec t ra .  

t o t a l  h e l i u m  g e n e r a t i o n  c ross  s e c t i o n s  f o r  these m a t e r i a l s  f o r  14.8-MeV 

neu t rons .  Hel ium ana lyses  have been completed f o r  t h e  Cu, N i ,  Fe, and Au 

h e l i u m  accumula t ion  dos ime t r y  m a t e r i a l s  i r r a d i a t e d  i n  t h e  RTNS-I1 n e u t r o n  

c h a r a c t e r i z a t i o n  exper iment .  These r e s u l t s  w i l l  be used i n  mapping t h e  

n e u t r o n  f l u e n c e  d i s t r i b u t i o n  f o r  t h i s  i r r a d i a t i o n  and w i l l  p r o v i d e  a d d i -  

t i o n a l  c r o s s  s e c t i o n  de te rm ina t i ons  f o r  these  m a t e r i a l s .  

The RTNS-I d a t a  were t hen  used t o  de termine  t h e  
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V. ACCOMPLISHMENTS AND STATUS 

Hel iu i i i  Generat ion Cross Sec t ions  f o r  F a s t  Neutrons - -  B. M. O l i v e r ,  

D .  W.  K n e f f ,  M. M .  Nakata, and H a r r y  F a r r a r  IV (Rockwel l  I n t e r n a t i o n a l ,  

Energy Systems Group) 

Hel ium analyses have now been completed f o r  a l l  samples o f  z i r con ium,  

iriolybdenuni, and t h e  seven separated i s o t o p e s  o f  molybdenum i r r a d i a t e d  i n  

t h e  T(d,n)  R o t a t i n g  T a r g e t  Neutron Sources- I  and -11 (RTNS-I, I I ) ,  and i n  

a n  -0-32 MeV Be(d,n) neu t ron  f i e l d  produced w i t h  30-MeV deuterons.  Ana l-  

yses have a l s o  been completed f o r  a l l  vanadium samples i r r a d i a t e d  i n  t h e  

RTNS-I and Be(d,n) n e u t r o n  spec t ra .  These i r r a d i a t i o n s ,  performed a t  

Lawrence L iver i i io re  N a t i o n a l  L a b o r a t o r y  (LLNL) and t h e  Crocker  Nuc lear  

L a b o r a t o r y  o f  t h e  U n i v e r s i t y  of C a l i f o r n i a  a t  Dav is ,  r e s p e c t i v e l y ,  have 
been d e s c r i b e d  i n  d e t a i l  i n  p r e v i o u s  r e p o r t s  and p u b l i c a t i o n s .  ( 1 - 3 )  In 
g e n e r a l ,  t h e  c h a r a c t e r i z a t i o n  o f  t h e  n e u t r o n  spec t ra  and t h e  a n a l y s i s  o f  

he l i u i i i  i n  pure elements a r e  sponsored by t h e  O f f i c e  o f  Fus ion Energy. The 

c r o s s  s e c t i o n  ineasurenients f o r  t h e  separated i s o t o p e s  a r e  sponsored by t h e  

O f f i c e  o f  Gasic Energy Sciences o f  t h e  U . S .  Department o f  Energy. 

The i r r a d i a t e d  m a t e r i a l s  were e tched ( t o  remove he1 ium enhancement 

and d e p l e t i o n  e f f e c t s  due t o  a lpha  r e c o i l s ) ,  segmented, and weighed b e f o r e  

a n a l y s i s .  The ana lyses were performed u s i n g  smal l  r e s i s t a n c e- h e a t e d  

g r a p h i t e  c r u c i b l e s  t o  r e l e a s e  t h e  he l i um.  The use o f  these  c r u c i b l e s  was 

based on t h e  r e s u l t s  o f  h e l i u m  a n a l y s i s  t e s t s  d e s c r i b e d  i n  t h e  p r e v i o u s  
progress r e p o r t  f o r  l o w - l e v e l  he1 ium measurements. (4) 
analyses were iiiade f o r  pu re  element and separated i s o t o p e  molybdenum 

samples, 23 ana lyses were made f o r  z i r con ium,  and 15  were made f o r  

vanadium. 

A t o t a l  of 107 

Cross s e c t i o n  d e t e r m i n a t i o n s  have been made f o r  t h e  R T N S- I - i r r a d i a t e d  

m a t e r i a l s ,  and t h e  r e s u l t s  a r e  g i v e n  i n  Table 1. Cross s e c t i o n s  f o r  t h e  

RTNS-11- and B e ( d , n ) - i r r a d i a t e d  m a t e r i a l s  w i l l  be r e p o r t e d  l a t e r  when t h e  



Cross S e c t i o n  
Ma t e r i  a1 (mb) 

V 18.7 t 1.4 

Z r  10.2 t 0.8 

Mo 15 + 2 

I lo0Mo 3.8 + 0.5 

Cross Sec t i on  
M a t e r i a l  (mb) 

9 2 ~ 0  31  t 2 

9 5 ~ 0  17 t 2 

9 4 ~ 0  22 ? 2 

9 6 ~ 0  11 + 1 
9 7 ~ 0  10 t 1 
9 8 ~ o a  23 i 2 

I 

aSee t e x t  

f l u e n c e  mapping and dos ime t r y  c o r r e l a t i o n s  f o r  t hese  exper iments have been 

completed. 

he1 ium g e n e r a t i o n  measurements w i t h  t h e  n e u t r o n  f l u e n c e  map") c o n s t r u c t e d  

f o r  t h e  i r r a d i a t i o n  volume. T h i s  map was based on a combina t ion  o f  he l i um 

accumula t ion  and r a d i o m e t r i c  dos ime t r y  i n c l u d e d  as a p a r t  o f  t h e  e x p e r i -  

ment. 
L a b o r a t o r y  (ANL) and LLNL. 

and t h e  spectrum d i s t r i b u t i o n  had a f u l l - w id th- a t- ha l f - max imum o f  -0.6 MeV. 

The RTNS-I c r o s s  s e c t i o n s  were ob ta ined  by combin ing t h e  

The r a d i o m e t r i c  dos ime t r y  d a t a  were p r o v i d e d  by Argonne N a t i o n a l  
The average n e u t r o n  energy was 14.8 i 0.1 MeV, 

The r e s u l t s  p resented  i n  Tab le  1 a r e  p r e l i m i n a r y  i n  t h a t  t h e  d a t a  

f r om t h e  a d d i t i o n a l  samples i r r a d i a t e d  i n  RTNS-I1 have n o t  y e t  been 

i nc luded .  The r e s u l t s  f r om t h e  m u l t i p l e  sample ana lyses  of t h e  RTNS-I 

m a t e r i a l s  a r e  i n  e x c e l l e n t  agreement, hav ing  an average he l i um a n a l y s i s  

r e p r o d u c i b i l i t y  o f  1%. The f i n a l  r e s u l t s  i n  Tab le  1 i n c l u d e  t h e  a d d i -  

t i o n a l  u n c e r t a i n t i e s  assoc ia ted  w i t h  t h e  neu t ron  f l uence .  The r e s u l t s  f o r  

t h e  pu re  e lements a r e  i n  e x c e l l e n t  agreement w i t h  those o b t a i n e d  f rom an 

e a r l i e r  RTNS-I e ~ p e r i m e n t ' ~ )  ( v i z .  18 i 2, 10 ? 2, and 15 i 2 mb f o r  V, 

Z r ,  and Mo, r e s p e c t i v e l y ) .  
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We believe t h a t  there  i s  some basis  f o r  questioning the  value 
obtained f o r  g8klo (a  value a l s o  obtained i n  preliminary RTNS-I1 r e s u l t s ) .  
The 98Mo i so topic  material had a d i f f e r e n t  appearance and released s ign i f -  
icant ly  more non-helium gases d u r i n g  the  ana lys is  procedure than the  o ther  
separated molybdenum isotopes.  I t s  unexpectedly high cross sect ion value 
could a l so  explain the  difference between the measured natural molybdenum 
cross  sect ion (15 2 2 mb) and t h a t  derived from a weighted average of the  
measured i so topic  cross sect ions (18 ? 1 m b ) .  Chemical analyses conducted 
so f a r  on the  98M0 i so topic  material  indicate  insuf f ic ien t  chemical 
impurity concentrations t o  generate s ign i f i can t  helium. Other isotopes 
present i n  each separated isotope material were corrected f o r  by solving a 
matrix of equations u s i n g  the  ORNL-supplied isotopic  abundances. 

Helium analyses have a l so  been completed f o r  the C u ,  N i ,  Fe, and Au 

pure element helium accumulation dosimetry r ings i r rad ia ted  i n  the  RTNS-I1 
neutron character izat ion experiment. ( 3 )  These analyses represent an a d d i -  
t ional  70 RTNS-I1 helium generation measurements performed t o  da te .  These 
r e s u l t s  will  be combined with the A N L  and LLNL radiometric dosimetry data 
t o  construct  the f i r s t  comprehensive map of the neutron fluence d i s t r ibu-  
t ion  f o r  this f a c i l i t y .  The r e s u l t s  wil l  a l so  provide addi t ional  c ross  
sect ion determinations f o r  these mater ia l s .  
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V I I .  FUTURE WORK 

Analyses o f  a d d i t i o n a l  pure  e lements and t h e i r  separa ted  i s o t o p e s  

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

t i n u e  d u r i n g  t h e  n e x t  q u a r t e r ,  w i t h  emphasis on Nb, Co, and t h e  separa ted  

i s o t o p e s  o f  Fe, N i ,  and Cu. 

r e g i o n  o f  t h e  RTNS-I1 neu t ron  envi ronment  w i l l  be i n i t i a t e d .  

Neutron f l u e n c e  mapping o f  t h e  h i g h - f l u x  

VIII.PUBLICATIONS 

The f o l l o w i n g  two a b s t r a c t s  were submi t t ed  d u r i n g  t h e  q u a r t e r  f o r  t h e  

p r e s e n t a t i o n  o f  papers a t  upcoming conferences: 

"Exper imenta l  He l ium Genera t ion  Cross Sec t i ons  f o r  Fas t  Neutrons,"  by 

D. W .  K n e f f ,  6 .  M. O l i v e r ,  M. M .  Nakata;and H a r r y  F a r r a r  I V ,  sub- 

m i t t e d  t o  t h e  Second T o p i c a l  Meet ing  on Fus ion  Reactor  M a t e r i a l s ,  

S e a t t l e ,  August 1981. 

" A  Review o f  He l ium Accumulat ion Neut ron  Dos imet ry  f o r  Fus ion  Neutron 

T e s t  Environments,"  by  D. W. K n e f f ,  H a r r y  F a r r a r  I V  (Rockwel l  I n t e r -  

n a t i o n a l ) ,  and L. R .  Greenwood (ANL), submi t t ed  t o  t h e  Fou r th  ASTM- 

EURATOM Symposium on Reactor  Dosimetry ,  Washington, D.C. ,  March 1982. 
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I. PROGRAM 

T i t l e :  Dos imet ry  and Damage A n a l y s i s  

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

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

11. OBJECTIVE 

To e s t a b l i s h  s tanda rd i zed  dos ime t r y  procedures i n  o r d e r  t o  reduce 

u n c e r t a i n t i e s  i n  damage a n a l y s i s  and c o r r e l a t i o n  procedures.  

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

TASK I I .A .6  Dos imet ry  S t a n d a r d i z a t i o n .  

I V .  SUMMARY 

Dos imet ry  da ta  have been p r o v i d e d  t o  t h e  i n t e r n a t i o n a l  REAL-80 

P r o j e c t  ( IAEA) t o  compare s p e c t r a l  u n f o l d i n g  and damage a n a l y s i s  d a t a  and 

techn iques .  Data f r om o u r  s p e c t r a l  a n a l y s i s  o f  ORR have been chosen as 

one t e s t  case. Cross s e c t i o n  i n te rcompar i sons  have revea led  some m ino r  
problems w i t h  o u r  m u l t i g r o u p  computer code RESCAL, wh ich  have now been 

c o r r e c t e d .  

V.  ACCOMPLISHMENTS AND STATUS 

A. I n t e r n a t i o n a l  Comparison o f  Dos imet ry  Cross Sec t i ons  (REAL-80) 
L.  R. Greenwood (ANL) 

Argonne i s  p a r t i c i p a t i n g  i n  t h e  REAL-80 P r o j e c t  sponsored by  

Our s p e c t r a l  measurement i n  ORR has been chosen as one 

t h e  I n t e r n a t i o n a l  Atomic Energy Agency (V ienna)  t o  compare dos ime t r y  da ta  

and techn iques .  

t e s t  case due t o  t h e  l a r g e  number o f  r e a c t i o n  r a t e s  (28 )  and our  develop-  

ment o f  t h e  STAYSL computer code. 

f o r  t h e  YAY01 r e a c t o r  (M. Nakawaza, Japan). Data a re  b e i n g  assembled f o r  

o t h e r  r e a c t o r s ,  and t h e  f i r s t  r e s u l t s  o f  t h e  e x e r c i s e  w i l l  be r e p o r t e d  a t  

t h e  F o u r t h  ASTM-EURATOM Symposium on Reactor  Dos imet ry  i n  Washington, DC 

i n  March 1982. Such i n t e r n a t i o n a l  comparisons have proven q u i t e  u s e f u l  

C a l c u l a t i o n s  have a l s o  been per formed 
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i n  t h e  p a s t  i n  uncove r ing  d i f f e r e n c e s  i n  n u c l e a r  da ta  and s p e c t r a l  un- 

f o l d i n g  computer codes. Th is  e x e r c i s e  w i l l  a l s o  i n c l u d e  nuc lea r  c ross  

s e c t i o n  covar iances and d isplacement  damage r a t e s .  

As p a r t  o f  t h i s  comparison, ou r  dos imet ry  c r o s s  sec t i ons  were 

compared t o  those p r o v i d e d  by W. L. Z i j p  (ECN, P e t t e n ) . ( l )  React ion  r a t e s  

g e n e r a l l y  agreed w i t h i n  a pe rcen t ;  however, unexp la ined  d i f f e r e n c e s  i n  t h e  

data  were c l e a r l y  e v i d e n t  i n  t h e  r e s o l v e d  resonance reg ion .  Most d i f f e r -  

ences were t r a c e d  t o  t h e  f a c t  t h a t  ou r  m u l t i g r o u p  p rocess ing  code (RESCAL) 

used a f i x e d  energy g r i d  and, thus ,  can m iss  some narrow resonances a t  

h i g h e r  ene rg ies .  A l though these d i f f e r e n c e s  a r e  r e l a t i v e l y  minor  f rom t h e  

dos imet ry  p o i n t  o f  view, i t  was f e l t  t h a t  they  shou ld  be e l i m i n a t e d  s i n c e  

they  c o m p l i c a t e  t h e  whole comparison. 

The RESCAL code(2 )  was thus improved t o  i n c l u d e  an i n t e g r a l  

Since ou r  s u b i n t e r v a l s  a r e  smal l  

approx imat ion  o f  B re i t - Wigner  resonances when they a r e  narrower than our 

s u b i n t e r v a l s  (13,000 energy p o i n t s ) .  

enough t h a t  the neu t ron  wave number, p e n e t r a b i l i t y ,  and phase s h i f t s  a r e  

n e a r l y  c o n s t a n t  ove r  t h e  i n t e r v a l ,  then t h e  B re i t - Wigner  express ion  can 

be i n t e g r a t e d  i n  c l o s e d  form as f o l l o w s :  

- 
a = Io (E )dE / IdE  

- [ a r c t a n  D 1  - a r c t a n  D21 
r 

- 

where k i s  t h e  neu t ron  wave number, r i s  t h e  t o t a l  resonance w id th ,  r n  i s  
t h e  neu t ron  w i d t h ,  and rr i s  t h e  r e a c t i o n  w i d t h .  

t h e  d i f f e r e n c e  between t h e  end p o i n t s  o f  t h e  i n t e r v a l  and t h e  resonance 

energy d i v i d e d  by o n e- h a l f  t h e  t o t a l  w i d t h .  I t  can be shown t h a t  t h i s  

app rox ima t ion  i s  accu ra te  t o  w i t h i n  0.1% f o r  our  b roades t  energy sub- 

i n t e r v a l s .  

D 1  and D2 a r e  equal t o  

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

be improved by u s i n g  i n t e g r a l  express ions  f o r  t h e  i n t e r p o l a t i o n  o f  t h e  

ENDF c r o s s  s e c t i o n  f i l e s  as l i s t e d  i n  the f o l l o w i n g  t a b l e .  

25 



Integral  Group Average ENDF Form 

E V S.  u 

I n  E vs. u 
(E2u2 - E101) 

( E 2 -  E 1) 

( u 2  - u l )  
- 

I n  E2- I n  E l  

u2 - u1 
I n  u2 - I n  u 1  E vs. I n  u 

(Emu,  - E,u.) I n  (E,/E,) 
I n  E vs. I n  u L L  1 1  L l  

( E 2  - E 1) ( u2E2/u lE 1 

where I n  means the natural log t o  the base e .  Care must be taken w i t h  a l l  

the above formulasinvolving the arctan and I n  functions t o  ensure adequate 
precision.  

All of our dosimetry multigroup c ross  sections have been re- 
evaluated with the above improvements in our RESCAL computer code. 
Detailed comparisons with 620 group f i l e s  provided by W .  L .  Zijp show t h a t  
most groups now agree within 1%. 
plained differences which are  being investigated.  A t  the moment, no other 
data f i l e  i s  avai lable  f o r  comparison. 
(BNL);(3) however, e r ro r s  have been detected and  the f i l e  i s  now being re- 
done. ' D .  E. Cullen i s  presently preparing a f i l e  for  comparison.(4) 

In order t o  t e s t  our data in a dosimetry appl ica t ion ,  our 

However, there  are s t i l l  a few unex- 

A f i l e  was released by 6. Magurno 

spectral-averaged cross sections are  compared t o  those calculated using 
Z i jp ' s  d a t a  in Table 1. 
t ion data have been used, a l l  i n t eg ra l s  agree within 0.14% except f o r  Np. 

Sha rp  d i f ferences  were found in  the unresolved resonance region fo r  Np 
which are not presently understood. 

As can be seen, except where d i f f e r en t  c ross  sec- 
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TABLE 1 

COMPARISON OF ORR SPECTRA - AVERAGED CROSS SECTIONS (BARNS) 

(ANL data rev i sed  March 1981; 98 energy groups.)  

React ion - ANL 

NA23G 
MG24P 

AL27P 
AL27A 

SC45G 

TI46P 

TI47P 

TI48P 

MN55G 

FE54P 

FE54A 

FE56P 

FE58G 

C059G 

C059A 

NI58P 

NI60P 
I N 1 1 5 N  

W186G 

AU1972 
AU197G 

U235F 

U238F 

U238G 
NP237F 

NP237G 

1.2052-1 

3.9024-4 

1.0423-3 
1.7606-4 

6.1173 

2.7293-3 

5.6976-3 

7.0949-5 

3.1298 

2.0075-2 

1.9112-4 

2.5827-4 

2.7298-1 

9 .E302 

3.7286-5 

2.6202-2 

6.4037-4 
4.9146-2 

3.0562 tl 

7.8009-4 

6.3395+1 

1.3034+2 
8.2305-2 

1.0358+1 

4.2895-1 

5.8902+1 

aData repor ted  by D. E. Cu l l en  (REAL 80) 
b D i f f e r e n t  c ross  sec t ion  da ta  used. 

ZIJPa 

1.2048-1 
3.8674-4 

1.0423-3 
1.7605-4 

6.1253 

2.7295-3 

5.6954-3 

7.0927-5 

3.1662 

2.0075-2 

2.3336-4 

2.5828-4 

2.7337-1 

9.8368 

3.7438-5 

2.6201-2 

6.4052-4 
4.9148-2 
3.0558t1 

7.7733-4 
6.3432+1 

1.3034+2 

8.2293-2 

1.0368+1 

4.2782-1 

5.8950+1 

DIFF ( % I  
( ANL-Z IJ P ) 

0.03 
0.91b 

0 

0 

-0.13 
0 

0.04 

0.03 

-1.16b 

0 

22. l b  

0 

-0.14 

-0.07 

-0.41b 

0 

-0.02 
0 

0.01 

0.36b 
-0.06 

0 

0.02 

-0.09 

0.26 

-0.08 
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I.  PROGRAM 

T i t l e :  Dosimetry and Damage A n a l y s i s  

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

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

I I .  OBJECTIVE 

To desc r ibe  t h e  p r o d u c t i o n  o f  d i s p l a c e d  atoms i n  m a t e r i a l s  and en- 

v i ronments  o f  i n t e r e s t  i n  MFR development. S p e c i f i c a l l y ,  t o  i n c l u d e  (n,y) 

and beta-decay e f f e c t s  and r e v i s e  a l l  data acco rd ing  t o  ENDF/B-V. 

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

TASK I I . B . l  C a l c u l a t i o n  o f  D e f e c t  P r o d u c t i o n  Cross Sect ions .  

I V .  SUMMARY 

A l l  o f  o u r  d isp lacement  c r o s s  s e c t i o n s  a r e  now b e i n g  r e v i s e d  

acco rd ing  t o  ENDF/B-V. 

The t h e o r y  i s  b e i n g  developed t o  i n c l u d e  ( n , y )  and beta-decay d i s -  

placements. Reco i l  atom energy d i s t r i b u t i o n s  a r e  b e i n g  computed cons ide r-  

i n g  t h e  e f f e c t s  o f  i n c i d e n t  neu t ron  energy, y-y angu lar  c o r r e l a t i o n s ,  and 

E- neu t r i no  and 8-y angu lar  c o r r e l a t i o n s .  Examples a r e  shown f o r  A l .  

V. ACCOMPLISHMENTS AND STATUS 

A. D e s c r i p t i o n  o f  Neutron Capture and Beta-Decay 
Processes Lead ing  t o  Displacement  P r o d u c t i o n  
R. K. Smither  and L. R. Greenwood (ANL) 

P rev ious  a t t e m p t s ( l . 2 )  to i n c l u d e  t h e  (n ,y)  r e a c t i o n  i n  t h e  c a l -  

c u l a t i o n  o f  n u c l e a r  d isp lacements  have g e n e r a l l y  made a number o f  s i m p l i -  

f y i n g  approx imat ions .  A l l  gammas f o l l o w i n g  c a p t u r e  a r e  u s u a l l y  cons idered 

independent ly ,  r e g a r d l e s s  o f  cascades, y-y c o r r e l a t i o n s ,  o r  l i f e t i m e  con- 

s i d e r a t i o n s .  The e f f e c t  o f  t h e  i n c i d e n t  momentum o f  t h e  incoming n e u t r o n  

has a l s o  u s u a l l y  been neg lec ted.  

(n,y) r e a c t i o n s  ( as  w e l l  as o t h e r  r e a c t i o n s )  produce s h o r t - l i v e d  p r o d u c t s  

It i s  a l s o  i n t e r e s t i n g  t o  no te  t h a t  many 
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which  beta-decay. I f  t h e  end- po in t  energy i s  h igh ,  t h e n  t h i s  subsequent 

beta-decay (and p o s s i b l y  f u r t h e r  gamma decays) can s i g n i f i c a n t l y  i n c r e a s e  

t h e  number o f  d isp lacements.  We have developed a d e s c r i p t i o n  o f  b o t h  pro-  

cesses f o r  i n c l u s i o n  i n  our  d isp lacement  c r o s s  s e c t i o n  d a t a  f i l e s .  Reco i l  

atom energy d i s t r i b u t i o n s  w i l l  a l s o  be inc luded.  Our t r ea tmen t  i n c l u d e s  

t h e  e f f e c t s  o f  t h e  momentum o f  t h e  c a p t u r e d  neut ron ,  t h e  angu la r  c o r r e l a -  

t i o n  between t h e  r e a c t i o n  momentum and t h e  y - ray  r e c o i l  momentum, t h e  y-y 

angu la r  c o r r e l a t i o n s ,  t h e  1 i f e t i m e s  o f  i n t e r m e d i a t e  s t a t e s ,  and beta-  

n e u t r i n o  angu la r  c o r r e l a t i o n s .  Exper imenta l  measurements o f  t h e  p r i m a r y  

gamma spectrum, secondary b r a n c h i n g  r a t i o s ,  sequen t i a l  gamma-emission 

sequences, and measured l i f e t i m e s  o f  i n t e r m e d i a t e  s t a t e s  a r e  used when 

p o s s i b l e .  When exper imenta l  i n f o r m a t i o n  i s  n o t  a v a i l a b l e ,  a m u l t i s t e p p e d  

cascade model i s  used assuming l e v e l  spac ings  and l i f e t i m e s  f o r  t h e  i n t e r -  
mediate s t a t e s  t h a t  a r e  based on averages measured i n  s i m i l a r  n u c l e i .  A 

second c a l c u l a t i o n  i s  made f o r  t h e  8-decay even ts  t h a t  i n c l u d e s  t he  angu- 

l a r  c o r r e l a t i o n  o f  t h e  n e u t r i n o  w i t h  t he  e m i t t e d  8 - p a r t i c l e  and a l s o  w i t h  

t h e  subsequent ly  e m i t t e d  y - ray  o r  gamma r a y s .  

1. (n,y)  R e c o i l s  

F i g u r e  1 ill u s t r a t e s  t he  neu t ron  c a p t u r e  process f o l l  owed 

by m u l t i p l e  gamma emiss ion  where n rep resen ts  t he  incoming neu t ron ,  A t h e  

c a p t u r i n g  nucleus,  A t 1  t h e  p r o d u c t  nuc leus ,  01 t h e  ang le  between t h e  

neu t ron  induced r e c o i l  and t h e  d i r e c t i o n  o f  t h e  f i r z x  i,ai.inia rq ,  e2 t h e  

ang le  between t h e  neu t ron  induced r e c o i l  and t h e  second y-ray,  $1 t h e  

ang le  o f  t h e  r e c o i l i n g  p r o d u c t  nuc leus  A t 1  a f t e r  y -emiss ion  measured f rom 

t h e  i n i t i a l  neu t ron  induced r e c o i l ,  $2 t h e  same f o l l o w i n g  t h e  emiss ion  o f  

t h e  second y - ray ,  e t c . ,  a i s  t he  d i s t a n c e  t o  t h e  n e a r e s t  ne ighbo r  n u c l e i ,  

d l  i s  t h e  d i s t a n c e  t r a v e l e d  by t h e  r e c o i l i n g  nuc leus  b e f o r e  the  f i r s t  
gamma r a y  i s  e m i t t e d ,  and d2 t h e  d i s t a n c e  t r a v e l e d  between the  emiss ion  

o f  t h e  f i r s t  and second y - rays ,  e t c .  

t h e  p r i m a r y  r e c o i l  energy i s  g i v e n  by  Equa t i on  (1): 

The b a s i c  equa t i on  used t o  c a l c u l a t e  

1 

2(A+1) 
E r e c o i l  (n+y) = 

E 2  
Y + 2En - 2E 

2 Y m c  
- 0  
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where E, i s  t h e  y- ray  energy, En t h e  neu t ron  energy, mo i s  one atomic 

mass u n i t ,  A t h e  atomic we igh t  o f  t h e  i n i t i a l  atoms, and B t he  angle be- 

tween t h e  d i r e c t i o n  o f  t h e  incoming n e u t r o n  and t h e  d i r e c t i o n  o f  t he  y -  

ray .  

i s  added t o  t h e  d i s t a n c e  t h a t  w i l l  be t r a v e l e d  b e f o r e  t he  n e x t  y- ray  i s  

em i t t ed .  I f  t h e  t o t a l  d i s t a n c e  t r a v e l e d  i s . l e s s  than the  d i s t a n c e  to t h e  

n e a r e s t  ne ighbor  atom, t h e  process  i s  con t inued.  For  t h e  case o f  s-wave 

cap tu re ,  t h e  emiss ion  o f  t h e  f i r s t  gamma i s  i s o t r o p i c .  The a p p r o p r i a t e  

w e i g h t i n g  f a c t o r  i n  t h i s  case i s  2nsinedo and t h e  average r e c o i l  energy 

w i l l  be g i v e n  by  Equat ion  ( 2 ) :  

A f t e r  each r e c o i l  e v e n t  t h e  d i s t a n c e  t r a v e l e d  i s  c a l c u l a t e d  and t h i s  

F o r  t h e  case o f  p-wave c a p t u r e ,  t h e r e  w i l l  be an angu la r  d i s t r i b u t i o n  

o f  t h e  e m i t t e d  y- ray  r e l a t i v e  t o  t h e  neu t ron  momentum and a more genera l  

w e i g h t i n g  f a c t o r  ( l + a l c o s O )  2nsinodo must be used. 

The r e c o i l  energy f o l l o w i n g  t h e  emiss ion  o f  t h e  second 

y- ray  i s  g i v e n  by  Equat ion  ( 3 ) :  

2 E 

m c  
E r e c o i l  (n+y+y)  = 

0 
m c  

0 

cos ( e  - ( 3 )  
2 1 - 2  ($)1'2( 2 E'1 + 2En - 2Eyl 

m c  
0 

The angu la r  d i s t r i b u t i o n  between the  f i r s t  and second y- ray  must be  taken 

i n t o  account  a t  t h i s  p o i n t  so an a d d i t i o n a l  ( l +a2cos0 )  te rm w i l l  appear 

i n  t h e  w e i g h t i n g  f a c t o r .  The p r i m a r y  r e c o i l  spectrum r e s u l t i n g  f rom t h e  

(n,u) r e a c t i o n  w i l l  be a we igh ted  average o f  t h e  many y - r a y  cascades t h a t  

f o l l o w  neu t ron  cap tu re .  F i g u r e  2 compares t h e  r e c o i l  energy spectrum 

produced by two y- rays  i n  cascade when t h e  h a l f  l i f e  o f  t h e  i n t e r m e d i a t e  
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F i g u r e  2. Reco i l  energy spectrum f o r  a two s t e p  y- ray  cascade where t he  
p r imary  y-energy i s  70% o f  t h e  neu t ron  b i n d i n g  energy ( i n  28A1) 
and t h e  energy o f  t h e  second y-ray i s  30% o f  t h e  neu t ron  
b i n d i n g  energy. Case A i s  t h e  spectrum produced when t h e  h a l f  
l i f e  o f  t h e  i n t e r m e d i a t e  s t a t e  i s  s h o r t  compared t o  t h e  t ime  
between c o l l i s i o n s ,  and Case B i s  t h e  spectrum f o r  t h e  case 
when t h e  l i f e t i m e  o f  t h e  i n t e r m e d i a t e  s t a t e  i s  l o n g  compared 
t o  t h e  average c o l l i s i o n  t ime.  
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s t a t e  i s  s h o r t  compared t o  t h e  t ime  between c o l l i s i o n s  (case A) w i t h  t h e  

r e c o i l  energy spectrum produced when the  h a l f  l i f e  o f  t h e  i n t e r m e d i a t e  

s t a t e  i s  l o n g  compared w i t h  t h e  c o l l i s i o n  t i m e  and t h e  r e c o i l i n g  nuc leus  

comes t o  r e s t  b e f o r e  t h e  second y- ray  i s  e m i t t e d  (case  B). 
s p e c t r a  (case  A )  i s  a b road d i s t r i b u t i o n  whose upper  l i m i t  i s  t he  same as 

t h e  r e c o i l  energy f o r  a gamma-ray whose energy i s  equal t o  t h e  sum o f  t h e  

ene rg ies  o f  t h e  two cascad ing  y - rays .  The r e c o i l  energy spectrum f o r  t h e  

l o n g - l i v e d  i n t e r m e d i a t e  s t a t e  cascade, case B, i s  j u s t  two sharp l i n e s .  

There a r e  t w i c e  as many events  i n  case B as t h e r e  a re  i n  case A, b u t  

average energy and peak energy o f  t h e  spectrum a r e  much h i g h e r  i n  case A. 

The two e f f e c t s  t end  t o  cancel  each o t h e r ,  b u t  t he  n e t  e f f e c t  i s  t h a t  more 

d isp lacement  damage w i l l  r e s u l t  i n  case B t han  i n  case A. I t  shou ld  be 
no ted  t h a t  t h e  p r i m a r y  7 - ray  spectrum f o l l o w i n g  p-wave c a p t u r e  i s  d i f f e r -  

e n t  t han  t h a t  produced by s-wave cap tu re ,  because the  p a r i t y  and t h e  range 

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

The f i r s t  

2. 6-Decay Reco i l  - 

Q u i t e  f r e q u e n t l y  t h e  ( n , y )  r e a c t i o n  i s  f o l l o w e d  by t h e  5 -  

decay o f  t h e  p r o d u c t  nuc leus .  

a few MeV, t h e r e  may be (depending on t h e  mass o f  t h e  p r o d u c t  nuc leus )  

enough r e c o i l  momentum f rom t h e  6-decay t o  d i s p l a c e  t he  p r o d u c t  atom. 

l i g h t  n u c l e i  l i k e  28A1 a d isp lacement  w i l l  occur  f o r  v i r t u a l l y  eve ry  5 -  

decay. The r e c o i l  energy o f  . the p r o d u c t  nuc leus  f o l l o w i n g  6-decay i s  a 

f u n c t i o n  o f  b o t h  t h e  E-energy and t h e  n e u t r i n o  energy, and i t  i s  necessary 

t o  t a k e  i n t o  account  t h e  a p p r o p r i a t e  angu la r  c o r r e l a t i o n  between t h e  6 

and t h e  n e u t r i n o  i n  t h e  c a l c u l a t i o n .  T h i s  angu la r  c o r r e l a t i o n  i s  d i f -  

f e r e n t  f o r  t h e  d i f f e r e n t  c l a s s e s  o f  6-decay. The r e c o i l  energy i s  g i v e n  

by Equa t i on  ( 4 ) :  

I f  t h e  end p o i n t  energy o f  t h e  6-decay i s  

For  

2 1/2 + 2[E(E -+ 2mec ) I  (Eo - E) cos o ( 4 )  
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where E i s  t h e  e l e c t r o n  energy, Eo i s  t h e  end p o i n t  energy, (Eo - E) i s  

t h e  n e u t r i n o  energy, e i s  t h e  ang le  between t h e  n e u t r i n o  and t h e  e l e c t r o n ,  

and me i s  t h e  mass o f  t h e  e l e c t r o n  and mo i s  t h e  mass o f  one atomic mass 

u n i t .  

end p o i n t  energy. 

parameter "a" :  

It i s  c o n v e n i e n t  t o  pa ramete r i ze  t h i s  express ion  i n  terms o f  t h e  

Equa t ion  (5) i s  Equa t ion  ( 4 )  w i t h  t h e  norma l i zed  energy 

2 
E r e c o i l  ( 6 , ~ )  = Eo {a(a+b) + (1- a)  2 

2(A+l)moc2 

+ 2[a(a+b)11/* (1- a)  cos e }  ( 5 )  

where a = E/Eo and b = mec2/Eo. The a p p r o p r i a t e  w e i g h t i n g  f a c t o r  f o r  t h e  

r e c o i l  d i s t r i b u t i o n  i n  terms o f  t h i s  same norma l i zed  E-energy i s  g i v e n  i n  

Equa t ion  (6): 

E r e c o i l  f a c t o r  = (a+b)2 (1 -a )2  ( l+cBcose)  (2ns inQ)  FS(6 

where E = Ve/c, Ve = e l e c t r o n  v e l o c i t y ,  and F s ( 6 )  i s ,  a s l o w l y  v a r y i n g  

f u n c t i o n  o f  6 and i s  a p p r o x i m a t e l y  =1 i n  most  cases. 

depends upon t h e  c h a r a c t e r  o f  t h e  8-decay process,  a1 lowed (Gamow-Tel l e r ) ,  
s c a l e r ,  p o l a r  v e c t o r  ( F e r m i ) ,  e t c .  F i g u r e  3 shows t h e  r e c o i l  spectrum f o r  

t h e  E-decay o f  28A1 [Eo = 2.871 MeV, a x i a l  v e c t o r  (Gamow-Teller)].  

t h i s  case "c "  t h e  c o e f f i c i e n t  i n  t h e  angu la r  c o r r e l a t i o n  between t h e  neu- 

t r i n o  and t h e  e l e c t r o n  i s  equal  t o  -1/3. 

f o l l o w e d  by t h e  emiss ion  o f  a 1.8 MeV y- ray.  

med ia te  s t a t e  i s  0.5 x 10-12 sec; which i s  l o n g  enough so t h a t  most  o f  t h e  

6 - r e l a t e d  r e c o i l s  have been s topped b e f o r e  t h e  y - r a y  i s  e m i t t e d .  

case, t h e  r e c o i l  caused by t h e  y- ray  i s  t r e a t e d  as a separate  event .  

B. 

The c o e f f i c i e n t  c 

I n  

The 8-decay o f  28A1 t o  28Si i s  

The l i f e t i m e  o f  t h e  i n t e r -  

I n  t h i s  

R e v i s i o n  o f  D isp lacement  Cross S e c t i o n s  w i t h  ENDF/B-V 
L. R. Greenwood (ANL) 

A l l  o f  o u r  c r o s s  s e c t i o n  f i l e s  a r e  now b e i n g  r e v i s e d  a c c o r d i n g  

t o  ENDF/B-V u s i n g  t h e  D I S C S  computer code.(3) P r e l i m i n a r y  i n d i c a t i o n s  a r e  
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t h a t  most changes are r e l a t i ve ly  small and t h a t  spectral-averaged cross  
sect ions  will  generally agree w i t h i n  10% of those computed using ENDF/B-  
IV. Several new elements have a l so  been included; namely, Na, K ,  Ca, and 
Ta, bringing our l i s t  to  25. 
as  many f i l e s  as  possible to  50 MeV fo r  applications a t  Be or L i  ( d , n )  

accelerators  o r  spa11 at ion neutron sources. 

Following these revisions,  we plan t o  extend 
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the ( n , y )  and E-decay e f f e c t s  will  be included. All f i l e s  will  then be 
replaced a t  the Magnetic Fusion Energy Computer Center a t  Lawrence Liver- 
more Laboratory. 

VIII. PUBLICATIONS 

None. 
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I. 

I 1  

PROGRAM 

T i t l e :  

P r i n c i p a l  I n v e s t i g a t o r :  Don M. P a r k i n  
A f f i l i a t i o n :  Los Alamos N a t i o n a l  L a b o r a t o r y  o f  t h e  

U n i v e r s i t y  o f  C a l i f o r n i a  

R a d i a t i o n  Damage A n a l y s i s  and Computer S i m u l a t i o n  

OBJ ECTI VF: 

The o b j e c t i v e  o f  t h i s  work i s  t o  deve lop  d isp lacement  f u n c t i o n s  f o r  
po l ya tom ic  m a t e r i a l s .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK 11.5.2.3 Cascade P r o d a c t i o n  Methodology 

I I .B .4 .1  

I I .B .4 .2  Develop t h e o r y  o f  s p e c t r a l  and r a t e  e f f e c t s  

I n t e r f a c e  w i t h  o t h e r  des igns  and o t h e r  t a s k s  

I V .  SUElMARY 

A n a l y s i s  o f  d isp lacement  cascades i n  MgO, A1203 and TaO i s  r e p o r t e d  

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

T h i s  f u n c t i o n  d e s c r i b e s  t h e  s p e c i f i c  c o l l i s i o n  events  t h a t  produce d i s -  

placements. The r e s u l t s  show t h a t  t h e  impor tance o f  s p e c i f i c  c o l l i s i o n -  
p a i r s  i n  p roduc ing  d isp lacements  i s  a f u n c t i o n  o f  i n i t i a l  PKA energy and 

mass r a t i o .  

V.  ACCOMPLISHMENTS AND STATUS 

A. S p e c i f i e d - P r o j e c t i l e  Displacement  F u n c t i o n  R e s u l t s  f o r  MqO, 

A1 0 and TaO -- D. M. P a r k i n  (Los Alamos) and C.  A .  C o u l t e r  - 2 3  
(The U n i v e r s i t y  o f  Alabama) 
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The spec i f ied- pro jec t i l e  displacement function,  p i j k ( E ) ,  i s  defined 
as the average number of type-k atoms which are displaced from t h e i r  
s i t e s  by type- j  atoms in  a displacement cascade i n i t i a t e d  by a PKA of type 
i and energy E .  The def in i t ion  of p . .  ( E )  was given in a previous report' 
and will  n o t  be repeated here. 
A1203 and TaO will  be presented. 

convenient t o  define the displacing-atom f rac t ion  R . .  ( E )  a s  

1 J k  
Results from calculat ions  f o r  MgO, 

To describe the ro l e  of the  displacing co l l i s ion- pa i r s  i t  i s  

1 J k  

This function gives the f rac t ion  of type-k displacements produced by 
type- j  atoms f o r  fixed i and  k .  

