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FOREWORD 

T h i s  r e p o r t  i s  t h e  t w e n t y - t h i r d  i n  a s e r i e s  o f  Q u a r t e r l y  Techn i ca l  Progress  
Repo r t s  on  Damage A n a l y s i s  and Fundamental S t u d i e s  (DAFS), wh ich  i s  one 
e lement  o f  t h e  Fus ion  Reactor  M a t e r i a l s  Program, conducted i n  suppo r t  o f  t h e  
Magnet ic  Fus ion  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 rough  8. 
Other  e lements o f  t h e  Fus ion  M a t e r i a l s  Program a re :  

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

The 

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

The DAFS 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 d u s t r i a l  l a b o r a t o r i e s .  I t  was o rgan i zed  b y  t h e  
M a t e r i a l s  and R a d i a t i o n  E f f e c t s  Branch, DOE/Off ice o f  Fus ion  Energy, and a 
Task Group on Damage A n a l y s i s  and Fundamental S t u d i e s ,  which  opera tes  
under  t h e  ausp ices  o f  t h a t  branch.  
t o  p r o v i d e  a wo rk ing  t e c h n i c a l  r e c o r d  o f  t h a t  e f f o r t  f o r  t h e  use  o f  t h e  
program p a r t i c i p a n t s ,  t h e  f u s i o n  energy program i n  genera l ,  and t h e  DOE. 

T h i s  r e p o r t  i s  o rgan i zed  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 l a n  
o f  t h e  same t i t l e  so t h a t  a c t i v i t i e s  and accomplishments may be  f o l l o w e d  
r e a d i l y ,  r e l a t i v e  t o  t h a t  Program P lan .  
l a b o r a t o r y  may appear th roughout  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 added on Reduced A c t i v a t i o n  M a t e r i a l s  t o  accommodate 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 .  
convenience o f  t h e  reader .  

T h i s  r e p o r t  has been compi led  and e d i t e d  under  t h e  guidance o f  t h e  Chairman 
o f  t h e  Task Group on Damage A n a l y s i s  and Fundamental S t u d i e s ,  0. G. Doran, 
Han fo rd  Eng inee r i ng  Development L a b o r a t o r y  (HEDL). H i s  e f f o r t s ,  t h o s e  o f  
t h e  suppor t ing  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. 
R a d i a t i o n  E f f e c t s  Branch, i s  t h e  DOE c o u n t e r p a r t  t o  t h e  Task Group Chairman 
and has r e s p o n s i b i l i t y  f o r  t h e  DAFS program w i t h i n  DOE. 

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  

Thus, t h e  work o f  a g i v e n  
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C.M. Logan and D. W. Heikkinen 
Lawrence Livenmre National Laboratory 

. .  1.0 1ectlVC 

Ihe objectives of this work are operation of RTNS-I1 (a 14-MeV neutron source facility), mchine 
developnent, and support of the exprimntal program that utilizes this facility. 
include dosimetry, handling, scheduling, coordination, and reporting. 
research for the fusion power program. 
high-energy neutron effects. 
environment, engineering data obtained in other spectra. 

Experimenter services 
--I1 is dedicated to mterials 

Its primry use is to aid in the developnent of models of 
Such models are needed in interpreting and projecting to the fusion 

2.0 svrmrrry 

Irradiations were performed for 12 different experimnters during this quarter. 
will be used on the right mchine in the near future. Ion source developwnt is being done on the right 
mchine. Wrade of the right mchine extraction power supply began. 

Fifty centimter targets 

Title: m - 1 1  operations (WZT-16) 
Principal Investigator: C. M. man 
Affiliation: Lawrence Livenmre National Laboratory 

4.0 Relevan t DAFS PKW ram Plan Task/Subtask 

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

M. man. D. W. He ikkinen and M. W. Gu inan - 5.0 

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

ter P or A* -le Irradiated 

J. Fowler (LANL) 

P. Hahn (Vienna) 

P 

A 

MACOR - changes in electrical and 
mechanical properties 

m q i  - neasure fluxoid pinning 
strength of supercrmductors 

c. Logan (rn) A Cu alloys - activation analysis 
C. Violet (LUG) A W - Mossbauer effect source 
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5.0 (Continued) 

A 1. NiRh - mgnetic properties 
2. Geological san@les - inert gas 

production and diffusion 

P. CaMon (HEDL) P EMIT instrumentation 

D. Heikkinen (LUJL) A M, - dosimtry calibration 
T. vercelli (LLNL) 

Y. Tabata (Tokyo) 

A 

A 

M. Guinan (LLNL), P 
T. Okada (Osaka), and 
K, Suzuki (Tohoku) 

T. Okada (Osaka) 

c. rchihara (Kyoto) 

A 

A 

Carbon fiber/epxy - tensile 
strength 

Polymer nwterials - tensile 
strength 

Nb Sn, Cu and Mo-Si amorphous 
adoy - critical current, 
resistivity and rmgnetoresistance 

Epoxys - mechanical strength and 
therm1 contraction coefficient 

1. Si - gama-ray spectrum 
anglysis 

2. LI c1, L ~ ~ C I ,  Ta, AU, ~ b ,  CU, 
Ni, Co, Fe and Ti - neutron 
energy spectrum 
AU, Nb, Fe and Ni - dosimetry 
comparison 

3. 

*P - primry, A = Add-on 

M. D. W. Helkklnen . .  - 5.1 

The ion source system for the right machine is being checked and tested for efficiency and possible 
inprovercent. 
October. 
capabilities. Tne left mchine has teen operating five days a week, twenty-four hours a day to accommodate 
the Guinan/Okada/Suzuki experirrent . 

Preparations are being rmde to convert the right nwchine for 50- target operation by late 
The right nwchine extraction power supply is being upgraded for higher voltage and current 

Irradiations will be continued for J. Fowler (LANL), R. Borg, (LLNL), T. Vercelli (LUG), and Y. Tabata 
(Tokyo). Also during this period, irradiations for N. Itoh (Nagoya), K. Saneyoshi (Tokyo), c. Ichihara 
(Kyoto) and K. Abe (Tohoku) will be mde. 
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FISSION REACTOR DOSIMETRY - HFIR - T2 and RB1  

L. R .  Greenwood (Argonne Na t iona l  Laboratory)  

1 .o Ob jec t i ve  

To c h a r a c t e r i z e  neutron i r r a d i a t i o n  f a c i l i t i e s  i n  terms of neut ron f l u x ,  spect ra ,  and damage parameters 
(dpa, gas product ion,  t ransmutat ion)  and t o  measure these exposure parameters d u r i n g  f u s i o n  m a t e r i a l s  
i r r a d i a t i o n s .  

2 .o Sunmary 
~ 

Dosimetry measurements and damage c a l c u l a t i o n s  a re  sunmarized f o r  the  T2 and RB1 i r r a d i a t i o n s  i n  HFIR. 
s t a t u s  o f  a l l  o t h e r  exoeriments i s  summarized i n  Table 1. 

The 

TABLE 1 , 

STATUS OF DOSIMETRY EXPERIMENTS 

Faci  1 i ty /Exper iment  Status/Comments 

ORR 

HFIR 

- MFE 1 
- MFE 2 - MFE 4A1 
- MFE 4A2 - MFE 48 - MFE 4C 
- TBC 07 - TRIO-Test 
- TRIO-1 - CTR 32 
- CTR 31, 34, 35 
- CTR 30 
- T2, RB1 
- T1, CTR 39 - RB2, RB3, T3 
- CTR 40-49 

h e g a  West - Spect ra l  Ana lys is  
- HEDLl - HEDL2 

EBR I 1  - X287 
IPNS - Spect ra l  Ana lys is  - LANLl (Hur ley )  - Hur ley  - Coltman 

Completed 12/79 
Completed 06/81 
Completed 12/81 
Completed 11/82 
Samples Received 09/83 
I r r a d i a t i o n  i n  Progress 
Completed 07/80 
Completed 07/82 
Samples Received 09/83 
Completed 04/82 
Completed 04/83 
I r r a d i a t i o n  i n  Progress 
Completed 09/83 
Samples Counted 06/83 
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 
Completed 10/8D 
Completed 05/81 
Samples Sent 05/83 
Completed 09/81 
Completed 01/82 
Completed 06/82 
Completed 02/83 
Completed 08/83 

3 .0 Program 
~ 

T i t l e :  Dosimetry and Damage Analys is  
P r i n c i p a l  I n v e s t i g a t o r :  L. R .  Greenwood 
A f f i  1 i a t i o n :  Argonne Nat iona l  Laboratory  

5 



4.0 Relevant OAFS Program Plan T a s k h b t a s k  

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

5.0  Accomplishments and Sta tus  __  

Neutron a c t i v a t i o n  dosimetry measurements and damage parameter c a l c u l a t i o n s  have been completed f o r  the  72 
and RB1  experiments i n  t h e  High F l u x  lso topes Reactor (HFIR) a t  Oak Ridge Nat iona l  Laboratory.  
a t i o n  h i s t o r i e s  are ,  as fo l l ows :  

The i r r a d i -  

Exposure, MWD - I r r a d i a t i o n  Reactor P o s i t i o n  Dates 

T2 
R8 1 

Target  2/81 t o  5/81 6,616 
Be 11/81 t o  7 /R2  23,386 

Dosimetry capsules were p laced a t  two he igh ts  i n  T2 and f i v e  he igh ts  i n  the  RB1 subassembly. 
capsules conta ined Fe, Co, T i ,  Mn-Cu, and Cu w i res .  
The measured a c t i v a t i o n  r a t e s  a re  l i s t e d  i n  Table 2.  

The T2 
The RE1 capsules d i d  n o t  have the Mn-Cu and Cu samples. 

TABLE 2 

ACTIVATION RATES MEASURED I N  HFIR-T2, RB1  
(Values Normalized t o  100-Mw Power Level I 

React ion A c t i v a t i o n  Rate, atom/atom-s 

Height,  cm: 7.22 16.95 

T2 Experiment 

58Fe(n ,YI 59Fe (10-9) -- 2.08 
QCO( n . Y  160~0 (10-81 _ _  6.32 
54Fe(n ,p)54Mn (10-11) 5.83 4.50 
46Ti (n,p)46Sc (10-121 8.58 6.31 
55Mn( n , Z r ~ l ~ ~ M n  (10-131 1.79 1.43 
W u (  n ,0)60Co (10-131 4.87 3.04 

RB1 Experiment 

Height,  cm: -23.02 -5.40 t2.02 +10.72 +21.15 

59co( ~ , Y ) ~ O C O  (10-81 1.27 3.51 3.68 2.80 1.67 

~ 

~~ 

58Fe( n ,TI 59Fe (10-10) _ _  _ _  10.12 7.69 4.77 
54Fe( n ,p)54Mn (10-111 -_ -- 1.38 1.21 0.81 
4 6 T i  ( n , p)  46 Sc (10-121 _ _  _ _  2.17 1.86 1.20 

The T2 data i n  the  t a r g e t  p o s i t i o n  c lose  t o  t h e  PTP i s  s i m i l a r  t o  ou r  p rev ious  measurements i n  t h e  PTP. l  
Consequently, we assume t h a t  the f l u x  g rad ien ts  a re  a l s o  descr ibed by ou r  prev ious equat ions, namely: 

f ( z )  = a ( l  + b2 + c22) ( 1 )  

where 2 i s  t he  h e i g h t  above midplane (cml, b = 0.195 x 10-3, c = -0.975 x 10-3, and a i s  the f l u x  o r  damage 
r a t e  a t  midplane. 
f l uence  o r  damage r a t e  a t  any o t h e r  he igh t ,  t h e  user  shou ld  s imply  t a k e  the  midplane va lue i n  Table 3 f o r  a 
and use Eq. ( 1 )  f o r  t h e  des i red  va lue of 2. 

The midplane f l uence  and damage r a t e s  a r e  l i s t e d  i n  Table 3. I n  o rde r  t o  f i n d  a g iven 

The RE1 experiment was conducted i n  t h e  removable b e r y l l i u m  p o s i t i o n  of HFIR w i t h  a d i f f e r e n t  f l u x  spectrum 
and v e r t i c a l  g rad ien t  than encountered i n  the  PTP. 
The g rad ien ts  were a l so  descr ibed by Eq. ( 1 )  except t h a t  the b and c parameters are  s l i g h t l y  d i f f e r e n t  than 
i n  t h e  PTP. A least- squares f i t  t o  t h e  data  i n  Table 2 g i ves  b = -9.18 x 10-5 and c = -1.175 x 10-3. 
midplane va lues are  a l s o  l i s t e d  i n  Table 3. 

The spectrum was taken from a r e p o r t  by  Kam and Swanks.? 

The 

6 



TABLE 3 

FLUENCE AN0 DAMAGE PARAMETERS FOR HFIR-T2, RB1  
Values a re  l i s t e d  a t  midplane; f o r  g r a d i e n t s  use Eq. (1) i n  t e x t  

b = 1.95 x 10-4, c = -9.75 x 10-4 
b = -9.18 x 10-5, c = -1.175 x 10-3 

where f o r  T2: and f o r  R B I :  

Neutron Fluence, x 1022 n / c d  T2 R81 

Tota l  3.20 3.89 
Thermal (<.5 eV)a 1.55 2.21 
Fast ( > . l l  MeV) 0.722 0.685 

Element 

A1 
T i  
V 
C r  
Mnb 
Fe 
cob 

~ 

N i C  1 
Tota l  

cu 
Nb 
Mo 
316 ss 

T2 RB1 

DP A He OPA He - __ ~ __ 
9.37 4.37 8.66 4.12 
5.95 2.87 5.49 2.43 
6.68 0.15 6.20 0.15 
5.84 1 .oo 5.35 0.91 
6.59 0.88 6.32 0.83 
5.15 1.76 4.68 1.61 

~ ~. 
6.97 0.87 7.27 0.81 
5.61 22.84 5.24 19.40 
3.89 2206. 6.82 3865. 
m mr- rn 3884. 
5 .Ob 1.58 4.67 1.48 
4.99 0.32 
3.73 
5.83 291. 

4.56 0.29 
3.45 -_ 
5.64 506. 

aThe 2200 m/s va lue i s  equal t o  0.886 t imes the  t o t a l  <.5 eV. 
bThe thermal (n,y) damage i s  8% f o r  Mn and 28% f o r  Co; however, 

CNickel g rad ien ts  f o r  He must be done d i f f e r e n t l y ;  see Table 4 

d316 5 s :  

se l  f - s h i e l d i n g  e f fec ts  must be considered. 

and Ref. 3. 

MO (0.026) 
Fe (0.645). N i  (0.13), C r  (0.18), Mn (0.019), 

The spec t ra l  and g rad ien t  d i f fe rences between the PTP, t a r g e t ,  and Be p o s i t i o n s  a re  i l l u s t r a t e d  i n  F ig .  1. 
As can be seen the  spect ra  become cons ide rab ly  s o f t e r  as we move out  from the  core,  as expected. 
g rad ien ts  a re  on ly  s l i g h t l y  s teeper  i n  the  Be p o s i t i o n .  

The 

The he l i um p roduc t ion  and damage i n  n i c k e l  and s t a i n l e s s  s tee l  r e q u i r e s  a more d e t a i l e d  c a l c u l a t i o n ,  as 
discussed i n  recent  pub l ica t ions.3 .4  Due t o  t h e  complex i ty  of t h i s  c a l c u l a t i o n ,  d e t a i l e d  g rad ien ts  a r e  
l i s t e d  i n  Table 4. The thermal two- step r e a c t i o n  and f a s t  r e a c t i o n s  a re  sunmed i n  t h e  t a b l e  and t h e  e x t r a  
OPA from the  56Fe r e c o i l s  (Her5671 i s  a l s o  included.4 

Hel ium c a l c u l a t i o n s  were made u s i n g  newly eva luated cross sec t i ons  f o r  59Ni5 averaged over our ad jus ted  
neut ron spect ra .  
I n t e r n a t i o n a l ,  as discussed elsewhere i n  t h i s  repor t .3  
and EBR 11, t h e  measurements and c a l c u l a t i o n s  have an average r a t i o  of 0.982 ? 0.064,and t h e  maximum 
d i f f e rence  was o n l y  11%. 

Th is  procedure appears t o  agree q u i t e  c l o s e l y  w i t h  he l ium measurements made a t  Rockwell 
Wi th  over  45 separate measurements i n  HFIR, ORR, 

6 .O References 

1. L .  R.  Greenwood, " F i ss ion  Reactor Dosimetry," Damage Analys is  and Fundamental Studies Q u a r t e r l y  Progress 
Report, DOE/ER-0046/14, pp. 9-18, August 1983. 

2. F. B. K. Kam and J .  H. Swanks, "Neutron F lux  Spectrum i n  the  HFIR Target Region," ORNL-TM-3322, 1971. 
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HFIR 

F i g .  1. Neutron f l u x  spect ra  are  compared a t  d i f f e r e n t  l o c a t i o n s  
The dashed l i n e  i s  the  PTP ICTR 32). t h e  s o l i d  i n  HFIR. 

l i n e  i s  f o r  t he  t a r g e t  p o s i t i o n  ITZ), and t h e  do t ted  
l i n e  i s  f o r  t he  removable b e r y l l i u m  p o s i t i o n  (R81). 

TABLE 4 

HELIUM (appm) AND DPA GRADIENTS FOR NICKEL IN HFIR-T2, RE1 
Helium values i nc lude  5 9 N i ( n , o )  and f a s t  reac t i ons .  

DPA values inc lude thermal e f f ec t s  lHe/567). 
Grad ients  a re  nea r l y  symnetr ic about midplane. 

T2 RB1 

Height,  cm He DPA He DPA 

0 
3 
6 
9 

12 
15 
21 18 

24 

2230. 9.50 
2195. 9.39 
2105. 9.09 
1950. 8.57 
1746. 7.88 
1488. 6.99 
1188. 5.93 
869. 4.74 
547. 3.44 

3884 12.06 
3823. 11.90 
3628. 11.38 
3330. 10.58 
2909. 9.45 
2393. 8.05 
1793. 6.37 
1172. 4.57 

574. 2.68 
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3. 0. W .  Kneff and L. R. Greenwood, "Comparison o f  Measured and Ca lcu la ted  Helium Product ion i n  N icke l ,"  
t h i s  r e p o r t .  

L. R .  Greenwood, "A New C a l c u l a t i o n  of Thermal Neutron Damage and Hel ium Product ion i n  Nickel ,"  J .  Nucl 
Mater. - 115, 137-142 (19831. 

F. hl. Mann, "59Nitn Cross Sect ion Evaluat ion,"  Damage Analys is  and Fundamental Stud ies  Q u a r t e r l y  
Progress Report, DOE/ER-0046/12, pp. 35-36 (1983). 

4 .  

5. 

7 .O Fu tu re  Work 

Samples have been gamma counted from the  CTR39 and T1 i r r a d i a t i o n s  i n  HFIR and ana lys i s  i s  now i n  progress. 
Samples have been rece ived from the  WE40 i r r a d i a t i o n  i n  DRR. Data i n  the  present  r e p o r t  i s  be ing  added t o  
our DOSFILE program on the  NMFECC computer f o r  r a p i d  access by exper imenters.  

8.0 Pub1 i c a t i o n s  

The f o l l o w i n g  papers have been accepted f o r  p u b l i c a t i o n  i n  t h e  proceedings o f  t he  T h i r d  Top ica l  Meeting o f  
Fusion Reactor M a t e r i a l s  i n  Albuquerque, New Mexico, on September 19-22, 1983. 

1. L.  R.  Greenwood, D.  W. Kneff, R. P. Skowronski, and F. M. Mann, Comparison of Measured and Calcu la ted 
Hel ium Product ion i n  N icke l  Using Newly Evaluated Neutron Cross Sect ions f o r  59Ni. 

L. R .  Greenwood, Recent Developments i n  Neutron Dosimetry and Rad ia t i on  Damage Ca lcu la t i ons  f o r  Fusion 
M a t e r i a l s  Studies 

2. 
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EXPERIMENTS AT THE IPNS SPALLATION NEUTRON S E  

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

1.0 Ob jec t i ve  

To cha rac te r i ze  the  I P N S  i r r a d i a t i o n  f a c i l i t i e s  and t o  p rov ide  dosimetry measurements and damage parameter 
c a l c u l a t i o n s  f o r  f u s i o n  m a t e r i a l s  exDeriments. 

2 .o Sumnary 

Dosimetry measurements and damage c a l c u l a t i o n s  are  repo r ted  f o r  a c ryogenic  (4°K) i r r a d i a t i o n  o f  copper f o r  
R.  Coltman (ORNL) a t  t he  IPNS on March 25 t o  A p r i l  5 ,  1983. 
n/cm2 producing a t o t a l  dose o f  1.6 x IO7 rads i n  copper. 

__ 

The maximum neut ron f l uence  was 7.1 x 1017 

3.0  Program 
~ 

T i t l e :  Dosimetry and Damage Analys is  
P r i n c i p a l  I n v e s t i g a t o r :  L .  R .  Greenwood 
A f f i l i a t i o n :  Argonne Nat iona l  Laboratory  

4.0 Relevant DAFS Program Plan Task/Subtask 

Task II.A.2 High-Energy Neutron Dosimetry 

5 .O Accomplishments and Sta tus  

Copper s t a b i l i z e r  m a t e r i a l s  were i r r a d i a t e d  f o r  R. Coltman (ORNL) a t  t he  In tense Pulsed Neutron Source 
(IPNS) a t  Argonne Nat iona l  Laboratory  on March 25- Apr i l  5, 1983. 
p o s i t i o n  o f  t he  Radia t ion E f f e c t s  F a c i l i t y  a t  l i q u i d  he l i um temperatures (4'K). 
on t h e  dep le ted uranium t a r g e t  was 3.43 x 1019 a t  an energy o f  450 MeV. 

The samples were i r r a d i a t e d  i n  the  VT2 
The t o t a l  p r o t o n  c u r r e n t  

Neutron dosimetry w i res  c o n s i s t i n g  o f  Co-AI, T i ,  Fe, and N i  were c o i r r a d i a t e d  w i t h  the samples. The w i res  
measured about 3 inches l o n g  w i t h  diameters o f  10-20 m i l s .  
i n t o  f o u r  p ieces and a c t i v i t i e s  were measured by Ge(Li1 gama spectroscopy. The measured a c t i v a t i o n  r a t e s  
a re  l i s t e d  i n  Table 1. 
centered on t h e  p ro ton  beam a x i s .  The f a s t  f l u x  g rad ien ts  a re  < lo% and t h e  thermal <3%. Radial  g rad ien ts  
a re  no t  impor tant  s ince the  copper samples were wound around t h e  average p o s i t i o n  o f  o u r  dosimeters.  

The maximum c e n t e r l i n e  a c t i v i t i e s  were used t o  a d j u s t  t he  neutron spectrum determined p rev ious l y l . 2  w i t h  a 
much l a r g e r  number o f  reac t i ons .  
The ad jus ted  f luence values a r e  l i s t e d  i n  Table 2. 
0.021 n / c d  per  pro ton.  

Fo l l ow ing  the  i r r a d i a t i o n ,  each w i r e  was c u t  

As can be seen, the  v e r t i c a l  f l u x  g rad ien ts  a re  r a t h e r  small s ince  the samples were 

A least- squares procedure was fol lowed us ing t h e  STAVSL computer code. 
The t o t a l  f l uence  o f  7 . 1  x 1017 n/cmz corresponds t o  

3 Damage parameter c a l c u l a t i o n s  were performed us ing ou r  SPECTER code package, now ava i l ab le70n  the  NMFECC 
computer a t  Lawrence Livermore Nat iona l  Laboratory .  The t o t a l  dose i n  copper was 1.61 x 10 rads. The 
damage parameters a re  l i s t e d  i n  Table 3. 
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TABLE 1 

ACTIVATION RATES MEASURED AT IPNS-REF-VT2 
450 MeV; 3.43 x 1019 protons; accuracy *1.5% 

Each sample measures about 0.7 inches i n  l e n g t h  

A c t i v a t i o n  r a t e  ( x  10-28 atomlatom-proton) 

React ion Sample: 1 ( t o p )  2 3 4 

58Fe(n,r)59Fe 4.63 4.63 4.77 4.68 
59co( n, ,)~OCO 221. 222. 224. 224. 
58Ni I n,p)%o 6.81 7.24 7.41 7.04 

4% ( n , p ) 4 6 ~ c  3.35 3.64 3.64 3.52 
54Fel n ,p) s4Mn 9.81 10.47 10.82 10.21 

TABLE 2 

NEUTRON FLUENCE VALUES MEASURE0 AT IPNS 

Energy, MeV Fluence, x 1017 n/cm2 Er ro r ,  % 

Tota l  
>0.1 MeV 

7.07 
4.76 

10 
12 

Thermal (<.5 eV) 0.092 20 
0.5 eV - 0.1 MeV 2.20 14 

0.1 - 1 2.78 15 
1 - 5  1.67 16 
5 - 10 0.146 13 
10 - 20 0.046 14 
>20 0.130 12 

TABLE 3 

CALCULATED DAMAGE AN0 GAS PRODUCTION I N  COPPER AT IPNS 

Rads = 1.61 x IO7 
DPA = 2.89 x 10-4 

Hydrogen = 5.03 x 10-3 appm 
Helium = 1.02 x 10-3 appm 

PKA Energy = 8.69 keV 
Damage Energy = 6.87 keV 

6 .O References 

1. L.  R. Greenwood and R. J. Popek, " Charac te r i za t i on  of S p a l l a t i o n  Neutron Sources," DOE/ER-0046/7, 
pp. 17-23, November 1981. 

