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FOREWORD 

l h i s  r e p o r t  i s  t h e  t w e n t i e t h  i n  a s e r i e s  o f  Q u a r t e r l y  T e c h n i c a l  Progress 
Repor ts  on Damage Analysis and Fundamental Studies (DAFS) ,  wh ich 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  s u p p o r t  o f  t h e  
Magnet ic  F u s i o n  Energy Program o f  t h e  U.S.  Department o f  Energy (DOE). 
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 t h r o u g h  8. 
O ther  e lements  o f  t h e  Fus ion  M a t e r i a l s  Program a r e :  

The 

P lasma-Mater ia ls  I n t e r a c t i o n  (PMI) 
S p e c i a l  Purpose M a t e r i a l s  (SPM). 

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

The GAFS program element i s  a n a t i o n a l  e f f o r t  composed o f  c o n t r i b u t i o n s  f r o m  
a number o f  N a t i o n a l  L a b o r a t o r i e s  and o t h e r  government l a b o r a t o r i e s ,  u n i v e r -  
s i t i e s ,  and i n m s t r i a l  l a h o r a t o r i e s .  I t  was o r g a n i z e d  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, DOE/@f f i ce  o f  Fus ion  Energy, and a Task Group on 
Gamsge Analysis ana Eundamental Studies, which o p e r a t e s  under  t h e  ausp ices 
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-  
i n g  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  g e n e r a l ,  an0 t h e  DOE. 

T h i s  r e p o r t  i s  o r g a n i z e d  a long  t o p i c a l  l i n e s  i n  p a r a l l e l  t o  a Program P lan  
o f  t h e  same t i t l e  so  t h a t  a c t i v i t i e s  and accompl ishments 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 .  Note t h a t  a new c h a p t e r  has been 
adoed on Reouced A c t i v a t i o n  M a t e r i a l s  t o  accomnodate work on a t o p i c  n o t  
i n c l u d e d  i n  t h e  e a r l y  program p l a n .  The Contents i s  anno ta ted  f o r  t h e  
conven ience o f  t h e  reader .  

T h i s  r e p o r t  has been comp i led  and e d i t e d  under  t h e  qu idance o f  t h e  Chairman 
o t  t h e  Task  Group on Damage Analysis and Fundamental Studies, 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 ,  t hose  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. T. C. Reuther,  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  Eranch, 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. 

G. ki. Haas, A c t i n g  C h i e f  
M a t e r i a l s  ano 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 
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I r r a d i a t i o n s  w e r e  p e r f o r m e d  f o r  thirteen d i f f e r e n t  e x p e r i -  

m e n t e r s  d u r i n g  th is  q u a r t e r .  

A n e w  m o d u l a r  b u i l d i n g  was c o m p l e t e d ;  it p r o v i d e s  o f f i c e  

s p a c e  for  J a p a n e s e  scientists a s  w e l l  a s  some RTNS-11 

p e r s o n n e l .  D e d i c a t i o n  w i l l  t a k e  p l a c e  i n  e a r l y  F e b r u a r y .  

T h e  RTNS-11 S t e e r i n g  C o m m i t t e e  M e e t i n g  w i l l  be h e l d  F e b r u a r y  

10 and  11, 1983.  

CHAPTER 2: DOSIMETRY AND DAMAGE PARAMETERS 

1. S tandard ized  Dos imet ry  and Damaqe Data F i l e  (ANL) 
The f i r s t  version o f  a s t a n d a r d i z e d  d o s i m e t r y  and damage d a t a  

c o m p u t e r  f i l e  (LDSFILE).  c o v e r i n g  17 recent i r r a d i a t i o n s  a t  

ORR, HFIR, EBR-11, Omega West, CP5, HFBR, and IPNS,  was 

c o m p l e t e d .  

C o p i e s  o f  the d a t a  f i l e  and retrieval p r o g r a m s  w i l l  be made 

a v a i l a b l e  t o  i n t e r e s t e d  p a r t i e s  f o r  t e s t i n g .  
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D a t a  Processing S y s t e m .  
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H e l i u m  a n a l y s e s  w e r e  c o m p l e t e d  f o r  the p u r e  e l e m e n t s  B e ,  S i ,  

T i ,  Y ,  A g ,  Sn, T a ,  W ,  and P t ,  i r r a d i a t e d  i n  a B e ( d , n )  n e u t r o n  

f i e l d ,  and  a v e r a g e  i n t e g r a l  cross sections w e r e  d e t e r m i n e d .  
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5 9 N i  + n r e a c t i o n  cross sections l e a d i n g  t o  

a n d  56Fe w e r e  e v a l u a t e d  f r o m  

60 . 5gc0 
N i ,  

ev  t o  10 MeV and p u t  

i n t o  ENDF/B f o r m a t .  

6. 5 9 N i  I s o t o p i c  Enr ichment as a Means o f  S i m u l a t i n g  t h e  

H e l i u d d p a  R a t i o  o f  a Fus ion  Neutron Environment (HEDL) 
A p o t e n t i a l  t e c h n i q u e  i s  e x a m i n e d  for  a c h i e v i n g  f u s i o n -  

relevant He/dpa r a t i o s  i n  n i c k e l - b e a r i n g  a l l o y s ,  e s p e c i a l l y  

d u r i n g  the e a r l y  s t a g e s  of i r r a d i a t i o n  when m i c r o s t r u c t u r a l  

f e a t u r e s  a r e  n u c l e a t e d .  T h e  p r o j e c t e d  m a t e r i a l  costs are 

h i g h .  
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IRRADIATION TEST FACILITIES 
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- 
C.M. Logan and D. W. Heikkinen 
Lawrence Livermore National Laboratory 

1.0 Q b i e c t h  

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

2.0 Summarv 

Irradiations were performed for thirteen different 
experimenters during this quarter. 

The new modular building has been completed and occupied 
providing office space for Japanese scientists as well as some 
RTNS-I1 personnel. Dedication will take place in early 
February . 
The RTNS-I1 Steering Committee Meeting will be held February 
10 and 11, 1983. 

3.0 Eroaram 

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

4.0 Belevant QAFs Pro- 

TASK II.A.2,3,4. 
TASK II.B.3,4 
TASK II.C.112,6111,18. 

5.0 M. D. W. H- . .  - 
fl* W- G W  

The irradiation of the MACOR samples for J. Fowler (LANL) 
continued duringl&his uarter. The front surface fluence has 
reached 4.1 x 10 n/cm 3 . 

3 



The other primary irradiation of this period was the low 
temperature (4'R) irradiation of Cu magnet stabilizer for 
Guinan (LLNL). During this experiment, a series of five 
cycles consisting of irradiation followed by annealing and 
resistivity measurements were done. 

The add-on irradiations for R. Mallon (LLNL) R. Hopper (LLNL), 
R. Borg (LLNL) and G. Woolhouse (Aracor) were continued during 
the quarter. The irradiation for Mallon to study the 
transport of oil shale in a fluidized bed has been completed. 
In addition, the Si samples of Woolhouse for TEM study were 
finished. The ' radiations of various mineral samples for 
Borg and the 231U laser glass combination for Hopper are 
continuing. The Borg experiment involves measurement of the 
production of inert gases while the Hopper experiment involves 
laser glass surface treatment using fission fragments. 

Additional add-on irradiations were done for T. Iida (Osaka) 
on transistors, microchannel plates, integrated circuits, 
liquid scintillators, ther ocouple and optical fibers. 
Fluences ranged from 10 fi - 1056 n/cm2 R. Hartmann 
(Northrop) did a low fluence irradiation (lo1' n/cm2) on LSI 
circuits. R. Lougheed and H. Hicks used samples of T1 and 
As203 respectively for tracer production. K. Foland (Ohio 
State Univ.) irradiated samples of albite (NaA1Si308) for 
inert gas retention studies. 

Low fluence irradiations were also done for Heikkinen and 
Schumacher (LLNL) for neutron monitoring calibration and 
adhesive/sealant strength tests, respectively. 

Status 5.1 M. Loaan and D. W. Heikkinen 

Installation was completed on new arc power supplies for both 
the left and right machines. Beam currents up to 110 mA have 
been obtained on target for the left machine. For prolonged 
use, however, beam currents have been limited to 90 mA on the 
23-cm diameter targets because of beam-related vacuum problems 
encountered at the higher currents. These problems are not 
expected to occur for the 50-targets. 

Turbo pumps continue to be a problem. During this period, two 
horizontal pumps (Sargeant Welch) failed destructively. This 
was the major cause of the unscheduled outage. Conversion to 
Balzers turbo pumps is in progress. A rotating target bearing 
seizure was the only other cause of major outage time. Final 
design and fabrication of parts for the new accelerator column 
are continuing. 

- - 
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Except for some minor items (smoke detectors] paging system, 
and landscaping), the modular building has been completed and 
occupied. This provides office space for people formerly 
housed in the set-up lab, as well as visiting Japanese 
scientists. Dedication will be held preceding the RTNS-I1 
Steering Committee Meeting scheduled for February 10 and 11. 

6.0 

Short irradiations for D. Nethaway (LLNL) on U and Pu and T. 
Norris (LANL) on Am are planned for the next quarter. These 
are non-fusion experiments. One of the primary irradiations 
during the next quarter will be the joint Japan/U.S. high 
temperature irradiation using the HEDL furnace. The principal 
contacts are N. Yoshida (Kyushu) and E. R. Bradley (PNL). The 
MACOR irradiation for Fowler (LANL) will be continued. 
Various add-on experiments are also expected. 

6.1 

None 
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STANDARDIZED DOSIMETRY AND DAMAGE DATA FILE 
L. R. Greenwood (Argonne National Laboratory) 

1.0 Ob jective 

To establish standardized dosimetry procedures in order to reduce uncertainties 

in damage analysis and correlation studies. 

2 .o Summary 

The first version of our standardized dosimetry and damage data computer file 

(DOSFILE) has been completed. 

irradiations at ORR, HFIR, EBR-11, Omega West, CP5, HFBR. and IPNS. 

of 

parties for testing. 

At present, data is available for 17 recent ir- 

Copies 

the data file and retrieval programs will be made available to interested 

3.0 Program 

Title: Dosimetry and Damage Analysis 

Principal Investigator: L. R. Greenwood 

Affiliation: Argonne National Laboratory 

4 .O Relevant DAFS Program Plan TaskISubtask 

Task II.A.6 Dosimetry Standardization 

Subtask II.A.6.3 Establish a Permanent Standard Dosimetry File 
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5.0 Accomplishments and S ta tus  

Version I of our s tandar ized  dosimetry and damage da ta  f i l e ,  DOSFILE, i s  now 

ava i l ab le .  Data has been recorded f o r  17 recent  i r r a d i a t i o n s ,  a s  l i s t e d  in 

Table 1. Older da ta  is now being reviewed f o r  en t ry  i n t o  the  f i l e .  The da ta  

is w r i t t e n  i n  a simple card-image format s i m i l a r  t o  ENDF. However, alpha- 

numeric t i t l e s  and header records have been used extens ive ly  t o  make the  f i l e s  

more readable,  without the need t o  reference ex te rna l  manuals. 

The types of da ta  s tored  i n  t h e  f i l e  a re  l i s t e d  i n  Table 2 .  A shor t  f o r t r a n  

r e t r i e v a l  program i s  provided t o  a id  use r s .  By typing in the key words f o r  

t h e  i r r a d i a t i o n  and type of da t a  wanted, a u se r  can rapid ly  obta in  a l i s t i n g .  

For example, the  key words HFR-32 and FSM would i n s t r u c t  the program t o  l i s t  a 

f l u x  and  f luence  summary t a b l e  f o r  t h e  HFIR-CTR32 i r r a d i a t i o n .  The iden t i-  

f i c a t i o n  (IDN) f i l e  conta ins  a plain-English d e s c r i p t i o n  of t h e  i r r a d i a t i o n  

h i s t o r y ,  g rad ien t s ,  and references  t o  more complete  publ ica t ions  as  we l l  a s  

re ference  c ross  s e c t i o n ,  s e l f- sh ie ld ing ,  and unce r t a in ty  data  f i l e s .  These 

l a t t e r  f i l e s  a r e  a l s o  contained i n  t h e  DOSFILE package t o  f a c i l i t a t e  cross-  

re ferencing .  

I n  e s t ab l i sh ing  t h e  f i l e  we have attempted t o  not only document d a t a  and 

procedures,  but a l s o  provide a l l  input  d a t a  required f o r  s p e c t r a l  adjustment.  

S p e c i f i c a l l y ,  t h e  input  d a t a  is provided f o r  the STAYSL computer code which is 

used f o r  s p e c t r a l  adjustment.  Uncer ta in t ies  and covariances a r e  thus l i s t e d  

f o r  t h e  a c t i v i t i e s ,  c ross  s e c t i o n s ,  i n p u t ,  and output f l u x  spec t r a .  Co- 

variances on the  input spectrum and cross  sec t ions  a r e  assumed t o  be described 
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TABLE 1 

IRRADIATIONS INCLUDED IN DOSFILE 

Irradiation* 

HFIR-CTR32 

Key Word 

HFR32 

HFIR-CTR34 HFR34 

HFIR-CTR35 HFR35 

ORR-ME1 ORMFl 

Om-ME2 0m2 

ORR-ME4A-1 0r4a1 

ORR-MFE4A-2 0r4a2 

ORR-Spectral Run ORRLP 

ORR-TBCO7 0rrt7 

om-TRIO-1 tr101 

Omega West-Spectral Run OMWSP 

Omega Wes t-HEDL-1 0m1 

IPNS-9-VT2-REF 1pn9c 

EBRII-XZ87 EB287 

CPS-Fission Converter CP5FC 

HFBR-VT15-2 HFBR2 

HFBR-VT15-3 HPBR3 

HFIR: High Flux Isotope Reactor (ORNL) 
ORR: Oak Ridge Research Reactor (ORNL) 
Omega West Reactor (LANL) 
IPNS: Intense Pulsed Neutron Source (ANL-E) 
EBRII: Experimental Breeder Reactor I1 (ANL-W) 
CP5: Chicago Pile 5 (ANL) 
HFBR: High Flux Beam Reactor (BNL) 

* 
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TABLE 2 

DATA KEY WORDS FOR DOSFILE: 

Key Word Descr ip t ion  

IDN Identification, irradiation history, 
gradients, references 

ACT Activities with uncertainties, covers, 
and self-shielding 

FLI Input flux data 

FUN Input flux uncertainties 

FLO Output flux data 

FCV Output flux covariance matrix 

FSM Flux, fluence summary 

DAM Damage parameters 

by a Gaussian function. 

functional dependence and hence must be reported as a complete 100 x 100 

element matrix, although only half the terms need be listed since the matrix 

is symmetric. 

quantities such as DPA or gas production. 

However, the output covariances have no such simple 

This output matrix must be used to determine errors on derived 

At present copies of WSFILE will be sent to interested parties for testing. 

Feedback from the user cornunity would be particularly useful at this stage in 

determining suitability of data and formats as well as future changes and 

additions to the file. In the near future the file will be placed on the NMFE 

Computer System at Lawrence Livermore Laboratory for general access by the 

fusion community. 

an Argonne report. 

A manual is now being written and this will be published as 
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6 .O Ref e r e n E  

None. 

7 .O Future Work 

Older dosimetry data w i l l  be included i n  NSFILE. 

review t o  update nuclear data and procedures to ensure complete compatibility 

of a l l  data i n  the f i l e .  

This data w i l l  require some 
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DOSIMETRY AND DAMAGE ANALYSIS FOR THE MFE4A SPECTRAL TAILORING EXPERIMENT 
IN ORR 
L. R. Greenwood (Argonne National Laboratory) 

1 .o Objective 

To characterize neutron irradiation facilities in terms of neutron flux, 

spectra, and damage parameters (DPA, He, transmutation) and to measure these 

exposure parameters during fusion materials irradiations. 

2.0 Summary 

Measurements and calculations are presented for the ORR-MFE4A spectral- 

tailoring experiment after an irradiation of 406 full power days (30 MJ) 

between June 12, 1980 and April 26, 1982. The maximum fluence inside the 

capsule was 1.76 x 1022 n/cm2 producing 4.67 DPA and 63 appm He in stainless 

steel (13% Ni). 

4.94 DPA and 73 appm He in stainless steel. Helium calculations include epi 

thermal effects and the extra displacements from the energetic 56Fe recoils. 

The status of all other experiments is  summarized in Table 1 .  

Values outside the sample holders were 1.88 x 1022 n/cm2, 

3.0 Program 

Title: Dosimetry and Damage Analysis 

Principal Investigator: L. R. Greenwood 

Affiliation: Argonne National Laboratory 

4.0 Relevant DAFS Program Plan Task/Subtask 

DAFS Task II.A.l - Fission Reactor Dosimetry 
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Facility 

ORR 

HFIR 

TABLE 1 

STATUS OF DOSIMETRY EXPERIMENTS 

Experiment 

MFE 1 
MFE 2 
MPE 4A1 
MFE 4A2 
MFE 4 B,C 
TBC 07 
TRIO-Tes t 
TRIO- 1 
CTR 32 
CTR 31, 34, 35 
CTR 30 
T 1 ,  T 2 ,  T3 
RBI, RB2, RB3 
CTR 39-45 

HEDLl 
Omega West Spect ra l  Analysis 

EBR-I1  X287 
IPNS Spec t r a l  Analysis 

LANLl (Hurley) 
Hurle y/Coltman 

Status/Change 

Completed 12/79 
Completed 06/81 
Completed 12/81 
Completed 11/82 
I r r a d i a t i o n  i n  Progress  
Completed 07/80 
Completed 07/82 
Samples Sent 10/82 
Completed 04/82 
Samples Received 09/82 
I r r a d i a t i o n  i n  Progress  
I r r a d i a t i o n s  i n  Progress 
I r r a d i a t i o n s  i n  Progress  
Samples Sent 10/82 
Completed 10/80 
Completed 05/81 
Completed 09/81 
Completed 01/82 
Completed 06/82 
Samples Received 11/82 

5 .O Dosimetry and Analysis f o r  t h e  MFE4A Spec t r a l  Tai lor ing  
Experiment i n  ORR 

The MFE4A experiment i n  t h e  Oak Ridge Research Reactor (ORR) was designed t o  

achieve fus ion- l ike  helium-to-DPA r a t i o s  i n  s t a i n l e s s  steel by a l t e r i n g  t h e  

neutron spectrum. The i r r a d i a t i o n  i n  core pos i t i on  E3 began on June 12 ,  1980 

and w a s  f i r s t  removed on January 19, 1981 a f t e r  an exposure of 5481 MUD. 

Dosimeters were removed a t  t h a t  t i m e  and our results were reported previously.  

[Damage Analysis and Fundamental S tud ie s ,  Quar ter ly  Progress Report,  DOE/ER- 

0046/6, p. 24, 1981.1 The experiment was then f u r t h e r  i r r a d i a t e d  from 

March 19 ,  1981 t o  September 1 6 ,  1981 f o r  4404 MWD and f i n a l l y  from February 2 ,  

1982 t o  A p r i l  26, 1982 f o r  2291 MWD. The net  exposure was thus 12,176 MWD. 
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Dosimetry capsules  for t h i s  e n t i r e  exposure have been analyzed and t h e  r e s u l t s  

a r e  reported below. The MPE4A experiment is st i l l  being i r r a d i a t e d ;  hence, 

these  in t e r im resul ts  are intended t o  check t h e  progress  of the planned 

exposure. 

Four of our o r i g i n a l  e i g h t  s t a i n l e s s  steel dosimetry tubes were removed in the  

present  experiment. The o the r  four were l e f t  in for f u r t h e r  i r r a d i a t i o n  along 

with fou r  new dosimeters t o  rep lace  those which were removed. Each tube was 

about 1/16" OD by 2.75" long and contained small q u a n t i t i e s  of P e ,  Co, 80% 

Mn-Cu, T i ,  Nb, Cu, Ni, and helium accumulation monitors.  A l l  of the samples 

were gamma counted by Ge(Li) spectroscopy techniques.  The samples were then 

sent  t o  Rockwell I n t e r n a t i o n a l  for helium analyses .  

The measured a c t i v i t i e s  are l i s t e d  i n  Table 2 . All values have been 

correc ted  f o r  burnup; however, s e l f- sh ie ld ing  e f f e c t s  are not included s i n c e  

t h i s  c o r r e c t i o n  is spectral- dependent and hence must be done concurrent ly with 

subsequent s p e c t r a l  adjustment.  The va lues  agree q u i t e  w e l l  with those re- 

ported previously,  although the  previous %o(n,y) value was a l t e r e d  due t o  a 

r eana lys i s  of t h e  Co-V a l l o y ,  as repor ted  l a t e r .  [Damage Analysis and Funda- 

mental S tudies ,  Quarterly Progress  Report,  WE/ER-0046/8, p .  21 ,  1982.1 

Furthermore, neutron se l f- sh ie ld ing  co r rec t ions  are s l i g h t l y  l a r g e r  in t h e  

present  run.  The f i n a l  a c t i v i t y  r a t i o s  of the  present  measurements divided by 

the  e a r l i e r  measurements a r e ,  as  follows: 
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TABLE 2 

ACTIVATION RATES MEASURES FOR ORR-MFEhA DOSIMETERS REMOVED 

(Values normed to 30 MW, accuracy +1.5%) 
APRIL 26, 1982 AT 12,176 MWd 

Reaction Reipht. i n .  

-0.62 
-2.47 ~ 

-3.75 
-3.94 
-4.50 
-5.78 
-5.84 

-3.97 
-4.16 

58Pe(n, r)59Fe(n,1)60Co -0.62 
-2.47 

5%0(n, .,)~OCO -0.84 

-3.75 
-3.94 
-5.78 
-5.84 
-1.19 
-0.62 
-2.47 
-3.75 
-3.94 
-4.31 
-4.50 
-5.78 
-5.84 
-1.19 
-1.66 
-4.81 

,,p(atomlatom-s) 
Inside Outside 

1.72 x 10-10 1.85-1O 
1.68 1.88 
1.72 

1.83 
1.82 
1.68 

5.65 x 10-9 
1.54 
5.09 x 10-9 
5.09 10-9 

5.48 x 10-9 
1.59 x 10-11 1.88 x 
1.59 1.92 
1.61 

1.87 
1.52 

1.23 
2.44 x 10-9 

1.01 x 10-11 1.05 x 10-11 
1.03 1.08 
1.02 

1.06 
1.00 

1.02 
1.01 

0.96 
1.41 x 10-12 
1.46 1.56 x 10-12 
1.43 

-4.97 1.54 
-5.03 1.44 

-4.13 3.23 
-4.31 3.35 

-5.44 7.07 
-5 .50  6.65 

-4.56 5.74 
-4.75 5.55 
-5.63 5.70 
-5.69 5.80 

-4.56 1.39 
-4.75 1.60 
-5.63 1.48 
-5.69 1.20 

-5.63 1.62 
-5.69 1.52 

55~n(n.~n)%n -1.00 3.21 10-14 3.40 10-14 

63Cu(n,a)60Ca -2.13 7.12 10-14 7.49 10-14 

58Ni(n ,p)58Co+ -2.31 5.68 x 10-12 5.63 x 10-12 

60Ni(n,p)60Co+ -2.31 1.51 10-14 1.74 10-14 

58Ni(n,x)57Co -2.31 1.63 x 10-12 1.73 x 10-12 

'Burnup correactions are not included but are very high ( * S O % )  for 
The 6 0 ~ 0  values are correspondingly too high ( * S O % )  due to %o. 

burnin of 59Co. 
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Reaction Ratio (New/Old) 

58Fe(n, Y) 1.00 f 0.03 
59co(n,r)  0.93 f 0.06 
54Fe (n ,P)  1.01 f 0.03 
4 6 T i ( n , ~ )  1.05 ? 0.03 

Hence, we conclude t h a t  t he re  has been no s i g n i f i c a n t  change in the  spectrum 

between the  two i r r a d i a t i o n s .  The small d i f f e rence  in f l u x  may be due t o  f u e l  

burnup e f f e c t s .  

The a c t i v i t i e s  in Table 2 a r e  grouped by t h e i r  pos i t i on  in the  MFE4A assembly. 

Two tubes  were on the  in s ide  and two on the  outs ide  of an annulus surrounding 

the  experimental samples. The top tubes (0 t o  -2.5") were i r r a d i a t e d  a t  40OoC 

and t h e  bottom (-3.9" t o  -5.8") were a t  300°C. A l l  of the a c t i v i t i e s  f o r  a 

s p e c i f i c  r eac t ion  f a l l  on smooth curves f o r  t h e  inne r  and ou te r  pos i t i ons .  A t  

each pos i t i on  the  maximum grad ien t  was only  about 8% over the  ent i re  length  

( w - 6 ' ' )  where samples were i r r a d i a t e d .  

w e l l  by a simple polynomial of form: 

The g rad ien t s  can a l l  be described q u i t e  

Ai(h) A i  (0)(0.9712 - 0.02497 h - 0.00540 h2) (1) 

where A i  is the  a c t i v i t y  f o r  r eac t ion  i and Ai(0)  is the  maximum value which 

occurs a t  -2.3" below midplane. 

maximum a c t i v a t i o n  r a t e s  f o r  a l l  r eac t ions  and these  va lues  a r e  l i s t e d  in 

Table 3. The thermal a c t i v i t i e s  a r e  about 8% lower on the i n s i d e  compared 

t o  t h e  outs ide  of the assembly whereas the f a s t  neutron va lues  on ly  decrease 

by about 5%. Actual ly,  w e  expect two e f f e c t s  t o  be opera t ive  - a slow f l u x  

gradient  away from core  cen te r  and neutron a t t enua t ion  by t h e  s t a i n l e s s  s t e e l  

s l eeve  around t h e  inner  samples. 

This  expression was then used t o  estimate the  
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TABLE 3 

MAXIMUM ACTIVATION RATES FOR ORR-MFEhA 
(Values a t  -2.3 i n .  Below Midplane) 

og(atom/atom-s) R a t  i o  
Outside ( h i o u t )  React ion  

Ins ide  

58Fe(n,y)59Fea 1.75 x 10-10 1.88 x 10-10 0.93 
5 9 ~ 0  (n , ~ ) ~ O C O  5.16 10-9 5.65 10-9 0.91 
54Fe ( n , p ) s4Mn 1.03 x 10-11 1.08 x 10-11 0.95 
46Ti(n,p)46Sc 1.47 x 10-12 1.58 x 10-12 0.93 
55Mn(n, 2n)S4Mn 3.26 10-14 3.43 10-14 0.95 
63cu( n , .)~OCO 7.10 10-14 7.48 10-14 0.95 

Neutron s e l f- s h i e l d i n g  co r rec t ions  a r e  about 2% f o r  Fe and 1 O X  f o r  
the  Co(n,y) r eac t ions .  

* 

The maximum a c t i v a t i o n  r a t e s  in Table 3 were used t o  ad jus t  the f l u x  

spectrum ca lcu la t ed  by R. A. L i l l i e ,  e t  al.1 

i n  Table 4 

ca lcu la t ed  assuming t h a t  the  neutrons have a Maxwellian d i s t r i b u t i o n  centered 

a t  95"C, t h e  temperature of the  surrounding moderator. 

the  temperature used i n  the  neutronic8 c a l c u l a t i o n s  a t  ORNL. 

the  derived 2200 m / s  thermal f l u x  i s  independent of the assumed d i s t r i b u t i o n  

and t h i s  value is a l s o  l i s t e d  f o r  comparison. 

The r e s u l t a n t  f luxes  a r e  l i s t e d  

The thermal f l u x  w a s  and t h e  spectrum i s  shown in Figure 1. 

This corresponds t o  

In any case, 

Displacement damage and gas production ca l cu la t ions  were performed f o r  both 

the  inner  and outer  pos i t i ons  and t h e  ca l cu la t ed  He and DPA values a r e  l i s t e d  

in Table 5.  

The H e  and DPA values a t  o t h e r  he igh t s  in the  assembly can be ca lcula ted  us ing  

Eq. (1)  where M ( 0 )  i s  taken from Table 5 ;  however, t h e  N i  values deserve 

s p e c i a l  cons idera t ion ,  as  discussed later. The e f f e c t s  of (n,Y) and P-decay 
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TABLE 4 

MAXIMUM FLUX AND FLUENCE VALUES FOR Om-MFE4A 

Fluences Calculated for 12,176 MWd) 
(Values a t  - 2.3 i n .  Below Midplane, Normalized t o  30 MW, 

Flux (x 1014 n/cm2-s) 
Inner m r  Inner Cuter 

Fluence (x 1021 n/cm2) Er ror  - Energy, MeV 

Tota l  
Thermal (<.5 e V ) +  

(2200 m / s )  
0.5 e V  - 0.11 
>0.11 
0.11 - 1 
1 - 5  
5 - 10 
10 - 20 
* Maxwellian t h  ~i 

temperature of 95 

5.01 
1.70 
1.34 
1.64 
1.66 
0.75 
0.84 
0.071 
0.0021 

Lbution assum 

1.85 
1.46 
1.75 
1.76 
0.80 
0.88 
0.075 
0.0022 

5.96 
4.71 
5.77 
5.83 
2.63 
2.95 
0.25 
0.0073 

5.37 17.6 18.8 
6.51 
5.15 
6.16 
6.19 
2.79 
3.10 
0.26 
0.0077 

cen t e r e  a t  t he  modere 

V I  
3 

NEUTRON ENERGY,MeV 

FIGURE 1. Adjusted Neutron Flux Spectrum for t h e  MFE4A Experiment i n  ORR 
Normalized t o  30 MW After  406 F u l l  Power Days. The do t t ed  and 
dashed l i n e s  r ep resen t  one s tandard devia t ion;  however, t h e  f lux  
groups are highly co r re l a t ed .  
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TABLE 5 

DAMAGE PARAMETERS FOR ORR-MFEb 
(Maximum Exposure a t  -2.3 in. 'Below Midplane, 

Fluences Calculated at 12,176 MWd Were 
1.88 x 1022 Outer and 1.76 x 1022 Inner)  

He (appm) DPA 
cut eT Element - Inner 1- O u t e r  - 

Al 
Ti 
V 
Cr 
Mn+ 
Fe 
co+ 
Ni *+ 
cu 
Zr 
Nb 
Mo 
Ta 
316 SS++' 

3.65 3.86 
2.75 2.90 
0.12 0.13 
0.90 0.96 
0.71 0.75. 

0.75 0.79 
1.50 1.57, 

478. 552. 

7.87 
5.04 
5.59 
5.01 
5.35 
4.45 
5.15 
5.50 

5.31 
5.31 
5.89 
5.28 
5.65 
4.70 
5.45 
5.89 

1.31 1.39 4.30 4.53 
0.14 0.15 4.63 4.89 
0.30 0.31 4.27 4.50 - - 3.14 3.31 - - 2.15 2.27 
63.4 73.1 4.67 4.94 

Self-shieldinn * corrections may be needed for thick samples 
for the (n,Y)-reaction which contributes (5.2%) for Mn-and 
(16.8%) for Co. 

Thermal helium and DPA effects included (see text). 

Composition assumed: Cr(.l8), Mn(.O19), Fe(.645), Ni(.13), 
Mo(0.026). 

*+ 
+I+ 

are included in the table. For nickel-bearing materials, two effects must be 

taken into account. 

process 58Ni ( I I , Y ) ~ ~ N ~  (r1,a)~6Fe. 

nickel by the ratio of He(appm)/DPA - 567 (see Reference 2). 
First, the helium generation is increased by the two-step 

Secondly, this process increases the DPA in 

In order to determine the helium generation we need to know the spectral- 

averaged cross sections for the two successive thermal captures. If we start 

from the usual equations based on the 2200 m / s  values (see References 2 and 3), 

then we must estimate corrections for the epithermal flux. If we knew the 
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cross  sec t ions  versus energy, then  w e  could simply average over our adjusted 

spectrum. However, these  d a t a  a re  not ava i l ab le .  I f  we assume t h a t  resonance 

cont r ibut ions  a r e  not l a r g e ,  then t h e  epithermal co r rec t ions  f o r  the  two 

n icke l  capture r eac t ions  should be s i m i l a r  t o  those f o r  our two dosimetry 

r eac t ions ,  namely 58Pe and 59Co(n,Y). Both of these dosimetry r eac t ions  have 

an epi thermal  con t r ibu t ion  t o  the  r eac t ion  r a t e  of about 15%.  Hence, t h e  

equivalent  2200 m / s  f luences t o  be used t o  c a l c u l a t e  helium production a re  

5.44 ( inne r )  and 5.90 (ou te r )  x 1022 n/cm2. 

t o  t h e  t o t a l  thermal f luences  (<.5 eV) cor rec ted  t o  room temperature. A 

s impler  way t o  th ink  about t h i s  i s  to  say  t h a t  the n icke l  capture r a t e s  should 

be roughly propor t ional  t o  t h e  Fe and Co r a t e s  t i m e s  the r a t i o s  of the appro- 

p r i a t e  2200 m / s  c ros s  sec t ions .  

These va lues  happen t o  be c lose  

The n icke l  damage and helium production va lues  a r e  l i s t e d  i n  more d e t a i l  i n  

Table 6 .  

of about 122 appm i n  n i cke l  a t  an in t e r im exposure of 5481 MWD. 

was l a t e r  found t o  agree q u i t e  w e l l  with helium measurements a t  Rockwell 

In t e rna t iona l .4  

present  exposure and these  va lues  w i l l  not only provide the  p rec i s ion  needed 

i n  t h e  MFE4A experiment, but a l s o  can be used t o  f i n e  tune our ca lcu la t ions  i f  

necessary.  

The same procedures were used previously t o  p red ic t  a helium value 

This value 

Of course,  helium measurements a r e  now i n  progress  f o r  the  
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TABLE 6 

DAMAGE AND HELIUM CALCULATIONS FOR NICKEL 

Inner  Outer 
E A  H e ,  appm DPA He. appm 

Reaction 

Fas t  Neutrons: 4.70 22.5 4 .96  23 .7  
0 .93  528 .6  Thermal' 0 .80  455.6 

Tota l  5 .50  478.1 5 .89  552.3  
__ - __ ___ 

Thermal ca l cu la t ions  use equations i n  References 2 and 
3 with e f f e c t i v e  thermal f luences  of 5 .44  and 5 .90  x 
1021 nfcm2 for the inner  and o u t e r  p o s i t i o n s ,  respec t ive ly .  

x 

7.0 Future Work 

The MFE4A experiment is continuing and f u r t h e r  measurements w i l l  be needed t o  

check t h e  progress ,  e s p e c i a l l y  t o  measure the  helium-to-DPA r a t e s  i n  s t a i n l e s s  

steel. Helium measurements a r e  now i n  progress  at  Rockwell I n t e r n a t i o n a l  and 

these  va lues  w i l l  be in t eg ra t ed  with our  radiometr ic  da ta .  

8 .O Publ ica t ions  

A paper e n t i t l e d  "A New Calcula t ion  of Thermal Neutron Damage and Helium Pro- 

duct ion  i n  Nickel" was presented by L. R. Greenwood a t  the MS-AIME Symposium 

on Radiation Damage Analysis f o r  Fusion Reactors i n  S t .  Louis,  MO on 

October 25- 28,  1982.  
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DISPLACEMENT CODE MODIFICATIONS 
F. M .  Mann (Hanford Engineering Development Laboratory) 

1 .o Objective 

The objective of t h i s  work i s  t o  develop and maintain a computer code 
system t o  calculate  damage energy (or  displacement per atom) cross sections 
using basic nuclear data.  

2.0 S umma ry 

A be t t e r  representation of the spectrum of outgoing charged par t ic les  has 
been developed and has been incorporated into  the NJOY Nuclear Data 
Processing System. A comparison w i t h  the ANL code DISCS is  presented. 

3.0 Program 

T i t l e :  I r radia t ion Effects Analysis (AKJ) 
Principal Investigator:  0. G. Doran 
Aff i l i a t ion :  Hanford Engineering Development Laboratory 

4.0 Relevant DAFS Program Plan Task/Subtask 

Subtask II.B.l Defect Production Cross Section 

5.0 Accompl ishments and S ta tus  

5.1 Introduction 

Damage energy (or  displacement per atom) cross sections a re  calculated using 
evaluated nuclear data l i b r a r i e s ,  usually ENDF/B.  However, as these 
l i b r a r i e s  a re  developed primarily for  neutron transport  applications,  some 

data needed for damage calculations a re  n o t  present. Instead, assumptions 
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are  b u i l t  i n t o  t h e  processing codes t o  compensate f o r  miss ing  nuc lear  data. 

An important  example o f  such miss ing  data i s  the spectra o f  outgoing 
charged p a r t i c l e s .  

5.2 Outgoing Charged P a r t i c l e  Spectra 

The present  NJOY nuclear  data processing code 

charged p a r t i c l e  spectrum i s  a d e l t a  f u n c t i o n  around the  Coulomb b a r r i e r ,  

(1 1 assumes t h a t  t he  outgoing 

Ecb. Ecb i s  g iven by 

where Z and A a re  t he  charge and mass o f  t he  outgoind p a i r  o f  p a r t i c l e s .  

The D I S C S  code") (as app l i ed  by L. R. Greenwood a t  ANL) f o l l ows  the  
method of K ikuch i  and Kawaii (3 )  who pos tu la te  an energy- sh i f ted  evaporat ion 

model 

where C i s  a no rma l i za t i on  constant ,  o(E) the angle i n teg ra ted  cross 
sec t ion ,  K(Z) a func t ion  f i t t e d  t o  a v a i l a b l e  data, and e is another 
f u n c t i o n  which takes the  p lace o f  a nuclear  temperature 

i t t e '  

Here u i s  t he  reduced mass o f  the system, Q i s  t he  Q value f o r  t he  reac t ion ,  

and a i s  t h e  nuc lear  l e v e l  den is ty .  Greenwood has f i t t e d  the  values o f  K 
and e found i n  Kikuchi  and Kawaii. 

The Hauser-Feshbach computer code HAUSERx5 was used t o  c a l c u l a t e  t he  outgoing 

pro ton  and alpha spectra f rom n + "A l ,  n + 56Fe, n t 5 8 N i ,  n t 6 4 N i ,  n + 92M0, 
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1 0 0  and n t Mo. Very good agreement has been obtained with such calculations 
and  the sparse available experimental data. 
and iron,  a new f i t t i n g  function was found: 

Using the d a t a  f o r  aluminum 

where 

f (Z )  = 0.1 x z protons 
0.254 x Z alphas 

and  

g(A) = -0.072 A t  

5 8  92 Figures 1 and 2 show a comparison f o r  n t Ni and fo r  n t Mo for  14-MeV 
incident neutrons. 
agreement with the calculated values. 
formula and parameters of Kikuchi and Kawaii, especially fo r  the cases 
where E t Q i s  small. 

For a l l  the cases studied,  the new formula gives good 
The new formula works better t h a n  the 

5.3 Implementation in NJOY and Comparison with DISCS 

The new formula was incorporated into NJOY. Tables 1 and 2 present the 
r e su l t s  from DISCS (kindly supplied by Greenwood) and from the new and o l d  
versions of NJOY for 14-MeV neutrons. Following the philosophy of NJOY, 
the quadrature scheme incorporated i s  4 point in the angular space and 
5 in energy. 

The ( n , p )  r esu l t s  a re  i n  good agreement, as would be expected from the 
good agreement seen in the Ni ( n , p )  spectra of Figure 1 .  However, the new 
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React ion 

(n .PI 
b , d )  
(n , a )  

Absorpt ion 
E l a s t i c  
3 Body 
I n e l  a s t i  c 

To ta l  

React ion 

i 
E l a s t i c  
3 Body 
I n e l a s t i c  

To ta l  

TABLE 1 

DAMAGE ENERGY CROSS SECTIONS (keV-b) 
FOR 14-MeV NEUTRONS ON I R O N  

D ISCS Old NJOY 

23.3 19.2 
inc luded i n  above 4.0 
12.3 7.5 

35.6 
62.3 
82.0 
110. 

31.2 
63.4 
85.9 
114. 

2 90 295 

TABLE 2 

DAMAGE ENERGY CROSS SECTIONS (keV-b) 
FOR 14-MeV NEUTRONS ON NICKEL 

New NJOY 

19.4 
3.8 
7.1 

30.8 
63.4 
85.9 
114. 

294 

DISCS 

41.6 
inc luded i n  (n,p) 
47.9 

89.5 
62.3 
83.5 
64.7 

300 

Old NJOY 

48.4 
3.6 

45.2 

100.2 
63.4 
45.4 
58.0 

267 

New NJOY 

48.5 
3.5 

26.6 

81.5 
63.4 
45.4 
58.0 

249 
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and o l d  v e r s i o n s  o f  NJOY d i f f e r  f o r  N i (n ,a) ,  w h i l e  t h e  new v e r s i o n  o f  NJOY 

d i f f e r s  f r o m  D I S C S  f o r  Fe(n,a). 

A l t h o u g h  t h e  e l a s t i c  and i n e l a s t i c  r e s u l t s  a r e  i n  good agreement, t h e  3 body 

c o n t r i b u t i o n s  f o r  D ISCS and NJOY d i f f e r  f o r  n i c k e l .  I n  i r o n  where t h e  o n l y  

s i g n i f i c a n t  3 body r e a c t i o n  i s  (n,2n), t h e  agreement i s  v e r y  good. N i c k e l ,  
on t h e  o t h e r  hand, has a l a r g e  (n,np) c r o s s  s e c t i o n  [o(n,np) = 2 u(n,2n) a t  

14-MeV]. 
c a l c u l a t i o n a l  models i s  needed t o  r e s o l v e  t h e  d i sc repancy .  

The D I S C S  v a l u e  seems t o o  h i g h ,  b u t  a d e t a i l e d  compar ison o f  t h e  

6.0 

1. 

2. 

3. 
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F u t u r e  Work 

The t r e a t m e n t  of t h e  (n,np) r e a c t i o n  w i l l  be i n v e s t i g a t e d .  
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HELIUM GENERATION CROSS SECTIONS FOR Be(d,n) NEUTRONS 
D. W .  Kneff, B. M. Oliver, R. P. Skowronski, and H. Farrar IV (Rockwell 
International, Energy Systems Group) 

1 .o Objective 

The objectives of this work are to measure helium generation rates of 
materials for Magnetic Fusion Reactor applications in the Be(d,n) neutron 
environment, to characterize this neutron environment, and to develop he1 ium 
accumulation neutron dosimeters for routine neutron fluence and energy 
spectrum measurements in Be(d,n) and Li(d,n) neutron fields. 

2.0 Sutmnarx 

Helium analyses have been completed for nine additional pure elements irra- 
diated in the Be(d,n) neutron field, and average integral cross sections 
have been determined. 