Values of R . .  ( E )  f o r  Mg0(62,62,62,62) a r e  shown in Figs. 1 and 2 .  
1 J k  

Asymptotic v31uesof R. .  
Mg and 0 PKA's. 

described previously.' 
res iding a s  moving heavy atoms (Mg) than with the l i g h t  atoms ( 0 ) .  
t h i s  e f f e c t  i s  more pronounced fo r  Mg PKA's than f o r  0 PKA's. 

a re  not equal t o  0 .5  and are  n o t  the same f o r  
1 J k  

This di f ference occurs because of the mass r a t i o  e f f e c t  
I t  i s  more e f f i c i e n t  t o  have the kinet ic  energy 

Thus 

The l a rges t  values of R . .  ( E )  a r e  f o r  i=j=k,which just r e f l e c t s  t h a t  
1 J k  

the  energy t ransfe r  eff ic iency i s  l e s s  than one for  unequal mass c o l l i -  
sions.  When the displaced atom i s  not the  same as  the PKA type, then 
R . . . ( E )  > R . . . ( E )  i f j .  T h i s  shows t h a t  t h e  low enerqy transfer co l l i s i ons  
( E  % E d )  between unlike atoms dominate over higher energy co l l i s i ons  

( E  > E ) .  

difference between these data and the MgO d a t a  i s  t h a t  f o r  A1203 we have 
used d i f f e r en t  displacement threshold energies fo r  Al(18 eV) and O(72 eV). 
Generally, the r e su l t s  are  very s imilar  t o  the equal displacement thres- 
hold case (e.g.,MgO). However, the f a c t  t h a t  A1  atoms are eas ie r  t o  
displace than 0 atoms does a f f e c t  the r e su l t s .  R l Z 1  ( E )  f o r  A1203 i s  
l a rger  than fo r  llg0. 
threshold fo r  displacing an  0 atom where R l Z 1 ( E )  becomes greater  t h a n  
zero, A1  displacement can be produced by the 0 atom with a much higher 

1 1 J  1 J J  

d 

Figs. 3 and 4 present data f o r  A1203 (18,45,45,72). The important 

This r e f l e c t s  the  f a c t  t h a t  a t  energies near the 
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probabi l i ty  than 0 displacements. As the PKA energy increases ,  t h i s  
e f f ec t  becomes less important. A s imilar  e f f e c t  f o r  R Z l 1 ( E )  i s  seen. 

The results f o r  TaO in Figs. 5 and 6 show the behavior when the 
In t h i s  case ,  R l l l  >> R l Z 1 ,  whereas f o r  high PKA mass r a t i o  i s  large.  

energies R l 1 2  % R122.  Relative t o  the small mass r a t i o  r e su l t s  (MgO, 
A1203), f o r  the Ta PKA's (heavy atom), displacement co l l i s i ons  between 
l i k e  atoms a r e  the more frequent.  The most s t r i k ing  dif ference occurs 
f o r  the l i g h t  atom ( 0 )  r eco i l s .  
enhanced eff ic iency of ge t t ing  energy in to  moving Ta atoms. 
becomes much g rea te r  than RZz1 ( E ) .  

For a l l  the r e s u l t s ,  asymptotic values of R . .  ( E )  a r e  reached f o r  
E 10 eV. T h u s  unt i l  ra ther  large PKA energies are  reached, the 
spec i f ic  co l l i s i on  pa i r s  t h a t  a r e  producing d isp lacementsarnchang ing .  
T h i s  energy dependence i s  s imilar  t o  t h a t  found  f o r  the d i s t r ibu t ion  of  

displaced atom types.3 

Here the dominant fac tor  i s  the 

R Z l 1 ( E )  

5 1 J k  

VI. REFERENCES 

1 .  Don M .  Parkin, OAFS Quar te r ly  Progress Report, DOE/ET-0065/6 (1979).  
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3. Don M .  Parkin, OAFS Quar te r ly  Progress Report., DOE/ER-0046/2 (1980). 
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V I I .  FUTURE WORK 
Analysis o f  the  nature of displacement cascades in polyatomic 

mater ia ls  i s  nearing completion. 

VIII. PUBLICATIONS 
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Functions fo r  Polyatomic Materials," submitted t o  J .  Nucl. Mater. 
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ENERGY (eV) 

1.0 I ,  I I m 

R(2,2,2) 
R(2,2, I) - - 
R(2,l,l) 
R(2.1.21 Z ---- - - 

I- 
O 

- 
-- MgO (62,62,62,62) 

0.8 
--- 

0.6 

- 

F i g u r e  1. Values o f  R l i j  for MgO (62 ,62 ,62 ,62) .  

2 0.4- 
LI 

0.2 

0.0 

- 

- - 

' ' u b  1 1 I L 

ENERGY (eV) 

F i g u r e  2.  Values of R 2 i j  for MgO (62 ,62 ,62 ,62 ) .  

41 



F i g u r e  3. Values  of Rlij f o r  A1203 (18 ,45 ,45 ,72) .  

F i g u r e  4 .  Values  of R2ij for  A1203 (18 ,45 ,45 ,72) .  
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F i g u r e  5. Values of R l i j  f o r  TaO (60,60,60,60). 

F i g u r e  6. Values o f  R . .  fo r  TaO (60,60,60,60). 
215 
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I .  PROGRAM 

T i t l e :  Nuclear Data f o r  Damage Studies (AKJ) 
Principal Inves t iga to r :  D. G. Doran 
Af f i l i a t i on :  Hanford Engineering Development Laboratory 

11. OBJECTIVE 

The object ive  of this  work i s  t o  apply nuclear data t o  radiat ion 
damage s tudies .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

II.A.3 Sens i t i v i t y  Studies 
II.A.4.5 Gas Generation Rates 
II.A.6.3 Dosimetry Standardization 
II.B.l Calculation of Defect Production Cross Sections 
II.C.4.1 Effects of Solid Transmutation Products on Microstructure 

IV. SUMMARY 

The nuclear data processing code NJOY i s  being updated t o  process 
cross sect ions  induced by high energy neutrons. 

A code t o  ca lcu la te  so l id  and  gas  transmutation i s  being wri t ten.  

An examination was made of potential  se l f- shielding correct ions  t o  
calculated displacement rates f o r  specimens i r rad ia ted  in FFTF.  
Monte Carlo calculat ions  show tha t  f o r  5-cm Fe spheres the volume 
averaged displacement r a t e s  will  be about 15% lower than inferred 
from a knowledge of the surface flux and data from small samples. 
This reduction a r i s e s  in approximately equal amounts from broad  
group f lux modification due t o  downscattering and absorption and  
f i ne  group f lux modification due t o  resonance e f f ec t s .  
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V. ACCOMPLISHMENTS AND STATUS 

A. Calculation of Displacement Cross Sections -- 
F.M.Mann (HEDL) 

The Los Alamos computer code NJOY'l) processes nuclear data from 
ENDF/B (the - Evaluated &clear - Data File) into formats usable by 
applications codes. ENDF/B is the standard nuclear data library 
for U.S. energy applications with evaluations approved by the DOE- 
sponsored Cross Section Evaluation Working Group (CSEWG). Besides 
producing data for reactor physics applications, NJOY calculates 
damage energy, helium production, and KERMA (Kinetic - - Energy - Release 
in - Materials) cross sections. 

The MFECC version of the code is being revised to handle the new 
high energy neutron and charged particle formats being proposed 
by R.E.MacFarlane (LANL). Evaluations for Ca (ORNL), Cr (BNL), 
Fe (LANL), and Ni (LANL) for neutron energies to 40 MeV will be 
put into these new formats. 

B.  Solid and Gas Transmutation Production -- 
F.M.Mann (HEDL) 

The computer code system REAC is being written to calculate the produc- 
tion of solid and gas transmutants for various reactor facilities. The 
code is heavily based on the NEUACT code") which is being used to cal- 
culate neutron activation. NEUACT cross section libraries will be ex- 
tended to include stable nuclides as well as gaseous nuclides. 

C. Damage Rates in Large Samples in the FFTF -- 
F.M.Mann (HEDL) 

1. INTRODUCTION 
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Because of the large t e s t  volumes ava i lab le ,  the Fast F l u x  Test 
Fac i l i ty  (FFTF)  will  be used t o  tes t  materials  t h a t  may be used in 
fusion f a c i l i t i e s .  Some of the samples may be much l a rger  t h a n  
have been used in previous i r r ad i a t i ons  and sel f- shielding may a f f e c t  
reaction r a t e s  f o r  such large samples. 

Reaction r a t e s  can be calculated from 

where R i s  the reaction rate, $,, i s  the perturbed f lux ,  a i s  the 
reaction cross sec t ion ,  and the brackets < > denote an average over 
the volume of i n t e r e s t  and an in tegrat ion over the energy group i .  

However, normally only the unperturbed surface flux ( @ s ) i  i s  known.  
Equation 1 can be rewrit ten in terms of 

where (a ) .  i s  the i n f i n i t e l y  d i l u t e  cross sec t ion ,  f i  i s  the 
0 1  

resonance s e l f  shielding fac tor  f o r  g roup  i 

and gi  i s  the  broad g roup  flux-modification fac tor  f o r  group i which 
provides the re la t ionsh ip  between surface flux and the flux ins ide 
the sphere, 

For very small volumes f i  and g i  tend t o  unity. 
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2. METHOD 

3 

To determine t h e  magni tude of  s e l f  s h i e l d i n g ,  t he  Monte C a r l o  

code MCNP(3) u s i n g  ENDF/B-IV c ross  s e c t i o n s  was used t o  c a l c u l a t e  

(uo), fi, and gi as a f u n c t i o n  o f  r a d i u s  f o r  i r o n  spheres immersed 

i n  Maxwe l l i an  f i s s i o n  s p e c t r a  hav ing  temperatures o f  0.5, 1.0, 

and 1.5 MeV. The r e s u l t i n g  f l u x e s  (I$,, and I $ s )  and volume averaged 

r e a c t i o n s  f o r  e l a s t i c  s c a t t e r i n g  and KERMA r e a c t i o n  r a t e s  q u> 
were mu l t i g rouped  i n t o  t h e  12 energy groups shown i n  Tab le  I .  

V 

KERMA ( t o t a l  l o c a l l y  produced energy)  c ross  s e c t i o n s  were used 

i n s t e a d  o f  dpa c ross  s e c t i o n s  as t h e  MCNP l i b r a r i e s  do n o t  con- 

t a i n  dpa c ross  sec t i ons .  T h i s  s u b s t i t u t i o n  shou ld  s t i l l  y i e l d  

accura te  r e s u l t s  s i n c e  below the  (n,p) t h r e s h o l d  a t  3 MeV KERMA 

i s  s o l e l y  due t o  n u c l e a r  r e c o i l .  U n f o r t u n a t e l y  t h e  KERMA c ross  
s e c t i o n  i n  t he  MCNP l i b r a r y  i s  v o i d  o f  resonances, and hence t h e  

e f f e c t  o f  resonance s e l f  s h i e l d i n g  ( f i )  was es t ima ted  u s i n g  t h e  

e l a s t i c  c ross  sec t i on .  KERMA i n  t he  Fe resonance r e g i o n  i s  

m a i n l y  due t o  e l a s t i c  s c a t t e r i n g ,  so t h i s  should  a l s o  be a good 

approx imat ion.  

DISCUSSION 

The c a l c u l a t i o n s  show t h a t ,  w i t h i n  t h e  accu rac ies  (% 2 - 3 )  o f  t h e  

Monte C a r l o  runs,  t he  fi a re  independent o f  t h e  Maxwe l l i an  f i s s i o n  

temperature b u t  dependent on t h e  r a d i u s  o f  t h e  Fe sphere. 

broad group m o d i f i c a t i o n  f a c t o r s  gi depend on b o t h  t h e  sphere 

r a d i u s  and t he  Maxwe l l i an  temperature T. 

c ross  s e c t i o n s  a re  independent o f  b o t h  r and T. 

The 

The i n f i n i t e l y  d i l u t e  

Tab le  I presen ts  t he  f i ( r )  and gi(r,T) m u l t i g r o u p  va lues f o r  

r=5.0 cm and f o r  T=0.5, 1.0, and 1.5 MeV. 
seen, f o r  t he  h i g h e r  energy groups t h e r e  i s  l e s s  f l u x  i n s i d e  t h e  

sphere than on the  sur face ,  w h i l e  f o r  t h e  lower  energy groups 

As can be 
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downscattering has increased the flux ins ide the sphere. Since 
Fe has such a small absorption cross  sec t ion ,  the t o t a l  f lux  i s  
nearly conserved, resu l t ing  in only a shape change. The resonance 
se l f- sh ie ld ing  f ac to r  var ies  from 0.74 t o  1.00 fo r  a 5 cm sphere. 

4. APPLICATIONS 

The FFTF core pectrum i s  not  a pure Maxwellian f i  ion spectrum; 
however, between 0.2 and 2 MeV the core spectrum closely resem- 
bles  a Maxwellian f i s s ion  spectrum with a temperature of 1 MeV. 

Table I 1  presents t h e  r e l a t i ve  ( t o  r=0.001 cm) KERMA reaction r a t e  
as a function of sphere radius using the g i  f ac tors  corresponding 

t o  T=l MeV and the collapsed FFTF core center spectrum. 
s e l f - sh i e ld ing  e f f e c t  i s  s t a t i s t i c a l l y  n o t  important f o r  Fe spheres 
of 0.5 cm or less .  
temperature = 0.5 MeV), the r e l a t i ve  reaction r a t e  decreases from 
0.85 t o  0.83. A harder spectrum ( T = 1 . 5 )  increases the r e l a t i ve  
r a t e  t o  0.91. 
oxide reactor  l i k e  FFTF. 

The t o t a l  

I f  a s o f t e r  spectrum i s  used (Maxwellian 

Such a hard spectrum i s  n o t  typical  of a mixeci- 

The typical  experiment will  not have pure Fe samples. 
elements are added, the resonance se l f- sh ie ld ing  e f f e c t  will  
increase toward unity. Using the  Bondarenko method, the resonance 
sel f- shielding correct ion f o r  s t a i n l e s s  s t ee l  i s  predicted t o  be 
0.96 f o r  a 5 cm sphere as compared t o  0.93 given in Table I 1  f o r  

pure Fe. Because the major const i tuents  of s t a in l e s s  s t e e l s  have 
cross sect ions  s imilar  t o  Fe fo r  FFTF energies ,  the broad g r o u p  
f lux modification fac tors  should n o t  s i gn i f i can t ly  change. 

As other  
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V I I .  FUTURE WORK 

F i n i s h  m o d i f i c a t i o n  o f  NJOY computer code and process h igh  energy 

eva luat ions.  

Produce t ransmuta t ion  h i s t o r i e s  f o r  t y p i c a l  MFE i r r a d i a t i o n  f a c i l i -  

t i e s .  
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TABLE 1 

Upper Energy 
(MeV) 

MULTIGROUP CORRECTION FACTORS FOR Fe SPHERES 
@ FOR r=5.0 c m  

20.0 

5.0 

2.0 

1.5 
1.2 

1.0 
0 . 8  

0 .6  

0 . 4  

0 . 3  

0 . 2  

0 . 1  

0 .01  

.75  

0 .85  

0 .91  

0 .97  

0 .97 

0.95 

1.00 

0 .98  

0 .98  

1.02 

0 . 9 4  

1.00 

0 . 7 6  

0.89 

0 . 9 3  

0.96 

1.00 

1.02 

1.02 

1 .08  

1.08 

0 . 9 6  

1 . 0 2  

1 .10  

0. 78 

0.88 

1 .00  

1.02 

1.01 

1.06 

1 . 1 6  

1 .05  

1. 10 

1 . 1 5  

1.04 

1.30 

1.00 

0.99 

0.95 

0.91 

0.90 

0.92 
0 . 8 6  

0.91 

0 .80  

0.87 

0.711 

0 . 7 4  

@ u n c e r t a i n t i e s  are 1.3% 

+ T i s  t h e  t e m p e r a t u r e  of  a Maxwell ian f i s s i o n  s p e c t r u m  

The r e s o n a n c e  s e l f - s h i e l d i n g  f a c t o r s  w e r e  computed f o r  a blnxwell ian 
f i s s i o n  t e m p e r a t u r e  o f  1.50 MeV. 



TABLE 2 

0.001 

0.01 

0.1 

0.5 

1.0 

2.0 

5.0 

RELATIVE KERMA REACTION RATE AS A FUNCTION OF RADIUS' 

FOR AN FFTF CORE SPECTRUM 

Resonance S p a t i a l  
S h i e l d i n g  on ly  - S h i e l d i n g  only Both __ 

1.0 

1.0 

1.0 

0.98 

0.97 

0.95 

0.93 

1.0 

1.0 

1.0 

1.0 

0.99 

0.96 

0.95 

-1.0 

1.0 

1.0 

0.98 

0.96 

0.92 

0.85 

+ Monte Carlo uncer ta in t ies  a r e  .?, 3% f o r  a l l  numbers 
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I. 

11. 

PROGRAM 

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

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

A f f i l  i . a t i o n :  Hanford Eng inee r i ng  Development Labora to ry  

OBJECTIVE 

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

o f  h i g h  energy cascades which w i l l  be used t o  generate  d e f e c t  p r o d u c t i o n  func-  

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

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

Subtask 11.6.2.3 Cascade P roduc t i on  Methodology 

I V .  SUMMARY 

Cascade s i z e s ,  as  r ep resen ted  by t h e  dimensions o f  t he  d i s t r i b u t i o n s  o f  

d e f e c t s  i n  s imu la ted  cascades i n  o rdered  Cu3Au, were compared w i t h  dimensions 

o f  d i s o r d e r e d  r e g i o n s  measured i n  r e c e n t  TEM exper iments  i n  o rdered  Cu3Au i r -  

r a d i a t e d  w i t h  Cu+ i o n s  hav ing  energ ies  f rom 5 t o  200 keV. 

o f  t h e  s i m u l a t e d  and observed cascades, measured t r ansve rse  t o  t he  i n c i d e n t  

i o n  d i r e c t i o n ,  compare f a v o r a b l y  a t  a l l  ene rg ies ,  b u t  t h e  maximum dimensions 

o f  t he  s i m u l a t e d  cascades a r e  much l a r g e r  than  those e x p e r i m e n t a l l y  measured 

a t  t h e  h i g h e r  energ ies .  When t h e  smal l  f o i l  t h i c kness  necessary f o r  t h e  ob- 

s e r v a t i o n s  i s  taken i n t o  account,  much b e t t e r  agreement i s  ob ta ined .  

The average areas 

V.  ACCOMPLISHMENTS AND STATUS 

A. A Comparison o f  S imu la ted  and Exper imenta l  Cascade Dimensions i n  
-3- Cu Au - H. L .  He in i sch  and M. P.  Mor fo rd  (HEDL) 

D i so rde red  zones r e s u l t i n g  f rom i n d i v i d u a l  d i sp lacement  cascades can 
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be imaged in an e lectron microscope because o f  the dif ference in  s t ruc ture  f ac to r  
f o r  super l a t t i c e  re f lec t ions  between the disordered zones and the  ordered matrix. 
Through t h i s  technique, microscopy can y i e ld  information on the s izes  and shapes 
of displacement cascades, as exemplified in  the r e s u l t s  of the recent inves t i -  
gations of ion i r r ad i a t ed  ordered C u 3 A u .  (1-3) 

T h i s  information can be d i r ec t l y  compared w i t h  the s izes  and shapes 
of computer simulated cascades, thus providing a v i t a l  l ink  between modeling 
and experiments. 

In pr inc ip le ,  i t  i s  possible t o  determine the configuration of the 
disordered region produced by a high energy displacement cascade modeled a t  an 
a tomist ic  l eve l .  
we use t o  model high energy cascades, i s  not set  up t o  do t h i s ,  so we have simply 
compared the spa t ia l  d i s t r ibu t ion  of point defects produced w i t h  MARLOWE t o  the 
observed disordered regions f o r  cascades of the same energy. 

were simulated w i t h  MARLOWE by Cu primary knock-on atoms (PKAs) of the same 
energies in ordered Cu3Au.  

In p rac t ice ,  the binary co l l i s i on  computer code MARLOWE, which 

The experiments 
on Cut  ion i r r ad i a t i ons  a t  room temperature of ordered Cu3Au by Jenkins e t  a l .  (1 -2 )  

The TEM was done on very thin  (20-30 nm) areas of specimens which had 
been i r r ad i a t ed  by Cut  ions a t  normal incidence. 
a r e  t h u s  representat ive  of the  l a t e r a l  dimensions of the cascades. The MARLOWE 
cascades were therefore analyzed by measuring the extent o f  regions containing 
defects projected onto a plane normal t o  the randomly chosen PKA direct ions .  

The disordered regions observed 

To make a f a i r  comparison, the v i s i b i l i t y  c r i t e r i a  o f  the TEM image 
must be considered. The v i s i b i l i t y  of a disordered region depends on the thick-  
ness o f  the disordered region and i t s  average level o f  disorder, as well as  on 
i t s  l a t e r a l  dimension. The depth of the zone within the f o i l  and the f o i l  
thickness are a l so  important. 
necessary. 
energies from 5 t o  200 keV. 
C u t  ions ,  b u t  a t  and above 10 keV each ion apparently produced a v i s ib l e  zone 

Regions thinned to about 30 nm or less are 
Jenkins e t  a l .  s tud ied  specimens bombarded with Cut ions w i t h  

No disordered regions were observed f o r  5 keV 
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o f  d i s o r d e r .  

separa ted  d i s o r d e r e d  zones were i d e n t i f i e d  as 

s i n g l e  i o n .  The m u l t i p l e  zones r e p r e s e n t i n g  subcascades were t r e a t e d  c o l l e c -  

t i v e l y  as a s i n g l e  zone by Jenk ins  e t  a l .  Two measurements were r e p o r t e d  a t  

each i o n  energy, t h e  average d iameter  and t h e  average maximum d imension Emax 
o f  t he  cascade. D i s  t h e  d iameter  o f  a c i r c l e  hav ing  t he  same area as t he  

d i s o r d e r e d  zone ( o r  t he  sum o f  t h e  areas o f  t he  i n d i v i d u a l  subcascades) f o r  a 

cascade. 

r e g i o n  occup ied  by t h e  m u l t i p l e  zones r e p r e s e n t i n g  sub-cascades f rom a s i n g l e  

even t ) .  

Above about  30 keV, and e s p e c i a l l y  a t  t h e  h i g h e r  energ ies ,  c l o s e l y  

subcascades r e s u l t i n g  f rom a 

Dmax i s  t h e  maximum e x t e n t  o f  t h e  d i so rde red  zone ( o r  o f  t he  t o t a l  

Cascades generated w i t h  MARLOWE f rom 5 t o  100 keV were i n i t i a l l y  

Th i s  was found t o  be u n s a t i s f a c t o r y  

ana lyzed  by de te rm in i ng  n u m e r i c a l l y  t h e  areas o f  s imp le  geomet r i c  shapes con- 

t a i n i n g  t h e  d e f e c t s  f o r  each cascade. 
because o f  t h e  i r r e g u l a r  ,shapes and subcascades o f  t h e  h i g h e r  energy cascades. 

The f o l l o w i n g  method was t hen  dev ised:  

g r i d  o f  squares and t he  number o f  d e f e c t s  i n  each square was determined. A 
p l o t  showing t h e  number o f  d e f e c t s  i n  each square was made ( F i g u r e  l ) ,  which 

produced a d e n s i t y  p r o f i l e  f o r  t he  cascade. 

ana lyzed  much as i f  they  were TEN micrographs.  Tha t  i s ,  v i s i b i l i t y  c r i t e r i a  

based on t h e  d e n s i t y  o f  d e f e c t s  and t h e  s i z e s  and r e g u l a r i t y  o f  t he  dense reg ions  

were a p p l i e d  u n i f o r m l y  t o  t h e  cascades a t  a l l  ene rg ies .  S imply  measur ing t he  

t o t a l  area c o n t a i n i n g  d e f e c t  d e n s i t i e s  g r e a t e r  than some minimum va lue  i s  n o t  

s u f f i c i e n t ,  because the  dense areas o f  a s i n g l e  cascade a re  n o t  a lways c o n t i -  

guous. 

which produced a good f i t  t o  t h e  exper imenta l  va lue  o f  

t h e  f a c t  t h a t  5 keV cascades produced no d i s o r d e r e d  zones v i s i b l e  by TEM. 

g r a p h i c a l  approach was found  necessary  i n  o rde r  t o  n o t  i n c l u d e  ( i . e . ,  t o  deem 

i n v i s i b l e )  some smal l  i s o l a t e d  areas o f  h i g h  d e n s i t y  as w e l l  as t o  i n c l u d e  a s  

p a r t  o f  t h e  v i s i b l e  r e g i o n  t hose  sma l l ,  l e s s  dense areas which a r e  enc losed  

w i t h i n  dense reg ions .  

t h e  cascade r e g i o n  was d i v i d e d  i n t o  a 

These d e n s i t y  p r o f i l e s  were then 

The c r i t e r i a  were determined by choos ing a minimum v i s i b l e  d e f e c t  d e n s i t y  

a t  20 keV, and by us ing  

T h i s  

The r e s u l t s  f o r  about  t e n  cascades a t  each energy a re  shown i n  F i g u r e  2, 

compared t o  t h e  exper imenta l  r e s u l t s  (smooth l i n e s ) .  There i s  good agreement f o r  
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- 
D a t  a l l  energ ies ,  and f o r  h ~ x  f o r  e n e r g i e s  o f  about  20 keV o r  l e s s .  

t h e  d i f f e r e n c e s  between t h e  t h e o r e t i c a l  and exper imen ta l  va lues  o f  h a x  become 

much l a r g e r  w i t h  i n c r e a s i n g  energy. 

However, 

The microscopy must be done i n  ex t reme ly  t h i n  r e g i o n s  o f  t h e  f o i l ,  and 

t h e r e  i s  a p o s s i b i l i t y  t h a t  some h i g h  energy cascades may n o t  be comp le te l y  con- 

t a i n e d  w i t h i n  t h e  i n s p e c t e d  r e g i o n .  To s i m u l a t e  t h i s ,  t h e  50 and 100 keV cas-  

cades were ana lyzed a f t e r  a l l o w i n g  o n l y  t h e  d e f e c t s  o c c u r i n g  i n  t h e  f i r s t  30 nm 

a long  t h e  PKA d i r e c t i o n  t o  be i n c l u d e d .  F o r  two o f  t h e  t e n  cascades a t  100 keV 

t h e  a d d i t i o n a l  assumption was made t h a t  seve ra l  subcascades were w i d e l y  enough 

separa ted f rom each o t h e r  t h a t  t hey  would be cons ide red  as i n d i v i d u a l  cascades 

i n  a micrograph.  

t h e r e  i s  c o n s i d e r a b l y  b e t t e r  agreement f o r  h a x .  

The r e s u l t s  o f  t h i s  a n a l y s i s  a r e  shown i n  F i g u r e  3, where 

O f  course, t h e  s i m u l a t i o n  has shor tcomings.  For example, thermal  

e f f e c t s  were n o t  i nc luded ,  and t h e  i n t e r a t o m i c  p o t e n t i a l s ,  w h i l e  p l a u s i b l e ,  

a r e  u n t e s t e d  a g a i n s t  o t h e r  exper imenta l  data .  A l s o ,  t h e  number o f  s imu la ted  
cascades examined i s  sma l l ;  l a r g e r  s t a t i s t i c a l  samples a r e  needed, a long  w i t h  

th ree- d imens iona l  g r a p h i c a l  examinat ions o f  t h e  s i m u l a t e d  cascades t o  e s t a b l i s h  

b e t t e r  v i s i b i l i t y  c r i t e r i a  f o r  t h e  a n a l y s i s .  The f o i l  t h i ckness  used i n  t h e  

a n a l y s i s  i s  conse rva t i ve ,  30 nm b e i n g  t h e  upper l i m i t  o f  t h i cknesses  r e p o r t e d  

f o r  t h e  obse rva t i ons .  

r e s u l t s  s h o u l d  be determined.  

The dependence on f o i l  t h i ckness  o f  t h e  s i m u l a t i o n  

The s i g n i f i c a n t  r e s u l t  o f  t h e  i n v e s t i g a t i o n  so f a r  i s  t h a t  t h e  va lues  

o f  %ax f o r  t h e  s i m u l a t e d  cascades changed d r a m a t i c a l l y  when t h e  f o i l  t h i ckness  

was taken i n t o  account .  Whi le Jenk ins  e t  a l .  were c e r t a i n l y  aware o f  t h e  pos- 

s i b i l i t y  t h a t  t h e  h i g h  energy cascades m i g h t  n o t  be t o t a l l y  con ta ined  w i t h i n  

t h e  t h i n  f o i l s ,  t hey  a p p a r e n t l y  underes t imated t h i s  e f f e c t .  Thus, t h e  neces- 

s i t y  o f  t h i n  f o i l s  f o r  t h i s  TEM techn ique would seem t o  p l a c e  a severe l i m i t a -  

t i o n  on i t s  use fu lness  f o r  h i g h  energy cascades. 

VI. REFERENCES 
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V I I .  FUTURE WORK 

More cascades w i l l  be analyzed f o r  b e t t e r  s t a t i s t i c s ,  and h igher  r e c o i l  

energies w i l l  be i nves t i ga ted .  
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50 keV C u  PKA in C u 3 A u  

Density Prof i le  fo r  P o i n t  Defects Projected Normal t o  the PKA Direc- 
tion f a r  a 50-keV Cu PKA i n  Ordered C u 3 A u .  Each number refers  t o  
the number of defects in a square of side 2 l a t t i c e  parameters a t  
t ha t  location.  
v i s ib l e  i n  the analysis.  

FIGURE 1 .  

Squares containing 10 or more defects were considered 
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HEDL 81- 1 

FIGURE 2. Average Diameter 0 and Average Maximum Dimension Omax as a Function 
of Energy. Th cu ves summarize the experimental measurements o f  
Jenkins e t  a l . f l -3y  o f  disordered zones produced by Cut  ions in  
ordered Cu3Au.  
for  simulated Cu PKAs in ordered C u 3 A u .  
deviation. 

The points re fe r  t o  the dis t r ibut ions  o f  point defects 
Error bars are + one standard - 
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INCIDENT ION ENERGY (keW 

- 
FIGURE 3. D and Emax as a Func t i on  o f  Energy, Where t h e  S i m u l a t i o n  Has Been 

Ad jus ted  t o  Correspond t o  a 30-nm F i l m  Thickness. 
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I .  PROGRAM 

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

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

A f f  i 1 i a t i o n :  Hanford  Eng inee r i ng  Development L a b o r a t o r y  ( H E D L )  

11. OBJECTIVES 

1. Determine d e f e c t  s u r v i v a b i l i t y  i n  copper a l l o y s  i r r a d i a t e d  a t  

25°C and t h e  i n f l u e n c e  o f  s o l u t e  a d d i t i o n s  and neu t ron  f l uence .  

2. Determine t h e  v a l i d i t y  o f  u s i n g  TEM and microhardness measure- 

ments t o  s t u d y  t h e  dependence o f  s u r v i v a b i l i t y  on neu t ron  

energy and s o l u t e  a d d i t i o n s .  

3. Study t h e  n a t u r e  o f  m i c r o s t r u c t u r a l  e v o l u t i o n  d u r i n g  14 MeV 

neu t ron  i r r a d i a t i o n s  f o r  l a t e r  comparison t o  f i s s i o n  r e a c t o r  

da ta .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK I I . B . 3 . 2  Exper imenta l  C h a r a c t e r i z a t i o n  o f  Pr imary  Damage 

S t a t e ;  S tud ies  o f  Me ta l s  

E f f e c t s  o f  Damage Rate and Cascade S t r u c t u r e  on 
M i c r o s t r u c t u r e ;  Low-EnergylHigh-Energy Neutron 

C o r r e l a t i o n s  . 

II.C.6.3 

I V .  SUMMARY 

A d d i t i o n a l  examinat ions  o f  t h e  c o p p e r - a l l o y  s e r i e s  i r r a d i a t e d  i n  

Mic roscopy  has beer- 
RTNS-I1 a t  25°C c o n f i r m  t h e  v a l i d i t y  o f  conc lus ions  drawn i n  p r e v i o u s  

s t u d i e s  o f  p o i n t  d e f e c t  p r o d u c t i o n  and c l u s t e r i n g .  

per formed on f o u r  specimens f rom t h e  n i c k e l - a l l o y  s e r i e s  and a n a l y s i s  i s  
i n  p rogress .  
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V. ACCOMPLISHMENTS AND STATUS 

A. Microstructural Analysis of Specimens Irradiated in RTNS-I1 - 
H. R. Brager and F. A. Garner. 

1. Introduction 

In a previous report it was shown that microscopy and 
microhardness measurements had been made on pure copper and copper with 
5% of either Al, Ni, or Mn. All of these metals had been irradiated in 
RTNS-I1 at 25'C to fluences as large as 7.5 x IO1' n/cm . ( l)  The analy- 
sis of these data showed that a substantial fraction o f  the defects were 
below the resolutionlimit o f  the microscope and accounted for a large 
amount of the hardening that results from irradiation. It also appeared 
that each cascade event and its subsequent internal rearrangements 
could be considered at this flux and fluence to be a separate event, both 
in time and space. It was shown that some solutes such as aluminum lead 
to substantial differences in clustering of point defects within the cas- 
cade and thus affect the subsequent visibility of the clusters. There 
did not appear to be any substantial effect of any solute studied on the 
number of defects surviving the cascade event. 
surviving the original cascade event appeared to be at least 9%. 

The fraction of defects 

Since that time the effort has been continued. Several 
other specimens of the copper alloy series have been examined to assess 
the validity of the earlier conclusions. 
expanded to include an alloy series based on nickel rather than copper. 

The effort has also been 

In the pre copper was examined after 
irradiation to a fluence OT L. I  x iu-. nlcm- (14 MeV). A specimen has 
now been examined after irradiation to 0.76 x lo1' n/cm2. Typical defect 
populations are shown in Figure 1. As shown in Table I the mean diameter 
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FIGURE 1. Weak Beam Dark F i e l d  Imaging o f  Defect  C l u s t e r s  Formed i n  
Copper I r r a d i a t e d  a t  25OC t o  7.6 x 10l6 n/cm2 (E = 14 MeV) 

TABLE 1 
MICROSCOPY DATA - RTNS-I1 COPPER BINARY SERIES 

- 
d P (P /@)  

C1 u s t e r  

A1 1 oy (ioi7 n/cm2) (nm) (10171cm3) U n i t  $t 

4 t  
Neutron C l u s t e r  C l u s t e r  
F1 uence Diameter Conc. Conc. p e r  

c u  2.7 2.6 1.3 0.48 
cu* 0.76 3.0 0.25 0.33 
Cu + 5% Mn 7.4 2.7 3.4 0.46 
Cu + 5% N i  7.6 2.3 3.6 0.47 
Cu + 5% A1 7.1 2.0 7.7 1.08 
Cu + 5% A l *  6.8 2.5 6.2 0.91 

*Denotes new specimens 
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of the defects in the lower fluence specimen was ~ 3 . 0  nm a t  a density 
of 2 . 5  x lo1' defects/cm3. 
est imates a t  t h i s  time b u t  confirm the conclusion drawn before t h a t  each 
cascade event i s  roughly independent of a l l  o ther  cascade events. Note 
t h a t  the mean s i ze  of the c lu s t e r s  does n o t  increase with accumulated 
fluence.  The s l i g h t l y  lower number density per u n i t  fluence may r e f l e c t  
e i t h e r  an overestimated f o i l  thickness or the la rger  uncertainty associ-  
ated with the smaller number o f  defects counted in t h i s  specimen. 

These numbers a r e  considered t o  be preliminary 

3. Examination of Another Copper + 5% Aluminum Specimen 

As shown in Table I ,  the previous study concluded t h a t  
aluminum addit ions t o  copper lead t o  enhanced v i s i b i l i t y  of defect  
c lus te r ing  while nickel and manganese addi t ions  do not. 
firm t h i s  conclusion another specimen of t h i s  a l loy  was examined a t  a 
s imi la r  fluence o f  6.8 x IOl7 n/cm2. As shown in Table I an  aluminum 
addit ion of 5% leads t o  subs tan t ia l ly  enhanced v i s ib l e  number dens i t i es  
per uni t  fluence. 
subs tan t ia l ly  d i f f e r en t  from t h a t  played by nickel and manganese. 

In order t o  con- 

This indicates  t h a t  aluminum plays a ro le  t h a t  i s  

4. Examination of the Nickel Ser ies  Alloys 

A s imilar  analysis  i s  proceeding on the nickel-5% solute  
s e r i e s  i r rad ia ted  i n  RTNS-I1 t o  fluences as  large as  6.6 x 1017 n/cm2 a t  
25°C. 
graphs i s  in progress. 

To date four specimens have been examined. Analysis of the micro- 

5. Conclusions 

Additional examinations of the copper-alloy s e r i e s  i r r a -  
dia ted in RTNS-I1 a t  25°C confirm conclusions drawn in previous s tud ies  
of point defect  production and c lus te r ing .  
on four specimens from the nickel so lu te  s e r i e s  and analysis  i s  in pro- 
gress. 

Microscopy has been performed 
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TABLE 2 
NICKEL SERIES SPECIMENS 

Identification Code A1 1 oy Neutron Fluence n/cm2 

ITVZ 
55vu 
53UZ 
59x3 

I Pure Ni 2.6 1017 

Ni + 5% A1 6.1 x 1017 

Ni + 5% Mn 6.9 x 1017 

Ni + 5% Si 6.6 x 1017 

VI. REFERENCES 

1. H. R. Brager, F. A. Garner and N. F. Panayotou, "14 MeV 
Neutron Irradiation of Copper Alloy at EBR-11," OAFS Quarterly 
Progress Report, DOE/ER-0046/3, p. 81. 

VI  I. FUTURE WORK 

The analysis of the copper-solute and nickel-solute series will 
continue. 
using the black-white contrast technique. The theoretical considerations 
o f  solute size, weight, and interaction with point defects will also be 

examined. 

The identity of the point defect clusters will be pursued 

VIII. PUBLICATIONS 

An abstract entitled, "Damage Development and Hardening in 14 MeV 
Neutron Irradiation of Copper A1 loys at 25"C," (HEDL-SA-2357A) has been 
submitted for presentation at the Second Topical Meeting on Fusion 
Reactor Materials to be held August 9-12, 1981 in Seattle, Washington. 
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I .  

I1 

PROGRAM 

T i f l e :  I r radiat ion Effects Analysis (AKJ) 
Principal Invest igator :  D.  G .  Doran 
Af f i l i a t i on :  Hanford Engineering Development Laboratory 

OBJECTIVE 

The object ive  of t h i s  work i s  t o  determine the e f f e c t s  of high energy 
neutrons on damage production and evolution,  and the re la t ionships  of these 
e f f e c t s  t o  e f f e c t s  produced by f i s s ion  reactor neutrons. 
t i v e s  of the current  work are  the debelopment of techniques t o  ex t rac t  
from miniature specimen geometries information on the change in mechanical 
properties of neutron i r rad ia ted  metals. 

Specific objec- 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK I I .  B. 3.2 

II.C.6.3 

II.C.11.4 

II.C.18.1 

IV. SUMMARY 

Experimental Characterization of Primary Damage 
S ta te ;  Studies o f  Metals 
Effects of Damage Rate and Cascade Structure  on 
Microstructure; Low-EnergylHigh-Energy Neutron 
Correlations 
Effects of Cascades and Flux on Flow; High-Energy 
Neutron I r rad ia t ions  
Relating Low- and High-Exposure Mic ros t rx tu re s ;  
Nucleation Experiments 

A major goal of the DAFS program involves obtaining accurate measure- 
ments of the changes in the flow behavior of neutron i r rad ia ted  metals from 
miniature specimen geometries. Indenter type hardness techniques have been 
applied t o  TEM disk type specimens in an  e f f o r t  t o  ex t r ac t  r e l a t i ve  harden- 
ing data .  Since microhardness t e s t s  are  loca l ized ,  they do n o t  preclude 
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e i t h e r  the  continued i r r ad ia t ion  o r  the fu r the r  study of the  TEM d i s k  speci- 
mens by o ther  post i r r ad ia t ion  analyt ical  techniques. 

I t  has been determined t h a t  the  r e l a t i v e  increase i n  the  Vickers hard- 
ness of copper i r r ad ia t ed  t o  a dose level of 1 x 1017 n/cm2, E-14 MeV, i s  
d i r e c t l y  proportional t o  the increase i n  the 0.2 percent o f f s e t  y i e ld  
s t rength of copper. T h i s  f inding resolves a previously reported discrep-  
ancy between measured changes i n  the o f f s e t  y i e ld  strength and estimates 
based on hardness measurements. I t  remains t o  be shown t h a t  s imi la r  corre-  
l a t i o n s  can a l so  be obtained, both a t  higher dose leve ls  and f o r  metals 
o ther  than copper. 

V .  ACCOMPLISHMENTS AN0 STATUS 

Prediction of  the Change i n  the  Offset Yield Strength of Copper Due t o  
H i g h  Energy Neutron I r rad ia t ion  Using Vickers Microhardness Data -- 
N .  F .  Panayotou ( H E D L )  

A. Introduction 

I n  a previous quar te r ly  report  a discrepancy was reported between 
measurements of t he  increase i n  the 0.2 percent o f f s e t  y i e ld  s t rength of 
Cominco and LLNL copper i r rad ia ted  a t  25°C a t  RTNS-I and values of the 0.2 
percent o f f s e t  y i e ld  s t rength calculated from hardness measurements on OAFS 
copper i r rad ia ted  a t  25°C a t  RTNS-11"). 
the or ig ina l  attempt t o  co r re l a t e  these strengthening r e s u l t s  i s  reproduced 
i n  Figure 1 .  Possible causes f o r  this discrepancy include differences i n  
the composition and/or the pr ior  h is tory  of the metals and the assumed 
re la t ionship  between o f f s e t  y i e ld  s t rength and hardness. 

For convienience the  result of 

The so lu te  content of Cominco and LLNL copper i s  on the  order of 
500 ppm while DAFS copper has a so lu te  content of about 25ppm. All th ree  
types of copper were i r r ad ia t ed  i n  an annealed condition. 
could be argued t h a t  the  difference in composition could be the  basis  of 

Although i t  
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FIGURE 1 .  Original Attempt t o  Correlate Measured Strengthening and  Calcu- 
la ted  Strengthening Based on Hardness Data f o r  I r radiated 
Copper. 