2. R.  C.  B i r t c h e r ,  T. H. B l e w i t t ,  M. A. K i r k ,  1. L. S c o t t ,  B .  S .  Brown, and L .  R. Greenwood. J .  Nucl. 
Mater. 108, 3 (1982). 

3. L. R. Greenwood, "Recent Developments i n  Neutron Oosimetry and Rad ia t i on  Damage Ca lcu la t i ons  f o r  Fusion 
M a t e r i a l s  Studies," Proceedings o f  t h e  T h i r d  Top ica l  Meet ing on Fusion Reactor Ma te r ia l s ,  Albuquerque, 
NM, Septelnber 19-22, 1983, to be pub l ished.  

- 

7 .O Fu tu re  Work 

A d d i t i o n a l  i r r a d i a t i o n s  a re  be ing  planned f o r  the  IPNS f a c i l i t y .  
f o r  P .  Hahn and H. Weber (Atomic I n s t i t u t e  o f  t he  Aus t r i an  U n i v e r s i t i e s ,  Vienna, A u s t r i a )  and f o r  S. Egusa 
(JAERI, Japan). 

Other fus ion- re la ted  work i s  be ing  done 
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A COMPARISON O i  MEASURE9 ANJ CALCULATED HELIUM PROJUCTIOid It4 t4ICkEL FOR iISSIOid REACTOR IRRADIAT IONS 

L. R. Greenwood IArgonne Na t iona l  Laboratory)  

1.0 Ob jec t i ve  

The o b j e c t i v e s  o f  t h i s  work a re  t o  apply rad iomet r i c  p l u s  he l ium accumulat ion neut ron dosimetry t o  t h e  
measurement o f  neut ron f luences and energy spect ra  i n  mixed-spectrum f i s s i o n  reac to rs  u t i l i z e d  f o r  f u s i o n  
m a t e r i a l s  t e s t i n g ,  and t o  measure he l ium generat ion r a t e s  of m a t e r i a l s  i n  these i r r a d i a t i o n  env i romen ts .  

2.0 SUmnary 

Helium genera t i on  measurements and c a l c u l a t i o n s  have been performed f o r  45 n i c k e l  samples fr 
d i f f e r e n t  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 s ,  represent ing a neut ron f luence range o f  0.1-8.0 x log neutrons/ 
cm2. ased on dosimetry-  
ad jus ted  neut ron spect ra  and eva luated cross sect ions, i n c l u d i n g  new eva lua t i ons  f o r  g9Ni. The measure- 
ments and c a l c u l a t i o n s  agree t o  w i t h i n  * lo%, demonstrat ing t h e  a b i l i t y  t o  c a l c u l a t e  he l ium l e v e l s  i n  
n i c k e l  accu ra te l y  f o r  a wide range o f  r e a c t o r  spectra and cond i t i ons .  

n i n e  

The measurements were made by gas mass spectrometry,  and the  c a l c u l a t i o n s  were 

3.0 Programs 

T i t l e :  
P r i n c i p a l  I n v e s t i g a t o r s :  D. W. Kne f f ,  H. F a r r a r  I V ,  and L. R. Greenwood 
A f f i l i a t i o n :  Rockwell I n t e r n a t i o n a l  and Argonne Na t iona l  Laboratory  

Hel ium Generat ion i n  Fus ion Reactor Mater ia ls /Oos imet ry  and ilamage Ana lys i s  

4.0 Relevant J A i S  Program Plan Task/Subtask 

Task I I . A . l  f i s s i o n  Reactor Dosimetry 
Task II.A.4 Gas Generat ion Rates 
Subtask I I .A.5. I  Hel ium Accumulat ion Mon i to r  Oevelopment 

5.0 Accomplishments and S ta tus  

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

The accurate  c a l c u l a t i o n  of he l ium p roduc t ion  i n  n i c k e l  i n  mixed-spectrum f i s s i o n  r e a c t o r s  has been d i f f i -  

t h e  High F l u x  Iso topes Reactor [HFIR) a t  t he  Oak Ridge Na t iona l  Laboratory.  It cannot be r e a d i l y  extended 
t o  o t h e r  r e a c t o r s  used i n  the  f s 'on  m a t e r i a l s  program. 
sec t i ons  f o r  59t4i by i. M. Mannr21 now makes i t  p o s s i b l e  o c a l c u l a t e  he l ium p roduc t i on  i n  n i c k e l  i n  
f i s s i o n  r e a c t o r  environments i n  a s t ra igh t fo rward  manner.13) 

c u l t  i n  t h e  pas t ,  because t h e  con t  
mined. A semi-empir ical  technique f o r  making these c a l c u l a t i o n s  i s  a v a i l a b l e  on ly  f o r  one reac to r ,  

u t i o n  from ep i thermal  and f a s t  neutrons cou ld  n o t  be r e a d i l y  de te r -  

The recent  eva lua t i on  o f  t h e  neutron c ross  

These c a l c u l a t i o n s  have been t e s t e d  aga ins t  hel ium measurements f o r  45 samples o f  elemental n i c k e l ,  i r r a -  
d i a t e d  i n  n i n e  d i f f e r e n t  f us ion  m a t e r i a l s  i r r a d i a t i o n  exper iments i n  t h r e e  f i s s i o n  reactors :  H i I R ,  t h e  
Oak Ridge Research Reactor (OUR) ,  and t h e  Experimental Breeder Reactor- I1  (EBRI I ) .  Th is  work i s  p a r t  of 
an ongoing program t o  c h a r a c t e r i z e  f u s i o n  m a t e r i a l s  i r r a d i a t i o n  t e s t  f a c i l i t i e s  us ing  rad iomet r i c  dosim- 
etry and he l i um accumulat ion measurements. The rad iomet r i c  dosimetry, performed a t  Argonne Na t iona l  
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Labora to ry  (ANL), i s  used t o  determine the  neutron f l uence  and energy spect ra  f o r  f u s i o n  m a t e r i a l s  i r r a -  
d i a t i o n s .  
t o t a l  he l ium p roduc t ion  c ross  sect ions,  and t o  develop and use hel ium accumulat ion moni tors  f o r  neut ron 
dosimetry.  

The he l ium measurements, performed a t  Rockwell I n t e r n a t i o n a l ,  a re  be ing used t o  i n t e g r a l l y  t e s t  

The he l ium measurements were made by gas mass spectrometry.  The hel ium c a l c u l a t i o n s  were performed by 
f i r s t  u s i n g  t h e  rad iomet r i c  dosimetry measurements t o  a d j u s t  c a l c u l a t e d  neut ron spect ra  f o r  t h e  n i c k e l  
samples i n  each i r r a d i a t i o n .  
c ross  sec t i ons  f o r  58Ni and 59Ni. us ing  the  new eva luat ions. (2y  The averages were used t o  c a l c u l a t e  
t h e  he l ium p roduc t ion  i n  each n i c k e l  sample. 
concen t ra t i on  i n  each sample. 

These ad jus ted spect ra  were i n  t r n  used t o  c a l c u l a t e  spectrum-averaged 

U i r e c t  comparisons were then made w i t h  t h e  measured hel ium 

5.2 Radiometr ic Dosimetry and Spect ra l  Adjustments 

The m u l t i p l e - a c t i v a t i o n  dosimetry techn ique(4)  was used t o  determine t h e  neut ron f l uence  and energy 
spectrum f o r  each i r r a d i a t i o n .  Since a l l  of t h e  present  i r r a d i a t i o n s  were of l ong  d u r a t i o n  (100-500 f u l l -  

wer day l o n g - l i v e d  a t i v i t i e s  o u l d  e used 0 moni o r  t h e  f l  ence. Th reac t i ons  used inc luded  
%e(n,y)&eI)”i%o(n )aCo ,  h e ( n , p ) & n ,  4 & i ( n , p ) h c ,  5&n(n,2n)5&n, and 6%u(n,u)’%o. F o r  
E B R I I ,  t h e  r e a c t i o n s  4gSc(n,y)46Sc and 23%. 238U, and 237Np( n , f i ss ion )  were a l s o  used. Oosimetry moni- 
t o r s  were i n  t h e  form o f  smal l- diameter (0.25-1.27 nnn) wires,  which were gama counted f o l l o w i n g  i r r a d i a -  
t i o n  us ing  G e l L i )  spectroscopy. 
segmented t o  determine f l u x  grad ients .  

Measured a c t i v i t i e s  were g e n e r a l l y  accurate  t o  *1.5%. Long w i res  were 

The measured a c t i v i t i  s i ng  t h e  
computer code STAYSL.f$) A genera l i zed  least- squares adjustment was performed t o  min imize Xy, us ing  a 
var iance- covar iance m a t r i x  de r i ved  from u n c e r t a i n t i e s  and t h e i r  c o r r e l a t i o n s  i n  r e a c t i o n  ra tes ,  c ross 
sect ions,  and t h e  c a l c u l a t e d  spectrum. 
been presented i n  p rev ious  repor t s .  
f a s t  neut ron f l u x e s  have est imated accurac ies  o f  5-10%. 
r e l a t e d ,  t h e  i n t e g r a l  q u a n t i t i e s  tend t o  be more accurate. 

were used t o  a d j u s t  c a l c u l a t e d  neut ron spect ra  f o r  each i r r a d i a t i o n  

Ad jus ted spect ra  f o r  t h e  t h r e e  r e a c t o r s  o f  p resen t  i n t e r e s t  have 
(See, f o r  example, Ref. 6-8.) The ad jus ted  thermal,  resonance, and 

However, s ince  t h e  u n c e r t a i n t i e s  are  h i g h l y  c o r -  

5.3 C a l c u l a t i o n  o f  Hel ium Product ion i n  N icke l  

Hel ium i s  produced i n  n i c k e l  by t h e  sequent ia l  r e a c t i o n s  58Ni(n,~)59Ni(n,o)56Fe f o r  thermal and 
ep i thermal  neutrons, and by N i ( n , X d  r e a c t i o n s  f o r  f a s t  neutrons. 
t i a l  r e a c t i o n s  i s  c a l c u l a t e d  as f o l l o w s :  

Hel ium p roduc t ion  by the  58Ni sequen- 

Here NLHe) i s  t h e  number o f  he l ium atoms produced a t  i r r a d i a t i o n  t ime  t, No(58Ni) i s  t h e  i n i t i a l  
number of 58Ni atoms, f i s  the  t o t a l  neut ron f lux ,  and oa. or. and o., are  t h e  5 % i ( n , d ,  59Ni 
t o t a l  absorpt ion,  and sNi (n . r )  c ross  sect ions, respec t i ve l y .  A l l  c ross  sec t i ons  should be averaged 
over  t h e  neu t ron  energy spectrum, and thus i n c l u d e  t h e  c o n t r i b u t i o n s  from both  t h e  thermal and ep i thermal  
f luxes. F r t h e  p r e  e n t  c a l c u l a t i o n s ,  t he  5% c ross  s e c t i o n  was t a k  n f rom t h e  ENOFfB-V a c t i v a t i o n  

he l ium p r o d u c t i o n  c ross  sec t i ons  f o r  Ni(n,Xa) r e a c t i o n s  w i t h  f a s t  neutrons were c a l c u l a  us ing t h e  
l i b r a r y , ( g  P and t h e  E ’  %I c ross  sec t i ons  from t h e  eva lua t i ons  by Mann.T2) The spectrum-averaged 

ad jus ted  neut ron spect ra  and c ross  sec t i ons  from t h e  ENOF/B-V Gas Product ion Data F i l e .  m ) 
The thermal and f a s t  spectral- averaged cross sec t i ons  f o r  each o f  t h e  n i n e  i r r a d i a t i o n s  are  l i s t e d  i n  
Table 1. T o t a l  neut ron f l uences  d e r i v e d  frm t h e  rad iomet r i c  dos imet ry  f o r  each o f  t h e  i r r a d i a t e d  n i c k e l  
samples a re  g i v e n  i n  C o l m n  4 of Table 2. To ta l  ( thermal  p l u s  f a s t )  hel ium p roduc t i on  f o r  each n i c k e l  
sample was c a l c u l a t e d  from t h i s  i n f o m a t i o n  p l u s  f luence g r a d i e n t  i n fo rma t ion  prov ided by t h e  dosimeters. 
The r e s u l t s  a re  presented i n  Column 7 of Table 2. 
u n c e r t a i n t i e s  o f  *lo%. 

These c a l c u l a t e d  hel ium concen t ra t i ons  have est imated 
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TABLi 1 
REACTOR I R R A D I A T I O N  PARAMETERS AND SPECTRAL-AYERAW CROSS SECTIONS 

E B R I I  Reactor: I ORR HFIR 

I r r a d i a t i o n :  MFEl MiE2 W-EM-1 M iEM-2  

Spectral-Averaged Cross Sect ions I barns) :  

X287 

R O W  7 
30496 
488 

1.23 1.33 1.32 
42.20 21.93 24.25 24.03 

1.05 0.57 0.62 0.62 

CTR31 CTR32 T 2  Ra 1 

prp P r P  Target Be 
21853 10863 6616 23386 
219 10 9 66 234 

6.25 3.25 3.59 3.56 
49.50 25.75 28.46 28.21 

Reactor  P o s i t i o n  
Power H i s t o r y  (MWd) 
Time (days )  

Niln,Xo) [ f a s t )  I 0.00067 0.00108 0.00119 0.00128 

C7  i 7  i 3  i 3  
3031 10972 5481 12176 
101 366 183 4a 6 

0.0144 
0.1416 

0.00083 

4.30 4.33 4.95 5.75 
34.10 34.29 39.22 45.58 

0.00095 0.00092 0.00072 0.000'32 

0.0094 1.62 1.63 1.90 2.24 
0.0725 29.07 29.22 33.44 38.87 
0.0547 0.73 0.74 0.83 0.96 

5.4 Hel ium Measurements 

The i r r a d i a t e d  n i c k e l  samples were etched before a n a l y s i s  t o  remove a l l  p o s s i b l e  surface e f fec ts  of h e l i u n  
r e c o i l  i n t o  r u t  o f  the samples. They were then segmented and analyzed by h i g h - s e n s i t i v i t y  gas mass 
spectrometryf117 f o r  t h e i r  i r r a d i a t i o n- g e n e r a t e d  he l ium concent ra t ions.  D u p l i c a t e  samples were analyzed 
f o r  most sample l o c a t i o n s ,  w i t h  e x c e l l e n t  r e p r o d u c i b i l i t y .  The abso lu te  u n c e r t a i n t i e s  i n  t h e  analyses 
were * l -2%. The averaged he l ium measurement r e s u l t s  a re  presented i n  Column 8 of Table 2. 

Special  a n a l y s i s  procedures were adopt d f o r  selec ed samples t o  l ook  a t  p o s s i b l e  a n a l y s i s  e f f e c t s  of 

i r r a d i a t i o n  temperatures ( rang ing  up t o  Ed0 ,C). Measurable 3He was observed on ly  i n  the  samples from 
HFIR i r r a d i a t i o n  T2, and c o r r e c t i o n s  were made f o r  those data. 
i n  a two-step procedure us ing encapsulated n i c k e l  samples from ORR-MFE2, ORR-MFE4A-2, and WIR-CTR32. 
capsules were f i r s t  sheared t o  measure the  hel ium re leased from the  n i c k e l  i n t o  t h e  capsule void,  and t h e  
he l ium remaining i n  the  n i c k e l  was then measured by sample vapor i za t i on .  The he l ium re lease du r ing  i r r a -  
d i a t i o n  was l e s s  than 0.25% i n  each o f  t h e  seven capsules analyzed, i n d i c a t i n g  t h a t  n i c k e l  r e t a i n s  a l l  b u t  
a very  small f r a c t i o n  o f  i t s  he l ium even under the  high- temperature i r r a d i a t i o n  c o n d i t i o n s  present. 

r e a c t o r  t r i t i u m ,  through i t s  decay t o  5 He, and o f  iHe d i f f u s i o n  from the  n i c k e l  samples a t  t he  h i g h  

4He l o s s  from the  samples was measured 
The 

5.5 Discuss ion 

Comparisons between t h e  c a l c u l a t e d  and measured hel ium concen t ra t i ons  i n  the  45 n i c k e l  samples are  g i ven  
i n  t h e  l a s t  column o f  Table 2. The c a l c u l a t e d  and measured values genera l l y  agree w i t h i n  *lo%, which i s  
w i t h i n  t h e i r  es t imated u n c e r t a i n t i e s  ( * l o %  f o r  t h e  c j f l c u l a t i o n s  nd *2X f o r  the  measurements). The 
comparisons cover  a neut ron f luence range o f  1 x 10 t o  8 x 1029 n/cmz. 

These comparisons demonstrate t h a t  he l ium p roduc t ion  l e v e l s  i n  n i c k e l  can be c a l c u l a t e d  q u i t e  accu ra te l y  
f o r  a wide range o f  neut ron spect ra  and condi t ions.  
n i c k e l  w i r e s  as hel ium accumulat ion moni tors  f o r  f i s s i o n  r e a c t o r  a p p l i c a t i o n s .  

They a l s o  p rov ide  conf idence i n  the  use of bare  
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TABLE 2 

COMPARISON OF MEASURED AN0 CALCULATED HELIUM PRODUCTION I N  NICXEL FOR FISSION REACTOR I R R M I A T I O N S  
~ 

He ight  
Above Tota l  

Reactor Neutron 
Midplane* F ence JY I r r a d i a t i o n  

Experiment Sample (cm) (10 n/cm2) 

ORR-MFE1 

ORh-MFE2 

ORR-MFE4A-1 

ORR-MFi4A-2 

EBRII-X287 

HFIR-CTR31 

HFIR-CTR32 

WIR-RB1 

t F I R - T Z  

1 
2 
3 
4 
5 

1 

2 

3 
H7 t  

4 
7 
8 
9 

10 
11 
13 
15 

5 
8 

A 4 t  

4 
1 

9 
12 
1 
8 

11 
6 
7 

10 

1 
5 

1 
N Zt 

3 
4 

P 4 t  
6 

19 
18 

T22 
T21 

v 9 t  

Y l t  

8 2 t  

21.7 
10.0 
1.9 

-9.8 
-18.3 

15.4 
14.0 
8.5 
0.4 

-5.1 
-6.5 

-5.8 
-8.3 
-9.3 

-10.4 
-11.6 
-12.9 
-15.4 
-17.8 

-5.9 
-5.9 

-11.6 
-12.1 
-14.3 
-14.4 

16.2 
16.2 
15.3 
-0.4 
-0.4 

-11.4 
-17.1 
-17.1 

20.8 
-12.5 

20.8 
16.7 
4.2 

-4.3 
-8.3 

-20.8 

10.7 
2.0 

17.0 
7.2 

0.133 
0.233 
0.296 
0.349 
0.310 

1.16 
1.21 
1.40 
1.60 
1.68 
1.69 

0.872 
0.868 
0.863 
0.857 
0.848 
0.835 
0.805 
0.768 

1.76 
1.88 
1.71 
1.82 
1.77 
1.65 

5.14 
4.36 
5.02 
6.73 
6.16 
5.72 
5.47 
5.00 

5.44 
7.89 

2.78 
3.50 
4.70 
4.69 
4.45 
2.74 

2.96 
3.89 

2.31 
3.04 

Hel ium Concent ra t ion (appm)** 

Ca lcu la ted  
Measured 

59Ni(n,.) F a s t  T o t a l  (Average) 

9.3 
27.9 
44.6 
61.5 
48.8 

165.9 
179.7 
236.7 
304.0 
332.9 
336.6 

113.9 
112.9 
111.6 
110.2 
107.9 
104.8 

97.7 
89.2 

42 1 
475 
399 
447 
425 
3 74 

0.12 
0.08 
0.12 
0.21 
0.17 
0.15 
0.14 
0.12 

3990 
6824 

1345 
1983 
3187 
3176 
2924 
1312 

2515 
3865 

1275 
20 28 

0.9 10.2 
1.6 29.5 
2.0 46.6 
2.3 63.8 
2.1 50.9 

12.5 178.4 
13.1 192.8 
15.1 251.8 
17.3 321.3 
18.1 341.0 
18.2 354.8 

10.4 124.3 
10.3 123.2 
10.3 121.9 
10.2 120.4 
10.1 118.0 
9.9 114.7 
9.6 107.3 
9.1 98.3 

23 444 
24 499 
22 421 
23 470 
23 448 
21 395 

39.6 39.7 
29.1 29.2 
37.7 37.8 
55.9 56.1 
43.7 43.9 
30.0 30.2 
25.7 25.8 
20.3 20.4 

51 4041 
75 6899 

26 1371 
32 2015 
43 3230 
43 3219 
41 2965 
25 1337 

15 2530 
19 3884 

17 1292 
22 2050 

10.2 
30.1 
48.5 
63.5 
53.5 

166.0 
182.6 
249.3 
338.2 
380.0 
377.5 

121.1 
111.9 
109.6 
106.8 
110.8 
108.2 
108.7 
101.7 

496.7 
566.1 
423.4 
515.3 
485.1 
401.5 

40.10 
28.24 
38.10 
56.68 
43.17 
28.81 
27.08 
20.48 

4011 
7286 

1416 
1929 
3568 
3694 
3025 
1515 

2815 
4397 

1386 
2089 

R a t i o  

Ca lcu la ted  
Measured 

1.00 
0.98 
0.96 
1.00 
0.95 

1.07 
1.06 
1.01 
0.95 
0.92 
0.94 

1.03 
1.10 
1.11 
1.13 
1.06 
1.06 
0.99 
0.97 

0.89 
0.88 
0.99 
0.91 
0.92 
0.98 

0.97 
1.03 
0.99 
0.99 
1.02 
1.05 
0.95 
1.00 

1.01 
0.95 

0.97 
1.04 
0.91 
0.87 
0.98 
0.88 

0.90 
0.88 

0.93 
0.98 

*Hadial p o s i t i o n s  d i f f e r  f o r  s e samples 

*Encapsulated sample 
**Atomic p a r t s  p e r  m i l l i o n  (10- gm atom f r a c t i o n )  
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7.0 i u t u r e  Work 

Helium measurements and i n t e g r a l  c ross  sec t i on  t e s t i n g  a re  i n  progress f o r  several  o t h e r  pure elements 
i r r a d i a t e d  i n  mixed-spectrum f i s s i o n  r e a c t o r  environments. 
goa ls  are  t h e  accurate p r e d i c t i o n  o f  he l ium generat ion  i n  m a t e r i a l s  i r r a d i a t i o n s  and t h e  f u r t h e r  develop- 
ment of hel ium accumulat ion f luence moni tors  f o r  s tab le- product  neutron dosimetry.  

I n i t i a l  emphasis i s  on Cu, Fe, and T i .  The 

8.0 P u b l i c a t i o n s  

A paper e n t i t l e d  "A Comparison o f  Meafured and Ca lcu la ted  Hel ium Product ion  i n  N icke l  Using Newly i v a l u -  
a ted Neutron Cmss  Sect ions f o r  59Ni, by L. R. Greenwood IANL), D.  W. Knef f ,  R. P. Skowronski (Rockwel l  
I n t e r n a t i o n a l ) ,  and F. M. Mann IHEDL), was presented a t  t he  T h i r d  Top ica l  Meet ing on Fus ion Reactor Mate- 
r i a l s ,  Albuquerque, New Mexico, on September 21, 1983, and has been submit ted f o r  p u b l i c a t i o n  i n  J .  Nucl. 
Mater. as p a r t  of t he  conference proceedings. 
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14-MeV NEUTRON I R R A D I A T I O N  OF COPPER ALLOYS 

S.J. Z i n k l e  and G.L. K u l c i n s k i  ( U n i v e r s i t y  o f  Wisconsin-Madison) 

1 .o Ob jec t i ves  

The o b j e c t i v e s  o f  t he  study a re  t o  1 )  determine de fec t  s u r v i v a b i l i t y  i n  copper a l l o y s  i r r a d i a t e d  a t  room 
temperature and the  i n f l u e n c e  of s o l u t e  add i t i ons ,  2)  determine i f  r e s i s t i v i t y ,  microhardness and TEM analy-  
s i s  p rov ide  cons is ten t  r e s u l t s  i n  t e n s  o f  d e f e c t  c l u s t e r  dens i t y ,  and 31 determine the f l uence  dependence 
o f  t he  c l u s t e r  dens i t y  f o r  a r o m  temperature 14-MeV neutron i r r a d i a t i o n  o f  copper. 

2.0 Summary 

R e s i s t i v i t y  and V ickers  microhardness measurements have been obta ined from copper and t h r e e  copper a l l o y s  
(Cu + 5% A l ,  Cu + 5% Mn, Cu + 5% N i )  i r r a d i a t e d  a t  roan temperature w i t h  14-MeV neutrons up t o  a maximum 
f luence of 3 x loz1 n/m2. 
neutron f luence. R e s i s t i v i t y  ana lys i s  i n d i c a t e s  t h a t  about 16% of the  Frenkel  defects  i n i t i a l l y  c rea ted  i n  
the  cascade escape c o r r e l a t e d  recombinat ion events. Good agreement has been obta ined between r e s i s t i v i t y  
and microhardness est imates of the defect  c l u s t e r  dens i t y  as compared t o  d e n s i t i e s  a c t u a l l y  observed by TEM 
methods. 