3.0 Program 

Title: Helium Generation in Fusion Reactor Materials 
Principal Investigators: D. W. Kneff and H. Farrar IV 
Affiliation: Rockwell International, Energy Systems Group 

4.0 Relevant OAFS Program Plan Task/Subtask 

Subtask II.A.2.1 
Subtask II.A.4.3 Be(d,n) Helium Gas Production Data 

Flux-Spectral Definition in the Be(d,n) Field 

5.0 Accomplishments and Status 

Helium analyses have been completed for the pure elements Be, Si, Ti, Y,  Ag, 
Sn, Ta, W, and Pt, irradiated in a Be(d,n) neutron field at the University 
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of California at Davis Cyclotron, for 30-MeV deuterons. 
concentrations were combined with integral neutron fluence values for the 
individual sample locations to derive average helium generation cross sec- 
tions. 
sections presented in previous Quarterly Reports. 
are based on a joint Rockwell International-Argonne National Laboratory 
(ANL)-Lawrence Livermore National Laboratory (LLNL) irradiation experiment 
that has been described in detail previously. (3) 
were performed by high-sensitivity gas mass spectrometry. 
neutron fluence distributions were calculated by L. R. Greenwood at 
ANL,(3) using the least-squares analysis code STAY 'SL. 

The measured helium 

These cross sections extend the tabulation of measured Be(d,n) cross 
The measurements 

The helium measurements 
The integral 

The new cross section results are presented in Table 1, where they are given 
in two forms: spectrum-integrated total helium production cross sections 
evaluated for the total Be(d,n) neutron fluence, and spectrum-integrated 
cross sections evaluated for the neutron fluence above 5 MeV. The cross 
sections representing the total neutron yield provide a means of estimating 
the helium generation in these materials for any similar Be(d,n) or Li(d,n) 
spectrum if the total neutron fluence is known. 
uated using the 5-MeV neutron energy cutoff provide a rough estimate of the 
average differential total helium generation cross sections for high-energy 

samples of each element located at different positions within the irradia- 
tion volume, in a flux of neutrons having angles ranging between 0" and 42" 
from the forward direction. The cross section values are thus expected to 
vary with sample location, because of the spatial dependence of the neutron 
spectrum shape and the neutron energy sensitivity of the differential cross 
sections. 
samples, and, because they represent a range of energy spectra, the uncer- 
tainties in the tabulated cross sections for a given Be(d,n) irradiation 
position are large. 
on the total fluence, and -?18% for cross sections based on the fluence 
above 5 MeV. 

The cross sections eval- 

The Table 1 cross section values are based on multiple neutrons. (1) 

The data given in Table 1 are average values for the various 

They are estimated to be -+35% for cross sections based 

(1) 
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TABLE 1 
INTEGRAL HELIUM GENERATION CROSS SECTIONS 

FOR THE -0-32-MeV Be(d,n) NEUTRON 
SPECTRUM PRODUCED BY 30-MeV DEUTERONS 

Average Cross Section (mb)* 

Material Total Fluence Fluence > 5  MeV 

Be 
Si 
Ti 
Y 
Ag 
Sn 
Ta 
W 

Pt 

560 
85 
13 
3 
3 
1.1 
0.8 
0.6 
0.5 

1430 
194 
30 
8 
8 
2.6 
1.7 
1.5 
1.3 

*The cross-section uncertainty for a given 
Be(d,n) irradiation osition is -+35% for the 

5 MeV, reflecting the changing neutron spec- 
trum and thus cross section with source angle. 

total fluence and -? f 8% for the fluence above 

The cross sections determined for fluences >5 MeV are similar to those 
measured for -14.8-MeV T(d,n) neutrons where comparisons can be made. 
measured cross sections for Si, Ti, Sn, and Pt for 14.8-MeV neutrons are 
218, 37, 1.5, and 0.71 mb, respectively. ( 4 ~ 5 )  Similar correlations were 
also observed for previous Be(d,n) results. (1s2) Helium analyses are now 
in progress for samples of Be, Y, Ag, Ta, and W irradiated in a T(d,n) neu- 
tron environment, which will complete the comparison. Platinum was included 
in the Be(d,n) irradiation for later use as a sample encapsulating material, 
and silver was included to extend cross section systematics as a function of 
atomic mass. 

The 
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Future Work 

The analysis of Be(d,n)-irradiated materials will continue, and correlations 
will be made between the integral helium generation results and helium 
production cross section evaluations. 

8.0 Publications 

None. 
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5 9 N i  + n CROSS SECTION EVALUATION 

F. M. Mann (Hanford Engineering Development Laboratory) 

1 .o Ob jec t ive  

To supply evaluated nuclear  data needed f o r  damage s tud ies  

2.0 Sumnary 

5 9 N i  + n r e a c t i o n  cross sect ions lead ing  t o  6 o N i ,  59Co, and 56Fe have been 

evaluated from 10-5 eV t o  10 MeV and p u t  i n t o  ENDF/B format.  

3.0 Program 

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

A f f i l i a t i o n :  Hanford Engineering Development Laboratory 

4.0 Relevant DAFS Program Plan Task/Subtask 

II.A.4.5 Gas Generation Rates. 

5.0 Accomplishments and Status 

Because o f  i t s  l a r g e  alpha product ion cross sec t i on  a t  low neutron energies, 
5 9 N i  p lays an important  r o l e  i n  ma te r ia l  experiments which attempt t o  achieve 
t h e  same He/dpa as t h a t  expected i n  the  f i r s t  w a l l  o f  a f u s i o n  device. Un- 

f o r t u n a t e l y ,  the  evaluated data which e x i s t  a re  0.025-eV data( ’)  o r  r e s t r i c t e d  
t o  i s o l a t e d  p o s i t i o n s  i n  c e r t a i n  t e s t  reac tors  (see, f o r  example, Reference 

2 ) .  

Using the  compiled resonance data from Reference 1, the (n,y). (n,p), and 

(n,a) cross sect ions were generated from eV t o  10-keV. The l a r g e  
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Ni-59 + n Cross Sections 

E-n I e V l  
FIGURE 1. E v a l u a t e d  Neu t ron  Cross S e c t i o n s  f o r  59Ni .  

resonance a t  203.4-eV generates  t h e  l a r g e . t h e r m a 1  c r o s s  s e c t i o n s  t h r o u g h  

i t s  l / v  t a i l .  
Feshback c a l c u l a t i o n s .  There i s  e x c e l l e n t  agreement w i t h  t h e  5 9 N i  (no,  a O )  

56Fe c r o s s  s e c t i o n  i n f e r r e d  t h r o u g h  d e t a i l e d  ba lance  f r o m  t h e  exper imen ta l  
d a t a  o f  R. W .  Kavanagh ( C a l i f o r n i a  I n s t i t u t e  o f  Technology) .  

The e v a l u a t i o n  f r o m  10-keV t o  10-MeV i s  taken  f r o m  Hauser- 

F i g u r e  1 shows t h e  t h r e e  e v a l u a t i o n s  f r o m  eV t o  10-MeV. The e v a l u a t i o n  

i s  a v a i l a b l e  f r o m  t h e  a u t h o r  and i s  a t  t h e  N a t i o n a l  Magnet ic  Fus ion  Energy 

Computing Center .  
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H. T. K e r r ,  and F. G. Perey, "The P r o d u c t i o n  Rate  o f  He l ium D u r i n g  
I r r a d i a t i o n  o f  N i c k e l  i n  Thermal Spectrum F i s s i o n  Reactors  ," accep ted  
f o r  p u b l i c a t i o n  i n  Journa l  o f  N u c l e a r  M a t e r i a l s .  
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5 9 N i  ISOTOPIC ENRICHMENT AS A MEANS OF SIMULATING THE HELIUM/DPA R A T I O  

OF A FUSION NEUTRON ENVIRONMENT 

R. L. Simons (Hanford Engineering Development Laboratory)  

1 .o Ob jec t i ve  

The o b j e c t i v e  o f  t h i s  e f f o r t  i s  t o  i n v e s t i g a t e  t h e  p o t e n t i a l  o f  en r i ch ing  
n i cke l - bea r ing  a l l o y s ,  such as t h e  Prime Candidate A l l o y  (PCA) and HT-9, 
w i t h  t h e  iso tope 5 9 N i  t o  produce t h e  helium-to-dpa r a t i o  o f  a f u s i o n  

r e a c t o r  f i r s t  w a l l  i n  a 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  experiment. 

2.0 S umma ry 

F i s s i o n  reac to rs  a r e  n o t  ab le  t o  produce the  c o r r e c t  concent ra t ion  o f  

he1 ium r e l a t i v e  t o  displacements pe r  atom (dpa) i n  engineer ing m a t e r i a l s  
t h a t  i s  c h a r a c t e r i s t i c  o f  t he  f i r s t  w a l l  o f  a f u s i o n  device. Various 

methods a r e  i n  use o r  have been proposed t o  enhance o r  modi fy  hel ium 
produc t ion  i n  engineer ing ma te r i a l s  i r r a d i a t e d  i n  f i s s i o n  reac tors ,  bu t  
they  a r e  f a r  f rom i d e a l .  Another p o t e n t i a l  technique f o r  ach iev ing  t h e  

c o r r e c t  helium/dpa r a t i o  i s  i s o t o p i c a l l y  e n r i c h i n g  the  n i c k e l  c o n s t i t u e n t  
w i t h  5 9 N i .  Th i s  requ i res  no m o d i f i c a t i o n  o f  t he  a l l o y  composit ion, and 
severa l  i r r a d i a t i o n  f a c i l i t i e s  cou ld  be used. Three o f  them are:  1)  High 
F lux  Iso tope Reactor (HFIR), 2) Fast  Test  Reactor /Mater ia ls  Open Test  

Assembly (FTR/MOTA), and 3) FTR Re f l ec to r .  
b u t  a l l  can y i e l d  t he  c o r r e c t  helium/dpa r a t i o .  
f ea tu res  o f  t h i s  method i s  t he  exact  d u p l i c a t i o n  o f  t h e  he1 ium/dpa r a t i o  
d u r i n g  t h e  f i r s t  30 o r  more dpa where nuc lea t i on  o f  bubbles o r  vo ids i s  
c r i t i c a l  i n  s e t t i n g  t h e  stage f o r  subsequent s w e l l i n g  o f  m a t e r i a l .  

Each has a unique advantage 

One o f  t he  most a t t r a c t i v e  

3.0 Program 

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

A f f i l i a t i o n :  Hanford Engineering Development Laboratory 
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4.0 Relevant OAFS Program Plan Task/Subtask 

Subtask II.C.2 Effects of Helium on Microstructure. 
Subtask I I . C . 7  Effects of Helium and Displacements on Flow. 

5.0 Accomplishments and Status 

5.1 Introduction 

One objective of the Magnetic Fusion Energy (MFE) research programs is 
to develop a first wall material that is resistant to swelling and maintains 
acceptable mechanical properties over all or a large fraction of a reactor's 
operating life. 
to cause greater rate o f  change (per neutron) of the material properties 

by displacement of atoms and a higher helium production rate than is 
observed from fission reactor irradiations. 
swelling can be shifted to lower or higher dpa values depending on the 
rate of introducing the helium. 
generation rates can produce a higher density of bubbles or voids and 
thus a higher density of obstacles to dislocation motion which increases 
the change in yield strength. In addition, it is known that low 
concentrations of helium on grain boundaries cause premature intergranular 
failure of the material for irradiation and test temperatures above about 
one-half the melting temperature. 

The high energy neutrons in a fusion reactor are known 

The incubation period of 

At the same time, higher helium 

Fast fission reactors produce low quantities o f  helium relative to 
displacements ( < 0 . 5  appm/dpa) compared to that produced in the first wall 
of a fusion device (%14 appm/dpa). Likewise, thermal reactors produce 
21 appm/dpa provided that nickel is not present in the material. If it 
is present, the ratio varies as a function of irradiation time to values 
as high as %lo0 appm/dpa due to the build-up o f  Ni which has a large 
thermal neutron cross section. In such cases the void distribution is 
similar to the fast reactor irradiations but there is a high denisty of 

5 9  
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small bubbles disbursed through the lattice. 
increase in helium production rate later in the irradiation cycle. 
the other hand, recent experiments featuring preinjection of he1 ium and 
subsequent irradiation in the Oak Ridge Research Reactor showed a high 
density of small bubbles and reduced swelling relative to the normal 
sample. (lY2) 
of helium early in the irradiation determines the cavity density and 
subsequent swelling. 
give a constant helium/dpa ratio to high exposures is the Fusion Materials 
Irradiation Test Facility (FMIT). The Rotating Target Neutron Source-I1 
(RTNS-11) Facility does not have sufficient flux to study helium effects 
on swelling. 

The latter is due to the 
On 

This leads one to believe that the rate of introduction 

The only foreseeable irradiation facility that will 

Figure 1 shows calculated helium concentration versus dpa for HFIR, FTR, 
and a fusion spectrum. 
in this area. (3) 
indicate constant helium production rate but the rates differ by a factor 
of 35. 
concentration starts out approximately a factor of ten low but ends up 
about a factor of three to five higher than the fusion curve. 
behavior is due to the build-up of 59Ni and subsequent helium production. 
If 5 ppm wt of boron is present in the steel, the low exposure portion 
of the curve coincide fairly well with the fusion curve. However, the 
boron is usually present in clumps or concentrated near grain boundaries. 
Consequently, the helium distribution in the material may not be typical 
of that produced in a fusion reactor irradiation. 

The helium calculations are based on earlier work 
The parallel curves for FTR/MOTA and the fusion spectrum 

In the HFIR Peripheral Target Position (HFIR/PTP) the helium 

This 

A potential solution to the discrepancy in helium/dpa production in test 
reactor neutron environments is to start the irradiation with a steel 
isotopically enriched in 59Ni. Enhanced he1 ium production would then 
be obtained from the 203-eV resonance in the Ni cross section. The 
balance of this report will discuss this approach to obtaining the correct 
helium/dpa ratio in PCA and ferritic alloys being developed in the MFE 
materials research program. 

5 9  
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5.2 Analysis 

Figure 2 shows the concentration of 59Ni as a function of dpa during 
irradiation in HFIR. The concentration peaks at about 16 dpa (~8-10 
months). 
by the large (n,y) cross section (o((nvy)~80 barns). 
nickel produces a peak 59Ni concentration of 2.5”L. 

enriching the 58Ni to ,loo%, the peak 59Ni concentration reaches 3.5%. 
This analysis will assume a minimum 59Ni enrichment of 3.5%. 

Above 16 dpa the concentration drops due to burn-out of 59Ni 
Irradiating natural 

However, by preirradiation 

Figure 3 shows the helium versus dpa for three irradiation conditions 
in HFIR/PTP compared with that expected in a fusion environment. The 
upper curve shows unshielded PCA with nickel enriched to 3.5% 59Ni. 
irradiation condition produces a factor of nine too much helium per dpa. 
However, the curve is nearly parallel to that in the fusion first wall 
(i.e., the effective production rate is a constant). 
uses thermal neutron shielding to reduce the helium production rate. 
this case there is close agreement with the helium production in the 
fusion first wall. The down turn at high dpa in these two curves is due 
to burn-out of the 59Ni. 
in PCA using natural nickel in HFIR with thermal neutron shielding. The 
upturn at high exposures is due to the slow burn-in of 53Ni from the 
resonance at 203-eV. Data from all three irradiations potentially would 
enable a good correlation of material properties as a function of helium 
concentration and dpa. 

This 

The second condition 
In 

The third condition shows the helium production 

It is noteworthy that the ferritic steel HT-9 contains ~ 0 . 5 %  nickel. 
Since the enriched PCA contains 0.49% 59Ni, the helium production 
behavior of PCA is equivalent to HT-9 with the nickel 100% enriched to 
59Ni. 

duplicate the helium/dpa ratio found in the first wall of a fusion 
device. 

Therefore, both PCA and HT-9 can be isotopically tailored to 
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DAMAGE EXPOSURE, dpa 
HEDL 8301.074 2 

FIGURE 3. H e l i m  Concentrat ion Versus dpa f o r  A l l o y s  Conta in ing Various 
Levels o f  5 9 N i  Enrichments. 
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The maximum dpa o b t a i n a b l e  i n  t h e  HFIR/PTP l o c a t i o n  i n  one y e a r  i s  

%16 dpa. 
c o n t r o l ,  t h e  i r r a d i a t i o n  would  have t o  be o u t  o f  co re .  (4)  
t h e  exposure r a t e  t o  1.7 d p a l y e a r .  

25 y e a r s  t o  a c h i e v e  f u s i o n  f i r s t  w a l l  goa l  f l u e n c e s  (175 dpa) .  

I n  o r d e r  t o  i n s t r u m e n t  t h e  exper imen t  f o r  b e t t e r  tempera tu re  
T h i s  drops 

A t  t h a t  r a t e  i t  would  t a k e  more t h a n  

The exposure r a t e  i n  t h e  FTR/MOTA i s  about  32 dpa lyear .  F i g u r e  4 shows 

t h e  performance o f  t h r e e  l e v e l s  o f  

I f  t h e  n i c k e l  i n  PCA i s  e n r i c h e d  t o  40% 5 9 N i ,  remarkab ly  good agreement 

w i t h  t h e  he l ium/dpa p r o d u c t i o n  i n  a f u s i o n  f i r s t  w a l l  i s  ob ta ined .  There 

i s  v e r y  l i t t l e  b u r n- o u t  o f  5 9 N i  f o r  i r r a d i a t i o n s  t o  200 dpa. 

en r i chment  ( t h e  m i d d l e  c u r v e )  shows a f a c t o r  o f  f i v e  enhancement i n  h e l i u m  

p r o d u c t i o n  r a t e  o v e r  t h e  m a t e r i a l  w i t h  n a t u r a l  n i c k e l  ( l o w e r  c u r v e ) .  The 
m i d d l e  c u r v e  a l s o  i l l u s t r a t e s  t h e  performance o f  t h e  HT-9 a l l o y  w i t h  100% 

enr i chment  o f  t h e  n i c k e l .  Note  t h a t  t h e  l o w e r  c u r v e  shows a s m a l l  u p t u r n  

a t  h i g h  dpa due t o  b u r n - i n  o f  5 9 N i .  

5 9  N i  en r i chment  i n  t h e  FTR/MOTA l o c a t i o n .  

The 3.5% 

I n  t h e  FTR/MOTA t h e  hel ium/dpa r a t i o  ( f o r  3.5% enr i chment )  i s  abou t  a 

f a c t o r  o f  seven l o w e r  t h a n  t h e  expected i n  t h e  f i r s t  w a l l  o f  a f u s i o n  

d e v i c e  ( s e e  F i g u r e  4, m i d d l e  cu rve ) .  
t h e  a l l o y  i n  a Row 7 F T R / r e f l e c t o r  l o c a t i o n .  

p o p u l a t i o n  o f  l o w  energy n e u t r o n s  wh ich  can be c a p t u r e d  by  t h e  203-eV 

resonance i n  N i .  F i g u r e  5 shows t h e  performance o f  PCA w i t h  3.5% 

enr ichment ,  o r  e q u i v a l e n t l y ,  HT-9 w i t h  100% enr i chment  ( t o p  dashed 

c u r v e s )  compared t o  t h a t  expected i n  t h e  f i r s t  w a l l  o f  a f u s i o n  d e v i c e  

( s o l i d  c u r v e ) .  

agreement w i t h  t h e  r a t i o  f o r  a f u s i o n  d e v i c e  f i r s t  w a l l .  
exposures b u r n - o u t  o f  t h e  5 9 N i  causes t h e  r a t i o  t o  f a l l  below t h e  f u s i o n  

r a t i o  b y  up t o  a f a c t o r  o f  t h r e e  a t  200 dpa. 
spect rum modera t ion  ac ross  t h e  Row 7 r e f l e c t o r  subassembly i s  s i g n i f i c a n t .  

The " i n n e r "  d e s i g n a t i o n  r e f e r s  t o  a l o c a t i o n  a d j a c e n t  t o  t h e  f u e l  i n  Row 
6 and t h e  " o u t e r "  d e s i g n a t i o n  r e f e r s  t o  a l o c a t i o n  i n  t h e  subassembly 

a d j a c e n t  t o  t h e  Row 8 r e f l e c t o r .  

T h i s  can be c o r r e c t e d  b y  i r r a d i a t i n g  

T h i s  l o c a t i o n  has a h i g h  

5 9  

Out t o  abou t  30 dpa t h e  hel ium/dpa r a t i o  i s  i n  good 

A t  h i g h e r  

The f l u x  g r a d i e n t  and 

The " o u t e r "  p o s i t i o n  sees a l a r g e r  
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FIGURE 4. Helium Concentration Versus dpa for an Irradiation in FTR/MOTA of 
Alloys Containing Various Levels o f  5 9 N i  Enrichment. 
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FIGURE 5. Helium C o n c e n t r a t i o n  Versus dpa f o r  an I r r a d i a t i o n  i n  a Row 7 FTR 
R e f l e c t o r  L o c a t i o n  f o r  Alloys C o n t a i n i n g  Var ious  Levels o f  " N i  
Enrichment.  
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fraction of low energy neutrons reflected back to the core than the "inner" 
location, hence experiences increased production of helium due to the 
203-eV resonance. The bottom curve shows the performance o f  the PCA alloy 
(and approximately the HT-9) using natural nickel. Some burn-in of 59Ni 
would be seen at high dpa in PCA. 

The FTR/reflector at the "outer" location will receive %12 dpa/year, inter- 
mediate between that expected from in-core and out-of-core HFIR irradiations. 
It may be possible to increase the exposure rate to %16 dpa/year by placing 
a mini beryllium reflector on the outer edge of the subassembly to reflect 
back low energy neutrons to the inner edge which has a higher dpalyear. 

The limiting feature of using the concept of enriching the nickel in an 
alloy with 59Ni may be the cost of producing the isotope. 
unofficial estimates are currently at $12K/gm for 25-50 gm lots of 2.5% 

Ni in a Ni solid solution. The 3.5% enrichment level can be achieved 
with additional irradiation time (see Figure 1). The preirradiation 
target would be 100% enriched Ni. The cost of producing Ni in a purer 
state (90% enrichment) would be substantially more. At this cost and 
quantities the material test specimens would be limited to miniature tensile 
and charpy specimens, and TEM disks. 
answering questions about the sensitivity of he1 ium effects on mechanical 
properties and swelling t o  the schedule o f  helium production. 

Preliminary and 

58 5 9  

58 5 9  

However, this may be adequate for 

5.3 Conclusions 

It has been shown that the helium/dpa ratio in a fusion device first wall 
can be duplicated well by enriching the nickel content of the alloy with 
the isotope With a 40% enriched alloy, the high dpa rates of FTR/MOTA 
could be used to reach 150-200 dpa in a reasonable irradiation time. Other 
test locations in HFIR and FTR can also be used to duplicate the helium/dpa 
ratio of a fusion neutron environment using 3.5% enrichment in a PCA alloy 
or 100% enrichment in the ferritic steel HT-9. 

5 9  Ni. 
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TRANSMUTATION-INDUCED DEPOSITION PROFILES IN HALOS SURROUNDING SPHERICAL 
PRECIPITATES 
A. Kumar (University of Missouri-Rolla) and F. A. Garner (Westinghouse 
Hanford Company) 

1 .o Objective 

The object of this effort is to determine the effect of helium, lithium and 
other elements on microstructural development of irradiated metals, employ- 
ing the energetic reaction products produced by transmutation reactions 
occurring in precipitates. 

2.0 Sumnary 

The deposition profiles that form around precipitates undergoing energetic 
transmutation reactions can be used to study the effects of helium, hydrogen 
and lithium on microstructural development during neutron irradiation. A 
completely general derivation has been performed to determine the deposition 
profile concentrations for any transmutation reaction and precipitatehatrix 
combination. 

3.0 Program 

Title: Irradiation Effects Analysis (AKJ) 
Principal Investigator: D. G. Doran 
Affiliation: Westinghouse Hanford Company 

4.0 Relevant DAFS Program Plan Task/Subtask 

Subtask II.C.2. Effect of Helium on Microstructure 
I1 .C.4. Effect of Solid Transmutants on Microstructure 

49 



5 .O Accomplishments and Status 

5.1 Introduction 

In an earlier report(') a method was described which allows the determina- 
tion of some aspects of the role of helium on microstructural evolution in 
complex alloys. It involves a direct comparison of the materials response 
to the rate of helium generation, a variable of prime importance in fusion 
reactor materials studies. This is accomplished by irradiating specimens in 
either a fast or mixed spectrum reactor and conducting microstructural 
analyses on matrix regions adjacent to precipitates rich in boron. 
precipitates produce well-defined atmospheres o f  helium and lithium 
generated by the "€3 (n,a) Li reaction. Microstructural comparisons are 
made between the regions bearing implanted helium and those just beyond the 
helium-implanted zone, an excellent example(2) of which is shown in Fig- 
ure 1. A variety of helium/dpa ratios can be obtained in one specimen by 
using precipitates o f  various sizes. 
virtual absence of variations in alloy composition, preirradiation micro- 
structure and displacement rate over small distances, and can be used to 
study any material of interest if appropriate and identifiable precipitates 
can be developed. 

Such 

7 

This method takes advantage o f  the 

Other transmutation reactions can also be employed for this purpose. Exam- 
( 3 - 5 )  Both of 

these have the advantage that they do not produce lithium, an element shown 
to have a large effect on void nucleation and growth. (l) 
will be present in a fusion reactor environment, however, and their separate 
or synergistic effects with helium can be studied using this method. The 
precipitates can be produced either by addition of appropriate solutes to 
the alloy melt or by introduction of fine insoluble precipitates into the 
metal by various techniques. ZrB2 precipitates have been proposed using the 
first method(6) and the use of oxides of lithium(3) and B,C(7) powders are 

examples of the latter type of technique. Nickel-rich precipitates do not 
need to be introduced since they tend to form naturally during irradiation 
of nickel alloys containing silicon, manganese, molybdenum and other minor 
solutes.(8) 

ples are the 6Li(n,a) 3 H and 58Ni(n,y) 59 Ni(n,~)~~Fe reactions. 

Both 6Li and 3H 
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The range of precipitate compositions and introduction methods available 
allows the use of this technique in almost all materials of fundamental or 
technological interest. The confident utilization of this technique requires 
knowledge of the deposition rates occurring throughout the region where the 
implanted atoms come to rest. 
powers of the precipitate and matrix phases are equal, the deposition pro- 
files are easily calculated and have been presented earlier.(’) 
shows typical injection profiles for this case. 

For the rare occurrence where the stopping 

Figure 2 

In general, however, the energy deposition characteristics of the transmu- 
tation products are different in the two phases. The simple assumptions 
employed in the earlier analysis are no longer valid and a more general 
treatment is rewired. 

5.2 Determination of Injection Profile for Spherical Precipitates 

5.2.1 Limits o f  the Deposition Halo Outside the Precipitate 

Consider a reaction product emitted isotropically at a fixed energy Eo, 

traveling in a straight line and coming to rest at a fixed distance from its 
source. The distance traveled will be Rm(Eo) if the entire travel is in 
the matrix phase and R (E  ) if all travel is in the precipitate phase. 

P O  
The ranges are in inverse proportion to the stopping power of the medium 
traveled and can be shown to define(’) the ratio 

where A is the atomic weight and p is the density. 

For a Precipitate of radius r P’ 
the precipitate can be defined by an inner and an outer radius. As shown in 
Figure 3 the outer radius is always 

the width of the deposition region outside 
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FIGURE 2. E f f e c t  o f  P r e c i p i t a t e  S i z e  on Normal ized D e p o s i t i o n  Rate of 
Reac t ion  Products  f o r  1oB( n,a) Events O c c u r r i n g  i n  S p h e r i c a l  M3B2 
P r e c i p i t a t e s  Embedded i n  a S t a i n l e s s  S t e e l  M a t r i x .  
power r a t i o  m = 1.0 for  t h i s  case. 
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FIGURE 3. L i m i t s  o f  t h e  Halo  a r e  Determined by t h e  P r e c i p i t a t e  S ize,  t h e  
Range o f  t h e  E n e r g e t i c  P a r t i c l e  i n  t h e  M a t r i x ,  and t h e  R a t i o  m 
Tha t  De f ines  t l i e  R e l a t i v e  S topp ing  Powers o f  t h e  P r e c i p i t a t e  and 
M a t r i x  Phases. 
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R o = R  + r  m p  

The inner radius depends on the precipitate properties such that 

Rm - (2m-1)r P' if ma E ( 3 )  

The particles arriving at a point(x,o) in the halo were emitted by atoms 
lying on a surface defined by 

R(x,e) = d ( h e )  + d,(x,e), (5) P 

as shown in Figure 4 and where d is the distance traveled in a particular 
phase. 

5.2.2 

The description of R(x,e) must now be determined. , Geiger('') stated that 
the energy loss rate a;r of an alpha particle was inversely proportional to 
the particle velocity. 
Rule" are found in the literature. 

The Source Surface Within the Precipitate 

d E  

From this statement various forms o f  the "Geiger 
Some of these are given below. 

(6a) instantaneous energy loss 
rate at any energy E 

( b )  R(Eo) -EAs5 total range in one phase (6b 

(6c 2/3 residual energy at a distance 
L < - R(Eo) ( c )  Eo Eo = [l - *I 
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FIGURE 4 .  Schematic Illustration of Internal Precipitate Surface 
Contributing Particles to Point x,o in the Halo. 

P 

FIGURE 5. Geometrical Relationships Describing the Maximum Angle Defining 
the Source Surface for Any Point in the Halo. 
"under the horizon" case and ( b )  shows the "over the horizon" 
case. 

(a) shows the 

The precipitate horizon is viewed from the point ( x , o ) .  
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Consider now the obvious corollary of the Geiger Rule when the particle 
travels a distance d 
phase, traveling a distance dm until its kinetic energy is exhausted. 
Statements (6b) and (6c) must hold in both phases; therefore 

in the precipitate phase and then encounters the matrix 
P 

at the precipitate boundary and 

describes the remaining range in the matrix relative to the range of the 
particle at its original energy. Since E(d ) = E(d,) at the precipitate 
boundary, equating these two expressions leads to 

P 

Employing this criterion and the geometry shown in Figure 4 it can be shown 
that 

R(x,e) = m-l R, + (m - 1 )  [x cos e - 

Consider a differential volume dV (located in the precipitate on the source 
surface) that emits the particles deposited in the volume element dV' in the 
matrix at point (x,o). These elements are separated by the distance R(x,e) 
defined above and hereafter referred to as R. These volume elements can be 
defined in spherical coordinates as 
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-1 2 . dV = m R s i n  e cos e dx d e d 4 

and 

dV' = dA'dx cos e 

where e i s  t h e  angle between t h e  d i r e c t i o n  o f  R and the  x-axis.  

5.2.3 

The d i f f e r e n t i a l  depos i t i on  r a t e  dD(x) per u n i t  volume a t  ( x ,o )  i s  propor-  

t i o n a l  t o  t h e  source s t reng th  per  u n i t  volume S ,  t h e  p r o b a b i l i t y  t h a t  a 

The Deposi t ion Rate Wi th in  t h e  Halo 

p a r t i c l e  emi t ted  i n  t h e  source 

r e l a t i v e  source and depos i t i on  

dA' dV dD(x) = S -2 - 
4nR dV'  

- s i n  e & & .  - 4 n m  

D ( x )  = =  rax s i n  Ode 
0 

volume i s  d i r e c t e d  toward (x.0) and the  

volumes. Therefore 

/2" 
0 

where emax i s  t h e  maximum value o f  e d e f i n i n g  the  sur face c o n t r i b u t i n g  

t o  depos i t i on  a t  p o i n t  (x,o). 
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5.2.4 Determination of emrv  

A s  viewed from the point (x,o) there are two cases, one when the maximum 
angle describing the source surface defines a boundary which lies in front 
of the precipitate horizon and another when that boundary lies over the 
horizon. The transition occurs when x = rn Rm + r . 

P 

When the boundary defined by e m a x  falls in front of the precipitate 
h o r i z o n , / F i <  x c (Rm + r ) and the line PQ shown in Figure 5a 
does not go through the precipitate. 

P 

max = [*I . 

When line PQ goes through the precipitate, the boundary of the source 
surface lies over the horizon. 
Equations 8 and 9, 

Using the geometry shown in Figure 5b and 

The total deposition T o f  any one reaction product outside the precipitate 
is defined by 

T = 4i7 IRo x2 i)(x)dx 

R i  

Note that the in two parts, integrating from 
R i  t o J v i  
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With some care it can be shown that this integral equals the total source 
strength (4/hr3S when 2r < R 
halo is less than the total source strength since some of the particles come 
to rest within the precipitate. 

For 2r > R the total deposition in the P P - P' P P  

5.2.5 Results and Discussion 

Equations 13 and 14 define the deposition profiles outside the precipitate 
and can be applied to any transmutation reaction, precipitate size or 
matrix/precipitate combination. 
for the l06(n,a) reaction, Figures 6 and 7 show typical profiles for the 
"B(n,a) case where m = 0.5 and m = 2.0. 

While the m = 1.0 case is shown in Figure 2 

When m = 0.5 a discontinuity in the deposition gradients will develop as 
shown in Figure 6 .  
however. 
discontinuity due to range straggling of the energetic particles. 
where m = 0.5 is unique. For all other values of m, both the deposition 
rate and its derivitive are everywhere continuous. 

There is continuity in the deposition rate itself, 
In practice, however, the investigator will probably not see the 

The case 

Several advantages and disadvantages of this technique are clear from a 
comparison o f  Figures 6 and 7. 
m > 1.0 the width of the halo for a given precipitate size is greater than 
when m c1.0, yielding a larger region over which the deposition profile 
may be considered to be uniform. This is important since the width o f  the 
halo limits the size of the microstructural components which can be studied. 
This enlargement o f  the halo width also leads t o  a larger region of overlap 
of the concentric halos resulting from both transmutation products, which 
may be an advantage or disadvantage depending on the objectives of the 
individual experiment. Figures 2, 6 and 7 also demonstrate that one can 
obtain a variety of helium levels in a single grain if suitably small areas 
contain more than one size o f  precipitate. 

When precipitates are employed such that 
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When the masses of the two reaction products are not too dissimilar the two 
concentric halos can overlap easily. For the 58Ni(n,~) Ni(t~,a)~~Fe reac- 
tion the fragments have quite different energies and ranges. 
fragment retains only 340 keV o f  the reaction energy and the alpha particle 
retains 4.76 MeV. (11) 
retained in or near the precipitate. The helium atoms travel a much larger 
distance (-15 pm) however. Since most nickel-rich precipitates are only 
small fractions of a micron in size, the helium in the halo will be far away 
and very dilute, difficult to recognize above the background helium level 
and will be very hard to associate with a given precipitate. Therefore, 
this technique will only be useful for precipitates on the order o f  10-15 pm 
in size. In 300 series stainless steels precipitates of this size occur 
only at relatively high temperatures (>6OO0C). 

59 

The 56Fe 

Thus the iron atoms travel less than 100 nm and are 

Whereas it has been previously shown that the displacements caused by 
transmutation products in fission reactors would not be a large fraction of 

has shown this not to be true in mixed-spectrum reactors such as HFIR where 
the "double-nickel" reaction occurs. 
can lead to increases in the displacement rate approaching 100% for pure 
nickel. 
irradiation this will lead to displacement rates in and near the precipi- 
tates that are significantly higher than that o f  the surrounding matrix. 

the total damage generated in energetic neutron spectra,(') Greenwood (11) 

The 340-keV recoil energy o f  56Fe 

Since nickel tends to concentrate in many precipitates during 
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MUXS: A CODE TO GENERATE MULTIGROUP CROSS SECTIONS FOR SPUTTERING 
CALCULATIONS 

T. J. Hoffman*, M. T. Robinson**, and H. L. Dodds, Jr.*** 

(Oak Ridge N a t i o n a l  L a b o r a t o r y )  

1.0 O b j e c t i v e  

The purpose o f  t h i s  s t u d y  i s  t o  c o n s t r u c t  numer i ca l  models o f  t h e  develop-  

ment o f  c o l l i s i o n  cascades and t o  a p p l y  them t o  s t u d i e s  o f  r a d i a t i o n  damage 

p r o d u c t i o n ,  s p u t t e r i n g ,  and plasma p a r t i c l e  b a c k s c a t t e r i n g ,  i n  t h e  c o n t e x t  

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

2.0 Summary 

The computer code MUXS generates m u l t i g r o u p  cross s e c t i o n s  f o r  charged 
p a r t i c l e  t r a n s p o r t  problems. Cross s e c t i o n s  generated by MUXS can be used 

i n  many m u l t i g r o u p  t r a n s p o r t  codes, w i th  m inor  m o d i f i c a t i o n s  t o  t h e s e  

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

d i s t a n c e s ,  and so f o r t h .  

3.0 Program 

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

P r i n c i p a l  I n v e s t i g a t o r :  M. T. Robinson 
A f f i l i a t i o n :  Oak Ridge N a t i o n a l  L a b o r a t o r y  

* Computer Sciences D i v i s i o n ,  Union Carb ide Corpora t ion ,  Nuc lear  D i v i s i o n  

** S o l i d  S t a t e  D i v i s i o n ,  Oak Ridge N a t i o n a l  L a b o r a t o r y  

*** Department o f  Nuc lear  Eng ineer ing,  U n i v e r s i t y  o f  Tennessee, K n o x v i l l e  
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4.0 Re levan t  DAFS and PMI  Program Plan Task/Subtask 

Subtask 111.6.1.3: Development o f  T h e o r e t i c a l  Model D e s c r i p t i o n s  

Subtask III.C.1.6: Development o f  T h e o r e t i c a l  Models f o r  Phys ica l  

o f  R e f l e c t i o n  and B a c k s c a t t e r i n g  

and Physichemical  S p u t t e r i n g  

5.0 Accompl ishments and S ta tus  

D u r i n g  t h e  pas t  s e v e r a l  years ,  we have p resen ted  severa l  papers on t h e  

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

charged p a r t i c l e  t r a n s p o r t  problems [ I- 51.  The computer program t h a t  was 

deve loped i n  connec t ion  w i t h  t h i s  work has now been documented and prepared 

f o r  d i s t r i b u t i o n .  The documentat ion i s  con ta ined  i n  an ORNL r e p o r t  [SI, 
which  s h o u l d  be c o n s u l t e d  f o r  t h e  d e t a i l s .  The r e p o r t  has r e c e i v e d  t h e  

s t a n d a r d  f u s i o n  m a t e r i a l s  d i s t r i b u t i o n  UC-2Dc. The code MUXS and t h e  
changes r e q u i r e d  i n  ANISN t o  use it f o r  c h a r g e d- p a r t i c l e  t r a n s p o r t  a p p l i c a -  

t i o n s ,  as w e l l  as t h e  ANISN code i t s e l f ,  may be o b t a i n e d  f r o m  t h e  R a d i a t i o n  

S h i e l d i n g  I n f o r m a t i o n  Center,  Oak Ridge N a t i o n a l  Labora to ry ,  P. 0. Box X.  

Oak Ridge, TN 37830. 
program m a t e r i a l  f o r  c i r c u l a t i o n  completes work on t h i s  t o p i c .  

P u b l i c a t i o n  o f  t h i s  r e p o r t  and p r e p a r a t i o n  o f  t h e  
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C H A P T E R  3 

REDUCED ACTIVATION MATERIALS 
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ACTIVATION OF COMPONENTS OF A FUSION ALLOY 

F. M. Mann (Hanford Engineering Development Laboratory)  

1 .o Ob jec t i ve  

The o b j e c t i v e  o f  t h i s  work i s  t o  determine the a c t i v a t i o n  o f  t he  
cons t i t uen ts  o f  p o t e n t i a l  f u s i o n  a l l o y s  so as t o  guide m e t a l l u r g i s t s  
i n  s e l e c t i n g  low a c t i v a t i o n  ma te r i a l s .  

2.0 Summary 

The a c t i v a t i o n  o f  var ious  elements a t  t h e  STARFIRE f i r s t  w a l l  p o s i t i o n  

f o r  a two (2 )  year  i r r a d i a t i o n  p e r i o d  was ca lcu la ted .  
Mn, Co, and N i  have t h e  h ighes t  unshielded dose r a t e s  per  u n i t  volume. 
A f t e r  3 x l o 5  days, N (considered as a l i q u i d ) ,  N i ,  and Mo have the  
h ighes t  decay r a t e s  per  u n i t  volume. 

3.0 Program 

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

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

A f f  i 1 i a t i  on : 

4.0 

A t  t en  (10) days, 

Hanford Engineering Oevel opment Laboratory 

Relevant DAFS Program Plan Task/Subtask 

No r e l e v a n t  Task. 

5.0 Accomplishments and Status 

. 

I n  order  t o  t a i l o r  t he  composit ion o f  an a >y produces 
a low l e v e l  o f  r a d i o a c t i v i t y ,  t h e  a c t i v a t i o n  o f  each o f  t h e  elements com- 

p r i s i n g  the  a l l o y  must be known. 

(C, N, 0, Mg, A l ,  S i ,  P,  T i ,  V ,  C r ,  Mn, Fe, Co, N i ,  Mo, W )  and a t  the STARFIRE 

~y so t h a t  t he  a 

Therefore, t he  a c t i v a t i o n  o f  var ious  elements 
(1 1 
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f i r s t  w a l l  p o s i t i o n  have been ca l cu la ted  f o r  a two (2)  year  bombardment 
t ime and f o r  var ious  c o o l i n g  t imes [ tc = 1.0 x lOY, 3.0 x 1Oy days, where 

y = -2(1)6].  
Mn, Co, and N i  have t h e  h ighes t  unshielded dose r a t e s  per  u n i t  volumes 

a t  1 meter. A f t e r  3 x lo5 days (%8820 years, a t ime t y p i c a l  o f  waste 

s tud ies ) ,  N (considered as a l i q u i d ) ,  N i ,  and Mo have the  h ighes t  decay 

r a t e s  pe r  u n i t  volume. 

A t  t e n  (10) days (a t y p i c a l  de lay t ime  f o r  maintenance) 

Table 1 d i sp lays  decay and dose r a t e s  a f t e r  t e n  (10) days f o r  each o f  

t he  elements ca lcu la ted .  Also shown a r e  t h e  most impor tant  reac t i ons  

and t h e i r  i n d i v i d u a l  c o n t r i b u t i o n s .  For s h o r t  t imes where maintenance 
i s  t h e  pr ime concern, dose r a t e  i s  t h e  more r e l e v a n t  quani ty ,  w h i l e  f o r  

l ong  t imes where waste management i s  t h e  pr ime concern, decay r a t e  i s  
more re levan t .  Table 2 d i sp lays  s i m i l a r  i n fo rma t i on  f o r  a c o o l i n g  
p e r i o d  o f  3 x l o 5  days. Table 3 presents t he  dens i t y  and i s o t o p i c  

abundances used i n  t he  c a l c u l a t i o n s .  . 
The methods and cross sec t ions  used a re  descr ibed i n  Reference 2. I n  

general t he  most impor tan t  cross sec t ions  a re  f rom ENDF/B-V and should 

be q u i t e  r e l i a b l e .  However, some e x o t i c  reac t i ons ,  such as S i  (n,2p), 

come f rom a cons ide ra t i on  o f  r e a c t i o n  systematics and a r e  somewhat 

quest ionable.  An e f f e c t  n o t  considered i s  gaseous d i f f u s i o n  which 

probably  w i l l  be impor tan t  f o r  t r i t i u m .  

o u t  o f  t he  a l l o y ,  b u t  t r i t i u m  may a l s o  d i f f u s e  i n  f rom t h e  plasma o r  

f rom t h e  breeding m a t e r i a l .  