Calculation assumes a = K ( D P H ) B  . 

the reported discrepancy, the microstructure of the i r rad ia ted  metals showed 

Furthermore recent work ,  a confirmation of  which appears i n  t h i s  quar ter ly  
report, indicates  t h a t  a much la rger  addit ion of so lu te ,  up  t o  5 atomic 
percent, does n o t  a f f e c t  the r e l a t i ve  i r r ad i a t i on  induced hardening of cop- 
per o r  copper binary a l loys .  ( 2 )  I t  appears there fore ,  t h a t  the r e l a t i ve ly  
small d i f ferences  in so lu te  content of the Cominco o r  LLNL and DAFS copper 
i s  no t  responsible fo r  the reported discrepancy in strengthening r e su l t s .  
Another potential  source of the reported discrepancy i s  the  assumed 
re la t ionsh ip  between o f f s e t  y ie ld  s t rength and hardness. 

no s ign i f i can t  di f ferences  i n  the number or size of v i s ib l e  defects .  ( 1 )  

The calculated values of the  increased in o f f s e t  y ie ld  s t rength shown in 
Figure 1 assumed t h a t  

a = K DPH (6)"  ( 1 )  Y 
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where u 
Y 

numer ica l  c o n s t a n t  equal  t o  3.27, DPH i s  t h e  V i c k e r s  hardness number i n  

kg/mm2, B i s  a c o n s t a n t  and n i s  t h e  work h a r d e n i n g  c o e f f i c i e n t .  The v a l u e s  

o f  b o t h  B and n were taken  t o  be c o n s t a n t  and equal  t o  0.1 and 0.414 respec-  

t i v e l y .  The c a l c u l a t e d  va lues  o f  S t reng then ing ,  F i g u r e  1, d i d  n o t  aqree 

w i t h  t h e  d a t a  o f  M i t c h e l l  e t . a l .  However, as w i l l  be d i scussed  below, a 

good c o r r e l a t i o n  between measured and c a l c u l a t e d  va lues o f  s t r e n g t h e n i n g  

based on hardness can be o b t a i n e d  b y  assuming t h a t  

i s  t h e  0.2 p e r c e n t  o f f s e t  y i e l d  s t r e n g t h  exprezsed i n  MPa, K i s  a 

Ao (MPa) = 3.27 ADPH(kg/mm*) ( 2 )  Y 

where no and ADPH a r e  t h e  changes i n  t h e  0.2 p e r c e n t  o f f s e t  y i e l d  s t r e n g t h  

and t h e  V i c k e r s  hardness number, r e s p e c t i v e l y .  
Y 

B. Exper imenta l  Procedure and R e s u l t s  

T e n s i l e  da ta  f o r  LLNL and Cominco copper o b t a i n e d  b y  M i t c h e l l  

e t . a l .  which were taken f rom p l o t s  o f  aoY versus dose a r e  summarized i n  
Table  1 and appear i n  F i g u r e  2 as a t r e n d  cu rve .  The t e n s i l e  specimens o f  
Cominco and LLNL copper were i r r a d i a t e d  a t  25°C a t  t h e  RTNS- I  f a c i l i t y .  

The d e t a i l s  o f  t h e  exper imen ta l  procedure o f  M i t c h e l l  e t . a l .  have been 

r e p o r t e d  elsewhere.  (3 )  Accord ing  t o  M i t c h e l l ,  t h e  y i e l d  s t r e n g t h s  o f  

u n i r r a d i a t e d  Cominco and LLNL copper were 52 and 62 MPa, r e s p e c t i v e l y .  

Hardness d a t a  f o r  DAFS copper a r e  a l s o  summarized i n  Table  1 and p l o t t e d  

i n  F i g u r e  2. 
TEM d i s k  t y p e  specimens. 

shee t  s t o c k  o f  h i g h  p u r i t y  copper o b t a i n e d  f r o m  A. D. Mackey Co. 

s o l u t e  c o n t e n t  o f  t h e  s t o c k  was about 25 ppm. I n  o r d e r  t o  m in im ize  s p e c i -  

men d e f o r m a t i o n  d u r i n g  t h e  punch ing o p e r a t i o n ,  a punch which suppor ts  b o t h  

s i d e s  o f  t h e  s t o c k  m a t e r i a l  was used. Specimens were a l s o  g i v e n  a s t r e s s  

r e l i e f  h e a t  t rea tment ,  4OO0C/15 min /A i r  Cool, a f t e r  forming.  T h i s  t r e a t m e n t  

produced a g r a i n  s i z e  o f  ASTM 5-6 (agerage g r a i n  d iamete r  o f  55 urn) and an 

i n i t i a l  V i c k e r s  hardness o f  56.6Q.3 kg/mm2 a t  a l o a d  o f  50 gm. 

g r a i n  d iamete r  o f  t h e  LLNL and Cominco copper was abou t  50 urn. 

The specimens used t o  o b t a i n  hardness da ta  were 3 mm d iamete r  

The t o t a l  
The d i s k s  were punched f r o m  0.254 mm t h i c k  annealed 

The average 

A l l  hardness 
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TABLE 1 

COPPER STRENGTHENING DATA 

Hardness Data T e n s i l e  Data ( 3 )  

Copper Type 

Cominco 

LLNL 

Cominco 
Comi nco 

Comi nco 

LLNL 
LLNL 

Cominco 
LLNL 

LLNL 

LLNL 
Cominco 

LLNL 

Cominco 

Comi nco 

Cominco 

Dose 
1017 n / c d  

0.11 
0.24 

0.30 
0.55 

0.70 

0.90 

0.95 

1.1 
1.4 

1.6 
2.0 

2.1 

2.3 

3.0 

4.0 

6.5 

6 

8 
10 
26 

36 

41 
45 

48 
55 

61 

69 
74 

76 
88 

95 

117 

Copper Type 

OAFS 

OAFS 

DA FS 
OAFS 

OAFS 

OAFS 

DAFS 

DAFS 

OAFS 

OAFS 

OAFS 

Dose 
10’7 n/cm2 

.25 

.25 

.58 

.59 

1.7 

1.7 

1.9 

2.1 

2.8 

3.0 

4.0 

ADPH 
kg/mm2 

025.5 

8k5.9 
Oi-4.2 

15t3.0 

19t3.3 

24t4.4 

11k2.9 

24t3.8 

26k2.9 

26t4.4 

27t2.9 

AOY 
MPa 

0+18 

26k19 
Oi-14 

49k10 

62t11 

79i-14 

36k10 

79k12 

8511 0 

8551 4 

88t10 

t e s t s  were performed us i ng  a Tukon t ype  hardness t e s t e r  f i t t e d  w i t h  a stan-  

dard V ickers  i nden te r  and a t  a l o a d  o f  50 gm. The l eng ths  o f  t h e  d iagonals  
o f  each i nden t  were measured us i ng  a F i l a r  t ype  eyepiece accurate t o  10.5 urn. 
The d i s k  t y p e  specimens o f  OAFS copper were i r r a d i a t e d  a t  25°C a t  t h e  RTNS-I1 
f a c i l i t y .  

The hardness data summarized i n  Table 1 a r e  t h e  average o f  a t  

l e a s t  f i v e  inden ts .  

sured hardness and t h e  c a l c u l a t e d  s t r eng th  values. The t a b u l a t e d  va lues o f  

Ao were c a l c u l a t e d  us i ng  Equat ion 2. 
t h e  0.2 percent  o f f s e t  y i e l d  s t r e n g t h  o f  copper c a l c u l a t e d  f rom hardness 

The u n c e r t a i n t y  r epo r t ed  i s  t h e  10 spread o f  t h e  mea- 

Using t h i s  r e l a t i o n s h i p ,  changes i n  
Y 
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FIGURE 2 .  Correlation Between Measured Strengthening and Calculated 
Strengthening Based on Hardness Data fo r  I r radiated Copper. 
Calculation assumes ao pii ADPH. 

d a t a  were found t o  be generally within 210 percent of the values measured 
by Mitchell e t . a l .  using t ens i l e  specimens. 

C .  Discussion 

Equation 2 i s  based on the well known re la t ionship between inden- 
( 4 , 5 )  t e r  hardness DPH, and  the t rue  flow st ress ,  u, of a metal, u 21 DPH/3. 

Essent ia l ly ,  the indenter hardness number ( u n i t s  of pressure) i s  taken t o  
be proportional t o  the t rue  flow s t r e s s  a t  the  t rue  s t r a i n  value which i s  
cha rac t e r i s t i c  of the indentation.  
age s t r a i n  i s  about 8%. This re la t ionship between the strength measured by 
a Vickers hardness indenter and  the 0.2% o f f s e t  y ie ld  strength i s  i l l u s -  

For a Vickers type indenter ,  the aver- 
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strated i n  Figure 3 ,  curve a.  Clearly,  in order t o  ca lcu la te  , the 0.2 
Y 

percent o f f s e t  y ie ld  s t rength ,d i rec t ly  from DPH/3, the form of the stress- 
s t r a i n  curve between y ie ld  and 8 percent s t r a i n  must be known. However, i f  
the s t r e s s- s t r a in  behavior of the metal changes only s l i g h t l y  with harden- 
ing, e.g. curve b Figure 3, i t  can be argued t h a t  t h e  change in the flow 

should be proportional t o  the change in stress a t  8 percent s t r a i n ,  aCr 
the o f f s e t  y i e ld  strength, A U  

Y ’  
s t r a i n  behavior has been observed fo r  copper which  was i r rad ia ted  t o  dose 
leve ls  where i t s  y ie ld  strength had increased by a f ac to r  of four.  ( 6 )  The 
maximum strengthening reported by Mitchell e t . a l .  was about a f ac to r  of two. 
Therefore i t  is reasonable t o  expect t h a t  A D P H  o r  aoDpH should be propor- 
tional t o  A U  f o r  the dose level covered by t h i s  work. I t  should a l so  be 
noted t h a t , i n  the l i m i t  o f  high neutron dose, DPH/3 can become a d i r e c t  mea- 
sure of u Makin reports  t h a t  highly i r rad ia ted  copper shows l i t t l e  s t r a i n  
hardening during t e n s i l e  testing.(6) This type of s t r e s s- s t r a in  behavior i s  
i l l u s t r a t e d  in Figure 3, curve c. Clearly,  the strength a t  8 percent s t r a i n  
i s  a good approximation t o  the y ie ld  s t rength i n  t h i s  case. 
extend t h i s  type of correla t ion t o  other metal systems i s  in progress. Pre- 
liminary r e su l t s  f o r  b o t h  i r rad ia ted  DAFS nickel and cold worked AIS1 316 
s t a i n l e s s  s t ee l  show good correlations between measured strengthening and 
calculated strengthening based on hardness. The i n i t i a l  hardness and work 
hardening coef f ic ien ts  of these metals are s ign i f i can t ly  d i f f e r en t  than 
those o f  annealed copper. Accordingly, i t  appears t h a t  the re la t ionship 
ao X. ADPH may be valid for metals other  than j u s t  annealed copper. 

D P H ’  
Qua l i t a t i ve ly ,  t h i s  type of change in s t r e s s-  

Y 

Y’ 

An attempt t o  

Y 

The or iginal  attempt t o  develop a hardness-strength cor re la t ion  
made several assumptions which have since been determined t o  be inval id .  
The value of n ,  in Equation 1 ,  was o r ig ina l ly  assumed t o  be constant, inde- 
pendent of i r r ad i a t i on .  Actually n decreases a s  a metal i s  hardened. ( 7 )  
Even though a reasonable cor re la t ion  can be obtained using Equation ( l ) ,  
i f  n i s  allowed t o  decrease as a function of f luence,  a fu r ther  problem 
remains in t h a t  Equation ( 1 )  impl ic i ty  assumes a power law type s t r e s s-  
strain behavior. I t  has been determined t h a t  such an  assumption i s  not 
val id  f o r  copper. ( 8 )  In order t o  ver i fy  t h i s  assessment, measurements of 
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D. Conclusions 

The original attempt to correlate hardness and strength data o f  

irradiated copper was determined to be inadequate. 
assuming that Aa ?I ADPH, a correlation, accurate to about ?lo%, was obtained 
between measured strengthening and the strengthening of irradiated copper 
calculated from indenter type hardness data. Preliminary results indicate 
that this correlation may be valid for other metal systems which have sus- 
tained a comparable degree o f  hardening. 

However, by simply 

Y 
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FIGURE 3 .  Typical Schematic Stress-Strain Curves for Copper: Curve a, 
Unirradiated Copper; Curve b, Slightly Irradiated Copper; Curve c ,  
Highly Irradiated Copper. 

the value of n for irradiated copper TEM disk specimens are in progress 
using the Meyers hardness technique.(6) Tha ability to measure n and An is 
also important since values of n can be correlated with tensile ductility 
and can be used to evaluate the effect of irradiation on stress-strain 
behavior. 
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VII.  FUTURE WORK 

Extend AU ADPH correla t ion t o  other  metal systems. 
Y 

Continue development o f  techniques t o  measure work hardening coef f ic ien ts  
using i r rad ia ted  TEM disk specimens. 

7 4  



CHAPTER 3 

FUNDAMENTAL MECHANICAL BEHAVIOR 

75 





I. T i t l e :  E f f e c t s  o f  I r r a d i a t i o n  on Fus ion  Reactor  M a t e r i a l s  

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

A f f i l i a t i o n :  Argonne N a t i o n a l  Labo ra to ry  

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  e s t a b l i s h  t h e  e f f e c t s  o f  

changes i n  i r r a d i a t i o n  f l u x  on t h e  r a t e  o f  r a d i a t i o n  a s s i s t e d  creep. 

111. SUMMARY 

Two types  o f  creep r a t e  t r a n s i e n t s  were observed a t  t h e  

t e r m i n a t i o n  o f  i r r a d i a t i o n  d u r i n g  creep d e f o r m t i o n  o f  N i - 4  a t .  % S i  

a l l o y  a t  35OoC. 

minute and a l o n g  te rm  t r a n s i e n t  l a s t e d  f o r  about 10 hours. The r a p i d  

t r a n s i e n t  appears t o  be t o o  l a r g e  t o  be e x p l a i n e d  by a change i n  

tempera ture  d i s t r i b u t i o n  (shear modulus change) i n  t h e  specimen. It 

may be evidence f o r  enhanced creep r e s u l t i n g  f rom g l i d e  o f  

d i s l o c a t i o n s  re leased  f rom obs tac les  by t h e  c l i m b  caused by t h e  

a b s o r p t i o n  o f  su rp lus  vacancies a f t e r  t h e  i r r a d i a t i o n  was stopped. 

The l o n g  te rm  t r a n s i e n t  may have r e s u l t e d  f rom a change i n  t h e  

d i s l o c a t i o n  s t r u c t u r e .  A change i n  s t r u c t u r e  i n  t h e  oppos i t e  sense 

may a l s o  be r e s p o n s i b l e  f o r  a creep t r a n s i e n t  w i t h  a moderate d u r a t i o n  
observed a t  the onset o f  i r r a d i a t i o n .  

A s h o r t  t e rm  t r a n s i e n t  s a t u r a t e d  i n  l e s s  t han  one 

V. ACCOMPLISHMENTS AND STATUS 

A. I r r a d i a t i o n  Creep T r a n s i e n t  i n  Ni- 4 at .  % S i  -- J. Nagakawa 

and V. K. S e t h i  

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

There have been r e p o r t s  on a s i g n i f i c a n t  creep r a t e  

enhancement a t  t h e  i n i t i a t i o n  and t e r m i n a t i o n  o f  i r r a d i a t i o n ( ' )  o r  by 
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a c y c l i c  i r r a d i a t i o n  f l u x ( 2 )  d u r i n g  i r r a d i a t i o n  creep. 

enhancement added t o  t h e  i r r a d i a t i o n  creep i s  very d e t r i m e n t a l  f o r  

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

t h e  i n i t i a l  gene ra t i on  o f  f u s i o n  r e a c t o r s  w i l l  be c y c l i c .  Rapid creep 

d u r i n g  c y c l i c  i r r a d i a t i o n  has been exp la ined  i n  terms o f  t h e  

t r a n s i e n t s  i n  t h e  f l o w  o f  p o i n t  d e f e c t s  t o  s i n k s  when t h e  i r r a d i a t i o n  

f l u x  i s  D i s l o c a t i o n  c l i m b  i s  enhanced by a s u r p l u s  

i n t e r s t i t i a l  f l u x  when t h e  i r r a d i a t i o n  i s  t u r n e d  on and by a s u r p l u s  

vacancy f l u x  when t h e  i r r a d i a t i o n  i s  stopped. I f  t h e  enhanced c l i m b  

l i b e r a t e s  d i s l o c a t i o n s  f rom p i n n i n g  p o i n t s  a l l o w i n g  s t r a i n  by g l i d e ,  

an enhanced creep r a t e  can r e s u l t  f rom c l i m b  i n  e i t h e r  vacancy o r  

i n t e r s t i t i a l  absorb ing  d i r e c t i o n s .  

Such a c y c l i c  

I n  t h e  course o f  a l i g h t - i o n  i r r a d i a t i o n  creep study o f  
N i - 4  a t .  % S i  a l l o y  a t  35OoC creep t r a n s i e n t s  were observed a t  t h e  

beg inn ing  and a t  t h e  end o f  i r r a d i a t i o n .  These creep t r a n s i e n t s  a re  

analyzed i n  t h i s  r e p o r t .  

2. Exper imenta l  Procedure 

D e t a i l s  o f  exper imenta l  procedures and t h e  t o r s i o n a l  

creep apparatus have been desc r i bed  i n  p rev ious  progress r e p o r t s .  A1  1 

exper iments were per formed w i t h  21  MeV deuterons and a specimen 

tempera ture  of 35OoC.  

v a r i a t i o n s  a l l  exper iments were per formed u s i n g  t h e  same specimen ( N i -  

4S i -9 ) ,  a f t e r  i t  had been i r r a d i a t e d  t o  0.031 dpa which i s  s u f f i c i e n t  

t o  n e a r l y  s a t u r a t e  t h e  i r r a d i a t i o n  induced hardening. The 

p o s t i r r a d i a t i o n  creep r a t e  o f  t h i s  s p e c i w n  showed a s t r e s s  exponent 

o f  3 th roughout  t h e  s t r e s s  range examined. 

I n  o r d e r  t o  e l i m i n a t e  sample t o  sample 

3. Resu l t s  and D iscuss ion  

F i g u r e  1 shows s t r a i n  vs. t ime  curves f o r  t h e  l a s t  

p o r t i o n s  o f  i r r a d i a t i o n  creep exper iments and t h e  beg inn ings  o f  



subsequent p o s t i r r a d i a t i o n  thermal  creep experiments. Two d i f f e r e n t  

creep t r a n s i e n t s  can be seen: an abrup t  change i n  s t r a i n  when t h e  

beam i s  t u rned  o f f  which i s  n e g l i b i b l y  smal l  a t  l o w  s t ress ,  and a l o n g  

t e r m  t r a n s i e n t  which i s  s i g n i f i c a n t  a t  any s t ress .  The s h o r t  

t r a n s i e n t s  were almost completed w i t h i n  a m inu te  whereas t h e  l o n g  

t r a n s i e n t s  l a s t e d  f o r  n e a r l y  10 hours. Acce le ra ted  t r a n s i e n t  c reep o f  

r a t h e r  moderate d u r a t i o n  (about  30 m inu tes )  was observed a t  t h e  
beg inn ing  o f  i r r a d i a t i o n  as has been r e p o r t e d  p r e v i o u s l y .  ( 3 )  

It i s  p o s s i b l e  t h a t  t h e  s h o r t  t e rm  t r a n s i e n t  c o u l d  

r e s u l t  f rom a change i n  tempera ture  d i s t r i b u t i o n  i n  t h e  specimen 

assoc ia ted  w i t h  t h e  t e r m i n a t i o n  o f  i r r a d i a t i o n .  Such a tempera ture  

d i s t r i b u t i o n  change can cause a change i n  e l a s t i c  s t r a i n  ( r o t a t i o n )  

t h rough  a change i n  t h e  shear rmdulus. However, t h e  d e t a i l e d  a n a l y s i s  

descr ibed  below i n d i c a t e s  t h a t  t h e  amount o f  s t r a i n  observed i s  t o o  

l a r g e  t o  r e s u l t  e n t i r e l y  f rom t h e  tempera ture  change and does no t  have 

t h e  proper  dependence on t h e  a p p l i e d  s t ress .  

schemat ic  r e p r e s e n t a t i o n  o f  t h e  tempera ture  d i s t r i b u t i o n  i n  t h e  

specimen d u r i n g  i r r a d i a t i o n  creep a t  1.3 x dpa s-l  and a 

subsequent thermal  creep experiment.  Be fo re  i r r a d i a t i o n ,  t h e  specimen 

i s  heated o n l y  by a he l i um gas a t  290°C. 

a l i g n e d  on t h e  specimen, Seam h e a t i n g  o f  3OoC i s  added t o  t h e  
i r r a d i a t e d  gauge p o r t i o n  iirr of t h e  specimen. 
s l i t .  The sample i s  t h e n  heated  f u r t h e r  by d i r e c t  r e s i s t a n c e  h e a t i n g  

t o  b r i n g  t h e  gauge s e c t i o n  t o  35OOC. When t h e  i r r a d i a t i o n  i s  

completed, t h e  r e s i s t a n c e  h e a t i n g  i s  i nc reased  s imu l taneous l y  as t h e  

beam i s  shut  o f f  i n  o r d e r  t o  keep t h e  gauge s e c t i o n  a t  35OoC. A r a p i d  

i nc rease  i n  s t r a i n  ( r o t a t i o n )  was observed when t h e  specimen 

tempera ture  was inc reased t o  350°C by t u r n i n g  on t h e  d i r e c t  r e s i s t a n c e  

h e a t i n g  a t  t h e  beg inn ing  o f  i r r a d i a t i o n  a f t e r  comple t ion  o f  beam 

al ignment .  The amount o f  t h i s  s t r a i n ,  which i s  denoted by by:, i s  

p l o t t e d  i n  F ig .  3 as a f u n c t i o n  o f  t h e  maximum shear s t ress .  

s t r a i g h t  l i n e  i n  t h e  f i g u r e  shows t h e  c a l c u l a t e d  i nc rease  i n  s t r a i n  

assoc ia ted  w i t h  t h e  tempera ture  d i s t r i b u t i o n  change. A l though t h e r e  

F i g u r e  2 shows a 

A f t e r  t h e  deuteron  beam i s  

airr i s  de f ined  by a 

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

t h e  e a r l y  p e r i o d  o f  i r r a d i a t i o n ,  co inc idence  between t h e  observed and 

t h e  c a l c u l a t e d  by: i s  remarkably  good. A l i n e a r  s t r e s s  dependence i s  

o b t a i n e d  as expected. The s t r a i n  assoc ia ted  w i t h  t h e  s h o r t  t r a n s i e n t ,  

denoted by Ays , i s  n o t  l i n e a r  i n  s t r e s s  and i s  much l a r g e r  t han  t h e  

s t r a i n  i nc rease  expected f rom t h e  tempera ture  d i s t r i b u t i o n  e f f e c t ,  

denoted by AyT i n  F ig .  4. There fo re ,  t h e  s h o r t  creep t r a n s i e n t  i s  

very u n l i k e l y  t o  be a r e s u l t  o f  tempera ture  d i s t r i b u t i o n  change. 

F .  

Th is  s h o r t  creep t r a n s i e n t  may r e s u l t  f rom a s u r p l u s  

f l u x  o f  vacancies t o  d i s l o c a t i o n s  d u r i n g  t h e  i n i t i a l  s tage o f  t h e  

beam-off p e r i o d  a f t e r  t h e  i n t e r s t i t i a l  d e f e c t s  have r a p i d l y  d r a i n e d  

f rom t h e  l a t t i c e .  Vacancy f l o w  enhances d i s l o c a t i o n  c l i m b  so t h a t  t h e  

d i s l o c a t i o n s  can o v e r c o w  p i n n i n g  p o i n t s  and produce s t r a i n  by a 

subsequent g l i d e  motion. P o i n t  d e f e c t  c o n c e n t r a t i o n s  d u r i n g  t h i s  

p o i n t  a re  g iven  by 

c .  = 0 ,  
1 

* 
where C 

pe r i od ,  e i s  t h e  e q u i l i b r i u m  vacancy c o n c e n t r a t i o n  a: an averagc 

d i s l o c a t i o n ,  Dv i s  t h e  vacancy d i f f u s i v i t y ,  Zt i s  the vacancy b i a s  

f a c t o r ,  and pt i s  t h e  t o t a l  d i s l c o a t i o n  d e n s i t y . ( * )  

creep r a t e  i s  expressed by 

i s  t h e  vacancy c o n c e n t r a t i o n  a t  t h e  onset o f  annea l i ng  
V 

V 

The c l  imb-91 j de  

c9  

where p, i s  t h e  mob i l e  d i s l o c a t i o n  d e n s i t y ,  x/h i s  t h e  r a t i o  o f  t h e  
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o b s t a c l e  spac ing  t o  i t s  h e i g h t ,  b i s  t h e  s t r e n g t h  o f  t h e  Burgers  

vec to r ,  and V c  i s  t h e  c l i m b  r a t e  o f  an average d i s l o c a t i o n .  

t h e  c o n d i t i o n  o f  Eq. (1) is( ’ )  

V c  under  

Thus, f rom Eqs. ( 2 )  and (3 )  

* - e  where C 

A E  ( t ) ,  i s  g iven by i n t e g r a t i n g  Eq. (4)  w i t h  respec t  t o  t ime,  t, c 9  

i s  neg lec ted  because C v  >> F :. The t r a n s i e n t  creep s t r a i n ,  

The t i m e  dependence o f  A E ~ ~  o r i g i n a t e s  f r o m  t h e  t e r m  

: 1 - ex?(-D Zop t )  } and s a t u r a t e s  a t  t h e  va lue  
1 (pm/pt)(X/h) C } which must be dependent on s t ress .  

0 0 shows {l - ex?(-OvZ p t t ) ]  vs .  t f o r  Z v  = 1.76, pt = 1 x 
= 3.72 x 10-15m2/s(’) and a l s o  f o r  0, = 2.74 x 10- 16 m 2 /s which was 

c a l c u l a t e d  f rom a i n i g r a t i o n  energy o f  1.38 e V ( 4 y 5 )  and v i b r a t i o n  

f requency f a c t o r  o f  5 x 10 l3 s -’ . ( 6 )  3 0 t h  cases i n d i c a t e  t h a t  AcCg has 

n e a r l y  reached s a t u r a t i o n  i n  a m inu te  as has been observed i n  t h e  

experiments. There fo re ,  t h e  d u r a t i o n  o f  t h e  s h o r t  creep t r a n s i e n t  

observed a t  t h e  onset o f  t h e  beam-off ( annea l i ng )  p e r i o d  agrees w e l l  

w i t h  t h a t  p r e d i c t e d  t o  r e s u l t  f rom s u r p l u s  vacancy f l u x  which causes 

enhanced c l i m b - g l i d e  o f  d i s l o c a t i o n s .  The magnitude o f  t h e  s t r a i n  

produced depends on d e t a i l s  o f  t h e  model and t h e  q u a n t i t i e s  pm/pt and 

X/h which cannot be es t ima ted  a c c u r a t e l y  enough t o  make comparison 

v v t  
F i g u r e  5 

V 

and 0, 
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meaning fu l .  

The l o n g  te rm  t r a n s i e n t ,  AyL. cannot be exp la ined  by 

t h e  t r a n s i e n t s  i n  p o i n t  d e f e c t  f l u x e s  t o  s i nks  because i t  p e r s i s t s  f o r  

t o o  long.  It my be t h e  r e s u l t  o f  a change i n  d i s l o c a t i o n  

s t r u c t u r e .  The t r a n s i e n t  creep o f  moderate d u r a t i o n  observed a t  t h e  

onset  o f  i r r a d i a t i o n  a l s o  p e r s i s t s  f o r  t o o  l o n g  t o  be r e l a t e d  t o  

t r a n s i e n t s  i n  t h e  p o i n t  d e f e c t  f l u x e s  because these shou ld  reach t h e i r  

s teady s t a t e  va lues under i r r a d i a t i o n  m r e  q u i c k l y .  T h i s  t r a n s i e n t  

might  a l s o  be t h e  r e s u l t  o f  a change i n  d i s l o c a t i o n  s t r u c t u r e .  A 

c reep t r a n s i e n t  assoc ia ted  w i t h  s u r p l u s  i n t e r s t i t i a l  f l u x  a t  t h e  onset  

o f  i r r a d i a t i o n ( ' Y 2 )  may have occur red ,  but n o t  been recogn ized because 

o f  t h e  non-steady c o n d i t i o n s  d u r i n g  t h e  a l ignment  o f  t h e  deuteron  beam 

pn t h e  sample. 
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I6 20 

F i g u r e  1. Creep curves showing t h e  l a s t  p o r t i o n  o f  i r r a d i a t i o n  creep 

exper iments and t h e  i n i t i a l  p o r t i o n  o f  p o s t i r r a d i a t i o n  

thermal  c reep t e s t s .  Shor t  te rm and l o n g  te rm t r a n s i e n t s  

can be seen. The s h o r t  t r a n s i e n t  i s  c l e a r l y  l a r g e r  t h a n  

t h e  data  f l u c t u a t i o n s  as i n d i c a t e d  i n  t h e  cu rve  for 69 MPa 

which i s  expressed by data  p o i n t s  f rom t h e  d i g i t a l  da ta  

1 ogger. 
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AY AY 
AY 0 AY, 

F i g u r e  2. Schematic r e p r e s e n t a t i o n s  o f  t h e  tempera ture  d i s t r i b u t i o n s  

d u r i n g  i r r a d i a t i o n  creep and thermal  creep experiments. 

The l e t t e r s  G, B and R denote he l i um gas heat ing ,  beam 

h e a t i n g  and r e s i s t a n c e  hea t i ng ,  r e s p e c t i v e l y .  

Ay and AT denote changes i n  e l a s t i c  s t r a i n  ( r o t a t i o n )  

due t o  a tempera ture  d i s t r i b u t i o n  (shear  modulus) change. 

A Y ~  and AYL denote observed s h o r t  and l o n g  te rm t r a n s i e n t  

s t r a i n ,  r e s p e c t i v e l y .  

S F 
T T 
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F i g u r e  3. The magni tude o f  t h e  r a p i d  s t r a i n  i n c r e a s e  observed when 

t h e  specimen tempera tu re  was inc reased  t o  35OoC by t u r n i n g  

on t h e  r e s i s t a n c e  h e a t i n g  a f t e r  t h e  beam was a l i g n e d .  The 

s t r a i n  i n c r e a s e  c a l c u l a t e d  f rom t h e  shear modulus change 

a s s o c i a t e d  w i t h  t h e  tempera tu re  d i s t r i b u t i o n  change i s  

shown by a s t r a i g h t  l i n e  w i t h  a s lope  o f  one. F a i r l y  good 

agreement between t h e  observed and t h e  c a l c u l a t e d  va lues  

can be n o t i c e d .  
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Figure 4. Stress dependencies o f  the observed strain associated with 
the short-(AyS) and lOng-(AyL)  term transients as well as 
the calculated strain change due t o  temperature 
distribution change ( A & )  when the beam was turned O f f .  

B o t h  AYS and  A ~ L  are much larger t h a n  Ayf and are no t  
linear in stress.  
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F i g u r e  5. Time dependencies o f  c reep t r a n s i e n t  caused by s u r p l u s  

vacancy f l u x  f o r  two d i f f e r e n t  vacancy d i f f u s i v i t i e s .  Bo th  

cases i n d i c a t e  t h a t  t h e  c reep t r a n s i e n t  a lmost  reaches 

s a t u r a t i o n  w i t h i n  one minute .  
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I. PROGRAM 

Title: Fundamental Studies of Radiation Damage Analysis 
Principal Investigators: G.R. Odette and G.E. Lucas 
Affiliation: University of California, Santa Barbara 

11. OBJECTIVE 

The objective of this work is to develop physical models describing 
the influence of metallurgical and irradiation variables on the alteration 
of mechanical properties. These models will be used to correlate avail- 
able data, to plan and analyze new experiments and, ultimately, to extra- 
polate to fusion reactor conditions. 

111. RELEVANT OAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK II.C.14.1 Modeling of Flow and Fracture Under Irradiation- 
Model Development 
SUBTASK 1I.C. 16.1 Composite Correlation Models and Experiments- 
Correlation Model Development 

IV. SUMMARY 

Mechanical Properties Modeling 

Creep fracture behavior of both unirradiated and irradiated (and 
nelium implanted) austenitic stainless steel has been modeled using simple 
creep fracture mechanisms. A creep fracture map for the solution annealed 
316 stainless steel has been developed and the predictions of the map are 
in good agreement with the experimental data on times-to-fracture. An 
irradiated rupture model has been developed based on 1) a size distribu- 
tion of pre-existing helium bubbles,2) stress induced nucleation of creep 
cavities on helium bubbles, and 3) a creep constrained cavity growth mechan- 
ism. The predictions o f  the model are in excellent agreement with the 
rupture times and ductilities for both the helium injected and neutron 
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i r r a d i a t e d  T i - s t a b i l i z e d  s t a i n l e s s  s t e e l .  However, t h e  models deve loped 

a r e  p r e l i m i n a r y  and t h e y  do n o t  i n c l u d e  a l l  t h e  c r i t i c a l  processes,  such 

as phase i n s t a b i l i t i e s .  

v. ACCOMPLISHMENTS AND STATUS 

Creep F r a c t u r e  Mechanisms i n  U n i r r a d i a t e d  and I r r a d i a t e d  S t a i n -  

l e s s  S t e e l s  - - S . S .  V a g a r a l i  and G.R .  Ode t te  

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

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

Commercial f u s i o n  r e a c t o r  s t r u c t u r a l  components w i l l  o p e r a t e  a t  

t e m p e r a t u r e- s t r e s s  regimes i n  wh ich  c reep  f r a c t u r e  i s  one o f  t h e  s i g n i f i -  

c a n t  f a i l u r e  modes. F r a c t u r e  mechanism maps a r e  conven ien t  f o r  r e p r e s e n t -  

i n g  t h e  m a j o r  m e c h a n i s t i c  regimes 111. A reg ime o f  p r i m e  e n g i n e e r i n g  

s i g n i f i c a n c e  i s  a t  i n t e r m e d i a t e  tempera tu res  and a t  l ow  s t r e s s e s  charac-  

t e r i s t i c  o f  s e r v i c e  c o n d i t i o n s ;  however, because o f  t h e  v e r y  l o n g  r u p t u r e  

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

L i m i t e d  exper imen ta l  d a t a  i n d i c a t e s  t h a t  g r a i n  boundary c a v i t a t i o n  f a i l u r e  

dominates t h i s  reg ime [ 2 , 3 ] .  A f r a c t u r e  map f o r  u n i r r a d i a t e d  s o l u t i o n  

annealed 316 s t a i n l e s s  s t e e l  was r e c e n t l y  deve loped by us as shown i n  

F i g u r e  1 [4].  The map i n d i c a t e s  t h a t  a t  i n t e r m e d i a t e  tempera tu res  and low 

s t r e s s e s ,  d i f f u s i o n  c o n t r o l l e d  c a v i t a t i o n  f r a c t u r e  i s  dominant.  However, 

r e c e n t  s t u d i e s  have shown t h a t  c a v i t a t i o n  f r a c t u r e  may o f t e n  be c reep  

c o n t r o l l e d  [ 5 - 7 ] .  I n  t h e  p r e s e n t  work,  t h e  map g i v e n  i n  F i g u r e  1 i s  

m o d i f i e d  by  i n c o r p o r a t i n g  c reep  c o n t r o l l e d  c a v i t a t i o n  f r a c t u r e  mechanism. 

O f  course,  t h e  ma jo r  concern i s  t h e  c r e e p- r u p t u r e  p r o p e r t i e s  o f  

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

i r r a d i a t i o n .  I t  i s  w e l l  e s t a b l i s h e d  t h a t  t h e  m i c r o s t r u c t u r a l  and m i c r o-  

chemica l  e v o l u t i o n  wh ich  occurs  i n  i r r a d i a t e d  a l l o y s  can s i g n i f i c a n t l y  

a l t e r  f r a c t u r e  modes and g e n e r a l l y  reduce creep d u c t i l i t i e s  and r u p t u r e  

t i m e s .  U n f o r t u n a t e l y ,  t h e  e f f e c t s  o f  i r r a d i a t i o n  a r e  h i g h l y  complex and 

n o t  w e l l  unders tood.  Fo r  example, s i g n i f i c a n t  d i f f e r e n c e s  have been 
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observed between t h e  r e s u l t s  o f  i n - s i t u  ve rsus  p o s t - i r r a d i a t i o n  c reep  

r u p t u r e  t e s t i n g  181; i n  some cases i r r a d i a t i o n  has been observed t o  

i n c r e a s e  r u p t u r e  t i m e s  [SI .  

I n  s p i t e  o f  such c o m p l e x i t y ,  t h e r e  may be some c i r cumstances  

wh ich  one p a r t i c u l a r  aspec t  o f  i r r a d i a t i o n  damage i s  dominant and amenable 

t o  s i m p l e  model ing.  T h i s  may o c c u r ,  f o r  example, when t h e r e  a r e  h i g h  

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

t h e  number o f  g r a i n  boundary creep c a v i t i e s  wh ich  fo rm on p r e e x i s t i n g  

h e l i u m  bubbles .  Hence, a c reep  r u p t u r e  model has been developed based on: 

1) a s i z e  d i s t r i b u t i o n  o f  p r e e x i s t i n g  h e l i u m  bubbles ;  2) s t r e s s  induced 

f o r m a t i o n  o f  c reep c a v i t i e s  on a f r a c t i o n  o f  t h i s  bubb le  d i s t r i b u t i o n ;  and 

3 )  a c reep c o n s t r a i n e d  c a v i t y  g rowth  mechanism. The p r e d i c t i o n s  o f  t h e  

model a r e  compared w i t h  r u p t u r e  t i m e s  and d u c t i l i t i e s  f o r  b o t h  h e l i u m  

i n j e c t e d  and n e u t r o n  i r r a d i a t e d  T i - s t a b i l i z e d  s t a i n l e s s  s t e e l .  

8 .  Creep F r a c t u r e  Mechanisms 

E l e v a t e d  tempera tu re  f r a c t u r e  b e h a v i o r  o f  p o l y c r y s t a l l i n e  mater-  

i a l s  may be d i v i d e d  i n t o  two c a t e g o r i e s :  a)  t r a n s g r a n u l a r  c reep f r a c -  

t u r e ;  b )  i n t e r g r a n u l a r  c reep f r a c t u r e .  

The f r a c t u r e  process i n v o l v e s  n u c l e a t i o n  and g rowth  o f  v o i d s  o r  

t i m e - t o - f r a c t u r e ,  t f ,  i s  e s s e n t i a l l y  de te rm ined  by  t h e  t i m e  c racks ,  v i z .  

r e q u i r e d  f o r  t h e  v o i d s  o r  c r a c k s  t o  form, grow and coa lesce .  

8.1  T r a n s g r a n u l a r  Creep F r a c t u r e  

I n  t h i s  mode o f  f r a c t u r e ,  v o i d s  n u c l e a t e  a t  second phase p a r t i -  

c l e s  and grow by  l o c a l  c reep o f  m a t r i x .  Ashby [l] has ana lyzed  t h e  f r a c -  

t u r e  p rocess  and t f  i s  g i v e n  by  
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where an e f f e c t i v e  nuc lea t i on  s t ra in" ,  f v  i s  volume f r a c t i o n  o f  second 

phase p a r t i c l e s ,  i s  t he  creep r a t e  and n i s  t he  s t ress  exponent; t he  

second term i n  t h e  brackets i s  a pos t- nuc lea t ion  d u c t i l i t y  parameter which 

i s  t h e  s t r a i n  needed t o  grow m a t r i x  vo ids  t o  f i n a l  f r a c t u r e  i n s t a b i l i t y .  

C 

B. 2 I n t e r g r a n u l a r  Creep Frac ture  

For i n t e r g r a n u l a r  f r a c t u r e  mode voids o r  cracks nucleate and 

grow i n  t he  p lane o f  t he  g r a i n  boundary. F a i l u r e  o f t e n  occurs suddenly 

w i thou t  neck formation. There are two types o f  i n t e r g r a n u l a r  f r a c t u r e  

mechanisms: 1) t r i p l e  p o i n t  c rack ing ;  2) c a v i t a t i o n  f r a c t u r e .  