The defect  c l u s t e r  dens i t y  appears t o  sca le  l i n e a r l y  w i t h  t h e  square r o o t  o f  

3.0 Program 
~ 

T i t l e :  Rad ia t i on  E f f e c t s  t o  Reactor M a t e r i a l s  
P r i n c i p a l  I n v e s t i g a t o r s :  G.L. K u l c i n s k i  and R.A. Dodd 
A f  f i  1 i a t i o n :  U n i v e r s i t y  of M i  sconsin 

4.0 Relevant DAFS Program Task/Subtask 

Subtask 11.6.3.2 Experimental Charac te r i za t i on  o f  Pr imary Damage Sta te ;  Stud ies  o f  Meta ls  
Subtask II.C.6.3 E f f e c t s  of Damage Rate and Cascade S t ruc tu re  on M ic ros t ruc tu re ;  Low-EnergyIHigh-Energy 

Neutron C o r r e l a t i o n s  
Subtask 11.C.16.1  14-MeV Neutron Damage C o r r e l a t i o n  

5.0 Accompl ishinents dnd Sta tus  

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

A prev ious i n v e s t i g a t i o n ( ' )  o f  14-MeV neutron i r r a d i a t e d  copper a l l o y s  es t imated t h a t  about 70% o f  the  de- 
f e c t  c l u s t e r s  produced i n  copper du r ing  neut ron i r r a d i a t i o n  were smal ler  than t h e  normal r e s o l u t i o n  l i m i t  o f  
an e l e c t r o n  microscope ( -  1 nm). We have used r e s i s t i v i t y  methods, which a re  s e n s i t i v e  t o  these smal ler  de- 
f e c t  c l u s t e r s ,  a long w i t h  TEM and microhardness measurements i n  an a t tempt  t o  c h a r a c t e r i z e  t h e  n a t u r e  o f  t h e  
c l u s t e r  s i z e  d i s t r i b u t i o n .  T h i s  ana lys i s  a l so  a l l ows  a comparison t o  be made o f  t he  r e l a t i v e  s e n s i t i v i t y  o f  
these t h r e e  exper imental  t o o l s  a t  low-neutron f luences. I n  a d d i t i o n .  us ina aooroo r ia te  models. r e s i s t i v i t y  
a n a l y s i s  y i e l d s  the  f r a c t i o n  o f  de fec ts  which escape c o r r e l a t e d  recombination:' T h i s  q u a n t i t y  i s  i m p o r t a n t  
f o r  r a d i a t i o n  damdge modeling. 

17 



TABLE 1 

IRRADIAT ION DATA FOR RESISTIVITY AND TEM SAMPLES 

Cont ro l  Hardness Maximum FI uence (ntn?) 

cu 4.48 x 10-11 13 56.7 i 4.3 2.9 x 1021 1.9 x 1021 

Cu-5% Mn 1.08 x 10-7 22 53.4 + 2.5 2.8 x 1021 2.0 x 1021 
Cu-5% N i  5.16 x 12 53.4 * 2.8 2.9 x 1021 2.2 x 1021 

Gra in  Size 

& pn(n-m) (urn) ( kg/mm2), l o g  Load R e s i s t i v i t y  TEM 

Cu-5% A1 3.96 x 23 53.8 i 0.9 2.9 x loz1  2.1 x 1DZ1 

5 . 2  Experimental 

F o i l s  o f  pure (99.99+ atom % )  copper and copper a l l o y e d  w i t h  f i v e  atom percent  o f  e i t h e r  aluminum, n i c k e l  o r  

manganese obta ined fran Hanford Engineer ing Developnent Laboratory( ' )  were c o l d - r o l l e d  t o  a th ickness o f  
2 5  um. 
nealed i n  h i g h- p u r i t y  argon, and al lowed t o  a i r  coo l .  The meta ls  were i r r a d i a t e d  a t  room temperature u s i n g  
14-MeV neutrons from the  Ro ta t i ng  Target Neutron Source I1 (RTNS-11) a t  Lawrence L i v e n o r e  Nat iona l  Labora- 
t o r y .  The i r r a d i a t i o n  cons is ted  of four incremental  f luences up t o  a maximum l e v e l  of about 3 x l oz1  n/m2. 

D e t a i l s  of t he  exper imental  procedure have been p rev ious l y  descr ibed.(2) 

Transmission e l e c t r o n  microscope (TEM) d isks  and r e s i s t i v i t y  f o i l s  were c u t  from these f o i l s ,  an- 

Changes i n  the  f o i l  r es i s tance  were measured w i t h  standard r e s i s t i v i t y  equipnent (potent iometer  s e n s i t i v i t y  
= 10 nV).  The pure copper sample had an i n i t i a l  res idua l  r e s i s t i v i t y  r a t i o  (RRR = o2g8/p4,2sK) of 380. 

V ickers  microhardness measurements were 
denter  loads of 59 and log.  
TEM d i sks  f o r  each metal a t  every f luence l e v e l .  
d i t i o n s  of t he  meta ls  i n v e s t i g a t e d  a re  g iven i n  Table 1. 

us ing a Buehler Micromete microhardness t e s t e r  a t  i n -  
A minimum o f  60 i nden ta t i ons  was made around the  per iphery  of f o u r  d i f f e r e n t  

P r e - i r r a d i a t i o n  m a t e r i a l s  p r o p e r t i e s  and i r r a d i a t i o n  con- 

5.3 Experimental Resu l ts  

F igu res  1 and 2 show the  respec t i ve  i r r a d i a t i o n- i n d u c e d  r e s i s t i v i t y  changes f o r  pure copper and the  copper 
a l l o y s .  Th is  
f luence dependence i s  i n  agreement w i t h  prev ious work f o r  bo th  e l e c t r o n  and neutron i r r a d i a t i o n  a t  tempera- 
t u r e s  where the  i n t e r s t i t i a l  i s  mobi le . (4)  I r r a d i a t i o n  o f  t he  copper a l l o y s  produces an i n i t i a l  decrease i n  
f o i l  r e s i s t i v i t y ,  fo l lowed by an increase i n  r e s i s t i v i t y  w i t h  f luence f o r  t h e  Cu-5% A1 and Cu-5% N i  a l l o y s .  

The r e s i s t i v i t y  of these a l l o y s  became g rea te r  than the  p r e - i r r a d i a t i o n  va lue a t  a f luence o f  3 x loz1 n/m2. 
The r e s i s t i v i t y  of t he  Cu-5% Mn sample remained below i t s  u n i r r a d i a t e d  value a t  a l l  f luence l e v e l s  i n v e s t i -  
gated. The negat ive  r e s i s t i v i t y  changes observed i n  the  i r r a d i a t e d  copper a l l o y s  are  be l i eved  t o  be due t o  
short- range o rde r ing . (5 )  

The data f o r  t he  pure copper sample scales l i n e a r l y  w i t h  the  square r o o t  o f  neut ron f luence. 

Changes i n  the V ickers  microhardness of t he  four meta ls  obta ined a t  an i nden te r  l o a d i n g  of 10 grams a re  
shorn i n  Fig.  3 as a func t i on  of 14-MeV neutron f luence. 
showed s i m i l a r  t rends.(3) As i s  evidenced i n  F ig .  3, t he  hardness data  f o r  a l l  f o u r  meta ls  sca le  l i n e a r l y  
w i t h  the fou r th  r o o t  of neutron f luence a f t e r  an i ncuba t ion  f luence. The d u r a t i o n  of t h e  i ncuba t ion  p e r i o d  
i s  on the order  of 1 x 10" ntn?, and i s  sho r te r  fo r  pure copper as compared t o  the  a l l o y s .  The Cu + 5% Mn 
a l l o y  e x h i b i t e d  s i g n i f i c a n t l y  l a r g e r  r a d i a t i o n  hardening than the  o t h e r  meta ls  a t  t he  f luence l e v e l s  inves-  
t i g a t e d .  A l l  four meta ls  i n  F ig .  3 have roughly  equal s lopes i n  t h e i r  curve o f  microhardness vs. f luence. 

Resul ts obta ined a t  an i n d e n t e r  l o a d i n g  of 5 grams 

5.4 Data Analys is  

E a r l y  r e s i s t i v i t y  s tud ies  of pure meta ls  i r r a d i a t e d  a t  temperatures above 70°K prov ided suppor t  f o r  a theo- 

r e t i c a l  model known as the  unsaturab le  t r a p  model (UTM) . ( 4 )  More recen t  developments have concent ra ted on 
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FIGURE 1. Resistance change vs. t h e  square r o o t  o f  14-MeV neutron f l uence  f o r  pure copper. 

examination of the r e c i p r o c a l  damage r a t e  (RDR) f o r  s tudy ing p o i n t  d e f e c t  i n t e r a c t i o n s .  

o f  h o r s c h a k  e t  a1.I6), t h e  f o l l o w i n g  r e s u l t  i s  obtained: 

Using the ana lys is  

This may be r e w r i t t e n  i n  the form 

(2 )  

m b i n a t i o n ,  ud i s  t h  where 6 i s  t h e  neut ron f luence. f i s  t h e  f r a c t i o n  o f  de fec ts  escaping c o r m  re - 
t .  

displacement cross sect ion,  p f  i s  t h e  s p e c i f i c  r e s i s t i v i t y  o f  t rapped Frenkel defects ,  rt and rv are t h e  
capture r a d i i  o f  i m p u r i t y  t r a p s  and vacancies, c t  i s  the concen t ra t ion  of i m p u r i t i e s ,  and Ap i s  t h e  
rad ia t ion- induced  r e s i s t i v i t y  increase. A l e a s t  squares f i t  t o  t h e  present  r e s i s t i v i t y  data y i e l d s  t h e  
r e s u l t  

f ad P: = 8.4 x loe3' n-mS3 . ( 3 )  

t The q u a n t i t y  p f  depends on the amount o f  c l u s t e r i n g  which has occurred. 

f r a c t i o n  o f  defects escaping c o r r e l a t e d  recombination, pf may be taken t o  be equal t o  the i s o l a t e d  Frenkel 
p a i r  s p e c i f i c  r e s i s t i v i t y  i n  copper,( ') pFp = 2.0 pScm/% F.P. Using a displacement cross s e c t i o n ( ' )  o f  ad 

= 3690 barns then g ives  f 2 11%. 

To o b t a i n  a lower  l i m i t  f o r  the 
t 

19 



0.6 

Ap 0.4 - 
Po 

(%I 0.2 

0 

-0.2 

- 0.4 

I I I I 

25°C IRRADIATION 

CU- 5% AI 
e-* Cu- 5% Mn 
*-• Cu- 5% N i p / / 

0 i 2 3 4 5 6 

FIGURE 2. Resistance change vs. t he  square r o o t  of 14-MeV neut ron f luence f o r  copper a l l o y s .  

t A more accurate es t ima t ion  of f r e q u i r e s  a determinat ion o f  t h e  e f f e c t  o f  c l u s t e r i n g  on pF. 

a1 .('I exper imen ta l l y  i n v e s t i g a t e d  the  e f f e c t  of c l u s t e r i n g  on pFp du r ing  an e l e c t r o n  i r r a d i a t i o n  a t  t e r n  
pe ra tu res  where on ly  i n t e r s t i t i a l s  m ig ra te  and c l u s t e r .  Using h i s  r e s u l t  o f  pf/pFp = 

&, = 1.4 un-cm/% i n t e r s t i t i a l s  and pFD = 0.6 un-cmps vacancies,(71 t h e  s p e c i f i c  r e s i s t i v i t y  o f  t rapped 

Frenke l  defects  (where bo th  i n t e r s t i t i a l s  and vacancies a re  c lus te red1  can be computed. Assuming an equiva- 
l e n t  n m b e r  of vacancy and i n t e r s t i t i a l  c l u s t e r s  leads t o  a p r e d i c t i o n  o f  pf = 1.4 f 0.25 un-cml% F.P. With 
t h i s  value, f = 16%. 

Brager e t  a l . ( l )  i r r a d i a t e d  i d e n t i c a l  meta ls  w i t h  14-MeV neutrons up t o  a maximum f luence o f  7.5 x loz1  nld 
and examined the f o i l s  w i t h  TEM. We have found t h a t  t h e i r  repo r ted  v i s i b l e  d e f e c t  c l u s t e r  s i z e  d i s t r i b u t i o n  

can be f i t t e d  very we l l  by a log-noma1 d i s t r i b u t i o n ( ' )  w i t h  do = 2.25 nm: 

Thompson e t  

t 0.8 f 0.1 a long w i t h  
V 

t 

I n  a n t i c i p a t i o n  t h a t  a l a r g e  n m b e r  o f  small defec ts  might  be i n v i s i b l e  t o  TEM methods, we a l s o  fit t h e  
l a r g e r  defects  of t he  observed d i s t r i b u t i o n  t o  a log-normal d i s t r i b u t i o n  w i t h  smal ler  values of do. 
f i t t e d  d i s t r i b u t i o n s  a re  compared t o  the repo r ted  pure copper TEM data  o f  Brager e t  a,.(') i n  Fig.  4. 
App ly ing the  log-noma1 d i s t r i b u t i o n  t o  t h e  r e s i s t i v i t y  data g i ves  t h e  r e s u l t ,  

The 

where b i s  the  Burgers vec to r  o f  t he  defect  c l u s t e r  and NCa i s  the  c l u s t e r  dens i t y .  
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FIGURE 3. Change in Vickers microhardness vs. fourth root of 14-MeV neutron fluence. 

A similar analysis can be applied to tens i l e  data f rm a r o m  temperature 14-MeV neutron i r radia t ion of 
copper by Mitchell e t  al .( lol  The hardening due to dislocation loops is  given by(") 

where T = shear stress, u = shear modulus, and 6 is a constant. 
y ie ld  strength to shear s t r ess ,  A o  = fl A T  , and once again assuming a log-normal c lus te r  s ize  dis t r ibu-  
t ion, Eq. 6 can be solved for the c lus te r  density: 

Using the Yon Mises c r i t e r ion  t o  r e l a t e  

Y 

Vickers microhardness data can be correlated to tens i l e  data results found i n  the l i t e r a t u r e ,  A a  (MPal = K 
AH" (kg/mn?l. A recent corre la t ion(1 '  found t h e  r esu l t  K = 3.21 t o  be valid for  i r radia ted pure copper and 
a lso  copper alloys.  
t e n s i l e  data of Mitchell e t  a1 . ( lo)  and the l o g  microhardness data for  three metals ( C u ,  Cu-5% A l ,  Cu-5% Nil 
w i t h  K = 3.0. The Cu-5% Mn microhardness data do not agree well w i t h  the t e n s i l e  data. 

Y 

As seen i n  Fig. 5, we have obtained a reasonable corre la t ion between the pure copper 
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FIGURE 4. Log-normal curve (Eq. 4)  f i t t e d  t o  observed TEM c l u s t e r  data a t  a 14-MeV neut ron f luence o f  3 X 

1021 n d .  

5.5 D iscuss ion 

The general fluence dependence o f  t he  rad ia t i on- induced  change i n  r e s i s t i v i t y  and microhardness i s  i n  good 
agreement w i t h  t h e o r e t i c a l  models. 
of 14-MeV neut ron f luence, i n d i c a t i n g  t h a t  t he  c l u s t e r  dens i t y  Nc. -+ . 
f o u r  metals appears t o  be p ropor t i ona l  t o  the  fou r th  r o o t  of neutron f luence (aga in  i n d i c a t i n g  t h a t  NCL 
- ml. b u t  t h e r e  i s  i n s u f f i c i e n t  high- f luence data t o  conc lus i ve l y  determine the  actua l  power law depen- 
dence. 
fluence.('') The roughly  equal s lopes f o r  a l l  f o u r  meta ls  i n  t h e  curve o f  microhardness change vs. f o u r t h  
r o o t  o f  neut ron f luence ( F i g .  3) may be taken as an i n d i c a t i o n  t h a t  t he re  a re  equ iva len t  damage p roduc t ion  
r a t e s  i n  these m a t e r i a l s  fo l l ow ing  the  i n i t i a l  t r a n s i t i o n  per iod.  

R e s i s t i v i t y  r e s u l t s  f o r  pure copper sca le  l i n e a r l y  w i t h  the  square r o o t  
The microhardness data  of a l l  

Prev ious exper iments have found t h a t  the  y i e l d  s t r e s s  i s  p ropor t i ona l  t o  the  one- th i rd  power of t he  
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FIGURE 5. Cor re la ted  y i e l d  s t reng th  change vs. 14-MeV f luence.  

Our b e s t  es t imate of t he  f r a c t i o n  o f  de fec ts  which escape c o r r e l a t e d  recombinat ion (16%) agrees wel l  w i t h  
t h e  value o f  15% found i n  the  l i t e r a t u r e  f o r  e l e c t r o n - i r r a d i a t e d  copper.(13) 

The c a l c u l a t e d  v i s i b l e  de fec t  c l u s t e r  d e n s i t i e s  obta ined from r e s i s t i v i t y  (Eq. 5) and M i t c h e l l ' s  t e n s i l e  
da ta  (Eq. 7)  may be compared t o  the  dens i t y  which was a c t u a l l y  observed by TEM methods. 

comparison are sunmarized i n  Tables 2 and 3. Parameters used i n  t h e  c a l c u l a t i o n  were p f t  = 1.4 Wcnfb  F.P. 
and E = 3/7P4) Brager e t  a l .  repo r ted  a c l u s t e r  d e n s i t y  of 1.3 x 1023/m3 a t  
neut ron i r r a d i a t e d  pure copper. 

and t h a t  a l l  of t h e  defect  c l u s t e r s  were v i s i b l e .  If one assumes t h a t  a s u b s t a n t i a l  number o f  small d e f e c t  
c l u s t e r s  are  i n v i s i b l e  ( i .e .  a smal ler  va lue of do i n  Eq. 4 and Table 2). then t h e  c a l c u l a t e d  c l u s t e r  den- 
s i t y  becomes rmch smal ler  than the  observed value. B r a g e r t l )  observed s i g n i f i c a n t l y  h ighe r  c l u s t e r  densi-  

t i e s  i n  14-MeV neutron i r r a d i a t e d  copper than o the r  researchers who i r r a d i a t e d  t o  s i m i l a r  f l u e n c e ~ . ( ' ~ ~ ' ~ )  
One poss ib le  exp lana t ion  f o r  t he  discrepancy i s  t h a t  Wager  c a r e f u l l y  i n v e s t i g a t e d  de fec t  c l u s t e r s  down t o  
diameters of 1.0 m. From t h i s  ana lys i s ,  i t  
appears t h a t  i t  i s  p o s s i b l e  t o  observe e s s e n t i a l l y  a l l  of t h e  s u r v i v i n g  p o i n t  d e f e c t  c l u s t e r s  by TEM methods 
if a very ca re fu l  study i s  undertaken, i n v e s t i g a t i n g  c l u s t e r s  down t o  diameters o f  1.0 nm. 

The r e s u l t s  of t h i s  

= 2.7 x loz1 n/m2 f o r  14-MeV 
T h i s  value i s  i n  good agreement w i t h  the  c a l c u l a t e d  d e n s i t i e s  o f  1.05 x 

( r e s i s t i v i t y )  and 1.2 x 1023/m3 ( t e n s i l e ) ,  which were obta ined a s s m i n g  p e r f e c t  d i s l o c a t i o n  l oops  

The s i z e  l i m i t  o f  t he  o the r  TEM i n v e s t i g a t i o n s  i s  uncer ta in .  
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TABLE 2 
CALCULATED UEFECT CLUSTER DENSITIES I N  COPPER AT A FLUENCE OF 

3 x 10" n/n? ASSUMING PERFECT DISLOCATION 'LOOPS ( b  = ao/47) 

F r a c t i o n  o f  C lus te rs  P red ic ted  V i s i b l e  C lus te r  Dens i ty  ( l o z 2 / & )  

Which a re  V i s i b l e  (F ig .  4 )  Res i s t i  v i ty Microhardness* 
0.4 8 7 
0.7 

1 .o 
9 

10.5 
9 

12 

Tens i le"  
7 
9 

12 

*Ex t rapo la t i on  t o  $t = 3 x loz1 n/d from AHv vs. ($ t )1 /4  curve ( F i g .  3);  

assumes boy (MPa) = 3.0 AHv (kg/mm2) 

TABLE 3 

COMPARISON OF CALCULATED AND OBSERVED DEFECT CLUSTER DENSITIES I N  

COPPER AT A FLUENCE OF 3 x 1021 n/d ASSUMING ALL CLUSTERS ARE VISIBLE 

V i s i b l e  C lus te r  Dens i ty  

Type o f  Ana lys is  ___ Method Copper Type P e r f e c t  Loops ( b  = a J n )  Fau l ted Loops ( b  = aO/,'3) 

C a l c u l a t i o n  R e s i s t i v i t y  DAFS 
C a l c u l a t i o n  M i  crohardness DAFS 
C a l c u l a t i o n  Tensi 1 elo LLNL/Cominco 

10.5 
1 2  

12  

11' 
18 
18 

Observed T E M ~  DAFS .......................... 13........................... 

Assumed s tack ing  f a u l t  s p e c i f i c  r e s i s t i v i t y  PSF = 2.5 x n-m2 [141. + 

5.6 Conclusions 

Approximately 16% of the  defects c rea ted  i n  copper du r ing  room temperature 14-MeV neut ron i r r a d i a t i o n  escape 
c o r r e l a t e d  recombinat ion events. 

Good agreement has been obta ined by f i t t i n g  observed (TEM) d e f e c t  c l u s t e r  s i z e  d i s t r i b u t i o n s  t o  a log-normal 
d i s t r i b u t i o n .  Using t h i s  f i t t e d  d i s t r i b u t i o n ,  es t imates o f  d e f e c t  c l u s t e r  d e n s i t y  obta ined by u t i l i z i n g  r e -  
s i s t i v i t y  and t e n s i l e  data  have been found t o  agree w e l l  w i t h  TEM r e s u l t s .  Hence, i t  appears t h a t  TEM may 
be capable of observing e s s e n t i a l l y  a l l  o f  t he  de fec t  c l u s t e r s  produced if care fu l  microscopy i s  performed 
on c l u s t e r s  down t o  s i zes  o f  - 1 nm. 

R e s i s t i v i t y ,  t ens i l e , ( l ' )  and microhardness data i n d i c a t e  tha t ,  f o r  a room temperature 14-MeV neut ron i r r a -  

d i a t i o n ,  t he  d e f e c t  c l u s t e r  dens i t y  i s  l i n e a r  w i t h  the  square r o o t  o f  f luence up t o  a = 7 x IDz1 n/m . 2 

F i n a l l y ,  d e f e c t  c l u s t e r i n g  du r ing  14-MeV neutron i r r a d i a t i o n  o f  copper a t  25OC appears t o  cause a substan- 
t i a l  reduc t ion  (-  30%) i n  t he  Frenkel  p a i r  spec i f i c  r e s i s t i v i t y .  
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14-MeV NEUTRON RADIATION- INDUCED MICROHARDNESS CHANGES I N  COPPER ALLOYS 

S.J.  Z i n k l e  and G.L. K u l c i n s k i  ( U n i v e r s i t y  of Wisconsin) 

1 .o Ob jec t i ves  

The o b j e c t i v e  o f  t h i s  work i s  t o  examine the  e f fec t  o f  a high-energy neut ron i r r a d i a t i o n  on damage pro- 
duct ion  i n  copper a l l o y s .  Spec i f i c  o b j e c t i v e s  are:  (1)  t o  determine the  e f f e c t  o f  neut ron f luence and 
s o l u t e  add i t i ons  on the  rad ia t i on- induced  V ickers  microhardness n m b e r  o f  copper, ( 2 )  t o  examine the  e f f e c t  
o f  indenter  l oad  on the  rad ia t i on- induced  microhardness a t  low values,  and (3)  t o  c o r r e l a t e  microhardness 
r e s u l t s  w i t h  r e s i s t i v i t y  and TEM data. 

2.0 Sumnary 

Vicke rs  microhardness measurements have been performed on copper and copper a l l o y  (Cu-5% A l ,  Cu-5% Mn, Cu-5% 
N i )  TEM d i sks  which were i r r a d i a t e d  a t  25°C w i t h  14-MeV neutrons i n  incremental  doses up t o  a maximtm f l u-  

ence of 2.2 x l oz1  n/m2. Measurements were made a t  two d i f f e r e n t  values o f  i nden te r  l oad ing  ( 5  g and 10 9) 
i n  order  t o  f a c i l i t a t e  c o r r e l a t i o n s  w i t h  h igh- load data. 
sca les  l i n e a r l y  w i t h  t he  f o u r t h  r o o t  o f  neutron f luence f o l l o w i n g  an i ncuba t i on  f luence f o r  bo th  values of 
i nden te r  load. The copper a l l oys ,  i n  p a r t i c u l a r  Cu-5% Mn, e x h i b i t  a s h o r t e r  i ncuba t i on  f luence and hence a 
l a r g e r  rad ia t i on- induced  hardness increase than the  pure copper samples. The 5 g microhardness data has a 
lower  value for  t he  rad ia t i on- induced  microhardness change compared t o  t he  10 g data  due t o  sur face e f fec t s .  
The 10 g microhardness data p r e d i c t i o n s  of defec t  c l u s t e r  dens i t y  agree w e l l  w i t h  r e s i s t i v i t y  p r e d i c t i o n s  
and TEM observat ions.  