2 9  

Not o n l y  may t r i t i u m  d i f f u s e  

6.0 

1. 

2. 

3. 
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7.0 Future Work 

Additional work will include additional elements, (Li, Be, B, S, Cu, 

Zr, Nb, Sn, Hf, Ta, and Pb), a different reactor spectrum or position, 
and different irradiation times and power histories. Particularly for 
elements heavier than the iron group, neutron capture is very important. 
However, the capture rate is very sensitive to the assumed spectrum; 
e.g., the TASKA(3) first wall flux is harder than the STARFIRE first 
wall flux, and blanket spectra are softer than first wall spectra. 
Activation is not linearly related to a reactor-on time, so a range of 
irradiation periods will be considered. 
to power history effects, important for isotopes with half-lives comparable 
to the time scale of the radiation cycle, will be determined. 

In addition, the sensitivity 

8.0 Acknowledgements 
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TABLE 1 

A C T I V A T I O N  AT 10 DAYS AFTER 2-YEAR I R R A D I A T I O N  AT STARFIRE F I R S T  WALL 

Element 

C 
li 
0 

Mg 

A1 

Si 
P 

Ti 

V 

Cr 

Mn 
Fe 

to 

Ni 

Mn 

W 

Decay Rate (Curies/cm') - Value Major Reaction** 

2.6(-7)* 

1.9(-5) 

5.9(-1) 

8.8t-1) 

8.2 ( -3) 

2.6(-1) 
1.2(+1) 

2.0(+1) 

7.7( -1) 

1.6(+2) 

3.4(+2) 
1.3(+2) 

2.5(+3) 

5.7(+2) 

2.6(+1) 

6.6(+2) 

"C(n,a) lose (100%) 

"+N(~,x)~H ( 98%) 
"O(n.o)'*C ( 83%) 
180(n,na)1rC ( 17%) 

25Mg(n,a)zZNa ( 65%) 
25Mg(n.x)3H ( 22%) 
2sMg(n,r)ZZNa ( 12%) 
z7Al(n,~)3H ( 89%) 
27Al(n,o)24Na ( 11%) 
z9Si (n.x)'H (100%) 
31P(n,x)3H [ 50%) 
31P(n,r)3zP ( 50%) 

46Ti(n.p)r6Sc ( 47%) 
'eTi(n,a)*5Ca ( 29%) 
51V(n,a)"8Sc ( 57%) 
51V(n,na)*7Sc ( 43%) 

76%) 
19%) 

*(x) read as *lDx 

Dose Rate at 1 Meter(Rem /hr-cm3) 
Value Major Reaction** - 
*** 
*** 
*** 

6.1 (-1) 

1.7(-3)* 

3.8(-5) 
*** 

1.4(+1) 

8.6( -1) 

4.0(+0) 

1.7(+2) 
7.1(+0) 

3.0(+3) 

1.9(+2) 

9.9(+0) 

5.5(+0) 

**only reactions which contribute at least 10% as listed 
less than *** 
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TABLE 2 

ACTIVATION AT 3 x lo5  DAYS ( m o  YEARS) AFTER 2-YEAR IRRADIATION AT STARFIRE 
F IRST WALL 

El ernen t 

C 

N 

0 

M g  

A1 

S i  

P 

T i  
V 

Mn 

Fe 

co 

N i  

Mo 

W 

Decay Rate (Curies/crn3) 
Value Major Reaction** 

2.6(-7)* 13C(n,a)lOBe (100%) 

1.6(-2) "N(n,p)l'+C (100%) 

1.9(-5) '70(n,a)"C ( 83%) 
laO(n,na)'*C ( 17%) 

*** --- 
4.1 (-5) 27A1 (n ,2n)26A1 ( 100%) 

*** --- 
*** --- 
*** --- 
*** --- 
*** --- 

1 . l(-5) s'+Fe(n,np)S3Fe 

*** --- 
7.0(-3) s8Ni(n,y)59Ni ( 63%) 

6 2 N i ( n , ~ ) ~ 3 N i  ( 19%) 
60Ni(n,2n)59Ni ( 14%) 

3.8(-2) 92M0(n,y)~~MO ( 63%) 
( 1 36%) 

1.5(-8) '86W(n,na)18ZHf (100%) 

94Mo ( n ,2n) 93Mo 

Dose Rate a t  1 Meter(Rern /hr-crn3) 
Value Major Reaction** 

*** --- 
6.0(-5) 27Ai(n,Zn)*6Al (100%) 

*** --- 
*** --- 
*** --- 
*** c -- 
*** --- 
*** --- 
*** --- 

6.7(-8) 61Ni(n,2p)60Fe ( 83%) 
6 ' + N i ( n , n ~ ) ~ ~ F e  ( 1 1 % )  

*(x) read as *lox 
**only react ions which con t r i bu te  a t  l e a s t  10% are l i s t e d  
***less than 
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TABLE 3 

ISOTOPIC  ABUNDANCES 

Element 

C 

N 

0 

Mg 

A1 

Si 

P 

T i  

V 

Cr 

Mn 

Fe 

co 

N i  

Mo 

bI 

2.26 

0..81* 

1.14* 

1.74 

2.70 

2.33 

1.82 

4.51 

6.1 

7.19 

7.43 

7.86 

8.9 

8.9 

10.2 

19.3 

I s o t o p i c  Abundances 
Mass (% abundances) 

12(99.89), 13(1.11) 

14(99.63), 15(0.37) 

16(99.758), 17(0.038), 18(0.204) 

24(78.909), 25(10.00), 26(11.01) 

27(100.0) 

28(92.33), Zg(4.67). 30(3.10) 

31(100.0) 

46(8.25), 47(7.45), 48(73.7), 

49(5.4), 50(5.2) 

50(0.25), 51(99.75) 

50(4.35), 52(83.79), 53(9.50), 53(2.3 

55(100.0) 

54(5.8), 56(91.8), 57(2.1), 58(0.3) 

59(100.0) 

58(68.3), 60(26.1), 61(1.1), 62(3.6), 

64(0.9) 

92(14.8), 94(9.3), 95(15.9), 96(16.7) 
97(9.6), 98(24.1), lOO(9.6) 

180(0.13), 182(26.3), 183( 14.3), 
184 (30.67), 186( 28.6) 

* dens i ty  of l i q u i d  
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C H A P T E R  4 

FUNDAMENTAL MECHANICAL BEHAVIOR 
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EFFECT O F  TEMPERATURE ON THE CRACK PROPAGATION CHARACTERISTICS IN RTNS-I1 
IRRADIATED TYPE 316 STAINLESS STEEL MICROSPECIMENS 
R .  D.  Gerke and W .  A. Jesser (University of Virginia) 

1 .o Objective 

The objective of t h i s  work i s  t o  determine the role of temperature on crack 
propagation character is t ics  d u r i n g  t ens i l e  tests o f  neutron i r radiated type 
316 s ta in less  steel  microspecimens. 

2.0 Summary 

Microtensile specimens i r radiated in RTNS-I1 a t  room temperature t o  a fluence 
o f  1 x loz2 n/m2 and subsequently tens i le  tested a t  room temperature, 400' and  
600" respectively, showed tha t  the e f fec t  of t ens i l e  t e s t  temperature i s  to  
enhance those character is t ics  associated with duct i le  crack propagation. Duc- 
t i l i t y  as measured by reduction of area was largest  a t  600°C and l ea s t  a t  400". 
These resu l t s  are consistent with those on unirradiated specimens except t h a t  
the duc t i l i t y  loss a t  400°C i s  more pronounced in tha t  case. 
tested showed a relationship of s table  crack length per unit elongation, S ,  t o  
Reduction of Area, ROA, in the thick region of the specimen as  ROA2 x S = 0.4. 

All specimens 

3.0  Program 

T i t l e :  
Principal Investigators: W .  A. Jesser and R.  A. Johnson 
Aff i l ia t ion:  University of Virginia 

Simulating the CTR Environment in the HVEM 

4.0 Relevant DAFS Program Plan Task/Subtask  

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

3.1 Introduction 

The embrit t l ing e f f ec t  of i r radia t ion manifests i t s e  f in severa ways such as 
The  re la t ive  embrittlement contr i-  ducti l . i ty loss and  intergranular f racture .  

butions of the various microstructural and microchemical changes associated 
with i r radia t ion have n o t  been separated, even t h o u g h  many of the re la t ive  
contributions t o  specimen strength have been considered"). 
um in promoting embrittlement i s  not well understood. 
mine the irradiation-induced condition of the specimen which is  responsible 
fo r  b r i t t l e  f a i l u r e ,  in- s i tu  HVEM t ens i l e  t es t ing  of microspecimens has been 
conducted. Testing a number of specimens exhibiting a variety o f  microstruc- 
t u r a l  conditions has fa i led  t o  reveal any c r i t i c a l  microstructure responsible 
f o r  intergranular f a i l u r e .  The data show tha t  intergranular f a i l u r e  of  i r -  

radiated aus ten i t i c  s t a in l e s s  s tee l  i s  largely a temperature-dependent phenom- 
enon rather t h a n  being sensi t ive  t o  microstructure. I t  i s  therefore important 
t o  understand the role  of temperature in controll ing embrittlement o f  i r r ad i -  
ated materials. 

The role  of heli-  
In an e f f o r t  t o  deter-  

The development of i r radia t ion induced microstructure and  microchemistry i s  
temperature dependent and the p las t ic  deformation processes show a temperature 
dependence. Both of these temperature dependent processes occur together dur-  
ing a creep experiment and show some in te r re la ted  e f f ec t s ;  however, the two 
processes can be separated by investigating the temperature dependence of 
p l a s t i c  deformation in several specimens which have a fixed microstructure 
charac te r i s t i c  of one temperature. I n  order t o  accomplish t h i s  goal, several 
aus ten i t i c  s ta in less  s tee l  specimens were neutron i r radiated under the same 
conditions and  then t ens i l e  tested a t  three temperatures up  t o  600°C. 
s u l t s  of these t e s t s  were compared t o  results from similar t e s t s  on unirradiat-  
ed specimens. 
t e r i z e  crack propagation through the thin  regions of a specimen with thick 
edges. 

The re- 

The parameters selected fo r  comparison were ones which charac- 



5.1 Specimen Preparat ion and Test Procedure 

Commercial type 316 s t a i n l e s s  s t e e l  f o i l s  were s o l u t i o n  annealed i n  vacuum 
(pressure < l o - ' +  Pa) f o r  one hour a t  1000°C. 

f o i l s  were punched i n t o  rec tangu lar  m ic ro tens i l e  specimens 12.5 mm long by 2.5 
mm wide. 

diameter was e lec t ropo l i shed  t o  e lec t ron  transparency f o r  400 kV e lec t rons  i n  

a 90% a c e t i c  a c i d  10% p e r c h l o r i c  a c i d  s o l u t i o n  a t  room temperature. 

e l e c t r o p o l i s h i n g ,  a number o f  the specimens were i r r a d i a t e d  w i t h  14-MeV neu- 

t rons  near room temperature i n  the  Lawrence Livermore Rota t ing  Target Neutron 

Source I 1  (RTNS-11) f a c i l i t y  t o  a t o t a l  f luence o f  about 1 x n/m2. 

A f t e r  anneal ing t h e  4 0 - ~ m  t h i c k  

Next a c i r c u l a r  reg ion  i n  the  center  o f  the  specimen about 2m i n  

Before 

The i r r a d i a t e d  specimens and u n i r r a d i a t e d  comparison specimens were t e n s i l e  

t es ted  t o  f a i l u r e  i n  a q u a n t i t a t i v e  load-elongat ion t e n s i l e  stage opera t ing  a t  

one o f  t h ree  temperatures: 
one specimen was tes ted  a t  each temperature because o f  the l i m i t e d  number o f  

i r r a d i a t e d  specimens. 

a) room temperature, b )  400°C and c )  600°C. Only 

During the  t e n s i l e  t e s t  a l l  specimens e x h i b i t e d  microcrack i n i t i a t i o n  i n  the 
t h i n  area a t  the  edge o f  the  p e r f o r a t i o n  which r e s u l t e d  from the  e l e c t r o p o l i s h -  

i n g  procedure. 

i c a t i o n  o f  10 kX were recorded on video tape wh i l e  simultaneously record ing 
the  l oad  e longat ion  data from the  t e n s i l e  stage, which represents the  o v e r a l l  
behavior o f  the  whole microspecimen. From t h i s  data one can charac ter ize  the  

propagation behavior o f  the  main crack and determine i t s  temperature depend- 

ence. 

can be r e l a t e d  t o  specimen d u c t i l i t y .  

a tu re  dependent. 

HVEM observat ions o f  the  main propagating crack a t  low magnif- 

A graph o f  crack length  versus specimen e longat ion  has a slope which 

The d e t a i l s  o f  the  graph are temper- 

5.2 Experimental Results 

I n v e s t i g a t i o n  o f  the  crack propagation c h a r a c t e r i s t i c s  o f  u n i r r a d i a t e d  type 316 

s t a i n l e s s  s t e e l  has p rev ious l y  been repor ted f o r  t e n s i l e  t e s t  temperatures o f  
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room temperature and 400°C. ( 3 )  
s t a i n l e s s  s t e e l  t e s t e d  a t  600°C has been performed and the t e n s i l e  t e s t i n g  o f  
t h e  RTNS-I1  i r r a d i a t e d  specimens has been conducted a t  e leva ted  temperatures.. 

The two cases o f  t e s t i n g  a t  4OOOC and a t  600°C are shown r e s p e c t i v e l y  i n  the 
two graphs o f  t o t a l  crack length,  L, p l o t t e d  aga ins t  specimen e longat ion(F ig .1 ) .  

I n  t he  present  r e p o r t  t he  case o f  u n i r r a d i a t e d  
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FIGURE 1.Crack Length Versus Elongat ion f o r  RTNS I 1  I r r a d i a t e d  Specimens, Which 
Were a )  Tens i l e  Tested a t  400°C and b )  Tens i l e  Tested a t  600°C. No- 
t i c e  t h a t  t he  v e r t i c a l - h o r i z o n t a l  steps o f  t he  400°C case are absent 

from t h e  600°C case. 

A comparison o f  a l l  o f  t he  crack l e n g t h  versus e longat ion  curves, and the  crack 
t i p  angle, crack angle and crack propagat ion d i r e c t i o n  versus e longat ion  data 
shows a t r e n d  which e x h i b i t s  a temperature dependence. A l l  cracks under a l l  

t e s t  cond i t i ons  u t i l i z e d  thus  f a r  have the  f o l l o w i n g  c h a r a c t e r i s t i c s  i n  com- 

mon. 
specimen i s  s t a b l e  and e x h i b i t s  a d iscont inuous s t a r t - s t o p  character .  

crack reaches the  t h i c k  s ides  o f  t he  specimen which have n o t  been th inned by 

Crack propagat ion through the  t h i n  reg ion  (e lec t ropo l i shed  reg ion)  o f  t he  
Once the  
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electropolishing,  the crack propagation becomes unstable and the crack catas-  
trophically f ractures  the specimen a t  a r a t e  too high t o  observe or record. 
The crack propagation t h r o u g h  the thin region i s  therefore controlled by the 
displacement of the thick adjacent regions which are undergoing p las t ic  defor- 
mation without cracking. 

The e f f ec t  o f  neutron i r radiat ion on the crack length  versus elongation curves 
i s  t o  introduce a pronounced step shape in  the curve. This step i s  a nearly 
horizontal section adjacent t o  a nearly ver t ical  section.  The nearly horizon- 
t a l  sect ion,  l i t t l e  crack lengthening associated with the elongation, i s  ac- 
companied by slow changes in crack direct ion,  crack t i p  angle and  crack angle. 
The nearly ver t ical  section,  substantial  crack lengthening during the elonga- 
t ion ,  i s  accompanied by rapid changes in the above mentioned three parameters 
fo r  which the amplitude o f  the  parameter osc i l l a t ions  i s  reduced from t h a t  as- 
sociated with a slowly propagating crack. 

The e f f ec t  of increasing tens i le  t e s t  temperature on the step in the curve i s  
t o  decrease the magnitude of the vertical-horizontal sections unti l  a t  600°C 
they have disappeared. 
the slope of the graphs fo r  the case of the i r radia ted specimens, except fo r  
the 400°C data which shows a slope increase and correspondingly a s l i gh t  ROA 
decrease. The graph corresponding t o  a 600°C t e s t  of i r radia ted s ta in less  
s tee l  resembles t ha t  fo r  an unirradiated specimen tested a t  600"C, b u t  the 
respective cases fo r  room temperature and fo r  400°C show strong steps in the 
i r radia ted specimens, b u t  steps which are weak or absent  in the unirradiated 
specimens. 
mens i s  t o  increase the smoothness of the graph o f  the crack l e n g t h  versus 
elongation. 

Another e f f ec t  of increasing temperature i s  t o  decrease 

The e f f ec t  of increasing test  temperature o f  i r radia ted microspeci- 

Examination of the f racture  surface revealed t h a t  there are two d i s t i nc t  re- 
gions on the separated surfaces. 
microspecimen i s  shown in Figure 2. The reduction of area ,  ROA, which oc- 
curred in the thick region during s table  crack propagation t h r o u g h  the thin re- 
gion i s  denoted as a shoulder and the remaining region of the f racture  surface 
represents t h a t  portion of the sample t h r o u g h  which catastrophic crack propaga- 

A schematic representation of a fractured 
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a. b. 

C. d. 

FIGURE 2. Schematic I l l u s t r a t i o n  o f  a Fractured Specimen: a )  Top View, b) Near 

Edge View o f  E lec t ropo l i shed  Region and the  Surrounding Thick Area, 

c )  Before and A f t e r  Frac tu re  Cross-Section View, d )  Shoulder L e f t  

A f t e r  Fracture.  

t i o n  took p lace i n  t h e  t h i c k  region.  
o f  area which occurred du r i ng  s t a b l e  crack propagat ion, i . e .  t h a t  recorded and 

graphed, can be made by measuring t h e  area o f  shoulder and s u b t r a c t i n g  t h i s  

q u a n t i t y  f rom t h e  t o t a l  c ross- sec t iona l  area. Th is  data i s  ca l cu la ted  and 

presented i n  Table 1 a long w i t h  the slope, S, o f  the curve o f  crack l e n g t h  

versus e longat ion.  

i s  c l o s e l y  constant  a t  0.4. 

Measurements o f  t he  amount o f  r educ t i on  

I t i s  i n t e r e s t i n g  t o  no te  t h a t  t he  product  of ROA2 and S 
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TABLE 1 

DATA FROM HVEM MICROTENSILE SPECIMENS 

O r i  o i n a l *  
Cross-;ectional 

Specimen T e n s i l e  Average Area ROA; (ROA)2 S 
T e s t  C o n d i t i o n  Slope, S ( x  mm2) (%)  

U n i r r a d i a t e d  R.T. 1.7 4.4 49 0.41 
400°C 2.8 4.2 38 0.40 
600OC 1.2 4.3 53 0.34 

R T N S I I  R.T. 3.6 5.0 34 0.42 

400°C 4.2 
600°C 2.1 

Neut ron 
I r r a d i a t e d  4.4 32 0.43 

5.9 44 0.41 
* 

e s t i m a t e d  f rom SEM micrographs 

'dur ing s t a b l e  c rack  growth o n l y  

5.3 D iscuss ion  

As t h e  t e n s i l e  t e s t  temperature  i s  i n c r e a s e d  f r o m  room temperature  t o  600"C, 

t h e  c h a r a c t e r i s t i c s  o f  c rack  p ropaga t ion  i n  t h e  n e u t r o n  i r r a d i a t e d  specimen 

more c l o s e l y  resemble those  o f  t h e  u n i r r a d i a t e d  specimens. Even though t h e  

c r a c k  p r o p a g a t i o n  c h a r a c t e r i s t i c s  o f  t h e  i r r a d i a t e d  and u n i r r a d i a t e d  specimens 

a r e  most s i m i l a r  a t  t h e  t e s t  temperature  o f  600°C, s t i l l  t h e r e  i s  a more 
b r i t t l e  c rack  p ropaga t ion  behav io r  a s s o c i a t e d  w i t h  t h e  i r r a d i a t e d  specimen, a s  

i s  revea led ,  f o r  example, by  t h e  s l o p e  S o f  t h e  c r a c k  l e n g t h  versus e l o n g a t i o n  

graph. 
i n  an u n i r r a d i a t e d  specimen, b u t  t h e  s lope  o f  t h e  cu rve  i s  h i g h e r  than  t h a t  o f  

an u n i r r a d i a t e d  specimen and hence corresponds t o  l e s s  r e d u c t i o n  o f  a rea  i . e . ,  

more b r i t t l e  b e h a v i o r .  

T h i s  graph shows a smooth cu rve  t y p i c a l  o f  d u c t i l e  c rack  p ropaga t ion  

The i r r a d i a t e d  specimens a l l  e x h i b i t e d  t h e  same m i c r o s t r u c t u r e  a f t e r  i r r a d i a -  
t i o n .  However, d u r i n g  t h e  t e n s i l e  t e s t  some changes i n  t h e  m i c r o s t r u c t u r e  and 

m i c r o c h e m i s t r y  may occur .  Small d i s l o c a t i o n  l o o p s  and d e f e c t  c l u s t e r s  formed 

d u r i n g  i r r a d i a t i o n  may anneal a t  600°C w h i l e  t r a n s m u t a t i o n a l  h e l i u m  produced 
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by ( n , a )  reactions are l ike ly  immobilized a t  t raps even a t  600'C. 
expect, from the above idea, t ha t  as t e s t  temperature i s  increased the anneal- 

ing e f f ec t  increases specimen duc t i l i t y  unti l  a level i s  reached which i s  dom- 
inated by the transmutational helium. 

One might 

I n  view of the s imi la r i ty  of the geometry of a l l  the specimens tes ted thus f a r ,  
the relat ionship ROA2 x S I t  has been 
determined from electron micrographs t h a t  the extent of s table  crack propaga- 
t ion i s  about 400 wn and  the specimen region which exhibi ts  p las t ic  deformation 
i s  about 1000 vm long (gauge length).  The r a t i o  of these two geometrical para-  
meters i s  a lso  0.4; however, a def in i te  connection between t h i s  r a t i o  and the 
above constant has not yet  been established.  

0 .4  may be a result of specimen shape. 

5.4 Conclusions 

The following conclusions have been reached regarding type 316 s ta in less  steel 
neutron i r rad ia ted  t o  a fluence of 1 x l o z 2  n/m2. 

i )  The length of crack propagation per unit  elongation decreases in 
neutron i r radiated specimens as t ens i l e  t e s t  temperature increases 
from room temperature t o  600°C. 

duction of area,  ROA,  f o r  a l l  the specimens tes ted thus f a r  as 
ROA2 x S = 0.4 .  

i i i )  Combining resu l t s  ( i )  and ( i i )  shows t h a t  over the  temperature 

i i )  T h e  above crack l e n g t h  per elongation, S, can be related t o  re- 

range 600°C t o  room temperature, duc t i l i t y  in i r radia ted speci- 
mens i s  increased by increasing temperature. Notice t ha t  t h i s  i s  
not true of unirradiated specimens. 

i t s  role  in establishing an i r rad ia t ion  microstructure. 

neutron i r radiated specimen t ens i l e  tes ted a t  600°C. do v i s ib le  
cav i t i es  were present in the specimen. 

i v )  The role  of temperature in t ens i l e  tes ts  i s  a separate one from 

v )  No intergranular,  b r i t t l e  crack propagation was observed in the 
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CORRELATION OF FRACTURE TOUGHNESS WITH TENSILE PROPERTIES FOR IRRADIATED 
20% CW 316 STAINLESS STEEL 
F. A. Garner (Westinghouse Hanford Company), W. G. Wolfer (University of 
Wisconsin), and M. L. Hamilton (Westinghouse Hanford Company) 

1 .o Objective 

The first-wall lifetime in pulsed Tokamak reactors is expected to be limited 
by fatigue crack growth. 
cally on the fracture toughness after irradiation. 
study is to establish a valid correlation for irradiated materials between 
fracture toughness and tensile properties, since the latter can be more 
easily obtained with miniature specimens. 

The terminal stage of crack growth depends criti- 
The purpose of this 

2.0 Sumnary 

Tensile properties measured on irradiated 20% CW 316 stainless steel speci- 
mens made from ducts and from cladding are used to predict values for the 
plane strain fracture toughness according to a model originally developed by 
Krafft. In contrast to the Hahn-Rosenfield model, this model gives results 
which agree with recent experimental measurements. 
that it may be feasible to obtain tensile properties from irradiated 
miniature tensile samples and use them to predict the toughness for ductile 
transgranular failure. 

It therefore appears 

3.0 Programs 

Title: 
Principal Investigator: W. G. Wolfer 
Affiliation: University of Wisconsin-Madison 

Effect of Radiation and High Heat Flux on First-Wall Components 

Title: Irradiation Effects Analysis (AKJ) 
Principal Investigator: D. G. Doran 
Affiliation: Westinghouse Hanford Company 
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4.0 

II.C.1. 
II.C.8. 
II.C.14. 

5.0 

5.1 

In order 

Relevant DAFS Program Plan Task/Subtask 

Effects of Materials Parameters on Microstructure 
Effects of Helium and Displacements on Fracture 
Model of Flow and Fracture Under Irradiation 

Accomplishments and Status 

Introduction 

t o  assess the lifetime of first-wall components exposed to cyclic 
heat flux and neutron damage in a fusion reactor, it will be necessary to 
perform a fatique crack growth analysis with realistic correlations for the 
degradation of mechanical properties as a function of neutron damage. An 
extensive analysis of this kind has been performed recently by Watson, ( 1  1 
but rather tenuous correlations were used for the fluence-dependence of the 
fracture toughness. These correlations were based on theoretical considera- 
tions advanced by Odette and Frey(*) and by Wolfer and Jones. ( 3 )  
spite o f  the use of these somewhat hypothetical correlations, the analysis 
by Watson clearly demonstrated that a reduction in fracture toughness can 
have a significant impact on the lifetime of the first wall. Figure 1 shows 
the computed lifetime of a first wall as a function of the saturation* value 
of fracture toughness. This analysis employs the assumptions that an ini- 
tial surface flaw exists with a depth of 1 mm and that the wall is exposed 

2 to a cyclic heat flux having an amplitude of 50 W/cm . 
the lifetime depends strongly on the fracture toughness, particularly for 
the most desirable wall thicknesses around 5 mm. 