B. 3 T r i p l e  P o i n t  Crack ing 

Th is  mode o f  f r a c t u r e  i s  impor tan t  a t  low temperatures and h igh  
st resses.  Gra in boundary s l i d i n g  i n  p o l y c r y s t a l s  leads t o  s t ress  concen- 

t r a t i o n  a t  t he  g r a i n  boundary t r i p l e  j unc t i ons  which may o f t e n  be r e l i e v e d  

by nuc lea t i on  o f  a crack,  and f o l l o w i n g  nuc lea t i on ,  t he  crack grows by 

wedging a c t i o n  o f  t h e  s l i d i n g  process. Wi l l iams [ l O , l l ]  has analyzed t h e  

f r a c t u r e  process and t i m e- t o - f r a c t u r e  i s  g iven  by 

here y i s  t h e  e f f e c t i v e  sur face energy o f  f r a c t u r e ,  ( i s  t he  r a t i o  o f  

t he  s t r a i n  c o n t r i b u t i o n  due t o  s l i d i n g  t o  t h e  t o t a l  s t r a i n ,  ci i s  app l i ed  

s t ress  and d i s  g r a i n  s i ze .  Note t h a t  t he  value o f  .zn may no t  be the  same 

f o r  t he  var ious  mechanisms; i t  i s  o f t e n  s e t  a t  zero f o r  t r i p l e  p o i n t  

c rack ing .  

e f  f 

8 .4  C a v i t a t i o n  Frac ture  

C a v i t a t i o n  f r a c t u r e  occurs under cond i t i ons  o f  l o w  s t r e s s e s  and 

h igh  temperatures by nuc lea t i on  and growth o f  c a v i t i e s  on g r a i n  boundaries 

* O f  course, p r imary  creep r a t e s  a re  h igher  than the  steady- state values 
used t o  est imate v o i d  nuc lea t i on  t imes; hence, t he  .z 
viewed as an ' e f f e c t i v e '  s t r a i n  parameter i n  t he  p r e s e m  contex t .  

va lue shguld be 
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Nucleation of creep cavities is not well understood. Several phenomeno- 
logical models and considerable experimental evidence suggest that nuclea- 
tion is strain controlled, and perhaps continuous during early stages of 
creep [12]. Other models are based on stress induced nucleation at 
favored "low-energy" sites [13]; however, even in this case some local 
strain, for example due to boundary sliding, is probably needed to produce 
stress concentrations sufficient to induce nucleation. Hence, it is 
likely that - both stress and strain are necessary to nucleate creep cavi- 
ties. For either mechanism there is a clear association between creep 
cavities and grain boundary microstructural features such as triple 
points, precipitates and slip-band intersections. 

Because of this complexity, we have modeled the nucleation 
process parametrically. For unirradiated steels, creep cavity grain 
boundary densities are taken as a constant independent o f  stress and 
temperature. Typical values are 10 lo m-' or a mean cavity half spacing 
A = 5pm; this is consistent with experimental observation. In the case of 
irradiated alloys containing grain boundary helium bubbles, a stress 
dependent creep cavity model is used as discussed in Section 111. Nuclea- 
tion times are calculated based on an effective nucleation strain divided 
by creep rate relation as in Equation (1). 

The modes of cavitation fracture are further subdivided into two 
types depending on the cavity growth mechanism as: a) unconstrained 
diffusion growth; and b)  constrained diffusion growth. 

In general, these two mechanisms operate together in sequence; 
that is, the mechanism predicting lower cavity growth rate or higher 
time-to-fracture will be rate limiting. 

6.4.1 Unconstrained Diffusion Growth 

In this model the growth of cavities is assumed to occur by 
vacancy diffusion along the grain boundary. Diffusion growth model was 
first proposed by Hull and Rimmer [14] and has been further modified by 
several workers [15-171. Raj et al. [18] have estimated time-to-fracture 
assuming a fixed number of cavities per unit area of the boundary as 
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0.05kT A3 + En,;.n t =  f 6D8 no ( 3 )  

where h i s  t h e  average ha l f- spac ing  between the  c a v i t i e s .  As i n  case o f  

t r i p l e  p o i n t  c rack ing  t h i s  model a l s o  assumes t h a t  t he  nuc lea t i on  s t r a i n  

f o r  c a v i t i e s  i s  n e g l i g i b l e .  I n  t h i s  case, t he  nuc lea t i on  s t r a i n s  are 

o f t e n  s e t  equal t o  zero. 

8.4.2 Constrained D i f f u s i o n  Growth 

For unconstrained d i f f u s i o n  growth o f  c a v i t i e s  t he  g r a i n  boun- 

da r i es  must be p e r f e c t  sources f o r  vacancies and the p l a t i n g  o f  atoms on 

the g r a i n  boundary must occur f r e e l y  and un i fo rmly .  The l a t t e r  c o n d i t i o n  

requ i res  t h a t  t he  c a v i t y  d i s t r i b u t i o n  i s  un i fo rm a long the  g r a i n  boundary. 
These cond i t i ons  may be met o n l y  r a r e l y  i n  p r a c t i c e .  Commercial a l l o y s  

such as 316 s t a i n l e s s  s t e e l  con ta in  i n t e r g r a n u l a r  p r e c i p i t a t e s  which may 

i n h i b i t  t he  a b i l i t y  o f  g r a i n  boundaries t o  a c t  as p e r f e c t  sources f o r  

vacancies [19]. Fur ther ,  t he  c a v i t y  spacing i s  no t  un i fo rm and they a re  

observed on a f r a c t i o n  o f  g r a i n  boundaries o r i e n t e d  normal t o  t he  s t ress  

a x i s  [12,20]. These f a c t o r s  w i l l  r e s u l t  i n  c a v i t y  growth r a t e  lower than 

t h a t  p r e d i c t e d  by unconstrained d i f f u s i o n  growth model and g i v e  r i s e  t o  

cons t ra ined d i f f u s i o n  growth. Oyson [SI has analyzed t h i s  problem f o r  a 

boundary con ta in ing  c a v i t i e s  which i s  surrounded by boundaries w i t h o u t  

c a v i t i e s .  However, Edward and Ashby [ 6 ]  have considered l o c a l  c o n s t r a i n t s  

around a c a v i t y  i n  which the  c a v i t y  growth r a t e  i s  l i m i t e d  by a cage o f  

surrounding ma te r i a l  which i s  deforming by power law creep. The r e s u l t s  

o f  bo th  these cons t ra ined growth models, a l though developed f o r  d i f f e r e n t  

mechanisms, g i v e  rough ly  s i m i l a r  r e s u l t s .  Thus, even though the  c a v i t y  

growth occurs by vacancy d i f f u s i o n  a long the  g r a i n  boundaries, i t s  r a t e  i s  

l i m i t e d  by the  creep o f  surrounding mat r i x .  I n  t h i s  work we adopt t he  

model o f  Edward and Ashby [SI model which i s  g iven by 
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where fi i s  t h e  i n i t i a l  area f r a c t i o n  o f  g r a i n  boundary c a v i t i e s  and P i s  

a dimensionless q u a n t i t y  g iven by 

( 5 )  

where io, uo are  r e l a t e d  t o  steady s t a t e  creep r a t e ,  Ec, and s t ress ,  u,  as 

n * a  
C o a  ; = & (-) . 

0 

Fur ther  i t  can be shown t h a t  

uo E 0 (1-1) 
~ (T) = a .  

0 & C  & C  
& 

S u b s t i t u t i n g  equat ion (7) i n t o  (5), the  parameter P i s  g iven by 

(7) 

Table 1 summarizes the  r a t e  equat ions f o r  the  h igh  temperature 
deformation mechanisms, v i z .  d i s l o c a t i o n  creep and g r a i n  boundary s l i d i n g  
and equat ions f o r  the  t imes- to- f rac tu re  f o r  t h e  creep f r a c t u r e  mechanisms 

are g iven i n  Table 2. The bas is  f o r  these equat ions i s  g iven i n  Refer- 

ence [4]. 

Note t h a t  we have no t  exhausted a l l  poss ib le  mechanisms; f o r  

example, a t  h igh  st resses g r a i n  boundary c a v i t i e s  may grow by pure creep 

mechanisms [l]. Fur ther ,  sur face d i f f u s i o n  k i n e t i c s  may be r a t e  l i m i t i n g  

i n  some cases [21,22]; i n  order  t o  model t h i s  s i t u a t i o n  where elongated 

c r a c k- l i k e  c a v i t i e s  may form a number o f  a d d i t i o n a l  parameters are needed 

and t h e  mathematical fo rmula t ion  i s  r a t h e r  complex. Hence, we have 

t r e a t e d  on l y  the  l ess  complex mechanisms i n  t h i s  work. 
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TABLE 1 

HIGH TEMPERATURE DEFORMATION MECHANISMS 

Mechanisms 

D i s l o c a t i o n  Creep 

Rate Equat ion f o r  Steady-State Creep Rate 

15 u 6 450000) s-l i = [1+2x10 ( E )  1 exp(- RT 
C 

= E X E C  
gbs 

Gra in  Boundary Sliding E 

-8 u - 2 . 2  b -1 100000) where : E = 5.7 x 10 (G )  e x p ( T  
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TABLE 2 

H IGH TEMPERATURE FRACTURE MECHANISMS 

Mechanism Equation f o r  Time- to-Fracture 

Transgranular 

[' Yef f  J -1 T r i p l e  Po in t  Cracking tf = -m + E,, (cC) 

E 
+ -  0.05kT A3 n 

d 6 0 B  t =  f Cav i ta t i on  
( D i f f u s i o n  Contro l )  

E C  

Cav i ta t i on  
(Creep Contro l )  

[71 
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C. Creep Frac ture  Map 

A creep f r a c t u r e  map i s  cons t ruc ted  f o r  annealed type 316 s t a i n -  

l ess  s t e e l  w i t h  a 50-pm g r a i n  s i z e  us ing  the  method suggested by Ashby [l] 

as shown i n  F igure  2. The two mechanisms o f  c a v i t a t i o n  f r a c t u r e ,  v i z .  

creep and d i f f u s i o n  c o n t r o l ,  operate s e q u e n t i a l l y  so t h a t  t he  model pre-  

d i c t i n g  h igher  t ime- to- f rac tu re  w i l l  determine the  mode o f  c a v i t a t i o n  

f rac tu re .  Fur ther ,  t he  th ree  f r a c t u r e  modes, v i z .  t ransgranu la r  creep 

f r a c t u r e ,  t r i p l e  p o i n t  c rack ing  and c a v i t a t i o n  f r a c t u r e  were assumed t o  be 

ope ra t i ng  independent ly o f  each o ther ,  so t h a t  t h e  f a i l u r e  occurs by the  

process p r e d i c t i n g  the  lowest  va lue f o r  t ime- to- f rac tu re .  As noted by 

Ashby [l], t h i s  i s  an o v e r s i m p l i f i c a t i o n  o f  t h e  r e a l  s i t u a t i o n  s ince  mixed 

modes o f  f r a c t u r e  are very common i n  p r a c t i c e  and the  damage in t roduced by 

one process may i n f l u e n c e  ope ra t i on  o f  o the r  modes o f  f r a c t u r e .  Fu r the r ,  

i t  was assumed t h a t  a t  o/G - > 6 . 3 ~ 1 0 - ~  l o w  temperature d u c t i l e  f r a c t u r e  i s  

dominant. The parameters used i n  t he  c o n s t r u c t i o n  o f  t he  map are g iven i n  

Table 3. 
A t  t h i s  p o i n t  i t  i s  impor tan t  t o  note the i n f l u e n c e  o f  g r a i n  

s i z e  on the  f r a c t u r e  map. O f  t h e  th ree  f r a c t u r e  mechanisms considered 

here, two o f  them, v i z .  t ransgranu la r  creep f r a c t u r e  and c a v i t a t i o n  f r a c -  

t u r e  p r e d i c t  tf a t  independent o f  g r a i n  s ize ,  t h e  remaining process, 

t r i p l e  p o i n t  crack ing,  p r e d i c t s  tf a l / d  (Table 2). Since the  r a t e  

equat ion f o r  g r a i n  boundary s l i d i n g  has t h e  same g r a i n  s i z e  dependence, tf 

f o r  t h i s  process w i l l  a l s o  be independent o f  g r a i n  s i ze .  Th is  migh t  

suggest t h a t  t he  f r a c t u r e  map g iven  i n  F igure  2 i s  independent o f  g r a i n  

s i z e  and hence can be app l i ed  f o r  316 s t a i n l e s s  s t e e l  o f  any g r a i n  s i ze .  

However, t he  r a t e  equat ions f o r  d i s l o c a t i o n  creep and g r a i n  boundary 

s l i d i n g ,  g iven  i n  Table 1, and used i n  t he  c o n s t r u c t i o n  o f  t he  map were 

based on the ana l ys i s  o f  experimental  da ta  over a narrow g r a i n  s i z e  range 

of 50-120 urn. Hence, t he  map g iven  i n  F igure  2 i s  app l i cab le  over t he  

same g r a i n  s i z e  range. 

The f r a c t u r e  map i s  d i v i d e d  i n t o  several  f i e l d s  w i t h i n  which one 

f r a c t u r e  mode i s  dominant. A t  t he  f i e l d  boundaries t he  f r a c t u r e  modes on 
e i t h e r  s i de  o f  t he  boundary p r e d i c t  equal t imes t o  f r a c t u r e .  Contours O f  
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TABLE 3 

PARAMETERS USE0 IN THE CONSTRUCTION OF 
CREEP FRACTURE MAP 

Parameter 

n 

b 

Tm 
R 

k 

G 

Dl 

6oB 

En 

&n 

fV 

Yeff 

* 
+ 

A 

fi 

YS 

Values 
-29 ,,,3 

-10 
1.20 x 10 

2.58 x 10 

1810 K 

8.314 J mole -1 K-l 

1.38 x J ~ - 1  

8.1 X 104D - 4.7 x 10-4(T-300)]Mpa 
4.4 x exp(-280000/RT)m s 

3.6 x exp(-193000/RT)m s 

0.10 

0.0 

0.05 

70 J m-' 

2.5 x in 

2 -1 

3 -1 

Reference 

c291 2.572 - (T-273) x 3.6 x J m-2 

* for transgranular and creep controlled cavitation fracture modes. 

+ for triple point cracking and diffusion controlled fracture modes. 
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Figure 1 .  A creep f r a c t u r e  map f o r  so lu t ion  annea led  316 
s t a i n l e s s  s t e e l  having q ra in  s i z e  of 50 IJKI 
developed e a r l i e r  [4]. 
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Figure 2 .  Revised c r e w  f r a c t u r e  mao f o r  so lu t ion  annealed 
316 s t a i n l e s s  s t e e l  w i t h  g ra in  s i z e  50 urn t r e a t i n g  
creep con t ro l l ed  cav i ty  growth. 
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. 
2 c o n s t a n t  t i m e - t o - f r a c t u r e  (10 -10" seconds) a r e  shown on t h e  map i n  t h e  

form of  t h i n  l i n e s  and these  l i n e s  cover  t h e  e n t i r e  range o f  p r a c t i c a l  

i n t e r e s t .  

The f r a c t u r e  map h i g h l i g h t s  severa l  i m p o r t a n t  f e a t u r e s .  Trans- 

g r a n u l a r  f r a c t u r e  occurs  a t  h i g h  s t r e s s e s  and h i g h  temperatures,  and 

g e n e r a l l y  has a sma l l  t i m e - t o - f r a c t u r e  (t < 10 sec.) and i n t e r g r a n u l a r  

f r a c t u r e  i s  dominant a t  l ow s t r e s s e s .  O f  t h e  two modes o f  i n t e r g r a n u l a r  

f r a c t u r e ,  t r i p l e  p o i n t  c r a c k i n g  i s  dominant a t  h i g h  s t r e s s e s  and low 

temperatures i n  c o n t r a s t  t o  c a v i t a t i o n  f r a c t u r e  wh ich  m a i n l y  occurs  a t  low 

s t r e s s e s  and h i g h  temperatures.  f u r t h e r ,  c reep  c o n t r o l l e d  c a v i t a t i o n  

f r a c t u r e  occurs  over  much w i d e r  range o f  s t r e s s  and temperature  than  t h e  

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

c o n t r o l l e d  c a v i t a t i o n  f r a c t u r e  i s  v e r y  nar row and i s  sandwiched between 

r e g i o n s  o f  t r a n s g r a n u l a r  c reep f r a c t u r e  and creep c o n t r o l l e d  c a v i t a t i o n  
f r a c t u r e .  T h i s  would  suggest t h a t  w i t h  i n c r e a s i n g  s t r e s s  t h e r e  w i l l  be 

changes i n  f r a c t u r e  mode f rom creep c o n t r o l l e d  c a v i t a t i o n  f r a c t u r e  t o  

d i f f u s i o n  c o n t r o l l e d  c a v i t a t i o n  f r a c t u r e  t o  t r a n s g r a n u l a r  c reep f r a c t u r e .  

Such a b e h a v i o r  has been q u a l i t a t i v e l y  suggested by M i l l e r  and Langdon 

[7 ] .  Fur thermore,  t h e  narrow r e g i o n  o f  d i f f u s i o n  . c o n t r o l l e d  c a v i t a t i o n  

f r a c t u r e  may be i n  p a r t  r e s p o n s i b l e  f o r  t h e  absence o f  exper imen ta l  e v i -  

dence f o r  t h i s  mode o f  f r a c t u r e .  It was a l s o  observed t h a t  t h e  region o f  

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

h a l f - s p a c i n g  parameter ,  A, o v e r  t h e  range f rom 1 t o  5 pm. T h i s  occurs  

because w i t h  change i n  A, t h e  s h i f t  i n  boundary between t r a n s g r a n u l a r  and 

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

c reep  c o n t r o l l e d  c a v i t a t i o n  f r a c t u r e  occur  i n  t h e  same d i r e c t i o n .  For  

example, l o w e r i n g  o f  A w i l l  r e s u l t  i n  l ower  t f  f o r  b o t h  d i f f u s i o n  and 

c reep  c o n t r o l l e d  f r a c t u r e  modes and hence w i l l  s h i f t  t h e  boundar ies  upward 

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

t i o n  f r a c t u r e  i s  i n s e n s i t i v e  t o  c a v i t y  h a l f - s p a c i n g  parameters.  O f  

course ,  t h e  a c t u a l  f r a c t u r e  t i m e s  a r e  a s e n s i t i v e  f u n c t i o n  o f  c a v i t y  

spac ing.  

The creep f r a c t u r e  map shown i n  F i g u r e  2 d i f f e r s  i n  s e v e r a l  

r e s p e c t s  f rom t h e  map shown i n  F i g u r e  1. One i m p o r t a n t  d i f f e r e n c e  i s  i n  

5 
f 
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the region of cavitation fracture. Figure 1 shows that diffusion con- 
trolled cavitation fracture is dominant at low stresses whereas the map 
developed in the present work indicates that creep controlled cavitation 
is dominant at low stresses and diffusion controlled cavitation fracture 
occurs over a very narrow range of stress and temperature. Another not- 
able difference is in the region of triple point cracking. Figure 2 shows 
that triple point cracking is dominant at low temperatures where as figure 
1 indicates that it is important even at high temperatures. 

The predictions of the model based map were compared with the 
experimental data on creep fracture. The creep fracture of annealed 316 
stainless steel with grain size in the vicinity of 50 pm has been investi- 
gated by several workers [3,23-251. Logarithmic values of experimentally 
obtained times-to-fracture to base ten are superimposed on the fracture 
map as shown in figure 3. for simplicity only a few values of time-to- 
fracture, tf, have been given. Excellent agreement is obtained between 
the experimental and the predicted values of time-to-fracture. Most signi- 
ficantly in contrast to Figure 1, the data in figure 2 spans all three 
significant creep fracture mode regimes, and the map is more consistent 
with fractography observations. further, in extrapolating beyond the data 
base to longer rupture times no large change in stress dependence is 
indicated.* 

0. Creep Fracture of Helium Implanted and Irradiated Stainless 
Steel 

While it is well established that the microstructural and the 
microchemical changes which take place in irradiated alloys significantly 
alter the fracture modes, creep ductilities and rupture times [8,24,25]. 
The processes are quite complex and are not well understood. Generally, 
creep ductility is reduced and intergranular failure is enhanced [241. 

These models do not contain all mechanisms which may be significant; for 
example, under some conditions the temperature (and perhaps stress) con- 
trolled rate at which brittle phases precipitate may govern fracture 
times. 
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However, t h e  e f f e c t  o f  i r r a d i a t i o n  on r u p t u r e  t imes i s  no t  simple. It i s  

observed t h a t  i r r a d i a t i o n  under some cond i t ions  may r e t a r d  rup tu re  o r  may 

enhance i t  [SI. For cond i t i ons  i n v o l v i n g  h igh  hel ium concentrat ions,  t h e  

dominant e f f e c t  o f  i r r a d i a t i o n  i s  t o  s i g n i f i c a n t l y  increase t h e  number o f  

g r a i n  boundary creep c a v i t i e s  because hel ium bubbles a c t  as nuc lea t i on  

s i t e s .  Hence, i r r a d i a t i o n  and/or hel ium imp lan ta t i on  promotes i n te rg ran-  

u l a r  c a v i t a t i o n  f r a c t u r e  mode. A creep rup tu re  model i s  presented here 

based on a d i s t r i b u t i o n  o f  hel ium bubbles and creep constra ined c a v i t y  

growth mechanism. 

I n  t h i s  model i t  i s  assumed t h a t  t h e  hel ium bubbles on the  g r a i n  

boundaries a c t  as p r e f e r r e d  s i t e s  f o r  c a v i t y  nucleat ion.  Fur ther ,  i t  i s  
assumed t h a t  t h e  hel ium bubbles are d i s t r i b u t e d  i n  s i z e  and/or gas con- 

t e n t .  Various d i s t r i b u t i o n s  might be assumed, i . e .  gaussian, exponent ia l ,  

o r  o thers  which have been der ived s p e c i f i c a l l y  f o r  gas bubble character-  

i s t i c s ;  f u r t h e r ,  one might u t i l i z e  d i r e c t l y  exper imenta l l y  observed d i s -  

tri b u t i  ons. 

For s i m p l i c i t y  i n  t h e  present  work, t h e  d i s t r i b u t i o n  of hel ium 

bubbles i s  assumed t o  be exponential  such t h a t  the  bubble dens i ty ,  Nb, i s  

g iven by 

Nb = N 0 - exp (-R/Ro) ( 9 )  

where No i s  the  number o f  hel ium bubbles per  u n i t  area o f  g r a i n  boundary 
and Ro i s  t h e  average rad ius  o f  the hel ium bubble. The creep c a v i t y  

dens i t y  i s  g iven by 

N C = No exp ( - r * / R o )  (10) 

where r* i s  t h e  c r i t i c a l  rad ius  g iven by t h e  i n s t a b i l i t y  c r i t e r i o n  f o r  

s t ress  induced growth of bubbles as 

0.77 ys 
p* = 

U 

where ys i s  sur face energy. 

c a l  ly .  

F igure  4 i l l u s t r a t e s  t h i s  model schemati- 
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Hence bubbles w i t h  r > r* a c t  as creep c a v i t i e s  and grow under 

the  i n f l u e n c e  o f  app l i ed  s t ress  by creep constra ined c a v i t y  growth mechan- 

i s m .  Thus t h e  model p r e d i c t s  increase i n  c a v i t y  dens i t y  a t  h igher  

stresses. Fur ther ,  the  c a v i t y  hal f- spacing,  A ,  and t h e  i n i t i a l  area 

f r a c t i o n  o f  g r a i n  boundary c a v i t i e s ,  fi, change w i t h  s t ress  and are g iven 

by 

Ro f .  = (-) 
1 A 

The t ime- to- f rac tu re  p red i c ted  by the  model i s  g iven by 

( 1 + P I n  
(I+P)" - ( l - n f i )  

where P i s  g iven by Equation (8). Equation (14) i s  t h e  same as Equation 

(4) except t h e  nuc lea t ion  s t r a i n  has been s e t  t o  zero E,, = 0. 
The p r e d i c t i o n s  o f  the  model a re  compared w i t h  the  p o s t - i r r a d i a -  

t i o n  creep rup tu re  data o f  Andreko e t  a1 [26] and Wassilew and Sch i r ra  

[27] and post-hel ium imp lanta t ion  creep rup tu re  data o f  Sagues [28] on a 

Ti tanium s t a b i l i z e d  a u s t e n i t i c  s t a i n l e s s  s t e e l  as shown i n  Fig. 5. The 
parameters used i n  t h e  c o r r e l a t i o n  a r e  

13 -2 No = 10 m 

R~ = 3 x m 

which are  cons i s ten t  w i t h  TEM observat ions o f  Sagues [28]. The creep 

r a t e ,  E ~ ,  f o r  t h e  ma te r ia l  was f i t  t o  data g iven by Sagues [28] and i s  

9 523000)s-1 = 0.35 u exp(- - RT 

where u i s  i n  MPa. The sur face energy, y,, f o r  the  a l l o y  i s  taken as [29] 
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= 2.572 - (T-273) x 3.6 x J mm2. (16) 

The times-to-fracture predicted by the model are in excellent 
agreement with the data particularly for temperatures from 650 to 80OoC. 
Further, the creep ductilities predicted by the model are in the range of 
0.1 to 3% which is consistent with the ductilities reported by Andreko et 
a1 [26] and Sagues [28]. However, a discrepancy is observed between the 
cavity spacings predicted by the nucleation model and the experimental 
observations. Sagues [28] has reported cavity spacings o f  0.5 - 1.0 pm 

for a creep test at 130 MPa at 800OC. The nucleation model predicts 
cavity spacing decreasing with increase in stress from 0.75 pin at 350 MPa 
to 3.3 pm at 125 MPa at 800OC. However, these are somewhat smaller than 
typical creep cavity spacings of .-, 5-10 pm in stainless steels. 

The significance of the model as a correlation tool is as 
follows: simply using the minimum creep rate and rupture time data from 
relatively short-time tests, supplemented by direct microstructural obser- 
vations when available, reasonable estimates of long-term behavior may be 
possible. Of course, this requires that the model accurately describe the 
basic mechanism of creep rupture for the material condition of interest. 

The rupture times found by Sagues [28] for uninjected specimens 
were about the same as the injected specimens. However in this case, the 
mode of fracture was transgranular rather than grain boundary cavitation. 
Notably, this observation is consistent with the map for normal 316 solu- 
tion annealed stainless steel shown in Figure 2; however, the significance 
of this agreement is difficult to establish due to both possible material 
differences, and the atypical form of Sagues' specimens (thin foils which 
failed by propagation of edge cracks). 

As an exercise of the basic approach, however, a fracture map 
for 316 steels was constructed using Equations 9 to 14 and the parameters 
used to fit the irradiated/injected data; parameters for the noncavitation 
regimes and the deformation equations were taken as the same as in Section 
A2. (See Tables 1 and 2.) The map is shown in Figure 6. It is 
evident that the major effect of the i r r ad ia t iod in jec t ion- induced  micro- 
structure is primarily a shift to lower temperatures in the regime of 

Y S  
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dominance of creep controlled cavitational fracture and a small reduction 
in the rupture life in this fracture regime; the behavior in the trans- 
granular regime is, of course, not affected. 

We must emphasize that this preliminary model for PI creep 
rupture behavior does not treat a member of potentially important factors 
including effects of in-situ irradiation creep, competitive process of 
thermal, stress and irradiation induced damage structures (microstructural 
and microchemical), etc. The possible influence of these factors will be 
investigated in future research. 

E. Summary and Conclusions 

A creep fracture map for solution annealed 316 stainless steel 
has been developed. Unlike previous maps, the regime of creep constrained 
cavitation fracture is dominant at intermediate temperatures and low 
stresses. The predictions o f  the map are in good agreement with experi- 
mental data on creep fracture for the alloy. 

A creep rupture model has been developed based on the nucleation 
of creep cavities on the distribution of helium bubbles and their growth 
by creep constrained grain boundary diffusion. Application of the model 
to both helium injected and neutron irradiated titanium stabilized stain- 
less steel data also produced good agreement between the predicted and the 
measured post-injection/irradiation rupture times and ductilities. 
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VIII. FUTURE WORK 

Deformation and fracture maps will be developed for unirradiated 20% 

CW 316 stainless steel. Data on post-irradiation creep rupture of 20% CW 

316 will be used, along with the model, to develop a preliminary map for 
this material condition. 

A large creep rupture data base is being assembled from the litera- 
ture for both irradiated and unirradiated stainless steels, including some 
in-situ data. This data will be analyzed with the model to test its 
ability to correlate and predict data as described above. 

Finally, the model will be extended to treat other irradiation 
induced mechanisms - e.g. irradiation creep. 
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I. PROGRAM 

T i t l e :  Mechanical P rope r t i es  

P r i n c i p a l  I n v e s t i g a t o r :  R. H. Jones 
A f f i l i a t i o n :  P a c i f i c  Northwest Labora tor ies  

Operated by B a t t e l l e  Memorial I n s t i t u t e  

11. OBJECTIVE 

The purpose o f  t h i s  work i s  t o  determine the e f f e c t  o f  i r r a d i a t i o n  

on the  g r a i n  boundaries segregat ion o f  minor and i m p u r i t y  elements i n  

f u s i o n  reac to r  a l l oys .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK II.C.14 Models o f  Flow and F rac tu re  Under I r r a d i a t i o n  
SUBTASK I I . C . l  E f f e c t  o f  M a t e r i a l  Parameters on M ic ros t ruc tu re  

I V .  SUMMARY 

The e f f e c t  o f  r a d i a t i o n  on sur face segregat ion o f  minor and i m p u r i t y  
elements has been s tud ied  i n  f o u r  a l l oys .  Rad ia t ion  induced sur face  

segregat ion o f  phosphorus was found i n  both 316 type  s t a i n l e s s  s t e e l  and 
i n  Nimonic PE-16. Segregat ion and dep le t i on  o f  t he  other  a l l o y i n g  

elements i n  316 s t a i n l e s s  s t e e l  agreed w i t h  t h a t  repor ted  by o ther  
i nves t i ga to rs .  

was observed i n  the f e r r i t i c  HT-9 o r  Ti-6A1-4V a l l o y .  
No s i g n i f i c a n t  r a d i a t i o n  enhanced or induced segregat ion 

V. ACCOMPLISHMENTS AND STATUS 

A. Rad ia t ion  Enhanced Segregation t o  Gra in  Boundaries - 
J. L. B r imha l l  (PNL). 
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The in f luence o f  i r r a d i a t i o n  on the segregat ion or  dep le t i on  o f  
minor and impur i t y  elements was i nves t i ga ted  i n  f o u r  a l loys :  316 t ype  
s t a i n l e s s  s tee l ,  Nimonic PE-16, F e r r i t i c  HT-9 and Ti-6A1-4V. The a l l o y s  
were heat t rea ted  t o  a s tab le  m e t a l l u r g i c a l  c o n d i t i o n  p r i o r  t o  i o n  
bombardment w i t h  5 MeV N i  ions. The dose a t  the  sur face was 2 atom 
displacements per atom (dpa) and t h e  i r r a d i a t i o n  temperature va r ied  from 
450-650°C, depending on the a l l oy .  Auger E lec t ron  Spectroscopy (AES) 

combined w i t h  a continuous spu t te r  removal o f  t h e  sur face was used t o  
determine the  concentrat ion grad ien t  o f  elements away f rom the  sur face 

region. A maximum o f  s i x  elements could be cont inuous ly  monitored du r ing  
the  spu t te r  p r o f i l i n g .  

p e r i o d i c a l l y  taken dur ing  t h e  spu t te r  removal. Thermal c o n t r o l  specimens 
t h a t  were annealed i n  the  i r r a d i a t i o n  chamber f o r  a t ime equ iva len t  t o  

t h e  i r r a d i a t i o n  t ime were a lso analyzed. 

+ + .  

A complete AES scan f o r  a l l  elements was 

Enhanced segregat ion o f  S i  and dep le t i on  o f  Mo near the  sur face 

a f t e r  i r r a d i a t i o n  was noted i n  t h e  316 s t a i n l e s s  steel ,  F ig.  1. 
enhancement o f  n i c k e l  and dep le t ion  o f  i r o n  as a r e s u l t  o f  i r r a d i a t i o n  

was a lso  observed but  are not  shown f o r  the  sake o f  c l a r i t y .  These 
observat ion are i p  q u a l i t a t i v e  agreement w i t h  t h e  r e s u l t s  o f  s i m i l a r  
s tud ies  on 316 s t a i n l e s s  s t e e l  repor ted  by Okamoto and Rehn. There 

was no s i g n i f i c a n t  e f f e c t  o f  i r r a d i a t i o n  on t h e  C r  o r  S concent ra t ion  
p r o f i l e s .  
AES scans taken a t  p e r i o d i c  t ime i n t e r v a l s  do show an enhanced phosphorous 
concent ra t ion  j u s t  below the surface, Table 1. 
segregat ion t o  g r a i n  boundaries i n  neutron i r r a d i a t e d  304 s t a i n l e s s  s t e e l  

Some 

Phosphorus was not  analyzed i n  the  spu t te r  p r o f i l i n g  but  the  

Evidence o f  phosphorous 

has been repor ted.  ( 2 )  

An enhanced sur face segregat ion o f  phosphorous and sur face dep le t i on  
o f  molybdenum were t h e  main e f f e c t s  o f  the  i r r a d i a t i o n  i n  PE-16, F i g  2. 
These r e s u l t s  are s i m i l a r  t o  those from 316 s t a i n l e s s  s tee l .  A l ,  T i ,  C r  

and S were a lso  analyzed but  t he re  was no marked d i f f e r e n c e  between t h e  

i r r a d i a t e d  and the thermal c o n t r o l  specimens. I n  both cases, A l ,  T i  and 
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FIGURE 1. AES S p u t t e r  P r o f i l e s  o f  S i  and Mo i n  Type 316 S t a i n l e s s  
S t e e l ,  I o n  Bombarded a t  50OoC. 
specimen a l s o  shown. 

P r o f i l e s  o f  t h e r m a l  

TABLE 1. PHOSPHORUS CONCENTRATION I N  316 STAINLESS 
STEEL AT VARIOUS DEPTHS FROM SURFACE 

% Phosphorus - __ 
Condi  t i  __- on S u r f  ace 20-40A 180-250A 

I r r a d  500°C 0.4 7.75 0.09 
I r r a d  600'C 0.6 1.63 0.22 
Non I r r a d  (500OC) 0.5 0.37 0.27 
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FIGURE 2. AES Sput ter  P r o f i l e s  o f  P and Mo i n  PE-16, Ion Bombarded 
a t  50OoC. P r o f i l e s  o f  thermal c o n t r o l  specimen a l s o  shown. 

C r  showed marked segregat ion very  c lose  t o  t h e  sur face and are probably  
combined i n  an oxide. 

Ne i the r  t he  HT-9 nor the Ti-6A1-4V a l l o y  showed any marked r a d i a t i o n  
enhancement o f  a segregat ion phenomena. 

analyzed i n  t he  HT-9 and the  r e s u l t s  were s i m i l a r  i n  bo th  t he  i r r a d i a t e d  
and t h e  thermal c o n t r o l  specimens. However, t he re  was some evidence t h a t  
n i t r o g e n  sur face segregat ion was enhanced by i r r a d i a t i o n .  I n  t he  t i t a n i u m  

a l l o y ,  carbon, oxygen and s u l f u r  showed h i g h  sur face  concent ra t ion  i n  bo th  
t h e  i r r a d i a t e d  and the  thermal c o n t r o l  specimens. There was a lso  evidence 

f o r  s i g n i f i c a n t  ox ide fo rmat ion  which g r e a t l y  compl icated the  analys is .  

S i ,  S, P, N, Mo and C r  were 
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VII. FUTURE WORK 

Exper iments on 316 t y p e  s t a i n l e s s  s t e e l  w i l l  be repea ted  w i t h  

p a r t i c u l a r  emphasis on t h e  a n a l y s i s  o f  phosphorous s e g r e g a t i o n  u s i n g  

s p u t t e r  p r o f i l i n g .  Some exper iments  on HT-9 w i l l  a l s o  be repea ted  t o  
c o n f i r m  the  current  o b s e r v a t i o n s .  
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I .  PROGRAM 

T i t l e :  I r r a d i a t i o n  Response o f  M a t e r i a l s  

P r i n c i p a l  I n v e s t i g a t o r s :  S. Wood, J. A.  S p i t z n a g e l ,  W .  J. Choyke 

A f f i l i a t i o n :  Westinghouse Research and Development Center  

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work  i s  t o  assess t h e  phenomenology and mecha- 

nisms o f  m i c r o s t r u c t u r a l  e v o l u t i o n  i n  m a t e r i a l s  exposed t o  s imu l taneous  

h e l i u m  i n j e c t i o n  and c r e a t i o n  o f  a tomic  d i sp lacement  damage by a second 

i o n  beam. 

111. RELEVANT DAFS PROGRAM TASK/SUBTASK 

SUBTASK I I . C . l ,  I I .C.2 ,  I I . C . 3 ,  I I .C.5,  I I . C . 9 ,  I I . C . 1 8 .  

I V .  SUMMARY 

A n a l y t i c a l  e l e c t r o n  microscopy o f  a c i c u l a r  p r e c i p i t a t e s  i n  dual  i o n  

bombarded SA 316 SS shows them t o  be r i c h  i n  N i ,  S i  and P.  The r e s u l t s  

a r e  i n  q u a l i t a t i v e  agreement w i t h  a c i c u l a r  p r e c i p i t a t e  compos i t i ons  i n  

a u s t e n i t i c  s t a i n l e s s  s t e e l s  a f t e r  l o n g  te rm a g i n g  o r  f i s s i o n  r e a c t o r  
i r r a d i a t i o n .  An unexpected inhomogenei ty  i n  T i  c o n c e n t r a t i o n  i n  SA 316 

f rom t h e  MFE h e a t  has been observed. 

e x h i b i t  more t h a n  one p r e c i p i t a t e  morphology and do n o t  exper ience  r a p i d  
anomolous c a v i t y  growth.  Paramet r i c  s t u d i e s  o f  t h e  dependence o f  c r i t i c a l  

c a v i t y  s i z e  on t h e  magni tude and tempera tu re  dependence o f  s u r f a c e  energy 

and Van d e r  Waals e x c l u s i o n  volume a r e  r e p o r t e d .  I t  i s  demonst ra ted t h a t  

l a r g e  v a r i a t i o n s  i n  these  parameters have o n l y  a m in ima l  e f f e c t  a t  

t empera tu res  below li 650OC. 

Regions w i t h  h i g h  T i  c o n t e n t  
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v .  ACCOMPLISHMENTS AND STATUS 

A. P r e c i p i t a t i o n  i n  316 SS 

A c i c u l a r  o r  n e e d l e - l i k e  p r e c i p i t a t e s  have been observed i n  aged, (1 1 
n e u t r o n - i r r a d i a t e d ( 2 )  and ion-bombarded (394)  a u s t e n i t i c  s t a i n l e s s  s t e e l s .  

B e n t l e y  and L e i t n a k e r " )  observed a phase i n  321 SS whose c o m p o s i t i o n  was 

27Ti-4Cr-27Fe-17Ni-7P and 18As. I n  comparison, Lee e t  a 1 ( 2 )  i n v e s t i g a t e d  

316 + T i  and observed a phase whose average compos i t i on  was 16Si-19Cr-  

29Fe-27Ni-5P-4S. The elements S i ,  P, S and N i  were a l l  h i g h l y  e n r i c h e d  

i n  t h i s  phase w i t h  r e s p e c t  t o  t h e  compos i t i on  o f  t h e  base m a t r i x .  These 

r e s u l t s  a r e  i n  good agreement w i t h  some r e c e n t  da ta  o b t a i n e d  i n  t h i s  

s t u d y  f rom SA 316 SS f rom t h e  MFE hea t .  The specimen was s o l u t i o n  

annealed a t  1050°C f o r  0.5h p r i o r  t o  b e i n g  s i m u l t a n e o u s l y  bombarded w i t h  

20 MeV 0+4 and $ 2 MeV h e l i u m  a t  600°C. 
d a t a  were o b t a i n e d  a t  a s e c t i o n  depth  co r respond ing  t o  'ii 4 dpa and 83 

appm He ( i . e .  'L 1.2 x dpa/s and 2.4 x appm He/s ) .  F i g u r e  1 

shows some t y p i c a l  scann ing t r a n s m i s s i o n  e l e c t r o n  microscopy (STEM) 

images o f  t h e  a c i c u l a r  phase observed i n  t h i s  m a t e r i a l ,  t o g e t h e r  w i t h  t h e  

l o c a t i o n s  o f  v a r i o u s  energy d i s p e r s i v e  X- ray spec t roscopy  (EDS) ana lyses 

(pe r fo rmed  w i t h  a 100 
p a r i s o n  o f  t h e  compos i t i ons  a t  p o i n t s  5 and 7 o r  6 and 8, f o r  example, 

a lways r e v e a l e d  an en r i chment  o f  S i ,  P and N i  a t  t h e  p r e c i p i t a t e  ( i . e .  

a t  5 and 6 ) .  Thus, a l t h o u g h  i t  i s  recogn ized  t h a t ,  f o r  an i n - f o i l  

a n a l y s i s  o f  t h i s  t y p e ,  t h e  m a t r i x  i s  c o n t r i b u t i n g  a l a r g e  p o r t i o n  o f  t h e  

t o t a l  X- ray coun ts ,  t h e  s t a t i s t i c a l  ev idence c l e a r l y  shows t h a t  t h e  p re-  

c i p i t a t e s  - a r e  e n r i c h e d  i n  these  e lements .  F i g u r e  2 compares t y p i c a l  EDS 

s p e c t r a  f rom m a t r i x  and p r e c i p i t a t e  i l l u s t r a t i n g  t h i s  p o i n t .  Q u a n t i t a -  

t i v e  c o m p o s i t i o n a l  i n f o r m a t i o n  cannot  be o b t a i n e d  w i t h o u t  e x t r a c t i n g  t h e  

second phase p a r t i c l e s  f rom t h e  m a t r i x .  T h i s  t e c h n i q u e  i s  c u r r e n t l y  

b e i n g  developed and f u r t h e r  work w i l l  f o l l o w .  I t  s h o u l d  a l s o  be n o t e d  

t h a t  t h e  N i ,  S i ,  P enr i chment  i s  i n  agreement w i t h  e a r l i e r  u n r e p o r t e d  

d a t a  on S i + 6  bombarded 316 SS. 

de te rm ined  ( F i g u r e  3 )  t o  be a l o n g  <001> d i r e c t i o n s  i n  t h e  316 SS which 

A l l  m icroscopy and c o m p o s i t i o n a l  

d iamete r  probe s i z e  on a P h i l i p s  400 STEM). Com- 

O r i e n t a t i o n  o f  t h e  p r e c i p i t a t e s  was 
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agrees w i t h  p r e v i o u s  r e s u l t s  i n  321 and 316 + T i .  ( 1 a 2 )  

area shown i n  F i g u r e  3c had a (001) o r i e n t a t i o n ) .  