The rad ia t i on- induced  change i n  microhardness 

3.0 Program 
~ 

T i t l e :  Rad ia t i on  E f f e c t s  t o  Reactor M a t e r i a l s  
P r i n c i p a l  I n v e s t i g a t o r s :  G.L. K u l c i n s k 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 Relevant DAFS Program Plan TaskISubtask 

Subtask 11.6.3.2 Exper imental  Charac te r i za t i on  o f  Pr imary Damage State;  Stud ies  of Meta ls  
Subtask II.C.6.3 Effects o f  Damage Rate and Cascade S t ruc tu re  on M ic ros t ruc tu re ;  Low-EnergylHigh-Energy 

Subtask II.C.16.1 14-MeV Neutron Damage C o r r e l a t i o n  
Neutron C o r r e l a t i o n s  

5.0 Accomplishments and Sta tus  

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

The m a t e r i a l s  p r o p e r t i e s  of i r r a d i a t e d  copper and copper a l l o y s  have been ex tens i ve l y  s tud ied  over t h e  pas t  
t w o  decades (see, e.g. Ref. 1). The i r r a d i a t e d  p r o p e r t i e s  of copper and i t s  a l l o y s  are  o f  c u r r e n t  i n t e r e s t  
s i nce  h igh- s t reng th  copper a l l o y s  have r e c e n t l y  been considered f o r  use as high-magnetic f i e l d  i n s e r t  c o i l s  
i n  tandem m i r r o r  and tokamak fus ion reac to rs .  
i n v e s t i g a t e  the  e f f e c t  o f  i r r a d i a t i o n  on low- load microhardness. 
s tud ied  i n  order  t o  determine t h e  e f fec t  o f  so lu tes  on low- load microhardness. 

For these reasons, copper i s  an i dea l  m a t e r i a l  on which t o  
Simple b i n a r y  copper a l l o y s  were a l so  
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T h i s  paper descr ibes the  e f f e c t  o f  a room temperature 14-MeV neut ron i r r a d i a t i o n  on the  V ickers  microhard-  
ness of pure copper and th ree  copper a l l oys .  
and 10 g i n  o rde r  t o  determine t h e  e f f e c t  o f  low- indenter  loads on microhardness r e s u l t s .  
determinat ion t o  be made whether low- load microhardness r e s u l t s  a re  r e p r e s e n t a t i v e  o f  bu l k  m a t e r i a l  be- 
hav ior .  
sampling volume o f  a t y p i c a l  microhardness t e s t ,  it may be argued t h a t  t h e  i r r a d i a t i o n- i n d u c e d  change i n  
microhardness should be independent o f  i nden te r  l o a d  (sampl ing volume). 
determine whether o r  n o t  such an assumption i s  v a l i d .  

Microhardness data was obta ined a t  i nden te r  l oad ings  of 5 g 
T h i s  a l lows a 

Since 14-MeV neutron i r r a d i a t i o n  r e s u l t s  i n  r e l a t i v e l y  uni form, f i ne- sca le  damage compared t o  the 

T h i s  i n v e s t i g a t i o n  i s  designed t o  

R e s i s t i v i t y  and t ransmiss ion e l e c t r o n  microscope (TEM) data have a l s o  been obta ined froin these m a t e r i a l s  as 

a f u n c t i o n  o f  f luence i n  order  t o  f a c i l i t a t e  c o r r e l a t i o n s . ( 2 )  
hardness p r e d i c t i o n s  of d e f e c t  s u r v i v a b i l i t y  i n  order  t o  determine t h e  a p p l i c a b i l i t y  o f  low- load microhard- 
ness data f o r  mode l l i ng  bu lk  p roper t i es .  

These r e s u l t s  may be compared t o  t h e  micro-  

5.2 Experimental Procedure 

F o i l s  o f  pure (99.99+ atom %) copper and copper a l l o y e d  w i t h  f i v e  atom percent  o f  e i t h e r  aluminum, n i c k e l  o r  

manganese obta ined from Hanford Engineer ing Developnent Laboratory(3)  were c o l d - r o l l e d  from 250 m down t o  a 
th i ckness  o f  25 urn. TEM d isks  were c u t  from these f o i l s ,  annealed i n  h i g h- p u r i t y  argon, and al lowed t o  a i r  
coo l .  The pure copper samples were annealed a t  400'C (0.5 TM) f o r  15 minutes and t h e  copper a l l o y s  were an- 
nealed a t  750°C (0.75 TM) f o r  30 minutes. The meta ls  were i r r a d i a t e d  a t  room temperature us ing 14-MeV 
neutrons from the  Ro ta t i ng  Target Neutron Source- I1 (RTNS-11)  a t  Lawrence Livermore Nat iona l  Laboratory .  

The i r r a d i a t i o n  cons is ted  o f  f o u r  incremental  f luences up t o  a maximum l e v e l  of about 2 x loz1 nln?. Th is  
was achieved by spacing the TEM d isks  away from the  neutron source so t h a t  t he  d i s k s  exper ienced d i f f e r e n t  
f l u x  l e v e l s  du r ing  t h e  i r r a d i a t i o n .  A prev ious i n ~ e s t i g a t i o n ( ~ )  determined t h a t  14-MeV neut ron PKA-damage 

events i n  copper were e s s e n t i a l l y  independent o f  f l u x  f o r  f luences up t o  loz2 n/m2 and f l u x  l e v e l s  o f  
< 2 x 1 0 l 6  n l 2 - s .  
a t i o n  m a t e r i a l s  p r o p e r t i e s  and i r r a d i a t i o n  cond i t i ons  o f  t he  meta ls  i n v e s t i g a t e d  are  g iven i n  Table 1. 

S ix  TEM d i s k s  o f  each metal were i r r a d i a t e d  t o  t h e  var ious f luence l e v e l s .  P r e - i r r a d i -  

V ickers  microhardness measurements were performed us ing a Buehler Micromet@ microhardness t e s t e r .  Th is  
ins t rument  i s  designed f o r  ope ra t i on  a t  i nden te r  loads between 5 and 500 grams, w i t h  loads down t o  1 gram 
a v a i l a b l e  from the  manufacturer.  The inden te r  l oad ing  was r e s t r i c t e d  t o  be l e s s  than o r  equal t o  10 grams 
i n  order f o r  t he  diamond pyramid i n d e n t a t i o n  depth t o  be l e s s  than one- tenth o f  t h e  nominal TEM f o i l  t h i c k -  
ness o f  25 urn. A t  t h i s  low inden te r  load, spec ia l  care  n u s t  be taken t o  ensure t h a t  background v i b r a t i o n s  

do n o t  in t roduce e r r o r s  i n t o  the  m e a ~ u r e m e n t . ( ~ )  A s imple a n t i - v i b r a t i o n  t e s t  s tand (shown schemat ica l ly  i n  
F ig .  1) was developed which e f f e c t i v e l y  i s o l a t e d  the  microhardness t e s t e r  from background v i b r a t i o n s  down t o  
i nden te r  l oad ings  o f  2 grams. The 1000 kg l e a d  b r i c k  base prov ides t h e  t e s t  stand w i t h  a l a r g e  i n e r t i a  so 
t h a t  a l l  except very low frequency v i b r a t i o n s  a re  damped out.  The a i r  pad serves as a dashpot t o  e f f e c t i v e -  
ly suppress most  of the remaining v i b r a t i o n s .  The other cushion m a t e r i a l s  were chosen on t h e  bas i s  o f  t h e i r  
d i f f e r e n t  s t i f f n e s s  values. The use of v a r i e d  m a t e r i a l s  was found t o  be e f f e c t i v e  i n  e l i m i n a t i n g  ex te rna l  
v i b r a t i o n s .  Also, t he  va lue o f  a m u l t i p l e - i n t e r f a c e  design, which serves t o  re f lec t ldampen v i b r a t i o n  waves, 
was found t o  be impor tant .  The a n t i - v i b r a t i o n  stand was found t o  be very  e f f e c t i v e  i n  suppressing 
background v i b r a t i o n s  down t o  i nden te r  loads of 2 grams as determined by va r ious  t e s t i n g  methods (hardness 
vs. l o a d  curves and r e p r o d u c i b i l i t y  o f  low- load hardness r e s u l t s  i n  t h e  presence of va r ious  ex te rna l  v i -  
b r a t i o n s ) .  

TABLE 1 

I R R A D l A T I O N  DATA FOR TEM SAMPLES 

__ A1 1 oy I n i t i a l  R e s i s t i v i t y  (a-m) Gra in  Size (urn) Maximum Fluence o f  TEM Disks (n/m2) 

cu 4.48 x 10-11 13 1.9 x 1021 

Cu-5% Mn 1.08 10-7 22 2.0 x 1021 

Cu-5% N i  5.16 x lo - *  12 2.2 x 1021 

Cu-5% A1 3.96 x 23 2.1 x 10'' 
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MICROHARDNESS TESTER 

- A- -FOAMED POLYETHYLENE PAD r 
70 cm I 

SPONGE RUBBER PA0 

-AIR PAD 

-POLYSTYRENE PACKING 
MATERIAL 

- LEAD BRICKS 

-SPONGE RUBBER PAD 
I I 1- 60 cm -1 

FIGURE 1. Schematic o f  a n t i - v i b r a t i o n  t e s t  stand used t o  make microhardness measurements. 

A standard sample p repara t i on  procedure was developed f o r  a l l  o f  t h e  TEM d i sks  p r i o r  t o  i nden ta t i on .  
d i sk  was g iven a l i g h t  mechanical p o l i s h  i n  a 0.3 pm alumina s l u r r y  on a r o t a t i n g  c l o t h  wheel i n  o rde r  t o  
remove the  oxide l a y e r  and g i ve  a r e l a t i v e l y  smooth surface. The samples were then e l e c t r o p o l i s h e d  i n  a 33% 
HN03/67% CH30H s o l u t i o n  coo led t o  -2O'C a t  an app l i ed  p o t e n t i a l  o f  5 V f o r  5 seconds. The purpose o f  t he  
e l e c t r o p o l i s h  was t o  remove the  work-hardened l a y e r  i n t roduced  by mechanical p o l i s h i n g ,  and a l s o  t o  g i v e  an 
o p t i c a l l y  smooth surface. 
hardened sur face l a y e r  i n  copper fo r  t he  type of mechanical p o l i s h i n g  which was u t i l i z e d . ( 5 '  

Each 

The e l e c t r o p o l i s h  t reatment  removed 1-2 urn, which i s  expected t o  exceed the  work- 

A minimum of 60 i n d e n t a t i o n s  were made f o r  each value o f  i nden te r  l o a d  on four  d i f f e r e n t  TEM d i s k s  f o r  each 
metal a t  every f luence l e v e l .  
e f f e c t  o f  d i f f e r e n t  obse rve r ' s  b iases.  
m a g n i f i c a t i o n  o f  600X us ing a c a l i b r a t e d  eyepiece accurate  t o  t0 .2  um. 
were measured t w i c e  and the  r e s u l t s  averaged i n  order  t o  minimize measurement e r r o r s .  The l e n g t h  of t h e  
c h i s e l  t i p  o f  t he  V ickers  diamond(4) used i n  t h i s  study was found t o  be l e s s  than 0.2 lm by SEM methods. 
I nden ta t i ons  were made around the  per iphery  o f  t he  TEM d i s k  so t h a t  t h e  d i s k  cou ld  s t i l l  be used f o r  
e l e c t r o n  microscope observat ions.  

A l l  measurements were made by the  same operator  i n  order  t o  minimize the  
The leng ths  o f  t he  diagonals o f  t he  i nden ta t i on  were measured a t  a 

Both diagonals o f  t he  i n d e n t a t i o n  

Several TEM d i s k s  were re-examined a t  d i f f e r e n t  t ime pe r iods  and on d i f f e r e n t  days of t h e  week i n  o rde r  t o  
determine the  r e p r o d u c i b i l i t y  o f  t he  r e s u l t s .  
was t y p i c a l l y  found t o  be w i t h i n  about 1 kg/mn2 ( 5  2% d e v i a t i o n ) .  
d i f f e r e n t  TEM d i s k s  of the same metal i r r a d i a t e d  t o  i d e n t i c a l  f luences -- t y p i c a l  standard d e v i a t i o n s  about 

the mean f o r  a s e t  o f  4 d i sks  I60 i nden ta t i ons )  were 2-3 kg/mm2. 

Agreement on the  V ickers  microhardness (Hv) f o r  a s i n g l e  d i s k  
A l a r g e r  v a r i a t i o n  was n o t i c e d  between 
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TABLE 2 

VICKERS MICROHARDNESS OF CONTROL SAMPLES 

Sample H,( kg/mn2) 

Inden te r  Load (g)  Copper Cu-5% A1 Cu-5% Mn Cu-5% N i  

5 71 f 4 71  f 3 70 f 2 65 i 2 

10 57 f 4 54 f 1 53 f 3 53 f 3 

5.3 Experimental Resu l ts  

The V ickers  microhardness nunbers o f  t he  u n i r r a d i a t e d  samples a t  i n d e n t e r  loads of 5 g and 10 g a re  sum- 
marized i n  Table 2, a long with the exper imental  standard d e v i a t i o n  f o r  each s e t  o f  4 d i s k s  which were 
examined. 
s l i g h t l y  h ighe r  than the  a l l o y  values. The 5 g microhardness numbers are  a l l  about 70 kg/mm2 w i t h  t h e  
except ion of a somewhat lower  value f o r  Cu-5% N i .  
so lu tes  does no t  have a s i g n i f i c a n t  e f f e c t  on the low- load microhardness o f  copper, i .e. s o l u t e  hardening i s  
negl igT b l  e. 

The 10 g microhardness values o f  t he  meta ls  are a l l  about 54 kg/mn2. The r e s u l t  f o r  copper i s  

Therefore,  i t  appears t h a t  a d d i t i o n  o f  A l ,  Mn and N i  

F i g u r e  2 shows the  microhardness change a t  an i nden te r  l o a d i n g  o f  10 g as a f u n c t i o n  o f  f luence. Fo l l ow ing  
a sho r t  i ncuba t ion  f luence, the  data  f o r  a l l  f o u r  meta ls  sca les  l i n e a r l y  w i t h  the  f o u r t h  r o o t  o f  14-MeV 
neut ron f luence. 
than for  pure copper. As can be seen from Fig. 2, room temperature 14-MeV neutron i r r a d i a t i o n  t o  a f luence 
o f  2 x loz1 n/& induces s i g n i f i c a n t  hardening i n  these meta ls  -- microhardness changes are  on the  o rde r  o f  
50% o r  more o f  t he  c o n t r o l  value. The Cu-5% Mn a l l o y  e x h i b i t e d  s i g n i f i c a n t l y  l a r g e r  r a d i a t i o n  hardening as 
compared t o  the o the r  meta ls  a t  t he  f luence l e v e l s  i nves t i ga ted .  
equal slopes i n  t h e i r  curve o f  microhardness vs. f luence f o l l o w i n g  t h e  i ncuba t ion  pe r iod .  

The d u r a t i o n  of t he  i ncuba t ion  p e r i o d  i s  sho r te r  f o r  t he  a l l o y s  ( i n  p a r t i c u l a r  Cu-5% Mn) 

A l l  four meta ls  i n  Fig.  2 have roughly  

The pronounced load  dependence o f  t he  microhardness induced by i r r a d i a t i o n  i s  i l l u s t r a t e d  fo r  the  f o u r  
metals i n  Figs.  3 and 4. F igure 3 shows the  V ickers  microhardness as a f u n c t i o n  o f  t he  f o u r t h  r o o t  o f  
neut ron f luence a t  i nden te r  loads o f  5 g and 10 g, w h i l e  Fig.  4 shows the  chan e i n  V ickers  microhardness 
vs. t he  f o u r t h  root o f  neut ron f luence f o r  the  same inden te r  loads. 
w i t h  ( $ t ) l l 4  f o l l o w i n g  an incuba t ion  f luence. The d u r a t i o n  of t he  i ncuba t ion  f luence i s  s l i g h t l y  l onger  f o r  
the  5 g i nden te r  load, and the slopes o f  t he  curves f o r  t h e  5 g and 10 g loads are  s i m i l a r .  
d i f f e rences  between the  a l l o y s  observed a t  a 10 g i nden te r  l oad ing  a re  a l s o  present  a t  a 5 g i nden te r  load-  
i n g  --  Cu-5% Mn e x h i b i t s  the  l a r g e s t  r a d i a t i o n  hardening and s h o r t e s t  i ncuba t ion  f luence of t h e  meta ls  
i nves t i ga ted .  

The resu  le t s  a t  bo th  loads a re  l i n e a r  

The general  

5.4 D iscuss ion 

5.4.1 10 g Data 

The V ickers  microhardness value o f  t h e  c o n t r o l  pure copper samples a t  a l o a d  o f  10 g i s  i n  good agreement 

w i t h  the  va lue obta ined by Brager e t  a1.(3) a t  an i nden te r  l o a d  of 50 g. 
t h e  a l l o y  cont ro l  samples ( i n  p a r t i c u l a r  C I A %  A1 and Cu-S% Mn) are  s i g n i f i c a n t l y  lower than t h e i r  repo r ted  
values. The cause o f  t h i s  discrepancy i s  uncer ta in ,  as t h e  m a t e r i a l s  were obta ined froin t h e  same l o t  and 
were g iven i d e n t i c a l  hea t  t reatments.  
loads. Another poss ib le  source o f  t he  var iance may be due t o  the  h e a v i l y  cold-worked c o n d i t i o n  o f  ou r  a l -  
l o y s  p r i o r  t o  anneal ing caused by c o l d - r o l l i n g  the  f o i l s  down from 250 um t o  25 um. The pure copper g r a i n  
s i ze  i n  t h e  present  study (Table 1) i s  about 13 m, which may be compared t o  a g r a i n  s i z e  o f  55 un found by 
Brager e t  a1 .(6) 

However, t he  hardness va lues f o r  

The d i f f e r e n c e  i n  the  r e s u l t s  may be caused by the  d i f f e r e n t  i nden te r  

The l a r g e  e f f e c t  o f  m i c r o s t r u c t u r e  on low- load V ickers  microhardness i s  i l l u s t r a t e d  i n  F ig .  5. 
f i gu re ,  t he  low- load microhardness o f  as- received copper i s  compared t o  r e s u l t s  from the  same f o i l  a f t e r  i t  
had been annealed i n  a i r  a t  600°C f o r  1 hour. 

I n  t h i s  

The annealed copper microhardness increases a t  l o w  loads 
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FIGURE 2. Radia t ion- induced V icke rs  microhardness change versus the  f o u r t h  r o o t  o f  14-MeV neut ron f l uence  
a t  an i nden te r  l o a d  o f  10 g. 

( i n d i c a t i n g  a "hard su r face" ) (7 '  w h i l e  the  as- received copper microhardness remains constant ,  then decreases 

r a p i d l y  w i t h  decreasing load  ( " s o f t  sur face"  l a y e r ) . ( 7 )  
monly observed i n  the  

Th is  h a r d / s o f t  surface l a y e r  e f f e c t  has been com- 
b u t  the  exact  mechanism which causes t h i s  e f f e c t  i s  the sub jec t  of much 

cont roversy .  (7) 

F igu re  2 i n d i c a t e s  t h a t  t he  change i n  microhardness appears t o  be l i n e a r  w i t h  t h e  f o u r t h  r o o t  of neut ron 
fluence. The roughly  equal slopes f o r  a l l  four  metals i n  t h e  curve o f  microhardness change vs. the f o u r t h  
r o o t  of neutron f luence may be taken as an i n d i c a t i o n  t h a t  t h e r e  a re  e q u i v a l e n t  damage p roduc t ion  r a t e s  i n  
these m a t e r i a l s  fo l l ow ing  the  i n i t i a l  t r a n s i t i o n  per iod.  
compared t o  pure copper, may be caused by the  so lu te  atoms a c t i n g  as t r a p p i n g  s i t e s .  Th is  leads t o  a 
sho r te r  nuc lea t i on  pe r iod  f o r  d i s l o c a t i o n  loops. 

The sho r te r  i ncuba t ion  pe r iods  of t he  a l l o y s ,  

The t h e o r e t i c a l  hardening due t o  d i s l o c a t i o n  loops can be represented by(9)  
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FIGURE 3. Vickers microhardness number versus the f o u r t h  root of 14-MeV neutron fluence a t  indenter  loads 
o f  5 g and 10 g.  
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a t  i n d e n t e r  loads  o f  5 g and 10 g. 
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FIGURE 5. V i cke rs  microhardness as a f u n c t i o n  i nden te r  l oad  f o r  annealed and cold-worked copper. 

where I = shear s t r e s s  and n i s  t he  l oop  dens i ty .  
shear s t r e n g t h  Aoy = 

s t r e n g t h I 6 )  ($.e., Aoy = K AHv), i n d i c a t e s  t h a t  t he  microhardness increase i s  p ropor t i ona l  t o  6. 
- ( + t l ' l 4  t h i s  i n d i c a t e s  t h a t  t h e  l oop  d e n s i t y  n ~ m. 
t h e  i r r a d i a t i o n  a l so  p r e d i c t s  t h a t  t he  d e f e c t  c l u s t e r  dens i t y  i s  p ropor t i ona l  t o  the  square r o o t  o f  14-MeV 

neutron f luence.( ') I n  add i t i on ,  good ag remen t  between r e s i s t i v i t y  and 10 g microhardness est imates o f  t h e  
magnitude o f  t he  d e f e c t  c l u s t e r  dens i t y  have been obtained.I2) 
observed c l u s t e r  dens i t y  are  compared i n  Table 3. 

Using t h e  Yon Mises c r i t e r i o n  t o  r e l a t e  y i e l d  s t reng th  t o  

Since AHv 

A r ,  and assuming a c o r r e l a t i o n  may be obta ined between microhardness data and y i e l d  

Analys is  o f  t h e  r e s i s t i v i t y  data  obta ined du r ing  

The r e s u l t s  o f  these c a l c u l a t i o n s  and the  

Prev ious exper iments have found t h a t  the y i e l d  s t r e s s  i s  p r o p o r t i o n a l  t o  the  o n e- t h i r d  power o f  t he  neut ron 
f luence. (lo) Unfor tunate ly ,  t he re  i s  i n s u f f i c i e n t  h igh- f luence data  i n  the  present  i n v e s t i g a t i o n  t o  conclu- 

TABLE 3 

COMPARISON OF CALCULATED AN0 OBSERVED DEFECT CLUSTER DENSIT IES I N  COPPER AT A FLUENCE OF 
3 x I O z 1  n/n? ASSUMING PERFECT DISLOCATION LOOPS (FROM REF. 2)  

Type of Ana lys is  - Method Copper Type C lus te r  Dens i ty  (1022/n?) 

C a l c u l a t i o n  Resi s t  i v i ty OAFS 11 

C a l c u l a t i o n  Microhardness OAFS 12 

C a l c u l a t i o n  Tensi 1 el1 ) LLNLIComi nco 12 

Observed TEMI3) OAFS 13 
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s i v e l y  determine whether the  present  microhardness data sca les  as ( m t ) l f 4  o r  ( m t ) l l 3 .  The f a c t  t h a t  the 
microhardness data was obta ined a t  low loads may have an e f f e c t  on the  observed f luence dependence. 
ever, t he  good agreement between the 5 g and 10 g r e s u l t s  concern ing the  f luence dependence i n d i c a t e s  t h a t  
t h i s  i s  n o t  the  case. 
dence of t h e  c l u s t e r  dens i t y  a l s o  lends credence t o  AHv - ($t)114. 

How- 

The agreement of t he  microhardness and r e s i s t i v i t y  data concerning the  f luence depen- 

Tens i l e  t e s t s  performed on samples i r r a d i a t e d  w i t h  neutrons and ions  show a s i m i l a r  dependence on f luence as 
t h e  microhardness r e s u l t s  repo r ted  here -- an incuba t ion  pe r iod  which l a s t s  u n t i l  a f l uence  of about 2 x 
10'' pa r t i c l es l cm '  i s  fo l lowed by a monoton ica l ly  i nc reas ing  sample hardness. 

served i n  t e n s i l e  t e s t s  o f  a room temperature 14-MeV neutron i r r a d i a t i o n  o f  copper,(' ') and f o r  a 20°C ir- 

r a d i a t i o n  of n i c k e l  by 16-MeV protons and 14-MeV neut rons. (12)  
microhardness measurements o f  molybdenum i r r a d i a t e d  a t  300'C w i t h  10-MeV 4He+ ions . (13 )  

Th is  behav ior  has been ob- 

A s i m i l a r  e f f e c t  was a l so  observed du r ing  

V ickers  microhardness data can be c o r r e l a t e d  t o  t e n s i l e  data r e s u l t s  found i n  t h e  l i t e r a t u r e ,  Aoy(MPa1 = 

K AHv(kg/mn ) .  
neutron i r r a d i a t e d  copper tes ted  a t  an i nden te r  l o a d i n g  o f  50 9. AS seen i n  F ig .  6, we have obta ined a 
reasonable c o r r e l a t i o n  between the  pure copper t e n s i l e  data o f  M i t c h e l l  e t  a l . ( " )  and the 10 g microhardness 
data fo r  t h ree  metals (Cu, Cu-5% A l ,  Cu-5% N i l  w i t h  K = 3.0. The Cu-5% Mn microhardness data  does n o t  
c o r r e l a t e  we l l  w i t h  the  pure copper t e n s i l e  data us ing  t h i s  value o f  K. The change i n  Hv a t  a l o a d  of ,! g 

du r ing  neutron i r r a d i a t i o n  i s  smal ler than the  observed change i n  Hv a t  a 10 g l o a d  f o r  a l l  4 meta ls  (I: 5 .  