In 

It is seen that 

The saturation value of the fracture toughness is also of critical import- 
ance for safety considerations. Should failure occur, it is most desirable 

~~~ ~ 

*Since most mechanical properties of austenitic stainless steels approach a 
limiting or saturation value during irradiation, it is likewise assumed 
that fracture toughness will exhibit the same behavior. 
dence to support or refute this assumption. 

There is no evi- 
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that it be a leak rather than a catastrophic propagation of a crack. 
of these failure modes will be encountered depends both on the wall 
thickness and on the fracture toughness, as shown in Figure 2. 

Which 

The experimental determination of the fracture toughness for irradiated 
materials is hampered by several considerations. First, both standard and 
miniature fracture toughness specimens are rather large with respect to the 
limited space available in either FMIT or breeder and mixed-spectrum reac- 
tors. 
priori estimate of the expected fracture toughness. For these reasons it is 
desirable to explore the possibility that fracture toughness values might be 
obtained from tensile properties of irradiated samples having a much reduced 
size. This possibility was discussed at some length by Wolfer and Jones, 
and it was pointed out that the appropriate correlation between the fracture 
toughness and tensile properties is fundamentally different for materials 
exhibiting homogeneous plastic flow and those experiencing localized flow. 
The latter is expected only for highly irradiated materials with a residual 
tensile ductility of perhaps less than 1%. 

Second, the minimum size for valid test specimens requires some a 

( 3 )  

A published data base exists for the tensile behavior of 20% CW 316 stain- 
less steel irradiated in EBR-11. ( 4 , 5 )  In addition, a limited number of frac- 
ture toughness measurements have also become available. ( 6 ' 7 )  Accordingly, it 
now is possible to test relationships which attempt to connect fracture and 
tensile properties. 
it demonstrates that a model developed by Krafft provides a satisfactory 
correlation when the appropriate input parameters are used. 

In this report, a comparison of this nature is made and 

5.2 Results 

In a previous appli~ation'~) of the models by Hahn and Rosenfield(*) and 
by Krafft (9y10) to HFIR-irradiated 20% CW 316 stainless steel, 
was concluded that the Krafft model gives satisfactory results, whereas the 
Hahn-Rosenfield model predicts values of toughness which are too low by a 
factor o f  two. However, this conclusion was based solely on a comparison 
with the measured fracture toughness for unirradiated material. 

(11) it 
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FIGURE 2. F a i l u r e  Mode Map. The locus o f  po in t s  represents a combination o f  
wa l l  thickness and i r r a d i a t e d  f r a c t u r e  toughness such t h a t  a leak-  
through f a i l u r e  mode i s  as equa l l y  probable as a ca tas t roph ic  f r a c -  
t u r e  f a i l u r e  mode. 
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In the meantime, several experimental investigations have been made on the 
fracture toughness of irradiated 20% CW 316 by Huang and coworkers. Huang 
and Fish(6) performed tensile tests at 593'C on notched and unnotched 
specimens made from duct material irradiated at 375-415°C in E B R - I 1  to a 
fluence of 7.8 x 10" n/cm (E > 0.1 MeV). Based on a J-integral analysis 
of the load-displacement curves from two notched specimens, they obtained 
fracture toughness values between 57.2 and 67.7 MPa /iiL 

2 

Huang and Wire(7) measured toughness on thin fracture toughness specimens 
fabricated from EBR-I1 duct material irradiated to fluences of 11.0 to 11.3 
x lo2' n/cm 
The test temperatures were 282, 477, 538 and 649OC. 
Hahn-Rosenfield model could predict toughness of unirradiated material but 
not for irradiated material. 

2 (E > 0.1 MeV) and temperatures ranging from 377 to 400°C. 
They showed that the 

These two sets of data provide an excellent opportunity to further test the 

This correlation is given by 

fracture toughness correlation of Krafft") as modified by Schwalbe. (10) 

where: 

u = yield strength 
Y 

= true fracture strain s f  
E = Young's modulus 
v = Poisson's ratio 
n = strain hardening exponent 

d* = size of the fracture process zone or dimple diameter 

The process zone size d* which determines the dimple size or spacing is not 
usually measured in tensile tests. For ductile failure by void growth and 
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coalescence, however, the dimple size is on the order of the average dis- 
tance between inclusions, particularly between grain boundary precipitates 
or grain boundary carbides. It is therefore a reasonable assumption to set 
d* equal to the grain size. For the present study, a lower limit on d* of 
30 pm and an upper limit of 50 pm was selected based on the measured 
range of grain sizes in the ducts from which the specimens were made. 
the plastic stress-strain law is assumed to be described by the equation 

If 

where e o  and a. are two arbitrary reference values of the unaxial 
strain and stress, respectively, the strain-hardening exponent n can be 
obtained from the relationship 

where a u  and 

Although Schwalbe (lo) suggests that 
strain or the total elongation, it is more in accordance with the spirit of 
the Krafft model to take for the uniform elongation as determined 
from smooth tensile specimens. This is because the model treats the material 
between deformation-produced voids as miniature tensile specimens and pos- 
tulates that crack propagation starts when plastic instability is first 
reached. 

are the ultimate stress and uniform strain. 

in Eq. (1) should be the true fracture 

Using the tensile data for duct material listed in Table 1 the fracture 
toughness values were predicted using the above correlations. 
two values given for KIc in the last two columns of Table 1 correspond to 
the lower and upper values chosen for d*, respectively. 
Table 1 are designated by a star, and they represent tensile tests carried 
out  at a temperature sufficiently high that failure is expected to be 
intergranular. 
to be applicable. 

Note that the 

Some entries in 

For these cases, the correlation in Eq. (1) is not expected 
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TABLE 1 

TENSILE PROPERTIES AND COMPUTED VALUES FOR THE FjACTURE TOUGHNESS 
OF 20% CW 316 DUCT MATERIAL IRRADIATED TO 10 x l o 2  n/cm2 ( E  > 0.1 MeV) 

M1 D1 

M1D2 

M2D1 
M2D2 

M3D1 
M4D1 

M4D2* 
M5D1 

M5 D2 
M6D1 

M6D2* 

M l I l  

M1 I 2  

M211 

M212 

M311 

M312 
M411 

M412* 

M511 
M5I2 
M611 

M6 12* 

20 

232 

379 
491 

232 

538 

649 
232 

3 79 
538 

649 
20 

232 

452 

563 

232 

427 
538 

649 
232 
452 

538 

649 

793 

859 

787 
699 

894 

716 

501 
880 

782 
673 

524 

749 
707 

731 

621 

834 

724 
612 

414 

832 
728 
633 

448 

1121 

925 

838 
747 

949 

760 

527 
957 

867 
688 

545 
870 

778 

829 

659 

938 

801 
652 
448 

92 1 

775 
681 

525 

13.6 147.8 

2.7 74.1 

1.9 58.2 
1.4 57.2 

2.2 70.5 

0.9 67.2 

1.3 45.8 
2.6 75.3 

1.1 58.4 
0.6 51.1 

0.9 46.5 

12.4 121.8 

5.6 78.9 

4.4 77.6 

1.4 48.5 
7.7 97.7 

6.3 86.0 
2.1 51.5 

1.6 42.3 

6.8 89.8 
2.0 56.1 

4.2 67.0 

3.2 59.3 

Tt = t e s t  temperature 

t The upper and lower l i m i t s  o f  KIc a re  ob ta ined  assuming d* = 30 and 

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

* P o s s i b l y  i n t e r g r a n u l a r  f a i l u r e .  

190.8 

95.7 
75.2 
73.8 

91 .o 
86.7 

59.1 

97.2 
75.4 
65.9 

60.0 

157.3 
101.9 

100.2 
62.6 

126.1 

111.0 
66.4 
54.6 

116.0 
72.4 

86.5 

76.5 
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Figure 3 shows the computed values for K 
of the test temperature assuming d* is 30 pm. 
dicted fracture toughness decreases with the test temperature. 
values at 650°C are suspect for the reason mentioned above. 
however, that at least some of the tests carried out at this temperature did 
result in transgranular or ductile failure as indicated by their relatively 
high toughness value (>50 MPa m. 

of duct material as a function IC 
It is seen that the pre- 

Some of the 
It appears, 

The values of fracture toughness measured by Huang and coworkers are also 
shown in Figure 3. 
lower estimate based on d* = 30 u m  compares favorably while the upper 
estimate with d* = 50 um seems to be too large. 

When compared to the computed values it appears that the 

Huang and Fish also determined in their experiment the tensile properties in 
addition to the fracture toughness. Accordingly, the correlation can be 
tested to see whether it reproduces the measured value. 
strength was u 
The true strain at failure was estimated from the reduction in area to be 

If we assume again that d* is between 30 urn and 50 urn, Eq. (1) 

The reported yield 
= 530.8 MPa, and the strain hardening exponent was n = 0.035. 

Y 

= 0.3. € f  
gives values for KIc ranging from 136 to 176 MPa /iii. 
are too large. The apparent failure o f  the Krafft model for these input 
values demonstrates the point made above, namely that cf should be set 
equal to the uniform strain c U  rather than the total elongation for 
unnotched soecimens. 

Clearly, these values 

The uniform strain of irradiated 20% CW 316 duct material at 593Y was 
reported by Huang and Fish to be about 0.05. 

the predicted fracture toughness is between 54 MPa m a n d  69 MPa 
/m, which compares very favorably with the measured range of 57.2 to 67.7 
MPa /iii; 

With this value chosen for 

E f ,  

Since the data in Table 1 are rather limited, it was decided to attempt a 

The tensile data are shown in Table 2 and the predicted values of fracture 

similar correlation using uniaxial tensile data from irradiated tubinq. ( 5 )  
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WITH d* = 30pn 
A TOUGHNESS MEASUREMENTS 

BY HUANG AND WIRE 
TOUGHNESS MEASUREMENTS 
BY HUANG AND FISH 

> 

0 
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1M m 300 4a 600 600 700 

TEST TEMPERATURE, OC 

0 

FIGURE 3. Comparison of Measurements and Estimates of the Fracture Toughness 
for Irradiated 20% CW 316 Stainless Steel, Assuming d*=30 pm and 
Using Duct Tensile Properties. 
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TABLE 2 

TENSILE PROPERTIES AND COMPUTED VALUES FOR THE FRACTURE TOUGHNESS 
OF 20% CW 316 TUBING IRRADIATED TO FLUENCES 

BETWEEN 6.1 AND 13.0 x 10Z2 n / c d  (E >0.1 MeV) 

Specimen 

3362 

3363 

3366 
33H7 

34H1 
34H2 

34H3 
35F2* 
35H4 

3551 

3752 
3753 

41C1 
41C3 

41 C4 
4161 

41 62 
4163 

45B1* 

45B2* 

4562 
41D2 

41 04 
45D2* 

45D4* 

2 30 

370 

510 
370 

4 50 
450 

20 

650 
230 
540 

577 
595 

5 79 
480 

480 
20 

230 
468 

649 
649 

2 30 
471 

582 

646 

757 

Tt = t e s t  temperature 

727 

793 

605 
587 

587 

525 

690 

31 7 
499 

410 

34 1 
32 1 

480 
607 

560 
749 

654 

618 
294 

276 

385 

553 

454 

276 

174 

925 

887 

721 

854 

649 
62 1 

915 

348 
669 
492 

441 
423 

524 
690 

656 
912 

778 

710 

416 

376 

636 
652 

505 
314 

185 

E U  ( % I  
5.3 

3.1 
3.4 

3.6 

9.7 
8.7 

13.7 

3.9 
16.3 

13.0 

13.2 
11.6 

5.0 
7.3 

6.7 
17.3 

9.0 

7.2 
10.5 

9.5 

13.7 
8.0 

6.1 

5.5 

0.7 

K I ~  (MPa f i ) t  

93.6 

63.6 

68.9 

80.6 
87.0 
85.2 

121.5 

39.2 
111.8 

85.9 

85.1 
74.2 

70.9 
81 .O 

76.1 

135.9 

94.9 

85.9 
85.8 

73.2 

114.6 
84.5 

66.9 
45.4 

23.9 

120.9 

82.1 

88.9 

104.1 
112.3 

110.0 

156.9 

50.6 
144.3 

110.9 

109.9 
95.8 

91.6 
104.6 

98.2 

175.4 

122.5 

110.9 
110.8 

94.5 

148.0 

109.0 

86.3 
58.6 

30.9 

t The upper and lower  l i m i t s  of  KIc are obta ined assuming d* = 30 and 

* Poss ib l y  i n t e r g r a n u l a r  f a i l u r e .  9G 
50 pm r e s p e c t i v e l y .  



toughness are shown in Figure 4. While there is some overlap in the predic- 
tions the tubing-based predictions tend to lie above the duct-based predic- 
tions. This may be due to the possibly incorrect assumption that the process 
zone and grain size of the tubing are identical to that of the ducts. 
specimen constraints necessary to grip the tubing specimen also tend to 
yield different ductilities than observed in duct specimens and this may 
also impact the results. These possibilites will be investigated further. 

The 

There are additional considerations which have not yet been factored into 
the correlation. 
irradiation temperature effects. 
from material irradiated in the range of 375-415OC. The tensile data in 
Table 1 span a larger range, 379-452°C and strain rates from 4 x to 
4 x 
to test temperature but also irradiation temperature. (4y5) 
induced hardening that occurs below 50OOC has a temperature sensitivity that 
arises from the temperature dependence of microstructural components. (12,131 

This sensitivity will probably influence the temperature sensitivity of 
fracture toughness if the correlation addressed in this study is valid. 

These are the possibility of strain rate effects and 
Note that the toughness data were derived 

sec-’. There is a sensitivity in the yield strength not only 
The radiation- 

5.3 Conclusions 

It appears that the Krafft correlation in Eq. (1) may provide a satisfactory 
estimate of the plane strain fracture toughness for irradiated material 
which fails in the ductile mode. 
strain 
specimens and not equal to the total strain at failure or the fracture 
strain estimated from the reduction in area. To confirm this conclusion 
some experimental determination must be made of the dimple size d* after 
tensile testing. 
based merely on the grain size. 

However, when using Eq. ( l ) ,  the fracture 
should be set equal to the uniform strain of smooth tensile 

This will be more conclusive then relying on an estimate 
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7.0 Future Work 

The ana l ys i s  w i l l  cont inue concent ra t ing  on e f f e c t s  o f  i r r a d i a t i o n  tempera- 
t u r e  and s t r a i n  r a t e  and t h e  experimental  de termina t ion  o f  d*. An attempt 

w i l l  be made t o  develop duc t i l i t y- toughness  c o r r e l a t i o n s  which are app l i c-  

able t o  s i t u a t i o n s  i n v o l v i n g  f l o w  l o c a l i z a t i o n .  
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THE DEPENDENCE ON DISPLACEMENT RATE OF RADIATION-INDUCED CHANGES IN TENSILE 
PROPERTIES OF AISI 304 

H. R. Brager, L. D. Blackburn and F. A. Garner (HEDL) 

1.0 OBJECTIVE 

The object of this effort is to provide mechanical property measurements and 
microstructural evidence to guide the development of fission-fusion correla- 
tions that incorporate displacement rate and other important variables. 

2.0 SUMMARY 

The tensile properties of AISI 304 are sensitive to displacement rate at 
temperatures around 400"C, at least in the transient regime of property 
change. Microstructural data obtained in this study as well as from other 
published data indicate that displacement rate variations can affect the 
saturation level of yield strength. 
ment rate is shown to arise from the sensitivity of microstructural 
components to this variable. 

The dependence of strength on displace- 

3.0 PROGRAM 

Title: Irradiation Effects Analysis 
Principal Investigator: D. G .  Doran 
Affiliation: Westinghouse Hanford Company 

4.0 RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK 

II.C.14 Models of Flow and Fracture Under Irradiation 
II.C.17 Microstructural Characterization 
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5.0 ACCOMPLISHMENTS AND STATUS 

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

The s u c c e s s f u l  development o f  f i s s i o n - f u s i o n  c o r r e l a t i o n s  f o r  mechanica l  

p r o p e r t i e s  r e q u i r e s  t h a t  a l l  aspec ts  o f  t h e  d i f f e r e n c e s  between f i s s i o n  and 

f u s i o n  env i ronments  be addressed. I n  a d d i t i o n  t o  d i f f e r e n c e s  i n  n e u t r o n  
spec t ra ,  t h e r e  w i l l  a l s o  be d i f f e r e n c e s  i n  s t r e s s ,  tempera tu re  and d i s -  

placement r a t e .  
o f  spectrum w i t h o u t  s i m u l t a n e o u s l y  spanning d i f f e r e n c e s  i n  tempera tu re  

and/or d i sp lacement  r a t e .  

I n  p r a c t i c e ,  i t  i s  u s u a l l y  i m p o s s i b l e  t o  s t u d y  t h e  impact  

I n  genera l ,  many o f  t h e  e x i s t i n g  f i s s i o n - d e r i v e d  c o r r e l a t i o n s  have n o t  sepa- 

r a t e d  t h e  i n d i v i d u a l  i n f l u e n c e  o f  each i m p o r t a n t  v a r i a b l e .  Displacement 
r a t e  v a r i a t i o n s ,  i n  p a r t i c u l a r ,  a r e  i g n o r e d  i n  most b reeder  c o r r e l a t i o n s  and 

t h e  dependence on t h i s  v a r i a b l e  i s  i n c o r p o r a t e d  i n t o  t h e  tempera tu re  depend- 

ence. F o r  i ns tance ,  t h e  y i e l d  s t r e n g t h  d a t a  shown i n  F i g u r e  1 span d i s p l a c e -  
ment r a t e s  d i f f e r i n g  b y  r o u g h l y  a f a c t o r  o f  two, b u t  t h e  c u r r e n t  c o r r e l a t i o n  

d e s c r i b i n g  t h e s e  d a t a  employs o n l y  tempera tu re  and n e u t r o n  f l u e n c e  as 
v a r i a b l e s .  

dependence on d i sp lacement  r a t e .  

I n  t h i s  r e p o r t ,  t e n s i l e  p r o p e r t i e s  a r e  shown t o  e x h i b i t  a 

The d a t a  r e q u i r e d  t o  c o n f i d e n t l y  assess t h e  consequences o f  v a r i a t i o n s  i n  
d i sp lacement  r a t e  shou ld  c o v e r  t h e  f l u e n c e  range encompassing b o t h  t h e  

t r a n s i e n t  and s a t u r a t i o n  reg imes o f  p r o p e r t y  changes and shou ld  a l s o  span a 

s u i t a b l y  l a r g e  range  o f  d i sp lacement  r a t e s .  S ince  t h e  d a t a  a v a i l a b l e  a r e  

u s u a l l y  i n s u f f i c i e n t  t o  meet t h e s e  c r i t e r i a ,  ano the r  approach i s  t o  seek 

gu idance f r o m  t h e  dependence o f  m i c r o s t r u c t u r e  on d i sp lacement  r a t e  and use 

t h i s  gu idance t o  h e l p  e x t r a p o l a t e  beyond t h e  range  o f  a v a i l a b l e  data .  

5.2 Exper imen ta l  M a t e r i a l s  and Procedures 

The m a t e r i a l  chosen f o r  t h e  m ic roscopy  p o r t i o n  o f  t h i s  exper imen t  was 

annealed 304 s t a i n l e s s  s t e e l ,  wh ich  had been i r r a d i a t e d  i n  Row 4 o f  E B R - I 1  as 
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FIGURE 1. Yield Streng h of 20% CW Type 316 Stainless Steel After EBR-I1 

irradiation temperature. 
Irradiation. 1 1) The tensile tests were conducted at the 

part of an earlier breeder reactor experimental program. 
ranged from 371OC to 426OC. 
50.8-mm plate (NE M 5-23T) to have a length of 47.6 mm and shoulder diameter 
of 6.4 mn. 
After machining, the specimens were annealed at 1063'C for 2 hours. 

The temperatures 
Cylindrical tensile specimens were machined from 

The gauge section was 28.6 mm in length and 3.2 mm in diameter. 

The tensile specimens were irradiated in sodium-filled capsules at six 
different elevations with respect to the reactor centerline. This provided 
a range of mean neutron energies from 0.75 MeV to 0.17 MeV and displacement 
rates varying from 7.9 x to 0.6 x dpa/sec. Table l'lists the 
irradiation conditions for this experiment. 

Tensile tests were conducted at a strain rate of 3.5 x 
specimens maintained at 385 - + 1OC. 
of two of the specimens was chosen for microscopy examination to minimize 
the effects of post-irradiation strain during tensile testing. 
electron microscopy procedures were employed in the examination. 
density measurements were also made on these specimens. 
criteria for the microscopy specimens were minimum difference in tempera- 
ture, maximum difference in yield strength change, maximum difference in 
displacement rate but comparable total displacement level. 

sec-' with the 
For the present study, the grip portion 

Standard 
Immersion 

The selection 
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5.3 Results 

Figure 2 shows the tensile measurements obtained for these specimens. 
one assumes that the use of displacements per atom as an exposure parameter 
adequately correlates spectral differences, there is clearly an effect of 
the displacement rate on the duration of the transient regime of the yield 
and ultimate strengths, as well as in the uniform and total elongations. 
The saturation level of these properties has not been reached at all dis- 
placement rates and no conclusion can be drawn at this point concerning the 
sensitivity o f  the saturation levels to displacement rate. 

If 

.oh 0.1. m 
1.). 107 
l.." 107 
1,s. 107 
0. , . ,07  
0 . I .  10-7 

FIGURE 2. Dependence of Tensile Properties of Annealed AIS1 304 on 
Displacement Rate and Total Damage. 
differences in irradiation temperature (see Table 1). 
symbols denote the ultimate strength and total elongation; open 
symbols correspond to 0.2% yield strength and uniform elongation, 
respectively. 

There are also some small 
Filled in 
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O f  t h e  two specimens chosen f o r  microscopy,  one was i r r a d i a t e d  a t  392'C t o  

3.1 dpa a t  7.9 x dpa/sec, and t h e  o t h e r  i r r a d i a t e d  a t  371OC t o  
2.6 dpa a t  0.8 x Immersion d e n s i t y  measurements o f  t h e s e  

specimens i n d i c a t e d  d e n s i t y  changes o f  -0.17% and -0.35%, r e s p e c t i v e l y .  
These v a l u e s  a r e  j u s t  on t h e  edge o f  t h e  accuracy  o f  t h e  immersion d e n s i t y  

t e c h n i q u e  and a r e  n o t  t h o u g h t  t o  c o n t a i n  any s i g n i f i c a n t  i n f o r m a t i o n .  

dpa/sec. 

D i f f e r e n c e s  i n  m i c r o s t r u c t u r e  were observed i n  t h e  specimens i r r a d i a t e d  a t  

h i g h  and low d isp lacement  r a t e s ,  as shown i n  Tab le  2 and F i g u r e  3. A t  t h e  

h i g h e r  d i sp lacement  r a t e ,  t h e  d e n s i t i e s  o f  vo ids ,  Frank loops  and d i s l o c a -  

t i o n s  were h i g h e r .  

p r e c i p i t a t i o n  i n  e i t h e r  specimen. 

C a r e f u l  examina t ion  showed t h a t  t h e r e  was no r e s o l v a b l e  

5.4 D i s c u s s i o n  

B e f o r e  a t t e m p t i n g  t o  e x t r a p o l a t e  t h e  a v a i l a b l e  t e n s i l e  d a t a  beyond t h e  e x i s t -  

i n g  d a t a  range, i t  i s  i m p o r t a n t  t o  show t h a t  t h e  observed changes can be 
c o r r e l a t e d  t o  t h e  m i c r o s t r u c t u r a l  components c a u s i n g  t h e  changes. T h i s  has 

been s u c c e s s f u l l y  accompl ished p r e v i o u s l y  u s i n g  20% co ld- worked A I S I  316, 

but  w i t h o u t  i n v e s t i g a t i n g  t h e  i n f l u e n c e  o f  d i sp lacement  r a t e .  ( 2 )  Such an 

e f f o r t  can o n l y  be d i r e c t e d  toward  t h e  y i e l d  s t r e n g t h  change, as o n l y  t h i s  

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

o t h e r  t e n s i l e  p r o p e r t i e s  shown i n  F i g u r e  2 i n v o l v e  b o t h  r a d i a t i o n  and 

deformat ion- produced m i c r o s t r u c t u r e ,  w i t h  s u b s t a n t i a l  de fo rmat ion- induced  

a l t e r a t i o n  o f  t h e  former.  

The 

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

s e v e r a l  r e s p e c t s  i n  t h e  case o f  AISI 304 a t  low f l u e n c e  compared t o  t h e  

p r e v i o u s  s t u d y  on A I S I  316. F i r s t ,  t h e  specimens i n  t h i s  s t u d y  were 

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

t o  cause harden ing.  I n  e f f e c t ,  t h e  e x p e r i m e n t a l  s i g n a l - t o - n o i s e  r a t i o  was 

maximized compared t o  t h a t  o b t a i n a b l e  i n  co ld- worked  m a t e r i a l .  Second, a1 1 

ha rden ing  c o n t r i b u t i o n s  a r e  p o s i t i v e  s i n c e  t h e r e  a r e  few p r e e x i s t i n g  

d i s l o c a t i o n s  which can be reduced i n  d e n s i t y  b y  recomb ina t ion . ( * )  T h i r d ,  
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TABLE 2 

SUMMARY OF MICROSTRUCTURAL DATA 

Total Displacements (dpa) 
Displacement Rate (dpa/sec) 
Irradiation Temperature ( O C  ) 
Test Temperature ("C) 
Mean Void Diameter (nm) 
Void Density ( ~ m - ~ )  
Void Volume (%) 
Frank Loop Mean Diameter (nm) 
Frank Loop Density ( ~ m - ~ )  
Network Dislocation Density 

High-Rate 
Specimen 

3.1 
7.9 
392 
385 f 15 

5.5 
4 

0.03 
17.5 

1.45 x 
8 x lo9 

Low-Rate 
Specimen 

2.6 
0.0 

37 1 
385 _+ 15 

5 .O 
7 

0.005 
16.0 

7.0 
7 x lo8 

the lack of precipitation simplifies the evaluation since precipitates serve 
not only as hardening agents but also soften the alloy matrix by removing 
solute-strengthening elements. 

As shown in Reference 2, the yield strength changes from microstructural 
components can be predicted using the following equation, assuming that the 
Frank loops are large enough to be treated only as additional dislocation 
line length instead o f  as short-range obstacles. 

!ctor, and p d  and pFL are the dislocation line lengths per unit 
' the network and Frank loop components, respectively. The voids 
ity p V  and mean diameter dV. The coefficients a and B v  have value 
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E 

7.9 x dpa/sec 
30 nm 
U 0.8 x dpa/sec 

:. 
I ,' 

FIGURE 3. Void and Frank Loops Observed i n  A I S 1  304 I r r a d i a t e d  a t  %4OO0C 
and % 3  dpa a t  7.9 x and 0.8 x dpa/sec. 
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estab l ished p rev ious l y  a t  0.2 and 1.0 respec t i ve l y .  (2 )  
375OC i s  6.7 x l o l o  Pa(3) and t h e  [110] Burgers vec to r  f o r  a u s t e n i t i c  
s t a i n l e s s  s t e e l  is 2.5 x cm. 

The shear modulus a t  

Assuming t h a t  t h e  areas measured were rep resen ta t i ve  o f  t h e  specimen as a 
whole, the  pred ic ted  y i e l d  s t reng th  change was 308 MPa compared t o  the  

measured value o f  330 MPa f o r  t h e  h igh r a t e  specimen, and 165 MPa compared 
t o  t h e  measured 130 MPa f o r  t h e  low r a t e  specimen. This  l e v e l  o f  agreement 
i s  a conf i rmat ion  o f  t h e  r e l a t i o n s h i p  between m ic ros t ruc tu re  and y i e l d  
s t rength.  

Since t h e  temperature dependence o f  t h e  s a t u r a t i o n  y i e l d  s t reng th  has pre-  

v ious l y  been shown t o  a r i s e  from t h e  temperature dependence o f  mic ros t ruc-  

tu re , (2 )  one would a n t i c i p a t e  t h e  s a t u r a t i o n  l e v e l  t o  be l i k e w i s e  s e n s i t i v e  

t o  t h e  dependence of m ic ros t ruc tu re  on displacement ra te .  Temperature and 

displacement r a t e  are known t o  be coupled va r iab les  i n  t h a t  a drop i n  tem- 
pera ture  has t h e  same e f f e c t  on p o i n t  de fec t  concentrat ions and nuc lea t i on  

r a t e s  as an increase i n  displacement ra te .  Therefore, one would expect t o  
see a dependence on displacement r a t e  i n  bo th  the  t r a n s i e n t  and s a t u r a t i o n  

regimes, even though o n l y  t h e  former has been demonstrated i n  t h i s  exper i-  

ment. A s e n s i t i v i t y  o f  bo th  t r a n s i e n t  and s a t u r a t i o n  stages o f  y i e l d  

as shown i n  F igures 4 and 5. Phenix has a displacement r a t e  t h a t  i s  about a 
f a c t o r  o f  two h igher  than t h a t  o f  Rapsodie. 

s t reng th  has been demonstrated i n  t h e  Phenix and Rapsodie f a s t  reac to rs  ( 4 9 5 )  

Figure  2 shows, however, t h a t  a f a c t o r  o f  two i n  displacement r a t e  does n o t  

always lead t o  a change i n  t h e  y i e l d  s t rength.  
s t reng th  i s  observed between i r r a d i a t i o n s  conducted a t  7.9 x (392'C) 

and 3.9 x dpa/sec (371OC). 

temperature d i f f e r e n c e  between t h e  two capsules bu t  i t  may a l so  r e f l e c t  t h e  

r e l a t i v e  temperature independence o f  m ic ros t ruc tu re  a t  low temperatures. 

Ignor ing  d i f f e rences  i n  temperature f o r  t h e  moment, t h e  da ta  o f  F igure  2 are 

r e p l o t t e d  i n  F igure  6 as a f u n c t i o n  o f  displacement r a t e  and t o t a l  exposure. 

Note t h a t  no change i n  

This may p a r t i a l l y  r e f l e c t  the  21°C 
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FLUENCE. Dpa 

FIGURE 4. Comparison o f  the Yield Strength o f  SA 316 Irradiated in Phenix 
and Rapsodie. (495)  

, I 
ua ma Qo 

IRRADIATION TEMPERATURE. 'C 

FIGURE 5. Temperature Shift in Saturation Yield Strength of the Same Heat 
of SA 316 Arising from Diff rences in Displacement Rate in Phenix 
and RaDsodie at %400"C. ( 4 9 5  e 
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DISPLACEMENT RATE. 107 dp.1- 

FIGURE 6. The Dependence of Yield Strength in Annealed AISI 304 on 
Displacement Rate After Irradiation in EBR-I1 at%400°C. 

The shoulders in these curves divide regions of temperature dependence and 
temperature independence as shown schematically in Figure 7. A similar 
shoulder is known to exist in the temperature dependence of the various 
microstructural components,(6) particularly voids and Frank loops. 
Differences in displacement rate are expected to cause the microstructural 
density curves to shift in temperature. (6) 
conditions, a shift in displacement rate may or may not lead to a change in 
microstructural densities. 

Depending on the irradiation 

Since the voids are an important part of the total hardening microstructure 
(%45% in the experiments presented in this report), one might expect a 
sensitivity of the transient regime to alloy composition since swelling is 
known to be sensitive to composition. ( 7 )  
AISI 316 with its higher nickel content [which inhibits void nucleation (7,811 

will have a longer transient regime than AIS1 304.(9) 
variations in tensile strength in different heats of AISI 304. These 
predictions will be tested in the next reporting period. 

Therefore, one can predict that 

One would also expect 
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RANGE OF DPA 
RATE 141 AND TEMPERATURE 

OVER WHICH 

p "-1 .-' 
IRRADIATION DCCURRED+I 

IRRADIATION- 
INDUCED 

MICROSTRUCTURAL 
DENSITIES 

I IRRADIATION TEMPERATURE 

FIGURE 7. Schematic Illustration of the Dependence of Microstructural 
Densities in This Experiment on Irradiation Temperature and 
Displacement Rate. 
to right. 

The displacement rates increase from left 

Additional data and analyses must be collected and analyzed before a 
quantitative description of a dependence on displacement rate can be 
introduced into tensile property correlations. 

5.5 Conclusions 

The tensile properties of A I S 1  304 are sensitive to displacement rate at 
temperatures around 400°C, at least in the transient regime of property 
change. 
published data indicate that displacement rate variations can affect the 
saturation level of yield strength. 
ment rate is shown to arise from the sensitivity of microstructural 
components to this variable. 

Microstructural data obtained in this study as well as from other 

The dependence of strength on displace- 
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7.0 FUTURE WORK 

Add i t i ona l  microscopy and t e n s i l e  da ta  on A I S 1  316 and 304 w i l l  be c o l l e c t e d  

f rom experiments spanning regimes t h a t  are bo th  dependent and independent of 
neutron f luence.  
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EXTENSION AND COMPARISON OF VARIOUS EQUATIONS OF STATE FOR GASEOUS AND SOLID 

HELIUM 

B. B. Glasgow and W. G. Wolfer ( U n i v e r s i t y  o f  Wisconsin) 

1 .o Ob jec t i ve  

The i n t e n t  o f  t h i s  research i s  t o  prov ide an equat ion o f  s t a t e  f o r  hel ium a t  

a l l  d e n s i t i e s  encountered i n  helium-vacancy c l u s t e r s  and hel ium bubbles. Such 

an equat ion i s  requ i red  f o r  the m ic ros t ruc tu ra l  ana l ys i s  o f  ma te r i a l s  i r r a d i -  

a ted  i n  HFIR or i n  dual- ion f a c i l i t i e s .  

2.0 Summary 

A p rev ious l y  developed equat ion o f  s t a t e  f o r  gaseous hel ium i s  f u r t h e r  i m-  

proved so t h a t  i t  can be app l i ed  t o  dens i t i es  approaching s o l i d  dens i t i es  o f  
helium. Furthermore, quantum co r rec t i ons  and a c o n t r i b u t i o n  a r i s i n g  from the  

a t t r a c t i v e  p a r t  o f  the i n te ra tom ic  p o t e n t i a l  are added. The comparison w i t h  

r e c e n t l y  obta ined data g ives e x c e l l e n t  agreement. However, when ex t rapo la ted  

beyond the data range t o  h igher  dens i t i es  and temperatures the r e s u l t s  depend 
s t r o n g l y  on the form o f  the i n te ra tom ic  p o t e n t i a l  f o r  small separat ion 

distances. A r e c e n t l y  proposed p o t e n t i a l  by Young, McMahon, and Ross g ives  

improved r e s u l t s .  

I n  a d d i t i o n  t o  t he  improvement o f  the gaseous EOS f o r  helium, a s o l i d  EOS has 

a l so  been developed. This  EOS i s  based on publ ished r e s u l t s  on the ground- 
s t a t e  pressure-volume r e l a t i o n s h i p  f o r  s o l i d  hel ium a t  OK and on a quasi-  

harmonic t reatment  o f  s o l i d  hel ium a t  f i n i t e  temperatures. Our r e s u l t s  a re  
compared w i t h  a s i m i l a r  development c a r r i e d  o u t  a t  J u l i c h ,  Germany. 

3.0 Program 

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

W a l l  Components 
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P r i n c i p a l  I nves t i ga to r :  W. G. Wolfer 

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

4.0 Relevant DAFS Program Plan Task/Subtask 

Task II.C.2 E f f e c t s  o f  Helium on Mic ros t ruc ture  

Subtask C Cor re la t i on  Methodology 

5.0 Accomplishment and Status 

5.1 I n t roduc t i on  

Helium produced by (n,a) reac t ions  or  i n j e c t e d  i n  metals i s  e s s e n t i a l l y  
i nso lub le .  Therefore, i t  has the na tura l  tendency t o  p r e c i p i t a t e  and t o  form 
bubbles. The pressure i n  small bubbles can be extremely large,  and a r e a l -  

i s t i c  equat ion o f  s t a t e  (EOS) i s  requ i red  t o  evaluate it. Unfor tunate ly ,  t h e  

exper imenta l ly  determined EOS f o r  hel ium does no t  completely cover the range 
o f  temperatures and pressures o f  i n t e r e s t .  This i s  i l l u s t r a t e d  i n  Fig. 1 
where the var ious regions are shown i n  which experimental data have been ob- 

ta ined.  It i s  seen t h a t  on ly  the  recent  measurements by M i l l s  e t  al.(') cover 

t h e  range o f  pressures equal t o  2y/r ,  where y i s  the surface energy and r the  

rad ius  o f  the bubble. A t y p i c a l  value f o r  y i s  2J/m2. However, measurement 

a t  e levated temperatures are s t i l l  l ack ing .  Therefore, i t  i s  o f  i n t e r e s t  t o  

develop a t h e o r e t i c a l  EOS and ad jus t  i t  i f  requ i red  t o  match the  data. This  

t h e o r e t i c a l  c o r r e l a t i o n  w i l l  then enable us t o  ex t rapo la te  the  EOS beyond the  
data range w i t h  greater  confidence. 

It has recen t l y  become f e a s i b l e  t o  d i r e c t l y  measure the  densi ty  o f  hel ium i n  

small bubbles. I n  f ac t ,  two techniques have been employed f o r  t h i s  task: 
e lec t ron  energy l o s s  spectroscopy (EELS) and vacuum u l  t r a - v i o l e t  ( V U V )  absorp- 

t i o n .  PI 
t r a n s i t i o n .  The energy l e v e l s  invo lved i n  t h i s  t r a n s i t i o n  are s h i f t e d  (by 

d i f f e r e n t  amounts) w i t h  increas ing  hel ium density.  

t i o n  energy can be c a l i b r a t e d  w i t h  the densi ty ,  and the  pressure can then be 

computed w i t h  a v a l i d  EOS. 

1 I n  both cases, hel ium i s  detected by the e x c i t a t i o n  o f  the  1 'S0-2 

The s h i f t  i n  the absorp- 
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FIGURE 1. Ranges o f  Temperature and Pressure i n  Which Experimental Data 
E x i s t  f o r  t he  Equation o f  S ta te  (EOS) o f  Helium (Ref.  1). 
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Jager e t  have c a r r i e d  ou t  experiments on n i c k e l  and aluminum implanted 
a t  room temperature w i t h  hel ium t o  concentrat ions somewhat below the c r i t i c a l  

value t o  produce b l i s t e r i n g .  The ana lys is  o f  the  measured s h i f t  i n  the ab- 

so rp t i on  peak revealed t h a t  the  pressure i n  the hel ium bubbles was on t h e  
order  o f  50 GPa i n  the case o f  n icke l ,  and about 13 GPa i n  the case o f  alumi- 

num. Note, t h a t  the  r a t i o  o f  the pressure i n  the  bubble t o  the  shear modulus 

o f  the  hos t  metal i s  0.64 and 0.52, respect ive ly .  

The u l t r a - v i o l e t  absorpt ion measurement o f  R i f e  e t  a1.(4) i n  A1 f i l m s  
bombarded a t  room temperature with 5-keV hel ium ions  y i e l d e d  a dens i ty  o f  7-14 

x l o z 2  cW3 o r  a hel ium t o  vacancy r a t i o  o f  1 t o  2 i n  bubbles o f  about 5 nm i n  

diameter. The measurement by Jager e t  a l . (3 )  gave a hel ium densi ty  o f  14 x 

lo2' It i s  most l i k e l y  t h a t  a t  these dens i t i es  hel ium i s  i n  the  s o l i d  

form a t  room temperature. I n  f ac t ,  there e x i s t s  a t  l e a s t  one s ingu la r  data 
p o i n t  which conf i rms t h i s .  Besson and P i n ~ e a u x ( ~ )  have s o l i d i f e d  hel ium a t  
room temperature i n  a diamond a n v i l  c e l l ,  and observed the actual  me l t i ng  

process as  we l l  as g r a i n  boundaries i n  the s o l i d  phase. The pressure a t  
m e l t i n g  and room temperature (297 K) was determined t o  be 11.5 f 0.2 GPa, and 

the dens i ty  a t  me l t i ng  was est imated t o  be about 15 x 

I n  the  e lec t ron  microscopy ana lys is  o f  he1 ium-imp1 anted molybdenum Evans e t  

a1 . ( 6 )  have i d e n t i f i e d  hel ium p l a t e l e t s .  The format ion o f  non-spherical  
p r e c i p i t a t e s  i s  again an i n d i c a t i o n  t h a t  these p l a t e l e t s  c o n s i s t  o f  s o l i d  

he1 ium. 

I n  the  f o l l o w i n g  sect ions we extend a prev ious ly  developed EOS f o r  gaseous 
hel ium using two d i f f e r e n t  in te ra tomic  po ten t i a l s .  Furthermore, two terms are  

added, one due t o  quantum cor rec t ions  and the o ther  one due t o  the  a t t r a c t i v e  

p a r t  o f  the  in te ra tomic  p o t e n t i a l .  Although both terms are small, t h e i r  

i n c l u s i o n  improves the agreement between the  theo re t i ca l  EOS and the  empi r ica l  

one. Next, we present an equat ion o f  s t a t e  f o r  s o l i d  hel ium and compare i t  

w i t h  a s i m i l a r  development due t o  T r i n k a ~ s . ( ~ )  
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5.2 The Gaseous EOS According t o  Pe r tu rba t i on  Theory 

One of the most successful approaches t o  model a l i q u i d  o r  a dense gas i s  by 

t he  so- ca l led  pe r tu rba t i on  t h e ~ r y . ( ~ ~ ~ )  Here, t he  f l u i d  i s  modeled as a 

system o f  r i g i d  spheres whose diameter i s  chosen appropr ia te ly .  The choice i s  

made such t h a t  co r rec t i ons  which a r i s e  from the  f i n i t e  steepness o f  t he  repu l -  

s i v e  p a r t  o f  t he  i n te ra tom ic  p o t e n t i a l  a re  minimal, i.e. o f  second order.  

As a r e s u l t  o f  t h i s  choice, t he  e f f e c t i v e  diameter d o f  t he  atoms i n  the f l u i d  
depends both on the  temperature as we l l  as on the  densi ty .  Once t h i s  diameter 

has been determined, t he  EOS i s  determined, a p a r t  f rom minor co r rec t i ons ,  by 
t he  hard-sphere EOS o f  Carnahan and S t a r l i n g  (10) 

where z = pV/NkT i s  the compress ib i l i t y  f a c t o r  and 

y = d3 N/V 

i s  t he  "soft-sphere' '  packing f r a c t i o n  o f  N atoms i n  a volume V. 

According t o  V e r l e t  and W e i s s ( l l )  t he  e f f e c t i v e  diameter i s  determined by the 

i m p l i c i t  equat ion 

where $ ( y )  i s  determined by 

w i t h  f = -7.5 + y - 17.3595 y2 - 6.04 y3 (5 )  
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u1 = ( 2  - 7 . 5 ~  + 0 . 5 ~ ~  - 5.7865 y3 - 1.51 y 4 ) / ( l  - y ) 4  (7 )  

u2 = ( 2  - 20 y + 30 y2 + 0.17 y3 - 26.796 y4 + 11.2241 y 5 ) / ( l  - y ) 5  ( 8 )  

The temperature dependent func t ions  dB and 6 are g iven by 

11 - exp[-(V + ~ ) / k T l }  dx 
'm 

d / u  = B 

and 

( 9 )  

(10) 

where V(x) i s  t he  i n te ra tom ic  p o t e n t i a l  expressed i n  terms o f  a dimensionless 

d is tance x = r/u, and u denotes the i n te ra tom ic  d is tance r f o r  which V i s  
equal t o  zero. E represents t he  depth of t he  p o t e n t i a l  we l l  s i t u a t e d  a t  

r = xmu. 

V e r l e t  and Weiss (11) have added a c o r r e c t i o n  term t o  which i s  p ropo r t i ona l  
t o  6(T).  This  term remains n e g l i g i b l y  small f o r  "hard sphere" packing 