(Note t h a t  t h e  

A f u r t h e r  i n t e r e s t i n g  f a c t  r e v e a l e d  by  t h e  EDS analyses ( F i g u r e  2 )  
i s  t h e  v e r y  h i g h  T i  c o n t e n t  o f  t h e  a u s t e n i t e  m a t r i x  ( c a l c u l a t e d  by  t h e  

t h i n  f o i l  program t o  be % 2.3 t o  2.7 w t % ) .  T h i s  v a l u e  i s  n o t  a t  a l l  con- 

s i s t e n t  w i t h  t h e  b u l k  m a t r i x  c o m p o s i t i o n  de te rm ined  e a r l i e r  t o  be < 0.001 

w t %  by  s p e c t r o g r a p h i c  a n a l y s i s .  ( 5 )  I t  i s  a l s o  n o t  due t o  e i t h e r  specimen 

c o n t a m i n a t i o n  d u r i n g  p r e p a r a t i o n  o r  t o  some anomalous e f f e c t  i n  t h e  m i c r o-  

scope because a 304 SS specimen examined under  i d e n t i c a l  c o n d i t i o n s  

y i e l d e d  a c o m p o s i t i o n  w i t h  a b s o l u t e l y  no T i .  Thus, i t  i s  deduced t h a t  

t h e  MFE h e a t  o f  316 SS i s  n o t  as homogeneous as p r e v i o u s l y  t h o u g h t .  

A d d i t i o n a l  m a t r i x  ana lyses on o t h e r  specimens a r e  now i n  p rog ress  t o  

e l u c i d a t e  t h i s  p o i n t .  I n  p a r t i c u l a r ,  specimens showing t h e  anomalous 

c a v i t y  growth phenomenon(4) a r e  b e i n g  examined. The oxygen bombarded 

specimen i n v e s t i g a t e d  i n  t h i s  r e p o r t  was bombarded under  c o n d i t i o n s  

expected t o  y i e l d  t h e  e x p l o s i v e  growth observed a t  6OOOC i n  samples 

damaged by S i + 6  i o n s .  However, t h e  r e s u l t a n t  m i c r o s t r u c t u r e  was i n s t e a d  

composed o f  a v e r y  h i g h  number d e n s i t y  o f  sma l l  bubbles ( g e n e r a l l y  < 60 A 

d i a m e t e r )  w i t h  o n l y  a few l a r g e r  c a v i t i e s  ( F i g u r e  3 ) .  

a r e  a s s o c i a t e d  w i t h  p r e c i p i t a t e s ,  wh ich appear t o  be o f  two t ypes :  t h e  

a c i c u l a r  phase examined by  EDS p l u s  s m a l l ,  b l o c k y  p a r t i c l e s  ( i n d i c a t e d  by  

t h e  a r r o w s )  o f t e n  s y m p a t h e t i c a l l y  n u c l e a t e d  w i t h  t h e  need le  p r e c i p i t a t e s .  
I t  i s  now suspected t h a t  t h e  equ iaxed phase i s  MC c a r b i d e  which p r e c i p i -  

t a t e d  because o f  t h e  h i g h  T i  c o n t e n t  o f  t h e  m a t r i x  and t h a t  t h e  b a s i c  

m a t r i x  c h e m i s t r y  p reven ted  e x p l o s i v e  c a v i t y  growth f rom o c c u r r i n g .  

0 

Many o f  t h e  bubbles 

B. V a r i a t i o n  o f  Maximum E q u i l i b r i u m  Bubble  S i z e  w i t h  Sur face  

Energy and Van d e r  Waals Constant  

The concept  o f  a c r i t i c a l  c a v i t y  s i z e  (0;) f o r  a t r a n s i t i o n  f rom gas- 

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

o b t a i n i n g  an e s t i m a t e  o f  DZ t o  d e t e r m i n e  he1 ium p a r t i t i o n i n q  was d i scussed  

i n  a p r e v i o u s  r e p o r t .  ( 6 )  A m u l t i - k e y  access computer code has been used 
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c o n t i n u a l l y  i n  c o n j u n c t i o n  w i t h  t h e  dua l  i o n  exper iments  on 316 SS t o  

c a l c u l a t e  Dc ( =  2 r c ) ,  t h e  maximum e q u i l i b r i u m  bubb le  d iamete r  wh ich i s  

regarded  as an upper  e s t i m a t e  o f  Dc.  (718)  The code u t i l i z e s  t h e  Van d e r  

Waals e q u a t i o n  o f  s t a t e  t o  c a l c u l a t e  t h e  number o f  h e l i u m  atoms i n  a 

c a v i t y  o f  a g i v e n  s i z e :  

8n ri2 y 
n .  1 = 3(RT t 2 B '  y / r i )  

where: 

n. 

r .  = r a d i u s  o f  bubb le  i n  c l a s s  i i n  cm 

y = s u r f a c e  energy i n  e rgs  cm 

R = gas c o n s t a n t  = 1.38 x e r g  atom-' deg-' 

T = a b s o l u t e  tempera tu re  i n  " K  

B '  = Van d e r  Waals c o n s t a n t  i n  cm /atom 

= number o f  h e l i u m  atoms i n  a bubb le  o f  r a d i u s  ri 1 

1 
- 2  

3 

By means o f  an i t e r a t i v e  procedure,  t h e  code t h e n  sums ni o v e r  a l l  c a v i -  

t i e s  i n  t h e  s i z e  d i s t r i b u t i o n ,  assuming t h a t  even t h o s e  c a v i t i e s  w i t h  

D > Dc c o n t a i n  an amount o f  h e l i u m  s u f f i c i e n t  t o  have s t a b i l i z e d  them as 

e q u i l i b r i u m  bubbles  when t h e i r  d i a m e t e r  was equa l  t o  D k .  The process i s  

c o n t i n u e d  u n t i l  t h e  h e l i u m  accounted f o r  i s  equal  t o  t h e  amount o f  h e l i u m  

a v a i l a b l e .  I n  i t s  most  s i m p l e  form, t h e  code uses t h e  t o t a l  i m p l a n t e d  

h e l i u m  c o n c e n t r a t i o n  a t  t h a t  s e c t i o n  f o r  t h i s  l a t t e r  va lue .  However, a 

subsequent m o d i f i c a t i o n  was made whereby some o f  t h e  h e l i u m  was p a r t i t i o n e d  

t o  d i s l o c a t i o n s . ( 8 )  The f r a c t i o n  o f  h e l i u m  p a r t i t i o n e d  t o  c a v i t i e s  was 
d e f i n e d  as 

1 4n ri Ni 

1 471 ri N. t p 
i 

( 2 )  
Q-1 = i 

D 1 

where: 

Ni = number o f  c a v i t i e s  i n  c l a s s  i 

= d i s l o c a t i o n  d e n s i t y  
P D  
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Thus, when Q = 1, a l l  h e l i u m  was a l l o c a t e d  t o  c a v i t i e s  and when Q # 1 
(Q > 1 )  some o f  t h e  h e l i u m  was p a r t i t i o n e d  t o  d f s l o c a t i o n s ,  depending on 

Curves i n  t h i s  r e p o r t  a r e  s i m p l y  l a b e l e d  a c c o r d i n g  t o  Q = 1 o r  Q # 1 PO. 
c o n s i s t e n t  w i t h  t h e  above approach. 

S ince  t h e r e  has r e c e n t l y  been some concern  expressed abou t  u t i l i z a -  

t i o n  o f  s p e c i f i c  s u r f a c e  energy va lues  and va lues  o f  B ' ,  i n  t h i s  r e p o r t i n g  

p e r i o d  t h e  code was used t o  i n v e s t i g a t e  t h e  dependence o f  Dc on y and B '  

f o r  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  observed i n  d u a l - i o n  bombarded 316 SS. 

Three m a t e r i a l  c o n d i t i o n s  were i n v e s t i g a t e d  - SA 316 SS (1050OC f o r  0 .5h) ,  

20% CW 316 SS and aged 316 SS (50% c o l d  r o l l e d  f SA a t  1050OC f o r  0.5h 

+ aged a t  800°C f o r  10h) .  

s e c t i o n s  co r respond ing  t o  12-15 dpa and appm He/dpa r a t i o  o f  11-15. 

R e s u l t s  f o r  t h e  aged 316 SS a r e  p resen ted  i n  F i g u r e s  4, 5 and 6. F i v e  

d i f f e r e n t  s u r f a c e  energy - tempera tu re  dependencies were used. I n  
F i g u r e  4a, y was s e t  a t  1000 ergs/cm and made independent  o f  T; i n  

F i g u r e  4b, y was s e t  a t  1200 ergs/cm2 a t  750°C and made l i n e a r l y  depen- 

den t  on T w i t h  a s l o p e  o f  - 1 .9  e rgs  . cm-' . deg- l ;  s i m i l a r l y ,  i n  

F i g u r e s  4c and 5b, y was s e t  a t  2750 ergs/cm2 o r  500 ergs/cm , respec-  

t i v e l y ,  a t  750°C w i t h  t h e  same s lope ;  and f i n a l l y ,  i n  F i g u r e  5a, y was 

s e t  a t  500 ergs/cm , c o n s t a n t .  A l l  curves p resen ted  i n  F i g u r e s  4 and 5 

were c a l c u l a t e d  w i t h  B '  = 16.4 cm /atom. F i g u r e s  4c and 6b r e p r e s e n t  

da ta  o b t a i n e d  ' n o r m a l '  va lues  f o r  y and B '  ( i . e .  t hose  wh ich  a r e  b e l i e v e d  
t o  be most a c c u r a t e ) .  Comparison o f  F igu res  4 and 5 shows t h a t ,  f o r  

tempera tu res  6 650°C, t h e r e  i s  e s s e n t i a l l y  no change i n  Dc w i t h  y f o r  

e i t h e r  Q = 1 (no p a r t i t i o n i n g  t o  d i s l o c a t i o n s )  o r  Q # 1 ( p a r t i t i o n i n g  

i n c l u d e d ) .  A t  700"C, some dependence was observed f o r  bo th  cases, b u t  

more f o r  Q = 1 .  V a r i a t i o n  o f  B '  t o  s i m u l a t e  s o f t e r  o r  h a r d e r  i n t e r a t o m i c  
p o t e n t i a l s  ( w i t h i n  t h e  range o f  p u b l i s h e d  v a l u e s )  ( F i g u r e  6 )  u t i l i z i n g  

t h e  normal y va lues  (2750 ergs/cm2 a t  750°C, e t c . )  y i e l d e d  no dependency 

o f  0,. A l l  curves show t h e  t y p i c a l  t empera tu re  dependence p r e d i c t e d  by  

t h e  r a t e  t h e o r y  f o r  Dc. (') These r e s u l t s ,  p a r t i c u l a r l y  f o r  t h e  d r a s t i c  

s u r f a c e  energy changes invoked  were r a t h e r  s u r p r i s i n g ,  and i t  i s  b e l i e v e d  

t h a t  t h e i r  e x p l a n a t i o n  i s  d i r e c t l y  l i n k e d  t o  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  

C a v i t y  s i z e  d i s t r i b u t i o n s  were o b t a i n e d  f rom 

2 

2 

2 

3 
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observed i n  t h e s e  specimens, as w e l l  as t h e  i n h e r e n t  dependencies w i t h i n  

t h e  Van d e r  Waals equa t ion .  

I n s p e c t i o n  o f  e q u a t i o n  1 i n t u i t i v e l y  suggests t h a t  a decrease i n  y 

f o r  a g i v e n  pi, T and 6 '  s h o u l d  y i e l d  a r e d u c t i o n  i n  ni s i n c e  t h e  y - t e r m  

i n  t h e  denominator i s  s m a l l .  A q u i c k  c a l c u l a t i o n ,  t a k i n g  T = 923"C, 

ri = 3.5 nm, B '  = 16.4 x l o w z 4  cm /atom and y = 2925 and 500 ergs/cm , 
3 3 shows t h a t  t h e  co r respond ing  ni va lues a r e  7.48 x 10 and 2.95 x 10 

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

a f a c t o r  o f  2.5 i n  t h i s  example), Dc i s  expected t o  i n c r e a s e  as y 

decreases, and v i c e  v e r s a .  T h i s  t r e n d  was, i n  f a c t ,  observed ( s e e  T a b l e  1 

f o r  b e t t e r  c l a r i f i c a t i o n ) .  

3 2 

Thus, s i n c e  ni does decrease w i t h  dec reas ing  y (by  

A t  65D°C (923'K), t h e  chanqe i n  Dc i s  r e l a t i v e l y  s m a l l ,  however, 
because (a )  Dc i s  n o t  l a r g e  even f o r  y = 2925 ergs/cm2 and (b) because o f  

t h e  shape o f  t h e  s i z e  d i s t r i b u t i o n  ( F i g u r e  7a) .  

b imodal  c a v i t y  s i z e  h i s tog ram w i t h  a h i g h  number d e n s i t y  o f  s m a l l  c a v i t i e s .  

Thus, s i n c e  D 

l a r g e  peak i n  t h e  number d e n s i t y ,  t h e  e x t r a  h e l i u m  atoms made a v a i l a b l e  
t o  o t h e r  c a v i t i e s  by  a r e d u c t i o n  i n  y a r e  r a p i d l y  t a k e n  up ( n u m e r i c a l l y )  

by  t h e  n e x t  s i z e  c l a s s  and thus,  no extreme change i n  Dc i s  m a n i f e s t e d .  

T h i s  argument i s  f u r t h e r  suppor ted  by  t h e  Q # 1 case, s i n c e  here ,  Dc i s  

o f  cou rse  s m a l l e r  f o r  y = 2925 ergs/cm2 and t h u s  has an even h i g h e r  

r e l a t i v e  number d e n s i t y  i n  t h e  n e x t  s i z e  c l a s s  t o  accommodate t h e  ' e x t r a '  

he l i um.  

T h i s  specimen has a 

(y = 2925 ergs/cm2, Q = 1 )  i s  l o c a t e d  a t  t h e  c e n t e r  o f  t h i s  
C 

A t  700"C, t h e  c a v i t y  s i z e  h i s t o g r a m  i s  n o t  b imodal  and i s  more b e l l -  

shaped ( F i g u r e  7b ) .  Here, t h e  l a c k  o f  a s t r o n g  dependence o f  Dc on y i s  

due t o  t h e  h i g h  number o f  c a v i t i e s  w i t h  Di > Dc (wh ich,  a c c o r d i n g  t o  t h e  

code c a l c u l a t i o n ,  a l l  c o n t a i n  t h e  same number o f  h e l i u m  atoms as a b u b b l e  

w i t h  Di = 0, because t h e y  passed th rough  t h i s  s i z e  c l a s s ) .  Here, changes 

i n  ni f o r  a s i z e  c l a s s  around Di = Dc w i l l  be accommodated by t h e  

remainder  o f  t h e  c a v i t i e s  i n  t h e  d i s t r i b u t i o n ,  a l t h o u g h  n o t  q u i t e  so 

r a p i d l y  as i n  t h e  p r e v i o u s  example because Dc i s  much l a r g e r  (29.6 nm 
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f o r  y = 2750'C a t  750'C). A q u i c k  c a l c u l a t i o n  shows t h a t  f o r  T = 973"K, 
2 6 y = 2925 ergs/cm and ri = 15 nm, ni = 2.69 x 1 0  atoms. However, 

2 4 r e d u c i n g  y t o  500 ergsfcm reduces ni t o  6.49 x 1 0  atoms - a v e r y  l a r g e  

change compared t o  t h a t  wh ich occurs  f o r  t h e  s m a l l e r  bubbles.  Thus, one 

a n t i c i p a t e s  a g r e a t e r  dependence o f  Dc on y f o r  t h e  d i s t r i b u t i o n  shown 

i n  F i g u r e  7b compared t o  t h a t  i n  F i g u r e  7a wh ich  i s  what  i s  observed.  

F i g u r e  6 and T a b l e 2 d o c u m e n t  t h e  v a r i a t i o n  o f  Dc w i t h  B' and tempera- 
2 t u r e  f o r  y = 2750 ergsfcm 

For  b o t h  Q = 1 and Q # 1 (no p a r t i t i o n i n g  and p a r t i t i o n i n g  t o  d i s l o c a t i o n s ,  

r e s p e c t i v e l y ) ,  e s s e n t i a l l y  no dependence o f  Dc on  6 '  was found. 
because t h e  dependence o f  ni on B '  i s  i n h e r e n t l y  weak i n  e q u a t i o n  1, 

p a r t i c u l a r l y  f o r  ri > 15 nm s i n c e  t h e  second t e r m  i n  t h e  denominator t h e n  

becomes v e r y  s m a l l .  

i s  c o m p a r a t i v e l y  l a r g e ,  i t s  dependence on B '  s h o u l d  be l e s s  t h a n  a t  t h e  

l o w e r  temperatures ,  wh ich  was indeed  observed. It i s  t h u s  conc luded t h a t ,  

d e s p i t e  c u r r e n t  c o n t r o v e r s y  about  t h e  v a l u e  o f  6 '  u t i l i z e d  f o r  these  

t ypes  o f  c a l c u l a t i o n s ,  f o r  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  observed i n  t h e  

316 SS, t h i s  i s  n o t  an i m p o r t a n t  c o n s i d e r a t i o n .  

a t  75OOC and a l i n e a r  v a r i a t i o n  o f  y w i t h  T. 

T h i s  i s  

Thus, i t  c o u l d  be p r e d i c t e d  t h a t  a t  700"C, where Dc 

R e s u l t s  o b t a i n e d  f o r  SA and CW 316 SS were v e r y  s i m i l a r  t o  those  

p resen ted  f o r  t h e  aged m a t e r i a l .  R e p r e s e n t a t i v e  curves a r e  shown i n  

F i g u r e s  8 and 9 f o r  t h e  case where 6 '  = 16.4 cm /atom and y has a l i n e a r  
tempera tu re  dependence such t h a t  y = 2750 ergs/cm2 a t  750°C. 

105 ( F i g u r e  9, 600°C) was a beam h i s t o r y  exper imen t  i n  wh ich  t h e  h e l i u m  

was i m p l a n t e d  d u r i n g  t h e  f i r s t  and l a s t  q u a r t e r s  o f  t h e  S i t 6  bombardment 

o n l y ,  a l t h o u g h  t h e  t o t a l  amount o f  h e l i u m  i m p l a n t e d  was t h e  same as t h e  

o t h e r  specimens (% 20 appm a t  t h a t  s e c t i o n ) .  
F i g u r e  9 suggests t h a t  t h i s  sample has a much h i g h e r  0, v a l u e  t h a n  m i g h t  

be p r e d i c t e d  by  t h e  t h e o r y  f o r  dua l  i o n  bombardment because o f  t h e  

i n c r e a s e  i n  t h e  c u r v e  a t  600°C. T h i s  i s  c o n t r a r y  t o  some r e c e n t  

r e s u l t s  i n  304 SS ( l o )  wh ich  y i e l d e d  l i t t l e  dependence o f  0, on beam 

h i s t o r y  f o r  a g i v e n  f l u e n c e ,  h e l i u m  c o n c e n t r a t i o n  and tempera tu re ,  and 

t h i s  r e s u l t  i n  t h e  316 SS i s  b e i n g  ana lyzed  f u r t h e r .  

3 

Specimen 

Fluences were 2.5-5 dpa. 

W i t h  t h e  e x c e p t i o n  
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o f  d a t a  p o i n t s  f rom t h i s  specimen, b o t h  20% CW and SA 316 SS y i e l d e d  a 

dependence o f  Dc on tempera tu re  p r e d i c t e d  by  t h e  r a t e  t h e o r y  f o r  t h e  

c r i t i c a l  c a v i t y  s i z e ,  D:. 

temperature ,  Dc appears t o  be r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  c o n d i t i o n  o f  

t h e  m a t e r i a l  (compare F i g u r e s  6b, 8, 9) .  

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  f o r  a g i v e n  
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V I I .  FUTURE WORK 

A n a l y t i c a l  microscopy measurements o f  p r e c i p i t a t e  and m a t r i x  compo- 

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

i n  dua l  i o n  bombarded 316 SS (SA, 20% C.R. and aged c o n d i t i o n s )  w i l l  con- 

t i n u e .  A s e t  o f  a l g o r i t h m s  t o  deduce s e l f - c o n s i s t e n t  average h e l i u m  

d i s t a n c e s  f rom m i c r o s t r u c t u r a l  d a t a  w i l l  be developed. 
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TABLE 2 

MAXIMUM EQUILIBRIUM BUBBLE SIZES I N  AGED 316 SS 
CALCULATED WITH y = 2750 ergs/cm2 AT 7 5 O O C  

B ' = 1 3 . 6 ~ 1 0 - ~ ~  B '  =16.4xl 0-24 Bt=19.2x1 0- 24 

Temp 3, cm31 ..3 il tom 

Specimen __ O C  Qfl 0fl 0fl 
3.2* 550 4.6 3.8 4.9 4.0 5.1 4.2 

5.1 600 5.8 3.0 6.3 3.2 6.9 3.4 

7.1 650 6.0 4.4 6.4 4.6 6.7 4.8 

9.2 700 28.8 12.7 29.6 13.2 30.3 13.6 

* 
I n d i c a t e s  Specimen 113, Sec t ion  2. 
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FIGURE 2. EDS Analyses. 
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:rographs Obtained From SA 316 SS Dually Bor _srded W 
0 
indicate locations o f  EDS analyses on acicular precipitates 
and the matrix. 

sIi and Helium at 6OO0C to % 4  dpa and 83 appm He. Arrows 
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FIGURE 7. Cav i t y  S i ze  Histograms fcJE Aged 316 SS Specimens D u a l l y  
Bombarded w i t h  28 MeV S i  a n d 5 2  MeV He i ons  a t  
a )  65OoC and b )  70OoC. (Oc values shown w re ca l cu la ted  w i t h  
Y = 2750 ergs/cm2 a t  75OoC and 6 '  = 16.4 cm 5 /atom.) 
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FIGURE 8. Variation of the  Maximum Equilibrium Bubble Size,  Dc, With 
Temperature f o r  SA 316 SS. 
the I r w i n  code using B' = 16.4 cm3/atom. 

Calculations were performed with 
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1 20% C W  316 SS 
y = n50at 7 w c  

(Normal) 
- o 0 =1, No Helium Partitioned 
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Dislocations 

- 

8 

I I I I 
600 650 700 750 

- 
T. OC 

FIGURE 9. V a r i a t i o n  o f  t he  Maximum E q u i l i b r i u m  Bubble Size, Dc, With 
Temperature f o r  20% CW 316 SS. 
w i t h  t h e  I r w i n  code us ing  B ’  = 16.4 cm3/atom. 

Ca lcu la t i ons  were psrformed 
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I.  PROGRAM 

T i t l e :  Irradiation Effects Analysis (AKJ) 
Principal Investigator: D. G. Doran 
Aff i l i a t ion :  Hanford Engineering Development Laboratory 

11. OBJECTIVE 

To determine the dependence of the radiation-induced microchemical 
evolution of AISI 316 on variables such a s  thermal-mechanical s ta r t ing  
condition, temperature, stress, neutron f lux  and fluence. 

111. SUMMARY 

Extraction and analysis of precipitates i n  i r radia ted AISI 316 have 
shown t h a t  the microchemical evolution i s  sensi t ive  t o  some variables b u t  
n o t  others.  There i s  an acceleration with app l i ed  stress of the radiation-  
induced nickel removal process a t  550°C b u t  no t  a t  400°C, an observation 
which i s  in agreement with the results of other s tudies .  
swelling behavior of various specimens can be correlated w i t h  the amount 
of nickel removal from the a l loy matrix. A t  400°C there appears t o  be a 
s ens i t i v i t y  of the level of precipi ta t ion t o  neutron flux and/or time in 
reactor.  A t  400°C the microchemical evolution i s  very sluggish and s t i l l  
i n  progress a t  14  x 10'' n/cm' ( E  >0.1 Mev). A t  550°C the evolution is  n o t  
so sluggish and s t i l l  in progress a t  7 x 10" n/cm'. 

The r e l a t i ve  

IV. ACCOMPLISHMENTS A N D  STATUS 

A .  The Influence of Microchemical Evolution on the Swelling of 
AISI 316 and I t s  Dependence on Stress, Temperature and Heat 
Treatment - D. L .  Porter (ANL-Idaho Fa l l s )  and F. A .  Garner 
( H E D L )  
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1. Introduction 

I t  has been recently shown tha t  the onset and acceleration of void 
swelling i n  AISI 316 can be correlated to  the microchemical evolution of the 
precipi ta te  and matrix compositions, and  t h a t  the influence of various 
material and environmental parameters on swelling and i r radiat ion creep 
can be observed in t he i r  concurrent e f fec t  on precipi ta te  evolution. (1-4) 

The majority of the data supporting this correlation come from comparative 
i r radiat ions  a t  single fluence levels  and are  usually based on microscopy 
observations of very small b u t  presumably typical specimen volumes. 

Another type of data has recently become available which n o t  only 
gives bulk-averaged microchemical da t a  b u t  a lso i s  available over a range 
of neutron fluences. In these experiments the precipi ta tes  are extracted 
and the i r  volune and metall ic element composition are determined. (5-6) 

There i s  no assurance as ye t  tha t  a l l  of the precipi ta tes  are extracted.  
The ident i ty  of the various precipi ta tes  i s  a lso n o t  determined, b u t  these 
are  in general known from the microscopy studies.  The material described 
in th is  report  i s  AISI 316 in several s t a r t i ng  conditions, and  was used 
t o  construct pressurized tubes. 
temperatures of e i t he r  400 or  550°C. The length of the40o0ctubes was 
for ty  inches and t h a t  of the 550°C tubes was ten inches. The s teel  i s  the 
V87210 reference heat used in the U.S. Breeder Reactor Program. 
i r radiated i n  EBR-I1 e i t he r  as  solution-annealed, 10% or 20% cold-worked, 
or Heat Treat D.  
(24 hours a t  482"C, a i r  quenched, 216 hours a t  704"C, a i r  quenched). 

These tubes were maintained a t  constant 

I t  was 

The HTD condition was 20% cold worked and then aged 

In general the re la t ive  swelling of t h i s  material i s  HTD >annealed 
> lo% cold worked >20% cold worked. ( 8 )  

2 .  Experimental Results 

Although the f u l l  compositional d a t a  are available and will be 
presented in l a t e r  reports,  i t  i s  suf f ic ien t  for  the present purpose t o  
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focus only on the nickel content of  the prec ip i ta tes  and t h e i r  re la t ive  
f ract ional  amount. The to ta l  nickel removal appears t o  be a very re l iab le  
index of the extent of the microchemical evolution. In the following graphs 
the s t r e s s  shown beside each data point i s  the nominal hoop s t r e s s  of the 
tube. Subsequent analyses will use the actual ,  s l i gh t ly  d i f fe ren t  hoop 
s t resses  determined upon postirradiation examination. 

Figure 1 shows the mole f ract ion of nickel ( re la t ive  t o  the to t a l  
of iron, nickel, chromium and molybdenum atoms only) in 10 and 20% cold 
worked AISI 316 during i r radiat ion a t  400°C. 
drawn through these data s ign i f ies  an independence of stress and cold-work 
level in the 10-20% range. The tota l  precipi ta te  levels  are only available 
fo r  10% cold work a t  t h i s  time and show no discernible dependence on stress 
level ,  as shown in Figure 2. 
400°C i s  s t i l l  in progress a t  14 x 10” n/cm’ (E  >0.1 MeV). 
t ha t  the evolution i s  very sluggish and i s  proceeding toward ye t  a higher 

level of nickel enrichment. I t  i s  t h i s  potent ia l ly  higher level of nickel 
removal t ha t  can be reached in no t  qui te  so sluggish a fashion for  cer ta in  

Note t h a t  the single curve 

I t  i s  s ignif icant  t h a t  the evolution a t  
This demonstrates 

temperature h i s to r ies  which give substant ia l ly  higher levels  of swelling. ( 4>7 )  

Figure 3 shows a comparison of the cold-worked data a t  400°C with 
t h a t  of HTD. The e f f ec t  of s t r e s s ,  i f  one e x i s t s ,  cannot be discerned from 
t h i s  data set.  The onset of an accelerated microchemical evolution t o  a 
much higher precipi ta te  nickel level i s  obvious however and i s  consistent  
with the h igher  swelling of HTD compared t o  t ha t  of bo th  annealed and cold 
worked material .  (*) Figure 4 shows tha t  a t  550°C the nickel concentration 
process proceeds a t  a higher r a t e  t h a n  t h a t  observed a t  400°C. 
also some hint  t h a t  s t r e s s  may accelerate the precipitat ion process. Note 
t h a t  a t  7.3 x 10” n/cm2 there i s  a s l i gh t  increase in both the amount of 
p rec ip i ta te  and the nickel mole f ract ion with increasing stress level .  

There i s  

In 10% cold worked AISI 316 a t  550°C the e f f ec t  of s t r e s s  on swelling 
i s  much more obvious a s  shown in Figure 5. A t  3.9 x 10” n/cm’ the e f f ec t  
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o f  s t ress  on the  t o t a l  n i c k e l  removal i s  hard t o  d iscern  b u t  a t  6.3 x 10” 

n/cm’ a l a t e  term acce le ra t i on  o f  bo th  the p r e c i p i t a t e  amount and mole 

f r a c t i o n  o f  n i c k e l  has occurred. The very h igh  n i c k e l  l e v e l  o f  %50% has 

been observed i n  G-phase p r e c i p i t a t e s  (’-lo) o r  may represent  an average o f  

several phases, some o f  which are  as h igh  as 75% n i c k e l  (NisS i ) .  Brager 

and Garner e a r l i e r  found t h a t  the fo rmat ion  o f  N i s S i  was apparent ly  insens i  
t i v e  t o  s t ress  a t  500°C however. (394) 

F igure 6 shows t h a t  a t  550°C bo th  solut ion-annealed and 20% c o l d  

worked s t e e l s  cont inue t o  develop p r e c i p i t a t e s  which are progress ive ly  
r i c h e r  i n  n i c k e l  content.  As expected the  n i c k e l  content  o f  p r e c i p i t a t e s  

i n  the  annealed s t e e l  i s  somewhat ahead o f  t h a t  i n  the 20% c o l d  worked s tee l  

The annealed curve may represent  m a t e r i a l  which was no t  s t ressed a t  the  
nominal 207 MPa l e v e l  however. Although t h i s  tube s t a r t e d  a t  a hoop s t ress  
o f  207 MPa, i t  leaked a t  some unknown t ime and r a t e  du r ing  i r r a d i a t i o n  and 

had on l y  24.4 MPa a t  the  end o f  the experiment. I f  the  s t ress  was reduced 
p r i o r  t o  the  end o f  the s w e l l i n g  incubat ion  per iod,  then the n i c k e l  removal 

and s w e l l i n g  l e v e l s  might  be l a r g e r  ( than shown i n  F igure 6 )  f o r  cond i t i ons  
o f  constant  s t ress .  

The r e l a t i v e  s w e l l i n g  behavior o f  each c o n d i t i o n  ( 8 )  and the observed 

s t ress  dependence o f  s w e l l i n g  (11-12) are q u i t e  cons i s ten t  w i t h  the  concept 
o f  e a r l i e r  s w e l l i n g  w i t h  accelerated n i c k e l  removal. There i s  a l s o  some 

data t h a t  i n d i c a t e  a s e n s i t i v i t y  t o  displacement r a t e  o r  t ime i n  r e a c t o r  a t  

400°C i n  20% cold-worked A I S I  316. As shown i n  Table I the amount o f  

p r e c i p i t a t e  i s  g rea tes t  f o r  low f l u x  i r r a d i a t i o n .  Whereas one might  expect 

more p r e c i p i t a t e s  t o  form i n  those specimens exposed t o  the h ighes t  f luence, 

the  lower f luence specimens which spent a long t ime i n  r e a c t o r  a t  lower f l u x  

had rough ly  tw ice  as much p r e c i p i t a t e .  

4. Conclusions 

E x t r a c t i o n  and ana lys i s  o f  p r e c i p i t a t e s  i n  i r r a d i a t e d  A I S I  316 have 

shown t h a t  the  microchemical e v o l u t i o n  i s  s e n s i t i v e  t o  some va r iab les  b u t  
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not others. 
nickel removal process a t  55OOC b u t  not a t  400°C, an observation which i s  
in agreement with the r e su l t s  of other studies.  
behavior of various specimens can be correlated with the amount of nickel 
removal from the a l loy matrix. 
of the level of precipitat ion t o  neutron flux and/or time in reactor.  
A t  400°C the microchemical evolution i s  very sluggish and s t i l l  in 
progress a t  14 x 10" n/cm2 ( E  >0.1 MeV). 
so sluggish and s t i l l  i n  progress a t  7 x 10" n/cmZ. 

There i s  an acceleration with s t r e s s  of the radiation-induced 

The re la t ive  swelling 

A t  400°C there appears t o  be a sens i t iv i ty  

A t  550°C the evolution i s  not 
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TABLE 1 

PRECIPITATION IN 20% COLD- WORKED 
AIS1 316 AT 400°C 

$t ( E  > O . l  MeV) Time a t  Temperature Relative Amoun t  o f  Mole Fraction 
( l o z 2  n/cm2) hours @ t/ t i me Precipitat ion Nickel 

4.6 12,185 3.78 x 10 l8  5.5 x 10- 0.040 

4.15 12,185 3.41 x 10 l8  6.1 x 10- 0.030 

3.2 16,522 1.94 x 1018 1.39 x 10-3 0.033 

3.1 16,522 1.88 x 10 l8  1.06 10-3 0.048 
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I .  

11. 

PROGRAM 

T i t l e :  Irradiation Effects Analysis (AKJ) 
Principal Investigator: D. G .  Doran 
Aff i l i a t ion :  Hanford Engineering Development Laboratory 

OBJECTIVE 

The objective of t h i s  e f f o r t  i s  t o  explore the role  and impact of the 
radiation-induced microchemical evolution on the development of changes in  
e i t he r  dimension or mechanical property i n  s t a in less  s t ee l s .  

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

II.C.1 Effect of Material Parameters on Microstructure 
I I .  C .  2 .4  Mode ling 
II.C.14 Models of Flow and Fracture Under Irradiation 
II.C.16 Composite Correlation Models and Experiment 

IV. SUMMARY 

I t  recently has been shown t h a t  the precipi ta tes  t h a t  develop during 
i r radiat ion play the dominant role  in the response of 300 se r i e s  a l loys .  
This role  i s  expressed primarily in  a large change in  matrix composition 
t h a t  may s ign i f ican t ly  a l t e r  the diffusional properties o f  point defects.  
I t  may also substant ia l ly  a l t e r  the r a t e  of acceptance of point defects 
flowing t o  dislocations and voids. The major elemental par t ic ipants  have 
been ident i f ied as carbon, nickel and s i l i con .  Carbon appears t o  function 
as a major governing factor  of the route and r a t e  by which the radiation-  
induced evolution proceeds. I t  i s  the s ens i t i v i t y  of carbon's response t o  
a wide range of variables t ha t  accounts fo r  much of the var iab i l i ty  observed 
in  the swelling of 316 s ta in less  s t e e l .  

S i l i con ' s  ro le  i s  two-fold. While in solution i t  depresses v o i d  
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nucleation and determines the duration of the void incubation period. 
also coprecipitates with nickel. The eventual level o f  nickel in the alloy 
matrix appears t o  control the steady-state swelling r a t e  and i s  determined 
by the s i l icon and carbon content. The other participating elements appear 
to  a f f ec t  primarily the dis t r ibut ion and ac t iv i ty  of carbon. Dislocations 
introduced e i the r  by i r radiat ion or cold work likewise appear to  influence 
the role  of carbon. 

I t  

In these s tudies ,  several new physical mechanisms appear to  be operating. 
These are  the Inverse Kirkendall e f f ec t ,  i n t e r s t i t i a l - a l t e r ed  phase s t a b i l i t y ,  
so lu t e- in t e r s t i t i a l  binding, the i n f i l  tration-exchange process, and the cre- 
ation of radiation-stable precipi ta tes .  
nomenon t o  temperature and f lux has been shown to  account for  much of the 
unusual behavior of AISI 316 d u r i n g  i r radiat ion.  

The sens i t i v i t y  of the l a t t e r  phe- 

V. ACCOMPLISHMENTS AND STATUS 

A. The Microchemical Evolution of Irradiated Stainless  Steel - 
F. A. Garner (HEDL) 

1 .  Introduction 

The neutron i r radiat ion on various 300 ser ies  s ta in less  s t ee l s  in 
f a s t  breeder reactors has recently been shown to  lead t o  two concurrent and 

interact ive evolutions, one involving the microstructural components associated 
with swelling and i r radiat ion creep ( l )  and another "microchemical" evolution 
involving extensive repar t i t ioning of elements between the matrix and various 
precipi ta te  phases. While the majority o f  the published data on the micro- 

(2- 14)  chemical processes have been concerned w i t h  AISI 316 s ta in less  s tee l  
data have also been published on  s i l icon and titanium modifications of AISI 
i l 6  (15-17) ,  AISI 304 (12'18), and the niobium-stabilized alloy FV548. (19) 

Microscopy and energy dispersive X-ray studies have now provided a 
basis for  understanding the nature of the processes driving the evolution of 
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these steels. The wide range of void swelling behavior observed in AISI 316 
has been shown t o  a r i s e  from the inherent metastabil i ty of t h i s  s t e e l ,  a con- 
di t ion which i s  n o t  only substant ia l ly  a l te red  and accentuated by i r rad ia t ion ,  
b u t  one which i s  very sensi t ive  t o  many material and environmental variables.  

The magnitude of t h i s  metastabil i ty and i t s  consequences on al loy 
behavior d u r i n g  i r rad ia t ion  have not previously been fu l l y  appreciated, par- 
t i cu l a r ly  i n  theoretical  descriptions. In the modeling of irradiation-induced 
dimensional and mechanical property changes, several imp1 i c i  t assumptions are 
often incorporated in to  theoretical  descriptions.  In e f f e c t  i t  i s  assumed 
tha t  the property change of i n t e r e s t  can be described i n  terms of a micro- 
s t ructural  scenario i n  which  precipi ta tes  a re  assigned re la t ive ly  small roles 
such a s  s i t e s  fo r  void nucleation o r  reservoirs fo r  minor solute  atoms. The 
major components of the microstructure (voids, Frank loops, d is locat ions)  are 
a l so  assumed t o  have preferences or  "biases" fo r  point defects which are not 
strong functions of al loy matrix composition. I t  i s  a lso  impl ic i t ly  assumed 
tha t  the concentrations of the major elements in  the matrix do not change 
d u r i n g  i r rad ia t ion .  In such scenarios the diffusional properties of the 
matrix a r e  thought t o  be influenced only by the  i r rad ia t ion  temperature, 
displacement ra te ,  and the matrix level of solute  atoms which ac t  as traps 
fo r  point defects. 

I t  i s  the purpose of this paper t o  show tha t  the precipi ta tes  t h a t  
develop d u r i n g  i r rad ia t ion  i n  AISI 316 and other a l loys  play a dominant role 
i n  the a l loy response. This ro le  i s  expressed primarily i n  a large change in  
matrix composition t h a t  may s ign i f ican t ly  a1 ter the diffusional properties of 
point defects. 
point defects a t  dislocations and voids. 

I t  may also substant ia l ly  a l t e r  the r a t e  of acceptance of 

The major elemental par t ic ipants  in the microchemical evolution have 
been iden t i f i ed  as well a s  most of the par t ic ipat ing phases and the physical 
mechanisms driving the evolution. These will be reviewed along with examples 
of consequences of the s ens i t i v i t y  of t h i s  evolution as seen in the swelling, 
creep and y ie ld  s t r e s s  of AISI 316. 
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In the majority of what follows, the conclusions are firmly supported 
In a few instances the conclusions presented are e i t he r  inferred from by data. 

macroscopic property changes o r  possible coincidental correlations.  
tive conclusions o r  proposals are ident i f ied a s  such. 

Specula- 

2 .  Overview of the Microstructural/Microchemical Evolution 

Although there a r e  many s imi l a r i t i e s  between the response of the 
various 300 se r i e s  a l loys  t o  i r rad ia t ion ,  there a re  small b u t  s ign i f ican t  
divergences t h a t  r e f l e c t  differences in a l loy  composition. 
a l loys  other than AISI 316 are ra ther  sparse,  the evolutionary scenario pre- 
sented here i s  based only on the observed response of AISI 316. Divergent 
behavior in  other a l loys  will be discussed i n  the following sections where 
appropriate. 