4 ) .  Therefore,  t he  bu lk  microhardness change dur ing i r r a d i a t i o n  should be g rea te r  than or equal t o  thr. L J  g 
hardness change, AHVlbulk 2 It then fo l lows t h a t  the  r e s u l t  K = 3.0 should be taken as a m:x imum 

va lue fo r  a c o r r e l a t i o n  o f  bu lk  microhardness w i t h  t e n s i l e  data. The small discrepancy (10%) i n  t he  va lue 
of the c o r r e l a t i o n  constant  K between the present  i n v e s t i g a t i o n  and prev ious work(6) may be due t o  a d i f f e r -  
ence i n  i n i t i a l  m ic ros t ruc tu re ,  as discussed e a r l i e r .  

2 (14) A recen t  microhardness c o r r e l a t i o n ( 6 '  found the r e s u l t  K = 3.27 t o  be v a l i d  f o r  14-MeV 

g. 

I n  summary, i t  appears t h a t  t he  t w  main e f f e c t s  of low loads on the  microhardness r e s u l t s  o f  i r r a d i a t e d  
meta ls  are:  
microhardness change as  compared t o  h igh- load r e s u l t s .  

( 1 )  a l onger  i ncuba t ion  f luence, which leads t o  ( 2 )  a smal ler  amount o f  rad ia t i on- induced  

5.4.2 I m p l i c a t i o n s  o f  t he  Load Dependence of H, 

As i s  e v i d e n t  i n  F igs .  3 and 4, t he  cho ice o f  i nden te r  l oad ing  a t  low loads can have a s i g n i f i c a n t  e f f e c t  on 
the i n t e r p r e t a t i o n  o f  microhardness r e s u l t s .  A t  low loads, i t  becomes i n c r e a s i n g l y  d i f f i c u l t  t o  c o r r e l a t e  
observed behav ior  t o  b u l k  p r o p e r t i e s  -- the  microhardness values become very  s e n s i t i v e  t o  the  sample's 
m i c r o s t r u c t u r a l  cond i t i on .  I n  t h i s  study t h e  5 g microhardness number was g r e a t e r  than t h e  10 g va lue a t  
a l l  f luences. Conversely, t h e  change i n  microhardness a t  a 5 g l oad  was l e s s  than the 10 g r e s u l t  f o r  a l l  
f luences. The dependence o f  lo- microhardness on the  m i c r o s t r u c t u r e  o f  t h e  i r r a d i a t e d  samples i s  
i l l u s t r a t e d  i n  F ig .  7. 
t a i n e d  a t  i nden te r  loads of 5 g and 10 g decreases w i t h  i nc reas ing  neut ron f luence. 
increases,  the re  i s  a h ighe r  dens i t y  o f  small d i s l o c a t i o n  loops present  which can a f f e c t  t he  low- load Hv. 

E x t r a p o l a t i o n  o f  t he  observed r e s u l t s  t o  h ighe r  f luence i n d i c a t e s  t h a t  t h e  values o f  Hv obta ined a t  i n d e n t e r  
loads of 5 g and 10 g may become equ iva len t  f o r  $t - 1 x 10'' n/m2. For  s t i l l  h ighe r  f luences, i t  i s  poss i-  
b l e  t h a t  t he  value o f  Hv obta ined a t  a l oad  o f  5 g cou ld  become smal ler  than the  10 g microhardness value. 
Therefore,  i t  appears t h a t  low- load r e s u l t s  may no t  be r e p r e s e n t a t i v e  o f  bu l k  behav ior  s ince the  bu lk  hard- 
ness (measured a t  h igh  i nden te r  loads)  i s  known t o  be independent of i nden te r  load.  

I n  t h i s  f i g u r e ,  i t  i s  seen t h a t  the  d i f f e r e n c e  between the  microhardness numbers ob- 
As t h e  neut ron f luence 

Samuels and Mulhearn exper imen ta l l y  determined t h a t  the  s t r a i n  f a l l s  below 1% f o r  a Y ickers  diamond inden te r  
a t  a d is tance from the  p o i n t  o f  i n d e n t a t i o n  o f  about 7 t imes t h e  i nden te r  depth. 
t he  c o n t r o l  samples i n  the  present  study were about 2.5 pm f o r  an i nden te r  l o a d i n g  of 10 g and about 1.6 um 
f o r  an i nden te r  l o a d i n g  o f  5 g. The corresponding " in f l uence  volume" ( ?  1% s t r a i n 1  o f  t he  i n d e n t e r  i n  t h i s  
study t h e r e f o r e  extends i n t o  the  f o i l  t o  a d i s tance  of about 18 m f o r  a l o a d  o f  10 g and about 11 um f o r  a 
l o a d  of 5 g. 
l oad  i s  r e l a t i v e l y  more rep resen ta t i ve  o f  the bu lk  hardness. 
numbers t o  a comnon va lue w i t h  i nc reas ing  neutron f luence may be taken as an i n d i c a t i o n  t h a t  t he  defect  
c l u s t e r s  c rea ted  du r ing  i r r a d i a t i o n  tend t o  decrease the  va lue of t he  near-surface hardness. 

The inden te r  depths f o r  

Hence, t h e  5 g l o a d  i s  more i n d i c a t i v e  o f  t he  near-surface hardness of t he  f o i l  and the  10 g 
The approach o f  t he  5 g and 10 g microhardness 

There i s  no 

34 



120 

A I  I 
I 

I I 

100 

I I I I l l  

A=Y 

60 

40 

20 

0 

0 Copper 
A Cu-5%Al 
X Cu-5%Mn 

Cu-5%Ni 

/ 
/ T 

/ I/ 

a, A 

Tensile Data 
Trend Line Vi' (Mitchell et al.) 

T .  / 

FIGURE 6. C o r r e l a t i o n  between t e n s i l e  data and V ickers  microhardness change as a f u n c t i o n  o f  14-MeV neut ron 
f luence. Microhardness measurements made a t  an i nden te r  l o a d  o f  10 g. 

known theory  which adequately e x p l a i n s  the  near- sur face microhardness phenomenon. 
assume t h a t  the  observed microhardness should be g iven by 

It appears reasonable t o  

Hvlobserved = Hvlbulk + AHv)sur face ' ( 2 )  

The bu lk  t e r n  increases monoton ica l ly  w i t h  i r r a d i a t i o n  and a t  l a r g e  f luences dominates t h e  observed micrc- 
hardness value. The near sur face term, AHv)surface, should depend s t r o n g l y  on the  sample's m i c r o s t r u c t u r e  

( d i s l o c a t i o n  dens i t y )  and a l s o  on t h e  depth ( x )  from the surface. 
on ly  f o r  i n d e n t a t i o n  depths which a re  near the  f o i l  surface. It may be pos tu la ted  t h a t  t h i s  term should  be 

The sur face term should become impor tan t  

- _  * f (m ic ros t ruc tu re )  . ( 3 )  
'Hv)surface xm 
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neutron fluence. The abcissa i s  p ropo r t i ona l  t o  the  de fec t  c l u s t e r  dens i t y  (see t e x t ) .  

A t  l a r g e  loads ( l a r g e  impression depths) the sur face term becomes n e g l i g i b l e  and the  microhardness ap- 
proaches a cons tan t  value. A t  small loads, the  sur face term should become dominant and t h e  measured hard- 
ness i n  s i n g l e  c r y s t a l s  may inc rease  up t o  va lues comparable t o  the m e t a l ' s  t h e o r e t i c a l  shear s t reng th .  

i n g  ( T  - u/lOO, where u = shear modulus). 
hardness and corresponds t o  a shear s t r eng th (15 )  o f  T ~ d 2 0 .  

measured t h e  hardness o f  go ld  under a l o a d  o f  about 0.1 mg and found a s i g n i f i c a n t  su r face  harden- 
Th is  va lue i s  a f a c t o r  o f  twenty l a r g e r  than the  measured bu l k  

The m i c ros t r uc tu re  f a c t o r  ( f )  i n  the  sur face term may be p o s i t i v e  o r  nega t i ve  depending on the  m i c ros t r uc t -  
ure  and c o n d i t i o n  o f  the  f o i l  sur face.  
p o s i t i v e  value would i n d i c a t e  a "hard sur face"  l aye r .  
unknown and i s  the  sub jec t  o f  much con t roversy .  Both work-hardened and work-softened sur face l a y e r s  have 
been exper imenta l l y  o b s e r ~ e d . ( ~ . ~ ~ )  i t  appears t h a t  i n  general,  annealed m a t e r i a l s  e x h i b i t  r e a d i l y  work- 
hardened sur face layers ,  wh i l e  heav i l y  cold-worked ma te r i a l s  have s o f t  su r face  l a y e r s .  One known excep t ion  
t o  t h i s  behavior  was repor ted  by Gane and 
low loads f o r  bo th  annealed and cold-worked samples. 

A nega t i ve  value o f  f would i n d i c a t e  a " s o f t  su r face" ,  whereas a 
The exac t  cause o f  t h e  hard vs. s o f t  surface l a y e r  i s  

They found t h a t  the  microhardness of go ld  increased a t  

A p p l i c a t i o n  o f  Eqs. 2 and 3 t o  microhardness vs. l o a d  curves o f  va r ious  ma te r i a l s  i n  annealed and cold-  
worked s t a tes  gave values o f  t h e  exponent m ranging from 1/2 t o  7. 
t h e  cold-worked m a t e r i a l s  ( w i t h  a negat i ve  m i c ros t r uc tu re  f a c t o r ,  f l .  
i n f l uence  of the  surface term f o r  cold-worked metals. 
observed hardness near the  sur face  i s  we l l  approximated by H)observed = c1 Xn. 

r e s u l t s  i n d i c a t e s  t ha t ,  by sub t rac t i ng  away t h e  bu l k  hardness value,  the  sur face  hardness i s  we l l  repre-  
sented by Eq. 3. 

The l a r g e r  va lues o f  m were found f o r  
Th i s  i n d i c a t e s  a very shor t- range 

U p i t  and Varchenya(*) have repor ted  t h a t  the  t o t a l  
A cu rsory  ana l ys i s  of t h e i r  

The dependence on depth of t h e i r  repor ted  r e s u l t s  i s  then g iven by m - 1-2.  
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One p o s s i b l e  exp lana t ion  o f  t h e  hard vs. s o f t  sur face phenomenon would be t o  cons ider  the  e f f e c t  o f  surfaces 
and cold-work l e v e l  on d i s l o c a t i o n  sources and d i s l o c a t i o n  m u l t i p l i c a t i o n .  Near-surface sources began oper- 
a t i n g  a t  lower  s t resses than b u l k  d i s l o c a t i o n  sources i n  a m a t e r i a l  w i t h  an i n i t i a l l y  low d i s l o c a t i o n  densi- 
t ~ . ( ~ )  I f  t h e  d i s l o c a t i o n s  t h a t  are  produced do n o t  r e a d i l y  g l i d e  o u t  t o  the surface, then t h e  near surface 
reg ion  w i l l  become p r e f e r e n t i a l l y  work-hardened (Kramer's " d e b r i s  l a y e r "  model) . (7 )  On the  o the r  hand, 
cold-worked m a t e r i a l s  already have an ample amount o f  Frank-Read d i s l o c a t i o n  sources. 
d e n s i t y  ( w i t h  r e s u l t i n g  back s t resses)  m y  tend t o  minimize the  p r e f e r e n t i a l  a c t i v a t i o n  o f  near-surface 
d i s l o c a t i o n  sources compared t o  i n t e r i o r  sources. 
surface due t o  r e p u l s i v e  i n t e r a c t i o n s  w i t h  i n t e r i o r  d i s l o c a t i o n s ,  where they a re  a n n i h i l a t e d .  Th is  r e s u l t s  
i n  a lower  d i s l o c a t i o n  dens i t y  i n  the  near- surface r e g i o n  upon deformat ion f o r  cold-worked metals.  
may be seen as an i n d i c a t i o n  t h a t  t he  sur face becomes s o f t e r  r e l a t i v e  t o  the  bu lk  w i t h  i nc reas ing  d i s l o-  
c a t i o n  dens i t y  ( i n  t h i s  case, d i s l o c a t i o n  loops) .  
t h e  10 g ( b u l k )  hardness w i t h  i nc reas ing  neut ron f luence. The abscissa i s  p l o t t e d  as the  square r o o t  o f  
neutron f luence, which i s  p ropor t i ona l  t o  t h e  d i s l o c a t i o n  l oop  dens i t y  (see e a r l i e r  d i scuss ion ) .  
l a t i n g  t o  h ighe r  f luences, i t  i s  seen t h a t  t h e  5 g and 10 g hardness values become equ iva len t  f o r  a f l uence  
o f  ~ 1 x l o z 2  n/m2. 
T h i s  dens i t y  was c a l c u l a t e d  from TEM data(3)  us ing an average l o o p  diameter o f  2.5 nm and assuming n - m. 
It i s  seen t h a t  the  c a l c u l a t e d  d i s l o c a t i o n  dens i t y  ex t rapo la ted  t o  where t h e r e  i s  no sur face hardening i s  
t y p i c a l  o f  values f o r  a cold-worked metal .  

The h i g h  d i s l o c a t i o n  

Near-surface d i s l o c a t i o n s  would tend t o  move t o  t h e  f r e e  

F igu re  7 

The 5 g (sur face)  hardness increases l e s s  r a p i d l y  than 

Extrapo- 

This  f luence corresponds t o  a t o t a l  d i s l o c a t i o n  l i n e  d e n s i t y  o f  about 2 x 1015/m2. 

From the  above d iscuss ion i t  appears t h a t  i t  i s  imposs ib le  t o  c o r r e l a t e  low- load microhardness r e s u l t s  t o  
bu lk  behavior unless measurements are  obta ined a t  several  d i f f e r e n t  values o f  i nden te r  load. With several  
p r o p e r l y  chosen l o a d  values, i t  may be poss ib le  t o  a s c e r t a i n  the  magnitude o f  t he  near-surface microhardness 
tenn and thereby determine the bu lk  c o n t r i b u t i o n  t o  t h e  observed microhardness. 

5.5 Conclusions 

The fluence incuba t ion  p e r i o d  and t h e  magnitude o f  the  rad ia t i on- induced  microhardness change a t  low 
inden te r  loads are  i n  modest disagreement w i t h  bu lk  microhardness r e s u l t s .  
rad ia t i on- induced  microhardness change a t  5 g loads i s  l onger  than i t  i s  a t  10 g loads. 
smal ler  i r r a d i a t i o n- i n d u c e d  change i n  Hv a t  low loads compared t o  t h e  change i n  t h e  Hv a t  h ighe r  loads.  
Low-load microhardness r e s u l t s  a re  s t r o n g l y  i n f l uenced  by the  m a t e r i a l ' s  m ic ros t ruc tu re .  

The general f luence dependence o f  low- load microhardness (AHv - ( + t ) l l 4 )  appears t o  be i n  f a i r  agreement 
w i t h  bu lk  r e s u l t s .  
s i m i l a r  f luence dependence f o l l o w i n g  the  i ncuba t ion  per iod.  

U n i r r a d i a t e d  copper a l l o y s  behave s i m i l a r  t o  pure copper w i t h  regard t o  low- load microhardness ( i .e . .  no 
s i g n i f i c a n t  s o l u t e  hardening).  Conversely, a l l o y i n g  has a s i g n i f i c a n t  e f f e c t  on t h e  low- load microhardness 
of i r r a d i a t e d  copper samples. 
probably due t o  so lu te  atoms a f f e c t i n g  the  nuc lea t i on  of i r rad ia t i on- p roduced  d i s l o c a t i o n  loops. The Cu-5% 
Mn a l l o y  e x h i b i t e d  a s i g n i f i c a n t l y  sho r te r  i ncuba t ion  f luence, and hence shows a l a r g e r  r a d i a t i o n  hardening 
a t  a g iven f luence compared t o  t h e  o t h e r  metals.  

A reasonable c o r r e l a t i o n  has been obta ined between the  10 g microhardness data  and t e n s i l e  r e s u l t s .  We have 

found Aoy(MPa) = K AHv(kg/mn?) g ives a good c o r r e l a t i o n  w i t h  K = 3.0. 

c o r r e l a t i o n  found i n  the  l i t e r a t u r e ( 6 )  (K  = 3.27) i s  be l i eved  t o  be p r i m a r i l y  due t o  d i f f e r e n t  i n i t i a l  
m ic ros t ruc tu res .  

The incuba t ion  p e r i o d  o f  t h e  
Th is  leads t o  a 

T h i s  conc lus ion i s  based on the  observat ion t h a t  the 5 g and 10 g l o a d  r e s u l t s  show a 

The a l l o y s  have a sho r te r  i ncuba t ion  f l uence  than pure copper. T h i s  i s  

The s l i g h t  discrepancy w i t h  another 

The general phenomenon o f  an increase i n  microhardness a t  low loads appears t o  be r e l a t e d  t o  an i n t r i n s i c  
m a t e r i a l s  p roper t y  which depends on t h e  sample's m ic ros t ruc tu re .  It i s  b e l i e v e d  t h a t  the c o m o n l y  observed 
increase i n  hardness near the surface i s  n o t  an exper imental  a r t i f a c t ,  b u t  r a t h e r  i s  an i n d i c a t i o n  t h a t  
annealed meta ls  a re  more suscep t ib le  t o  work-hardening i n  t h e  near-surface r e g i o n  as compared t o  t h e  bu lk .  
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7 .O Future Work 

The V ickers  microhardness o f  se lec ted  TEM d i s k s  o f  copperfcopper a l l o y s  obta ined from HEDL w i l l  be measured 
us ing the  U n i v e r s i t y  of Wisconsin t e s t  assembly. Resul ts w i l l  be compared t o  prev ious HEDL measurements t o  
v e r i f y  the  c o m p a t i b i l i t y  o f  t h e  two t e s t i n g  procedures. 
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CHAPTER 3 

REDUCED ACTIVATION MATERIALS 
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A COMPARISON OF ACTIVATION I N  STARFIRE AND MARS FIRST WALLS 

H.  L. He in isch  and F. M. Mann (Hanford Eng ineer ing  Development Labora tory )  

1 .o Ob jec t i ve  

The o b j e c t i v e  of t h i s  work i s  t o  determine t h e  a c t i v a t i o n  of t h e  c o n s t i t u e n t s  of p o t e n t i a l  f u s i o n  m a t e r i a l s  
i n  o rder  t o  p rov ide  gu ide l i nes  f o r  t h e  development of l ow- ac t i va t i on  ma te r i a l c .  

2.0 

A c t i v a t i o n  c a l c u l a t i o n s  were performed f o r  elements i n  t h e  MARS and STARFIRE f i r s t - w a l l  p o s i t i o n s .  The 
seven elements considered (N, A l ,  N i ,  Mo, Cu, Nb, Pb) are those which were found f rom e a r l i e r  STARFIPE c a l -  
c u l a t i o n s  t o  r e q u i r e  r e s t r i c t i o n s  i n  o rde r  t o  meet NRC d isposa l  r eou la t i ons .  The importance o f  t h e  neutron 
spectrum i s  demonstrated b y  a comparison of MARS and STARFIRE r e s u l t s .  
f i r s t - w a l l  t h e  same seven elements face r e s t r i c t i o n s ,  b u t  f o r  N i ,  Mo and Nb t h e  a l l owab le  l i m i t s  a r e  two t o  
f i v e  t imes l a r g e r  t han  i n  STARFIRE. 

I n  t h e  harder  spectrum o f  t h e  MARS 

3.0 

T i t l e :  I r r a d i a t i o n  E f f e c t s  Ana l ys i s  (AKJ) 
P r i n c i p a l  I n v e s t i g a t o r :  D. G. Doran 
A f f i l i a t i o n :  Hanford Eng ineer ing  Development Labora tory  

4.0 Re levant  DAFS Proqram P lan  TaskLSubtask 

No r e l e v a n t  task.  

5.0 Accomplishments and S ta tus  

I n t e r e s t  i n  reduced a c t i v a t i o n  m a t e r i a l s  f o r  f us i on  reac to r s  has l e d  t o  c a l c u l a t i o n s  sitch as those i n  Ref- 
erence 1. I n  t h a t  work, a c t i v a t i o n  c a l c u l a t i o n s  were performed f o r  2 7  elements i n  t h e  neut ron  f l u x  of t h e  
STARFIRE f i r s t  wa l l ,  and t h e  r e s u l t s  were examined i n  comparison t o  t h e  NRC r e o u l a t i o n s  f o r  near- surface 
land  disDosa1. 

The STARFIRE desiqn was chosen f o r  t h e  e a r l i e r  s t udy  because i t  i s  conceived as a t y p i c a l  commercial fus ion  
reac to r .  The present  work was undertaken t o  f i n d  o u t  how much t h e  conc lus ions  of t h e  e a r l i e r  work mioht  be 
changed b y  us i ng  a d i f f e r e n t  r e a c t o r  design. In t h e  STARFIRE ca l cu la t i ons ,  seven elements were i d e n t i f i e d  
as f a c i n g  r e s t r i c t i o n s  on t h e i r  concen t ra t i ons  i n  f i r s t - w a l l  m a t e r i a l s  i n  o rde r  t o  meet NRC r e g u l a t i o n s .  
I n  t h e  present  s tudy  t h e  a c t i v a t i o n  of these seven elements, N, A l ,  N i ,  Cu, Nb, Mo and Pb, wore c a l c u l a t e d  
i n  t h e  f i r s t - w a l l  spectrum of t h e  MARS r e a c t o r  and compared w i t h  t h e  STARFIRE c a l c u l a t i o n s .  
Tokamak has a water- cooled LiA103 b lanket ,  r e s u l t i n g  i n  a neut ron  spectrum a t  t h e  f i r s t - w a l l  havino a 
I / v  low energy t a i l .  
a r e s u l t ,  t h e  MARS f i r s t - w a l l  spectrum has compara t ive ly  few neutrons below 10 keV. 
f i r s t - w a l l  spec t ra  a r e  compared i n  F igu re  1. 

The STARFIRE 

The MARS m i r r o r  machine design has a PbLi  b lanket ,  which a l s o  a c t s  as coo lan t .  As 
The MARS and STARFIRE 
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FIGURE 1. 

The MARS calculations were done with the REAC code system(2) used for the earlier STARFIRE calculationz. 
In both cases the irradiation was to a first-wall dose of 10 MWYIm?, followed bv a coolino time of 
3 x lo3 da s (4.2 years). 
1.8 x 1015Yn/cm2. MARS has a wall loading of 4.3 MW/m2 and a flux of 7.74 x 1015 nlcm?. Thus, 
MARS requires less time than STARFIRE to reach 10 MWY/m?, but this time difference has little effect on 
the production of long-lived nuclides. 

Fraction of Flux for Energy Greater than E for MARS and STARFIRE Conceptual Fusion Reactors 

STARFIRE has a first-wall loading of 3.fi MW/m2 and a neutron flux of 

The spectral differences are much more important. 

Table 1 compares decay rates of activation products from STARFIRE and MARS first walls per 10 MWYIm2, 
after 3 x 103 days. 
tional limit of that element in first-wall materials, as determined in the STARFIRE study. In several of 
the elements the production of these critical isotopes differe 

MARS, and in MO the 93Mo production i s  about half as much in MARS. 
between MARS and STARFIRE are slight. 

A star identifies the isotope for each element which is responsible for the frac- 

substantially in MARS and STARFIRE. In Ni 
the 63Ni production is a factor of 5 less in MARS, in Nb the 4 Nb production is a factor of 3 less in 

In Cu A1 and Pb the differences 
For N there is a 30% reduction in i4C production in MARS. 

The production of the critical isotopes in Ni, Nb and Foo is stronqly dependent on neutron Capture (n,r) 
reac t ions .  Neutron capture cross Sections generally have strong responses in the lower neutron energy 
range, which accounts for the spectral sensitivity observed here. 

The results for MARS do not change the primary conclusions arrived at in the STARFIRE calculations. 
seven elements N, Al, Ni, Cu, Nb, Mo, and Pb face restrictions in order to meet NRC requlations for either 
of the conceptual fusion reactors. 
the restrictions are the same for both reactors. 
production of the critical isotopes in these two reactors. 

The 

The particular radioactive isotopes of each element which necessitate 
The important differences are in the magnitudes of the 

Table 2 summarizes the differences in restrictions imposed by the NRC requlation 10 CFR 61 for Class C 
disposal for the STARFIRE and MARS first walls. Only the elements with siqnificantlv different maximum 
allowable concentrations in the two reactors are listed. The hiqher limit on Ni in MARS implies that a 
wider range of low Ni alloys (e.g., ferritics and manganese steels) are available for that reactor desiqn. 
The higher limits on MO and Nb ease restrictions on impurity content, hpnce lowerinp the cost of allov 
production. These differences in first wall alloy requirements are due primarily to the choicp of a PbLi 
blanket over the water-cooled solid breeder. 