f r a c t i o n s  

yo = $ a3W/V (11) 

o f  l e s s  than about 0.7, the p rec i se  value i s  a c t u a l l y  a f u n c t i o n  o f  tempera- 

tu re .  I n  f a c t  t he  minor c o n t r i b u t i o n  i t  makes t o  the c o m p r e s s i b i l i t y  f a c t o r  
i s  i n s i g n i f i c a n t  t o  o ther  co r rec t i ons  discussed below. However as yo ap- 

proaches one, o r  as t he  " s o f t  sphere" packing f r a c t i o n  exceeds about 0.5, t h i s  

c o r r e c t i o n  term increases d ramat i ca l l y  and the  t o t a l  c o m p r e s s i b i l i t y  f a c t o r  

decreases again a f t e r  i t s  i n i t i a l  increase. Th is  i s  c e r t a i n l y  i n c o r r e c t ,  

i n d i c a t i n g  a breakdown o f  the t h e o r e t i c a l  approach by V e r l e t  and Weiss. This  

breakdown co inc ides  w i t h  two important  changes o f  phys ica l  s i gn i f i cance .  

F i r s t ,  the molecular  dynamics s tud ies  o f  Adler  and Wainwright(12) show t h a t  a 

f l u i d - s o l i d  t r a n s i t i o n  occurs i n  the hard-sphere system a t  a packing f r a c t i o n  
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o f  about 0.47. S t i l l ,  the compress ib i l i t y  f a c t o r  zHS agrees q u i t e  we l l  w i t h  

the molecular dynamics r e s u l t s  a t  even h igh packing f r a c t i o n s  up t o  about 
2/3.(10) Second, a t  h igh packing f rac t i ons ,  t h e  in te ra tomic  p o t e n t i a l  ob- 

ta ined from beam-scattering data i s  c e r t a i n l y  no longer a good representa t ion  
o f  the e f f e c t i v e  in te ra tomic  p o t e n t i a l  which accounts f o r  many-body corre-  

l a t i o n s .  

For these reasons we be l ieve  t h a t  the add i t i ona l  c o r r e c t i o n  term o f  the  
Verlet-Weiss theory should simply be omitted; a t  low dens i t i es  i t  i s  i n s i g n i -  

f i c a n t ,  and a t  h igh  dens i t i es  e i t h e r  more important  co r rec t i ons  need t o  be 

made t o  adequately r e f l e c t  the physical s i t ua t i on ,  o r  an EOS f o r  the s o l i d  

must be used. 

The Equation ( 3 )  f o r  the e f f e c t i v e  diameter was solved prev ious ly  (13)  i n  an 

i t e r a t i v e  manner s t a r t i n g  w i t h  the assumption d dB. This approach converges 

on ly  f o r  small and moderate packing f rac t i ons .  Therefore, i n  the  present 
work, the nonl inear  Equation ( 3 )  was solved numer ica l ly .  The i n t e g r a l s  i n  
Eqs. ( 9 )  and (10) are a lso  evaluated numer ica l ly .  

5.3 The Quantum Correct ion 

For a f l u i d  comprised o f  l i g h t  atoms, quantum co r rec t i ons  are important.  I f  
AC1 represents the  f r e e  energy o f  the f l u i d  t rea ted  w i t h  c l a s s i c a l  s t a t i s t i c a l  
mechanics, the  i n c l u s i o n  o f  quantum co r rec t i ons  gives the  f o l l o w i n g  expression 

f o r  the  t o t a l  f r e e  energy(8.14,15) 

g ( r ) V 2 V ( r ) r 2  d r  
h2N2 

24  nmkTV A = AC1 t (12) 

where h i s  Planck 's  constant, m the atomic mass, and g ( r )  i s  t h e  r a d i a l  

d i s t r i b u t i o n  func t ion .  This funct ion,  i n  the case o f  a hard sphere f l u i d ,  
depends on the dimensionless distance 

p = r l d  (13) 
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as we l l  as on the  packing f r a c t i o n  y, and an exact  s o l u t i o n  e x i s t s  f o r  i t  i n  

the Percus-Yevick approximation.(16-19) However, the  a n a l y t i c a l  form o r  the  

numerical t a b u l a t i o n  f o r  g ( r l  are cumbersome t o  use, and we s h a l l  ins tead 
employ a recent  approximate expression der ived by Shinomoto: (20) 

0 f o r  p < 1 

expCy$4p)l f o r  p > 1 
9(P,Y) = I (14) 

where 

1/2 ( P  - 2 A P  + 4) 

0 f o r  p 2 . 
f o r l < p < 2  

* ( P I  = { ( 1 5 )  

As Shinomoto has shown, the  hard sphere EOS der ived w i t h  t h i s  r a d i a l  d i s t r i -  

b u t i o n  func t i on  agrees s u r p r i s i n g l y  we l l  w i t h  the  molecular dynamics r e s u l t s  

o r  w i t h  the Carnahan-Starl ing equation. 

The form o f  t h i s  simple r a d i a l  d i s t r i b u t i o n  func t i on  i n  Eq. (14) has the 

advantage t h a t  the  d e r i v a t i v e  (aA/aV) can be obta ined p r i o r  t o  the  eva lua t ion  

o f  the  i n t e g r a l  i n  Eq. (12). Since we are i n t e r e s t e d  i n  the  compress ib i l i t y  

f a c t o r  we w r i t e  

where 

Here 

where x = r / u  has been used as a c h a r a c t e r i s t i c  in te ra tomic  d is tance parameter 

f o r  the p o t e n t i a l  V(x).  With the above expressions f o r  g(p,y) and $ (y )  we 
f i n d  
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For  a g iven i n te ra tom ic  p o t e n t i a l  V(x),  t he  i n t e g r a l  i n  Eq. (19) can be evalu-  

ated numer ica l ly .  

5.4 The Con t r i bu t i on  o f  the A t t r a c t i v e  P a r t  o f  the In te ra tomic  

Po ten t i  a1 

So f a r  we have t r e a t e d  gaseous hel ium as a system o f  hard spheres, i.e. as a 

f l u i d  system whose p a r t i c l e s  possess on l y  a repu l s i ve  i n t e r a c t i o n .  For low 

d e n s i t i e s  and temperatures, however, the a t t r a c t i v e  fo rces  between hel ium 

atoms p lay  a s i g n i f i c a n t  ro le ,  and g ive  r i s e  t o  the ac tua l  l i q u i d  phase. 

Since the  depth of t he  p o t e n t i a l  we l l ,  E, i s  small f o r  helium, we may approxi-  
mate i t  by a square we l l  o f  t he  same depth E and o f  w id th  (dw - d). We have 

chosen f o r  dw t h e  value of 0.35 nm t o  approximate the  ac tua l  shape o f  t he  we l l  
o f  t he  p o t e n t i a l s  by Beck(21) o r  Young e t  a l .  (22) 

For a square-well p o t e n t i a l ,  Re i j nha r t  (23) has der ived  the f o l l o w i n g  EOS 

For  t h e  present  purpose, we have again se lec ted  the  r a d i a l  d i s t r i b u t i o n  

func t i on  o f  Shinomoto as g iven i n  Eq. (14). 

5.5 Comparison o f  Theoret ica l  and Emperical Equations o f  S ta te  f o r  
Gaseous Helium 

The t h e o r e t i c a l  EOS der ived  above i s  g iven by 
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and f i t t e d  t o  an empi r ica l  EOS by M ~ C a r t h y . ( * ~ )  It conta ins 36 numerical 
constants and about an equal number o f  terms. This empi r ica l  equat ion f o r  t h e  

temperature range between 15 K t o  1500 K i s  app l icab le  t o  pressures up t o  100 

MPa, and there fore  r e s t r i c t e d  t o  r a t h e r  low dens i t ies .  I n  the v a l i d  dens i ty  

range, however, i t  represents perhaps the most accurate EOS f o r  gaseous hel ium 

and an important  benchmark f o r  any theo re t i ca l  EOS. I n  the reg ion  o f  h igh  

temperatures (400 K t o  1500 K )  and h igh  pressures (10 MPa t o  100 MPa), the 

est imated unce r ta in t y  f o r  the densi ty  computed w i t h  t h i s  empi r ica l  equat ion i s  
a t  the  most about 2%. 

A comparison o f  our  gaseous EOS w i t h  the empi r ica l  c o r r e l a t i o n  by McCarthy i s  
shown i n  F ig.  3. It i s  seen t h a t  the t h e o r e t i c a l  EOS der ived w i t h  the Beck 

p o t e n t i a l  agrees extremely wel l  a t  200 K, b u t  deviates somewhat a t  h igher  

temperatures from the empir ica l  co r re la t i on .  The r e s u l t s  der ived w i t h  the  
Young p o t e n t i a l  g ive  a somewhat b e t t e r  agreement a t  the  h igher  temperatures 

b u t  a l e s s e r  agreement f o r  200 K. 

5.6 The S o l i d  Equation o f  State 

The in te ra tomic  p o t e n t i a l  (see Fig. 2)  o f  hel ium has a very shallow p o t e n t i a l  

wel l  w i t h  a depth o f  about 10 K. A t  the same time, i t  i s  a very l i g h t  e le-  

ment. As a r e s u l t  o f  these two fac ts ,  the zero- point  v i b r a t i o n s  are large,  
and hel ium does n o t  s o l i d i f y  a t  atmospheric pressures. I n  f a c t ,  the  s o l i d  
phase e x i s t s  on ly  f o r  pressures greater  than about 2.5 MPa ( -  25 atmospheres). 

I n  the quasi-harmonic approximation, the f r e e  energy o f  a s o l i d  can be w r i t t e n  
as the sum o f  two terms (25) 

*here Uo i s  the  i n t e r n a l  energy o f  the s o l i d  a t  0 K, and Avib i s  t h e  v i -  

b r a t i o n a l  c o n t r i b u t i o n  t o  the f r e e  energy. Using a Oebyemodel f o r  the  v i -  
b ra t i ona l  frequency spectrum and a vol  ume-dependent Debyetemperature e ( V ) ,  one 
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FIGURE 3. Comparison o f  the  Empir ical  EOS Developed by McCarthy ( 2 4 )  w i t h  the  
Present EOS Derived w i t h  the Beck o r  Young P o t e n t i a l .  

( 2 5 )  obtains the  well-known Mie-GrUneisen EOS 

Ps = Po ' yUvib/V = Po ' PD 

po = - (dUo/dV) where 

( 2 4 )  
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i s  the ground-state pressure 

i s  the  i n t e r n a l  energy associated w i t h  v ib ra t i ons ,  and 

y = -d I n  eD/d I n  V 

i s  the GrUneisen parameter. 

It should be noted t h a t  the Debyetheory y i e l d s  the c o n t r i b u t i o n  (9/8) NkeD as 
the v i b r a t i o n a l  energy o f  the ground s ta te .  This c o n t r i b u t i o n  i s  n o t  inc luded 

i n  Uvib o f  Eq. (25), b u t  assumed t o  be p a r t  o f  Uo(V). Indeed, any computation 
o f  Uo requ i res  quantum-mechanical wave func t ions  f o r  the  hel ium atoms. Due t o  

the  l a r g e  zero- po in t  v i b r a t i o n s  mentioned above, the hel ium l a t t i c e  a t  0 K 

cannot be considered as a c o l l e c t i o n  o f  p a r t i c l e s  which obey(even approximate- 
l y )  the laws o f  c l a s s i c a l  mechanics. (26) Most o f  the  t h e o r e t i c a l  work on the  

ground-state p rope r t i es  o f  s o l i d  hel ium have been f o r  the low dens i ty  
range. (26) However, the recent  work by Young e t  a l .  ( 2 2 )  have d e a l t  w i t h  the  

s o l i d  s t a t e  o f  hel ium a t  extremely h igh  dens i t i es  a n t i c i p a t e d  i n  the  i n t e r i o r  
o f  s tars.  The r e s u l t s  o f  t h e i r  ca l cu la t i ons  f o r  the  ground-state pressure po 

are shown i n  Fig. 4 as a funct ion o f  the packing f r a c t i o n  yo = ‘6 u N/V, where 
0 = 0.2641 nm. I n  order t o  cover the e n t i r e  range o f  dens i t i es  we use the  
t h e o r e t i c a l  r e s u l t s  o f  Hansen and Po l lock(27)  f o r  s o l i d  He4 based on the  Beck 

p o t e n t i a l .  Again, t h e i r  r e s u l t s  are shown i n  Fig. 4. I t  i s  seen t h a t  a gap 
e x i s t s  n o t  covered by any theo re t i ca l  c a l c u l a t i o n s  so f a r .  Nevertheless, both 

sets o f  t h e o r e t i c a l  r e s u l t s  can be f i t t e d  by a smooth func t i ona l  c o r r e l a t i o n  

o f  the form 

I r 3  

where (28) 
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A and B are two constants used t o  f i t  Eq. (27) t o  the  above mentioned r e s u l t s .  

The best  f i t ,  a lso  shown i n  Fig. 4, i s  obtained w i t h  A = 16,000 and B = 

47,700. 

Young e t  a1.(22) have a l so  computed the pressure and volume a t  me l t i ng  as a 

func t i on  o f  temperature. These r e s u l t s  are shown i n  Figs. 5 and 6, respec- 

t i v e l y .  It i s  seen t h a t  these r e s u l t s  can be represented very accurate ly  by 

the f o l 1  owing mathematical re1 a t i  onships. 

For t h e  me l t  pressure we ob ta in  

p,(Pa) = 9.423 x 10 Tm 
3.02 1*634 + 52.535 Tm (31) 

and f o r  the rec ip roca l  me l t  volume o f  the  s o l i d  

(32) 
7 1.903 0‘359 + 1.953 x 10- T, (l/V,)(moles/cm 3 = 0.0269 T, 

From both c o r r e l a t i o n s  we can compute the compress ib i l i t y  f a c t o r  a t  me l t ing ,  

p,V,/NkT,, as a func t i on  o f  the me l t i ng  temperature. The r e s u l t s  are shown i n  

Fig. 7. Although the c o r r e l a t i o n s  f o r  bo th  the mel t  pressure pm and the  mel t  

volume V, appear t o  be r a t h e r  smooth, the compress ib i l i t y  f a c t o r  a t  m e l t i n g  

e x h i b i t s  a sudden change i n  i t s  slope a t  about 400 K. It i s  n o t  c l e a r  a t  the 
present t ime whether t h i s  sudden change i n  slope i s  r e a l  o r  i n d i c a t i v e  o f  a 
f a i l u r e  o f  the theory t o  deal c o r r e c t l y  w i t h  the phase change. It appears 

t h a t  the  t h e o r e t i c a l  approaches used by Young e t  a l .  f o r  the  phase change are  
d i f f e r e n t  and no t  e n t i r e l y  cons is ten t  w i t h  each o ther  f o r  the low and h igh  

temperature regions. 

The L i  ndemann me1 ti ng equat ion 

r e l a t e s  now the  Oebyetemperature o f  the s o l i d  t o  i t s  me l t i ng  temperature and 

m e l t  volume, where M i s  the molar weight and C i s  near ly  a constant. Th is  

Equation (33) has been shown(28) t o  be remarkably v a l i d  f o r  r a r e  gas s o l i d s  as 

131 



100Mbar 

Pa 

MELT PRESSURE 
10Mbar - "04 

100 kbar - 

IO 100 1000 10 000 
TEMPERATURE, K 

FIGURE 5. Melt-Pressure for Helium. 
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FIGURE 6. Melt-Volume and I t s  Reciprocal for  Helium. 
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FIGURE 7. Compress ib i l i t y  Factor  a t  Me l t i ng  f o r  Helium. 

w e l l  as o the r  substances. 
the constant  i s  between 100 and 140 (cm g1I2 

va lue o f  116 (cm g1I2 

o b t a i n  

For a l l  r a re  gas s o l i d s  w i t h  t he  except ion o f  3He, 
K1l2). We s e l e c t  t h e  

K112) as recommended by M i l l s  e t  a1.,(2) and 

1 /2  1/3 = 16.15931 Tm yo 'Dm (34) 

and 
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7 T0.903 1 0.269 T- 0.641 + 1.953 x 10- 
Y = - J +  

0.0965 T-”’b41 + 3.7165 x TOsm (35 1 

As the r e s u l t s  i n  Table 1 show, the Gruneisen parameter va r i es  l i t t l e  w i t h  

temperature, which g ives us some confidence t h a t  the  Mie-Gruneisen EOS pro-  

v ides a reasonable desc r ip t i on  f o r  s o l i d  helium. 

T A W  1 

DEBYE TEMPERATURE AN0 GRUNEISEN PARAMETER FOR SOLID 4He 

Temp. (K) 10 100 200 400 800 1200 

eD (K) 36.2 151.2 233.6 364.6 584.4 788.8 

Y 3.119 3.108 3.088 3.032 2.882 2.714 

I n  eva lua t ing  then the term p~ i n  Eq. (24) we use the  r e l a t i o n s h i p s  i n  Eqs. 
(25), (34),  and (35) together  w i t h  

f o r  the  Debye temperature a t  a g iven temperature T and f o r  a s o l i d  volume 
V < V,(T). The i n t e g r a l  i n  Eq. (25) i s  evaluated numer ica l ly .  

5 .7  Comparison o f  Equations o f  S ta te  f o r  Gaseous and S o l i d  Helium 

The empi r ica l  EOS developed by M i l l s  e t  a1.t2) gives the volume as a func t i on  

o f  the  temperature and pressure, i.e. V(T,P). I n  order  t o  so lve t h i s  equat ion 

f o r  P(T,V), the  fo l l ow ing  cubic equat ion i n  z1/3 must be evaluated: 

z = A2(RT) -1/3v-2/322/3 + A1(p,T) -2/3y-1/3z1/3 + Ao(RT)-l (37)  

where z i s  the compress ib i l i t y  f ac to r ,  R = 0,083146 (kbar  cm3 mol-’ K - l )  i s  

the gas constant,  V (cm3/mol) the molar volume and 
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A2 = 22.575 + 0.0064655 T - 7.2645 T - l 1 2  (38)  

A 1  = -12.483 - 0.024549 T (39) 

(40) A, = 1.0596 t 0.10604 T - 19.641 TV1I2 + 189.84 T - l  

This  equat ion i s  repor ted  t o  be v a l i d  f o r  t he  temperature range 75 < T < 300 K 
and the  pressure range 200 < p < 2000 MPa. Since i t  i s  empi r i ca l  i t  should 
apply t o  t he  gaseous and s o l i d  s t a t e  w i t h i n  t he  s p e c i f i e d  ranges o f  tempera- 
t u r e  and pressure. 

T r i n k a ~ s ( ~ )  has r e c e n t l y  developed an EOS by combining the v i r i a l  EOS f o r  
gaseous hel ium w i t h  t h e o r e t i c a l  r e s u l t s  f o r  the s o l i d  s ta te .  This  equat ion 
has the  form 

where P = vm/v (42)  

Vm = 56 T - l 1 4  exp(-0.145 T 1/4)  (43) 

Z, = 0.1225 VmT0.555 (44) 

and b = 170 T - l 1 3  - 1750 T - l  . (45) 

Again, t h i s  equat ion incorporates both the equat ions o f  s t a t e  f o r  gas and 
s o l i d .  I n  the f o l l o w i n g  comparison between the two EOS above and our theo- 
r e t i c a l  EOS, i t  was assumed t h a t  the phase t r a n s i t i o n  occurs whenever t he  com- 
p r e s s i b i l i t y  f a c t o r s  f o r  gas and s o l i d  become equal. I n  o ther  words, t he  

phase w i t h  t he  lowest  compress ib i l i t y  f a c t o r  i s  the one which e x i s t s  f o r  a 
g iven temperature and volume. I t  must be noted t h a t  t h i s  i s  on l y  approximately 

c o r r e c t  as t he  phase change a t  constant  pressure i s  accompanied by a smal l  v o l -  
ume change t y p i c a l l y  on the order  o f  about 4%. 
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L e t  us now compare the  var ious € O S ,  s t a r t i n g  w i t h  the one f o r  gaseous helium. 
F igures 8 and 9 show the present t heo re t i ca l  r e s u l t s  f o r  the compress ib i l i t y  

f ac to r  as a func t i on  o f  the gas densi ty .  I n  the  dens i ty  range from about 0.05 

t o  0.14 moles/cm3 and f o r  T = 200 K, we can compare our r e s u l t s  w i t h  t h e  

experimental ones of M i l l s  e t  a1.(') We f i n d  t h a t  the  Beck p o t e n t i a l  r e s u l t s  
i n  a t h e o r e t i c a l  EOS which agrees wel l  w i t h  the experimental one a t  low densi- 
t i e s  (Fig. 8). However, a t  h igh dens i t ies ,  the Young p o t e n t i a l  (F ig.  9) pro-  

vides b e t t e r  agreement w i t h  the experimental EOS. Furthermore, comparing the  
t h e o r e t i c a l  r e s u l t s  obtained w i t h  the two po ten t i a l s ,  we f i n d  t h a t  the Young 

p o t e n t i a l  r e s u l t s  i n  lower compress ib i l i t y  f ac to rs ,  and hence pressures, a t  

h igh  hel ium dens i t ies .  This  i s  due t o  the  f a c t  t h a t  the  Young p o t e n t i a l  i s  

s o f t e r  f o r  very small in te ra tomic  separat ions due t o  many-body e f f e c t s  n o t  ac- 

counted f o r  i n  the  Beck po ten t i a l .  It appears then, t h a t  a h y b r i d  p o t e n t i a l ,  
cons i s t i ng  o f  the Beck form a t  l a rge  in te ra tomic  separat ions and of the Young 
form a t  small separat ions would y i e l d  the  opt imal r e s u l t s .  

I f  we now extend the comparison t o  inc lude a lso  the s o l i d  EOS, we ob ta in  t h e  

r e s u l t s  shown i n  Figs. 10 and 11. For t h i s  comparison we used the  empi r ica l  

€OS by M i l l s  e t  a l . ( 2 )  and simply ex t rapo la ted  i t  t o  dens i t i es  much h igher  

than the  experimental data range. The curves denoted by s o l i d  EOS and gas EOS 
represent  our t h e o r e t i c a l  r e s u l t s .  The EOS o f  s t a t e  by Trinkaus i s  obta ined 

by a l i n e a r  i n t e r p o l a t i o n  o f  h i s  s o l i d  EOS and h i s  gaseous EOS. Hence, no 

d i s c o n t i n u i t y  i n  slope occurs a t  the phase t r a n s i t i o n  po in t .  We f i n d  t h a t  t h e  

l a r g e s t  d i f f e rences  among the var ious EOS occur f o r  s o l i d  dens i t i es  where 
l i t t l e  o r  no experimental in format ion ex i s t s .  Our s o l i d  EOS gives the  lowest  

pressures a t  h igh  s o l i d  dens i t ies ,  and t h i s  appears t o  be due t o  the  low 
ground-state pressures as computed by Hansen and Pol lock (27 )  and by Young e t  
a1 . (22)  
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7.0 Future Work 

A more r e f i n e d  model w i l l  be developed f o r  the s o l i d  EOS o f  hel ium and f o r  the  

phase t r a n s i t i o n  from gas t o  s o l i d .  Furthermore, a simple a n a l y t i c a l  expres- 
s i o n  w i l l  be developed t h a t  i s  more convenient t o  use than the  present EOS f o r  

gaseous helium. 
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TEMPERATURE INDEPENDENCE OF THE SWELLING RATE I N  AUSTENITIC STAINLESS STEELS 

W. G. W o l f e r  ( U n i v e r s i t y  o f  Wiscons in)  and F. A. Garner (Hanford 

Eng ineer ing  Development L a b o r a t o r y )  

1.0 O b j e c t i v e  

The o b j e c t  o f  t h i s  e f f o r t  i s  t o  de te rm ine  t h e  p h y s i c a l  b a s i s  f o r  t h e  tem- 

p e r a t u r e  independence o f  t h e  s t e a d y- s t a t e  s w e l l i n g  r a t e  observed i n  some 

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

2.0 Summary 

Recent ana lyses o f  s w e l l i n g  d a t a  f o r  a v a r i e t y  o f  a u s t e n i t i c  s t a i n l e s s  s t e e l s  
have r e v e a l e d  t h a t  t h e  s t e a d y- s t a t e  s w e l l i n g  r a t e  i s  n e a r l y  independent o f  

tempera tu re  and i s  a l s o  independent o f  composi t ion.  T h i s  i s  i n  apparent 

c o n t r a d i c t i o n  w i t h  most e a r l i e r  ana lyses showing a l a r g e  dependence o f  

s w e l l i n g  r a t e  on temperature .  It i s  shown t h a t  r a t e  t h e o r y  does indeed 

agree w i t h  t h i s  r e c e n t  f i n d i n g  i f  a p p r o p r i a t e  m a t e r i a l  parameters a r e  

chosen. Among t h e  most c r i t i c a l  parameters i s  t h e  vacancy m i g r a t i o n  energy, 

a parameter which has r e c e n t l y  been r e v i s e d  s i g n i f i c a n t l y  based on exper-  

iments  conducted on n i c k e l .  With t h e  new v a l u e  o f  1.1 eV, t h e  s t e a d y- s t a t e  

s w e l l i n g  r a t e  becomes n e a r l y  independent o f  tempera tu re  a f t e r  t h e  m i c r o -  
s t r u c t u r a l  s i n k  s t r e n g t h  has reached o r  exceeded 5 x 10 10 cm-2 
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The eventual swelling r a t e  a l so  does not appear  t o  be very sensi t ive  t o  com- 
position o r  t o  other environmental variables such as displacement ra te .  
implies t ha t  the s e n s i t i v i t i e s  of microstructural development t o  temperature 
and other variables are n o t  as instrumental in determining the swelling r a t e  
as previously envisioned. 
demonstrated u s i n g  r a t e  theory. 

This 

A ra t ionale  fo r  t h i s  insens i t iv i ty  can be 

5.2 Results 

According t o  the r a t e  theory of void growth(’) the swelling r a t e  i s  given by 

where So = 4nNoro 

i s  the s i n k  strength of voids  w i t h  average - radius ro and concentration No, D v  
i s  the vacancy diffusion coeff ic ient ,  C i q  i s  the vacancy concentration i n  

thermal equilibrium with the sinks, and C; i s  the same quantity in equilibrium 
with the voids. A t  temperatures T 5 0.6 T,, the void annealing term, be ing  

pressure close t o  the equilibrium value 2y / ro  ( y  i s  the surface energy), or i f  

the void radius i s  suff ic ient ly  large so t ha t  2y/ro << kT/Q (Q i s  the atomic 
volume), then the annealing term can be neglected even a t  higher temperatures. 

- 
proportional t o  DV[C: - Cv eq 1 ,  can be neglected. If the voids contain a gas 

For these conditions, the swelling r a t e  i s  given by the bias-driven term only 
and  i s  proportional . .  t o  

where X = 32 n/ag = 4nRc/n 

with Rc = 2a0 (ao i s  the l a t t i c e  parameter) being the recombination radius, (2) 
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4.0 Relevant DAFS Program Task/Subtask 
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Task II .C.l  Effects of Material Parameters on Microstructure 
Task II.C.2.5 Modeling 
Subtask C :  Correlation Methodology 

6 :I, 10 16 , :  mn 

5.0 Accomplishment and Status 

5.1 Introduction 

It has been shown that the eventual swelling rate of several 300 series 
While stainless steels is %l%/dpa over a wide range of temperature 

the transient regime may be sensitive to temperature for some heats of steel, 
others are relatively insensitive to temperature as shown in Figure 1. 
temperatures outside the temperature-insensitive range the transients are 
longer but eventually the same swelling rate is reached. 
without significant solutes such as carbon or silicon also exhibit an inde- 
pendence of steady-state swelling rate on temperature. (f~) Once again the 
steady-state swelling rate is -l%/dpa but it is reached after a short and 
rather abrupt transient regime. 

At 

Ternary alloys 

m 

16 

SWELLINQ 
K 

10 

6 

0 
1s 

4 

: d  
1 TREND LINE 

FOR PIN 8 1 2 1 1 :  o, 

,. 
I I I % !  I 

FOUR INTERIOR 
FUEL PINS FROM I( 
WSA4 I M ' C I  I 

I 

i 
.I . I  , 

I B 
e' ,' ,' 

~~ 

10 15 m.i@ 
NEUTRON FLUENCE 1E)O.l MeV1 

FIGURE 1. N-lot, a Heat of AIS1 316 Showing a Relative Insensitivity of 
Swelling to Temperature in a Given Experiment, but Also Exhibiting 
a Sensitivity of the Transient Regime to Environmental History in 
Each Experiment. (2,395) 
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6 = 4ADVP/(S 2 TiTv) , (5) 

and S i s  the  t o t a l  s ink  strength. Here, P i s  the  product ion r a t e  o f  f r e e l y  

m ig ra t i ng  p o i n t  defects,  and Ti and TV are the  average b ias  f a c t o r s  f o r  i n t e r -  

s t i t i a l  and vacancy absorpt ion, respect ive ly .  These f a c t o r s  are on the  order  
o f  one. Therefore, i n  the expression f o r  r we may s e t  these f a c t o r s  equal t o  
one w i thou t  l o s s  o f  accuracy. 

L e t  us d i v i d e  the  s ink  s t r u c t u r e  i n t o  two components, vo ids w i t h  s ink  s t rength  

So, and the remainder w i t h  s ink  s t rength  sd. The subsc r ip t  “d“ i s  t o  i n d i c a t e  
t h a t  a s i g n i f i c a n t  f r a c t i o n  o r  perhaps a l l  o f  the l a t t e r  s inks  are  composed o f  

d i s loca t i ons  and loops. We assign these s inks  the b i a s  f a c t o r s  Z: and Z v .  d 

Using the  d e f i n i t i o n  

we can w r i t e  the  swe l l i ng  r a t e  a l so  i n  the  form 

where F(P,T) = SrD, (8)  

i s  a func t i on  which conta ins a major p a r t  o f  the  temperature dependence o f  the  
swe l l i ng  ra te .  The second f a c t o r  i s  the n e t  b ias  i f  we s e t  
7” s . 1 ,  and i t  depends only  weakly on temperature. The f i r s t  f a c t o r  may 

depend r a t h e r  s t rong ly  on the  temperature f o r  a s ink  s t r u c t u r e  dominated by 
only  one s ink  type. However, radiat ion- induced micros t ruc tures  obta ined a f t e r  

v o i d  nuc lea t ion  has ceased are o f t e n  charac ter ized by a balance o f  the  s ink  

st rength,  i.e. by So E sd. I n  t h i s  case, the  f i r s t  f a c t o r  becomes equal t o  
(1 /4 ) ,  regardless o f  the i r r a d i a t i o n  temperature. Even if So f sd, the  two 
s ink  s t rengths  usua l l y  have a s i m i l a r  temperature dependence. 

f i r s t  f a c t o r  i s  then independent o f  temperature. I f  we d i v i d e  Eq. ( 7 )  by the  

Again, the  
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de fec t  product ion r a t e  P, we ob ta in  the  swe l l i ng  r a t e  i n  f r a c t i o n s  per  dpa. 

Accordingly, the  r a t i o  (F/P) was evaluated w i t h  t h e  f o l l o w i n g  parameters. The 
vacancy d i f f u s i o n  c o e f f i c i e n t  was assumed t o  be equal t o  t h a t  f o r  n i cke l ,  and 
i t  i s  given by 

DV = 0.0153 exp[-E:/kT] (9) 

whereas the  e q u i l i b r i u m  concentrat ion was assumed t o  be 

Ceq = exp(l.5 - EV/kT] f . 
V 

The a c t i v a t i o n  energy f o r  s e l f - d i f f u s i o n  i n  n i c k e l  i s  

f m  EV + E, = 2.8 eV 

(10) 

(11) 

a f a i r l y  w e l l  establ ished“) value, whereas the  m ig ra t i on  (and hence f o r -  

mation) energy has been s i g n i f i c a n t l y  rev ised recen t l y  based on measurements 
by Khanna and Sonnenberg(’) and Smedskjaer e t  a l .  ( l o )  Whereas the widely  

accepted m ig ra t i on  energy was prev ious ly  E: = 1.4 eV, i t  i s  now c l e a r  t h a t  

the value i s  a c t u a l l y  E: = 1.1 f 0.1 eV . We s h a l l  see s h o r t l y  t h a t  t h i s  new 
and presumably more r e l i a b l e  value o f  E: has a s i g n i f i c a n t  impact on swel l ing.  

For the  product ion r a t e  o f  p o i n t  de fec t  we have selected a displacement r a t e  
o f  dpa/s and a cascade surv iva l  f r a c t i o n  o f  0.3; hence P = 3 x lo-’ 
( p o i n t  de fec t  pa i r s / s ) .  

F igure  2 shows the  func t i on  F/P versus temperature f o r  d i f f e r e n t  values o f  the 

t o t a l  s ink strength. For a low s ink s t rength  the  func t i on  F/P and hence the  

swe l l i ng  r a t e  e x h i b i t s  a marked temperature dependence. However, as the s ink  

densi ty  increases w i t h  i r r a d i a t i o n  t ime the  func t i on  F/P approaches a constant  
value o f  1/2. Previous ana lys is  o f  the evo lu t i on  o f  the d i s l o c a t i o n  network 

i n  a u s t e n i t i c  s ta in less  s tee l s  showed (11)  t h a t  a temperature independent value 

o f  - 6 x 1O1O cmm2 i s  reached before the  onset o f  s teady-state swel l ing. 
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3 IACANCY MIGRATION 

FIGURE 2. The Funct ion F/P, Which Determines the Temperature Dependence of the 
Steady-State Swel l ing  Rate, Depends on To ta l  S ink Strength,  Tempera- 
tu re ,  and Vacancy M ig ra t i on  Energy. 

Adding t o  t h i s  value t h e  s ink s t rength  o f  voids and d i s l o c a t i o n  loops we f i n d  

t h a t  (F /P)  and the  swe l l i ng  r a t e  should indeed become independent o f  tempera- 
ture .  

F igure  3 shows the  func t i on  (F/P) f o r  a t o t a l  s ink dens i ty  o f  5 x lo lo  cm-* 

b u t  f o r  d i f f e r e n t  m ig ra t i on  energies o f  the vacancy. This  f i g u r e  demonstrates 
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FIGURE 3. T h e  Temperature Dependence of the Function F/P i s  Q u  
t o  the Vacancy Migration Energies. 

! Sens i t  v e  

m t ha t  the previously accepted value of E v  = 1 . 4  eV gave a swelling r a t e  which 
depended strongly on the i r radiat ion temperature. 
however, supports the experimental findings t ha t  the swelling r a t e  becomes 
independent of temperature. 

The present analysis,  
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F u t u r e  Work 

The tempera tu re  dependence o f  b o t h  t h e  v o i d  s i n k  s t r e n g t h  and t h e  t o t a l  
d i s l o c a t i o n  s i n k  s t r e n g t h  w i l l  be ana lyzed  i n  more d e t a i l ,  and t h e  impact  o f  

t h e s e  on t h e  s t e a d y- s t a t e  s w e l l i n g  r a t e  w i l l  be reassessed. 
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V O I D  SWELLING I N  THE PRESENCE OF SMALL HELIUM BUBBLES 

W. G. Wolfer ( U n i v e r s i t y  o f  Wisconsin) 

1 .o Ob jec t i ve  

The purpose o f  t h i s  study i s  t o  explore the  m ic ros t ruc tu ra l  cond i t i ons  f o r  

which s m a l l  he l ium bubbles do o r  do n o t  i n f l uence  the swe l l i ng  behavior o f  

a u s t e n i t i c  s t a i n l e s s  s tee l s .  

2.0 Summary 

It i s  shown t h a t  bubbles t rea ted  as neu t ra l  s inks  (i.e., acqu i r i ng  no excess 

vacancies) have no e f fec t  whatsoever on the  vo id  swe l l i ng  r a t e  i f  the  s ink  
s t reng th  o f  a l l  o the r  s inks  exceeds the value o f  about 2 x 1O1O c d .  Swel l-  

i n g  proceeds then as i f  no bubbles were there.  
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5.0 Accomplishments and Status 

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

I r r a d i a t i o n  o f  ma te r i a l s  i n  HFIR or  w i t h  dual- ion beams produces o f ten  a 

c a v i t y  popu la t ion  cons i s t i ng  o f  voids and small hel ium bubbles. The presence 

o f  a h igh dens i ty  o f  small bubbles has been discovered a l so  i n  type 316 s ta in-  

less  s tee l  i r r a d i a t e d  recen t l y  i n  HFIR, and i t  has been considered as a po- 

t e n t i a l  suppressant o f  the h igh  swe l l i ng  r a t e  observed i n  breeder reac tor  ir- 

rad ia t i ons .  This expectat ion i s  based on r a t e  theory arguments where bubbles 

and voids are t rea ted  as sinks o f  the same kind. The bimodal s i ze  d i s t r i -  

b u t i o n  o f  the c a v i t y  populat ion observed i s  expla ined then i n  terms o f  a 

d i f f e r e n t  nuc lea t ion  t ime: the  voids were nucleated e a r l i e r  when l i t t l e  o r  no 
hel ium was present, whereas the  bubbles formed l a t e r  i n  response t o  t h e  i n -  

creas ing  hel ium concentrat ion.  This  explanat ion i s  a t  odds w i t h  several 

observat ions. F i r s t ,  the  ion-bombardment r e s u l t s  o f  Loomis e t  a l .  (l) show 
t h a t  the o r i g i n a l  bubble densi ty  produced under i r r a d i a t i o n s  with a h igh  

He/dpa r a t i o  can d imin ish  upon f u r t h e r  i r r a d i a t i o n .  Second, the  steady- state 
swe l l i ng  r a t e  may be independent o f  the  He/dpa r a t i o .  Third, i t has been 

shown by Brager and Garner(2) t h a t  the swe l l i ng  behavior o f  20% CW 316 (DO- 
Heat) i n  bo th  HFIR and EBR- I1  can be i n t e r p r e t e d  as being i d e n t i c a l ,  i n s p i t e  

o f  the  d i f f e rence  i n  the  hel ium bubble populat ion.  

I n  the present  paper, we explore w i t h  r a t e  theory the  i m p l i c a t i o n  o f  consider-  
i n g  voids and bubbles as d i f f e r e n t  s inks,  i .e.  w i t h  d i f f e r e n t  r e l a t i v e  biases. 

S p e c i f i c a l l y ,  we ask how vo id  swe l l i ng  proceeds i n  the  presence o f  hel ium 

bubbles which do n o t  grow. The l a t t e r  assumption i s  considered an approxi-  

mation t o  the  perhaps more r e a l i s t i c  case t h a t  voids grow f a s t  i n  comparison 

t o  bubbles. 

5.2 Results 

Based on r a t e  theory, the vo id  swe l l i ng  r a t e  i s  given by 
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where 

n L X = 4nRo/n = 32 "/ao 

- 
a = 1 + X c y s z ; . )  

( 3 )  

(4 )  

B = 4XDvP/(S2 TiTV) (5) 

So = 4nroNo (6) 

Here, Rc = 2a0 i s  the recombination radius,  a, t he  l a t t i c e  parameter, R t he  
atomic volume, D, t h e  vacancy m ig ra t i on  c o e f f i c i e n t ,  ro the  average vo id  

radius,  No t he  v o i d  dens i ty ,  y the sur face energy, and po the  gas pressure 
i n s i d e  the void. 

The t o t a l  s ink s t rength  i s  composed o f  var ious con t r i bu t i ons ,  

s = so + Sb + Sd (8) 

Sb = 4nr N ( 9 )  b b  where 

denotes the  s ink  s t reng th  o f  bubbles and sd t h a t  o f  t he  remaining s inks  o the r  

than voids and bubbles. 

as we l l  as a vacancy concent ra t ion  C: i n  thermodynamic e q u i l i b r i u m  w i t h  t h e  

s ink  type " s " .  

Each s ink  type possesses i t s  b i a s  f a c t o r s  Z: and Z i  
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The sink-averaged b ias  f a c t o r s  are then def ined as 

and the  average thermal vacancy concentrat ion as 

The swe l l i ng  r a t e  due t o  bubble growth i s  given by the  equat ion 

The t o t a l  swe l l i ng  r a t e  i s  then the  sum o f  the  two expressions i n  Eqs. (1) and 
(12). 

I n  the absence o f  rad ia t ion- induced segregat ion and chemisorpt ion o f  surface-  

a c t i v e  impur i t i es ,  the  b i a s  f a c t o r s  o f  vo ids and bubbles are  near ly  i d e n t i c a l .  

I n  f a c t ,  the  major c o n t r i b u t i o n  t o  Z and Zo o r i g i n a t e s  from the image i n t e r -  

a c t i o n  which i s  independent o f  the gas pressure, and i t  leads t o  a very 
s i g n i f i c a n t  i n t e r s t i t i a l  b ias  p a r t i c u l a r l y  f o r  small voids o r  bubbles. I n  

order  f o r  vo ids t o  nucleate, some segregat ion i s  requ i red  t o  e l im ina te  t h i s  

b 

c a v i t y  b ias ,  as has been shown recent ly .  ( 3 )  

Based on t h i s  important  r o l e  o f  segregat ion on the c a v i t y  bias, i t  appears 

then t h a t  vo ids are no t  on l y  d i s t i n c t  from bubbles w i t h  regard t o  the  i n t e r n a l  
gas pressure, b u t  a l s o  w i t h  regard t o  t h e i r  b i a s  fac tors .  Obviously, the  v o i d  

b i a s  f a c t o r  Z s  < Zi o r  e l s e  the  bubbles would have evolved i n t o  voids. b 

Accordingly,  we may assume t h a t  

h(-) d A V  >>+) d AV = o  
t v  o t v  b -  

By s e t t i n g  Eq. (12)  equal t o  zero, we can solve f o r  Zp/Z$ and e l im ina te  t h i s  
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_ -  
bias  f a c t o r  r a t i o  from the average b ias  f a c t o r  r a t i o  Zi/Zv as de f ined  by Eq. 
(10). We note t h a t  even though Zv /Zb  depends on Cb,  the f i n a l  r e s u l t  f o r  t h e  
v o i d  s w e l l i n g  r a t e  becomes independent o f  both Z v / Z b  and C b .  Th is  r e s u l t  i s  

e a s i l y  obta ined a f t e r  elementary bu t  l eng th  a1 gebraic man ipu la t ion  which we 
w i l l  no t  repeat  here. As an in te rmed ia te  r e s u l t  we f i n d  

s0z;s,z; 

soz; + sdz; 
d Av 
&-)o = D v I  

L e t  us now de f i ne  b ias  f a c t o r s  averaged over a l l  s inks b u t  exc lud ing  bubbles 

as 

7.  1 ,v = (sozy,v + sdz;,v)/5 (14) 

where 3 = So + sd. 
concent ra t ion  f o r  a l l  s inks except bubbles as 

S i m i l a r l y ,  we may de f i ne  a sink-averaged thermal vacancy 

-qq  = (c;z;so + c;z;sd)/(n V 5) . 

Then, i t  i s  easy t o  show again by elementary ( b u t  leng thy)  a lgebra t h a t  

V 
L 

V 
L 

T h i s  equat ion has a form i d e n t i c a l  t o  Eq. (1) b u t  con ta ins  no bubble para- 
meters except i n  t he  f u n c t i o n  r. The l a t t e r  f u n c t i o n  becomes however inde-  

pendent o f  t he  t o t a l  s ink  s t rength  when S 2 5 x lo1' cmm2 f o r  t he  temperature 

range o f  - 350°C t o  - 650"C.(4) As a r e s u l t ,  the b ias- dr iven  vo id  s w e l l i n g  

r a t e  becomes a l t oge the r  independent o f  the bubble s ink  s t rength.  

We can therefore draw the  important  conclus ion t h a t  t he  presence o f  small gas 
bubbles which grow a t  a much lower r a t e  than voids has no e f f e c t  whatsoever on 

the vo id  swe l l i ng  ra te ,  once the t o t a l  s ink  s t reng th  reaches the value of 

- 5 x 1O1O cm-2. Th is  i s  the case f o r  a u s t e n i t i c  s tee l s  i r r a d i a t e d  t o  

f luences where swe l l i ng  commences. The present  conclus ion i s  o f  course v a l i d  
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on ly  as l ong  as gas-driven bubble swe l l i ng  i s  n e g l i g i b l e ,  i .e .  f o r  tempera- 

tu res  $ 6OO0C and displacement ra tes  o f  - dpa/s. I n  f a c t ,  the  conclus ion 

on ly  app l ies  t o  t h e  b ias- dr iven swel l ing. Therefore, when gas-driven swe l l i ng  

becomes s i g n i f i c a n t ,  the t o t a l  swe l l i ng  r a t e  i s  simply the  vo id  swe l l i ng  r a t e  
evaluated as i f  the  bubbles were not  there p lus  the gas-driven bubble swe l l i ng  

r a t e  evaluated as i f  the voids were no t  there. I n  shor t ,  vo id  and bubble 
swe l l i ng  can be t r e a t e d  independently, and they are simply add i t i ve .  
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7 .O Future Work 

Mechanisms o ther  than b ias- dr iven growth w i l l  be evaluated f o r  hel ium bubble 

growth, and the imp l i ca t i ons  on vo id  swe l l i ng  w i l l  be f u r t h e r  inves t iga ted .  
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GROWTH MECHANISMS FOR HELIUM INCLUSIONS AND BUBBLES 
W .  G. Wolfer and B. 6 .  Glasgow (Un ive rs i t y  o f  Wisconsin) 

1 .o Ob jec t ive  

The d i s t r i b u t i o n  o f  hel ium i n  the form o f  c l u s t e r s  and bubbles has an important  

e f f e c t  on the m ic ros t ruc tu re  and on the mechanical p rope r t i es  o f  i r r a d i a t e d  

mater ia ls .  The purpose o f  t h i s  study i s  t o  i n v e s t i g a t e  the  mechanisms by 

which hel ium i n c l u s i o n  and bubbles can grow as a func t i on  o f  the hel ium con- 
c e n t r a t i  on and temperature. 

2 .o Summary 

Small c l u s t e r s  of hel ium atoms and vacancies have a s i g n i f i c a n t  i n t e r a c t i o n  

w i t h  s e l f - i n t e r s t i t i a l s .  As a r e s u l t ,  t h e i r  growth i s  no t  b ias- dr iven,  b u t  
pressure-driven. Three mechanisms are considered f o r  t h i s  type o f  growth: 

s e l f - i n t e r s t i t i a l  e jec t i on ,  d i s l o c a t i o n  loop punching, and s t ress- ass is ted  
thermal vacancy absorpt ion. Under the assumption t h a t  the overpressure i n  

the hel ium c l u s t e r  i s  the d r i v i n g  fo rce  f o r  a l l  three mechanisms, i t  i s  shown 
t h a t  the i n t e r s t i t i a l  e j e c t i o n  i s  the dominant mechanism f o r  the growth o f  

bubbles w i t h  r a d i i  l ess  than about 5 t o  10 Burgers vectors, wh i l e  loop punch- 
i n g  becomes dominant f o r  l a r g e r  r a d i i .  F i n a l l y ,  thermal vacancy absorpt ion 
becomes important  a t  s t i l l  l a r g e r  r a d i i  and temperatures - < 700 K. Above 800 

K, and f o r  hel ium product ion ra tes  o f  appm/s, however, the thermal 

vacancy absorpt ion i s  the  dominant growth mechanism a t  a l l  bubble r a d i i .  