Since the data on 

Dur ing  i r rad ia t ion ,  the development of dislocation and l o o p  micro- 
s t ruc ture  proceeds toward a sa turat ion s t a t e ,  composed of number densi t ies  and  
component i den t i t i e s  which eventually become independent of s t a r t i ng  micro- 
s t ructure .  ( ’ )  Both the  r a t e  of approach to sa turat ion and the saturat ion level 
of Frank loops a re  strongly dependent on temperature, s t r e s s  and displacement 
r a t e  b u t  surprisingly the saturation dislocation network tha t  evolves i s  es-  
s en t i a l l y  independent of these variables. (’ y20-22)  The microchemical evolu- 
t i o n  induced by radiation a l so  appears t o  proceed toward a sa turat ion s t a t e  
b u t  a t  a much more sluggish pace, (3’5-6) a1 though cer ta in  temperature p a t h s  
or  prei r radiat ion treatments can shor t- c i rcu i t  the sluggishness. (4-5,23) 

Long-term thermal aging of AISI 316 has shown the alloy t o  be meta- 
s table  and to  form second-phase precipi ta tes  of various carbides and in te r-  
metal 1 i c  compounds. (24-25) These phases segregate spec i f ic  elements from the 
matrix. When t h i s  a l loy i s  placed i n  reactor,  however, the radiation-induced 
microstructural components i n t e r ac t  with the defect fluxes. Those components 
which a c t  as sinks induce in their vic ini ty  p o i n t  defect  gradients which func- 
tion a s  a new and po ten t  driving force f o r  segregation. 
seems par t icular ly  prone t o  concentrate a t  the bottom of such gradients.  (2,6) 

The element nickel 

154 



The matrix nickel content away from sinks i s  then reduced, although not by 
much unless solutes such as s i l i con  and carbon are present. (15) 
coprecipi ta te  with nickel a t  microstructural sinks such as dislocations,  loops 
and precipi ta tes .  Such sinks form a microchemical reservior capable of re-  
moving from the matrix approximately three atoms of nickel fo r  each s i l i con  
(and possibly carbon) atom. 
weight percent, t h i s  leads t o  a reduction i n  matrix nickel from typical ly  
13.5 t o  approximately 9 weight percent. 

These elements 

In AISI 316 with a nominal s i l i con  level of 0.5 

The most in teres t ing feature  of the precipi ta te- rela ted segregation 
process i s  t h a t  the path by which the segregation proceeds does not appear t o  
great ly  influence the eventual nickel composition of the matrix. The satura-  
t ion level of 9% has been observed in  20% cold worked 316 a t  four temperatures 
spanning d i f fe ren t  phase regimes. I t  has a lso  been observed in  solution an- 
nealed s tee l  a t  several temperatures. This independence of path has a l so  been 
demonstrated on a microscopic level (') in AISI 316 and will be discussed i n  
a l a t e r  section. 
amount of p rec ip i ta te  and i t s  nickel content a re  the same in aged, solution 
annealed o r  20% cold worked s t ee l s .  As shown in Figure 1 ,  the nickel level 
o f  the precipi ta tes  evolves with fluence in each alloy b u t  is  independent of 
the amount of precipi ta te .  Porter (13) notes t h a t  large pre-existing chromium- 
rich carbides in  the aged s tee l  dissolve d u r i n g  i r rad ia t ion  a t  550°C t o  accomo- 
date the new nickel- rich precipi ta tes .  

Porter (12-13) has a lso  shown t h a t  in AISI 316 the saturation 

A large variety and balance o f  phases can develop in AISI 316, de- 

pending strongly on i r rad ia t ion  temperature and history as well as minor 
variat ions i n  composition and prei r radiat ion thermal-mechanical treatment. 
The balance of phases can a l so  change within a s ingle  grain. 

(5-7) 

(6-7) 

The prec ip i ta te  types formed in  AISI 316 during i r rad ia i ton  can be 
summarized in to  four c lasses .  ( 7 )  
Laves phase which re ta in  t h e i r  expected crystal  s t ructure  b u t  which are pro- 
gressively changed in composition during i r rad ia t ion .  There are precipi ta tes  
which may form during thermal aging b u t  which are accelerated by i r rad ia t ion ,  

There are precipi ta tes  such as MZ3C6 and 
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Measurements of Extracted Precipi ta tes  and Their Nickel -Jntent For 
Both 20% Cold-Worked and Aged (24 h r  a t  482"C, a i r  quenched, 216 h r  
a t  704"C, a i r  quenched) AIS1 316 After I r radiat ion a t  550°C. (13) 
The nickel level of the precipi ta tes  i s  independent o f  the  amount 
of  precipi ta t ion.  

such as n-s i l i c ide .  Another c lass  of precipi ta tes  i s  induced by and only s t ab l e  
under i r rad ia t ion ,  such as y '  (Ni3Si) and G-phase (nickel- rich metal s i l i c i d e ) .  
I t  a l so  appears t h a t  some precipi ta tes  may form from the crystallographic trans-  
formation of other par t i c les  whose composition has been substant ia l ly  changed 
by i r rad ia t ion ,  such as M6C from transformed M,3&,. 

in this s tee l  i s  generally the  y '  phase, although there a re  substantial  heat- 
to-heat differences i n  the i r rad ia t ion  time required t o  develop t h i s  phase. (3,11) 

The slowest phase t o  form 

All of these phases exhibi t  one charac te r i s t i c ,  however. They e i t he r  
form as nickel and s i l icon- r ich phases o r  become progressively r icher  in these 
elements as the i r rad ia t ion  proceeds. With one s ign i f ican t  exception, t h i s  

* character is t ic  has a lso been observed in a l l  precipi ta tes  i n  a l l  300 s e r i e s  
a l loys  referenced in t h i s  study. 
t a t e s  t ha t  form i n  titanium-modified s t a in l e s s  s tee l .  (26)  
bo th  i r rad ia ted  and unirradiated conditions i s  strongly enriched in Ti ,  Mo, V 

and Nb and depleted i n  S i ,  Ni, Cr and Fe. 

The exception i s  titanium-rich MC precipi-  
T h i s  p rec ip i ta te  in 

The significance of this observation 
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w i l l  be discussed l a te r .  

The i d e n t i t y  o f  the various phases formed during i r r a d i a t i o n  i s  sensi- 
t i v e  t o  major changes i n  a l l o y  composition as wel l .  While a l l  the phases formed 
i n  A I S I  304 have no t  y e t  been d e f i n i t i v e l y  iden t i f i ed ,  i t  appears t ha t  there 
ex is ts  a range of prec ip i ta tes as var ied as t h a t  i n  A I S I  316. Note t ha t  i n  
Figure 2 the nickel  content o f  extracted prec ip i ta tes no t  only s h i f t s  wi th  tem- 
perature and fluence but  f a l l s  i n t o  two d i s t i n c t  categories. 

No y '  has y e t  been found i n  A I S I  304, which has the same s i l i c o n  leve l  
bu t  a lower n icke l  content than A I S I  316 (9% versus 13-14%). 

presence o f  y '  i s  only observed a t  moderate t o  high s i l i c o n  leve ls  (5)  and extends 

increase i n  s t a b i l i t y  i s  predicted (and observed i n  binary a l loys )  f o r  Ni,X-type 
phases as the concentration o f  e i t he r  element i s  increased o r  as the displacement 
r a t e  i s  raised.(27) The t i tan ium and niobium-modified a l loys appear t o  develop 
no t  only t i tan ium and niobium carbides bu t  also the G-phase. This l a t t e r  phase 
forms only under i r rad ia t ion ,  and corresponds t o  known stable phases such as 

Nb6NiI6Si7 (28) and T i s N i l 6 S i 7  (17) i n  other a l l o y  systems. 

I n  A I S I  316 the 

t o  some high temperature l i m i t  which increases w i th  the s i 1  ,con leve l .  (15) An 

0 2 4 6 
Neutron Fluence (1022 nlcrn.2, E >0.1 MeV) 

FIGURE 2. Measurement o f  the Nickel Concentra ion  o f  Precipi tates Extracted 

types o f  prec ip i ta tes ex is t ing  i n  d i f f e r e n t  temperature ranges. The 
apparent f l  uence dependence r e f l e c t s  the  strong temperature depen- 
dence o f  p rec ip i t a t i on  o f  each phase rather  than re jec t ion  o f  n icke l  
from the prec ip i ta tes.  The t o t a l  p rec ip i ta te  volume increases w i th  
fluence and i s  r e l a t i v e l y  insens i t ive t o  i r r a d i a t i o n  temperature.(12) 
(The temperatures increase from l e f t  t o  r i g h t  on each curve). 

From I r rad ia ted  Annealed A I S I  304L. t 12) There appears t o  be two 
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The precipitation and segregation sequences t h a t  develop du r ing  i r ra-  
diation have important consequences on the further evolution of the alloy matrix. 
The f i r s t  of these consequences has been discussed i n  detail elsewhere 
will be only briefly discussed here. There i s  almost always a correlation between 
the onset of swelling and the formation of nickel-rich precipitates. 
shows a typical example of this correlated microstructural development. As shown 
i n  the inset,  two adjacent points along a fuel p i n  clad tube suffered a large 
difference i n  swelling over a temperature interval of only 25°C. The neutron 
fluxes and fluences a t  these positions were essentially identical. The large 
amount of swelling a t  one pos i t ion  was accompanied by a substantial amount of 
precipitates of the y '  phase. 
precipitates. 

(2-6) and 

Figure 3 

The low swelling position had jus t  begun t o  develop 

I 2Da CW316 1 PNL -11-5R 

. * /  

27m u 11.1 - 
01- 9.8 X 10'' nkm' T - 455% 0 1  - 10.0 x IO" nlcm' T - WT ___ 

FIGURE 3. Correlated Development of Voids and y '  Precipitates (shown i n  dark 
f ie ld)  Observed i n  Cladding of the PNL-11-9R Fuel P i n .  
change profile shown i n  the inset shows that  the swelling varies 
strongly as a function of position. 

The density 
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Another consequence o f  the n icke l  segregation process on phase s t a b i l i t y  
can be qu i t e  s ign i f i can t .  
spec i f i ca t ion  f o r  A I S I  316, the matr ix  n icke l  content can be driven so low as t o  
i n i t i a t e  the transformatton o f  substant ia l  amounts o f  matr ix  austeni te t o  
f e r r i t e .  (15) 
the nominal 0.5 percent s i l i c o n  i s  s u f f i c i e n t  t o  cause the transformation. (13,181 

I n  both al loys,  the segregation o f  n icke l  t o  vo id  surfaces causes the voids t o  
remain encased i n  austenite shells. The higher n icke l  content near the void 
surface res i s t s  'the transformation. 

I f  the s i l i c o n  content i s  increased over the nominal 

I n  A I S I  304 the i n i t i a l  n icke l  leve l  i s  only 9 weight percent and 

Once f e r r i t e  forms the swel l ing r a t e  o f  the transformed regions 
decreases sharply. (15) This decrease i s  comouflaged i n i t i a l l y  by the 2% volume 
increase tha t  accompanies the transformation. Magnetic measurements o f  neutron 
i r r ad ia ted  A I S I  316 have also indicated the formation o f  f e r r i t i c  phases a t  
r e l a t i v e l y  low fluences i n  A I S I  316 o f  moderate s i l i c o n  content. 
studies, microscopy was e i t he r  no t  performed (29) o r  revealed no observable 
f e r r i t i c  phases. (12330-31) I n  one o f  these experiments ("I there was also 
no cor re la t ion  found between the magnetic p r o f i l e  and t h a t  o f  the swell ing. 

I n  these 

3. Mechanisms Dr iv ing  the Microchemical Evolution 

The data ind icate t ha t  there appears t o  be a number o f  new phenomena 
pecul iar  t o  i r r a d i a t i o n  environments t h a t  operate i n  addi t ion t o  more ordinary 
mechanisms which may also be a l te red  by i r r ad ia t i on .  

ige mechanisms w i  
:- --C..u- L.. CLr 

ar i l l  ob- 

viously ut: dwxriLudLeu, UUL IIUL rit:tx>>ar I IY 

o f  i r radiat ion- induced po in t  defects. The use o f  l i ne- o f- s igh t  integrated mea- 
(6) surements through a t h i n  f o i l  using energy dispersive X-ray (EDX) determination 

of  concentration p ro f  i 1 es near microstructural  sinks has conclusively demonstrated 
tha t  the inverse Kirkendall  (32) e f f e c t  operates i n  A I S I  316 during i r r ad ia -  
t ion.(2y6y15) This resu l ts  i n  the concentration o f  slower d i f f us ing  species 

such as n icke l  a t  the bottom o f  vacancy gradients near microstructural  sinks. 
The concentration o f  these slower atoms i s  balanced by an outf low o f  faster 

urial L r r rd  111 I i a w r r  uy LIIC! presence 
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j the, segregation 
v i n t e r s t i t i a l s .  

I emen t (34) and 
(32-33) one would 
,e dependent on 

:h type o f  sink. 

icon b u t  the Y' 

causes the  

$11 e f f e c t  t o  
iding. The cor- 
J ld  then cause 
o f  s i l i c o n  and 

y both inverse 

(3,111 This 

The balance o f  these two competing segregation mechanisms a t  disloca- 
t ions may i n  i t s e l f  be s u f f i c i e n t  t o  explain the phenomenon o f  radiat ion-stable 

phases such as y '  and G-phase. 
densi t ies and sizes o f  y '  prec ip i ta tes i n  AISI 316 vary w i th  temperature (14,351 

i n  a manner s im i l a r  t o  t ha t  o f  Frank loops ( l )  and the Y' phase inhabi ts  the 
temperature regime (3 )  charac te r i s t i c  o f  Frank loops f o r  nominal s i l i c o n  con- 
centrat ions. However, as shown i n  Figure 4, Lee has provided microscopy 
evidence o f  the nucleation o f  y '  on the edge o f  Frank loops i n  AISI 316. 

Perhaps i t  i s  only fo r tu i tous  t ha t  the number 

P. J .  Maziasz and W. J .  S. Yang have speculated on a d i r e c t  r o l e  o f  

the i n t e r s t i t i a l  i n  the formation o f  radiat ion- stable phases. Whereas M2& 

and Laves i n  unirradiated a l loys  grow by a mechanism invo lv ing absorption of 

vacancies from the matrix, (36) i t  i s  possible t ha t  y '  and G-phase grow by 
incorporat ing the excess i n t e r s t i t i a l s ,  p a r t i c u l a r l y  elements o f  the desired 
i den t i t y .  The magnitude and sign o f  the prec ip i ta te-matr ix  m i s f i t  would de- 
termine whether vacancies o r  i n t e r s t i t i a l s  contr ibuted t o  the a l te red  s t a b i l i t y  
o f  any phase. 
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FIGURE 4. Formation of y' on the Edge o f  Frank Loops i n  Si l icon-Modif ied A I S I  
316 I r rad ia ted  i n  EBR- I1  a t  482OC. (Courtesy o f  E. H. Lee of ORNL). 

An in te res t ing  feature o f  the radiat ion- stable phases i s  t h e i r  i n -  
s t a b i l i t y  i n  the absence of i r r ad ia t i on .  Pos t i r rad ia t ion  aging o f  both the 
G-phase and the y' phase i n  A I S I  316 has shown them t o  slowly dissolve a t  the 
temperature o f  t h e i r  in- reactor formation. ( 5 y 7 )  There also appears t o  be a 
l i m i t a t i o n  t o  the  temperature range o f  y' s t a b i l i t y  a t  a g iven displacement 

r a t e  . (3'7) 
316 were also observed t o  dissolve when i r r ad ia ted  w i th  n icke l  ions a t  higher 
displacement rates. (37) This indicates t h a t  the s t a b i l i t y  o f  a given p rec ip i -  
ta te  i n  any a l l o y  may be confined t o  a cer ta in  regime o f  damage r a t e  and tem- 
perature. 

Both the y' and n icke l- r i ch  M,.C,-formed i n  neutron- irradiated 

Another new phenomenon observed i n  these studies i s  the i n f i l t r a t i o n -  

exchange process, (2y6 )  wherein p rec ip i ta tes  such as M23C,-and Laves become pro- 
gressively enriched i n  n icke l  and s i l i c o n  a t  the expense o f  other elements such 
as chromium and molybdenum. 
ments o f  extracted prec ip i ta tes.  ( I 3 )  Line-of-sight EDX p r o f i l e s  show t h a t  t h i s  

Por ter 's  data c l ea r l y  show t h i s  evolut ion i n  measure- 
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process manifests i t s e l f  i n  gradients o f  these elements near the p rec ip i ta te  

surfaces, p a r t i c u l a r l y  when swel l ing i s  a t  low levels.  (2’6) A t  higher fluences 
and leve ls  o f  swel l ing the gradients are no longer maintained and the matr ix  
conpositions o f  the pa r t i c i pa t i ng  elements are establ ished a t  new levels.  The 
use o f  l ine- of- s ight  p r o f i l e s  has no t  y e t  allowed the i d e n t i f i c a t i o n  o f  the 
balance o f  mechansims involved. 
solute-defect b inding and perhaps even i n t e r s t i t i a l - a l t e r e d  phase s t a b i l i t y  may 
a l l  contr ibute t o  the phenomenon. 

It i s  expected, however, t h a t  inverse Kirkendall ,  

It might be speculated t h a t  the operating processes are sel f-accelerat ing 
i n  t h a t  t he  removal of various elements such as n icke l  and s i l i c o n  changes the 
d i f f u s i v i t i e s  o f  both the elemental components and the po in t  defects, and also 
a l t e r s  the l a t t i c e  parameter o f  the matrix. This l a t t e r  consideration would n o t  
only a l t e r  the m i s f i t  between the p rec ip i ta te  and the matr ix but  would also a l t e r  
the s t r a i n  f i e l d s  associated with the po in t  defects. This would change the pre- 
ference o f  the various sinks f o r  each po in t  defect. 

4. The Microchemical Role o f  Carbon, S i l i c o n  and Nickel 

Although the swel l ing o f  A I S 1  316 has been found t o  be sensi t ive t o  
the concentration o f  many elements, (38-39) i t  appears t h a t  the microchemical 
evolut ion p r imar i l y  involves the act ion o f  carbon, s i l i c o n  and n icke l .  
been shown t h a t  even i n  Fe-Ni-Cr a l l oys  wi thout solute the swel l ing i s  c r i t i -  
c a l l y  dependent on the n icke l  concentration a t  leve ls  below approximately 35%. (40) 

This suggests t h a t  the n icke l  leve l  strongly a f fec ts  e i t he r  the d i f f us iona l  
propert ies o f  the matr ix  o r  the capture e f f i c i enc ies  o f  each microstructural  
component. The former p o s s i b i l i t y  has been discussed by Venker and Ehr l ich 
bu t  experiments directed toward t h i s  proposal do no t  support the concept o f  a 
substant ia l  modif icat ion o f  d i f fus iona l  propert ies w i t h  nickel  content. 
A la rge  dependence o f  the i r radiat ion- induced d is locat ion density on n icke l  
content has also not  been observed. 
(stacking f a u l t  energy, modulus, l a t t i c e  constant, thermal expansion coe f f i c ien t ,  
and magnetic propert ies) show a pronounced s e n s i t i v i t y  t o  the n icke l  content, i t  

appears t h a t  the po in t  defect  capture e f f i c i enc ies  o f  d is locat ions and voids 

I t has 

(41 1 

(42-43) 

Since many propert ies o f  Fe-Ni-Cr a l loys 
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might  a l s o  be s e n s i t i v e  t o  the n i c k e l  content.  As shown i n  Figure 5, i t  appears 

t h a t  a p a r a l l e l  can be drawn between t h e  dependence o f  s w e l l i n g  on i n i t i a l  n i c k e l  

content  and the  acce le ra t i on  o f  swe l l i ng  w i t h  d e c l i n i n g  n i c k e l  content.  Jus t  as 
t h e  i n i t i a l  n i c k e l  concentrat ion C i i  has been shown t o  be t h e  major f a c t o r  de ter-  
min ing t h e  magnitude o f  swel l ing,(39) the  d e c l i n i n g  instantaneous n i c k e l  content  

i n  a s p e c i f i c  a l l o y  has been c o r r e l a t e d  w i t h \ t h e  acce le ra t i on  o f  t h e  s w e l l i n g  
ra te .  (2,6) 

INITIAL CONTENl 
INSTANTANEOUS 
MATRIX CONTENT 

FIGURE 5 

13. 

CDNi 

Schematic Representation o f  the  Cor re la t i on  Observed Between Swel l ing  
Versus the  O r i g i n a l  A l l o y  N icke l  Content and Swel l ing  Versus t h  
Average Instantaneous N icke l  Content i n  the  M a t r i x  o f  A I S I  316.740) 

I n  examination o f  A I S I  316 o f  nominal c o m p ~ s i t i o n , ( ~ ’ ~ - ~ )  A I S I  316 o f  

vary ing  s i l i c o n  l eve l s ,  (15) and the t i t a n i u m  and s i l i con- mod i f i ed  316 designated 
LS1 (16-17) a rough c o r r e l a t i o n  has been developed which p r e d i c t s  the  n i c k e l  
s a t u r a t i o n  l e v e l .  ( 2 )  
Cfii 2 CEji - 3(C . + Cc), where Csi and Cc are the  atomic concentrat ions of 

s i l i c o n  and carbon, the steady s t a t e  s w e l l i n g  i s  e s s e n t i a l l y  establ ished.  

When t h e  average m a t r i x  n i c k e l  content  reaches t h e  l e v e l  

51 

The decomposition o f  the aus ten i te  m a t r i x  o f  A I S I  316 has been shown 

t o  occur i n  a very inhomogeneous manner, p a r t i c u l a r l y  i n  the c o l d  worked condi- 
t i o n .  On a microscopic l e v e l ,  however, the  c o r r e l a t i o n  between the  onset o f  

v o i d  growth and the  l o c a l  n i c k e l  content  has been demonstrated q u i t e  c l e a r l y  

i n  a s tudy where the  elemental concentrat ions i n  many smal l  volumes throughout 
t h e  m a t r i x  o f  i r r a d i a t e d  A I S I  316 were sampled by energy d ispers ive  X-ray 

ana lys is .  I n  F igure  6, t h e  d i s t r i b u t i o n  o f  m a t r i x  n i c k e l  contents i s  presented 

f o r  two A I S I  316 specimens made from i d e n t i c a l  ma te r i a l  b u t  o f  d i f f e r e n t  
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FIGURE 6.  Distribution of Nickel C o n t e n t  in Many Small Matrix Locations in  

n/cm2 ( E  >0.1 MeV).(Z! Voided regions ex i s t  i n  areas 
Irradiated AIS1 316 Specimens I r  adiated a t  650Y to  a Fluence of 
1.0 x 
with nickel contents below -11%. 

star t ing conditions. They were i r radiated together. Both the solution annealed 
and 20% cold worked specimens wen? found to  contain Laves precipi ta tes  which 
were substant ia l ly  enriched in nickel and s i l i con .  The mean levels of these 
elements i n  the precipi ta tes  of the solution annealed specimens were higher 
than those o f  the 20% cold worked specimen. 
level o f t h e  matrix o f  the annealed specimen has been reduced from the original 
13.5% level t o  about 9%. 
matrix nickel content t h a t  has been reduced t o  an average of 10.4%, a value 
approaching t h a t  of the solution annealed matrix, b u t  the dis t r ibut ion i s  much 
broader. The void swelling o f  the annealed specimen was a b o u t  8% and re la t ive ly  
homogeneously dis t r ibuted,  while the void swelling o f  the cold worked specimen 
was only 0.6% and qu i te  nonuniformly dis t r ibuted.  
of voided precipi ta te- free  areas (about 0.5 microns in  diameter) in  the cold 
worked specimenshowedthe nickel content t o  be in the <lo% range while areas 
containing >11% nickel had not y e t  begun to  swell. 

Note t h a t  t he  average nickel 

The cold worked specimen a t  these conditions has a 

In general, X-ray analysis 

The role  of s i l icon appears t o  be two-fold as shown i n  Fi ure 7 .  While 
in solution the s i l icon causes a suppression of void nucleation. (15’ As the  matrix 

s i l icon level i s  increased, the void incubation period i s  extended. 
behavior has been explained in terms of s i l i c o n ’ s  simultaneous role i n  i n t e r s t i -  
t i a l- so lu te  binding and enhanced vacancy m ~ b i l i t y . ( ~ ~ - ~ ~ )  

(15,39-40) This 

lrlhen s i l i con  leaves 
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FIGURE 7. Schematic Representations of the Dual Role of Sil icon i n  Void Swelling 
of AISI 316. The addition of s i l i con  leads t o  an extension of the i n -  
cubation period b u t  a l a t e r  increase i n  the swelling r a t e . ( l 5 )  
"pure" 316 data are presented i n  Reference 46 and es tabl ish  t h a t  the 
swelling r a t e  is independent o f  temperature over a wide range of tem- 
peratures. The "comnercial" 316 curve i s  drawn fo r  the peak swelling 
r a t e  which occurs a t  approximately 590OC. (65) 

The 

solution the effect ive  vacancy d i f fus iv i ty  decreases and void nucleation ra tes  
increase. A t  the same time, the coprecipitat ion of nickel and silicon resu l t s  
in a substantial  reduction in the matrix nickel content. This causes an i n -  
creased swelling r a t e  a t  higher fluence. Therefore, any short-term benefit  o f  
reduced swelling w i t h  additional s i l i con  i s  l o s t  a t  higher fluences. 
ample, Figure 7 a lso  shows a comparison between the observed swelling behavior 
o f  two nominally s imilar  s t e e l s ,  both w i t h  the same major element composition, 
b u t  one without solutes  (carbon and s i l i con ) .  
a very s h o r t  incubation period and a swell ing r a t e  o f  only 2%/1OZ2 n/cm2 (E > 

0.1 MeV) which i s  essen t ia l ly  independent of i r rad ia t ion  temperature. (46) The 
"comnercial" 316 al loy,  on the other hand, exhibi ts  the expected long incubation 
period and a swelling r a t e  t ha t  was 50% higher, as would be expected fo r  an 
alloy matrix with a much lower saturat ion level o f  nickel. As shown in  Figure 8, 
the simultaneous removal of nickel and s i l i con  can a lso be observed on a micro- 
scopic leve l .  

For ex- 

The "pure" 316 al loy exhibi ts  

Carbon appears t o  control the r a t e ,  path and extent o f  the i n i t i a l  
phase development. 

(35,38,47) peratures (~525OC) the addition of carbon depresses swelling i n  AISI 316, 
primarily by ex tending  the incubation period, as shown in Figure 9. The mechanism 

This role s h i f t s  with temperature. A t  r e la t ive ly  low tem- 
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FIGURE 8. Simultaneous Determinations of Elemental Compositions a t  Many Areas 
in 20% Cold-Worked AIS1 316 Ir radiated a t  650°C to  a Fluence of 1 .0  
x l oz3  n/cm2 ( E  >0.1 MeV).(2,6) The l ines  are determined by l e a s t  
squares f i t .  Note t ha t  nickel and s i l icon tend t o  be high together 
whilemolybdenumis low. 
togetherand against the flow of molybdenum. There are large local 
variat ions in a l l  elements, however. 

This indicates t h a t  nickel and s i l i con  f low 
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FIGURE 9. Effect of Carbon Content on the  Swelling of Four Brit ish 316 Stainless  
Steels  Irradiated a t  425°C. (35) 

proposed t o  explain t h i s  behavior i s  s teel  somewhat speculative b u t  i t  appears 
tha t  carbon interferes  with the development of the dominant precipi ta te  tha t  
forms a t  low temperature in annealed AISI 316. This precipi ta te  has been found 

The l a t t i c e  constant (1.13 nrn) and the fcc crysta l  s t ructure  appear t o  signal 
another G-phase, this one based on chromium. 

a t  6 x loz2 n/cm2 and 385°C to  be 40.3Cr-17.5Fe-26.9Ni-8.3Si-6.4Mo ( w t . % ) .  (5-7)  

completely suppress the formation of t h i s  phase and i t s  associated swelling. (4-5) 
Cold work has been also shown to  

A t  higher temperatures (>55OoC) carbon additions increase the  swelling 
of AISI 316, (39) as shown in Figure 10. A t  these temperatures carbides are pre- 
cursors t o  the formation of intermetal l ic  phases such as Laves. 
f i l t r a t i o n  of these phases by nickel and s i l icon tha t  controls the swelling r a t e  
a t  temperatures above approximately 550°C. ( 2 ' 6 )  T h u s ,  adding carbon accelerates 
the microchemical evolution by accelerating the development of the carbide and 
Laves phases. 
and th i s  probably accounts for the lack of consistent swelling behavior versus 

I t  i s  the  i n -  

The rever.ca1 in carbon's role occurs in the regions near 550'C 

carbon content observed a t  temperatures of 525 +25"C. (35) 
- 
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FIGURE 10. Carbon Increases Swel l ing  o f  A I S I  316 i n  Various S t a r t i n g  Condi t ions 
a t  High Temperature and Fluence.(39) Note the  synergism w i t h  n i t rogen .  

Although the  poss ib le  r o l e s  o f  carbon wh i l e  i n  s o l u t i o n  have n o t  been 

i d e n t i f i e d  a t  t h i s  time, i t  appears t h a t  carbon's  major r o l e  i n  s w e l l i n g  o f  

A I S I  316 i s  t o  t r i g g e r  o r  i n f l uence  the  pa th  and t ime by which the  i n i t i a l  
phase development occurs. I r r a d i a t i o n  temperature, displacement r a t e ,  and 

thermal-mechanical s t a r t i n g  c o n d i t i o n  are va r iab les  expected t o  be impor tan t  
i n  t h e  i n i t i a l  d i s t r i b u t i o n  o f  carbon and the  r a t e  and rou te  by which i t  pre-  
c i p i t a t e s .  The r e l a t i o n s h i p  between carbon p r e c i p i t a t i o n  and the  temperature 

dependence o f  s w e l l i n g  has been s tud ied  by Hofman and coworkers. (48-49) 

The reversa l  o f  carbon's r o l e  w i t h  increas ing  temperature leads t o  
(47-51) the  p r e d i c t i o n  t h a t  the  r e l a t i v e  magnitude o f  the  two s w e l l i n g  peaks 

observed i n  annealed A I S I  316 w i l l  be s t r o n g l y  a f f e c t e d  by t h e  carbon content.  
Low carbon s t e e l s  w i l l  have accentuated low temperature peaks and smal le r  peaks 
a t  h igh  temperatures. High carbon s t e e l s  w i l l  e x h i b i t  the  opposi te behavior.  
Th is  behavior was observed i n  U.S., (48-49) B r i t i s h  and French f u e l  p i n  c lad-  
ding. (35'47y50) 

A I S I  316 can be l i n k e d  t o  s i m i l a r  peaks i n  t h e  n i c k e l  removal processes. 

As shown i n  F igure  11, t h e  double-peaked behavior  o f  annealed 
(51) 
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FIGURE 11. Re la t i ve  Measurements o f  Ex t rac ted  P r e c i p i t a t e s  and The i r  N icke l  
Content i n  Annealed A I S 1  316 Fuel P in  Cladding.(12,51) The schematic 
a t  the  upper r i g h t  shows t h a t  annealed 316 f o r  h igh  peak c ladd ing  
temperatures e x h i b i t s  two s w e l l i n g  peaks. (48-49,51) Researchers 
a t  ANL c o r r e l a t e  these peaks t o  the peaks seen i n  the mole f r a c t i o n  
and t o t a l  n i c k e l  removal curves. 

I t  i s  impor tan t  t o  note t h a t  the ac t ions  o f  n i c k e l ,  s i l i c o n ,  and 

carbon a r e  a l l  h i g h l y  i n t e r a c t i v e  w i t h  each o ther .  
t o  show t h a t  ignorance o f  the  synergism between these elements caused many of 
t h e e a r l i e r c o n f l i c t i n g  conclusions concerning the  r o l e  o f  these elements. 

One example w i l l  s u f f i c e  

Recently, comparative i r r a d i a t i o n  data on var ious B r i t i s h  s t e e l s  have 
shwon t h a t  dur ing  i r r a d i a t i o n  a t  425"C, the  r o l e  o f  carbon i s  c l e a r l y  t o  extend 
the  incubat ion  pe r iod  o f  swe l l i ng  (see Figure 9 ) .  (35) I n  the  i n t e r p r e t a t i o n  o f  

these data, however, the  i nves t i ga to rs  i n a d v e r t e n t l y  s p o t l i g h t e d  one o f  the  
apparent incons is tenc ies  which a r i s e  as a r e s u l t  o f  the  N i - C- S i  synergism. A l -  

though two o f  t h e  s t e e l s  have e s s e n t i a l l y  i d e n t i c a l  carbon l e v e l s  and e x h i b i t  
i d e n t i c a l  s w e l l i n g  behavior, the s i l i c o n  l e v e l s  are s u b s t a n t i a l l y  d i f f e r e n t  

(0.32 versus 0.63 wt .%).  
s i l i c o n  p lays  no great  r o l e  a t  t h a t  temperature. 

w i t h  a l l  o the r  B r i t i s h ,  U.S. and European data. 

This l e d  the authors o f  t h a t  r e p o r t  t o  conclude t h a t  
This conclusion i s  i ncons i s ten t  

The low s i l i c o n  s tee l ,  however, 
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was a l so  low i n  nickel re la t ive  t o  t ha t  of the high s i l i con  steel.  
previous def ini t ion fo r  the coprecipitation relat ionship and a fac tor  of two t o  
convert silicon weight percentages t o  atomic percentages, the saturat ion nickel 
content fo r  the two s t e e l s  can be determined. Therefore, the e f f e c t  o f  s i l i con  

Using the 

Springfields VA408A: Cgi = (13.7) - ( 3 ) ( 0 . 6 3 ) ( 2 )  = 9.9% 
= (11.4) - (3)(0.32)(2)  = 9 . 5 %  ‘ii Harwell VR906A: 

in each a l loy  is t o  reduce the predicted matrix nickel content t o  almost nt ical  
saturation levels .  
was therefore obscured by the corresponding nickel variat ions.  

I t  appears t h a t  the influence of s i l i con  in  t h i s  experiment 

5. The Microchemical Role of  Other Elements 

The element molybdenum plays a large role  in the formation of the 
The swelling behavior of  AISI 304 i s  carbide and intermetal l ic  phases. (24) 

s ign i f ican t ly  d i f fe ren t  from tha t  of AISI 316 and may r e f l e c t  n o t  only i t s  
lower nickel content b u t  a lso  the absence of molybdenum. 
t o  play no direct role  in the  formation o f  the radiation-stable p rec ip i ta tes .  
Molybdenum flows o u t  of caribde and Laves precipi ta tes  during i r rad ia t ion ,  how- 
ever, s ignal l ing t h a t  i t  plays some act ive  ro le  in  the evolution. Molybdenum 
i s  not only a re la t ive ly  f a s t  diffusing element in y-iron (52 )  b u t  has the 
la rges t  degree of mis f i t  o r  l a t t i c e  d i la t ion  o f  any element in AISI 316. 
I t  would therefore be expected t o  migrate up a gradient of e i t h e r  i n t e r s t i t i a l s  
o r  vacancies. 

Molybdenum appears 

(53) 

This may account fo r  the outflow observed o f  molybdenum. 

I t  a l so  appears t h a t  a t  low concentrations some elements such as phos- 
phorus and nitrogen exer t  a surprisingly large e f f ec t  on swelling. (39) 
instance,  i t  has been shown tha t  phosphorus changes the c r i t i c a l  temperature fo r  
self-nucleation of homogeneous precipi ta t ion of MZ3C6 in 18Cr-9Ni-4Mn-stainless 
s t ee l s .  (54)  
content of the s t e e l ,  e i t he r  increasing the  e f fec t ive  supersaturation o f  carbon 
o r  by entering the prec ip i ta te  t o  form M 2 3 ( C , P ) 6 .  

For 

I t  appears t ha t  such elements may increase the e f fec t ive  i n t e r s t i t i a l  

(54) 
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The titanium and niobium-stabilized aus ten i t i c  al loys have exhibited 
swelling behavior substant ia l ly  d i f fe ren t  from t h a t  of AISI 316 of nominal spe- 
c i f ica t ion .  
temperatures, t h i s  might be expected. 
cidence in the swelling behavior of these al loys .  As i l l u s t r a t ed  in Figure 12 ,  
titanium-modified s t e e l s  routinely exhibi t  a low-temperature swelling peak. 
They a l so  develop less  swelling a t  h i g h  temperature than observed in  unmodified 
AISI 316. (55-56) While i t  
would be unrea l i s t i c  t o  propose t h a t  the only ro le  of titanium i s  t o  reduce the 
carbon content of the alloy matrix, i t  i s  hard to ignore the para l le l .  I t  i s  
a lso qu i t e  s ignif icant  t ha t  Tic precipi ta tes  resist t h e  i n f i l  tration-exchange 
process while o ther  phases cannot. ( 2 6 )  

Since the MC carbides formed are quite s tab le  a t  normal i r rad ia t ion  
There i s ,  however, one remarkable coin- 

This i s  the behavior expected of low carbon s t e e l .  

Note t h a t  f o r  each of the elements considered above, the central  role  
proposed i s  t h a t  of influencing the ac t i v i t y  or dis t r ibut ion of carbon. This 
tends t o  confirm the proposed role of carbon as one o f  the  major determinants 
of the swelling behavior. 
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AXIAL LOCATION IN MILLIMETERS FROM BOlTOM OF FUEL 

FIGURE 1 2 .  Diameter Measurements From a Fuel P i n  Clad With Titanium-Stabilized 
20% CW 316 Stainless  Steel and From a Fuel Pin Clad With T- Lot  20% 
CW Sta inless  Steel .(55,60) 
same heat of s tee l  used in the experiments described in f igures 3, 
6, 8, 20 and 2 1 ) .  Both pins were i r rad ia ted  side by s ide  t o  10.5 x 
1Oz2 n/cm2. 

(T- lot  pins were constructed from the 
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6. The Microchemical Role of Dislocations 

The role of dislocations cannot be defined as confidently as t h a t  of 
other parameters; therefore,  t h i s  section i s  by nature somewhat speculative. 
The data do present strong c lues ,  however. First of a l l ,  cold working of pure 

(Ion and electron i r rad ia t ion  of cold worked pure metals has yielded ra ther  am- 
biguous resu l t s  and r e f l ec t s  the d i f f i cu l ty  in establishing or maintaining high 
near-surface dislocation dens i t i es ) .  
reduce swelling i n  AISI 316, the swelling of AISI 304 and AISI 321 can actual ly  
be increased, par t icular ly  a t  low temperatures. (46) 

metals (Al, Mg, Cu, Ni, V )  does not lead t o  changes in neutron-induced swelling. (57)  

While the  role  of cold work i s  always t o  

Brager and Garner (4-5) have def in i t ive ly  shown t h a t  the role of cold 
work i s  t o  a l t e r  the phase evolution associated with swell l ing in  AISI 316. In 
one case, the low temperature radiation- stable and nickel-rich phase t h a t  evolves 
eas i ly  in annealed steel was t o t a l l y  suppressed by cold working, requiring t h a t  
the microchemical evolution proceed via the more sluggish y' route. A t  other 
temperatures, the carbide-Laves sequence and the ensuing infi l trat ion-exchange 
process were merely delayed by cold work, therefore extending the incubation 
period fo r  void swelling. I t  was a l so  shown i n  t h i s  s tee l  t h a t  prei r radiat ion 
aging of 20% cold worked s tee l  under some conditions accelerated the formation 
of the normally sluggish y '  phase. (4-5) 
l eve l s  greater t h a n  t h a t  of annealed s t ee l .  
the aged steel pr ior  t o  i r rad ia t ion  s t i l l  possessed dislocation densi t ies  
typical of the 10% cold worked condition. 

This acceleration leads t o  swelling 
This was qui te  surprising since 

The data a l so  strongly suggest an interre la t ionship between dislocation 
density and carbon. (47y50 )  
carbon levels  have s imilar  e f f ec t s  on the swelling of AISI 316. I t  i s  proposed 
here t h a t  the role of cold working i s  two-fold. 
matrix during annealing probably begins t o  c lus te r  during the subsequent rather 
rapid cool-down. Cold work not only red is t r ibu tes  the carbon more e f fec t ive ly  
b u t  the dislocations a lso bind a large f ract ion of the carbon due t o  i t s  large 
degree of mi s f i t  in  this al loy.  (53) 

Note in Figure 13 t ha t  both increasing cold work and  

The  carbon dispersed in the 

The e f f e c t  of t h i s  binding with dislocation 
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FIGURE 13. Similar Influence of Carbon Content and Cold Work on Swelling of 
AIS1 316.(50) 
s teel  i s  equally dramatic as t h a t  of annealed s t e e l .  
fluence in units  of loz2 n/cm2 ( E  >0.1 MeV) i s  shown i n  parentheses 

The e f f ec t  of carbon content on 20% cold-worked 
The neutron 

densi t ies  on the order of 3 x 10l1 
in the matrix a t  low i r radiat ion temperatures, thereby reducing the supersatura- 
tion of carbon and a l te r ing  the r a t e  of i t s  segregation. 
dislocations and Frank loops generated by cold work ing  i s  maintained by the 
radiation a t  levels ~6 x 1O1O cm- . 

i s  t o  elevate the so lub i l i ty  of carbon 

The high density of 

2 ( 1 )  

I f  this  argument i s  t o  have any va l id i ty ,  one would expect t h a t  the 
e f f ec t  of cold work on swelling should saturate  when the dislocation density 
sa turates .  The data shown in Figures 14(a)  and 14(b) support t h i s  concept. 
The e f f e c t  of cold work on swelling saturates  around 30% cold work (58) and 
so does the dislocation density and i t s  associated s t r a in .  (59) 

The best test  of t h i s  concept would be t o  demonstrate t ha t  cold working 
of pure Fe-Ni-Cr ternar ies  leads t o  no  change in swe!ling behavior. 
such an experiment does not appear t o  have y e t  been performed. 