Neutron spectral differences will be very important in the blanket region itself. Limits on alloy 
compositions imposed by reduced activation considerations will depend on the neutron spectrum seen by each 
reactor component. Activation calculations must take these spectral differences into account. 
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T A B L E  1 

A C T l V P T l O N  A I  S T A R F I R E  ANI1 MARS F I R S T  WALL? 

PER 10 EIWyr/rn* A F T E R  3000 DAY (8.2 YEAR)  C O O L I N G  

P r o d u c t  
E 1 emprit Isotope 
~ ~ 

PI 3H 
* '4C 

A 1  3 H  
* 2 6 A 1  

C U  
3 t i  

* h 3 N i  

Drray Ra t ?  
- -5TARFIPE 

0 . 7 h  
7.45 x 10-2 

0 . 7 Q  
1 . 7 1  10-7 

3.50 x 10-3 3 . f 1  Y 10-3 
3 . 1 7  10-5 3 . 4 1  x 

n . 7 7  
0.14 
7.67 10-3 

6.51 
?. 71' 
0 . 1 7  
0 .16  
0.16 
p.40 i n - ?  

?.74 
I .it1 
0 .55  

0.67 
7 . 6 1  x 10-1 
7.30 x in-: 
7.01 x i n -  

3.75 x 10-7 

R ? t i n  
M A R S l S T A R F  TR E 

I .n5 
0.70 

1.09 
1.07 

1 .ns 
I . n i  
1 .71  
0 . 7 1  
1 .no 
0 . 1 7  

1 . 0 7  
1 .0P 
1 .on 

1 .on 

1 .nfi 

n.37 
1 .os 

0 . 5 7  
0.54 
1 . 1 ?  
0 . 9 7  

i .nfi 
1.07 

* i so tope  respons ib le  for  t he  f r a c t i o n a l  l i m i t  of t he  element i n  t he  
S T A R F I R E  f i r s t  w a l l .  

T A B L E  1 

ESTIPIATEU M A X I M U Y  ALLOWABLE A T O M I C  C O N C E N I R P I I O N S  PFR 10 E1Wyr/m2, 
R R S E O  ON NRC R E G I J L A I I O N  10 CFR h l  C L A q S  r D I S P O S A L  

PPR S ___ Eleiiient STARFIRE 

N i  0.9% n.3 : :  

r; 7.O PDm 1 .8  Dntn 

i.1 o 30.0 ppm 53.0 ppm 
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7.0 Future Work 

Activation calculations will be performed in the blanket reqions of MARS and STARFIRE. 

8.0 Publications 

A paper entitled “Reduced Activation Calculations for the STARFIRE First Wall,” by F.  M. Mann, has been 
submitted for publication in the Journal of Nuclear Technolouy/Fusion. 

43 



CHAPTER 4 

FUNDAMENTAL MECHANICAL BEHAVIOR 

44 



THE MICROMECHANICAL MECHANISMS OF CLEAVAGE FRACTURE IN MARTENSITIC STAINLESS STEELS 

G.R. Odette, G.E. Lucas, R. Maiti, and J.W. Sheckherd (University of California, Santa Barbara) 

1.0 Objective 

The purpose of this study was to investigate the validity of the Ritchie-Knott-Rice (RKR) model for brittle 
cleavage failure in a specific heat of HT-9. Such a model can he useful in directing alloy development 
efforts in the ferritic alloy system. 

2.0 Summary 

Coupled measurements of tensile and blunt and sharp notch fracture properties were made on a prototypical 
heat of HT-9, which is a 12% Cr martensitic stainless steel. Based on these data, it was found that 
cleavage fracture is controlled by a critical stress-critical distance criteria. The microcleavage 
fracture stress is 2400 MPa, consistent with the observed martensite lath packet size; and the critical 
distance is % 50 pm which is consistent with observed prior austenite grain size. 
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5 . 0  Accomplishments and Status 

5.1 Introduction 

1 Martensitic stainless steels are known to be resistant to many forms of radiation damage such as swelling . 
However. they can be subject to irradiation embrittlement as measured by upward shifts in the trayition 
temperature (T ) delineating the brittle cleavage from ductile microvoid coalescence fracture mode . In 
previous papers we suggested that it may be possible to operate safely thin fusi n structures in the lower- 
shelf temperature regime based on the size dependenq of fracture lases and modes' and the possibility that 
radiation will not decrease lower-shelf toughness (K ) significantly . 

IC 

In part, this conclusion is derived from an assumption that cleavage fracture in this alloy class occurs 
when the applied tensile stress (a ) exceeds a critical microcleavage stress (&) over a critical distance 
( a * ) ,  after the work of Ritqie, &tt, and Rice (RKR) . Such behavior has been observed in a number of 
carbon and low-alloy steels . However, it has not been demonstrated previously for the 9-12% Cr fusion 
candidate alloys ( e . g . ,  HT-9). 

d 

5 f 
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For sharp cracks and in the small-scple yielding limit, u is proportional to the yield stress ((T ) which 
is temperature (TI and strain-rate (€1 sensitive. The maggitude of an varies with distance from tKe crack 
front increasing to a maximum of 2. 3-5 times the yield stress; the value depends on the strain hardening 
exponent?, 2where the flow stress u 0: E" .  The position ( x )  of a particular level of stress varies a s  x ( u  ) 
= R(u )K I O  where K is the applied stress intensity and R the dimensionless stress field distribution n 

function. The critical stress intensity K is obtained when x ( u  = d<) = = R ( @ )  K 2 2  I u  
I C  " f  f IC 0' 

The material properties 2.:: and d2 are expected to be relatively insensitive to parameters such a s  tempera- 
e 1.5 ture, strain rake, .and fine scale matrix microstructure induced by radiation. 

@; that is, Klc 1s not a strong function of 0 which is influenced by the matrix microstructure, hence 

irradiation. However, it should be noted that while Kfc is not sensiLive to ao, the transition temperature 
T 

f 
KIc a w': f In this c a s e ,  

0' 

scales roughly a s  ATd % CAoo. d 

The purpose of this work was to trst the validity of the critical stress-cr.itica1 distance model in mar- 
tensitic stainless steels by measuring the yield and fracture properties u0(€,T), a" and K , which can in 
turn be used to estimate E:'.. In addition, we have attempted to evaluate the relaEions bigween 6: and 2- f 
and the pertinent microstructural characteristics of this alloy class. 

Experimental Details -~ 5 .2  

The Magnetic Fusion Energy (WE) Alloy Development for Irradiation Performance (ADIP) Electroslag Remelted 
(ESRIprogram heat of HT-9 was used in this study . The steel was received in the form of ?. 25 mm hot 
rolled plate with a nominal composition: 

7 

C nn SI NI Cr MO V Cu F e  
.23 .39 .23 .46 1 2 . 3  . 99  .45 .07 bal 

The final heat treatment schedule was a s  follows: solution anneal at 1300°C for 18OOs, air cool; temper at 
750°C for 3600s, air cool. _Figure 1 is an optical micrograph of the microstr-ucture showing both prior 
austenite grain boundaries (d I\. 25 lm) and subgrain martensite lath packets (d 2. 7 pm). In addition, 
transmissio! electron microscoty examinations showed martensite and precipitate s?!ructures typical of this 
alloy c l a s s  . We also noted that the grain boundaries were heavily precipitated. 

Mechanical property specimens were a l l  cut from the plate with a transverse orientationL3 Round te sile 
specimens 3.2 mm in diameter with a 25.4 mm gage length were tested at strain rates of  10 and 3 s and 
at temperatures from 172OK to 339°K in an  MTS 810 load frame. Test data were analyzed to provide yield ( E o  

= .002), ultimate tensile stress, and work hardening data. 

P 

Both standard and subsized Charpy-V-notch specimens were tested over a similar temperature range on an 
instrumented pendu um and drop tower-, using procedures establirhed by the Electric Power 
Research Institute . Estimated notch stain rates varied from 100 to 300 s . All dimensions of the 
subsized Charpy (SCVN) specimens were 113 that of  standard specimens. Load-time and velocimeter measure- 
ments were used to determine trst parameters such a s  general yield ( P  ) and maximum (P ) loads and total 
energy absorbtion. 

respectively, 4 

gY m 

Blunt notch bend bars with the following dimensions were tested in four-point bending at temperatures 77% 

to 2 9 8 O K  and effective notch tip strain rates of 10 s and 50s : load span 63.5 m; support span 
38 .1  mm, thickness 12.7 mm; width 12.7 mm; notch depth 4 . 2 3  mm, notch angle 4 5 O .  These are ofteqdeferred 
to as G-0 bars after a detailed finite element analysis of  that geometry by Griffiths and Owen . This 
analysis provides the ratio of the maximum principal to yield stress far a range of maximum to general 
yield loads and permits evaluation of d;. Cleavage failures, and hence valid GO tests, were only obtained 
at the higher strain rate at temperatures less than 172°K. 

-4 -1 -1 

*The dynamic facillty used is located at Fracture Control Corporation of Goleta, CA, and their assistance 
is gratefully acknowledgrd. 
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Both .4T (10 mm) and 1T (25 m) fatigue precracked bend bars were tested at notch strain rates of e % 

-2 -1 
10 f l  

at temperatures from 140°K to 213OK according to ASTM E 399 procedures to measure static tough- 
ness . 

Examination of fracture surfaces of the various specimens was carried out using an ETEC scanning electron 
microscope (SEM). 

5.3 Results and Analysis 

Figure 2 shows yield stress data versus a strain rate temperature parameter P. = T('K) log lO8/;(s-l) for 

temperatures less than I 260°K, which is the regime of interest. The dynamic yield stress data are from 
CVN P measurements . However, data points near Td, which are subject to both large scatter and sys- 

tematic deviations are not included. The linear correlation for a observed in Figure 2 was used in the 
subsequent analysis. Ultimate tensile strengths (a,) were found t"o be au I\. 1.2 0 for the static tests 
with a slight decrease in the ratio at dynamic strain rates. Work-hardening exponen& (n) were observed to 
be n % .13. 

8.T 

gY 

The CVN energy absorbtion data had a 415 (30ft- b) index temperature of % 300°K with the knee starting at 
200 OK. Linear elastic blunt notch toughness'' [KIc(p = .25 m)] values were found to be % 94 and 88 MPa 
& at -200 and -173OK, respectively. A rapid upswing to elastic plastic fracture was observed at higher 
temperatures [KJm (p = .25 mm) % 120 to 330 MP 6 far T = 210 to 300"KI roughly paralleling the CVN total 
absorbed energy upswing. The normalized (E/b B) energy absorbtion of SCVN and CVN specimens had similar 
shapes, but the SCVN was shifted to slightly lower temperatures in the transition regime (% 10-15'K). 

Maximum load data from the GO bar testing and the yield stress correlation were used to directly compute 
&, and the results are shown in Figure 3. and Pm 
data; with 0" = M P" at Pm = P or Pm = .8  P where M = 73.1, 84.1 MPa/N depending on the notch 

field analysis and yield criteria (i.e., Von Mises or Tresca) Values of d; determined from CVN data are 
also shown in Figure 3. The linear elastic blunt notch toughness values from tht Charpy data can also be 
used to estimate & using an expression proposed by Wullaert, Ireland and Tetelman The results are also 
shown in Figure 3. 

The magnitude of d; can also be estimated from CVN P" 
f gY 

f CVN gY gY gy' 1 P  . 
5 . f 

The SCVN P However, this required adjusting for the lower 

general yield and maximum load-stress relations found for the SCVN compared to the CVN. An empirical 
correction factor of ?. 1.3 was found based on the observed general yield loads compared to those calculated 
from the yield stress correlation. Using this value and MSCW 7 SMEW. d; estimates from the SCVN tests 
were made and these are also shown in Figure 3. values of 9 = 2400 ? 100 MPa are 
found independent of temperature. 

Pm data can be also used to estimate d;. 
gy' 

Notably, consisten 

These can be used with measured K values to evaluate i*. data was obtained only at 173 and 
186-K. All other measurements from 140 to 215°K had appropr2:eidP% ratios ( 5  1.1) but had inadequate 
thicknesses to he classified as "valid". KIc within 
material data scatter. Values of K 

IC 

However, the actual value! 09 K are expected to be Q and KQ are shown in Figure 4. 
I C  

4 We have pyviously shown that crack tip stress fields can be reasonably represented by spline fits 
A-B(K/a ) . Using the RKR model this yields an expression for toughness in the form 

ann/Uo = 

Y 
KI = &2*/(A-d;/ao) (1) 

C 

Appropriate st.ress field parameters for this steel (n % .1 and K lao < .12) are A = 4 and B = 100. The 

values of i* derived from Equation 2 (assuming a s ) )  are also shown in Figure 4 in par- 
entheses next to the data points; they are found'ta be" independent of temperature with values of i* r 54 
(f10) pm. The banded region in Figure 4 shows K predicted by Equation 1 for e* = 50-60 pm and for Uo 

values corresponding to strain rate in the range e 10 -10 s .* The magnitude of the band width deman- 
strates the sensitivity of the position of the knee region to this parameter. 

-2 '-1 = a (i = 10 

I F  -2 -1 -1 

"Estimated upper limit of the effective notch strain rates 
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5 . 4  Discussion 

The constant values of 6: and e:; and the general  shape of the lower shelf toughness curve strongly supporr 
the applicability of a critical stress-critical distance model for c leavage  fracture in this martensitic 
stainless steel. Further, evidence supporting this is available in the magnitudes of these properties 
relative to microstructural characteristics of this steel. 

f . .  

The value of The value of u* f = 2400 is consistent 

with measurements o f  Brozzo in low-carbon martenatic steels'' and Green17 and Curry" in low alloy steels 
with similar subgrain structures and sizes. In particular,these studies suggest that Qk is controlled by 
the martensite/bainite lath packet size d varying a s  This compares 
to c * 200 MPa 6 for,qT-9 (dM 2.7pm). These values of C P C  are  also in reasonable agreement with the @ 
model proposed by Knott , suggesting uk is controlled by crack propagation from a cracked packet throw6 f adjoining martensite laths which fail by f6?16tile internal necking process.  This theorticial interpreta- 
tion and experience with the other steels suggests that the cleavage facets should roughly correspond 
to the packet morphology. This is clearly shown in the fractograph shown in Figure 5, where the packet 
substructure is clearly visible in the grouping of cleavage facets. We a l s o  note that the value of 2- 
2d may suggest that the fracture initiation site is a prior austenite grain boundary, which we have noted 
toabe heavily precipitated. 

54 is approximately 2 prior austenitic grain sizes. 

f- 
2. c / G ;  where c z 190 t 20 MPa Jmm. 

f 

The excellent low temperature toughness of the ESR heat of HT-9 is very encouraging and supports the possi- 
bility that these steels can be used for many fusion applications even when high transition temperatures 
result from significant i n  service irradiation embrittlement. Further, these results will assist in 
developing procedures to correlate radiation damage data and guide efforts to develop improved alloys 
through compositional and microstructural tailoring. These topics will be the subject of future research. 

5.5 Conclusim"~ 

The flow and fracture properties of the MFE-ADIP program heat of ESR HT-9 were measured in the cleavage 
fracture regime. Analysis and evaluation of these results provided the following conclusions: 

1. 

2. 

3. 

4. 

5. 

6.0 

1. 

2 .  

3. 

4 .  

5. 

6. 

7. 

8. 

> This heat has excellent lower shelf toughness with Klc - 55 MPa 6. 
The fundamental micromechanism of fracture is a critical tensile stress operating over a critical 
microstructural distance; and this mechanism can he modeled using a modified RKR formulation. 

The critical microcleavage fracture stress is Q'c z 2400 MPa and is controlled by the martensite lath 
packet size. 

The critical distance e* z 50 pa and appears to he controlled by the prior austenite grain size. 

These results can be used to both assist damage analysis and alloy development efforts. 

f 
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Figure 1. Micrograph of the lath martensitic microstructure of the ESR heat of HT-9 ( 4 0 0 ~ ) .  

Figure 2. Variation of the yield stress with P- 
E,T' 
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Figure 3. Variation of the critical microcleavage stress a* with test temperature. f 
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Figure 4 .  Variation of K-- (K-.) with test temperature. 
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A MODEL FOR IN-REACTOR STReSS RUPTURE OF AUSTENITIC STAINLESS STEELS 

G.R. Odette (University of California, Santa Barbara) 

1.0 Objective 

The objective of this work is to assess tbe mechanisms controlling creep rupture and to evaluate possible 
changes due to irradiation. 

A model for in-reactor stress rupture of austenitic stainless steels is proposed. This model is based on 
stress-induced creep cavity formation on a fraction of an evolving distribution of helium bubbles. Creep 
deformation and its coupling with creep cavity growth in the boundary, near boundary precipitate free zone 
and grain matrix are considered. The model is calibrated to some high temperature in-reactor data and 
extrapolated to lower temperatures where irradiation creep is dominant; relatively high ductilities in 
breeder spectra are predicted due to delocalization of microstructurally insensitive ir sdiation creep 
strains. 
ductility l/&e/dpa a. 

At low stresses, the rupture exposure is predicted to scale as a l/@hie/dps d and the total 
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5.0 Acomplishnts and Status 

5.1 Introduction 

At low stresses, creep ruptyre in austenitic stainless steels usually occurs by the accumulation of grain 
boundary cavitation damage. Irradiation can significantly degrade both rupture strength and ductility, 
although the magr$vde, and even the sign, of the effect depends on a ccmbination of material and environ- 
mental variables. ' 

Simple analytical models of rupture time and ductility are developed which account for the critical vari- 
ables of microstructure, stress, temperature, helium content, and the creep law. These mdels are 
calibrated and tested using existing data and then used to assess scaling of creep rupture properties 
between various fission and fusion environments. 

5.2 Background 

For unirradiated austenitic alloys, the creep failure process can be divided into regimes of: cavity 
formation; cavity growth; and failure at a critical cavity v o l w .  
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The cavity formation process is associated with boundary second-phase particles. Independent of the de- 
tailed mechanism (i.e., prior damage, grain boundary sliding-stress amplification, etc.), 4creep cavity 
number densities and formation kinetics are largely controlled by the boundary microstructure. 

Stress-driven cavity growth can t a p  place by a variety of mechanisms, ranging from unconstrained boundary 
diffusion to pure power law creep. The controlling mechanism is a function of cavity size and spacing, 
distribution of cavitated facets, stress, stress-state, temperature, and the microstructure and deformation 
properties of surrounding regions. Indeed, cavity growth may follow a birth-to-death trajectory through a 
"mechanism and rate space", transgressing.severa1 regimes. However, bat$ theofy an$ observation suggest a 
close coupling of the cavity growth rate, v, with the overall creep rate &, or v 01 K&.  5The coupling para- 
meter K depends on both the growth mechanism and the array of variables outlined above. 

Failure criteria result from a critical grain boundary ar&a fraction of cavities. 
concepts lead t o  the widely observed Monkman-Grant relation, 

In combination these 

it = c (1) r MG' 

where tr is t.he rupture time. The parameter C reflects both the efficiency of creep-cavity growth 
coupling and ].oca1 ductility limits; CMG generalY5 decreases with decreasing stress and is sensitive to 
boundary microijtructure. 

Since irradiation can perturb all of these processes, tractable models require identification of dominant 
mechanisms. Such dominance is observed in the role of high levels of transmutant o r  injected helium in 
enhanci g the number density of creep cavities and a corresponding reduction in ductility and rupture 

viz. - helium embrittlement. 

5 . 3  &ription of the Model 

The model compments include: 

1. Stress (a) activates the growth of the fraction of a distribution of grain boundary bubbles containing 
helium in excess of a critical number m*. When the bubble induced creep cavity density (Nc) exceeds normal 
values, embrittlement occurs. 

The critical number m* is a function of surface energy y,  an interface factor F for bubbles on precipi- 
tates, normal boundary, stress 0, and temperature T as 

V a 

(2) 
3 2  m* = AFvy IT o , 

4 where. for an idea3 gas,  A * 8 . 6  x lo2* KfJ. 
for y = 1 .15  Jlm p d  F = 1. If the creep cavity density is 10 lm , which is about 10-100 times 
unirradiated values. only a fraction of a ppm of grain boundary helium are required (e.g., 0 . S  ppm at a 
typical grain size of 20 pm). 

For example, at T = 10pg°K2and 0 = 100 m a ,  m* .* 4 . 6  x 10 
V 

Some bubbles would contain less helium than m* and others more. For in-reactor conditions, creep cavity 
densities wo Id increases with time due to the accumulation of boundary helium. It is assped that a total 
density of N bubbles form early 2nd grow as a constant (self-similar) distribution Nb(m/m) when scaled in 
terns of an average helium n-umber ml Hence, the creep cavity density would represent that fraction of the 
bubble dist ibution with m/ro > m*/m as illustrated in Figure 1. In-reactor values of m*/m would decrease 
with G;Iet/Nb, where G' t is the total grain boundary helium (per unit area). It is convenient to represent 

the functiona:l dependence by a decreasing polynomial in the form Nb(m/i) a (i/mIQ in which case N a 

(i/m*)(Q+l). Further, assuming that N scales with boundary helium deposition rate G' as N a G;IZ,  and 
using Eq. 2, it can be shown that 

Y 

f 
b 

He 

C t t 
b He h 

(3a) Nc a (G;Iet) R ,,2(Q+1) 

where 

R = Q - PQ + 1. (3b) 

Typical valuer: of the scaling and distribution parameters are P * l/Z1O and Q .* 2*. However, it is noted 
that the overall results are relatively insensitive to these values and the specific model assumptions 
(e .g . ,  continuous buhhle nucleation and growth leads to roughly similar conclusions). 
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Figure 1.  Schematic illustration of stress-activated creep cavity formation on a fraction of self-similar 
scaled (m/m) bubble distribution. 

G R A I N  
BOLINDARY 

I 

Figure 2. The three microstructural regions considered in the creep-coupled cavity-growth model. 

- MODEL 

lo- ’  
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Figure  3 .  Predicted creep rate due to PFZ dislocation climb-cavity growth mechanism compared to data. 
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2 .  Cavity growth is not directly perturbed by helium, but depends on the prevailing temperature, stress 
and stress-state, and microstructures and deformation properties of,three regions: the grain boundary, the 
near boundary precipitate free zone (PFZ), and the grain matrix, illustrated in Figure 2 .  The appropriate 
cavity growth model, therefore, must consider the particular set of enviroruoental and material conditions. 

3. Rupture occurs at a critical area fraction of cavities on individual grain facets. The l o c a l  failure 
ductility, due to cavity growth is 

E e % . 2  h/d % l/lOfic ( 4 )  

for a coverage of 0.25, where A is the cavity half spacing and d the grain diameter. 

The total ductility is equal to the critical damage strain plus the creep required to grow the cavities to 
critical size. Low ductility i s  associated with localized strains, low-critical damage strains, and effi- 
cient creep cavity growth coupling. 

5.4 

A convenient data set to test and calibrate the model is due to Wassilew et al., 11'12 for a German DIN 
1.4970 stainless steel in the cold-worked and aged condition. Because of space limitations, onlyltJe low 
stress in-reactor condition is treated here; behavior in other regimes is discussed elsewhere. The 
irradiation temperatures were high (T 72OOC) with modest total damage accumulation levels (maximum H e  
140 appm and dpa % 5). Stress varied between about 40 to 150 HPa. The irradiation severely reduced both 
rupture time and ductility, with somewhat different behavior observed in low (< 100 HPa) and high-stress 
regimes. 

Calibration and Testing of The Hodel 

The grain boundaries of irradiated lsi,teteels are heavily precipitated (see  Figure 2 ) .  Hence, boundary 
diffusion may be severely inhibited. However, it is proposed that the surrounding PFZ can creep by 
operation of dislocation sources by a Herring-Nabbaro type stress induced flow of vacancies to boundary 
cavities. Such creep is inhibited in the hard matrix. It is further assumed that constraint effects are 
minimal at low strains ( 5  1%). and as a result of factors such as relatively uniform facet cavitation (due 
to helium bubbles) and easy shear in the PFZ. Thus, the creep rates may be modeled for diffusion in a slab 
(z/d when z is the PFZ dimension) as 

where D is the lattice self-diffusion coeffici t and R the vacancy volume. 
d = 20 fun and a nominal Ds 5 exp ( - 2 . 8  (ev)/kT)" yields the good agreement shown in Figure 4 .  

Substituting typical value of 

The creep is localized in the PFZ and due to cavity growth. Using the relations: E d/z t = Et/€, t 
a A/d, A a I/&, and Eq. 3 and 5 results in the expressions 

( 6 )  

and 

Et a 11% 0 ( 7 )  

for P = 112 and Q = 2 .  For different P and Q parameters or even model assumptions, the results are similar 
(.3 to . 6 )  m(1.3 to 2) 

le.g., tr a 1 / ( G h e  I .  