3.0 Program 

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

P r i n c i p a l  I nves t i ga to r :  W. G. Wolfer 

A f f i l i a t i o n :  Un ive rs i t y  o f  Wisconsin-Madison 
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Task II.C.2 E f f e c t s  o f  Helium on Mic ros t ruc ture  

5.0 Accomplishment and Status 

4.0 Relevant DAFS Program Plan Task/Subtask 

as been shown 0 

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

The energy o f  s o l u t i o n  o f  hel ium atoms i n  metals e h igh l y  

negative,( ') i n d i c a t i n g  i n s o l u b i l i t y  no matter how small the concentrat ion.  
A s  a r e s u l t ,  i t  w i l l  be ene rge t i ca l l y  favorable f o r  the  hel ium atom t o  become 

s u b s t i t u t i o n a l ,  and f o r  more hel ium atoms t o  p r e c i p i t a t e  ou t  i n  the  form o f  

i nc lus ions  o r  overpressurized bubbles. The hel ium p r e c i p i t a t e s  need no t  
always assume a three-dimensional conf igura t ion .  Evans e t  a l .  (2) have found 
hel ium p l a t e l e t s  i n  Mo implanted w i t h  hel ium ions  a t  low temperatures. Upon 

annealing, the  p l a t e l e t s  transformed between 600 and 800°C i n t o  sheets of 
small bubbles. 

Since the  a c t i v a t i o n  energy f o r  i n t e r s t i t i a l  hel ium m ig ra t i on  i s  on the  order  

o f  0.5 eV i n  fcc  metals,(3) any hel ium atoms e i t h e r  implanted o r  produced by 
transmutat ions w i l l  migrate a t  e levated temperatures and become trapped i n  

vacancies and already e x i s t i n g  helium-vacancy c lus te rs .  The format ion o f  such 

c l u s t e r s  has been s tud ied  w i t h  computer s imu la t ion  by Wilson and co- 
workers ( 4 3 5 )  on an a tom is t i c  basis. It was shown t h a t  up t o  5 hel ium atoms 
can be trapped i n  one vacancy. Trapping o f  add i t i ona l  hel ium atoms leads then 

t o  the c rea t i on  o f  s e l f - i n t e r s t i t i a l s  which remain however a t t r a c t e d  t o  t h e  

he1 i um-vacancy c l u s t e r .  This athermal growth o f  he1 ium c l u s t e r s  i n t o  bubbles 

was f u r t h e r  i nves t i ga ted  w i t h  a rate- theory model by Baskes e t  a l .  ( 6 )  They 

concluded t h a t  the athermal emission o f  s e l f - i n t e r s t i t i a l s  by bubbles which 

t r a p  more hel ium atoms can indeed prov ide an explanat ion f o r  the  format ion of 

t h e  h igh  densi ty  o f  bubbles which preceeds b l i s t e r i n g  a t  low temperatures. I n  

a l l  these t h e o r e t i c a l  s tudies,  e f f e c t s  due t o  l a t t i c e  v i b r a t i o n s  were no t  con- 

sidered; i n  essence, the r e s u l t s  are s t r i c t l y  v a l i d  f o r  0 K only. I n  ad- 
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d i t i o n ,  r a t h e r  small helium-vacancy c l u s t e r s  were modeled conta in ing  only  a 
few hel ium atoms and vacancies. The t r a n s i t i o n  t o  l a r g e r  bubbles requ i res  

the re fo re  f u r t h e r  i nves t i ga t i on .  

Evans(7) has proposed t h a t  the overpressure i n  hel ium bubbles i s  r e l i e v e d  by 

punching o f  i n t e r s t i t i a l - t y p e  loops. Again, t h i s  i s  an athermal mechanism o f  

bubble growth. 

F i n a l l y ,  i t  i s  we l l  known t h a t  a t  elevated temperatures above - 0.5 T,, hel ium 

bubbles may grow by the absorpt ion o f  thermal vacancies. I n  the present  

paper, we i n v e s t i g a t e  f u r t h e r  the above mentioned mechanisms f o r  hel ium 

c l u s t e r  growth, i .e. i n t e r s t i t i a l  emission, loop punching, and thermal vacancy 
absorpt ion. F i r s t ,  we l i k e  t o  

i nc lude  the e f f e c t  o f  temperature f o r  a l l  three mechanisms. Second, we want 

t o  f i n d  which o f  these mechanisms i s  the predominant one f o r  a given tempera- 

ture,  a g iven hel ium concentrat ion, and f o r  a given mic ros t ruc ture  t o  be 

de f ined below. Thi rd,  we wish t o  extend previous i nves t i ga t i ons  r e s t r i c t e d  t o  

small hel ium c l u s t e r s  t o  l a r g e r  c l u s t e r s  and bubbles as seen i n  e lec t ron -  

microscopy studies.  

The purpose o f  the i n v e s t i g a t i o n  i s  th ree fo ld .  

Our present  approach i s  r e s t r i c t e d  t o  r a t h e r  simple considerat ions aimed a t  

ob ta in ing  order  o f  magnitude answers. Refinements w i l l  be made i n  f u t u r e  
i nves t i ga t i ons .  The cen t ra l  assumption made here i s  t h a t  the  actual  bubble 
growth mechanism i s  the one which requ i res  the  l e a s t  amount o f  work t o  be 

performed by the  he1 ium pressure. 

5.2 Bubble Growth by S e l f - I n t e r s t i t i a l  Emission 

Suppose t h a t  the  r a t e  o f  hel ium generat ion o r  imp lan ta t ion  i s  (per  metal 

atom and per second), and t h a t  there are already Ng hel ium bubbles per  u n i t  
volume o f  average rad ius  R. L e t  us f u r t h e r  assume t h a t  a s ta t i ona ry  cond i t i on  

has been reached such t h a t  each new hel ium atom generated o r  implanted w i l l  

a f t e r  some time be trapped a t  one o f  the already e x i s t i n g  bubbles. I n  ad- 

He 
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d i t i o n ,  the  r a t i o  o f  hel ium atoms t o  vacancies i n  the  bubble, TI, sha l l  remain 
constant, and any newly acquired hel ium atom i n  a bubble induces the  emission 
o f  a s e l f - i n t e r s t i t i a l .  The bui ld- up o f  a s i g n i f i c a n t  i n t e r s t i t i a l  concen- 

t r a t i o n  around the  growing bubble i s  prevented by t h e i r  m ig ra t i on  t o  d i s t a n t  
sinks. It i s  then obvious t h a t  the f o l l o w i n g  r e l a t i o n s h i p  i s  v a l i d :  

0 
= n4nRN D C . 

'He B I I  

Here, DI i s  the d i f f us ion  c o e f f i c i e n t  f o r  i n t e r s t i t i a l s  and 

i s  the i n t e r s t i t i a l  concentrat ion i n  l o c a l  thermodynamic e q u i l i b r i u m  w i t h  the  
bubble having an i n t e r n a l  gas pressure o f  p. The sur face tens ion  i s  denoted 
by Y and the volume per  metal atom by n. The thermal i n t e r s t i t i a l  concen- 

t r a t i o n ,  CFq, i s  def ined as 

Ceq I = exp(-E:/kT) ( 3 )  

f where EI i s  the  format ion energy f o r  a s e l f - i n t e r s t i t i a l .  Although t h i s  ener- 
gy i s  so l a r g e  t h a t  CFq ? 0, a s u f f i c i e n t l y  h igh  pressure p can render the 

exponent (-EI + pn)/kT s u f f i c i e n t l y  l a r g e  so t h a t  C i  >> CFq. Using the  
re1 a t i o n  

f 

DI = DY exp(-ET/kT) ( 4 )  

where D i  i s  a constant,  we obta in  f o r  the work done by the  gas pressure per  
se l  f - i n t e r s t i t i a l  emission 

( 5 )  
f m  0 .pn = 2yn/R t EI t E I t kT I n  [iHe/n4nRNBDI] . 

I n  eva lua t ing  Eq. (5 ) ,  the ma te r ia l s  parameters l i s t e d  i n  Table 1 were em- 

ployed. It i s  found t h a t  the overwhelming c o n t r i b u t i o n  t o  the  work pR comes 

153 



TABLE I 
MATERIALS PARAMETERS FOR NICKEL AND AUSTENITIC STAINLESS STEELS 

Parameter Symbol Value U n i t  

0.364 nm L a t t i c e  parameter a0 
Burgers vector  b a lJz nm 

Atomic volume R a0/4 
Surface energy Y 2 J/m2 
Stacking f a u l t  energy Y f  0.3 J /m2 
Shear modulus U 1012 Pa 

Poisson's r a t i o  V 0.3 
Vacancy format ion entropy s,f 1.5 k 

Vacancy format ion energy E,f 1.8 eV 

1.1 eV 

3-5 eV 

I n t e r s t i t i a l  m ig ra t i on  energy E T  0.2 eV 

Vacancy m ig ra t i on  energy 

I n t e r s t i t i a l  format ion energy 

Pre-exponential f a c t o r s  

8 

f o r  vacancy d i f f u s i o n  DO, 0.0153 cm2/s 

f o r  i n t e r s t i t i a l  d i f f u s i o n  D P  0.001 cm2/s 

Bubble dens i ty  NB 101~-1019 cm-3 

f from the  i n t e r s t i t i a l  formation energy El. I n  cont ras t ,  the parameters NB. 
, TI, and T can be va r ied  over l a rge  ranges w i thout  much change i n  the  work 

requ i red  t o  em i t  an i n t e r s t i t i a l .  This i s  seen from the r e s u l t s  shown i n  Fig. 

1. Here, the shaded band covers the values f o r  pn  when the  hel ium generat ion 

r a t e  i s  va r i ed  between 100 and 1000 appmls, the  bubble densi ty  between 1017 
and lo1' and the  temperature between 300 K and 900 K. Furthermore, the  
work i s  on ly  weakly dependent on the  bubble rad ius  R. 

;,e 

5.3 Loop Punching 

Ins tead o f  the  emission o f  one i n t e r s t i t i a l  a t  a time, i t  i s  poss ib le  t h a t  an 

e n t i r e  i n t e r s t i t i a l  p l a t e l e t  may be emitted. Assuming t h a t  i t s  rad ius  R i s  
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BUBBLE RADIUS, R / b  

FIGURE 1. Energy Expended per  Metal Atom Emi t ted  When Bubble Growth Occurs by 
S e l f - I n t e r s t i t i a l  Emission o r  Punching o f  I n t e r s t i t i a l  Loops. 

equal t o  the bubble radius,  the energy expended i n  t h i s  process i s  t he  d i s l o -  
c a t i o n  loop  energy. For s u f f i c i e n t l y  l a r g e  l oop  r a d i i ,  t h i s  energy i s  g iven  

bY 

R 2 - vb R [ l n  - + 2 I n  2 - 11 + nR yf  
rO 

E~~ - m (6) 

f o r  a f a u l t e d  loop  and by 
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f o r  a p e r f e c t  loop.  Here, ro i s  the d i s l o c a t i o n  core rad ius .  

For  small loops, the above expressions become i n v a l i d .  Based on computer 

s imu la t ion  r e s u l t s  o f  small i n t e r s t i t i a l  c l us te rs ,  T r i n k a ~ s ( ~ )  proposes t h e  
f o l l o w i n g  approximation f o r  the energy o f  a small i n t e r s t i t i a l  loop 

EIC = 8npR/a,. (8)  

I n  order  t o  ob ta in  a continuous dependence o f  the  loop energy on i t s  rad ius  R ,  

we have chosen the  core rad ius  ro such t h a t  EIC z E ~ L  o r  EIC % EFL a t  R = 10 

b. This  p a r t i c u l a r  matching i s  accomplished w i t h  ro = 0.1 b. 

The work performed per  metal atom emission i s  now given by 

where EL i s  e i t h e r  equal t o  EIC when R < 1.0 b, o r  equal t o  EFL o r  EPL f o r  
l a r g e r  loop r a d i i .  We note, t h a t  f o r  R < 10 b, Eq. ( 9 )  gives the  simple 

re1 a t i onsh ip  

F igure  1 shows the  work expended per  metal atom emission according t o  Eq. (9) .  

It i s  seen t h a t  the loop punching mechanism requ i res  l e s s  work per  atom f o r  
bubble r a d i i  greater  than 5 t o  10 Burgers vectors when compared t o  the i n t e r -  

s t i t i a l  emission process. 

It i s  important  t o  note, however, t h a t  the  actual  energy expended i n  the loop 

punching process i s  equal t o  the loop energy p lus  the  add i t i ona l  sur face ener- 

gy. I f  n i s  the number of i n t e r s t i t i a l s  contained i n  the loop, then the 

161 



actua l  work done i s  equal t o  npn. Therefore, the process o f  loop punching may 

i n  f a c t  r e q u i r e  a l a r g e  a c t i v a t i o n  energy. The above comparison based on t h e  

energy expended per  atom emission represents the re fo re  only  a necessary con- 
d i t i o n  bu t  no t  a s u f f i c i e n t  one f o r  the loop punching process t o  occur. 

5.4 Thermal Vacancy Absorpt ion 

The vacancy concentrat ion i n  l o c a l  thermodynamic e q u i l i b r i u m  w i t h  a bubble i s  

given by 

0 - eq exp(+pon/kT) cv  - cv (11) 

-Po = P - 2y/R 112) where 

(13) f f and Ceq V = exp[Sv/k - Ev/kT] . 

I f  O H  represents the hyd ros ta t i c  s t ress  i n  the  m a t r i x  o f  the s o l i d  which con- 
t a i n s  the bubbles, then the vacancy concentrat ion i n  l o c a l  thermodynamic equi-  

l i b r i u m  w i t h  d i s l o c a t i o n s  and g ra in  boundaries i s  g iven by 

cv - - cv eq exp(oHn/kT) . (14) 

An overpressure i n  the  bubbles ( p o  < 0)  w i l l  cause a hyd ros ta t i c  tension i n  

the mat r ix .  As shown i n  the Appendix, t h i s  hyd ros ta t i c  s t ress  i s  approxi-  
mately given by 

where S i s  the volume f r a c t i o n  o f  the bubbles. Due t o  the overpressure i n  
bubbles, Ct > C:q > Ct, and a thermal vacancy f l u x  w i l l  be induced from d i s l o -  

ca t i ons  and g ra in  boundaries t o  the bubbles. Under s t a t i o n a r y  condi t ions,  the 

r a t e  o f  hel ium generat ion becomes then equal t o  the r a t e  o f  hel ium capture a t  
bubbles. I n  t u rn ,  t h i s  r a t e  i s  then a lso  equal t o  the r a t e  o f  vacancy ab- 
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so rp t i on  a t  bubbles. Hence 

2 
‘He = 114nRN B v v  D Ceq {exp(-poS n/kT) - exp(+pon/kT)} . (161 

Th is  equat ion can be solved only  numer ica l ly  f o r  pn. 
<< 1, we may expand the  exponentials t o  f i r s t  o rder  and o b t a i n  

However, when Ipoln/kT 

where DSD = D v C t q  i s  the s e l f - d i f f u s i o n  c o e f f i c i e n t .  On the  o ther  hand, when 

(-pon/kT) >> 1, we may neglect  the  second term i n  the  brackets o f  Eq. (16),  

and we ob ta in  the  approximation 

Equation (16) was solved numer ica l ly  f o r  pn as  a func t i on  o f  the  bubble rad ius  
R. The r e s u l t s  are shown i n  Figs. 2 and 3. For  a hel ium product ion r a t e  

t y p i c a l  o f  (n,a) transmutat ions i n  HFIR o r  f u t u r e  fus ion  reac tors ,  the  r e s u l t s  
i n  Fig. 2 show t h a t  thermal vacancy absorpt ion i s  the  predominant mechanism o f  

bubble growth f o r  i r r a d i a t i o n  temperature > 800 K. As the  swe l l i ng  due t o  
bubble growth increases, however, the hyd ros ta t i c  s t ress  uH increases i n  the  

mat r ix ;  and vacancy emission a t  d i s loca t i ons  can occur a t  somewhat lower 
temperatures. Consider, f o r  example, i r r a d i a t i o n  a t  700 K .  I n i t i a l l y ,  small 
hel ium c l u s t e r s  grow by i n t e r s t i t i a l  emission u n t i l  t h e i r  diameter reaches 

about - 2 nm; then, f u r t h e r  growth occurs most l i k e l y  by loop punching u n t i l  
the bubble swe l l i ng  reaches about 10%. From then on, bubble growth takes 

p lace by thermal vacancy emission a t  d i s loca t i ons  and absorpt ion a t  the  

bubbles. 

I f  the hel ium concentrat ion increases a t  a r a t e  o f  1000 appm/s as i n  hel ium 

imp lanta t ion  s tud ies  f o r  b l i s t e r i n g ,  the t r a n s i t i o n  from one growth mechanism 

t o  another occurs a t  h igher  temperatures, as shown i n  Fig. 3. 
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5.5 Appendix: Hydros ta t ic  Stress Produced By Bubbles 

I n  o rder  t o  evaluate the s t ress  d i s t r i b u t i o n  around pressur ized bubbles, we 

employ the f o l l o w i n g  effective-medium approach. We d i v i d e  the reg ion  around 
any one bubble i n t o  a c e l l u l a r  reg ion  R r < Rc, where R i s  bubble rad ius  and 
Rc i s  the c e l l  r ad ius  def ined such t h a t  the  volume f r a c t i o n  o f  bubbles i s  
g iven by 

Wi th in  t h i s  c e l l u l a r  region, the e l a s t i c  modu l i i  are those o f  the ac tua l  

c r y s t a l  l a t t i c e ,  and denoted by Y and K f o r  the shear and bu lk  modulus, re-  

spect ive ly .  The reg ion  R >Rc i s  t r ea ted  as an e f f e c t i v e  medium w i t h  average 
e l a s t i c  modu l i i  U and F. 

The r a d i a l  displacement f i e l d ,  assumed t o  be s p h e r i c a l l y  symmetric, i s  given 

by 

from which we can der ive  the s t ress  f i e l d  

I d e n t i c a l  expressions ho ld  f o r  the e f f e c t i v e  medium b u t  w i t h  d i f f e r e n t  con- 

s tan ts  F1 and and d i f f e r e n t  e l a s t i c  modu l i i  and F. We denote the  corre-  

sponding st resses by Tp, etc.  

- 
The fou r  constants c1, c2, cl, and T2 are now determined by the  f o l l o w i n g  

boundary cond i t ions .  On the  c a v i t y  surface 
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Ur(R) = -po = +p - 2y/R , 

whereas a t  the c e l l  boundary r = Rc 

u(Rc) = G(Rc) 

ur(Rc) = Tr(Rc) . 
F i n a l l y ,  on the ex te rna l  sur face r + m of the s o l i d  

- 
u (r + m) = 0 . r 

As a r e s u l t  of t he  l a s t  c o n d i t i o n  and Eq. (A3), we f i n d  Fl = 0 and 

- U” - 1  - 3 (ar + a + ue) = 0 . 
J, 

However, i n  t he  c e l l  r eg ion  

1 ‘  - 1  + ( I  + U ) = K C  ‘H - 3  (‘r o e 

Equations ( A 5 1  t o  (A7) l e a d  t o  the r e l a t i o n s h i p s  

K C 1  - 4pc2/R3 = -po 

K C 1  - 4pc2/RC 3 = -4:F2/R3c 

3 - 
c1Rc/3 + c2 = c2 . 

So lv ing  these equat ions f o r  c1  we f i n a l l y  ob ta in  t he  r e s u l t  

- - 
u = -p (E- 1)s/ [1 + 45  + (; - 1)s]  . 

H O t J  

(A5) 

Various d e r i v a t i o n s  have been repor ted  i n  the l i t e r a t u r e  f o r  the e f f e c t i v e  
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modu l i i  o f  s o l i d s  conta in ing  spher ica l  c a v i t i e s  o r  i n c l u s i o n  o f  d i f f e r e n t  

mater ia ls .  

Hashin(lO1 has der ived the  f o l l o w i n g  upper and lower bounds f o r  the  shear 

mudulus: 

(A151 
- 
p(upper)/p = 1 - 15(1 - w)S/[(7 - 5 ~ )  t 2(4 - !jW)s] 

(A16) 
- 
u( lower ) /u  = 1 - 15(1 - w)S/[(7 - 5 ~ )  + F ( S ) S ]  

where 

With these e f f e c t i v e  shear moduli, the r a t i o  (-oH/po) i s  as shown by the  
curves l a b e l l e d  "H" i n  Fig.  4. 

C h r i s t e n s e n ( l l )  repor ted  the f o l l o w i n g  f o r  an upper bound o f  u, 
- 
u / p  = 1 - 1 5 ( 1 - ~ ) S [ ( 7 + 5 w ) S ~ / ~  t 4 ( 7 - 1 0 ~ ) ] / [ ( 7 - 5 ~ )  - 2(4-5w)S]Q (A18) 

where Q = 4 ( 7 - 1 0 ~ )  + ( 7 + 5 ~ ) ~ / ~  t 126S(1 - S2/3)2 , (A191 

and he c l a ims  i t  t o  be b e t t e r  than Hashin's. As the  curve l a b e l l e d  " C"  i n  
F ig .  4 shows, h i s  upper bound gives only  a marginal improvement f o r  S < 0.2, 

b u t  worse r e s u l t s  f o r  S > 0.2. 

Chen and Acr ivos(13)  have der ived an expression f o r  the  e f f e c t i v e  shear 

modulus by consider ing a1 so the stress- induced i n t e r a c t i o n  between two cav i -  
t i e s  embedded i n t o  an e f f e c t i v e  medium. The i r  r e s u l t  i s  g iven by 

where H ~ ( w )  G 0.75 i s  a f unc t i on  o f  the Poisson's r a t i o ;  f o r  v = 0.3, H2 = 

0.67, whereas f o r  w = 0.4, H2 = 0.6. 

small v a r i a t i o n s  i n  V. With Eq. (A20), we ob ta in  the  r e s u l t  shown by the  

Hence, H ~ ( w )  i s  no t  very sens i t i ve  t o  
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SWELLING, S = A V / V  

FIGURE 4. Hydrostatic Stress Produced in the Matrix o f  a Solid Containing 
Bubbles with Volume Fraction S and Net Pressure Po. 
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curve labelled "C + A". Since Eq. (A20) represents a perturbation expansion 
i n  powers of S, additional terms would be required for  S 0.3. 

Wal pol e ( 12 )  has carried o u t  a similar perturbation expansion b u t  neglected the 
pair- interact ions  between cavi t ies .  In his  case, H2 F 1, and we obtain the 
curve labelled "w" in F ig .  4. The various expressions fo r  give similar re- 
sults fo r  small values of S. I n  f a c t ,  we can approximate the curves shown in 
F i g .  4 by the simple expression 
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7.0 Future Work 

A more detailed investigation of the loop punching process will be carried o u t  
in order t o  find the activation barr ier  fo r  t h i s  mechanism of bubble growth. 
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RADIATION-INDUCED EVOLUTION OF Fe-Ni-Cr TERNARY ALLOYS 
H. R. Brager and F. A. Garner (Hanford Engineering Development Laboratory) 

1 .o Objective 

The object of this effort is to identify the microstructural and micro- 
chemical origins of the compositional dependence of radiation-induced 
swelling, creep and changes in mechanical properties. 

2 .o Summary 

Austenitic Fe-Ni-Cr alloys with nickel levels of %35% tend to change their 
composition during irradiation. Some regions become enriched in nickel and 
depleted in chromium and iron, while other regions become depleted in nickel 
and enhanced in chromium and iron. This segregation should make it easier 
for voids to nucleate in the nickel-poor regions and also causes the alloy to 
densify substantially. Once the first voids nucleate, however, their sur- 
faces become the major sink for nickel segregation which leads to a reduced 
matrix nickel level and subsequent easier nucleation of other voids. 

3.0 Program 

Title: Irradiation Effects Analysis ( A K J )  
Principal Investigator: D. G. Doran 
Affiliation: Hanford Engineering Development Laboratory 

4 .O Relevant DAFS Program Plan Task/Subtask 

Subtask II.C.l. Effect of Material Parameters on Microstructure 
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5 .O Accomplishments and Status 

5.1 Introduction 

In a previous report it was shown that the swelling of Fe-Ni-Cr alloys was 
sensitive to their chromium and nickel levels, and that reproducible 
imnersion density measurements of swelling were obtained in two separate 
irradiation experiments. (l) Microscopy results on two specimens from the 
AA-VI1 experiment were also presented in that report. The first specimen 

( E  > 0.1 MeV) at 538OC and the second was derived from alloy E37 (Fe-35.5 
Ni-7.5Cr) irradiated to 7.6 x loz2 n/cm2 (E > 0.1 MeV) at 593OC. 
specimen had developed 7.7% void-swelling and the second had densified 0.9%. 
This densification was accompanied by a small amount of swelling, mostly 
arising from small (<5nm) - cavities that are probably helium bubbles. 
Examination of these two specimens has continued, concentrating primarily on 
the microchemical asDects of their evolution. 

was derived from alloy E25 (Fe-35.1Ni-21.7Cr) irradiated to 7.2 x 10" n/cm 2 

The first 

5.2 Results 

Since the E37 alloy was earlier shown to be near a minimum in density it was 
proposed that segregation of the alloy into regions that were enriched in 
nickel at the expense o f  other regions would lead to a net densification of 
the alloy. ('I The densification that occured in the E37 specimen could 
not be correlated with the formation of any visible precipitate phases. 
was decided, therefore, to measure the compositional variation of the E37 
matrix at fixed intervals along a traverse across the specimen. 

It 

Figure 1 shows one of four traverses that were made within a single grain 
using 200 nm EDX sampling intervals and a beam width of 20-40 nm. Fairly 
large changes in composition were found in such traverses and the figure 
demonstrates the reproducibility of such measurements. 
the nickel level was above that of the bulk average concentration, the 
chromium level tended to be below its bulk-averaged concentration. 

Note that whenever 
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FIGURE 1. Variation of Alloy E37 Matrix Composition Measured at 200-nm 
Intervals Along a Traverse Across the Specimen. The two lines in 
each graph represent measurements on separate days, each starting 
from an identifiable microstructural feature. In this case a 
void (~30-nm diameter) is located at point 0. 
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Correspondingly, when the nickel level was lower than the bulk-average level 
the chromium level was higher. 
chromium. 
the compositional variations did not occur prior to irradiation, although 
this latter possibility is now being investigated. 

Iron behaved in a manner similar to that of 
Since the alloy densified during irradiation, it is assumed that 

This trend is better illustrated in Figure 2, in which vl00 compositional 
measurements of small areas in four separate grains (using .30 nm diameter 
electron beam) show a persistent tendency o f  the alloy to exhibit enhanced 
nickel at the expense of chromium in some areas and to do the opposite in 
other areas. The iron concentration follows the same trend as that of the 
chromium. Variations in the nickel level between 25 and 55% were found 
which could easily lead to the observed densification o f  0.9%. (l) 
were very few voids (-~10’* ~ m - ~ )  observed in the E37 specimen and they tended 
to segregate nickel at their surfaces and to reject iron and chromium, as 
shown in Figure 3. The voidage in this specimen is not sufficiently large 
to lead to a net compositional change in the matrix, however. 

There 

The E25 alloy also exhibited an absence of precipitation but contained a 
moderate density ~ m - ~ )  of voids. Figure 4 shows significant segrega- 
tion of nickel to the void surfaces in alloy €25, reaching line-of-sight 
average concentrations approaching 55%. 
analyses indicate that the actual concentration o f  nickel at the void 
surface is on the order of 80%. This level of segregation has significantly 
changed the matrix composition. Note that away from the void surface shown 
in Figure 4 the nickel level has dropped below the bulk-averaged 35% level. 
A series of seventeen spot measurements between voids showed that the alloy 
matrix had developed a mean nickel concentration of 30.5%. 
chromium level had increased from 21.7 to 23.6% and the iron had increased 
from 43.2 to 45.9%. 

Preliminary results of unfolding 

The matrix 

5.3 Discussion 

The tendency of nickel to segregate Into precipitates and deplete the matrix 
o f  300 series stainless steels is well-known.(2) In the Fe-Ni-Cr austenitic 

173 



8 
O D  A 0 

0 A O m O W  I 1- c o o  e Q 0 "  
----+o-- 0 0 00 

Oa O A  

A 0  O O d S A  M 
A D * r  M 

y o  0 

dm 0 0 

0 9 A &  h - 
0 c 3 

8 

5 

I I 
0 

A D  
0 

0 0  

0 

0 

I D O  A 

I I I I I 

25 35 40 45 W 60 

Ni Iwt % I  

FIGURE 2. Relationship Between Nickel and Chromium Levels in Specimen E37, 
as Measured in Small Areas - ~ 3 0  nm in Size. 
shown on this figure denote measurements on three different days. 

The three symbols 

174 



.- ] DISTANCE lnml 

- 
-e4 

- E  

- 6 0  

- 4 6  

- 4 0  

- - 3 5  
0 

FIGURE 3. Segregation of Nickel Near a Void Surface in Specimen E37.  

. 
NI 

FIGURE 4. Segregation of Nickel Near a Void Surface in Specimen E25. 
large reduction of nickel in the matrix i s  a consequence. 
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ternary system being investigated, however, no plecipitates form when solutes 
such as silicon and carbon are absent. 
can become a major sink for nickel once they form, reducing the matrix 
nickel level substantially. It has also been shown, however, that high 
nickel levels(*) and low chromium levels(3) tend to discourage void 
nucleation. The lower chromium level of E37 is thus thought to be the major 
reason why swelling has not yet started in E37 while it has in E25, which 
contains 21.7% chromium. 

It appears, however, that the voids 

It also appears, however, that the E37 alloy tends during irradiation to 
develop compositional zones, some of which are depleted in nickel and 
enriched in chromium. These zones would then be the most likely sites for 
void nucleation. Once nucleated, however, it is anticipated that the voids 
will become sinks for nickel and will begin to draw down the matrix level of 
nickel. In effect, the growth of each void would make it easier for the 
next one to nucleate. 

The origin of the pre-void segregation of nickel may arise from segregation 
at microstructural sinks such as Frank loops or by a process of spinodal 
decomposition. 
either of these specimens,(’) so if they were the source of the segrega- 
tion, there must be a tendency for the segregation to persist after the loops 
have unfaulted. This also suggests a tendency toward spinodal behavior. 
This possibility is now being investigated. 

Frank loops were not found at significant densities in 

5.4 Conclusion 

Austenitic Fe-Ni-Cr alloys with nickel levels of %35% tend to change their 
composition during irradiation. Some regions become enriched in nickel and 
depleted in chromium and iron, while other regions become depleted in nickel 
and enhanced in chromium and iron. This segregation should make it easier 
for voids to nucleate in the nickel-poor regions and also causes the alloy 
to densify substantially. 
surfaces become the major sink for nickel segregation which reduces the 
matrix nickel level, and makes it easier for other voids to nucleate. 

Once the first voids nucleate, however, their 
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Future Work 

This effort will continue, with emphasis being placed on microscopy 
examination of additional specimens, measurement of shear modulii of 
unirradiated Fe-Ni-Cr alloys and development o f  theories to explain the 
compositional dependence of swelling. 

8.0 Pub1 ications 

None. 
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THE INFLUENCE OF REACTOR SPECTRA AND IRRADIATION TEMPERATURE ON THE SWELLING 
OF AISI 316 STAINLESS STEEL 
F. A. Garner (Hanford Engineering Development Laboratory) 

1 .o Objective 

The object of this effort is to determine the effect on swelling of dif- 
ferences in helium/dpa ratio as well as in differences in other variables 
arising from comparative irradiations in HFIR and EBR-11. 

2.0 Summary 

The swelling data base for the DO-heat of  AISI 316 has been reanalyzed to 
include the impact of additional displacements produced by the 56Fe recoil 
resulting from the 59Ni(n,a) reaction. 
are three additional data on the swelling of annealed DO-heat that were 
inadvertently excluded from the previous analysis. Comparisons are made 
with swelling data from other heats of steel irradiated in various fast 
reactors. The results of this study confirm the proposal that the addi- 
tional helium generated in HFIR does not substantially alter the swelling 
behavior of AISI 316 from that observed in EBR-11. 

Also included for the first time 

3.0 Program 

Title: Irradiation Effects Analysis 
Principal Investigator: D. G. Doran 
Affiliation: Westinghouse Hanford Co. 

4 .O Relevant Program Plan Task/Subtask 

Subtask IIC.2 Effect of He on Microstructure 
IIC.4 Effect o f  Solid Transmutants on Microstructure 
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5 .O Accomplishments and Status 

5.1 Introduction 

In a previous report it was shown that two separate interpretations have 
arisen concerning the limited amount of swelling data for 20% cold-worked 
00-heat AIS1 316 irradiated in HFIR and EBR-11. (l) A reanalysis of this 
data has been performed since the HFIR portion of these data are now known 
t o  require increases in their assigned displacement levels. 
arise from the previously unsuspected displacements resulting from the 
recoil of the 56Fe atom produced in the 59Ni(n,~) reaction. (293) 
placement assignments for the earliest data on DO-heat irradiated in 
EBR-II(4’5) also require adjustment since the reported dpa levels are incon- 
sistent with the reported neutron fluences. 
which the DO-heat data were irradiated in EBR-11, the conversion factor is 

2 22 %5.0 dpa per 1 x lo2* n/cm 

These increases 

The dis- 

Averaged over the positions in 

(E > 0.1 MeV). A value of 5.6 dpa per 10 
n/cm 2 was previously employed. (4 1 

In addition there were two data on annealed DO-heat from EBR-II(3) and 
another from HFIR (495) that were not included in the earlier analysis . 
The temperatures shown in this report are the originally reported nominal 
temperatures. Most of these are lower estimates of the actual irradiation 
temperatures. The most complete list of HFIR data on cold-worked DO-heat 
steel is contained in Reference 6. 

(1) 

5.2 Reanalysis of Swelling Data 

One of the major influences of the neutron spectra is in the atomic dis- 
placement efficiency per neutron. 
energies above 0.1 MeV, the HFIR spectrum is%40% more effective per 
neutron in creating displacements when compared to the EBR-I1 spectrum. 
is assumed in this study that displacements per atom is an adequate exposure 
parameter. 

When the neutron fluence is reported for 

It 
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As discussed earlier there is substantial incentive for treating the DO-heat 
cold-worked swelling data in aggregate, ignoring differences in displacement 
rate and particularly in irradiation temperature. (l) Figure la shows that 
the limited DO-heat cold-worked swelling data can be interpreted in aggre- 
gate to exhibit a relative insensitivity to both temperature and helium 
content. The readers attention is directed toward the 680'C (nominal) datum. 

This specimen was actually irradiated somewhere above 7OOOC and is the only 
cold-worked datum suggesting that HFIR irradiation can produce swelling 
rates comparable to those seen in EBR-11. 
pretation of the potential high fluence swelling behavior that discounts the 
relevance of this datum. 

Figure lb shows another inter- 

There is another approach that can be employed to study the impact o f  helium 
on swelling. It has been shown that the eventual steady-state swelling rate 
of AISI 316 in EBR-I1 is independent of cold work level, and that increasing 
the cold work level results only in extending the transient regime of 
swell ing. (7) Figure 2a shows that within the data range the swelling of 
annealed DO-heat data indeed exhibits an independence of irradiation tem- 
perature and reactor spectra. As shown in Figure Zb, the swelling rate of 
annealed DO-heat in HFIR is quite comparable to that of three different 
heats of AISI 316 irradiated at 600°C in EBR-11. Figure 2a also shows that 
the swelling rate of annealed steel in HFIR is comparable to the high 
fluence behavior projected for cold-worked 00-heat in HFIR. 

Figure 3 shows that the composite EBR-II/HFIR curve for cold-worked DO-heat 
is also quite comparable to the temperature-insensitive swelling of another 

Note that the environmental sensitivity of the transient regime of the N-lot 
heat in EBR-I1 is greater than the differences seen in Figure 2b between DO- 
heat in HFIR or EBR-I1 at any temperature. 

heat of cold-worked steel irradiated in two separate EBR-I1 experiments. ( 8 9 9 )  

Figure 3 also demonstrates the relative insensitivity of swelling to irra- 
diation temperature, a phenomenon observed in several 300 series stainless 
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FIGURE 1. Swelling Observed in 20% CW DO-Heat Irradiated in EBR-I1 and HFIR. 
(Only originally reported nominal temperatures used.) Corrections 
have been included for the displacements produced in HFIR by the 
56Fe recoil that accompanies the 59Ni (n. ) reaction. 
HFIR/EBR-I1 trend curve drawn is typical of swelling curves for 
AIS1 316 in EBR-11. 
shown in the right-hand figure. 

steels and also in ternary alloys. (1’8y10-12) 
larger sensitivity to temperature but this sensitivity manifests itself in 
the duration of the transient regime and not in the swelling rate at high 
fluence. 
rate ( 1 3 )  has also been observed and will be shown later. 

The composite 

An alternate interpretation of these data is 
Reference 6. 

Some steels exhibit a 

A similar sensitivity of the transient regime to displacement 

Since annealed swelling data are being used to demonstrate the independence 
of swelling rate on temperature as well as on helium/dpa ratio and solid 
transmutants, it should also be shown that a similar independence of tem- 
perature exists in the swelling rate o f  annealed steel in EBR-11. Unfor- 
tunately, the U. S. Breeder Program has generated very little data on 
annealed steels, concentrating instead on the 20% cold-worked condition 
prototypic of current and planned U. S. fast reactors. 
is very little annealed data, comparable to that shown in Figure Zb, which 
can be used to assess the temperature dependence o f  the steady-state 
swelling rate. 

In particular there 

181 



24 

22 

20 

18 

16 

14 

SWELLING 
% 

12 

10 

8 

6 

4 

2 

0 

A IMMERSION DENSITY. EBR-I1 
0 IMMERSION DENSITY. HFlR 

MICROSCOPY, HFlR 

ANNEALED 
DO-HEAT IN 
HFlR AND 
EBR-II 

1 1:: r' I 
I 
I 
I 
I I I 

EBR-II / IMMERSION 

I DENSITY / ONLY 

0 20 40 €4 80 0 20 40 €4 80 100 

DISPLACEMENTS PER ATOM 
H I O L r m l m .  

F I G U R E  2. (a) Swelling Rate of Annealed DO-Heat in H F I R  and E B R - I 1  is 
Independent of Temperature and Comparable to the High Fluence 
Behavior of the Composite H F I R / E B R - I 1  Curve for Cold-Worked 
Materi a1 . 

(b) The Annealed Swelling Behavior in H F I R  is Typical of Annealed 
Swelling at 6OOOC in EBR-11 .  (Previously unpublished data.) 
Each of the EBR-I1 lines represent two measurements on the 
same specimen at different exposures. The straight lines 
drawn through each set of data appear to increase in slope 
as swelling increases because the continuing curvature of 
swelling has been ignored. 
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I 1 

FIGURE 3. Comparison of Composite HFIR/EBR-I1 Trend Line for DO-Heat With 
Swelling Behavior Observed for a Single Heat of Steel Irradiated 
in EBR-I1 in Two Separate Experiments. All thre se s o f  data 
display a relative insensitivity to temperature. 78,d 

5.3 Comparison With Other Data 

There are data on annealed 316 available from other national programs. 
shown in Figures 4 and 5, the high fluence swelling rates of French annealed 
316 stainless steel are relatively insensitive to temperature. Note that 
the duration of the transient regime is somewhat temperature-sensitive but 
it is even more sensitive to displacement rate, particularly at higher 
temperatures. 

As 

It is obvious from these figures, however, that transient curvature can per- 
sist to rather high displacement levels, particularly at low temperatures. 
This persistence is one reason why the steady-state swelling rate is fre- 
quently thought to be temperature-dependent. 
swelling rate has often not been reached in many data sets at all irradiation 
temperatures. 

In actuality the steady-state 

183 



SWELLING 
% 

10 

6 

0 

CENTER 

I 

40 60 80 4 0 6 0  80 2 0 4 0  6 0 8 0  

DISPLACEMENTS. dpaF 

FIGURE 4 .  The I n f l u e n c e  o f  Displacement Rate  and T ime- in- Reactor  on t h e  
S w e l l i n g  f Annealed A I S I  316 F u e l  P i n  C l a d d i n g  f r o m  t h e  Rapsodie 
Reactor .  ( 93 1 
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FIGURE 5. The I n f l u e n c e  o f  Displacement Rate  on t h e  S w e l l i n g  a t  562°C o f  
Annealed AISI 316 F u e l  P i n  C l a d d i n g  f rom t h e  Rapsodie Reac to r . (13 )  
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There is another set of data which can be used to demonstrate that persis- 
tence of curvature tends to camouflage the temperature-independence of 
steady-state swelling. 
J. S. Watkin and J. Standring to cite these data in advance of publication. 

Permission has been granted by J. H. Gittus, 

A series of annealed (and sometimes aged) M316 and 316 steels were irradiated 
in the Dounreay Fast Reactor at temperatures ranging from 350 to 600OC. 
swelling observed at the maximum dose studied is tabulated in Table 1. 
Gittus and coworkers assumed a linear-after-incubation swelling relationship 
of the form 

The 

where D is the displacement dose (in Half-Nelson dpa) and A is a constant 
with units of %/dpa. 
also shown in Table 1. 
varying for each material and with temperature. 

The values of A and Do (the incubation dose) are 
A and Do were considered to be material constants, 

It has earlier been shown that linear-after-incubation descriptions o f  

swelling in 300 series stainless steels yield underestimates of the swelling 
rate compared to curvilinear descriptions.(14) 
underestimate becomes smaller with accumulated swelling. 

The error arising from the 

Five of the eight irradiated steels were derived from a single heat of M316 
stainless steel (Fe-17.2Cr-13.7Ni-2.4Mo-1.85Mn-0.63Si-0.035C) and were 
irradiated in either the annealed condition (1050"C, 1/2 hr) or the annealed 
and aged condition, using four annealing temperatures and one aging condi- 
tion. These temperatures are shown beside Figure 6. The four swelling rate 
curves shown in Figure 6 exhibit the double-bump behavior usually observed 
in the swelling of annealed AIS1 316.(15) 
plotted in Figure 6 are the values of the materials constant A taken from 
Table 1. The other steels listed in Table 1 exhibit the same double-bump 
behavior. 

The values of swelling rate 
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FIGURE 6. "Double-Bump'' Swelling Rate Profiles Observed in Annealed and 
Aged M316 After Irradiation in the Dounreay Fast Reactor, as 
Observed by Gittus, Watkin and Standring. The swelling rates 
shown above are actually underestimates (of varying degree) 
arising from the premature assumption of swelling being 
proportional to dose. 

The minimums observed in these curves at 475-525OC is thought to represent 
the longest incubation period for annealed steel and to be related t o  the 
temperature dependence o f  phase evolution. (14) There was a peaked neutron 
flux profile over the pin in which this experiment was conducted, however. 
This tends to pull the apparent swelling rate down at the extremities of the 
temperature range in which this experiment was conducted. 
fluence gradients can be normalized out of the data if either the swelling 
or swelling rate data are plotted against fluence. 
however, only the maximum swelling values are available. 

The resultant 

As seen in Table 1, 