Unfortunately, 

173 



UEMATSU ET.AL. 119771 

9.4 x lDPnlcrn2 

COLD WORKED 
AN0 AGE0 
2w HRS AT 593T  

STRAIN 

CHALLENGER AND LAURITZEN 119751 

120 

80 
SWELLING 

I%o) 

40 

n 

r 1 
COLD-WORKED 

\Y Y I 
I Id---. I 

MEAN \ I 

Y i 
0 1 0 2 0 3 0 4 0 5 0  o i o  m 30 40 50 

X COLD WORK %COLD WORK 

(a) (b) 

FIGURE 14. (a )  E f f e c t  o f  Cold Work on Swel l ing  o f  Type 316 S ta in less  S tee l  a t  
High Fluences.(58) 
o f  Cold Work and Aging f o r  Type 316 S ta in less  Stee1.(59) 

( b )  Root Mean S t r a i n  as a Funct ion o f  t he  Degree 

The t y p i c a l  diameter change p r o f i l e s  observed i n  f a s t  r e a c t o r  i r r a d i a -  

t i o n s  (F igure  15) can now be exp la ined i n  terms o f  the d i v e r s i t y  o f  the phase 
e v o l u t i o n  and i t s  s e n s i t i v i t y  t o  c o l d  work as w e l l  as processing and i r r a d i a t i o n  

temperature. The double-bump p r o f i l e  o f  annealed s t e e l  i s  a r e f l e c t i o n  o f  two 
p r e c i p i t a t i o n  regimes i n f l uenced  by the  carbon l e v e l .  The r e l a t i v e  prominence 

o f  t he  two peaks i s  dependent n o t  o n l y  on the  carbon l e v e l  b u t  a l s o  the f l u x  

and temperature p r o f i l e s .  The reg ion  between the peaks i s  t he  regime o f  the 

s lugg i sh  y' phase, which has been found t o  be i n s e n s i t i v e  t o  t he  c o l d  work 

l e v e l .  E a r l i e r  i t  was noted t h a t  t he  y' p r e c i p i t a t e s  appear t o  have nuc lea ted  

on Frank loops.  

c o n d i t i o n  a f t e r  a s h o r t  p e r i o d  o f  i r r a d i a t i o n .  ( l )  

independence o f  y' fo rmat ion  on c o l d  work. 

The Frank loop dens i t y  i s  even tua l l y  independent o f  s t a r t i n g  

Th is  may account f o r  the 

Cold working o f  t h i s  s t e e l  suppresses t h e  low temperature r a d i a t i o n -  

s t a b l e  phase and delays the  microchemical e v o l u t i o n  a t  a l l  temperatures, probably  
by i n f l u e n c i n g  t h e  d i s t r i b u t i o n  and a c t i v i t y  o f  carbon. 

t he  c o l d  worked s w e l l i n g  peaks above core center ,  r e f l e c t i n g  the  s lugg ish  evolu-  

t i o n  o f  t h e  phases around 500°C i n  t he  heats o f  s t e e l  o r i g i n a l l y  employed i n  the 

U.S. Breeder Program. (7 )  

Note t h a t  i n  F igure  15 

I n  A I S 1  316 s t e e l s  w i t h  much s h o r t e r  i ncuba t i on  per iods  
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FIGURE 15. Schematic I l l u s t r a t i o n  o f  De fo rmat ion  P r o f i l e s  Observed i n  AISI 316 
Fue l  P ins  I r r a d i a t e d  i n  a T y p i c a l  F a s t  Reactor .  

employed i n  c o n s t r u c t i o n  o f  t h e  c o r e  o f  t h e  F a s t  F l u x  T e s t  F a c i l i t y ,  t h e  s w e l l i n g  
peaks i n  t h e  E H R - I 1  r e a c t o r  o c c u r  n e a r  t h e  peak f l u x  p o s i t i o n .  ( 6 0 )  

I t  a l s o  appears t h a t  t h e  Frank l o o p s  formed e a r l y  i n  the i r r a d i a t i o n  

B e c k i t t  and C l a r k  ( 3 6 )  have shown t h a t  i n t e r s t i t i a l  

a t  l o w  tempera tu re  may p r o v i d e  n u c l e a t i o n  s i t e s  f o r  t i le  r a d i a t i o n - s t a b l e  G-phase 
formed i n  annealed s t e e l .  

l oops  ( fo rmed  d u r i n g  a g i n g  by i n t e r n a l  s t r e s s e s  genera ted  by volume changes ac -  
compdnying t h e  growth o f  M Z 3 C 6 )  a r e  i n s t r u m e n t a l  i n  n u c l e a t i n g  new M23Cb p a r t i c l e s .  

Perhaps t h e  r a d i a t i o n- p r o d u c e d  loops p r o v i d e  t h e  n u c l e d t i o n  s i t e s  f o r  b o t h  c a r b i d e s  
and s i l i c i d e s .  
cor responds r a t h e r  c l o s e l y  t o  the temperature  dependence of Frank l o o p  densi ty .  

The h i g h  tempera tu re  s i d e  o f  t h e  low tempera tu re  s w e l l i n g  peak 

7. __ S e n s i t i v i t y  t o  Env i ronmenta l  Parameters 

Now t h a t  an unders tand ing  i s  emerging as t o  t h e  o r i g i n  o f  t h e  v a r i a -  
b i l i t y  o f  s w e l l i n g  response t o  i r r a d i a t i o n ,  t h e  a v a i l a b l e  d a t a  must be ana lyzed  

w i t h  an eye toward  t h e  i n f l u e n c e  o f  u n c o n t r o l l e d  v a r i a b l e s  w i t h i n  t h e  da ta .  
F i g u r e  16 demonstrates t h a t  t h e  d i sp lacement  r a t e  a f f e c t s  s w e l l i n g  o f  AISI 316 

p r o b a b l y  th rough  f l  ux- t ime  e f f e c t s  on phase e v o l u t i o n .  ( 6 1 )  

e f f o r t s  t h e  n e u t r o n  f l u x  i s  u s u a l l y  n o t  c o n s i d e r e d  a v a r i a b l e .  

I n  d a t a  r e d u c t i o n  

It i s  s a f e  t o  f o r e c a s t  t h a t  when des ign  c o r r e l a t i o n s  developed t o  
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FIGURE 16. Diameter Change Data (611 f o r  5% Cold-Worked AIS1 316 Suggesting 
That the Swelling i s  Sensit ive to Displacement Rate and Time In 
Reactor as Well as the Total Number of Displacements (dpa). 

describe the behavior o f  this  s tee l  a re  applied t o  new environments, the 
predictions and  the material response will diverge due t o  the s ens i t i v i t y  
o f  the microchemical evolution t o  many environmental variables.  I t  must 
a lso  be recognized tha t  the majority of the available data f a l l  in to  two 
categories,  i r rad ia t ion  of experimental specimens under re la t ive ly  iso-  
thermal conditions and  i r rad ia t ion  of fuel  pin cladding. The time, tem- 
perature,  stress and f lux  h i s to r ies  experienced by these materials a re  n o t  
an adequate representation of a l l  potential  in- reactor h i s to r i e s .  

I n  order t o  be able t o  attempt predictions of the behavior fo r  
any new environment and history,  a new approach i s  being employed. 
phases observed in a given c lass  of s t e e l s  are cataloged and  t h e i r  sensi-  
t i v i t i e s  determined. This provides some guidance when extrapolating in to  
new environments. 
the radiation-stable phases leads t o  the conclusion tha t  one would an t ic ipa te  
t h a t  a t  higher fluxes a shorter  incubation period would r e su l t  a t  low tem- 
peratures. 
been observed in  comparative i r rad ia t ions  in two French f a s t  reactors ,  

The 

The pronounced f lux and temperature s e n s i t i v i t i e s  o f  

As shown in Figure 1 7 ,  f lux-sensit ive incubation periods have 
(47)  
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FIGURE 17. Flux-Dependent Swel l ing  Behavior Observed i n  I r r a d i a t i o n  o f  French 
Solution-Annealed Cladding and Cold-Worked 316L Ducts. (47)  

b u t  no m i c r o s t r u c t u r a l  data a re  a v a i l a b l e  t o  con f i rm  t h a t  t he  s e n s i t i v i t y  can 

be c o r r e l a t e d  w i t h  changes i n  t h e  y' o r  G-phase. 
temperature increased s low ly  w i t h  dose and was approx imate ly  t he  same f o r  t he  
var ious curves a t  a g iven dose. The authors of the o r i g i n a l  r e p o r t  note t h a t  

when comparisons are made a t  constant  dose and temperature the swe l l i ng  i s  

I n  these i r r a d i a t i o n s ,  t he  

always g rea te r  when the  displacement r a t e  i s  g rea ter .  (47)  

One would a l s o  expect t h a t  t he  i n t e r m e t a l l i c  phases, t he  precursors 

t o  the i n f i l t r a t i o n- e x c h a n g e  process, would be very s e n s i t i v e  t o  t ime-at-tempera- 
t u re .  
reach a g iven f luence.  As a consequence, t he  h i g h  temperature swe l l i ng  peak 

would recede somewhat. Th is  behavior has a l s o  been observed i n  comparative 

I n  h igher  f l u x  reac tors  a component would spend l ess  t ime i n  reac to r  t o  

Phenix/Rapsodie i r r a d i a t i o n s .  (47)  

The most pronounced demonstrations o f  t he  temperature s e n s i t i v i t y  o f  

the y' phase are prov ided by t h e  response o f  both s w e l l i n g  and i r r a d i a t i o n  creep 

t o  decreases i n  temperature which cross the  y '  phase boundary i n  a manner shown 

i n  F igure  18. 

(F igu re  20) c o e f f i c i e n t  (63) were found t o  vary  s t r o n g l y  w i t h  t he  magnitude o f  

the temperature drop. 

c o r r e l a t e d  w i t h  t h e  onset of acce le ra ted  y' format ion.  (63) I n  t h i s  experiment 

Both the  swe l l i ng  (F igure  19) ( 6 2 )  and the i r r a d i a t i o n  creep 

The s e n s i t i v i t y  o f  v o i d  s w e l l i n g  was shown t o  be d i r e c t l y  

i 7 7  
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t o  Gradual Temperature Reduction Dur ing I r r a d i a t i o n .  (63) The shaded 
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t I G U R E  19. Enhancement o f  Swel l ing  by Gradual Temperature Reductions Dur ing 
Neutron I r r a d i a t i o n  o f  20% Cold-Worked A I S I  316 ( r e p l o t t e d  from 
Reference 62). Ti i s  t he  s t a r t i n g  temperature. 
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FIGURE 20. Comparison of Average Creep C o e f f i c i e n t s  o f  20% CW A I S I  316 Obtained 
i n  Response t o  Isothennal and Gradual ly  Dec l i n i ng  I r r a d i a t i o n  Tem- 
peratures. (62)  The onset o f  y' fo rmat ion  i s  shown. 

the onset of the gradual temperature drop preceeded the  onset o f  swe l l ing ,  bu t  
n o t  t he  onset o f  i r r a d i a t i o n  creep. 

c o e f f i c i e n t  over  the constant  and d e c l i n i n g  p o r t i o n s  o f  the temperature h i s t o r y  

i n i t i a l l y  f a l l s  w i t h  decreasing temperature, i n  agreement w i t h  r a t e  theory p re-  
d i c t i o n s  f o r  an a l l o y  of constant  composit ion. 

c o e f f i c i e n t  again increases f o r  temperature h i s t o r i e s  t h a t  form y' and change 

the m a t r i x  composit ion o f  t he  a l l o y .  

As shown i n  F igure  20, the average creep 

However, the average creep 

S i m i l a r  s w e l l i n g  and creep behavior  was found i n  fue l  p i n  c ladd ing  
(63-64) subjected t o  c y c l i c  temperature decreases. 

One conclus ion concerning development o f  s w e l l i n g  c o r r e l a t i o n s  was 

drawn from the  temperature change data. 
f o r  l a r g e  temperature decreases cannot be exp la ined by any smal l  m o d i f i c a t i o n  
o f  the c u r r e n t l y  a v a i l a b l e  emp i r i ca l  desc r i p t i ons  o f  isothermal  swe l l ing .  (65) 

I n  p a r t i c u l a r ,  the "steady- state"  s w e l l i n g  r a t e s  conta ined i n  these c o r r e l a t i o n s  

must be changed t o  r e f l e c t  the p o s s i b i l i t y  t h a t  t he  low s w e l l i n g  r a t e s  observed 
i n  c o l d  worked A I S I  316 are merely a man i fes ta t i on  o f  a very s low ly  evo l v ing  

p r e c i p i t a t e  m ic ros t ruc tu re ,  b u t  one t h a t  can be s h o r t - c i r c u i t e d  by c e r t a i n  

temperature h i s t o r i e s .  

The l a r g e  values o f  swe l l i ng  observed 
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The f l u x  and temperature dependency of the radiation-stable phases 
has also been shown t o  account for  much of the fluence, temperature and f lux 
dependence o f  the y ie ld  stress o f  AISI 316. 

(66-67) 

The e f f e c t  of t ens i l e  stress on swelling of AISI 316 and other al loys 
has recently been def in i t ive ly  determined to  be re la ted t o  changes in the incuba- 
t i o n  behavior. (68) 
a t  high temperatures. 
s ens i t i v i t y  o f  in termetal l ic  phase formation. (68) This ins igh t  requires t h a t  the 
correlation developed fo r  non-tensile stress states be qui te  d i f fe ren t  than  orig- 
ina l ly  envisioned. 
appear t o  be s t ress- sensi t ive .  

As shown i n  Figure 2 1 ,  the e f f ec t  of s t r e s s  i s  most pronounced 
This s ens i t i v i t y  has been shown t o  be re la ted t o  the s t r e s s  

The low-temperature radiation-stable precipi ta tes  do not  
This has been ver i f ied experimentally fo r  the y' 

phase in AISI 
i n s ens i ti vi t y  

316 and  has been inferred fo r  the G-phase from the re la t ive  s t  
of swelling of annealed AISI 316 a t  low temperatures. (47)  

ress-  
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FIGURE 21 .  Stress-Enhanced Density Changes Observed in 20% Cold-Norked AISI 
316. (68) Note t h a t  d i la t ional  s t r a in s  associated with formation 
of in termetal l ic  phases can be observed a t  temperatures and  
fluences where void swelling has n o t  commenced. 
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8. Conclusions 

In the foregoing sections,  i t  has been shown tha t  the precipi ta tes  
t h a t  develop during i r radiat ion play the dominant role in the alloy response. 
This role i s  expressed primarily in a large change i n  matrix composition tha t  
may s ignif icant ly  a l t e r  the diffusional properties of point defects. 
also substant ia l ly  a l t e r  the ra te  of  acceptance of point defects a t  dislocations 
and vo ids .  

I t  may 

The major elemental part icipants have been identified as  carbon, 
nickel and s i l i con .  Carbon appears to  function as a major governing factor  
of the route and rate  by which the evolution proceeds. 
of carbon's response t o  a wide range of variables t ha t  accounts f o r  much of 
the var iab i l i ty  observed in the swelling of AISI 316 s ta in less  s t e e l ,  particu- 
l a r ly  in response t o  preirradiation thermal -mechanical treatment. 

I t  i s  the sens i t iv i ty  

S i l icon ' s  role i s  two-fold in t ha t  while i n  solution i t  depresses 
void nucleation and  determines the duration of the void incubation period. 
a lso coprecipitates with nickel. The eventual level of nickel in the alloy 
matrix appears t o  control the steady-state swelling r a t e .  

I t  

The other participating elements appear t o  a f f ec t  primarily the  dis-  
t r ibut ion and ac t iv i ty  of carbon. Dislocations introduced e i the r  by i r radiat ion 
or  cold work likewise appear to influence the role  of carbon. 

In these s tudies ,  several new physical mechanisms appear t o  be operating. 
These are the inverse Kirkendall e f f ec t ,  i n t e r s t i t i a l - a l t e r ed  phase s t a b i l i t y ,  
so lu t e- in t e r s t i t i a l  binding, the infiltration-exchange process, and the creation 
of radiation-stable precipi ta tes .  
temperature and flux has been shown t o  account for  much of the unusual behavior 
of AISI 316 d u r i n g  i r radiat ion.  

The sens i t i v i t y  of the l a s t  phenomenon to  
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I.  PROGRAM 

Ti t l e :  Irradiation Effects Analysis (AKJ) 
Principal Investigator: D. G .  Doran 
Aff i l ia t ion:  Hanford Engineering Development Laboratory 

11. OBJECTIVE 

The objective of t h i s  e f f o r t  i s  t o  determine the mechanisms which control 
p rec ip i ta te  and microstructural evolution i n  i r rad ia ted  steels, and a l so  t o  
determine their parametric s ens i t i v i t y  so t h a t  extrapolations can be made t o  
the behavior expected in  fusion reactor  environments. 

111, RELEVANT OAFS PROGRAM TASK/SUBTASK 

Subtask I I .C. l . l  
Subtask II.C.4 

Phase S t ab i l i t y  Mechanism Experiwnts 
Mode 1 i ng 

IV. SUMMARY 

The y' phase observed in AIS1 316 i s  only s tab le  during i r radiat ion.  I t  
dissolves d u r i n g  annealing a t  the temperature of i t s  formation in  a manner 
w h i c h  suggests t h a t  the  dissolution r a t e  i s  sensi t ive  t o  the prec ip i ta te  radius. 
The  i n s t a b i l i t y  o f  t h i s  p rec ip i ta te  i n  the absence of i r radia t ion confirms the 
expectation t h a t  t h i s  precipi ta te  will exhibi t  a s ens i t i v i t y  t o  displacement 
ra te .  

v. ACCOMPLISHMENTS AND STATUS 

S t ab i l i t y  of the Radiation-- iduced y' Phase in  316 Stainless  Steel - 
H. R .  Brager and F .  A .  Garner ( H E D L )  

1 .  Introduction 
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I t  has recently been shown tha t  neutron i r radiat ion of AISI 316 s ta in-  
less  s teel  leads to  an extensive microchemical evolution involving primarily the 
removal of the elements nickel and s i l icon from the a l loy matrix and the i r  con- 
centration into  a variety of precipi ta te  phases. (1-4) 
have been observed to  form (often with d i f fe ren t  compositions) in  unirradiated 
material ,  the y '  precipi ta tes  formed i n  this s tee l  i n  the range 270-540°C cannot 

This phase has been shown t o  be nominally Ni,Si wiL5 a small percentage of iron 
a t m s .  The formation of y '  requires the  simultaneous segregation of moderately 
d i lu t e  solvent atoms (-13 atom % nickel) as  well as very d i lu t e  solute atoms ( 1  
atom % s i l i con ) .  

While most of these phases 

be produced a t  comparable temperatures and times i n  the absence of i r radiat ion.  (4-5) 

One of the major unanswered questions about th i s  phase has been whether 
i t  is  nucleated a t  an enhanced r a t e  d u r i n g  i r radiat ion or  whether the  y' phase i s  
s table  only under i r rad ia t ion .  Perhaps the kinetics o f  y' formation i n  s ta in less  
s t e e l s  are so sluggish tha t  ex-reactor formation requires tens or hundreds o f  years 
and therefore y' would eventually appear i n  components maintained a t  250-550°C. 

Wol f e r  ( 6 )  had e a r l i e r  suggested tha t  the question o f  y' s t a b i l i t y  could be ad- 
dressed by annealing a specimen containing y '  i n  a furnace a t  i t s  previous i r r a -  
diation temperature and observing whether the y' precipi ta tes  continue t o  grow, 
remain s tab le  or  dissolve. 
shown t h a t  the y' phase formed i n  AISI 316 i s  unstable i n  the absence of i r rad ia-  
t ion.  

Such an experiment has now been performed and has 

A survey of available specimens of 316 s ta in less  s teel  containing y' 

Thi s  material was available i n  bulk and had been analyzed in 
The specimens employed were derived from 20% cold 

precipi ta tes  showed tha t  the optimum available material to use was t h a t  from the 
X-157 experiment. 
de ta i l  in a previous study. (4 )  
worked N-lot (heat V87210) tubing i r radiated in the EBR-I1 a t  zero s t r e s s  and 
475°C t o  a fluence of 1.0 x loz3 n/cm2 (E >0.1 MeV). 
by volume of y '  and therefore the nickel and s i l i con  removal function performed 
by y '  formation was s t i l l  i n  progress. Since e a r l i e r  studies had shown tha t  
-4% y '  could be formed in  t h i s  s t e e l ,  l ess  than half o f  the original matrix 
s i l i con  content was concentrated in to  the y '  phase when the specimen was extracted 

They contained only 1.5% 
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from the reactor. 

Whereas the specimen from the X-157 experiment was midway i n  i t s  
p rogresso fy '  formation, a second tube from the RS-1 experiment was selected 
i n  which the y '  formation was essent ia l l y  completed. 
nated C-71 and was i r r ad ia ted  a t  5OOOC t o  13.5 x l oz2  n/cm2 (E >0.1 MeV). The 
l o t  o f  steel  from which t h i s  specimen was formed i s  designated as CN-13 and i s  
one o f  the FFTF f i r s t  core heats o f  steel ,  a l l  o f  which form y '  a t  lower fluences 
than does the N- lot  heat o f  s tee l .  

This specimen i s  desig- 

2. Experimental Procedures 

Portions o f  two tubes made from the N- lo t  heat (designated A0 and AN) 
from the X-157 experiment were encapsulated i n  an evacuated quartz tube and aged 
i n  a furnace a t  475 k5OC f o r  e i t h e r  300 o r  1000 hours, respectively. A f t e r  a 
slow cooling, the specimens were extracted from the tube and examined using con- 
ventional specimen preparation and transmission electron microscopy techniques. 
Aging a t  these conditions was no t  expected t o  produce any substant ia l  change i n  

the usual p rec ip i ta te  microstructure, i.e., no in te rmeta l l i cs  were expected t o  
form and the various carbide phases observed i n  the steel  were known t o  be stable 
under these conditions. 
being too shor t  t o  al low d i f f e ren t i a t i on  between a stable y '  condi t ion and one o f  
continued growth, because the specimen had already accumulated about 15,000 hours 
exposure i n  reactor a t  the same temperature as t h a t  o f  the  aging treatment. 
such an eventuali ty, addi t ional  mater ia l  was s e t  aside t o  al low longer aging of 
specimens i f  necessary. 

The aging per iod o f  1000 hours was recognized as possibly 

For 

The C-71 specimen 
(487°C) f o r  both 500 and 1001 

3. Results 

received a s im i la r  
0 hours. 

treatment bu t  was aged a t  900OF 

Figure 1, reproduced from reference 4, shows the contrast  exhibi ted 
by y '  prec ip i ta tes i n  dark f i e l d  and also depicts the super la t t ice spots typ ica l  
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o f  y' i n  various low-order d i f f r a c t i o n  patterns. 
r ead i l y  v i s i b l e  i n  b r i g h t  f i e l d  except near the Bragg d i f f r a c t i o n  condition, 
s = 0. The specimen i l l u s t r a t e d  i n  Figure 1 and the X-157-AN specimen u t i l i z e d  
i n  t h i s  study were a l l  cu t  from the same tube. 

The prec ip i ta tes are n o t  

I n  the aged X-157-AN specimen f i v e  separate grains were examined. 
Micrographs were taken f o r  or ientat ions i n  which e i t h e r  the <211>,<310>, o r  
<loo> zone axis was pa ra l l e l  t o  the electron beam. There was no v i s i b l e  y' 
d i f f r a c t i o n  spots found f o r  these grains i n  any o f  the d i f f r a c t i o n  patterns. 
By centering the d i f f r a c t i o n  aperature over the pos i t ion  where the y' super- 
l a t t i c e  spot normally appears, one observed a few contrast  features i n  the 
dark f i e l d  micrographs t h a t  may o r  may no t  be due t o  y' par t ic les.  As shown i n  
Figure 2 the concentration o f  these contrast  features i s  reduced by over two 
orders o f  magnitude from the 1.7 x 10 l6  c w 3  and %7.4 nm diameter prec ip i ta tes 
observed p r i o r  t o  the aging treatment. Therefore i t is concluded tha t  - >99% o f  
the pa r t i c l es  have dissolved during a time 1 0 0 0  hours. 

Examination o f  the X-157-A0 specimen aged f o r  only 300 hours showed 
tha t  the y' phase was s t i l l  present a t  densi t ies and sizes t h a t  are i n d i s t i n -  
guishable f r o m t h a t o f  the unaged mater ia l .  

When the other se t  o f  specimens (RS-1, C-71) were examined a s im i la r  
pattern o f  behavior was observed i n  t ha t  500 hours o f  a g i n f a t  482°C was insuf-  
f i c i e n t  t o  dissolve the y' but 1000 hours o f  aging l e d  to a complete removal o f  
the y '  phase. P r i o r  t o  aging the prec ip i ta tes ex is ted a t  1.4 x 10 l6  cnr3 and 10 
nm diameter. As shown i n  Figure 3 the y' prec ip i ta tes can s t i l l  be observed a f t e r  
500 hours o f  aging. 

I n  both sets o f  specimens other p rec ip i t a te  phases existed a t  lower 
densi t ies p r i o r  t o  aging, such as M23C6j G and 0. (3) No determination was made 
o f  the fate o f  these phases upon aging. 

4. Discussion 
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It appears t h a t  the y' phase i n  316 stainless steel  i s  only stable 
under i r r ad ia t i on .  
probably others) i s  fundamentally a1 tered by the presence o f  a displacive ra-  
d ia t i on  f i e l d .  Two other studies have e a r l i e r  suggested tha t  i r radiat ion- induced 
phases which require the concentration o f  elements from d i l u t e  so lu t ion might no t  
be stable i n  the absence o f  i r rad ia t ion .  (7-8) Both o f  these experiments involved 
the pos t i r rad ia t ion  annealing o f  charged p a r t i c l e  bombarded specimens o f  n ickel  
containing small amounts o f  s i l i con .  
rad ia t ion a t  the surface o f  such specimens dissolved during a very short  annealing 
period. 
only one element must be concentrated i n  contrast  t o  the two required f o r  y' t o  
form i n  A I S I  316 stainless steel .  The r o l e  o f  the surface as a po in t  defect s ink 
i s  c ruc ia l  i n  the quick formation o f  such prec ip i ta tes i n  the charged p a r t i c l e  
experiments, however, and may also be involved i n  the d isso lu t ion process. Since 
the A I S I  316 stainless steel  experiment involved annealing o f  bulk mater ia l  w i th  
a r e l a t i v e l y  homogeneous d i s t r i bu t i on  o f  y' prec ip i ta tes,  the r o l e  of external 
surfaces on y '  s t a b i l i t y  i n  t h i s  steel  can be discounted. 

Thus the equi l ibr ium phase diagram f o r  t h i s  steel  (and 

The N i 3 S i  p rec ip i t a te  layers formed by ir- 

Such prec ip i ta tes also require a r e l a t i v e l y  shor t  time t o  form since 

There i s  one observation made i n  t h i s  study which suggests t h a t  the 
surface o f  the y '  p rec ip i ta te  i t s e l f  plays a large r o l e  i n  the prec ip i ta tes ra te  
o f  formation o r  dissolut ion.  I n  each o f  the two annealing experiments no mea- 
surable d isso lu t ion was observed f o r  times o f  300-500 hours. Such an observation 

could be ra t iona l i zed  by surface tension/radius o f  curvature arguments s im i la r  
t o  those invoked i n  vo id  annealing experiments. 
r a t e  increases wi th  smaller radius. 

apparently abrupt d isso lu t ion behavior was observed i n  specimens which had com- 
p leted y' formation as wel l  as those which had not. 

I n  other words the d isso lu t ion 
It i s  also in te res t ing  t o  note t ha t  the 

I f  y '  i s  dissolved a t  times 51000 hours a t  the r e l a t i v e l y  low tem- 
peratures o f  475 and 482°C then a shorter time i s  probably required f o r  dissolu- 
t i o n  a t  higher temperatures. This leads t o  the in te res t ing  p o s s i b i l i t y  t h a t  the 

upper temperature boundary observed a t  about 54OoC f o r  y '  formation i n  A I S I  316 
which contains about 1 atom % s i l i c o n  (see Figure 4) may no t  be the actual phase 
boundary. Perhaps y' forms a t  temperatures higher than *54OoC but  dissolves a t  
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FIGURE 4. Temperature and Fluence Regime i n  Which y' Phase Has Been Observed 
i n  N-lot and a Similar S tee l .  

r e la t ive ly  shor t  times a f t e r  reactor shutdown. I t  i s  therefore not necessarily 
a coincidence t h a t  the upper temperature l im i t  of y' observations in 316 s t a in-  
less  s tee l  i s  essent ia l ly  the temperature a t  which property changes which depend 
on self-diffusion normally accelerate  (~550°C) .  

A n  a l t e rna te  explanation of  t h i s  h i g h  temperature boundary and the 

temperature dependence of the y' regime invokes the d i f fe ren t  temperature de- 
pendencies involved i n  the segregation of nickel and s i l i con  a t  sinks.  Other 
s tudies  ('-lo) indicate t ha t  substantial  radiation-induced segregation of  nickel 
a t  such sinks occurs only a t  higher temperatures, most l ike ly  from the preferen- 
t i a l  out-migration of the f a s t e r  diffusing elements chromium and iron.  Sil icon 
hgs not been found t o  segregate t o  a large extent a t  voids and dislocations a t  
higher  temperatures, b u t  does segregate a t  such sinks a t  lower temperatures. 
The temperature regime between 450 and 550°C therefore may represent the tempera- 
ture range wherein a substantial  amount of both s i l i con  and nickel can segregate 
simultaneously. The upper temperature l i m i t  o f  y' formation i s  thus dic ta ted by 
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the increasing mobility of s i l icon with temperature. Although s i l i con  may 
segregate over a wide range of temperatures by binding with the i n t e r s t i t i a l  
current toward sinks,  s i l icon will a lso out-migrate from such sinks by the 

A t  temperatures below 450°C both elements can segregate b u t  a t  such a sluggish 
ra te  

inverse Kirkendall e f f e c t  operating on the vacancy current t o  the same sinks. (10)  

fo r  nickel tha t  y '  f o r m -a t  barely detectable levels.  (4-5,9) 

Since the formation of this phase requires radiation-induced trans-  
p o r t  or segregation of nickel and s i l i con ,  one would expect i t s  formation and 
temperature regime t o  be influenced by the displacement r a t e ,  as observed by 
Martin and  co-workers. ( 7 )  There i s  some circumstantial evidence t h a t  displace- 

ment r a t e  influences the rate of formation of radiation-stable phases. ( 1 2 )  One 
would also expect t h a t  increasing the concentration of either nickel or par t ic-  
ularly s i l i con  would lead t o  an upward extension of the upper temperature l imi t  
of y ' .  For s i l icon t h i s  prediction has been confirmed by recent experimental 
evidence . (13) 

5. Conclusions 

The y '  phase observed in  AIS1 316 i s  only s table  during i r radiat ion.  
I t  dissolves during annealing a t  the  temperature of i t s  formation in  a manner 
which suggests t h a t  the  dissolution r a t e  i s  sensi t ive  t o  the precipi ta te  radius. 
The i n s t ab i l i t y  of t h i s  precipi ta te  in the absence of i r radiat ion i s  consistent 
with the observation tha t  t h i s  precipi ta te  exhibits  a s ens i t i v i t y  t o  displacement 
rate. 
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I .  PROGRAM 

Ti t l e :  Irradiation Effects Analysis (AKJ) 
Principal Investigator: D. G.  Doran 
Aff i l i a t ion :  Hanford Engineering Development Laboratory 

11. OBJECTIVE 

The objectives of t h i s  e f f o r t  are t o  ident i fy  the e f fec t s  of applied 
and internal  stresses on radiation-induced dimensional changes in  metals 
and to  predict  the impact o f  these e f f ec t s  on fusion reactor design and 
performance. 

I I I .  RELEVANT DAFS PROGRAM TASK/SUBTASK 

Task II.C.2.1 Effects o f  Material Parameters on Microstructure 
Task II.C.2.5 Modeling 

IV. SUMMARY 

I t  i s  anticipated t h a t  stress-enhanced swelling may play a larger  ro le  
in fusion devices than i t  does in breeder reactors.  The need t o  extrapolate 
breeder-derived data from t ens i l e  experiments t o  the  compressive and cycl ic  
s t r e s s  s t a t e s  expected in pulsed fusion reactors requires a reexamination 
of the phenomena involved. 
structurally-based and microchemically-based mechanisms. The l a t t e r  i s  n o t  
anticipated t o  respond t o  compressive o r  cycl ic  s t resses  in the same manner 
as would the microstructurally-based mechanisms on which the current s t r e s s  
e f fec t s  correlation i s  based. 

Recent d a t a  confirm the existence of b o t h  micro- 

V .  ACCOMPLISHMENTS 

Extrapolation of Stress-Affected Swelling Models Into Compressive and 
Cyclic Stress States  - F. A .  Garner ( H E D L )  
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1 .  Introduction 

In an e a r l i e r  report  ( ' I  i t  was shown t h a t  many al loys  exhibi t  
an enhancement of irradiation-induced vo id  swelling due t o  the application 
of biaxial t ens i l e  stresses d u r i n g  i r rad ia t ion .  For AISI 316 t h i s  enhance- 
ment was shown to  a r i s e  from a shortening of the incubation period of void 
growth. 
A correla t ion developed t o  describe t h i s  phenomenon i s  currently employed 

No e f f e c t  of s t r e s s  was seen on the steady-state swelling r a t e .  

in the U.S. Breeder Reactor Program. (1 I 

Before t h i s  correlation can be employed i n  fusion reactor design 
studies, one must consider the impact of the differences in the two reactor 
environments and a l so  make an assessment on how best t o  extrapolate the 
data i n to  untested s t r e s s  s t a t e s .  
data base was developed from essen t ia l ly  isothermal i r rad ia t ions  of the 
walls of t h i n  tubes subjected t o  a constant biaxial t ens i l e  s t r e s s .  There 
a re  no previously published data on the e f f ec t  o f  compressive o r  torsional 
s t r e s s  s t a t e s  and no experiments which provide guidance on how t o  incorporate 
the e f fec t s  of s t r e s s  history.  These considerations a re  potent ia l ly  qu i te  
important fo r  three reasons. F i r s t ,  the s t resses  anticipated i n  the f i r s t  
walls of Tokamak-type reactors will be time-dependent, cycling from t ens i l e  
t o  compressive, and will not develop gradually l i k e  the f i s s ion  gas loading 
typical of breeder reactor fuel pins. Second, there i s  some evidence which 
indicates t h a t  the current model (based only on microstructural concepts) 
incorrect ly  predicts t h a t  compressive stresses will delay swelling. 
new data indicate  t ha t  perhaps compressive o r  torsional s t resses  a l so  ac- 
ce le ra te  swell ing, par t i cu la r ly  a t  higher temperatures. Third, the duration 
of the v o i d  incubation period of AISI 316 s tee l  has been shown t o  be pr i-  
marily determined by the microchemical evolution of the matrix, a process 
which i s  normally ra ther  sluggish compared t o  the microstructural evolution. 
The grea tes t  s e n s i t i v i t i e s  of the microchemical evolution appear t o  be 
associated w i t h  variat ions in f lux,  temperature and s t r e s s ,  a l l  three of 
which will undergo pronounced simultaneous variat ions i n  the walls of 
pulsed reactors.  

I t  i s  important t o  note t h a t  the tota l  

These 

( 2 )  

The possible synergisms for  such complex and  sensi t ive  
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his tor ies  may lead t o  substantial  changes i n  the r a t e  of the microchemical 
evolution. Additional recent data presented in  t h i s  report indicate t ha t  
applied s t resses  accelerate the microchemical evolution a t  temperatures above 
550°C. 

In t h i s  report the status is reviewed of various ongoing data 

These e f fo r t s  are directed toward the development of models 
analysis ,  modeling and experimental a c t i v i t i e s  concerning s t ress- affected 
swelling. 
which  can be confidently extrapolated in to  untested stress s t a t e s ,  primarily 
those of compressive and/or cycl ic  nature. 

2 .  Stress-Affected Swelling: Recently Acquired Data 

Since the current s t ress- affected swelling model ( l )  was developed, 
some additional data have become available which will influence fur ther  model 
development. Much of the new da t a  presented here has been supplied by i t s  
or iginators  in advance of publication. 

While much of the previous data were derived from re la t ive ly  shor t  
i r rad ia t ion  creep capsules constructed from 20% cold worked AISI 316, s ign i-  
f i can t  additional ins ight  was derived from i r rad ia t ions  of "long" tubes 
(-1 m )  constructed of ei ther  10% cold worked o r  20% cold-worked and aged 

AISI 316.") 
G.  McVay, and M .  Takata of ANL-Idaho Fal ls .  Figure 1 shows a previously pub-  

lished subset of t he i r . da t a  with some additional new points added a t  270 MPa. 

Not only do these new data conform t o  the trends observed in the e a r l i e r  data 
b u t  they reside in the near-incubation regime, confirming t h a t  the primary 
e f f e c t  of the applied s t r e s s  was t o  shorten the incubation period. 

These l a t t e r  i r rad ia t ions  were conducted by D. L .  Porter ,  

I f  the primary e f f ec t  of s t r e s s  i s  exerted on the incubation period 
of void growth one would expect t ha t  removal of the stress in the  post- 
incubation period would lead t o  no v i s ib le  e f f ec t  on the swelling r a t e .  
While there are no AISI 316 data t o  s u p p o r t  t h i s  contention, there are some 
relevant data on annealed AISI 304L. J .  E. Flinn, M .  Hall and L .  C .  Walters 
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FIGURE 1 .  ( a )  Previously Published Data(') on Stress-Affected 
Swelling of Long Tubes; ( b )  Additional New Swelling Data a t  
270 MPa and  Lower Fluence Compared t o  Data a t  293 MPa and 
Higher Fluence. 
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o f  ANL-Idaho F a l l s  examined specimens o f  s t e e l  t h a t  comprised both the  
s t ressed c ladding i n  f u e l  p i n  i r r a d i a t i o n s  and the  unstressed capsule ma- 

t e r i a l  t h a t  surrounded the  c ladding.  Choosing specimens over a r e l a t i v e l y  

narrow range o f  temperatures they es tab l ished the  swe l l i ng  behavior o f  

each s t e e l .  

by t h i s  author t o  r e f l e c t  p r i m a r i l y  the d i f f e rence  i n  composit ion (See Table 1)  

and no t  the d i f f e r i n g  s t ress  s t a t e  o r  temperature range. 
specimens was then r e i r r a d i a t e d  t o  h igher  f luences i n  the s t ress- f ree  cond i t ion .  

Figure 3 shows t h a t  the  swe l l i ng  r a t e  o f  the c ladd ing  ma te r ia l  d i d  n o t  r e l a x  
upon removal o f  the s t ress .  This  conf i rms the  content ion  t h a t  the e f f e c t  o f  

app l i ed  stresses, once rea l ized,  i s  probably i r r e v e r s i b l e .  

(3 )  

The d i f f e r e n t  swe l l i ng  ra tes  shown i n  F igure 2 are thought 

Each o f  these 

SWELLING. 

CLADDING 

8 

. 
0 2 , B 8 10 72 .rrP  

FLUENCE IE>O.IMeVI 
*.DL.II-.. 

FIGURE 2. Post- Incubat ion Swel l ing  of Two i f f e r e n t  Annealed 304L Stee ls  
Observed by F l i n n  and Coworkers.13) The c ladd inqmate r ia l  i s  stressed 
by f i s s i o n  gas pressure and poss ib l y  f u e l - c l a d  i n t e r a c t i o n  dur ing  
i r r a d i a t i o n  wh i l e  the  capsule ma te r ia l  i s  e s s e n t i a l l y  unstressed. 

TABLE 1 

COMPOSIT ION*  OF 304L CLADDING AND CAPSULE TUBING (wt%) 

C Mn P S S i  N i  C r  T i  c u  Mo co 

Cladding 0.03 1 .66 0.16 0.014 0.59 10.6 18.3 ~ 0 . 0 1  -- 0.02 -- 
Capsule 0.03 1.37 0.01 0.007 0.62 9.26 18.3 0.02 0.074 0.02 0.05 
*Note subs tan t i a l  d i f f e rences  i n  n i c k e l  and manganese content  i n  the c ladd ing  and 

capsule mater ia ls .  Both o f  these elements r e  impor tan t  i n  the  microchemical 
e v o l u t i o n  o f  300 se r ies  s t a i n l e s s  s tee l s .  (2  7 

202 



P I  I I I I I 

-t 
I 

SWELLING, 
96 

CLADDING 

12 

4 f IUNSTRESSEDI 
4 7 7 . ~ 7 ' ~  

I 
I /  
tu , O K  

0 I I I J 
0 2 I 6 8 10 1 2 i l o a  

FLUENCE IE>O.lM.VI 

" E D L m l l l .  

(3) FIGURE 3. Subsequent Swelling Behavior of Specimens Shown in Figure 2. 
Note tha t  both s t ee l s  were i r radiated during t h i s  period 
without s t ress .  