The model can be calibrated to the data by matching the predicted and observed rupture ductility at one 
stress level; this was done at 100 Nla where * 0 .006 .  The rupture time and ductility predictions at 
other stresses are shown in Figures 4 and 5 ;  agreement is excellent. This calibration can be interpreted 
in terms of a cavity spacing h % .5 pm. This is not only a reasonable value, but, more importantly, it is 
readily measurable. The alternative of calculating cavity density from first principles is certainly 
desirable but must be regarded as a long-term goal. 
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Figure 4 .  Predicted rupture time f o r  PFZ diffusion creep compared to data. 
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Figure 5 .  Predicted ductility compared to data (calibrated at 100 MPa) 

5.5 Scaling of Creep Rupture Parameters 

The data set modeled in Section 4 was at high temperatures associated wit a minance of diffusion creep. 
However, at l o y .  temperatures more pertinent to structural applications, irradiation creep will become 
more important. Irradigtion creep is relatively insensitive to microstructure, and rates in the PFZ and 
matrix would be similar. The net effect would be to "delocalize" the deformation from only the PFZ to 
the entire grain. However, the dilational component of creep local t o  the boundary related to cavitation 
damage would be similar to that experienced in the high temperature diffusion creep regime. This behavior 
is illustrated in Figure 6 .  

Hence, 
creep Eq. 5.  The resulting expressions for rupture time and ductility are 

the rupture process can be modeled with an irradiation creep model & = Bo replacing the thermal 

2 dpa, = I / d m  u 

and 
e =  L, 

u m a  

where He/dpa is the helium to displacement ratio, assuming that the boundary concentration scales with the 
total helium level. At similar helium levels and stress, the ductility for the irradiation dominated creep 
case should be .* d/z (I 10) times that for diffusion creep. Hence, at a = 100 MPa, the irradiation creep 
ductility is 2. .06  at a helium level of I 30 appm. For a fast fission He/dpa ratio of . 3 ,  this corresponds 
to a rupture exposure of 2. 100 dpa. Using an irradiation creep coefficient of B = 5 x 10 /MPa-dpa, I 2. 
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Figure 6 .  Schematic of how irradiation creep delocalizes strains and increases ductility at lower tempera- 
tures. 

1500/MPa3I2 dpa1I2. Figure 7 shows the predicted rupture exposures and ductilities as a function of stress 
for this model normalization at Heldpa ratios typical of mixed spectrum (?. 70 appro/ dpal and fusion (* 10 
appmldpa) spectra. The model is truncated at high-stress levels associated with a shift to unirradiated 
power-law creep controlled fracture. 

2 Bath rupture strength and ductility scale as 11- and with 110 and 110 dependence, respectively. 
Relatively high ductilities are predicted for breeder reactors due to the uniform character of irradiation 
creep strains; however, even in this case the rupture life is significantly reduced by helium-enhanced 
boundary cavitation at low stresses. 

5.6 Discussion and Conclusions 

The simple models developed and calibrated in the previous sections provide a useful basis for estimating 
the scaling of stress-rupture parameters with factors such as helium stress, microstructure, and the creep 
law. 

Specifically, the following conclusions obtain: 

1. The microstructure and deformation behavior of the grain boundary near boundary (PFZ) and matrix 
regions should be considered in modeling stress rupture in irradiated stainless steels. 

2 .  Helium embrittlement occurs when creep cavity densities formed on helium bubble sites exceed those 
normally induced by stress. For in-reactor condition?, this is a function of both rupture time and stress. 
Rupture exposure scales roughly as dpa, 5 11- 0 . 

3. 11-a a. How- 
ever, for conditions dominated by irradiation creep, total rupture at equivalent helium levels strains are 
much greater then for high-temperature diffusion creep controlled rupture (by a factor ?. zld). This 
rationalizes the relatively high ductility observed in breeder reactor creep experiments. 

At low stresses, diffusion or irradiation creep leads to ductility scaling as et 

4 .  Either high-stress (e.g., power law creep) or low-helium environments, and particularly both, may be 
significantly less sensitive to helium embrittlement than low-stress high-helium conditions pertinent to 
fusion-service environments. 

5. 
controlling stress rupture in irradiated austenitic alloys. 

Alloy design efforts to reduce the flow of helium to the grain boundary appears to be the best means of 
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CORRELATION OF FRACTURE TOUGHNESS WITH TENSILE PROPERTIES FOR IRRADIATED 20% COLD-WORKED 316 STAINLESS STEEL 

M. L. Hamilton, F. A. Garner (Hanford Engineering Development Laboratory) and W. G. Wolfer (University of 
W i scons i n) 

1 .o Objective 

The object of this effort is to provide correlations between various irradiation-induced property changes 
in order to extend the body of data relevant to development of fission-fusion correlations. 

2.0 Sumnary 

A modified version of the Krafft correlation has been successfully employed to estimate the fracture tough- 
ness of irradiated AIS1 316 using more easily obtained tensile data. 
saturates with neutron exposure at -400°C. It also exhibits a dependence on both irradiation temperature 

It appears that fracture toughness 

and test temoerature. 

3 .0  Program 

Title: Irradiation Effects Analysis (AKJ) 
Principal Investigator: D. G. Doran 
Affiliation: Hanford Engineering Development Laboratory 

4.0 Relevant DAFS Plan Task/Subtask 

Subtask II.C.14 Models of Flow and Fracture Under Irradiation 

5.0 Accomplishments and Status 

5.1 Introduction 

It has recently been shown that a reduction in fracture toughness due to irradiation can have a significant 
impact on the lifetime of the first wall of a fusion reactor.1 
mode of failure (leak vs. sudden crack propagation) will depend on the fracture toughness. 

Experimental determination of fracture toughness for irradiated materials is hampered by several considera- 
tions. 
the limited irradiation test space available in either FMIT* or fast breeder and mixed-spectrum fission 
reactors. 
of the expected fracture toughness. 
estimating fracture toughness from the tensile properties of irradiated s ecimens having a much reduced 
size. This possibility was discussed a t  some length by Wolfer and Jones,? and it was pointed out that 
the appropriate correlation between fracture toughness and tensile properties is fundamentally different 
for materials exhibiting homogeneous - plastic flow and those experiencing localized flow. 

Both the fatigue crack growth rate and the 

First, both standard and miniature fracture toughness specimens are rather large with respect to 

Second, selection of the minimum size for valid test specimens requires some a priori estimate 
For these reasons it is desirable to explore the p o s s m y  of 

- 

*FMIT designates the Fusion Materials Irradiation Test Facility planned for construction on the Hanford 
Reservation in Richland, WA. 
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A l i m i t e d  number of toughness measurements have r e c e n t l y  become ava i l ab le  f o r  20% cold-worked A I S I  316 
s t a i n l e s s  stee1.3-5 
which t h e  toughness specimens were constructed. 
attempt t o  c o r r e l a t e  f r a c t u r e  and t e n s i l e  p roper t ies .  

Tens i le  p rope r t i es  have a lso  been determined on ma te r i a l  i d e n t i c a l  t o  t h a t  f r o m  
It i s  t he re fo re  poss ib l e  t o  t e s t  r e l a t i o n s h i p s  which 

5.2 The Toughness Data 

Huang and Fish3 performed t e n s i l e  t e s t s  a t  593'C on notched and unnotched specimens made f rom ducts i r r a d i a -  
t e d  a t  375-415°C i n  E B R - I 1  t o  a f luence of 7.8 x 1022 n / c d  ( E  > 0.1 MeV). 
o f  t he  load-displacement curves from two notched specimens, they  obta ined f r a c t u r e  toughness values a t  a 
t e s t  temperature o f  593°C ranging from 57.2 t o  67.7 MPah f o r  i r r a d i a t i o n  a t  375-415°C. 

Huang and Wire4 a l so  made measurements on compact tens ion  specimens f ab r i ca ted  from an EBR-I1 duct  i r r a d i a -  
t e d  t o  f luences  o f  11.0 t o  11.3 x 1022 n / c d  ( E  > 0.1 MeV) a t  temperatures ranging from 377 t o  4OOOC. 
t e s t  temperatures were 20, 232, 427, 538 and 649OC. 
Huang5 and are shown i n  F igure  1. 
d i c t  t he  toughness f o r  u n i r r a d i a t e d  ma te r i a l  b u t  n o t  f o r  i r r a d i a t e d  ma te r i a l .  

Based on a J - i n t e g r a l  ana lys is  

The 

These authors4.5 a lso  showed t h a t  t he  Hahn-Rosenfield model6 cou ld  pre-  
These r e s u l t s  have r e c e n t l y  been rev i sed  s l i g h t l y  by 

5.3 The Tens i l e  Data 

I n  a d d i t i o n  t o  t he  da ta  on unnotched t e n s i l e  specimens repor ted  by Huang and Fish, t h e r e  e x i s t  p rev ious l y  
unreported t e n s i l e  da ta  on unnotched specimens der ived  from t h e  same E B R - I 1  ducts from which t h e  compact 
tens ion  specimens were fabr icated.  As shown i n  Table 1 these data a t  10.0 x l o z2  n/cm2 cover a somewhat 
l a r g e r  range o f  i r r a d i a t i o n  temperature (379 and 452OC) than t h a t  explored by Huang and coworkers. 

5.4 m o d i f i e d  K r a f f t  Model 

The model chosen most l i k e l y  t o  r e l a t e  f r ac tu re  and t e n s i l e  p rope r t i es  i s  t h a t  o f  K r a f f t 7  as modi f ied by 
Schwalbe and Backfisch.8 Th is  choice was based on t he  comparative success of t h i s  model over t h e  Hahn- 
Rosenf ie ld model i n  a s i m i l a r  ana lys is  conducted on A I S I  316 i r r a d i a t e d  i n  HFIR2. The K ra f f t  model con- 
s i de rs  f r a c t u r e  i n s t a b i l i t y  as occur r ing  i n  small  elemental f r a c t u r e  c e l l s  l y i n g  along t h e  crack f r o n t .  

120 

k m  
k 
P 
G 
Y 

40 

FRACTURE TOUGHNESS 
SPECIMENS IRRADIATED 
AT 377-4W°C TO / 4 1  x 10.22 nlcm2 

SPECIMENS AT 
7.8 x I@ nlcm2 

0 
0 m 400 wo 

TEST TEMPERATURE. 'C 

FIGURE 1. F rac tu re  Toughness Data f o r  20% cold-worked 316 s t a i n l e s s  s tee l ,  by Huang and c0workers .3 -~  

61 



TABLE I 

TENSILE P R O P E R T I E S  AND PREDICTED VALUES OF FRACTURE TOUGHNESS FOR 20% COLD-WORKED 
316 DUCTS IRRADIATE0 I N  EBR-I1 TO 10 x l o z2  n/cm2 (E>0.1 MeV) 

I r r a d i a t i o n  Temperature = 379'C 

S t r a i n  Test  Y i e l d  U l t i m a t e  Uniform T o t a l  P r e d i c t e d  
Rate Temp. S t ren  t h  S t r e n g t h  E l o n g a t i o n  E l o n g a t i o n  Toughness, K I ~  

Specimen (sed) ("c) (MPa? (MPa) ( % I  ( % )  (MPa fm) 

M l D l  4 . 4 ~ 1 0 - 5  20 793 1121 13.6 19.3 192 

M2D1 4.4~10-5 379 787 838 1.9 4.0 75.8 
M2D2 4.4~10-5 491 699 747 1.4 4.1 74.4 

M1D2 4 .4~10-5  232 859 925 2.7 6.0 96.0 

M3D1 4.4~10-4 232 894 949 2.2 5.3 
M4D1 4.4~10-4 538 716 760 0.9 4.9 

91.3 
87.3 

M4D2* 4.4~10-4 649 50 1 527 1.3 3.8 59.5 

M5D1 4 . 4 ~ 1 0 - 3  232 880 957 2.6 5.9 97.5 
M5D2 4 .4~10-3  379 782 867 1.1 3.3 75.9 
M6D1 4 .4~10-3  538 673 688 0.6 3.3 66.7 
M6D2* 4 .4~10-3  649 524 545 0.9 3.7 60.4 

I r r a d i a t i o n  Temperature = 452OC 

M l I l  4 .4~10-5  20 749 870 12.4 18.1 
M1I2 4 . 4 ~ 1 0 - 5  232 707 778 5.6 8.3 

157 
103.2 

M2I1 4.4~10-5 452 731 829 4.4 7.1 102.0 
M 2 I 2  4 .4~10-5  563 621 659 1.4 3.4 63.1 

M311 4 .4~10-4  232 834 938 7.7 10.5 128.8 
M312 4 . 4 ~ 1 0 - 4  427 724 80 1 6.3 9.3 113.6 
M4I1 4 .4~10-4  538 61 2 652 2.1 4.0 67.1 
M412* 4 .4~10-4  649 414 448 1.6 3.8 55.1 

M511 4.4~10-3 232 832 92 1 6.8 9.1 118.2 

M611 4 .4~10-3  538 633 68 1 4.2 6.6 88.0 
M512 4 .4~10-3  452 728 775 2.0 4.0 73.1 

M612* 4 . 4 ~ 1 0 - 3  649 448 5 2 5  3.2 6.2 77.5 

* 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 .  

These c e l l s  a c t  as coherent  d u c t i l e  l igaments which a re  t h e  l a s t  connect ing l i n k s  a t  t h e  c rack  f r o n t .  
I n s t a b i l i t y  i s  v i s u a l i z e d  t o  occur  when a c r i t i c a l  s t r a i n  develops over  a s p e c i f i c  d i s t a n c e  ahead of t h e  
c rack  t i p .  
necessary f o r  a c rack  propagat ion element. 
knowledge o f  t h e  n a t u r e  o f  t h e  f r a c t u r e  su r face  and t h e  c rack  n u c l e a t i o n  s i t e s .  

The mod i f ied  K r a f f t  c o r r e l a t i o n  i s  g i v e n  b y  

T h i s  d i s t a n c e  i s  r e f e r r e d  t o  as t h e  process zone s ize,  which i s  t h e  s m a l l e s t  m a t e r i a l  dimension 
The cho ice  o f  t h e  a p p r o p r i a t e  process zone s i z e  r e q u i r e s  Some 

where: oY = y i e l d  s t r e n g t h  
e f  = t r u e  f r a c t u r e  s t r a i n  

E = Young's modulus 
Y = Po isson 's  r a t i o  
n = s t r a i n  hardening exponent 

d* = s i z e  o f  t h e  f r a c t u r e  process zone 

The va lues of d* and E f  a r e  somewhat vaguely defined, however. 
we have chosen t h e  g r a i n  s i z e  and t h e  t o t a l  e longa t ion ,  r e s p e c t i v e l y .  
g i v e n  i n  t h e  d i s c u r s i o n  sec t ion .  

For  i r r a d i a t e d  a u s t e n i t i c  s t a i n l e s s  S t e e l s  
The reasons f o r  these cho ices  w i l l  be 

The average g r a i n  s i z e  o f  t h e  E B R - I 1  duc ts  was 250 fl. 



If power-law strain hardening is assumed, 

where c 0  and so are two arbitrary reference values of the unaxial strain and stress, resDectively. 
strain-hardening exponent n can then be obtained from the relationship 

The 

n = en(a IO ) I en(E EU/Qy) (3) U Y  

where mu and cU are the true ultimate stress and true uniform strain. 
small, on the order of 0.03. 

In these irradiated specimens n is 

5.5 Results - 

The values of fracture toughness predicted by Equation 1 are shown in Table 1. Some entries in Table 1 are 
designated by a star, representing tensile tests carried out at temperatures sufficiently high that failure 
is expected to be intergranular. For these cases, the correlation is not expected to be applicable. 
ure 2 shows a comparison of the toughness data of Huang and Wire and the predictions o f  this correlation 
using tensile data from Table 1 for irradiation at 379°C. 
593OC for the two notched specimens reported by Huang and Fish.3 

The agreement between actual toughness measurements and predictions based on tensile data is quite good; 
both exhibit a similar dependence on test temperature. 
dence of toughness on irradiation temperature. 
11.0 x 1022 n/cd suggests that fracture toughness at 40OoC saturates at relatively low fluence and does 
not decline thereafter. 

Fig- 

Also shown are predictions o f  toughness at 

The data o f  Huang and Fish suggest a slight depen- 
The agreement of data and predictions at both 7.8 and 

t t 
Y 

40 *I A PREDICTIONS 
AT 376 8 4 W C  
FOR NOTCH 
TENSILE TESTS 

STRAIN RATE OF 
TENSILE TESTS Isec-1) 
0 4.4 x 104 

Ai3 4.4 x 104 t 0 4.4 x 103  I 
0 1  I I I I I I I 

200 400 8(10 0 

TEST TEMPERATURE, OC 

FIGURE 2. Comparison of Predictions at an Irradiation Temperature of 379Y with Toughness Data (solid sym- 
bols) at 375-415°C. 
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To explore the possibility of a toughness dependence on irradiation temperature, the tensile data from 
specimens irradiated at 452°C were used to make predictions of toughness. 
ity to irradiation temperature is indeed predicted, but only for tests conducted below the irradiation 
temperature. 

Figure 3 shows that a sensitiv- 

a n 
I 
P 
Y 

40- 

0 

5.6 Discussion 

- BAND CONTAINING 
TENSILE - BASED 
PREDICTIONS FOR 
IRRADIATION AT 379°C 

STRAIN RATE OF 
TENSILE TESTS laec-1) 
0 4.4 x 106 
n 4.4 104 
0 4.4 103 

- 

I I I I I I 

Since toughness data are available for only a limited range of irradiation temperatures, there is no oppor- 
tunity at present t o  test the general applicability of this correlation to a wider range of irradiation 
conditions. 
easy-to-measure parameters, grain size and total elongation. 
tuitous, a rationale is required for the relevance of these parameters to this model and this material. 

There has been no definitive guidance for selection of these parameters. 
form elongation but Schwalbe and Backfisch assumed that logarithmic fracture strain based on reduction of 
area 'represents a reasonable measure." 
established, and the chief virtue of the latter is its apparent success. 

Both Krafft and Schwalbe agreed, however, that whatever critical strain parameter was chosen, it should 
correspond to some appropriate microstructural feature which defines a process zone size. 
toughness and tensile data to calculate apparent process zone sizes and concluded that for soft and medium 
strength materials the zone size was smaller than the grain size. 
the zone size to be on the order of the grain size. 
strength of ~ 8 0 0  MPa9 and therefore qualifies as a high-strength material. 
on softer materials with hard inclusions that served as void nucleation sites and specified the dimple 
diameter on the fracture surface as the process zone size. 

In irradiated 316 stainless steel the grain interior is hardened extensively by high densities o f  small 
voids, precipitates and Frank l00ps.~ Grain boundaries are relatively free of these smaller obstacles 
but larger n-silicide precipitates are present at the boundaries10 which may serve as crack nucleation 
sites. Huang5 notes that plate-like or "channel" fracture surfaces occur in these specimens. 
faces are dominated by facets, which approach the grain size for tests at 538°C. 
observed in irradiated AISI 30411912 and has been shown to result from channeling of dislocation 

It is fortunate, however, that the successful correlation at 379'C employs two convenient and 
If this correlation is valid rather than for- 

Krafft originally suggested uni- 

The superiority of either of these over total elongation cannot be 

Krafft used 

For a high strength material he found 
AISI 316 irradiated and tested at d0O'C has a yield 

Schwalbe and Backfisch focused 

These sur- 
Channel fracture has been 

r I I I I I I l I 0 

I 2 O t  
0 

0 

I 
1 

FIGURE 3. Comparison of Toughness Predictions for Irradiations Conducted at 379 and 4 5 2 O C .  
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activity through narrow deformation zones. 
leads t o  local strain estimates of several hundred percent. 
crack nucleation is a potential consequence. 

Distortion of irradiation-induced voids within these zones 
When these zones intersect grain boundaries, 

The presence of flow localization of this type apparently does not invalidate the use of a fracture model 
which assumes that deformation around the crack tip can be described by the macroscopic deformation law for 
plasticity. The reason why the Krafft model appears to work is probably that the extent of the plastic zone 
(estimated to be ~2 mn) is much larger than the microscopic scale of flow localization. 
relaxation invoked by this model occurs over a dimension in which only the average strain is important. 

Thus the stress 

5.7 Conclusions 

It appears that a correlation between fracture toughness and tensile properties may exist for AISI 316, 
thus allowing the use of easily obtained tensile data for estimation of toughness decreases induced by 
irradiation. 
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7.0 Future Work 

This effort will continue, focusing on additional relevant data sets derived from HFIR, EBR-I1 and other 
reactors. 

8.0 Publications 

This report will be published in the Journal of Nuclear Materials and presented at the Third Topical 
Meeting on Fusion Reactor Materials in Albuquerque, NM, September 19-22, 1983. 
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THE DEPENDENCE ON NEUTRON-INDUCED DISPLACEMENT RATE OF TENSILE PROPERTY CHANGES IN ANNEALED AISI 304 AND 316 

H. K .  Brager, L. U. Blackburn AND D. L. Greenslade (Hanford Engineering Development Laboratory) 

1 .o Objective 

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

2.0 Summary - 
Annealed specimens of AISI 304 and 316 were irradiated in the EBR-I1 fast reactor at .1.400"C over a ranae 
of neutron fluxes and energy spectra. 
t o  the displacement rate while the hardening of AISI 316 is not. 
304 and 316 are influenced by displacement rate. 
related with the contribution of the various microstructural components produced during irradiation. 
insensitivity in the hardening of AISI 316 to displacement rate arises because the strenathening contribu- 
tion from precipitates increases with displacement rate, whereas the strengthening contribution from voids 

Tensile tests show that the hardenina of the AISI 304 is sensitive 

The increase in yield strength of the specimens is cor- 
The 

However, the microstructures of both AISI 

,decreases. 

Program - 3.0 

Title: Irradation 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 

5.0 Status and AccomDlishments 

Fusion reactor structural materials are expected to be influenced by high-energy neutron irradiation. 
Predictions of component behavior for proposed reactors are based on the response of material exposed to 
low-flux high-energyneutron sources, high-energy ion bombardment and fission reactor neutrons. 
diation high-energy facilities provide data in environments which are substantially different from that of 
proposed fusion reactor conditions in regard to neutron flux, spectra and total fluence. 
information exists on the influence of these variables on the evolution o f  tensile properties. 

These irra- 

Very limited 

The design of a commercial facility will incorporate use of fission-fusion correlations which address the 
differences between fission and fusion reactor environments. 
make up a major source o f  the U.S. data used i n  deriving these correlations. 
mOSt fast reactors exists in that locations which have a high neutron flux are associated with neutrons 
which have higher energy. In addition, there will also be differences in other environmental variables 

Specimens irradiated in the EBR-I1 presently 
However, a problem generic to 
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such as stress and temperature. In practice, it is difficult to study the impact of spectral variations 
without simultaneously spanning differences in temperature and/or displacement rate. 

To partially compensate for differences in the effect of neutron energy on defect cluster formation, 
spectral-averaged damage cross sections are usually used. In general, many of the existing fission-derived 
correlations have not separated the individual influence of each important variable. 
variations, in particular, are usually ignored in most correlations derived from breeder reactor irradia- 
tions and the dependence on this variable is normally incorporated into the temperature dependence. For 
example, a correlation describing tensile properties for 20% CW AISI 316 was derived from data which spans 
displacement rates of roughly a factor of two. Only the variables of temoerature and neutron fluence were 
included in the correlation. however.1 

Displacement rate 

The data required to confidently assess the consequences of displacement rate variations should cover the 
fluence range encompassing both the transient and saturation regimes of property changes and should also 
span a suitably large range of displacement rates. Since the data available are usually insufficient to 
meet these criteria, another approach is to seek guidance from the dependence of microstructure on displace- 
ment rate and use this guidance to help extrapolate beyond the range of available data. 

5.2 Experimental Materials and Procedures 

The materials chosen for this exoeriment were mill-annealed AISI 304 and 316 stainless steel tensile soeci- ~ ~~ ~~ ~~ ~ ~ ~~~~ 

mens irradiated in~Row 4 of the E B R - I 1  using sodium-filled capsules.  the specimen temperatures correspon- 
ded closely to the reactor coolant and ranged from 371°C t o  426°C. The cvlindrical tensile specimens were 
machined from 50.8 nun Dlate IRDT soecifications M5-1T) with a lenath of 47.6 nm and shoulder diameter of 
6.4 mm. The gauge section was 28.6 mn in length and 3.2 mm in diameter. 

The tensile specimens were irradiated for four different times at each of six different elevations with 
respect to the reactor centerline. 

The irradiation conditions for the AISI 304 and 316 specimens were previously reported 
Table 1, respectively. 

This provided a range of exposures from 0.2 0 14 dpa, of mean neutron 
2 

energies from 0.75 MeV to 0.17 MeV and displacement rates varying from 8.4 x 10- 4 to 0 6 x lo-’ dpalsec. 
and are shown in 

Tensile tests were conducted in air at a strain rate of 3.5 x 10-5 sec-1 with the specimens maintained 
at 385 + 1OC. - 

The grip portion for both AISI 304 and 316 specimens was chosen for electron microscopy examination to 
minimize strains resulting from the post-irradiation tensile test. 
scopy specimens were minimum difference in temperature, maximum difference in yield strenqth chanqe, maxi- 
mum difference in displacement rate but comparable total displacement levels. Stereomicroscopy was used to 
determine the foil thickness in order to quantify the microstructural features. 