A more instructive way to view the data for our purpose is to plot the 
swelling rate observed vs the maximum swelling level in the data set from 
which the rate was derived. This allows us to test the hypothesis that the 
swelling rate increases with total swelling and that temperature is not an 
important variable. 
steels can be described by one curve for all temperatures above 475OC. 

Note in Figure 7 that the swelling rate of all eight 
It 
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TABLE 1 

SWELLING OF M316, 316 AND 316L I N  THE DOUNREAY FAST REACTORt 

Swel l  i n g  

M a t e r i a l  C o n d i t i o n  O C  % p e r  dpa* dpa* P o i n t s  S tud ied  

I r r a d i a t i o n  No. o f  Standard a t  Max 
Temperature A Do d a t a  D e v i a t i o n  Dose 

M316, 1O5O0C, 1/2 h 

M316, 1000°C, 1 h + 
850"C, 24  h 

M316, l l O O ° C ,  1 h + 
850"C, 24 h 

M316, 1200"C, 1 h + 
850°C, 24 h 

595 
565 
5 35 
476 
430 
403 
380 

595 
568 
538 
488 
4 30 
415 
403 
400 
360 

595 
588 
576 
545 
499 
430 
422 
403 
350 

595 
588 
580 
553 
507 
4 38 
430 
403 
350 

0.4 
0.13 
0.19 
0.11 
0.26 - 
- 

0.48 
0.44 

0.16 
0.41 
0.098 
0.075 

- 

- 
- 

0.52 
0.62 
0.49 
0.19 
0.15 
0.41 
0.091 
0.081 - 
0.43 
0.61 
0.49 
0.19 
0.16 
0.10 
0.43 
0.19 - 
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21.6 
20.1 
24.3 
37.2 
20.5 - 
- 

21.5 
19.3 

14.4 
20.4 
10.5 
26.3 

- 

- 
- 

23.0 
18.9 
20.9 
22.3 
14.8 
21 .o 
12.4 
23.8 - 
21.4 
20.1 
20.2 
23.7 
18.2 
14.1 
21.8 
28.7 - 

6 
2 
2 
2 
3 - - 
6 
2 

2 
3 
2 
3 

- .  

- 
- 
4 
2 
2 
2 
2 
3 
2 
4 - 
4 
2 
2 
2 
2 
2 
3 
3 - 

10.06 45.7 
3.50 47.6 
3.70 43.8 
2.75 37.2 
3.47 34.0 
0 34.4 
0 23.0 

15.40 47.2 
12.76 48.1 
0.9 11.9 
3.84 38.7 
5.56 33.8 
1.66 29.0 
0.6 34.8 
0 22.2 
0 21.8 

13.30 44.2 
18.0 47.6 

4.39 45.2 
13.45 48.5 

3.82 40.0 
5.12 33.4 
1.64 30.4 
0.91 35.0 
0 20.6 

10.7 44.9 
17.2 48.1 
14.2 48.8 
4.35 46.0 
3.88 41.1 
1.87 32.0 
4.61 33.0 
1.18 35.0 
0.1 19.2 



TABLE 1 (Cont'd) 

Swelling 

Material Condition "C % per dpa* dpa* Points Studied 

Irradiation No. o f  Standard at Max 
Temperature A Do data Deviation Dose 

M316, 125OoC, 1 h + 595 
85D"C, 24 h 588 

557 
5 18 
449 
430 
403 

316, 1070°C. air cool 595 
588 
568 
5 38 
488 
430 
415 
403 
3 50 

316L*, *1050"C, 1/2 h 595 
5 84 
557 
5 18 
430 
422 
403 
380 

0.42 
0.68 
0.33 
0.14 
0.11 
0.46 
0.33 

0.48 
0.59 
0.33 
0.23 
0.09 
0.09 
0.06 - 
- 
0.25 
0.32 
0.19 
0.20 
0.20 
0.1 
0.26 
0.14 

22.2 
23.4 
25.1 
17.9 
13.2 
22.6 
30.4 

20.9 
19.7 
19.0 
22.5 
13.2 
18.1 
15.4 - - 
11.5 
17.0 
6.9 
8.3 
8.5 
6.9 
11.4 
10.2 

4 0.4 
2 - 
2 
2 - 
2 
3 0.2 
3 0.7 

4 1.8 
2 

- 
- 

- 
2 - 
2 - 

6 0.96 
2 
2 - 
2 
5 0.05 
2 
3 0.02 
2 

- 
- 
- 
- 

9.90 45.6 
17.1 48.4 
7.07 46.6 
3.45 42.1 
2.30 33.9 
4.51 32.8 
1.92 34.8 

12.95 44.9 
16.93 48.1 
9.78 48.1 
5.15 44.5 
2.3 38.7 
1.23 33.8 
0.79 29.0 
0~ 34.8 
0 18.2 

6.86 32.8 
5.87 35.2 
5.12 33.7 
4.47 30.4 
4.65 31.8 
1.52 22.1 
1.33 16.6 
1.86 23.0 

+Supplied in advance of publication by J .  H. Gittus, J. S. Watkin and J. Standring. 
*Dose given in Half-Nelson (N/2) displacements; 1 dpa (NRT, Austenitic) = 
1.15 dpa (N/2 for Fe), see Ref. 16 for source. 
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FIGURE 7. Apparent Swelling Rate vs Maximum Swelling in Data Set for M316 
and 316 Steels from Table 2, Temperatures Greater than 475OC Only. 

also increases with swelling level and is approaching a value of 

from Half-Nelson dpa to the recommended international system for calculating 
displacements. 

2 n/cm ( E  > 0.1 MeV). This i s  approximately l%/dpa when converted 

A similar trend is observed for data below 475Y as shown in Figure 8. Even 
though the transients in swelling are longer, the post-transient rate of 
approach to steady state swelling i s  faster than that observed above 475OC. 
In effect, this analysis has demonstrated the relative temperature indepen- 
dence of swelling of annealed AISI 316, but leads to the conclusion that 
there are two separate incubation regimes. 
observed in the N-lot heat of 20% cold-worked AISI 316, as shown in Figure 9. 

A similar behavior has been 

5.4 Discussion 

It is obvious that the variation observed in the materials constant A (%/dpa) 
of Table 1 reflects more a consequence of prematurely assuming the linear 
behavior of swelling with dpa than any real dependence on either composition, 
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FIGURE 9. Two Regimes o f  Temperature Insens'tivity Observed in N-Lot Heat 
o f  AIS1 316 Irradiated in EBR-I1./8) 
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thermal treatment or irradiation temperature. The finding that there are 
two regimes of temperature insensitivity for AISI 316 does not affect the 
analysis of the DO-heat data, however, since all of these DO-heat data were 
derived from the high temperature regime. 

Watkin noted in transmitting the data to the author that some caution should 
be exercised in interpreting the data from the Dounreay reactor. Some o f  

the specimens, particularly those irradiated at higher temperatures, were 
subjected to changes in temperature due to rig malfunctions. 
this may have caused some of the higher swelling levels observed. 
noted that all specimens were in the same rig so that the relative tempera- 
ture levels were maintained. Based on recent studies, however, it is now 
known that changes in temperature impact only the duration of the transient 
regime of swelling and exert no influence thereafter. Since Figures 7 

and 8 have been plotted in such a manner as to remove the influence of 
transient differences, there is no reason to ignore any data. 

He felt that 
He also 

It is also shown from this analysis that one cannot ignore the continuing 
curvature of swelling with fluence in AISI 316, whether it be either in 
cold-worked or annealed steels. 
rate proposed by Maziasz and Grossbeck(6) (shown in Figure lb) are incon- 
sistent with the observed behavior not of only of annealed and cold-worked 
steels in fast reactors but also the annealed DO-heat in HFIR. . 

The lack o f  curvature and the low swelling 

5.5 Conclusions 

Analysis of swelling data for the DO-heat of steel irradiated in HFIR and 
EBR-I1 indicates that the swelling behavior is not altered substantially by 
differences arising from the different neutron spectra. The analysis has 
been facilitated by the relative temperature independence of the swelling 
rate not only for cold-worked steels but also for annealed steels irradiated 
in both reactors. 
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7.0 Future Work 

Modeling of the effects of helium on void growth, irradiation creep and 
mechanical properties will continue. 

8.0 Publications 

Portions of this work were earlier published in Ref. 1, which was also 
presented at the Symposium described in Ref. 12, the proceedings of which 
will be published in J. Nucl. Mater. 
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CAVITY FORMATION I N  SINGLE- AND DUAL-ION IRRADIATED V-15 Cr-5 T i  ALLOY 

B. A. Loomis and G. A y r a u l t  (Argonne N a t i o n a l  L a b o r a t o r y )  

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

The o b j e c t i v e  o f  t h i s  work i s  t o  de te rm ine  t h e  e v o l u t i o n  o f  t h e  m i c r o s t r u c t u r e  

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

e f f e c t s  o f  h e l i u m  p r o d u c t i o n ,  d isp lacement  damage r a t e s  and temperature .  

2 .o Sumnary 

The p r o p e n s i t y  f o r  c a v i t y  f o r m a t i o n  i n  t h e  V-15 Cr-5 T i  a l l o y  d u r i n g  s i n g l e  

(51Vt)- and dua l  (51Vt + 3Het)-ion i r r a d i a t i o n  was determined f o r  a l l o y  
tempera tu res  t h a t  ranged f r o m  400 t o  725OC and i r r a d i a t i o n- d a m a g e  l e v e l s  t h a t  
ranged f r o m  15 t o  60 dpa. The s w e l l i n g  o f  t h e  a l l o y  on s e l f - i o n  i r r a d i a t i o n  

was n e g l i g i b l e  f o r  i r r a d i a t i o n  tempera tu res  o f  725OC and damage l e v e l s  o f  

< 30 dpa. The d imens iona l  change of  t h e  V-15 Cr-5 T i  a l l o y  on d u a l - i o n  

i r r a d i a t i o n  was a l s o  n e g l i g i b l e  f o r  i r r a d i a t i o n  temperatures  o f  < 675OC and 

damage l e v e l s  o f  < 15 dpa i f  t h e  H e - i n j e c t i o n  r a t e  was 10 appm He/dpa. The 

s w e l l i n g  o f  the a l l o y  on d u a l - i o n  i r r a d i a t i o n  was n e g l i g i b l e  f o r  damage l e v e l s  

o f  < 60 dpa i f  t h e  i r r a d i a t i o n  tempera tu re  was < 65OoC and t h e  H e - i n j e c t i o n  

r a t e  was 3 appm He/dpa. 
i r r a d i a t i o n  c o r r o b o r a t e d  t h e  low  s w e l l i n g  o f  t h e  V-15 Cr-5 T i  a l l o y  o b t a i n e d  

on f a s t  n e u t r o n  i r r a d i a t i o n .  

The exper imen ta l  r e s u l t s  o b t a i n e d  on s i n g l e - i o n  

3 .o Program 

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  Reac to r  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 :  B. A .  Loomis 
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  

4 .o 
Subtask:  II.C.2.1 M o b i l i t y ,  D i s t r i b u t i o n  and Bubble N u c l e a t i o n  

Relevant  DAFS Program P l a n  Task/Subtask 
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5 .O Accomplishments and Status 

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

Vanadium-base a l l o y s  are p o t e n t i a l l y  usefu l  f o r  s t r u c t u r a l  app l i ca t i ons  i n  

f u s i o n  energy devices (FED) f o r  several reasons. These a l l o y s  have a 
res is tance t o  thermal s t ress  a t  elevated temperatures (> 50OoC) t h a t  i s  

super io r  t o  e i t h e r  the  a u s t e n i t i c  s teels ,  f e r r i t i c / m a r t e n s i t i c  s tee l s  o r  
tit a n i  um a1 1 oys E l ,  21. 
base a l l o y s  w i t h  l i q u i d  l i t h i u m  i s  c l e a r l y  super ior  t o  e i t h e r  t h e  a u s t e n i t i c  

o r  f e r r i t i c  s tee l s  f o r  temperatures above -5OOOC C3,41. The induced- 

r a d i o a c t i v i t y  and a f te rhea t  o f  some vanadium-base a l loys ,  e.g., V-20 T i ,  are 
t h e  lowest o f  a l l  t h e  prime-candidate s t r u c t u r a l  m e t a l s  t h a t  are being 
considered f o r  a FED [ S I .  On the  basis  o f  l i m i t e d  data, the  vanadium-base 

a l l o y s  appear t o  be h i g h l y  r e s i s t a n t  t o  i r r a d i a t i o n  damage [6,7]. 

The compa t i b i 1 i t y l c o r r o s  i on res i stance o f  vanadium- 

The f a s t  and mixed f iss ion- spectrum t e s t  reac tors  can be used t o  s imu la te  t h e  

displacement damage i n  vanadium-base a l l o y s  t h a t  are candidates f o r  use i n  a 

FED. However, the  hel ium produced by (n,a) reac t ions  i n  these a l l o y s  du r ing  

i r r a d i a t i o n  i n  a f i s s i o n  reac to r  i s  accumulated a t  a r a t e  t h a t  i s  t o t a l l y  

inadequate t o  s imulate the  fus ion  value, vi.?., 0.02 appm He/dpa (EBR-11) and 
5.4 appm He/dpa (FED, 1 MW-Yr/m2) [ S I .  

a l t e r n a t i v e  device w i t h  an in tense fus ion-neutron spectrum, the  s y n e r g i s t i c  
e f f e c t s  o f  h igh  displacement damage (50-300 dpa) and hel ium product ion (1-50 

appm He/dpa) on t h e  physical  and mechanical p rope r t i es  o f  vanadium-base a l l o y s  

(as we l l  as o ther  ma te r i a l s )  can be determined by simultaneous i r r a d i a t i o n s  
w i t h  energet ic  dual- ions, e.g. 3.0-MeV 51V+ and 0.87-MeV 3He+ ions.  

repo r t ,  we present the  r e s u l t s  o f  an i n v e s t i g a t i o n  on t h e  swe l l i ng  o f  a 
" reference" V-15 Cr-5 T i  a l l o y  t h a t  a r ises  from the product ion o f  displacement 

damage dur ing  51Vt-ion i r r a d i a t i o n  o r  from simultaneous displacement damage 
product ion and he l ium imp lanta t ion  du r ing  51V+- and 3He+-ion i r r a d i a t i o n .  The 

s ing le- ion  i r r a d i a t i o n s  were intended f o r  the  cor robora t ion  o f  the  low 
swe l l i ng  (<  0.1%) f o r  t h i s  a l l o y  t h a t  a r ises  from displacement damage 

product ion  dur ing  fast  neutron i r r a d i a t i o n  (F ig .  1, Ref. 6.7). The dua l- ion  

I n  the  absence o f  a FED o r  an 

I n  t h i s  

195 



i r r a d i a t i o n s  were intended t o  determine t h e  poss ib le  s y n e r g i s t i c  e f f e c t s  on 

swe l l i ng  o f  simultaneous displacement damage and hel ium product ion.  

5.2 Ma te r ia l s  and Procedures 

A vanadium a l l o y  conta in ing  15 w/o C r  and 5 w/o T i  was prepared f o r  t h i s  study 

by arc-mel t ing  t h e  cons t i t uen t  metals i n  a p u r i f i e d  A r  atmosphere. 

specimens o f  the  a l l o y  (0.13 mn t h i c k )  were annealed a t  125OoC f o r  1 hour t o  

g ive  a f u l l y  r e c r y s t a l l i z e d  mic ros t ruc ture  w i t h  a d i s l o c a t i o n  dens i ty  o f  

-5 x 
i n  a four-by- four  a r ray  i n  a W holder  f o r  i r r a d i a t i o n  w i t h  3.0-MeV 51Vt ions 

o r  f o r  simultaneous i r r a d i a t i o n  w i t h  3.0-MeV 51Vt and degraded 0.87-MeV 3He+ 

ions.  The i r r a d i a t i o n s  were c a r r i e d  out i n  the  Dynamitron i r r a d i a t i o n  
f a c i l i t y  a t  Argonne Nat ional  Laboratory. The specimens were i r r a d i a t e d  w i t h  
3.0-MeV 51V+ ions a t  a t y p i c a l  cur ren t  dens i ty  o f  3 mA-m-2 w i t h  a nominal 
atomic displacement r a t e  o f  3 x 
i r r a d i a t i o n s  o f  the  specimens w i t h  51V+ and 3Het ions, the energy o f  the  3Het 

ions was degraded t o  g ive a He deposit ion-depth d i s t r i b u t i o n  t h a t  was s i m i l a r  

t o  t h e  damage-depth d i s t r i b u t i o n  produced by t h e  51Vt ions.  

ra tes  u t i l i z e d  i n  t h i s  study were 3, 10 and 50 appm He/dpa. 

Sheet 

K2. A l l o y  specimens, each w i t h  a diameter o f  3.05 m, were mounted 

dpa-s- l .  I n  the  case o f  the simultaneous 

The He depos i t i on  

The i r r a d i a t e d  specimens were prepared f o r  t ransmiss ion e lec t ron  microscopy 
(TEM) observat ion by electrochemical removal o f  an 850 t o  950-nm t h i c k  l a y e r  

from t h e  bombarded surface i n  an 80% CH30H-20% H2SO4 s o l u t i o n  a t  -5OC. For  
3.0-MeV 51Vt i on  i r r a d i a t i o n ,  the  depth o f  maximum damage i n  V was -900 nm 

w i t h  a corresponding peak damage r a t e  o f  3 x dpass-l. The m ic ros t ruc tu re  
of t h e  i r r a d i a t e d  specimens were observed i n  a JEM 100 CX e lec t ron  microscope. 

5.3 Experimental Resul ts  

5.3.1 Single- Ion I r r a d i a t i o n  

The micros t ruc tures  i n  the  V-15 Cr-5 T i  a l l o y  specimens f o l l o w i n g  i r r a d i a t i o n s  
a t  400 t o  725OC w i t h  3.0-meV 51V+ ions t o  damage l e v e l s  o f  -30 dpa showed a 
s t r i k i n g  absence o f  c l e a r l y  d i s t i ngu i shab le  voids. Thus on the  basis  o f  these 
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observa t ions ,  t h e  d imens iona l  change (AVIV) o f  t h e  V-15 Cr-5 T i  a l l o y ,  t h a t  

was due t o  v o i d s  produced by s e l f - i o n  i r r a d i a t i o n ,  was n e g l i g i b l e  f o r  

i r r a d i a t i o n  temperatures l e s s  than  725OC and damage l e v e l s  o f  C 30 dpa ( F i g u r e  

1 ) .  
i s  shown i n  F i g u r e  2a. The s i n g l e - i o n  i r r a d i a t i o n  o f  t h e  a l l o y  f o r  

i r r a d i a t i o n  temperatures above 675OC and damage l e v e l s  o f  -30 dpa r e s u l t e d  

g e n e r a l l y  i n  an inc rease  o f  t h e  d i s l o c a t i o n  d e n s i t y  f rom -5 x 1 O I 2  

1015 Examinat ion o f  these  m i c r o s t r u c t u r e s  w i th  d a r k - f i e l d  imaging 

techn iques  d i d  n o t  r e v e a l  t h e  presence o f  p r e c i p i t a t e s  i n  t h e  m a t r i x  o r  on t h e  

d i s l o c a t i o n  network.  F o r  i r r a d i a t i o n s  o f  t h e  a l l o y  w i t h  51Vt i o n s  a t  
temperatures below 675OC. a h i g h  d e n s i t y  ( - loz2 K 3 )  o f  p r e c i p i t a t e s  were 

observed i n  t h e  m a t r i x  w i t h  an (0121 h a b i t  ( s i m i l a r  t o  F i g u r e  2c) o r  on 

d i s l o c a t i o n s  ( s i m i l a r  t o  F i g u r e  2b).  The compos i t i on  o f  t h e  p r e c i p i t a t e s  was 
n o t  determined i n  t h i s  study.  However, f r o m  p r e v i o u s  i n v e s t i g a t i o n s  o f  V 
a l l o y s  by Santhanam, e t  a l .  [SI and Agarwal, e t  a l .  [ lo ] ,  t h e  compos i t i on  o f  

t h e  p r e c i p i t a t e s  may be T i 0  o r  V2C. 

The m i c r o s t r u c t u r e  o f  t h e  a l l o y  f o l l o w i n g  i r r a d i a t i o n  a t  675OC t o  30 dpa 

t o  -5 x 

5.3.2 D u a l - I o n  I r r a d i a t i o n  

The m i c r o s t r u c t u r e  o f  t h e  V-15 Cr-5 T i  a l l o y  specimens f o l l o w i n g  s imul taneous 

i r r a d i a t i o n  w i th  51V+-and 3He+-ions were a l s o  examined i n  t h i s  s tudy .  

i r r a d i a t i o n  parameters f o r  these  specimens were 
(1) 30 dpa + 10 appm He/dpa a t  425, 540 and 625OC, 

(2 

(3) 
(4 1 
C a v i t i e s  ( m i c r o s t r u c t u r a l  f e a t u r e s  t h a t  may c o n t a i n  He) were o n l y  observed i n  
t h e  specimens t h a t  were i r r a d i a t e d  a t  650 and 675OC. 

maximum d iameter  o f  3.5 nm were inhomogeneously d i s t r i b u t e d  i n  t h e  m a t r i x .  

The 

30 dpa + 50 appm He/dpa a t  625 and 635OC, 

60 dpa + 
15 dpa + 10 appm He/dpa a t  650 and 675OC. 

3 appm He/dpa a t  625 and 640oC, and 

The c a v i t i e s  w i t h  a 
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V and V-15 Cr-5 Ti 4 r '  I I I I ' ' I ' . - 
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R 

FIGURE 1. Swel l ing  o f  Neutron- and Ion- I r rad ia ted  V and V-15 C r - 5  T i  A l l o y .  
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7 F 

The cavity-volume f r a c t i o n s  i n  these specimens were est imated t o  be on t h e  

order  of Thus, t h e  dimensional change (AV/V)  o f  t h e  V-15 Cr-5 T i  a l l o y  
t h a t  was due t o  c a v i t i e s  produced by simultaneous V+- and He+-ion i r r a d i a t i o n  
was n e g l i g i b l e  f o r  i r r a d i a t i o n  temperatures o f  675% and damage l e v e l s  o f  < 
15 dpa (Figure 1). 

Micros t ruc tures  o f  t h e  a l l o y  specimens f o l l o w i n g  dual- ion i r r a d i a t i o n  a t  675OC 
(15 dpa + 10 appm He/dpa) and 640% (60 dpa + 3 appm He/dpa) are shown i n  
F igures 2b and 2c, respect ive ly .  The inhomogeneous d i s t r i b u t i o n  o f  smal l-  

diameter (< 3.5 nm) c a v i t i e s  t h a t  were p rev ious l y  mentioned are shown i n  
F igure  2b ( c a v i t i e s  i n  t h e  i n s e r t ) .  I n  add i t ion ,  p r e c i p i t a t e s  are v i s i b l e  on 

t h e  d i s l o c a t i o n  network. The i r r a d i a t i o n  a t  64OoC (Figure 2c) resu l ted  i n  t h e  

format ion o f  a l igned p r e c i p i t a t e s  w i t h  t h e  {0121 habi t ;  c a v i t i e s  were not 

v i s i b l e  i n  t h e  mic ros t ruc ture .  

5.4 Conclusions and Discussion 

The experimental r e s u l t s  obta ined i n  t h i s  study a l l o w  t h e  f o l l o w i n g  
conclusions: 
1. The swe l l i ng  o f  t h e  V-15 Cr-5 T i  a l l oy ,  t h a t  was due t o  product ion of  
voids on s e l f - i o n  i r r a d i a t i o n ,  was n e g l i g i b l e  f o r  i r r a d i a t i o n  temperatures o f  

<1725OC and damage l e v e l s  o f  < 30 dpa. 

2. The swe l l i ng  o f  t h e  a l l oy ,  t h a t  was due t o  t h e  product ion  o f  c a v i t i e s  on 

simultaneous i r r a d i a t i o n  w i t h  3.0-MeV 51V+ and degraded 0.83-MeV 3He+ ions  was 
n e g l i g i b l e  f o r  i r r a d i a t i o n  temperatures o f  < 675OC and damage l e v e l s  o f  < 15 

dpa i f  the  He- in jec t i on  r a t e  was 10 appn He/dpa. 

3. The s w e l l i n g  o f  the  a l l o y  on dual- ion i r r a d i a t i o n  was n e g l i g i b l e  f o r  

damage l e v e l s  o f  < 60 dpa . i f  t h e  i r r a d i a t i o n  temperature was less  than 650°C 

and t h e  He- in jec i t on  r a t e  was 3 appm He/dpa. 

4. The experimental data obtained on s ing le- ion  i r r a d i a t i o n  corroborated t h e  
low s w e l l i n g  o f  t h e  V-15 Cr-5 T i  a l l o y  obtained on f a s t  neutron i r r a d i a t i o n .  
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Since the irradiation temperature in this study did not encompass the full 
range of temperatures (625-900°C) for void swelling in V (Figure l), it cannot 
be concluded that the V-15 Cr-5 Ti alloy does not swell for some combination 
of higher irradiation temperature (> 675OC), damage level and He-injection 
rate. 

The void swelling of V [9-Ill and the V-15 Cr C141, V-1 Ti [SI and V-15 Cr-5 
Ti alloys at -7OOOC on 58Nit- or self-ion irradiation that has been determined 
by researchers at Argonne National Laboratory is shown in Figure 3. The 
addition of 15 w/o Cr to V causes a substantial increase of the V swelling, 
whereas the addition of 1 w/o Ti to V or 5 w/o Ti to a V-15 w/o Cr alloy 
effectively suppresses void formation and growth. The mechanism(s) for 
suppression of swelling in V and its alloys by Ti additions and the 
enhancement of V swelling by Cr additions is not fully understood. Several 
researchers [9-11,141 have pointed out that the presence of a high density o f  

precipitates in irradiated V alloyed with Ti and the absence of precipitates 
in irradiated V alloyed with Cr can be correlated, respectively, with the 
suppression or enhancement of V swelling. 
show that this correlation, i.e., the presence of a high-density o f  
irradiation-produced precipitates and negligible swelling, applies to the 
single- and dual-ion irradiated V-15 Cr-5 Ti alloy at temperatures below 
675OC. These correlations might be taken as evidence per se for enhanced 
defect recombination at the coherent precipitates resulting in low swelling. 
However, we suggest that enhanced defect recombination at the precipiates may 
not be the correct interpretation for the low swelling of the V-Ti alloys. 
Similar precipitate microstructures are observed in irradiated V [IO] and 
irradiated 0- and C-doped V 1101 without substantial reduction of void 
formation and growth. Furthermore, in the present study, precipitates were 
not observed in the V-15 Cr-5 Ti alloy for irradiation temperatures within the 
range for peak swelling of V (>  675OC) but the swelling of the alloy was 
negligible. Loomis and Gerber [I51 have observed a similar reduction in void 
swelling of Nb by a Ti (2.3%) addition. Their experimental results suggested 
that the strong binding of Ti solute to vacancy-oxygen complex effectively 
reduced the flux of the complex to void sinks and thereby reduced the void 

The results of the prsent study 
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FIGURE 3 .  Swelling of V and V Alloys on 58Nit- or 51Vt-Ion Irradiation. 
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swe l l i ng .  Using t h e  basic  premise o f  Loomis and Gerber, i.e., t he  t r a n s p o r t  

o f  vacancy de fec ts  t o  s inks  v i a  complex, t h e  low s w e l l i n g  o f  V on T i  a d d i t i o n s  
might be s i m i l a r l y  explained. Moreover, t h e  enhanced s w e l l i n g  o f  V by C r  

a d d i t i o n s  may be a t t r i b u t e d  t o  t he  low a f f i n i t y  o f  C r  atoms r e l a t i v e  t o  V 
atoms f o r  0 (and/or C )  atoms i n  t he  complex t h a t  are d i f f u s i n g  t o  vacancy 
s inks.  An a d d i t i o n a l  f a c t o r  t h a t  was considered by Loomis and Gerber [15] t o  
e x p l a i n  t h e  observed e f f e c t s  o f  subs t i t u t i ona l - a tom so lu tes  on v o i d  s w e l l i n g  

i n  Nb was t h e  r e l a t i v e  d i f f u s i v i t y  o f  t h e  so lu te  atoms i n  t he  host l a t t i c e .  

On a p p l i c a t i o n  o f  t h i s  schema t o  t h e  V-15 C r  a l l o y ,  t h e  h igher  d i f f u s i v i t y  o f  

C r  atoms r e l a t i v e  t o  V atoms [ I 6 1  may have r e s u l t e d  i n  enhanced t r a n s p o r t  o f  
vacancy-oxygen complex t o  de fec t  s inks.  I f  t h i s  i s  t he  case, then  t h e  

concent ra t ion  o f  C r  i n  t h e  sur face l aye rs  o f  vo id  s inks  should be reduced 
r e l a t i v e  t o  t h e  C r  concent ra t ion  i n  t h e  ma t r i x .  
con t rad i c ted  by experimental  r e s u l t s  which show an enrichment o f  C r  a t  t h e  
sur face  o f  i r r a d i a t e d  V-15 C r  specimens [14]. 

Th is  expec ta t ion  seems t o  be 

I n  conclusion, we c a l l  t h e  reader 's  a t t e n t i o n  t o  t h e  remarkable s i m i l a r i t i e s  

( t h a t  may be f o r t u i t i e s )  i n  t he  dependence o f  vo id  s w e l l i n g  on damage dose f o r  
t h e  V - C r  and V-Cr-Ti a l l o y s  (F igure 3) and f o r  316 s t a i n l e s s  s tee l  and T i -  

mod i f i ed  316 s t a i n l e s s  s tee l  [171. These s i m i l a r i t i e s  are (1) a t r a n s i e n t  
stage o f  low swe l l ing ,  (2)  a stage o f  h igh  s w e l l i n g  ra te ,  (3) a prolonged 
t r a n s i e n t  stage o f  low s w e l l i n g  on a d d i t i o n  o f  T i  and (4)  i r r a d i a t i o n- i n d u c e d  
segregat ion o f  C r .  
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7 .O Future Work 

1) The swe l l i ng  o f  t h e  reference V-15 Cr- 5  T i  a l l o y  should be determined a t  

temperatures i n  t h e  range o f  625-800°C on dual- ion i r r a d i a t i o n  t o  damage 
l e v e l s  up t o  200 dpa and He- in jec t ion  ra tes  o f  -5 appm/dpa. 

The e f f e c t s  o f  a systematic reduc t ion  o f  the  C r  concentrat ion i n  t h e  

reference a l l o y  should be determined w i t h  t h e  i n t e n t  o f  op t im iza t i on  o f  

t h e  combined mechancial p roper t ies  and swel l ing .  

2 )  

8 .O Publ ica t ions  

1. G. Ayrau l t ,  C a v i t y  Formation During Single-  and Dual- Ion I r r a d i a t i o n  i n  a 
9 Cr-1 Mo F e r r i t i c  A l loy ,  J .  Nucl. Mater. - 113 (1982). 

Z .  Wang, G. Ayrau l t  and H. Wiedersich, Segregation i n  I r r a d i a t e d  Titanium 
Al loys,  J .  Nucl. Mater. 108 and 109 (1982) 331. 

2. 
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HELIUM BUBBLE FORMATION I N  Cu, N i  AND CU- N i  ALLOYS 

S. J. Zink le ,  R. A. Dodd, G. L. Ku l c insk i  ( U n i v e r s i t y  o f  Wisconsin-Madison), 

and K. F a r r e l l  (Oak Ridge Nat ional  Laboratory)  

1 .o Ob jec t i ve  

The purpose o f  t h i s  study i s  t o  i n v e s t i g a t e  c a v i t y  format ion i n  t he  Cu-Ni 

a l l o y  system a f t e r  he l ium i o n  i r r a d i a t i o n  us ing  t ransmiss ion e l e c t r o n  

microscopy. 

2.0 Summary 

Copper, n i c k e l ,  and Cu-Ni a l l o y s  have been i r r a d i a t e d  w i t h  200-400 keV 3He 
i ons  a t  a constant  homologous temperature o f  T/Tm = 0.65. The samples have 
been analyzed by TEM t o  compare hel ium bubble s i z e  and densi ty .  V i s i b l e  

bubbles were observed i n  a l l  samples. The pure copper and the  Cu-Ni a l l o y s  
were found t o  con ta in  s i m i l a r  bubble dens i t i es  and s izes a f t e r  i r r a d i a t i o n .  

The pure n i cke l  samples contained hel ium bubbles o f  smal ler  s i z e  and h ighe r  
dens i t y  as compared t o  t he  a l l oys .  

3 .O Program 

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

P r i n c i p a l  I nves t i ga to rs :  G. L. Ku lc insk i  and R. A. Dodd 

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

4.0 Re1 evant DAFS Program Task/Subtask 

Subtask I I . C . 2 . 1  E f f e c t  o f  Helium on M ic ros t ruc tu ra l  Evo lu t i on  
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5.0 Accomplishments and Status 

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

The Cu-Ni system has been the  sub jec t  o f  many experimental i n v e s t i g a t i o n s  over 

the pas t  decade.(1-6) It i s  one o f  the few a l l o y  systems which forms a com- 

p l e t e  s o l i d  s o l u t i o n  over t he  e n t i r e  composit ion range, a l though the re  i s  some 

evidence f o r  a m i s c i b i l i t y  gap under c e r t a i n  c ~ n d i t i o n s . ( l - ~ )  I t s  r a d i a t i o n  
damage p r o p e r t i e s  are o f  considerable i n t e r e s t  i n  t h a t  Cu-Ni a l l o y s  have been 

shown t o  be very r e s i s t a n t  t o  v o i d  format ion over a wide range o f  damage 
l e v e l s  and t e ~ p e r a t u r e s . ( ~ - ~ )  Recently, some Cu a l l o y s  have been considered 

f o r  use as h igh  f i e l d  magnet i n s e r t s  i n  both tandem m i r r ~ r ( ~ . ~ )  and Tokamak") 
f u s i o n  reac tors .  The i r r a d i a t i o n  cond i t i ons  under which t h i s  a l l o y  system has 

been i n v e s t i g a t e d  i n  the past  are shown i n  F ig.  1. Voids have been e a s i l y  

produced i n  pure Cu and pure N i  bu t  there  has been no pub l i shed evidence o f  

v o i d  fo rmat ion  i n  Cu-Ni a l l o y s  dur ing  neutron, ion,  o r  e l e c t r o n  bombardment. 
The cause o f  t he  suppressed vo id  format ion i n  t he  Cu-Ni a l l o y s  has remained 

uncer ta in .  

In  order  t o  i n v e s t i g a t e  some o f  the p rope r t i es  o f  t he  Cu-Ni system, we have 
undertaken a study o f  he l ium bubble formation. The purpose o f  t h i s  i n v e s t i -  

g a t i o n  was twofo ld.  The f i r s t  o b j e c t i v e  was t o  determine i f  hel ium bubble 
fo rmat ion  i s  poss ib le  i n  the Cu-Ni a l l o y s  which are r e s i s t a n t  t o  v o i d  f o r -  
mation. A s i g n i f i c a n t  d i f f e r e n c e  i n  t he  bubble parameters o f  the a l l o y s  as 
compared t o  the pure copper and n i cke l  would i n d i c a t e  t h a t  t he re  i s  some 
fundamental d i f f e r e n c e  i n  t he  way t h a t  c a v i t i e s  are formed i n  t he  Cu-Ni 

a l l oys .  Secondly, we wished t o  determine i f  the re  was something unusual about 
t he  fo rmat ion  o r  m ig ra t i on  energies o f  vacancies i n  t he  a l l o y s  compared t o  t he  

pure metals.  

5.2 Experimental Procedure 

Copper, n i c k e l  and Cu-Ni a l l o y s  (Cu-20 N i ,  Cu-50 N i ,  Cu-80 N i )  were obta ined 

from J .  L. Br imha l l  o f  P a c i f i c  Northwest Laboratory i n  t he  form o f  3 mn d isks .  
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FIGURE 1. Summary o f  Previous Studies of Void Formation i n  Cu-Ni A l l oys .  

These samples were po l ished and then annealed a t  a homologous temperature of 

0.75 Tm p r i o r  t o  imp lan ta t ion  w i t h  helium. The TEM d iscs  were i r r a d i a t e d  w i t h  
200-400 keV 3He ions  a t  the Oak Ridge National Laboratory Van de Graaf f a c i l i -  
t y  t o  ob ta in  a hel ium concentrat ion o f  200 appm a t  a depth o f  approximately 

0.7 urn. F igure  2 shows the implanted hel ium p r o f i l e  f o r  n i cke l ,  which was 

c a l c u l a t e d  us ing  the  program E-DEP-1. The i n c i d e n t  He f l u x  was on the  order  

o f  5 x 10l1 He/cm2-s and the  t o t a l  damage l e v e l  created dur ing  the implant-  

a t i o n  was l e s s  than dpa. The samples were implanted a t  a constant  
homologous temperature T/Tm = 0.65 t o  ensure equ iva len t  thermal vacancy con- 

c e n t r a t i o n s  i n  each a l l o y .  The temperatures ranged from 608'C f o r  pure copper 

t o  849°C f o r  the  pure n i cke l  specimens. The premise o f  constant  thermal 
vacancy concentrat ion a t  a given homologous temperature assumes t h a t  E; va r i es  

monotonical ly  with a l l o y  concentrat ion, and experimental evidence i n d i c a t e s  
t h a t  t h i s  i s  a v a l i d  assumption. (10) 

208 
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bubble parameters f o r  the  Cu, N i  and Cu-Ni a l l o y s  are summarized i n  Table 1. 
The hel ium bubbles f o r  a l l  samples i nves t iga ted  were found t o  be a t ,  o r  i n  the  

v i c i n i t y  of ,  a s t r a i n  f i e l d  such as a d i s l o c a t i o n  o r  g r a i n  boundary. No l a r g e  

systematic d i f f e rence  was determined between the  bubble parameters a t  g r a i n  

boundaries versus d is locat ions .  F igure  5 shows the  v a r i a t i o n  o f  bubble dens i t y  
and s i z e  as a func t i on  o f  a l l o y  composition. There i s  e s s e n t i a l l y  no depend- 

ence o f  these parameters on a l l o y  composition, with the exception t h a t  t h e  
bubble d i s t r i b u t i o n  i n  the  pure n i c k e l  sample i s  s u b s t a n t i a l l y  more dense and 

o f  smal ler  size. An appreciable dens i ty  o f  these small ( d  $ 5  nm) bubbles was 

a lso  observed i n  the  o ther  samples. For the  a l l o y  and pure copper samples t h e  
small bubbles accounted f o r  l e s s  than 5% o f  the  t o t a l  v i s i b l e  hel ium bubble 
vo l  ume . 
The concentrat ion o f  implanted he1 ium i n  the  v i s i b l e  bubbles was ca lcu la ted  
using a newly developed high-density equation o f  s t a t e  f o r  He. (11) The gas 
concentrat ion i n  the  v i s i b l e  bubbles as a f u n c t i o n  o f  a l l o y  composit ion i s  
shown i n  Fig.  6. As can be seen, a substant ia l  f r a c t i o n  o f  the  implanted 
hel ium can be accounted f o r  by TEM. For  t h i s  ca l cu la t i on ,  the  sol id- vapor 

sur face energy was assumed t o  vary l i n e a r l y  among the  a l l o y s  from 1.8 J/m2 f o r  

TABLE 1 

BUBBLE PARAMETERS FOR Cu, N i  AND Cu-Ni ALLOYS 

Bubble 

Densi ty  Average V i s i b l e  
Ma te r ia l  T i r r  (OK) x 1020 (m-3) Bubble Size (nm) 

cu 881 1.0 18 

Cu-20 N i  912 2.5 18 

Cu-50 N i  983 1.2 17 

CU-BO N i  1071 0.83 25 
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FIGURE 5. V a r i a t i o n  i n  t he  V i s i b l e  Bubble Densi ty  and Average Bubble S i ze  
w i t h  A l l o y  Composition. 

PERCENT OF IMPLANTED HELIUM OBSERVED IN BUBBLES 
> 5 n m .  

N i  % Ni cu 

FIGURE 6. Percent o f  Helium Observed i n  Bubbles f o r  t he  Cu-Ni A l l oys .  A 
r ecen t  developed h igh- dens i ty  equat ion of s t a t e  i s  used f o r  helium. 
Reference 11. 
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copper t o  2.3 J/cm2 f o r  n icke l . (12)  The hel ium atom per  vacancy r a t i o  f o r  the  

v i s i b l e  bubbles was ca l cu la ted  t o  be on the order  o f  1/2 by u t i l i z i n g  t h e  

p rev ious l y  mentioned equat ion o f  s ta te  f o r  helium, and assuming e q u i l i b r i u m  

bubbles. 

5.4 Discussion 

Helium bubbles have been found t o  form r e a d i l y  i n  Cu-Ni a l l o y s  a t  the homologous 

temperature o f  T/Tm = 0.65. 

s i m i l a r  t o  those i n  pure Cu -- no s i g n i f i c a n t  d i f fe rences  have been found. This  

behavior i s  n o t  unexpected as there  are  t h e o r e t i c a l  and experimental i n d i c a t i o n s  

t h a t  hel ium tends t o  undergo spontaneous p r e c i p i t a t i o n  when implanted i n  metals,  

even when implanted a t  below damage th resho ld  energies.(13y14) The f a c t  t h a t  
no th ing  unusual was observed i n  the bubble parameters f o r  the Cu-Ni a l l o y s  
i nd i ca tes  t h a t  there  i s  apparent ly  no th ing  anomalous about the  vacancy forma- 

t i o n  energy f o r  these a l l oys ;  otherwise, one would expect a s i g n i f i c a n t  d i f f e r -  
ence i n  the  bubble parameters o f  t h e  a l l o y s  compared t o  those bubbles formed i n  

pure metal (e.g., bubble s i z e  and/or bubble dens i t y ) .  This  conclus ion i s  i n  

The observed bubble parameters o f  the  a l l o y s  are  

agreement w i t h  publ ished experimental r e s u l t s .  (10) 

The bubble parameters f o r  the  pure N i  samples were found t o  be s u b s t a n t i a l l y  
d i f f e r e n t  from those o f  the  pure Cu and a l l o y  samples. 

N i  causes a decrease i n  the  bubble number dens i t y  and an increase i n  the  bubble 

s ize .  

The a d d i t i o n  o f  Cu t o  

The cause o f  t h i s  e f f e c t  was n o t  determined i n  t h i s  study. 

I n  summary, we have found noth ing  concerning hel ium bubble growth i n  the Cu-Ni 

system a t  a homologous temperature o f  T/Tm = 0.65 which would exp la in  the  sup- 
press ion  o f  vo id  swe l l i ng  i n  the a l l oys .  It would be worthwhi le  t o  study 

hel ium bubble growth i n  t h i s  a l l o y  system a t  a lower homologous temperature 

and a t  lower hel ium concentrat ions. Also, the use o f  subthreshold energy i m -  
p l a n t a t i o n  methods would be re levant  as t h i s  would e l i m i n a t e  the c o n t r i b u t i o n  
o f  implantat ion-produced vacancies. 
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SUPPRESSION OF V O I D  NUCLEATION BY INJECTED INTERSTITIALS 
D. L.  Plumton and W. G. Wolfer ( U n i v e r s i t y  o f  Wisconsin) 

1 .o Ob jec t i ve  

The d e p t h- d i s t r i b u t i o n  o f  voids i n  ion-bombardment conta ibs va luable i n f o r -  

mation on the dose- rate dependence o f  v o i d  nuc lea t i on  and growth. The purpose 

o f  t h i s  study i s  t o  assess the e f f e c t  o f  the i n j e c t e d  i n t e r s t i t i a l s  on vo id  

nuc lea t ion .  'The u l t i m a t e  goal b f  t h i s  i n v e s t i g a t i o n  i s  t o  o b t a i n  a b e t t e r  

c o r r e l a t i o n  between neutron displacement damage and ion- induced damage. 

2 .o Summary 

The i n j e c t e d  i ons  come t o  r e s t  a t  t he  end o f  range as i n t e r s t i t i a l s  w i thou t  a 
vacancy par tner .  These e x t r a  i n t e r s t i t i a l s  pe r tu rb  the d e l i c a t e  balance o f  
vacancy and i n t e r s t i t i a l  f l u x  t o  voids. It i s  shown t h a t  the v o i d  nuc lea t i on  

r a t e  i s  d r a s t i c a l l y  reduced by the i n j e c t e d  i n t e r s t i t i a l s  whenever recombi- 

n a t i o n  i s  an impor tan t  process. As a r e s u l t ,  v o i d  nuc lea t i on  i s  suppressed i n  

ion-bombardment experiments below a c h a r a c t e r i s t i c  th resho ld  temperature i n  
t h e  reg ion  o f  t he  i o n  deposi t ion.  This  leads t o  a v o i d  f r e e  zone a t  i n t e r -  

mediate depth i n  low temperature ion-bombardment experiments. The r e s u l t s  
obta ined a re  i n  q u a l i t a t i v e  agreement w i t h  e a r l i e r  experimental observat ions. 

3.0 Programs 

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

Wall Components 

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

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

T i t l e :  Radiat ion Damage Studies 

P r i n c i p l e  I nves t i ga to rs :  G. L. Ku lc insk i  and R. A. Dodd 
A f f i l i a t i o n :  U n i v e r s i t y  o f  W i  sconsin-Madison 
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4.0 Re1 evant DAFS Program Task/Subtask 

DAFS Subtask 11.8.2.3 
Subtask C.  Correlation Methodology 

5.0 Accomplishment and Status 

5.1 Introduction 

Ion bombardment has been in use for  over a decade now as a tool t o  study radi- 
ation damage and void swelling i n  metals. As an i r rad ia t ion  technique, i t  has 
the advantage of obtaining data on void swelling with considerable savings i n  
time and money compared to  neutron i r radiat ion experiments. However, the non-  
uniform damage dis t r ibut ion has been considered as a disadvantage. The 
development of the cross section for  the  post- irradiation 
examination has turned t h i s  disadvantage in to  a considerable asse t  of the 
technique; i t  i s  now possible t o  obtain void swelling d a t a  fo r  d i f fe ren t  dis-  
placement rates from one sample. This increase i n  experimental sophist ication 
has a lso enabled researchers t o  examine more closely the variat ion of void 
formation and growth as a function of the  ion range. 

The comparison of ion bombardment resu l t s  w i t h  those obtained from neutron 
i r rad ia t ions  has revealed s ignif icant  differences which cannot easily be ex- 
plained based only on d i f fe ren t  displacement ra tes  and d i f fe ren t  temperatures. 
Fi rs t ,  swelling as a r e su l t  of ion bombardment i s  often found t o  sa turate  a t  
levels  ranging from a few percent t o  several tens of a percent; in contras t ,  
no saturation i s  found for  comparable neutron i r radiat ions .  Second, the 
steady s t a t e  swelling ra te  per dpa appears t o  be s ignif icant ly  lower than the 
one fo r  neutron i r radiated materials. Furthermore, t h i s  rate seems t o  depend 
on the d e p t h . ( 3 )  There are additional differences, e.g. a denuded zone near 
the f ron t  surface, and the presence of an inevitable compressive s t r e s s  in the 
bombarded 1 ayer. 
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Rate theory has been used t o  demonstrate t h a t  an increase i n  displacement r a t e  

leads t o  a s h i f t  o f  the temperature range over which swe l l i ng  occurs.(4) How- 
ever,  no d i f f e r e n c e  i n  t he  steady s t a t e  swe l l i ng  per  dpa would be expected. 