S. K. Khera, C .  Schwaiger and  H .  U l l ~ n a i e r ' ~ )  have recently pub-  
lished data which confirm many of the r e su l t s  of e a r l i e r  microstructural 
studies of stress-affected swelling. (5-6)  
they demonstrated a t  550°C in an Fe-Cr-Ni-Mo alloy (representative of  A I S 1  

316 without solute)  tha t  void nucleation was accelerated by application of a 
uniaxial t ens i le  s t r e s s .  I t  i s  important t o  note tha t  no v i s ib le  precipita-  
tion occurs i n  t h i s  s t e e l ,  suggesting tha t  the operating mechanism i s  probably 
not re la ted t o  stress-affected microchemical evolution. The i r radiat ion was 
performed a t  a calculated displacement r a t e  typical o f  breeder reactors ,  
a1 though  0.75 MeV proton-generated displacements have been shown t o  be more 
effect ive in causing swelling per unit calculated displacement than were s e l f -  
ion or  neutron-induced displacements. (7 )  As shown in Figures 4 and 5 the 
void nucleation r a t e  i s  accelerated b u t  does not appear t o  lead t o  substantial  
enhancement i n  the eventual void density. 

Using 6 MeV deuteron bombardment 

A similar conclusion concerning the stress insensi t ivi ty  of the 
eventual void density was reached by Gelles and coworkers in the examination 
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FIGURE 4. Stress-Affect d Swelling Behavior Observed by Khera, Schwaiger 
and Ullmaier 74) in "Pure" AIS1 316 During Deuteron Bombardment. 
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FIGURE 5.  Details o f  Void Size Dis t r ibu t ion  f o r  Materials Shown i n  
Figure 4.(4) 

of solution t reated Inconel PE16. (8' 
MeV) and 55OoC, application of a hoop s t r e s s  of 167 MPa increased the void 
density from 1 . 2  x ( a t  zero s t r e s s )  t o  only 1 . 7  x c r 3 .  This 
small increase r e f l ec t s  the  f a c t  t h a t  the voids become v is ib le  around 1 x 
loz2 n/cm2 and sa tura te  in number shortly thereafter .  

In t h i s  a l lov a t  2 x n/crn2 ( E  >0.1 

M .  M .  Hall of ANL-Idaho Fal ls  has recently conducted an experiment 
on the e f f ec t  of the nature of the stress s ta te  on stress-enhanced swelling 
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of annealed 304L. 
this time, he has concluded t h a t  the swelling of t h i s  steel i s  accelerated 
fo r  t ens i l e ,  compressive or  purely torsional stress s t a t e s ,  w i t h  the en- 
hancement increasing w i t h  increasing temperature. 
t o  the predictions of the current s t ress- affected swelling model. ( l )  
sional stresses a re  currently predicted t o  have no e f f ec t  and compressive 
stresses a re  predicted t o  delay swelling. 

Although the f i n d i n g s  a r e  considered preliminary a t  

T h i s  i s  i n  contradiction 
Tor- 

There a re  two microstructural ly-based mechanisms previously invoked 
to  explain stress-enhanced swelling (6) ,  neither of which would lead t o  pre- 
dict ions  of Hal l ' s  findings. 
temperatures ( ~ 5 5 0 O C )  and a r i s e s  from stress-induced changes i n  the i n t e r -  
s t i t i a l  capture efficiency o f  voids. The second operates most effect ively  
a t  higher temperatures and involves stress-induced changes in vacancy emission 
a t  dislocations.  Since these microstructural mechanisms cannot be invoked 
to  explain Hal l ' s  data and no other microstructural mechanisms have been 
proposed, the poss ib i l i ty  ex is t s  t h a t  the required mechanism is microchemical 
in nature. However, this does not preclude the poss ib i l i ty  t h a t  the pre- 
viously proposed microstructural mechanisms a re  a lso operating b u t  n o t  
dominant under the par t icu la r  conditions of Hal l ' s  experiment. 

The f i r s t  mechanism operates primarily a t  low 

3. Experimental Evidence Supporting a Microchemical Mechanism 

Brager and Garner have recently shown t h a t  the radiation-  
s t ab l e  phases found a t  low temperatures i n  AIS1 316 do not appear t o  be 
sens i t ive  t o  s t r e s s .  There is  sane evidence however t h a t  the intermetal l ic  
phases a t  higher temperature a re  s t ress- sensi t ive  in t h e i r  r a t e  of formation. 
Figure 6 shows t h a t  there i s  an apparent enhancement of swelling occurring 
a t  3.7 x n/cm2 ( E  >0.1 MeV) and 739"C, although a l l  four density change 
data points represent a ne t  densification of the s t e e l .  
peratures t h i s  s tee l  i s  known t o  i n i t i a l l y  densify s l i gh t ly  due primarily t o  
carbide precipi ta t ion and secondarily t o  rec rys ta l l i za t ion  processes which occur 
b o t h  in and out of reactor.  ( l o )  O u t  of reactor t h i s  s tee l  l a t e r  increases 
volume as intermetall ic phases form. 
'!swelling" of the s tee l  due t o  formation of in termetal l ics  can be observed 
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As shown in Figure 7 the long-term 
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FIGURE 6. Swel l ing  a t  High Temperature o f  A I S I  316 i n  t he  20% Cold-Worked 
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FIGURE 7. "Swel l ing"  o f  20% Cold-Worked A I S I  316 Tubes Upon Thermal Aging 
a t  700°C. 
l e s s  dense (-&e) and increased i t s  diameter (ADID) upon long-  

The tube i n i t i a l l y  d e n s i f i e d  s l i g h t l y  and then became 

term aging. P O  
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i n  unirradiated specimens and is much larger  than t h a t  due t o  the carbide 
densification Drocess. 

In order t o  determine the cause of the stress-induced volume change 
a t  739OC and 3.7 x loz2 n/cm2, two specimens were chosen f o r  examination, 
one i r rad ia ted  a t  zero stress (designated AR7) and another i r rad ia ted  a t  the 
highest hydrostatic stress leve l ,  6.9 MPa, (designated A R 2 ) .  The l a t t e r  
specimen had developed 11% diametral s t r a i n  due t o  combined thermal and ir- 
radiation creep, and had been removed from the reactor  in  the ant ic ipat ion 
t ha t  i t  might f a i l  i n  the next reactor cycle. There was therefore the 
poss ib i l i ty  t h a t  the observed s t ress- affected density change arose not 
from cav i t i es  o r  phase changes b u t  from microcracks which develop prior t o  
f a i l u r e .  While such microcracks would technically generate "swelling," 
such an e f f e c t  would not continue with increasing s t r e s s  b u t  would'saturate 
a t  a re la t ive ly  low level commensurate w i t h  f a i l u r e  o f  the tube. 

Specimens were prepared f o r  both l i gh t  and electron microscopy a s  
well as repl icat ion s tudies .  
side by s ide  in  the can is te r  designed t o  reach 732°C in  the AA-IIb experiment 
i n  capsule 8-249, 
each t u b e  was measured by standard immersion techniques. 
then sectioned. The ring 
was t h e n  quartered by longitudinal c u t t i n g  and punched t o  y i e l d  TEM disks. 
Separate 1/4 i n c h  r i n g s  were employed f o r  replication studies.  The l a t t e r  
type of r ing was mounted and polished so as t o  y ie ld  a transverse sect ion,  
and then  cathodically etched i n  vacuum fo r  120 minutes. 
i s  known to  remove the polishing scratches,  b u t  wil l  not enlarge any micro- 
cracks t h a t  a re  subsequently encountered. The resu l tan t  surfaces were then 
replicated w i t h  ce l lulose  aceta te  and the repl icas  were examined by electron 
microscopy. Previous experience a t  t h i s  laboratory has shown t h a t  microcracks 
down to  20 nm can be resolved u s i n g  this technique. 
repl icat ion studies were performed by B. Mastel of HEDL. 

Both the AR2 and AR7 tubes were i r rad ia ted  

The ends of each capsule were removed and the density of 
The tubes were 

A transverse cu t  produced a 1/8 inch long ring.  

Cathodic etching 

The microscopy and 

Microscopy Specimens. Small ( 4 0  nm) cav i t i es  were found i n  both 
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specimens, b u t  these were a t  very low and inhomogeneous number densi t ies .  
There was no apparent pattern of association of these cav i t i es  w i t h  any 
par t icu la r  microstructural component. The cavity volumes observed were t o o  
low t o  account fo r  the apparent s t r e s s  enhancement of density change. There- 
fore i t  was impossible t o  r e a l i s t i c a l l y  analyze the micrographs f o r  an e f f ec t  
of stress. 
were helium bubbles and not voids. This heat of s tee l  i s  known t o  r e s i s t  

I t  i s  the authors '  opinion t h a t  the cav i t i es  i n  these specimens 

swelling t o  much larger  fluences a t  t h i s  temperature. 111) 

Replication Specimens. No resolvable microcracks were detected 
in either specimen by replication techniques. 
microcracks w i t h  dimensions smaller than the  resolution l im i t  could account 
fo r  the observed s t r e s s  enhancement of density change. 

I t  i s  judged unlikely t h a t  

T h e r e  was extensive formation o f  in termetal l ic  phases i n  these 
specimens, however, and differences i n  sputtering ra tes  o f  each phase during 
etching lead t o  a delineation of various microstructural features .  Coven- 
tional l i g h t  microscopy was therefore employed t o  evaluate the possible 
e f f ec t  o f  s t r e s s  on formation of in termetal l ic  phases. Figures 8 and 9 

a re  l i g h t  micrographs of sections observed across the t u b e  walls. Note 
t h a t  there appears t o  be an observable gradient i n  density of in termetal l ic  
phases across the  unstressed tube wall, b u t  t ha t  such a gradient does not 
e x i s t  in the s t ressed specimen. 
c i p i t a t e  s ize  i n  the s t ressed specimen. 

There a lso appears t o  be a larger  mean pre- 

Analysis of Light Microscopy Data 

The features  shown in Figures 8 and 9 represent images not only of 

The l a t t e r  a r i s e  from sputtered atoms which a re  scattered back 
intermetal l ic  precipi ta tes  b u t  a l so  twinned regions and small redeposition 
mounds. 
toward the surface by subsequent co l l i s ions  with gas atoms. In order t o  
analyze the micrographs i t  was necessary t o  discriminate between the various 
microstructural fea tures ,  and Figures lO(a) and 1 0 ( b )  are the tracing of 
the features  judged  t o  be intermetal l ic  precipi ta tes .  This step obviously 
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FIGURE 8. L ight  Micrograph Showing Cross Section of Tube Wall From Specimen 
AR7, I r rad ia ted  a t  Zero Stress. 
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FIGURE 9. L i g h t  Micrograph Showing Cross Section o f  Tube Wall From Specimen 
AR2, I r radiated a t  6.9 MPa Hydrostatic Stress .  
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F 1 

involved substantial judgment and allows the p o s s i b i l i t y  o f  sane predjudice 
toward a preconceived answer. I n  order t o  avoid t h i s  p o s s i b i l i t y  the dis-  
cr iminat ion and t rac ing  were done by 6. Mastel o f  HEDL who was not one o f  
the persons involved i n  the data analysis. 

The tracings were then analyzed using a Quantimet 720 image analysis 
system by H. Triebs o f  HEDL. The tube wal ls  were subdivided as shown i n  
Figure 10. The unstressed specimen contains more subdivisions since the 
sect ion was n o t  qu i t e  p a r a l l e l  to a rad ia l  d i rect ion.  

Figure l l ( a )  shows a comparison o f  the area f ract ions o f  i n t e r -  
me ta l l i c  prec ip i ta tes across the tube walls. 
equal t o  the volume f ract ion.  (12) 
the stressed and unstressed curves, i t  was necessary t o  compare the curves on 
a comnon basis. 
distance across the tube wall .  The gradient i n  f r ac t i on  o f  i n te rme ta l l i c  
p rec ip i t a te  i n  the unstressed specimen may a r i se  from the manner i n  which 
the tube was manufactured, since there are no substant ia l  temperature o r  
stress gradients across the tube wal l  during i r r ad ia t i on .  
i t  may represent the inf luence o f  sodium leaching on the outer surface, which 
leads t o  compositional changes t h a t  might a f f e c t  the r a t e  of i n te rme ta l l i c  
formation. Appl icat ion o f  a t ens i l e  stress f i e l d  during i r r a d i a t i o n  appears 
t o  reduce the gradient substant ia l ly  but  does not  increase the maximum leve l  
o f  prec ip i ta tes.  This suggests t h a t  perhaps the r o l e  o f  stress i s  only t o  
accelerate the k ine t i cs  o f  p rec ip i ta te  formation. Averaged across the tube 
wal l  the appl icat ion o f  stress generates i n  these specimens an increase i n  
p rec ip i ta te  volume f rac t i on  from 11.4 t o  13.7%. It can be seen from Figure 
12 t h a t  the mean prec ip i ta te  s ize i s  also la rger  i n  the stressed specimen. 

The area f rac t i on  i s  numerically 
I n  order t o  make a v a l i d  comparison between 

Figure l l ( b )  r e f l e c t s  such a comparison based on f rac t iona l  
. 

On the other hand 

Hales (13) has performed a quant i ta t ive analysis on the thermal 
development of such phases i n  two heats, one o f  which was the same heat 
examined i n  t h i s  study. As shown i n  Figure 13shepredicts t h a t  a t  com- 
parable times (4000 hours) the density o f  in te rmeta l l i cs  should exceed 
7%. I n  p r i va te  communications Hales noted t h a t  maximum leve ls  o f  12-14% 
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ed, which i s  i n  f a i r  agreement w i th  the maximum leve l  of 15% 
i s  study. 

d i  t i ona l  Microchemical Data 

response t o  inqu i r ies  from t h i s  author D. L. Porter of ANL-Idaho 
ecently expanded a series o f  studies i n  which the amount and 
o f  prec ip i ta tes developed i n  A I S 1  316 was studied as a funct ion 

s such as i r r a d i a t i o n  temperature, stress, cold-work leve l  and 
se resu l ts  are included i n  another con t r ibu t ion  t o  t h i s  quar ter ly  
and show tha t  enhanced swel l ing i s  always correlated w i t h  enhanced 

n icke l  i n t o  prec ip i ta tes.  
0 t h  the mole f ract ion of n icke l  of the prec ip i ta tes and the yolume 

A t  400°C i n  e i t he r  10 o r  20% cold-worked 
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o f  the prec ip i ta tes are independent o f  the stress leve l .  The void swel l ing a t  

t h i s  temperature i s  only weakly dependent on the stress leve l .  
both the swel l ing and the n icke l  removal process are enhanced by stress. This 

occurs due t o  stress-assisted increases i n  both p rec ip i ta te  volume and 
n icke l  content. The prec ip i ta tes are not  i d e n t i f i e d  i n  these studies,but 
the experimental resu l ts  confirm the e a r l i e r  observation t h a t  stress-affected 
microchemical evolut ion occurs only a t  higher temperatures. 

A t  550°C however 

5. Current Modeling E f fo r t s  

Ongoing analysis o f  Por ter 's  stress-affected swel l ing data i n  10% 
co ld  worked A I S 1  316 indicates tha t  the coe f f i c ien ts  which describe the magni- 

tude o f  the stress e f f e c t  on incubation a t  temperatures below 500'C are 
iden t i ca l  t o  those o f  20% cold-worked steel. I t  was e a r l i e r  shown t h a t  
t h i s  coe f f i c i en t  was independent o f  heat i den t i t y .  ( l )  

also y i e l d  the same value o f  4 . 0 1  MPa-I. 

contained no solutes and exhibi ted no p rec ip i t a t i on  i t  i s  ant ic ipated tha t  

the process operating a t  t h i s  temperature range i s  microstructural  i n  nature. 

Prel iminary estimates by 

Since the steel  i n  the l a t t e r  study 

t h i s  author of t h i s  coe f f i c i en t  from the work o f  Khera, Schwaiger and Ullmaier (4) 

The observation o f  stress-enhanced p rec ip i t a t i on  by t h i s  author and 
stress-enhanced n icke l  removal by Porter require t ha t  a microchemical -based 

model be developed. Since the high temperature phases involve both volume 

changes and differences i n  c r y s t a l l i n e  structure, i t  i s  expected tha t  both 

the hydrostat ic and dev ia tor ic  components o f  the stress s ta te  w i l l  contr ibute 

t o  the stress e f f e c t  on swell ing. A j o i n t  modeling e f f o r t  i s  now i n  progress 
wi th  K. C. Russell Of MIT t ha t  i s  d i rected toward p red ic t ing  the r e l a t i v e  
cont r ibut ion of each stress component t o  the enhancement process. 

6. Conclusions 

It i s  ant ic ipated t h a t  stress-enhanced swel l ing may play a la rger  
r o l e  i n  fusion devices t h a t  i t  does i n  breeder reactors. The need t o  extra-  

polate breeder-derived data from tens i l e  experiments t o  compressive and 
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c y c l i c  s t ress  s ta tes  a n t i c i p a t e d  i n  pulsed reac to rs  requ i res  a re-examination 
o f  the  phenomena involved.  
s t ruc tura l- based and microchemically-based mechanisms. 
a n t i c i p a t e d  t o  respond t o  compressive o r  c y c l i c  s t resses i n  t h e  same manner 
as would mic ros t ruc tura l l y- based mechanisms. 

Recent data conf i rm t h e  ex is tence o f  bo th  micro-  
The l a t t e r  i s  n o t  
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I .  PROGRAM 

T i t l e :  

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

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

S imu la t ing  the  CTR Environment i n  t he  HVEM 

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  model t he  r o l e  o f  he l ium i n  

a f f e c t i n g  m ic rosc t ruc tu ra l  evo lu t i on .  

111. RELEVANT OAFS PROGRAM TASK 

Task l l .C.2.4 Modeling 

I V .  SUMMARY 

A k i n e t i c  model has been developed t o  study the  growth o f  bubbles 

i n  t h i n  specimens i r r a d i a t e d  by hel ium ions .  

se lec ted  f o r  t he  model are intended t o  p e r t a i n  t o  type 316 s t a i n l e s s  

s t e e l .  

0.25 win t h i c k  a t  250", 400°, 550" and 700" C i t  was found t h a t  the r a t i o  

o f  hel ium ions  t o  vacancies i n  c l u s t e r s  decreased w i t h  inc reas ing  temper- 

a tu re ,  being, f o r  example, a f t e r  a f luence o f  7 dpa, 1.6 a t  400' C and 

0.63 a t  550" C. 

The model showed t h a t  t he  l a c k  o f  s w e l l i n g  a t  low temperatures (e.g., 

The m a t e r i a l s  parameters 

For t he  case o f  80 keV hel ium bombardment o f  p lanar  specimens 

250' C)  i s  n o t  caused by thermal recombinat ion o f  i n t e r s t i t i a l s  w i t h  

vacancies bu t  r a t h e r  i s  a r e s u l t  o f  t he  decreased de fec t  p roduc t ion  r a t e  

assoc ia ted  w i t h  a h igh  vacancy concent ra t ion .  

increased vacancy c l u s t e r i n g  a t  a l l  temperatures i n v e s t i g a t e d  and e l i m i -  

nated the  denuded zone which occurred a t  700' C i n  t he  absence o f  helium. 

The presence o f  hel ium 
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V. ACCOMPLISHMENTS AND STATUS 

A K i n e t i c  Model f o r  Helium Bombardment o f  Thin Fo i l s ,  R. A. Johnson, 
Ma te r i a l s  Science Department, U n i v e r s i t y  o f  V i r g i n i a ,  Char1 o t t e s v i  11 e, 
V i r g i n i a  22901. 

A k i n e t i c  model has been developed t o  study bubble growth i n  t h i n  

f o i l s  under He i o n  bombardment. While the  pr imary purpose o f  the  calcu-  

l a t i o n s  i s  t o  o b t a i n  i n s i g h t  i n t o  m e  o v e r a i l  processes invo lved i n  such 

a s i t u a t i o n ,  the  s p e c i f i c  case chosen i s  f o r  bombardment by 80 keV He 

ions  w i t h  a dose r a t e  o f  ions/cm /sec, f o i l  th ickness o f  0.1 and 

0.25 p ,  and the  m a t e r i a l s  parameters are  intended t o  p e r t a i n  t o  type 316 

s t a i n l e s s  s tee l .  

2 

The k i n e t i c  problem becomes unmanageable i f  both bubble s i z e  and 

s p a t i a l  d i s t r i b u t i o n s  are  t reated.  The emphasis i n  the  present work i s  

on the  s p a t i a l  d i s t r i b u t i o n ,  and r a t h e r  severe approximations had t o  be 

made p e r t a i n i n g  t o  the  e f f e c t s  o f  the  s i z e  d i s t r i b u t i o n .  

complished by vary ing  the  vacancy and He b ind ing  energies w i t h  the con- 

c e n t r a t i o n  o f  c lus te red  vacancies and the  r a t i o  o f  c l us te red  He t o  

c lus te red  vacancy concentrat ions.  

This was ac- 

With the  bombardment cond i t i ons  used, most He ions  pass through the  

f o i l  and the re  a r e  more than 100 separated v a c a n c y- i n t e r s t i t i a l  p a i r s  

created per deposi ted He ion .  Both the  l a t t i c e  de fec t  c r e a t i o n  r a t e  and 

He depos i t ion  r a t e  are  peaked towards the back sur face o f  the  f o i l ,  w i t h  

t h i s  e f f e c t  being much greater  w i t h  the  He ions.  

To study the e f f e c t s  o f  the  deposited He, runs were made w i t h  j u s t  

the  l a t t i c e - d e f e c t  product ion p r o f i l e  ( t he  vo id  case) and then w i t h  the 

deposi ted He present  ( t he  bubble case). 
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The calculations a re  not complete, b u t  the f i r s t  s ign i f ican t  

surpr ise  involved the low temperature runs. 

of swelling a t  low T (e.g., 250" C )  i s  not caused by the thermal recombi- 

nation of i n t e r s t i t i a l s  with the very high concentration of vacancies, 

b u t  by a decrease i n  the defect  production r a t e  due t o  the high vacancy 

concentration. 

I t  was found tha t  the lack 

Runs were made a t  T = Z O O ,  400'. 550°, and 700' C fo r  the 0.25 p 

f o i l  thickness. Other parameters were, f o r  example, a dislocation density 

of 10 cm/cm and an i n t e r s t i t i a l  bias fac tor  fo r  dislocations of 1 .1 .  

The i r rad ia t ions  were held f o r  53 minutes, which amounts t o  7 dpa. 

9 3 

For the void case, nucleation occurred throughout the f o i l s  a t  a l l  

temperatures except in the f ron t  250 8 a t  700' C. 

clustered vacancies was peaked near the surfaces of the denuded zone. 

This tendency, which eventually disappears under very long i r rad ia t ions ,  

occurs because the fo i l  surface ac t s  a s  an excellent  i n t e r s t i t i a l  sink, 

so the i n t e r s t i t i a l  concentration i s  low and consequently there i s  l e s s  

recombination near the surfaces. 

The p rof i le  of 

W i t h  the He present, the c luster ing was. increased in a l l  cases, by 

a greater  r a t i o  a t  the highest and lowest temperatures than fo r  inter- 

mediate temperatures, and the denuded zone a t  700' C disappeared. The 

r a t i o  of He ions t o  vacancies i n  c lus te rs  decreased w i t h  increasing 

temperature, being, fo r  example, 1.6 a t  400' C and 0.63 a t  550' C.  
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I .  PROGRAM 

T i t l e :  E f f e c t s  o f  Near Surface Damage and Helium on t h e  

Performance o f  t he  F i r s t  Wall 
P r i n c i p a l  I n v e s t i g a t o r :  O.K. H a r l i n g  

A f f i l i a t i o n :  Nuclear Reactor Laboratory,  Massachusetts I n s t i t u t e  

o f  Technology 

11. OBJECTIVE 

The o b j e c t i v e  o f  t h i s  study i s  t o  understand and q u a n t i f y  t h e  

e f f e c t s  o f  near sur face  damage and implanted gas on t h e  performance o f  

t he  f u s i o n  r e a c t o r  f i r s t  w a l l .  

I 11. RELEVANT DAFS PROGRAM TASK/SUBTASK 

TASK I I . C . 5  E f f e c t s  o f  Cyc l ing  on M i c r o s t r u c t u r e  

1I.C.B E f f e c t s  o f  Helium and Displacement on Frac ture  

I I .C.12 E f f e c t s  o f  Cyc l ing  on Flow and Frac ture  
I I .C.13 E f f e c t s  o f  Helium and Displacement on Crack 

I n i t i a t i o n  and Propagat ion 

E f f e c t s  o f  Near Surface Damage on Fat igue I I .C.15 

I V .  SUMMARY 

Neutron i r r a d i a t i o n  o f  a 316SS pressur ized  tube specimen w i t h  

simultaneous i o n  bombardment and s t r e s s  and temperature c y c l i n g  was 

completed. 

f rom an e a r l i e r  experiment were sect ioned and analyzed by o p t i c a l  

microscopy and SEM. 

more h e a v i l y  cracked than t h a t  o f  t he  neutron bombarded specimen and 

the re  i s  p r e l i m i n a r y  evidence o f  sur face  damage from he1 ium r e c o i  1 s 

on the specimen i n n e r  sur faces.  

on t i t a n i u m  substrates,  which were i r r a d i a t e d  w i t h  t he  s t a i n l e s s  s t e e l  

This  sample and a s i m i l a r  b u t  non-ion-bombarded sample 

The ou te r  sur face  o f  t he  ion-bombarded sample i s  

Damage t o  vapor deposi ted boron l aye rs  
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specimens t o  produce ion bombardment, has a l so  been observed. 

V.  ACCOMPLISHMENTS AND STATUS -- G. Kohse, S.G. DiPietro, 0. Harling 
( M .  I .T.  ) , H .  Andresen ( M .  I .T ./Hahn-Mei tner-Inst i  t u t )  

1 .  SS316 Pressure Capsule I r radiat ions  

The f a c i l i t i e s  which have been s e t  up  a t  the MITR-I1 fo r  
surface and bulk i r rad ia t ion  of pressurized t u b e  specimens with simul- 
taneous temperature and s t r e s s  cycling, and fo r  in termit tent  characteri-  
zation of sample dimensions and surfaces,  a re  described in e a r l i e r  
reports.  ( 1 y 2 y 3 )  
sules (see Fig. 1 )  was i n i t i a t ed  in  t h i s  apparatus. He and Li ion 
bombardment of the polished surfaces was produced by the reaction 'OB 
(n,a) L i  i n  a 'OB layer surrounding the samples. 
continued t h r o u g h  November, 1980, with intermit tent  removal of the 
samples from the core fo r  measurements, surface observations, and changes 
of 'OB layers .  

an average period of 3.8 minutes. 
t o  295 MPa (30,500 to  42,800 p s i ) .  
cycles was accumulated, with an estimated dose of 4 x lo2' n/cm 

2 MeV) and 2 x 10'' a/cm . 

In July, 1980, i r rad ia t ion  of two 316SS pressure cap- 

7 . .  The i r rad ia t ions  were 

The samples were temperature cycled between 350 and 600°C with 
This produced a s t r e s s  cycle from 210 

A to ta l  of approximately 16,000 
2 (- 0.1 

2. SS316 Pressure Capsule Characterizations 

In order to characterize the radioactive pressure capsules in 
opt ical  and scanning electron microscopy f a c i l i t i e s ,  and i n  order t o  
make cross-sections available fo r  examination, the capsules were sec- 
tioned. 
sample from a previous experiment which was t reated s imilar ly  except 
t ha t  i t  was not ion b~mbarded , '~ )  were cut in to  2 and 3 mm wide rings 
using a low speed diamond wafering saw set up f o r  remote operation i n  
a hot c e l l .  

One of the samples from the experiment described above, and  a 

To avoid deformation of the samples during cut t ing,  the 
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inside was ca s t  w i t h  epoxy following an i n i t i a l  cut  close t o  the heavy 
end cap. Neither of the two samples had fa i led  during i r rad ia t ion ,  as 
was ver i f ied by i n i t i a l  opening of the sample f i l l i n g  tube under ethanol, 
with the observed escape of s ign i f ican t  quant i t ies  of the pressurization 
gas. 

by SEM, and in terpreta t ion of the r e su l t s  as well as correlation with 
optical  microscope observations made periodically during the i r rad ia t ions  
i s  continuing. 
number of short cracks, of the  type shown in Fig. 2 ,  on the ion bombarded 
sample. The number density o f  these cracks correla tes  well with the  
increasing s t r a i n  towards the thin-walled midsection of the sample. The 
d e t a i l s  of the evolution of the surface morphology a re  somewhat obscured 
by oxidation e f f ec t s ,  and fur ther  work i s  being planned. 

More information, par t icular ly  concerning penetration and dis-  
t r ibu t ion  of microcracks, i s  expected t o  be obtained from the samples by 
observation of the cut  edges of the sectioned specimen rings,  following 
polishing and ,  in  some cases,  etching. The necessary f a c i l i t i e s  fo r  
polishing radioactive specimens have been s e t  u p ,  and su i tab le  techniques 
are being developed. 

sules  will a lso  provide useful data on the  e f fec t s  of multi-energy, 
multi-angle alpha bombardment, since the helium f i l l  gas provides a 
source of energetic helium ions t h r o u g h  f a s t  neutron reco i l s .  
vation of the inner surfaces has been i n i t i a t e d ,  and r e su l t s  t o  date 
indicate  s ign i f ican t  surface roughening, spall ing and b l i s te r ing .  

The sample ring outer surfaces have been extensively examined 

Preliminary r e su l t s  do indicate the presence of a larger  

I t  i s  expected t h a t  the inner surfaces of the pressurized cap- 

SEM obser- 

3. Evaluation of Boron Coating Performance 

As indicated above, ion bombardment o f  the outer surfaces of 
the 316SS pressure capsules i s  produced by surrounding them with a ' O B  
layer.  This i s  accomplished by vapor deposition of boron on to  semi- 
cyclindrical  titanium f o i l s ,  which are subsequently welded in to  the t i -  
tanium can which contains the pressure capsules during i r rad ia t ion .  
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Temperature cycling of the f o i l s  occurs i n  the same way a s  cycling of 
the pressure capsules (see Ref. 1 ) .  
titanium f o i l s  have been i r radiated;  Table 1 gives i r rad ia t ion  data fo r  
the d i f fe ren t  layers.  
range of 2 t o  4 microns. 

fusion devices, and i n  order t o  plan future  i r rad ia t ions  using the 'OB 
(n,a) l i  reaction for  surface bombardment, the titanium cans have a lso 
been sectioned u s i n g  the low-speed diamond wafering saw, and have been 
examined by optical  microscopy and SEM. 
a t  50OOC (by Dr. Feldman, Applied Physics Lab, John Hopkins University) 
appeared t o  the  naked eye t o  have held up reasonably well.  
was not  exposed and no obvious flaking o r  peeling had occurred. 
n o t  the case, however, with the layers deposited a t  lower temperature, 
where damage was readily v i s ib le .  Microscopy revealed some damage i n  a l l  
cases. Fig. 3 shows a typical unirradiated boron surface,  while Figs. 4 
and 5 indicate  some features typical of the post- irradiation appearance 
of the 19.8% 'OB and the 92% 'OB layers respectively (deposited a t  500°C). 
Small p i t s ,  generally not  penetrating down t o  the titanium substra te ,  
were observed on the 19.8% 'OB coated f o i l .  This removal of material 
seems t o  be the major r e su l t  of the i r rad ia t ion .  
of the  92% 'OB layer has, on the other hand ,  undergone d ra s t i c  a l t e ra-  
t i o n s .  There is  extensive roughening o f  t h e  type shown i n  F i g .  5, 

although some boron seems t o  remain over the major part of the titanium 
substra te .  
more fu l l y  the nature of the i r rad ia ted  layers ,  and additional resu l t s  
are expected from material in current and future  i r rad ia t ions .  

To date,  three types of boron coated 

In each case, the layer thicknesses a re  in  the 

Due t o  the i n t e r e s t  in  boron a s  a possible low-2 coating i n  

7 

In general, the layers deposited 

The substra te  
This was 

The surface morphology 

Further experiments are under way o r  planned t o  determine 
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VI1 . FUTURE WORK 

Further microscopic analysis of b o t h  the SS316 pressure capsules 

and the boron/titanium f o i l s  i s  planned. 
dia t ion i s  being prepared and should be in the reactor i n  the near 
future .  The remaining sample from the experiment described above i s  
continuing t o  be i r rad ia ted .  A post- i r radiat ion mechanical property 
t e s t  i s  planned fo r  the SS316 pressure capsule r ings.  
cept involves a fa t igue test  on quartered ring specimens. 
a prototype tes t ing  machine a re  being f inal ized and  construction and 
tes t ing  shou ld  be well under way in the  next quarter .  

A new s e t  of samples fo r  irra- 

The current con- 
Designs for  
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TABLE 1 

Layer Composition 

19.8% B-lo de- 
posited a t  5OOOC 

92% B-10 de- 
posited a t  100°C 

BORON FILM IRRADIATION DATA 

Neutron Dose [n/mL] Temperature Cycles 
I 

thermal f a s t  Cycling ['C] l ength  [sec] No. 

2 x 6.7 x 140-380 - 240 2800 

3 1.0 I O  24 145-415 - 220 1900 

4.1 x 92% B-10 de- 
posited a t  5OOOC 

1.4 x 10 24 165-490 - 200 1320 

I 
7 3  mn 

I J 

FIGURE 1. 316 SS Pressure Capsule. 
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10 um - 
FIGURE 3. SEM Micrograph o f  Boron Vapor Deposited a t  5OO0C on Titanium 

Substrate (Uni r r a d i  ated) . 

FIGURE 4. SEM Micrograph o f  19.8% 'OB Vapor Deposited a t  5OO0C on Titanium 
Substrate - Neutron I r rad ia ted  and Temperature Cycled. 
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Figure 5: SEM Micrographs o f  92% 'OB Vapor Deposited ( a t  5OOOC) on 
Titanium Substrate - Neutron Irradiated and Temperature 
Cycled. 
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I .  PROGRAM 

T i t l e :  I r r a d i a t i o n  Effec ts  Analysis (AKJ) 
Principal  Inves t iga to r :  D .  G. Ooran 
A f f i l i a t i o n :  Hanford Engineering Devslopment Laboratory 

11. OBJECTIVE 

The ob jec t ive  o f  this work is  t o  determine t h e  e f f e c t s  of h i g h  energy 
neutrons on damage production and evolu t ion ,  and the r e l a t ionsh ips  of  these  
e f f e c t s  t o  e f f e c t s  produced by f i s s i o n  r eac to r  neutrons. Spec i f i c  objec-  
t i v e s  of  t h e  cu r ren t  work a r e  t h e  planning and performance of  i r r a d i a t i o n  
programs u s i n g  t h e  Rotating Target Neutron Source (RTNS)-I1 a t  t h e  Lawrence 
Livermore National Laboratory (LLNL) and the Omega West Reactor (OWR) a t  
t h e  Los Alamos National Laboratory ( L A N L ) .  

111. RELEVANT OAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK I I .B.3.2 

II .C.6.3 

I I .C .18 .1  

II.C.11.4 

IV. SUMMARY 

Experimental Charac ter iza t ion  o f  Primary Damage 
S t a t e ;  S tudies  of  Metals 
E f fec t s  of Damage Rate and Cascade S t ruc tu re  on 
Microstructure;  Low-EnergylHigh-Energy Neutron 
Corre la t ions  
Relat ing Low- and High-Exposure Microstructures; 
Nucleation Experiments 

Ef fec t s  of Cascades and F l u x  on Flow; High-Energy 
Neutron I r r a d i a t i o n s  

HEOL-In, the f i rs t  OAFS i r r a d i a t i o n  in t h e  OWR thermal r e a c t o r  f a c i l i t y  
H E D L- V R ,  an ongoing i r r a d i a t i o n  experi-  a t  LANL, was completed on schedule. 

ment a t  t h e  RTNS-I1 f a c i l i t y  a t  L L N L ,  was r e i n i t i a t e d  d u r i n g  this repor t ing  
period and is  expected t o  a t t a i n  a peak dose of  2.5 x 1 0 l 8  n/cm2, Eb14 MeV, 
during the next repor t ing  period. 
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V. ACCOMPLISHMENTS AND STATUS 

A. Status o f  OWR and RTNS-I1 I r r a d i a t i o n  Programs - N. F. Panayotou 

(HEDL) 

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

HEDL-In was completed on schedule and is  c u r r e n t l y  i n  t ran-  
s i t  t o  HEDL. 

i s  2 x 1019 n/cm2, E>0.1 MeV. The v a r i a t i o n  i n  dose w i t h i n  the  specimen 
capsule i s  expected t o  be l ess  than 10 percent.  The experiment w i l l  be 

disassembled a t  HEDL. Dosimetry f o i l s  w i l l  be shipped t o  ANL f o r  ana lys is .  

Post i r r a d i a t i o n  t e s t i n g  w i l l  be performed a t  HEDL. Another experiment 
w i l l  be assembled using, i n  pa r t ,  specimens from HEDL-In. A m a t r i x  f o r  

f u t u r e  OWR i r r a d i a t i o n s  i s  being developed. 

The experiment was i r r a d i a t e d  a t  90°C and the  expected dose 

A f a i l e d h e a t e r  cable i n  t h e  HEDL-VR experiment a t  RTNS-I1 
was repa i red  du r ing  t h i s  r e p o r t i n g  pe r iod  and the  i r r a d i a t i o n  o f  the exper i -  

ment was r e - i n i t i a t e d .  

MeV, w i l l  be a t t a i n e d  du r ing  t h e  next  r e p o r t i n g  per iod.  A t  t h a t  t ime the  
experiment w i l l  be disassembled, new specimens loaded and the experiment 

reassembled, i n  p repara t ion  f o r  con t i nua t i on  o f  the experiment t o  a peak 
dose l e v e l  o f  1 x 1019 n/cm*, E-14 MeV. The nominal i r r a d i a t i o n  tempera- 

t u r e s a r e  80 and 288°C f o r  t h e  HEDL-VR experiment. 

The f i r s t  goal dose l e v e l  o f  2.5 x lOI9 n/cm2, E%l4 

V I .  REFERENCES 

None 

V I I .  FUTURE WORK 

F i n a l i z e  m a t r i c i e s  f o r  t h e  r e c o n s t i t u t i o n  o f  HEDL-In and HEDL-VR. 
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I .  PROGRAM 

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

11. OBJECTIVE 

Determine the effect of pre-irradiation he1 ium concentration and 
distribution on the microstructural development and material property 
changes in alloys o f  interest to the Fusion Energy Program. 

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

SUBTASK II.B.3.2 

1I.C. 1.2 

II.C.2.1 

Experimental Characterization of Primary Damage 
State: Studies of Metals 
Effects of Material Parameters on Microstructure: 
Modeling and Analysis 
Effects of Helium on Microstructure: 
Distribution and Bubble Nucleation. 

Mobility, 

IV. SUMMARY 

Specimens of five alloys were irradiated in the ORR MFE-I1 test 
and sent to HEDL for distribution to other DAFS investigators or for 
examination. This experiment investigated the effect of helium concen- 
tration, initial helium distribution and material starting condition on 
the swelling and microstructural development in the materials. The 
specimens have been sorted, interested investigators have been notified 
and a selected number of specimens have been scheduled for immersion 
density, electron microscopy and microhardness measurements at HEDL. 
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V.  ACCOMPLISHMENTS AND STATUS 

A. ORR Irradiation of the MFE-I1 Experiment -- H. R. Brager and 
F. A. Garner (HEOL) 

1. Irradiation Experiment 

Specimens of five alloys in the form of TEM disks were 
irradiated in the ORR MFE-I1 experiment to a fluence of about 10 dpa in 
three capsules designed to operate at nominal temperatures of 350, 550 
and 650°C. The alloys were Fe-17Cr-17Ni-2.5Mo ["pure 316", ORNL alloy 
P7] in the solution annealed (SA) and 20% cold worked condition, Fe-15Cr- 
20Ni (SA) [HEDL alloy E-191, V-20Ti (SA) [alloy HSV 3001, V-15Cr-5Ti (SA) 
[alloy HSL 3071, and Nb-1Zr (SA) [alloy 5301181. 
prepared at ORNL and HEDL and then shipped to ANL for helium injection. 
Some of these specimens were aged prior to irradiation. This experiment 
was designed to investigate the effect o f  pre-irradiation helium concen- 

The specimens were 

tration and distribution on the swelling and microstructural development. (1) 

2. Post-Irradiation Activities 

Table I summarizes the number of specimens irradiated in 
the ORR MFE-I1 experiment that have been identified; they are listed by 
alloy, treatment and irradiation condition. Note that in some instances 
none of the specimens of an alloy condition could be identified while in 
other cases there are more specimens than specified in reference 1. 

Investigators located at ANL, BNL, HEDL and UCSB have 
expressed interest in the specimens and have been informed as to the 
availability of the material. Six different sets of Fe-17Cr-17Ni-2.5Mo 
specimens have been transferred to a HEOL hotcell where immersion den- 
sity measurements will be performed on the TEM disks. 
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More effort should be expended on designing and implementing 
engraving identification codes in the future to minimize the number of 
identification engravings or markings of specimens and the effort 
required to identify the irradiated specimens. Some specimens had as 
many as nine markings on them. 

VI. REFERENCES 

1. G. R. Odette, R. W. Powell and F. V. Nolfi, "DAFS Experiment in 
the ORR MFE-I1 Test," DAFS Quarterly, Jan/-Mar.'79, DOE/ET-0065/5, 
D. 5. 

VII. FUTURE WORK 

Immersion density measurements will be performed on the selected 
Fe-17Cr-17Ni-2.5Mo specimens. Based on these data, transmission electron 
microscopy examination and hardness measurements will be performed. 
Specimens will be distributed to DAFS investigators who have indicated 
interest in the available specimens. 
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