A t  low temperatures, where recombinat ion i s  dominant, the i n j e c t e d  i n t e r -  

s t i t i a l s  can reduce the  v o i d  growth r a t e  as shown by B r a i l s f o r d  and M a n s ~ r . ( ~ )  

This  reduc t i on  i s  s i g n i f i c a n t  on l y  when the b ias  i s  small, i.e. when t h e  
c u r r e n t  o f  vacancies i s  almost equal t o  the c u r r e n t  o f  i n t e r s t i t i a l s  i n t o  t he  

vo id.  Obviously, t h i s  w i l l  be the case f o r  vo ids o f  the c r i t i c a l  s ize .  

Therefore, we expect t h a t  t he  i n j e c t e d  i n t e r s t i t i a l s  w i l l  a f f e c t  vo id  nucle-  

a t i o n  t o  a g rea ter  ex ten t  than vo id  growth. The r e s u l t s  presented i n  t h i s  

paper con f i rm  t h i s  expectat ion.  

The o rgan i za t i on  o f  t he  paper i s  as f o l l ows :  we review f i r s t  i n  Sect ion 2 t he  
v o i d  nuc lea t i on  theory as o r i g i n a l l y  developed by Katz and Wiedersich,(6) and 
Russell,( ’) and as f u r t h e r  r e f i n e d  by Si-Ahmed and Wolfer;(8) i n t o  which we 

incorpora te  the e f f e c t  o f  i n j e c t e d  i n t e r s t i t i a l s .  Numerical r e s u l t s  are pre-  
sented i n  Sect ion 3 f o r  t he  v o i d  nuc lea t i on  r a t e  as a f u n c t i o n  o f  temperature, 

displacement ra te ,  and r a t e  o f  i n j e c t e d  i n t e r s t i t i a l s .  Since the l a t t e r  two 

va r i ab les  are dependent on the depth, d e t a i l e d  r e s u l t s  w i l l  be g iven f o r  t he  

v o i d  nuc lea t i on  as a f unc t i on  o f  depth. The r e s u l t s  are then discussed and 

compared w i t h  experimental observat ions i n  Sect ion 4. 

5.2 Void Nucleat ion With I n j e c t e d  I n t e r s t i t i a l s  

The steady s t a t e  v o i d  nuc lea t i on  r a t e  i n  t he  presence o f  supersaturat ions f o r  

both vacancies and i n t e r s t i t i a l s  i s  governed by the  q u a n t i t y  

(1) 

which represents the nonequ i l ib r ium counterpar t  o f  t he  Gibbs f r e e  energy f o r  a 

vacancy c l u s t e r  con ta in ing  x vacancies. I n  c o n t r a s t  t o  i t s  convent ional d e f i -  
n i t i o n  f o r  thermodynamic equ i l i b r i um,  t h i s  energy i s  determined by the  re -  
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action rates a ( j ) ,  B ( j ) ,  and y ( j )  for  i n t e r s t i t i a l  absorption, vacancy ab- 
sorption, and vacancy re-emission, respectively, a t  a cluster conta in ing  j 

vacancies. These reaction ra tes  depend in t u r n  on the average point defect 
concentration as given by 

y ( x )  = 411r(x) z O , ( X )  D~c: (x)  ( 4 )  

where r (x)  i s  the void radius, Z y ( x )  and  Z i ( x )  are the void bias factors fo r  
i n t e r s t i t i a l  and vacancy capture, and Di and D v  are the diffusion coeff ic ients  
fo r  i n t e r s t i t i a l  and vacancy migration. If W(x) = 4 n r 2 ( x ) y o  represents the 
surface energy of a void, where yo i s  the specific surface energy, and p the 
gas pressure ins ide  the void, then 

where n i s  the volume per atom. 

The concentration of i n t e r s t i t i a l s  and vacancies, C i  and C,, are given by the 
solution t o  the usual r a t e  equations. However, in  the present paper, the r a t e  
of i n t e r s t i t i a l  production, P i ,  as  a resu l t  o f  both displacement damage and 

inject ion,  i s  d i f fe ren t  from the rate of vacancy production, P v ,  SO t h a t  

D i C i  = DvTvF 
and 

Here, S i s  the tota l  sink strength, Ti and TV are the sink averaged in te r-  
s t i t i a l  and vacancy bias factors,  and i s  the average vacancy concentration 

in thermodynamic equilibrium with the sinks. Note, t ha t  the vacancy concen- 
V 

219 



t r a t i o n ,  (such as C:(x)) i n  l o c a l  thermodynamic e q u i l i b r i u m  w i t h  a p a r t i c u l a r  

s i nk  type (such as  a vo id  o f  s i ze  x)  d i f f e r s  both from Cv and from C:q; the 

l a t t e r  i s  the e q u i l i b r i u m  concentrat ion i n  an i dea l  c r y s t a l .  

Equations (6) and ( 7 )  con ta in  the quan t i t y  

S F = {/(1 + M I L  + L - (1 + M ) }  
V 

where M = KD T: /(iTiS) - “(Pi - PV)/(7.T S 2 ) v v  1 v  

and K = 8 ~ a  /D o v  

w i t h  a. be ing the l a t t i c e  parameter. 

When the i n j e c t e d  i n t e r s t i t i a l s  are absent as i n  neutron o r  e l e c t r o n  i r r a d i -  

at ions,  then P i  - Pv = 0, and the above equat ions reproduce those g iven 
e a r l i e r .  ( 8 )  

The determinat ion o f  AG(x)/kT a l lows the steady s t a t e  nuc lea t i on  r a t e  t o  be 

computed by the  equat ion 

where N i s  a c l u s t e r  s i ze  l a r g e  compared t o  t he  c r i t i c a l  vo id  s ize;  t he  l a t t e r  

i s  de f ined  as the maximum o f  AG(x). 

As shown prev ious ly , (8 )  t h e  v o i d  nuc lea t ion  r a t e  i s  c r i t i c a l l y  dependent upon 

the v o i d  b ias  f a c t o r s  Zp(x )  and Z t ( x )  which are g iven by 
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This  equat ion i s  an e n t i r e l y  adequate approximation t o  the  more e laborate 

formulae given e a r l i e r . ( 8 * 9 )  Here, h (x )  i s  the  e f f e c t i v e  thickness of the  

segregat ion region around a vo id  o f  rad ius  r ( x ) ,  Zb(x) i s  the b ias  f a c t o r  o f  a 
bare vo id , (9 )  and 

i s  the e f f e c t i v e  b a r r i e r  energy o f  the segregation region. Here, u i s  the  
Poisson's r a t i o ,  p the shear modulus of the mat r ix ,  and v i s  the  r e l a x a t i o n  

volume o f  the p o i n t  defect .  I n  the segregat ion region, the shear modulus 
d i f f e r s  by Au, and the  l a t t i c e  parameter by Aao from the corresponding average 

values i n  the mat r ix .  

5.3 Results 

The e f f e c t  o f  i n j e c t e d  i n t e r s t i t i a l s  on void nuc lea t ion  w i l l  be expressed i n  

terms o f  the parameter which i s  equal t o  the  r a t i o  o f  the i n j e c t e d  i n t e r -  

s t i t i a l s  t o  the i n t e r s t i t i a l s  produced by displacements. The t o t a l  i n t e r -  
s t i t i a l  p roduct ion  r a t e  i s  then given by 

Pi = P V (1 + Ei) (15) 

where P v  i s  equal t o  the displacement r a t e  t imes the  su rv i va l  f r a c t i o n ,  n ,  f o r  

i n  cascade recombination. 

The phys ica l  parameters l i s t e d  i n  Table 1 were used f o r  the numerical evalu- 

a t i o n  o f  the vo id  nuc lea t ion  rate,  and they represent appropr iate values f o r  
n i c k e l  and a u s t e n i t i c  s ta in less  steels .  

The parameters f o r  the vo id  segregation s h e l l  were chosen so t h a t  the vo id  
nuc lea t ion  r a t e  i n  the absence o f  i n j e c t e d  i n t e r s t i t i a l s ,  a t  T = 500'C and f o r  

a dose r a t e  of dpa/sec, was equal t o  about IOl4 voids/cm3-sec, a value 

comparable t o  the observed one i n  the  n i c k e l  ion-bombardment experiments on 
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TABLE 1 

MATERIALS PARAMETERS 

Parameter 

L a t t i c e  parameter, a, 
Surface energy, yo 

Shear modulus, u 
Poisson's r a t i o ,  v 

Pre-exponential fac to r ,  Dvo 
f Vacancy formation energy, E, 

Vacancy mig ra t ion  energy, E: 

Vacancy formation entropya, sV 
I n t e r s t i t i a l  r e l axa t i on  volume , vI 
Vacancy r e l axa t i on  volume, vv 

G I n t e r s t i t i a l  p o l a r i z a b i l i t y ,  aI 
G Vacancy p o l a r i z a b i l i t y ,  av 

Modulus va r i a t i on ,  Au/u 

L a t t i c e  parameter va r i a t i on ,  hao/ao 
Cascade su r v i va l  f ract ion,  n 
Sink s t rength,  S 

Bias f a c t o r  r a t i o ,  TIEv 
Thickness of segregation she l l ,  h / r  

f 

b 

Value 

0.352 
1 .o 

- 

105 
0.3 
1.53 x 

1.67 
1.1 
1.5 k 

1.4 0 

-0.2 n 
150 
15 
5 

5 

1014 
0.25 

1.2 
0.1 

Dimension 

nm 

J/m2 

m2/s 

MPa 
--- 

eV 

eV 
_-- 

- 2  m 

_-- 

a I n  u n i t s  of the Boltzmann constant k. 
3 u n i t s  of the atomic volume n = a /4. 
0 

n i c k e l . ( 3 )  

e f f e c t  on v o i d  nuc lea t ion  f o r  the above i r r a d i a t i o n  cond i t ions .  

As w i l l  be seen below, the i n j e c t e d  i n t e r s t i t i a l s  have a minor 

I n c l u d i n g  the  e f f e c t  o f  var ious amounts o f  i n j e c t e d  i n t e r s t i t i a l s ,  i n  the  

range ~i = 0 t o  g ives the  vo id  nuc lea t ion  r a t e s  shown i n  F i g s .  1 and 2 
as a func t i on  o f  temperature. It i s  c l e a r l y  seen t h a t  when the i n j e c t e d  

i n t e r s t i t i a l s  exceed 0.01% o f  those produced by displacements, vo id  nuc lea t ion  
i s  severely suppressed a t  low temperatures. I n  f a c t ,  t he re  e x i s t s  a tempera- 

t u r e  threshold, below which vo id  nuc lea t ion  does no t  occur a t  a l l .  This  

th resho ld  depends on the dose rate,  the i n j e c t e d  i n t e r s t i t i a l  f r a c t i o n  q, and 
t o  a l e s s e r  ex ten t  on the s ink  st rength,  and on the vacancy m ig ra t i on  energy. 
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I f  t h e  vacancy m i g r a t i o n  energy i s  assumed t o  be 1.4 eV (and i f  t h e  vacancy 
f o r m a t i o n  energy i s  reduced so as t o  keep t h e  a c t i v a t i o n  energy f o r  s e l f -  

d i f f u s i o n  c o n s t a n t )  t h e  r e s u l t s  shown i n  F i g .  3 a r e  obta ined.  It i s  seen t h a t  

t h e  v o i d  n u c l e a t i o n  r a t e s  a r e  reduced compared t o  t h e  r e s u l t s  shown i n  F i g .  1, 

w h i l e  t h e  t h r e s h o l d  temperatures  a r e  inc reased .  An i n c r e a s e  i n  t h e  vacancy 
m i g r a t i o n  energy s h i f t s  t h e  curves s i m p l y  t o  h i g h e r  temperatures  and l o w e r  

n u c l e a t i o n  r a t e s .  The r e s u l t s  i n  F i g s .  1 and 2 f u r t h e r  i n d i c a t e  t h a t  t h e  most 
severe suppress ion  o f  v o i d  n u c l e a t i o n  i s  expected i n  r e g i o n s  o f  maximum damage 

p r o d u c t i o n  where most o f  t h e  i n j e c t e d  i n t e r s t i t i a l s  come t o  r e s t .  

A c c o r d i n g l y ,  t h e  suppress ion o f  v o i d  n u c l e a t i o n  needs t o  be e v a l u a t e d  f o r  a 
p a r t i c u l a r  ion-bombardment o f  i n t e r e s t  and as a f u n c t i o n  o f  depth.  The case 
examined he re  i s  14 MeV N i - i o n  bombardment o f  n i c k e l .  D isp lacement  r a t e s  and 
t h e  f r a c t i o n  ~i o f  i n j e c t e d  i n t e r s t i t i a l s  were computed w i th  t h e  B r i c e  

code,('') and t h e  r e s u l t s  a r e  shown i n  F i g .  4. Note t h a t  o n l y  t h e  d e p t h  
r e g i o n  around t h e  end o f  t h e  range i s  shown i n  t h i s  and t h e  f o l l o w i n g  f i g u r e s  

as t h i s  i s  t h e  r e g i o n  o f  i n t e r e s t  f o r  t h e  p r e s e n t  i n v e s t i g a t i o n .  

Us ing  t h e  d isp lacement  r a t e s  o f  F i g .  4, t h e  v o i d  n u c l e a t i o n  r a t e s  shown i n  

F i g .  5 a r e  o b t a i n e d  w i t h o u t  t h e  i n c l u s i o n  o f  t h e  i n j e c t e d  i n t e r s t i t i a l s .  As a 
f u n c t i o n  o f  depth, t h e  v o i d  n u c l e a t i o n  r a t e s  f o l l o w  t h e  p r o f i l e  o f  t h e  d i s -  

placement r a t e .  However, s i n c e  a v a r i a t i o n  i n  t h e  d i sp lacement  r a t e  w i t h  
d e p t h  i s  e q u i v a l e n t  t o  a " tempera tu re  s h i f t " ,  t h e  v o i d  n u c l e a t i o n  r a t e s  

p a r t i c u l a r l y  f o r  t h e  l o w e r  temperature  range do n o t  decrease as d r a s t i c a l l y  on 
e i t h e r  s i d e  o f  t h e  peak damage r e g i o n  as one would  expect .  

I f  t h e  i n j e c t e d  i n t e r s t i t i a l s  a re  now i n c l u d e d  i n  t h e  v o i d  n u c l e a t i o n  c a l c u-  
l a t i o n s ,  t h e  r e s u l t s  shown i n  F i g .  6 a r e  obta ined.  A t  t h e  temperatures  o f  300 

and even 400'C a depress ion  o f  t h e  v o i d  n u c l e a t i o n  becomes n o t i c e a b l e  where 

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

i s  s e n s i t i v e  t o  t h e  s i n k  s t r e n g t h ,  cascade s u r v i v a l  f r a c t i o n ,  vacancy m i -  

g r a t i o n  energy, e tc . ,  t h e  depress ion  shou ld  a l s o  be s t r o n g l y  dependent on 

these parameters.  
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For  example, recent  measurements o f  the vacancy format ion energy by the po- 

s i t i o n  a n n i h i l a t i o n  technique have y i e l d e d  a value o f  1.8 f 0.1 eV, (11) which 

i s  s i g n i f i c a n t l y  l a r g e r  than the p rev ious l y  es tab l i shed value. Since the  

value o f  s e l f - d i f f u s i o n  energy remains una l te red  i t imp l i es  a vacancy m i -  
g r a t i o n  energy f o r  n i cke l  o f  1.1 f 0.1 eV. Th is  va lue agrees then c l o s e l y  

w i t h  the r e c e n t l y  measured value o f  1.04 f 0.04 eV f o r  t he  Stage 111 a c t i -  

v a t i o n  energy. (12)  Suppose now t h a t  the vacancy m ig ra t i on  energy i s  1.2 eV 

i ns tead  o f  1.1 eV used f o r  the r e s u l t s  i n  Figs. 5 and 6. As F ig.  7 shows, the 
suppression o f  vo id  nuc lea t i on  becomes more pronounced. Furthermore, i f  we 

reduce the s ink s t rength  from 1014 n r 2  t o  5 x 1013 m-', t he  gap i n  v o i d  nucle-  

a t i o n  increases even f u r t h e r  as shown i n  Fig. 8. 

5.4 Discussion 

The suppression o f  vo id  nuc lea t ion  by the i n j e c t e d  i n t e r s t i t i a l s  i s  most ef- 
f e c t i v e  when t h e i r  number becomes a s i g n i f i c a n t  f r a c t i o n  o f  the number o f  

i n t e r s t i t i a l s  which have escaped recombinat ion both i n  t he  cascade and i n  t he  

bulk.  Accordingly,  the suppression i s  found where the  i ons  are deposi ted and 

where recombinat ion i s  the predominant f a t e  o f  p o i n t  defects.  These con- 

d i t i o n s  are i d e n t i c a l  t o  those v a l i d  f o r  v o i d  growth s u p p r e ~ s i o n . ( ~ )  The d i f -  

ference l i e s  merely i n  t he  magnitude o f  t he  suppression; i t  i s  much more dra- 
mat ic  f o r  v o i d  nuc lea t i on  than f o r  vo id  growth. 

I f  vo id  swe l l i ng  a f t e r  i o n  bombardment i s  measured e i t h e r  from step he igh ts  o r  

by microscopic examinations i n  the peak damage reg ion  the  e f f e c t  o f  the i n -  

j e c t e d  i n t e r s t i t i a l s  i s  present. The swel l ing- temperature r e l a t i o n s h i p  ob- 

ta ined  by these two techniques e x h i b i t s  a sharp ly  peaked behavior w i t h  a pre-  
c i p i t o u s  dec l i ne  i n  swe l l i ng  towards lower temperatures around 400°C t o  5OO0C, 

depending on the displacement r a t e .  (13)  Our present  r e s u l t s  suggest t h a t  t he  
suppression o f  swe l l i ng  f o r  these lower temperatures i s  due, i n  pa r t ,  t o  the 

e f f e c t  o f  i n j e c t e d  i n t e r s t i t i a l s  on v o i d  nuc lea t ion .  
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FIGURE 7. Void Nuc lea t ion  Rate vs Depth, Vacancy M i g r a t i o n  Energy o f  1.2 eV, 
A l l  Other Parameters as i n  F igure  6. 
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FIGURE 8. Void Nuc lea t ion  Rate vs Depth, Vacancy M ig ra t i on  Energy o f  1.2 eV, 
S ink  Strength o f  5 x 1013 m-2. 
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The exis tence o f  a vo id  f r e e  gap i n  the  depth d i s t r i b u t i o n  has been discovered 

exper imenta l ly  by Whi t ley. (3)  F igure 9 shows the  depth d i s t r i b u t i o n  o f  the 
v o i d  dens i ty  i n  n icke l  i r r a d i a t e d  w i t h  14 MeV Cu ions  a t  a temperature o f  

400°C. While the present t h e o r e t i c a l  p r e d i c t i o n s  on the  depth d i s t r i b u t i o n  o f  
v o i d  nuc lea t ion  agrees i n  p r i n c i p l e  w i t h  t h i s  observat ion o f  a vo id  f r e e  gap, 

there  are q u a n t i t a t i v e  d i f ferences.  F i r s t ,  the ex ten t  o f  the observed gap i s  
l a r g e r  than the p red i c ted  ones. Second, the  deepest vo id  reg ion  i n  t h i s  

experiment i s  i n  f a c t  beyond the end o f  range as  computed w i t h  the  B r i ce  Code. 

Apart  from the l a t t e r  discrepancy, a d i r e c t  q u a n t i t a t i v e  comparison between 

t h e  above experimental observat ion and the  t h e o r e t i c a l  r e s u l t s  cannot s t r i c t l y  

be made f o r  the  f o l l o w i n g  reasons. 

The observed vo id  d i s t r i b u t i o n  r e f l e c t s  both the  processes o f  nuc lea t ion  and 
growth t o  a v i s i b l e  s ize.  I n  contrast ,  the computed nuc lea t ion  ra tes  must be 

i n t e r p r e t e d  i n  terms o f  a depth d i s t r i b u t i o n  f o r  voids l a r g e r  than the  c r i t i -  

cal s ize, regardless o f  how small. The c r i t i c a l  s i ze  i s  genera l l y  below t h e  

l i m i t  o f  v i s i b i l i t y  f o r  transmission e lec t ron  microscopy. Another d i f f e rence  

I I I I I I 1 r 
14 MeV Cu ON NI 
4 0 0 ' C  

FIGURE 9. Void Density vs Depth f o r  N icke l  I r r a d i a t e d  at2400"C w i t h  14-MeV 
Cu Ions  t o  a Fluence o f  About 5 x 10l6 Ions/crn . 
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ar i ses  from our assumption of a s p a t i a l l y  un i fo rm s ink st rength.  Even though 
t h i s  i s  j u s t i f i e d  w i t h  regard t o  the i n i t i a l  d i s t r i b u t i o n  o f  grown-in d i s l o -  

cat ions,  i r r a d i a t i o n  qu i ck l y  produces a s p a t i a l l y  nonuniform d i s t r i b u t i o n  o f  

d i s l o c a t i o n  loops p r i o r  t o  vo id  nucleat ion.  Consequently, the  vo id  nuc lea t ion  

ca l cu la t i ons  should be c a r r i e d  out  w i t h  t h i s  nonuniform d i s t r i b u t i o n  o f  the  
t o t a l  d i s l o c a t i o n  densi ty  as obtained a t  low doses. Unfor tunate ly ,  t h i s  

in fo rmat ion  i s  n o t  p resent ly  ava i lab le .  

Garner has r e c e n t l y  shown t h a t  t h e  i n j e c t e d  i n t e r s t i t i a l  has a pronounced 
e f f e c t  on sel f- ion- induced swel l ing ,  lead ing  bo th  t o  an extension o f  the 

t r a n s i e n t  r e  ime o f  swe l l i ng  and t o  a suppression o f  t h e  steady-state swe l l -  

i n g  ra te .  (’‘’ He a l so  demonstrated t h a t  the  s t r o n g l y  peaked swe l l i ng  d i s -  

t r i b u t i o n s  c h a r a c t e r i s t i c  o f  i o n  i r r a d i a t i o n s  were no t  t y p i c a l  o f  neutron 
i r r a d i a t i o n s  and a t t r i b u t e d  t h e  divergence t o  the  i n j e c t e d  i n t e r s t i t i a l .  He 
noted, however, t h a t  w i t h i n  t h e  conf ines  o f  a v a i l a b l e  theory, t h e  i n j e c t e d  

i n t e r s t i t i a l  was i n s u f f i c i e n t  i n  i t s e l f  t o  a f f e c t  the  steady-state swe l l i ng  

ra te .  

Whereas a reduc t i on  i n  t h e  magnitude o f  the  vacancy m ig ra t i on  energy from 
1.4 t o  1.1 eV s t r o n g l y  reduces t h e  pred ic ted  i n f l uence  o f  i n j e c t e d  i n t e r -  

s t i t i a l s  on t h e  swe l l i ng  ra te ,  (15 )  we have shown t h a t  i t  enhances t h e  
suppression o f  vo id  nuc lea t i on  by i n j e c t e d  i n t e r s t i t i a l s .  Therefore, the  

work presented i n  t h i s  r e p o r t  prov ides a q u a l i t a t i v e  exp lanat ion  f o r  t h e  

observed d i f f e r e n c e  i n  t h e  low temperature dependence o f  neutron and i on -  

induced swel l ing .  
h igher  temperatures by the  i n j e c t e d  i n t e r s t i t i a l  has no t  y e t  been expla ined 

and work i s  i n  progress t o  p rov ide  a t h e o r e t i c a l  explanat ion.  

The suppression o f  t h e  steady-state swel ing r a t e  a t  
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COMPARISON O F  LOW DOSE NEUTRON AND GAMMA IRRADIATION DAMAGE IN G-1OCR- 
6. F. Hurley, J .  D. Fowler, J r . ,  and  D. L .  Rohr 
(Los Alamos National Laboratory) 

1 . 0  Objective 

This study i s  being carried o u t  t o  determine the e f fec t s  of neutron- irradiation 
a t  4 . 2  K on epoxy and polyimide insulators ,  and t o  compare these e f fec t s  with 
those from gamma-irradiations a t  the  same temperature, and in the  same mater- 
i a l s .  

2.0 Summary 

Insulators in superconducting magnets fo r  fusion reactors will be exposed t o  
radiation doses of 10 t o  100 MGy, with more t h a n  half the dose coming from 
neutrons. Samples of the epoxy-matrix laminate G - 1 O C R  were i r radia ted with 
h i g h  energy neutrons in l iquid helium t o  a dose of 2 .5  MGy, t o  simulate the 
operating environment. Mechanical and e lec t r ica l  properties were subsequently 
measured a t  room and l iquid nitrogen temperatures. Results are compared t o  
o ther  s tudies  of changes due t o  gammas. Dose e f fec t s  due t o  the heterogeneous 
nature of this composite material and the nature of the  radiation sources a re  
discussed. 

3.0 Program 

T i t l e :  Radiation Damage Analysis and Computer Simulation (Radiation Effects 

in Organic Insulators)  
Principal Investigator: G.  F. Hurley 
Aff i l i a t ion :  Los Alamos National Laboratory 

4.0 ' Relevant DAFS Program Plan Task/Subtask 

Task II.B.4: Damage Production in Insulators 
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Subtask I I .B.4.3: Experimental V a l i d a t i o n / C a l i b r a t i o n  o f  Theory 

5.0 Accomplishments and Status 

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

I n  prev ious repo r t s  i n  t h i s  study, ( l Y 2 )  we reviewed the  requirements f o r  o r -  
ganic  i n s u l a t i o n  i n  magnetic confinement f u s i o n  reac tors ,  and descr ibed an 

i r r a d i a t i o n  experiment i n c l u d i n g  a p r e l i m i n a r y  cha rac te r i za t i on  o f  t he  i r r a d i a -  

t ion- induced degradat ion o f  e l e c t r i c a l  and mechanical p rope r t i es  f o r  a se r i es  

o f  candidate e l e c t r i c a l  i n s u l a t i o n  ma te r i a l s .  A t  t h e  dose l e v e l  a t t a i n e d  t o  

date, o n l y  one o f  t h e  ma te r i a l s  has shown c lea r- cu t  p rope r t y  changes: G-1OCR. 

The present  r e p o r t  descr ibes t h e  measured changes i n  t h e  e l e c t r i c a l  and mecha- 
n i c a l  p rope r t i es  o f  t h i s  ma te r i a l ,  and compares these changes t o  those observed 
by o t h e r  i n v e s t i g a t o r s  i n  t he  same m a t e r i a l  a f t e r  i r r a d i a t i o n  i n  t h e  Bulk 

Sh ie ld ing  Reactor (BSR). 

5.2 Experimental Deta i  1 s 

G-1OCR was obta ined from t h e  Spaulding F i b r e  Co., i n  p l a t e  and sheet forms from 

which t h e  var ious  sample con f i gu ra t i ons  were machined. Compression and f l e x u r e  

samples had t h e i r  axes i n  t h e  plane o f  t h e  f a b r i c  and p a r a l l e l  t o  t h e  warp 

d i r e c t i o n .  E l e c t r i c a l  t e s t  samples were punched from sheet m a t e r i a l s  preser-  

v i n g  as- fab r i ca ted  upper and lower surfaces. D e t a i l s  o f  sample c o n f i g u r a t i o n  

and pre-  and p o s t - i r r a d i a t i o n  treatments have been descr ibed p rev ious l y .  (1,2) 

I r r a d i a t i o n  was c a r r i e d  o u t  i n  I P N S  i n  l i q u i d  hel ium t o  a neutron f l uence  o f  

1.52 x 1021 n/m2, En>O.l MeV. Neglect ing t h e  i n - r e a c t o r  gamma dose which 

accompanies t h e  neutron dose (<15% o f  t he  t o t a l  dose), f u r t h e r  c a l c u l a t i o n s  
have revealed the  i o n i z i n g  dose c o n t r i b u t i o n s  f o r  G-1OCR as g iven i n  Table 1. 

It i s  assumed t h a t  f o r  low doses, t h e  dose t o  t h e  g lass i s  n o t  impor tan t .  A t  
much h igher  doses, say > 108 Gy, damage t o  t h e  g lass  might  become non -neg l i g i -  

b l e .  

( 3 )  

S i l i c a  g lass  has been observed t o  become metamict w i t h  a few percent  
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TABLE 1 

DOSIMETRY FOR G-1OCR 

+ * 
Neutron dose, >.1 MeV Absorbed dose 

Component Un i t s  o f  1021 n/m2 Un i t s  o f  106 Gy 

Epoxy M a t r i x  1.52 5 .03 2.48 ? .05 

E-Glass Fibers 1.52 ? .03 0.801 f .015 
Laminate 1.52 5 .03 1.30 ? .03 

+ Tota l  n/m2 = 1.44 x number given; thermal n/m2 = .008 x number given. 
Range represents v a r i a t i o n  among 5 dosimetry wi res analyzed. 

* Absorbed dose neglects c o n t r i b u t i o n  from qamma rays, which i s  est imated 
t o  be l ess  than 15% o f  t h e  dose as s tated.  

volume compaction w i t h i n  t h i s  dose range. ( 4 )  

composite behavior, even conceivably lead ing  t o  rup tu re  o f  t h e  f i b e r s .  

T h i s  might g r e a t l y  a f f e c t  t h e  

5.3 Resul ts  

5.3.1 E l e c t r i c a l  Tests 

Measurements o f  D.C. c o n d u c t i v i t y  and A.C. d i e l e c t r i c  p rope r t i es  f o r  G-1OCR 

a f t e r  i r r a d i a t i o n  were described prev ious ly .  ( * )  Results showed increased 
D.C. conduc t i v i t y  measured a t  room temperature, an increase i n  d i e l e c t r i c  

constant  over  t h e  frequency range 10 t o  l o 5  Hz, a t  both 80 K and room tempera- 

t u r e ,  and no s i g n i f i c a n t  change i n  l o s s  tangent measured over t h e  same f r e -  

quency range and temperatures. 

6 percent, which imp l ies  a radiat ion- induced decrease i n  A.C. r e s i s t i v i t y  o f  
5 t o  6%. Large sample-to-sample v a r i a t i o n s  i n  loss tangent were observed a t  

t h e  h igher  frequencies. 

The increase i n  d i e l e c t r i c  constant was about 

D i e l e c t r i c  breakdown s t rength  t e s t s  were conducted a t  room temperature i n  a 
chamber pressur ized t o  1.3 MPa o f  n i t rogen  gas t o  prevent sur face f lashover .  

Bulk breakdown was observed i n  a l l  samples. Electrodes consis ted o f  a f l a t ,  
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c i r c u l a r ,  p o l i s h e d  s t e e l  r o d  6.4 nun d i a m e t e r  on one s i d e  o f  t h e  sample, w i t h  

a f l a t ,  p o l i s h e d  s t e e l  p l a t e  10 nun d iamete r  on t h e  o t h e r .  

was ramped f r o m  z e r o  t o  t h e  breakdown v o l t a g e  a t  a r a t e  o f  200 V/s. R e s u l t s  
( T a b l e  2 )  i n d i c a t e  no s i g n i f i c a n t  r a d i a t i o n - i n d u c e d  changes i n  breakdown 

s t r e n g t h .  

The D.C. v o l t a g e  

TABLE 2 

DIELECTRIC 8REAKDPdN STEENGTH OF 3 IRRADIATED AND 5 CONTROL 
SAWLLES AT 295 K. VARIATION I S  ONE STANDARD DEVIATION. 

OBS (kV/mm) 

Cont r o  1 78.4 7.3 

I r r a d i a t e d  80.2 9.2 

M i c r o s c o p i c  examina t ion  o f  t h e  breakdown p a t h  i n d i c a t e s  t h a t  t h e  normal en- 

t r a n c e  p o i n t  was o v e r  a j u n c t i o n  o f  two o r thogona l  g l a s s  r e i n f o r c e m e n t  

s t r a n d s .  

j u n c t i o n  and e x i t  on t h e  o t h e r  s i d e  o f  t h e  sample. 

p a t h  d i f f e r e n c e s  between c o n t r o l  and i r r a d i a t e d  samples. 

The c u r r e n t  would  f o l l o w  one o f  t h e  s t r a n d s  h o r i z o n t a l l y  t o  t h e  n e x t  

There were no apparent  

5.3.2 Mechanical  Tes ts  

F l e x u r a l  and l o n g i t u d i n a l  compression t e s t s  were c a r r i e d  o u t  a t  room and l i q -  
u i d  n i t r o g e n  temperatures .  T e s t  procedures and r e s u l t s  o f  t h e  t e s t s  a t  75 K 

have been r e p o r t e d .  ( 2 )  

s t r e n g t h  and s t r a i n  t o  f a i l u r e  by 15 and 12 p e r c e n t ,  r e s p e c t i v e l y .  
n a l  compression s t r e n g t h  and f a i l u r e  s t r a i n  were a l s o  reduced, though l e s s  

d i s t i n c t l y .  

a r e  p r e s e n t e d  i n  F i g u r e  1. F l e x u r e  s t r e n g t h  and modulus were reduced j u s t  

o v e r  10 p e r c e n t ,  w i t h  no s i g n i f i c a n t  change i n  f l e x u r e  s t r a i n .  

tempera tu re  compression s t r e n g t h  was n e g l i g i b l e ;  i f  any i t  may have i n c r e a s e d  

s l i g h t l y .  

The l e v e l  o f  u n i r r a d i a t e d  u l t i m a t e  compressive s t r e n g t h  i s  i n  t h e  range 

The e f f e c t  o f  i r r a d i a t i o n  was t o  reduce f l e x u r a l  
L o n g i t u d i -  

R e s u l t s  o f  f l e x u r e  and compression t e s t i n g  a t  room tempera tu re  

Change i n  room 

Modulus and f a i l u r e  s t r a i n  s c a t t e r e d  too  b a d l y  t o  assess changes. 
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repor ted  by o the r  i nves t i ga to rs .  (5-7) 

F w u r e  2 shows the  appearance o f  t y p i c a l  f rac tures  f o r  each o f  t h e  f o u r  com- 

pression cases. 

w i t h  e i t h e r  a s i n g l e  ob l ique shear f r a c t u r e  o r  a wedging-type combinat ion o f  
two shear planes. Charac te r i s t i cs  o f  f r a c t u r e  have been described i n  a com- 
prehensive study of compression f rac tu re  i n  these mater ia ls .  (8) 

A t  room temperature, f a i l u r e  genera l l y  occurred by shear, 

FIGURE 2. Charac te r i s t i c  Appearance o f  Long i tud ina l  G-1OCR Fractures, Before 
and A f t e r  Neutron I r r a d i a t i o n ,  a t  Two Test  Temperatures. 

Although many of t h e  general features observed were t h e  same as ou r  observa- 
t i o n s ,  some d i f fe rences ,  espec ia l l y  i n  temperature dependence, were found. 

These may have r e s u l t e d  from d i f f e rences  i n  specimen con f i gu ra t i on  and t e s t  
method. 
pera ture  t e s t i n g .  

We see no change i n  f r a c t u r e  mode w i t h  i r r a d i a t i o n ,  a f t e r  room tem- 
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Fracture a t  75 K was dramatically d i f fe ren t  than a t  room temperature (Figure 
2), with longitudinal cleavage strongly predominating. 
e f f ec t  of i r rad ia t ion  was evident i n  t h a t  the i r radiated samples tended t o  
separate along multiple planes w i t h  the result t h a t  the long longitudinal 
f ractures  could be comprised o f  para l le l ,  interlaminar cracks l i nked  by the 
fabr ic  between the layers. Macroscopic examination o f  flexure samples re. 
vealed only minor changes due t o  i r rad ia t ion  a f t e r  t es t ing  a t  75 K,(') and 
the same observation was true a f t e r  room temperature testing. 

Further, a small 

Fracture surfaces of both flexure and compressionosamples were examined by 
SEM and by optical  microscopy. 
way t h a t  fibers separated from the matrix when control and i r radiated samples 
fractured a t  75 K. 
fa i lu res .  In the control sample (Figure 3a) ,  f racture  occurred par t ly  in the 
resin and par t ly  along the fibers. Where the  l a t t e r  occurred, separation was 
quite clean, although generally adhesion between fibers and matrix appeared 
f a i r l y  good. 

Characterist ic differences were found i n  the 

Representative views a re  shown i n  Figure 3, f o r  flexure 

I r radiated samples appeared qui te  d i f fe ren t ,  as shown in Figure 3b. Here 
clean separation from the matrix was ra re  and the f rac ture  path tended t o  
occur i n  the matrix near, b u t  no t  a t ,  the interface.  
a rough film-like material remaining on separated f ibers .  

T h i s  was manifested by 

ine present resuirs may De compareo wlzn znuse UT ari u r i y u ~ r i y  >LUUY of G-1OCR 
and other matprinlz hv Cnltman and coworkers a t  the Oak Ridae National Labo- 
ratory (c' i um 
shie ld  i n  
estimated t o  be primarily (>96%) from interact ion w i t h  gamma radiation. A 
compl i cat '  not en- 
t i r e l y  e l  i n  the E- 
Glass reinrorcemenr i n  ~ - I U L K .  inus, exrra energy i s  oeposirea T r o m  1 O B  

. . .- _- . . - . - -~ ~. ~~ ~ " 

F. Ref. 5).  In t h a t  work, samples were i r radiated inside a cadm 
the B u l k  S h i e l d i n g  Reactor (BSR), result ing in an external dose 

~. ~ ... .. . . 
ion i n  the work i s  the large thermal neutron flux in BSR, I 

iminated by the cadmium shield ,  wliich in te rac t s  w i t h  boron - . . -. . I  .. . - 
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FIGURE 3. Frac ture  Surfaces on (a )  Contro l  Sample and (b) Neut ron- I r rad ia ted  
Sample. 
% l O  wn. 

Both samples were tes ted  a t  75 K. F iber  diameter i s  

f i s s i o n s  which y i e l d  7 L i  and 4He r e c o i l  fragments. To e l i m i n a t e  t h i s  e x t r a  

dose, a v a r i a n t  o f  G-1OCR conta in ing  boron- free S-Glass, denoted G-1OCR BF, 
was a l s o  tested.  

doses o f  3 x 106Gy. 

These ma te r ia l s  were i r r a d i a t e d  t o  minimum imposed gamma ray 

Table 3 compares t h e  s t reng th  r e t a i n e d  by G-1OCR i n  t h e  present work (2.5 
106 Gy) w i t h  t h a t  repo r ted  f o r  G-1OCR and i t s  S-Glass v a r i a n t  ( t h e  l a t t e r  
l i m i t e d  t o  f l e x u r a l  s t reng th )  i n  t h e  previous work. (5 )  
data are  g iven a t  3 x 106 Gy, and valbes ex t rapo la ted  t o  2.5 x 106 Gy a r e  a l s o  
presented. This  comparison shows t h a t :  

The gamma- irradiat ion 

Reduction of f l e x u r a l  s t rength  i s  g rea ter  than fo r  l o n g i t u d i n a l  
compression st rength,  fo r  both neutron and gamma r a d i a t i o n ,  
measured a t  l i q u i d  n i t rogen  temperatures. 
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TABLE 3 

’ COMPARISON OF RETAINED FLEXURE AND LONGITUDINAL COMPRESSION STRENGTH 
FOR G-1OCR AFTER NEUTRON OR GAMMA IRRADIATION AT LIQUID HELIUM TEMPERATURE 

2.5 x l o 6  Gy 3 x 106 Gy 
{Neut rons}  (Gamma } {Gamma} 

2.5 x l o 6  Gy*’’ 

F l e x u r e  S t r e n g t h  85% 

Long i t u d i  n a l  
Compression S t r e n g t h  94% 

60% 
175%1 

70% 
{82%} 

75% 88% 

* E x t r a p o l a t e d  
+ Bracke ted  Values a r e  f o r  G-1OCR BF 

The degrada t ion  o f  f l e x u r a l  and l o n g i t u d i n a l  compressive 
s t r e n g t h  measured a f t e r  gamma i r r a d i a t i o n  o f  6-10CR i n  t h e  BSR, 
e x t r a p o l a t e d  t o  2.5 x l o 6  Gy, i s  s u b s t a n t i a l l y  g r e a t e r  t h a n  t h a t  
a f t e r  f a s t  n e u t r o n  i r r a d i a t i o n .  

The f l e x u r a l  s t r e n g t h  d e g r a d a t i o n  a t  t h e  same e x t r a p o l a t e d  dose 
o f  G-1OCR BF i s  s i m i l a r  t o  t h a t  f o r  G-1DCR a f t e r  n e u t r o n  ir- 
r a d i a t i o n .  

No da ta  f o r  t h e  e f f e c t s  o f  gamma i r r a d i a t i o n  on t h e  e l e c t r i c a l  p r o p e r t i e s  a r e  
a v a i l a b l e  be low a dose o f  2 x l o 7  Gy. 

f i c a n t  change i n  p o s t - i r r a d i a t i o n  r e s i s t i v i t y ,  loss t a n g e n t  a t  1 kHz, o r  

breakdown s t rengbh ,  measured a t  room tempera tu re .  ( 9 )  

o c c u r r e d  by  s u r f a c e  f l a s h o v e r  a t  c o m p a r a t i v e l y  l o w  v o l t a g e  s t r e s s ;  hence o n l y  
r e s i s t i v i t y  and l o s s  t a n g e n t  can be conc luded n o t  t o  have changed. 

Data a t  2 x l o 7  Gy i n d i c a t e  no s i g n i -  

Breakdown i n  t h a t  work 

Those r e s u l t s  c o n t r a s t  w i t h  t h e  sma l l  b u t  s i g n i f i c a n t  decrease i n  p o s t - i r -  

r a d i a t i o n  room- temperature r e s t i v i t y  a t  an e q u i v a l e n t  neu t ron- induced  dose 

an o r d e r  o f  magni tude s m a l l e r .  

f i b e r  bund les  o r  a d j a c e n t  m a t e r i a l  i s  i n d i c a t i v e  o f  D.C. c o n d u c t i o n  paths ,  

t h e n  r a d i a t i o n- i n d u c e d  changes i n  t h i s  area a r e  t h e  l i k e l y  cause f o r  t h e  

I f  t h e  p r e f e r e n c e  o f  breakdown pa ths  f o r  t h e  
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resistivity decrease. 
dielectric constant at both temperatures, could be a result of different 
damage-producing mechanisms of neutrons, as compared to gammas. 
these changes are much smaller than previously observed in-situ changes in 
radiation-induced cond~ctivity,(~) and would in no way limit the use of the 
material at this dose in a superconducting magnet. 

This decrease, along with the observed increase in 

In any case, 

Damage to G-1OCR and similar materials is complicated by the nature of the 
component materials and by the spatial relationship of their interactions with 
the irradiation source. The microstructure of G-1OCR contains 10 vim glass fi- 
bers, arrayed in bundles (yarns), with small (10 Vm) spacing, while the yarns 
themselves are much more widely separated. Prior to impregnation of the resin 
matrix, the glass cloth is treated with a coupling agent, in this case amino- 
silane, (lo' * )  which acts to retain adhesion between matrix and fibers. 
Silane typically is present in substantial quantity ( ' I '  
expected to change the composition of the matrix in the vicinity of the fi- 
bers. In particular, aminosilane contains more hydrogen than the resin ma- 
trix. As the result of efficient energy transfer between fast neutrons and 
hydrogen, the interface region can therefore be expected to be a preferred 
site for initial energy deposition. 
over the range of displaced hydrogen atoms (10's of urn) but local chemical 
changes could also be expected to occur as the result of bonding unsaturation. 

and hence may be 

Resulting damage would of course extend 

Thus, in the two cases we are comparing--neutron-irradiation in IPNS and 
gamma-irradiation in BSR--the doses to the components of G-1OCR vary, and in 
different ways. The single case of G-1OCR BF, irradiated in BSR, is an ex- 
ception, with the dose quite uniform throughout. 
has an essentially uniform gamma ray dose enhanced by 1OB fission damage in 
a region primarily restricted to the yarns. 
sults in the major dose to the matrix, especially in the silane-rich areas 
(the yarns), and a lower dose to the fibers. Modeling of the dose distri- 
bution for these cases would seem to be a fruitful area for additional work. 

G-1OCR irradiated in BSR 

Neutron irradiation in IPNS re- 

* v-aminopropyltriethoxysilane 
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5.5 Conclusions 

N e u t r o n- i r r a d i a t i o n  o f  G-1OCR a t  l i q u i d  he l ium temperature t o  2.5 MGy r e s u l t s  

i n  smal l  b u t  s i g n i f i c a n t  changes i n  mechanical and e l e c t r i c a l  p roper t ies .  

F lexu ra l  s t reng th  was reduced a t  both room temperature and 75 K, w h i l e  l on-  
g i t u d i n a l  compression s t reng th  was reduced o n l y  i n  75 K measurements. D.C. 

r e s i s t i v i t y  decreased i n  room temperature measurements, w h i l e  loss tangent 

was n o t  found t o  change a t  e i t h e r  room temperature o r  80 K. 
measurements revealed a smal l  increase i n  d i e l e c t r i c  constant  a t  bo th  tem- 
peratures,  imp ly ing  a smal l  decrease i n  A.C. r e s i s t i v i t y .  D i e l e c t r i c  break- 

down s t reng th  was determined a t  room temperature and d i d  no t  change s i g n i f i -  

c a n t l y  w i t h  i r r a d i a t i o n .  

The l a t t e r  

Frac tu re  mode and f r a c t u r e  surfaces were examined i n  samples tes ted  a t  both 

temperatures i n  i r r a d i a t e d  and c o n t r o l  forms. Macroscopic f r a c t u r e  mode was 

p r i m a r i l y  a f u n c t i o n  of t e s t  temperature bu t  q u a l i t a t i v e l y  showed an increase 

i n  delaminat ion i n  i r r a d i a t e d  l o n g i t u d i n a l  compression samples t e s t e d  a t  

75 K. 

showed a marked change i n  appearance w i t h  p r e f e r e n t i a l  f a i l u r e  near t h e  f i b e r s  

occu r r i ng  through t h e  r e s i n  i n  i r r a d i a t e d  samples, and more c l e a n l y  a t  t h e  

f i b e r  sur face  i n  c o n t r o l  samples. 

energy depos i t i on  by neutrons w i t h i n  t h e  aminosi lane coup l ing  l aye r .  

Both f l e x u r e  and compression f r a c t u r e  surfaces, a f t e r  t he  75 K t e s t ,  

This  change may be associated w i t h  g rea te r  

As a r e s u l t  of t he  heterogeneous na ture  of t h e  composite s t r u c t u r e  o f  G - l O C R ,  
and t h e  i n t e r a c t i o n  w i t h  t h e  spec t ra l  components o f  var ious i r r a d i a t i o n  

sources, damage produc t ion  i s  m ic roscop i ca l l y  inhomogeneous and probably  a f -  

f e c t s  t h e  d e t a i l e d  na ture  o f  degradat ion. 
par ison  o f  t h i s  data w i t h  t h a t  f o r  t he  same and s i m i l a r  ma te r i a l s  i r r a d i a t e d  

i n  BSR, w i l l  r e q u i r e  h igher  f luence neutron damage data, as w e l l  as a d e t a i l e d  

model f o r  how and where the  damage occurs and i t s  e f f e c t  on p rope r t i es .  The 

present  r e s u l t s  compare most favorably  w i t h  t he  r e s u l t s  f o r  e s s e n t i a l l y  pure 
gamma damage i n  boron- f ree G-1OCR BF. 

For t h i s  reason, conc lus ive  com- 
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