The selection criteria for the micro- 

5.3 Results 

5.3.1 Tensile Test Results 

Figures 1 and 2 show the tensile measurements obtained for the A I S 1  304 and 316 specimens, respectively. 
For the A I S 1  304 stainless steel, there is clearly an effect of the displacement rate an the dpa level at 
which the transient regimes of yield and ultimate strength are influenced. 
in the uniform and total elongations. 
displacement rates studied and no conclusion can be drawn at this point concerning the sensitivity of the 
saturation levels to displacement rate. 

Analogous behavior was observed 
The saturation level of these properties has not been reached at the 

The annealed AISI 316, however, shows essentially no sensitivity to displacement rate as shown in Figure 2. 
There is clearly very little effect of the displacement rate on the dpa level influencing the transient 
regime of the yield and ultimate strengths. 
affected. As with the AISI 304 data, the saturation level of these properties has not yet been reached and 
no conclusion can be drawn concerning the sensitivity of the saturation level to displacement rate. 

Neither were the uniform and total elongations sianificantly 
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TABLE 1 
IRRAOIATION CONOlTlONS FOR ANNEALED AlSl 316 IRRADIATED IN  EBR-II* 

F a s t  Fluence (E > 0.1 MeV) 

1-coma. dpafsec E ~emp.  Total ~iuence, 1026 nfn2 1026 nf.2 Total Oisplacmnts. dpa 
C m  MY K 8-257' 8-258 8-259 8-260 8-257* 8-258 8-259 8-260 8-257' 8-258 8-259 8-260 ~ _ _ _  - ~ - - - ~ -  - - - _ - -  

0.646 1.55 2.80 -- 3.30+ 8 .W 14.4 - 1.7 8.4 0.76 672 0.808 1.94 3.50 -- 
-18.2 
-30.9 2.3 0.38 647 0,389 0.932 1.69 -- 
-45.5 1.0 0.21 645 0.249 0.596 1.08 2.06 0.120 0.288 0.521 0.994 0.40 0.97 1.75 3 . 3 3 +  
-55.0 0.6 U.17 644 -- .. .- 
t 3 3 . O  1.9 0.35 697 -- .. 

2.00 4.85 8.73 
0.221 0.530 0.959 -- 0.91 2.21 3.97 

5.1 0.63 651 0.610 1.46 2.64 -- 0.419 1.01 1.82 -- 

-. 2.W 1.43 -- -. _ _  0.549 -- -. 

-- 3.23 --  1.50 --  _ _  .- 0.826 -. _ _  

'The var ious  irradiation capsuler are des ignated  by 8-257, 8-258, etc 
+There two specimens were chosen for microscopy. 

u) 

m 

304SS 
E. od0, Ti. 

MaV doeis 'C - _ _ _  
o 0 . a  1.5 10.7 UB 
0 0.75 7.9.10-7 3 s  . 
A o m  3.9 10-7 37n 
0 0.2s 1.n 10-7 m 
o 0.19 0.n 10-7 rn 
0 0.17 0.6 I 371 

Jk 

0 0.16 1.9 I lR1 

A 0.0 6.1 x 10-7 
0 0.11 8.6 = 107 

YIELD 0.1) 2.3 107 
o on 1.0.107 
0 0.17 0.6 x lR7 

I 100 I 1 

0.1 1 10 100 0.1 1 10 io0 
EXPOSURE, dpa EXPOSURE, dpa 

HEDL sp8288.1 HEDLB3S02S.2 

FIGURE 1 .  Yield and Tensile Strength Values FIGURE 2 .  Yield and Tensile Strength Values 
for Annealed AISI 304 Specimens as 
a Function of dpa. 

for Annealed AISI 316 Specimens as 
a Function of dpa. 

5 . 3 . 2  Electron Microscopy Results - AISI 304 

Specimens of AISI 304 irradiated at 392" and 371°C were chosen for microscopy. 
at 7.9 x 10-1 dpa/sec, and 2.6 dpa at 0.8 x 10-7 dpa/sec, respectively. 

These had attained 3.1 dpa 

Differences in microstructure were observed in the specimens irradiated at high- and low-displacement rates, 
as shown in Table 2 and in Reference 2. 
loops and dislocations were significantly higher. Small phosphorus-rich, rod-shaped precipitates were formed 
but their size and density did not change significantly with displacement rate. 

At the higher displacement rate, the densities of voids, Frank 

5 . 3 . 3  Electron Microscopy Results - AISI 316 

The two AISI 316 tensile specimens chosen for microscopy were irradiated at 8.4 x 10-7 and 1.0 x 10-7 
dpa/sec at temperatures of 392 and 371°C, respectively. 
specimen. 

The dose levels attained were 3 . 3  dpa for each 
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TABLE 2 

SUMMARY OF A I S 1  304 MICROSTRUCTURAL DATA 

l o t  a1 Displacements (dpa) 
Displacement Rate (dpafsec) 
I r r a d i a t i o n  Temperature ( " C )  
Test Temperature ( " C )  
Mean Void Diametes (nm) 
Void Densi ty  (cm- ) 
Void Volume (%)  
Frank Loop Mean Diameter (nm) 
Frank Loop Densi ty  ( c m 3 )  
Network D i s l oca t i on  Densi ty  (cm-2) 
To ta l  D i s l oca t i on  Densi ty  (cm-2) 
Rod P r e c i p i t a t e  - Length (nm) 
Rod P r e c i p i t a t e  - Densi ty  (cm-3) 

High-Rate 
Specimen 

3.1 

392 
385 
5.5 

0.03 
17.5 
1.45 x 1016 

8.0 x 1010 
18 

7.9 10-7 

4 1015 

8 109 

1 1014 

Low-Rate 
Specimen 

2.fi 
0.8 10-7 
371 
385 
5.0 
7 1014 
0.005 
16.0 
7.0 x 1015 
7 x 108 
3.5 x 1010 
9 
2 1014 

Figures 3 through 5 and Table 3 
specimens. 
t h e  h i gh  r a t e  specimen was about two orders of magnitude lower than  f o r  t he  low- rate specimen. 
dens i t y  f o r  t he  network d i s l oca t i ons  p l us  t he  Frank loop  populat ions of t he  two specimens appears t o  be 
rough ly  comparable i n  magnitude. 
both I' p r e c i p i t a t e s  and phosphorus- rich rod-shaped p r e c i p i t a t e s .  

compares t he  Frank loop, vo id  and p r e c i p i t a t i o n  mic ros t ruc tu res  o f  these 
Contrary t o  t he  expec ta t ion  t h a t  no f l u x  s e n s i t i v i t y  would be observed, t h e  dens i t y  of vo ids i n  

The t o t a l  

The h i gh- ra te  specimen had about an o rder  o f  magnitude h iqher  dens i t y  o f  

5.4 Discussion, 

5.4.1 M i c r o s t r u c t u r a l  O r i g i ns  o f  Y i e l d  Strength 

A p r i n c i p a l  goal of t he  present  i n v e s t i g a t i o n  was t o  determine t h e  in f luence o f  neutron f l u x  on t he  
m ic ros t ruc tu ra l  development and ascer ta in  whether o r  no t  these observed fea tu res  can be s a t i s f a c t o r i l y  
c o r r e l a t e d  w i t h  t he  measured changes i n  mechanical p roper t ies .  
t he  y i e l d  s t r eng th  as o the r  t e n s i l e  p rope r t i es  cannot be s imply r e l a t e d  t o  on l y  t he  rad ia t ion- induced 
mic ros t ruc tu re .  

The c o r r e l a t i o n  i n  t he  present  case of AIS1 304 and 316 a t  low f luence should be s imp ler  i n  comparison t o  
a t h a t  of p rev ious  study on cold-worked AIS1 316.3 F i r s t ,  t he  specimens i n  t h i s  study were mi l l - annea led  
p r i o r  t o  i r r a d i a t i o n  and t he re fo re  should possess l i t t l e  m i c ros t ruc tu re  o f  a hardening nature. I n  ef fect ,  
t h e  observed m ic ros t ruc tu ra l  and y i e l d  s t r eng th  da ta  maximize t he  experimental s igna l- to- no ise  r a t i o  com- 
pared t o  t h a t  ob ta i nab le  i n  cold-worked ma te r i a l .  Second, t he  hardening c o n t r i b u t i o n s  should be p o s i t i v e  
s ince  t he re  are expected t o  be few p re- ex i s t i ng  d i s l oca t i ons  which can reduce t h e i r  dens i t y  by 
recombination. 

Such an e f f o r t  can o n l y  be d i r e c t e d  toward 

The y i e l d  s t r eng th  changes f o r  m i c ros t ruc tu ra l  components can be p red i c ted  us ing  t he  f o l l ow ing  equation, 
assuming t h a t  t h e  von Mises c r i t e r i o n  app l ies  and t h a t  t h e  Frank loops are l a rge  enouqh t o  be t r e a t e d  o n l y  
as a d d i t i o n a l  d i s l o c a t i o n  l i n e  l eng th  ins tead o f  as short range  obstacle^:^ 

where bo i s  t he  y i e l d  s t r eng th  change, G t h e  shear modulus, b t he  Burgers vector ,  and Nd and NFL t he  
d i s l o c a t i o n  l i n e  leng ths  per u n i t  volume f o r  t he  network and Frank loop  components, r espec t i ve l y .  
vo ids  have dens i t y  p v  and mean diameter dv. 
d have values es tab l i shed prev ious ly4  a t  0.2 and 1.0 respec t ive ly ,  and a value 
oQ'Bp = 3.0 was es tab l i shed i n  t h i s  i nves t i ga t i on .  The hardening c o n t r i b u t i o n  from t h e  phosphorus- rich rod-  
shaped p r e c i p i t a t e s  i s  modi f ied by m u l t i p l y i n g  i t s  l eng th  i n  Tables I 1  and I 1 1  by 1fJZ t o  t ake  i n t o  account 
t he  p r o j e c t i o n  o f  t he  l eng th  along <loo> d i r e c t i o n s  w i t h  t h a t  o f  t he  <110> motion of d i s l o c a t i o n s  on 
(111) planes. 
s t a i n l e s s  s t e e l  i s  2.5 x cm. 

The 
Each type  of p r e c i p i t a t e  has a dens i t y  pP and mean dimension 

The c o e f f i c i e n t s  a and 

The shear modulus a t  375OC i s  6.7 x 1010 Pa and t he  410, Burgers vec to r  f o r  a u s t e n i t i c  
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TABLE 3 

SUMMARY OF AIS1 316 MICROSCOPY DATA 

High-Rate Low-Rate 
Specimen Specimen 

T o t a l  Displacements (dpa) 3.3 3.3 
8.4 10-7 1.0 10-7 

Void D e n s i t y  (cm-3) <5 x 1012 4.3 1014 
Void Volume ( % )  <0.07% 10.01% 
Frank Loop Mean Diameter (nm) 150 QR 
Frank Loop Dens i t y  (cm-3) 1014 2.1 1015 

'I' P r e c i p i t a t e  S ize  (nm) 11 6 
I' D e n s i t y  (cm-3) 1.6 1015 <I 1014 

Rod P r e c i p i t a t e  - Dens i t y  (cm-3) 1.1 1015 1.2 1014 

Displacement Rate (dpa/sec) 
I r r a d i a t i o n  Temperature ("C) 392 371 
Test  Temperature ("C) 385 385 
Mean Void Diameter (nm) u40 7.0 

Network O i s l o c a t i o n  Dens i t y  (cm-2) 1.9x 1010 1.3 x 1010 
T o t a l  D i s l o c a t i o n  Dens i t y  (cm-7)  3.2 x 1010 3.1 x 1010 

Rod P r e c i p i t a t e  - Length (nm) 40 17 

Assuming t h a t  t h e  areas examined were r e p r e s e n t a t i v e  of t h e  specimen as a whole, t h e  p r e d i c t e d  y i e l d  
s t r e n g t h  change f o r  t h e  AIS1 304 specimens was 304 MPa compared t o  t h e  measured va lue  o f  330 MPa f o r  t h e  
h i g h - r a t e  specimen, and 166 MPa compared t o  t h e  measured 130 MPa f o r  t h e  low r a t e  specimen. T h i s  l e v e l  o f  
agreement i s  a c o n f i r m a t i o n  o f  t h e  r e l a t i o n s h i p  between m i c r o s t r u c t u r e  and .y ie ld  s t renq th .  The predominant 
components causing t h e  hardening of t h e  AIS1 304 were Frank loops and vo ids  i n  b o t h  t h e  h i g h-  and low- f lux  
specimens. 

F o r  t h e  A I S I  316 specimens, t h e  p r e d i c t e d  y i e l d  s t r e n g t h  change f o r  t h e  h i q h  r a t e  specimen, u s i n q  B 
was 174 MPa compared w i t h  t h e  measured va lue  of 147 MPa; and 156 MPa compared t o  t h e  measured 172 Mia-for 
t h e  low r a t e  specimen. 
loops f o r  t h e  h i g h  r a t e  specimen w h i l e  Frank loops, d i s l o c a t i o n s  and v o i d s  were t h e  predominant hardener 
f o r  t h e  low- ra te  specimen. 

- 3.0, 

Here, t h e  predominant hardening components were p r e c i p i t a t e s ,  d i s l o c a t i o n s  and Frank 

I t  appears t h a t  t h e  i n s e n s i t i v i t y  of y i e l d  s t r e n g t h  t o  displacement r a t e  a t  1400'C i n  annealed A I S 1  316 may 
a r i s e  from t h e  f o r t u i t o u s  s i t u a t i o n  i n  which a l o s s  i n  t h e  s t r e n g t h  c o n t r i b u t i o n  f rom p r e c i p i t a t e s  as t h e  
displacement r a t e  i s  decreased i s  o f f s e t  by a concur ren t  g a i n  i n  t h e  s t r e n g t h  c o n t r i b u t i o n s  from voids.  
There i s  l i t t l e  l i k e l i h o o d ,  however, t h a t  t h i s  compensating e f f e c t  w i l l  occur  a t  o t h e r  temperatures, d i s -  
placement r a t e s  and f luences .  

The two specimens of A I S I  316 chosen f o r  a n a l y s i s  do n o t  have e x a c t l y  t h e  same temperature (392°C f o r  t h e  
h i g h - r a t e  specimen and 371'C f o r  t h e  low r a t e  specimen). 
t i a l l y  t h e  same d isp lacement  r a t e  (2.3 and 1.9 x 
of 374 and 424°C e x h i b i t  t h e  same amount o f  hardening. 
t u r e  i n  t h i s  range. 

However, two o t h e r  specimens which have essen- 
dpa/sec) and which were i r r a d i a t e d  a t  temperatures 

T h i s  suggests a r e l a t i v e  i n s e n s i t i v i t y  t o  tempera- 

5.4.2 R e l a t i o n s h i p  Between Neutron F lux ,  Spectra and Fluence 

Most s t u d i e s  t h a t  a re  concerned w i t h  i r r a d i a t i o n  damage t o  m a t e r i a l  p r o p e r t i e s  r e l a t e  t h e  p r o p e r t y  chanqes 
w i t h  e i t h e r  atomic displacements o r  w i t h  neu t ron  f luence above some t h r e s h o l d  enerqy. Improvements have 
been r e p o r t e d  f o r  c o r r e l a t i n g  changes i n  d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature of f e r r i t i c  s t e e l s  w i t h  
energy dependent damage func t ions  (dpa) i n s t e a d  of ( t o t a l )  neu t ron  f luence.5 The damaqe energy concept  
has a l s o  been used t o  r e l a t e  changes i n  y i e l d  s t r e n g t h  o f  s o l u t i o n  annealed AIS1 316 i r r a d i a t e d  a t  *6O0C 
w i t h  f i s s i o n  and h i g h  energy neutrons.6 More r e c e n t l y ,  t h i s  da ta  has heen reanalyzed and shown t o  more 
c l o s e l y  c o r r e l a t e  w i t h  a cascade " lobe"  p r o d u c t i o n  f u n c t i o n  r a t h e r  than  damage enerqy.7 

For  t h e  p resen t  study, i t  has been assumed t h a t  t h e  d i s p l a c e d  atoms concept i s  an adequate approach f o r  
c o r r e l a t i n g  v a r i a t i o n s  i n  neu t ron  f luence  and spectra.  
e f f e c t s  i n  bo th  304 SS and 316 SS means t h a t  t h e  p resen t  r e s u l t s  do n o t  p r o v i d e  d i r e c t  exper imenta l  suppor t  
f o r  t h e  assumption t h a t  displacements p e r  atom can adequate ly  c o r r e l a t e  f l u e n c e  and spec t ra  d i f fe rences .  

However, t h e  o b s e r v a t i o n  o f  d isp lacement  r a t e  
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1 P- 

FIGURE 4 

Frank Loops Observed i n  t h e  High-Rate ( t o p )  and Low-Rate (bot tom) Specimens. 
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5.4.3 Related Evidence 

The principal microstructural difference of the AIS1 304 and 316 reported here was in the formation of a 
high density of voids in AISI 304 and of y '  precipitates in the AISI 316. Both of these microstructural 
differences have been related to variations in alloy composition, namely the higher nickel concentration of 
the AISI 316.8,g 

Swellih~ IIIC(IWICIIEIIC> of solution annealed 316 have shown at low temperature (T%4 0 430"C) that increases 
in flux (and neutron energy spectra) shorten the incubation fluence for swellinq.?o- At high temperatures 
(h500'C). the suecimens irradiated at higher fluxes have a longer incubation fluence.ll 

Recent microstructural data on cold-worked 316 irradiated at 600°C indicate an effect of flux on the Laves 
phase. 
Laves phase and in its complete suppression at still higher dose rates of -2 x 10-6 dpa/sec.l2 The 
cause miaht not be the high flux but rather the shorter irradiation time. 

High neutron flux and the harder spectra associated with it result in a small volume fraction of 

5.5 Conclusions 

Annealed specimens of AISI 304 and 316 were irradiated in the EBR-11 fast reactor at -400°C over a range 
of neutron fluxes and energy spectra. 
to the displacement rate while the hardening of AISI 316 is not. 
and 316 are influenced by displacement rate. The increase in yield strength i s  correlated with the cnntri- 
bution of the various microstructural components produced during irradiation. The insensitivity in the 
hardening of AIS1 316 to displacement rate arises because the strengthenina contribution from precipitates 
increases with displacement rate, whereas the strengthening contribution from voids decreases. 

Tensile tests show that the hardening of the AISI 304 is sensitive 
However, the microstructures of AISI 304 
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SHEAR PUNCH TESTS FOR MECHANICAL PROPERTY MEASUREMENTS I N  TEM DISC-SIZED SPECIMENS 

G.E. LuCas, J.W. Sheckherd, G.R. Odette, 5 .  Panchanadeeswaran (Univers i ty  o f  Ca l i fo rn ia ,  Santa Barbara) 

1.0 Object ive 

The purpose o f  t h i s  study was t o  develop a t e s t  technique t o  complement microhardness i n  ex t rac t i ng  
mechanical proper t ies  from small volume specimens. 

2.0  

A shear punch t e s t  has been developed t o  ex t rac t  strength and d u c t i l i t y  information from t h i n  sheet samples 
as small as transmission e lec t ron microscopy (TEM) d i sc  specimens. The t e s t  i s  based on d r i v i n g  a 
c y l i n d r i c a l  punch through a clamped specimen, and instrumenting the punch t o  obtain a load-displacement 
curve o f  the punching process. A number o f  cor re la t ions have been developed between features o f  the load- 
displacement curve and mechanical proper t ies  such as y i e l d  strength, u l t imate t e n s i l e  strength, work 
hardening exponent and reduct ion i n  area. 

3.0 Progran 

T i t l e :  

P r i n c i p l e  Invest igators:  G.R. Odette and G.E. Lucas 

A f f i l i a t i o n :  

Damage Analysis and Fundamental Studies fo r  Fusion Reactor Mater ia ls Development 

Un ive rs i t y  o f  Ca l i fo rn ia ,  Santa Barbara 

4.0 Relevant DAFS Program Plan T a s k h b t a s k  

Subtask B Mechanical Propert ies 

5.0 Accomplishments and Status 

5.1 In t roduct ion 

I n  the e f f o r t  t o  develop mater ia ls f o r  fus ion reactors, a v a r i e t y  of requirements d i c t a t e  the  need fo r  
small -specimen mechanical property tests.  These include l i m i t a t i o n s  on space i n  high-energy neutron 
i r r a d i a t i o n  f a c i l i t i e s ,  gamma heat ing l i m i t a t i o n s  i n  f i s s i o n  reactor  i r rad ia t i on ,  and i n  some instances 
dose considerat ion3 i n  p o s t - i r r a d i a t i o n  tes t ing.  Consequently, a number o f  e f f o r t s  are i n  progress t o  
develop such tes ts .  

While there are no f i x e d  requirements on specimen geometry, i t would be desirable t o  perform t e s t s  on 
samples which are r e l a t i v e l y  simple and common t o  other invest igat ions.  This reduces fab r i ca t ion  cost  and 
f a c i l i t a t e s  i r r a d i a t i o n  capsule design and sample encapsulation. The transmission e lec t ron  microscopy 
(TEM) d isc  has a geometry which i s  simple, and TEM discs are pervasive i n  past (i.e., la rge i r r a d i a t e d  
a1 lay  inventor ies) and planned i r r a d i a t i o n  experiments fo r  nuclear f i ss ion  and fus ion reactor  mater ia ls  
development. Consequently, there i s  i n t e r e s t  i n  developing t e s t  techniques t o  ex t rac t  mechanical proper ty  
informat ion f rom TEM discs. 

2 Microhardness and instrumented microhardness techniques have been appl ied t o  TEM disc- sized specimns fo r  
t h i s  purpose; and whi le  strength informat ion can be obtained from these tes ts ,  measures o f  f a i l u r e  
resistance, such as d u c t i l i t y ,  cannot (a t  l eas t  d i rec t l y ) .  I n  addi t ion,  the r e l a t i v e l y  small reg ion of 
the specimen r h i c h  i s  deformed dur ing microhardness t e s t i n g  leads t o  some r e s t r i c t i o n  on specimen 
microst ruc ture  (e.g., g ra in  size) and aggravates data scatter.  Consequently, an inves t iga t ion  of a 
complementary technique was undertaken which relaxes some of the r e s t r i c t i o n s  associated w i t h  sampling 
volume and provides an opportuni ty t o  measure parameters associated w i t h  deformation-induced fa i lu re .  
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5.2 Test Technique 

The shear punch t e s t  i s  based on a blanking operation common t o  sheet metal f ~ r m i n g . ~  A sheet metal sample 
i s  clamped between two d ies  and a f l a t ,  c y l i n d r i c a l  punch i s  dr iven through the sample, punching a c i r c u l a r  
d isc  from it. The arrangement i s  shown schematically i n  Fig. 1. We have constructed punch-and-die 
arrangements capable o f  punching 6.25 mm and 1 mm and 3 mm diameter discs f r o m  sheet metal coupons. The 1 
mm punch can be used on TEM discs; and, i n  theory, the 3 mm punch could be used t o  blank TEM discs from 
i r r a d i a t e d  sheet stock. Results o f  t es ts  from the 3 am and 1 mm punches are reported here. 

By performing the punching operation on an instrumented load frame, the load on the punch can be monitored 
from the load c e l l  as a funct ion o f  punch displacement. We have performed tes ts  on both an MTS 810 servo- 
hydrau l ic  machine and Ins t ron  1122 s c r e r d r i v e n  machine; and we have monitored punch displacement w i t h  
measurements o f  ram displacement i n  the MTS, crosshead displacement i n  the Instron, and sample displacement 
w i t h  an electromechanical transducer beneath the specimen (as shown schematically i n  Fig. 1). Moreover, we 
have t r i e d  both f lat-ended and cup-ended transducer arms. For reasons discussed below, load-displacement 
curves produced by ram/ crosshead displacement are "cleaner" and more e a s i l y  analyzed. 

A t y p i c a l  load-displacement curve i s  shown i n  Fig. 2 along w i t h  micrographs dep ic t ing the region o f  the  
sample a t  the punch-die interface. As can be seen, the load-displacement curve exh ib i t s  features t y p i c a l  
o f  load-displacement curves produced i n  un iax ia l  tension tes ts  o f  metals; t h a t  i s ,  an i n i t i a l  l i n e a r  
por t ion,  fo l lowed by a non- linear region i n  which load continues t o  increase w i t h  displacement, a load 
maximum, and a decrease i n  load t c  .. 

Analysis o f  the mater ia l  response ar  m e  puncn-ole interrace, as inmcarea i n  Fig. 2, has shown t h a t  the 
dev ia t ion from l i n e a r i t y  corresponds t o  the onset o f  permanent indenta t ion of the specimen by the punch. 
Further deformation proceeds i n  a process zone corresponding i n  width, approximately2 t4 the tolerance 
between the punch ang4di5  (- 25 vm) mm , considerably 
l a rge r  than the -4x10 A number of s l i p - l i n e  f i e l d s  have been 
ca lcu la ted which approximate f low i n  t h i s  region; and whi le  the stress s ta te  i s  p r i m a r i l y  shear, 
considerable tension and bendingl a lso occur. Moreover, the con t r i bu t ion  o f  these components increases w i t h  
increasing punch-die tolerance. Wi th in  t h i s  process zone the mater ia l  work hardens s u f f i c i e n t l y  t o  
compensate f o r  the decrease i n  load-bearing thickness as the punch progresses, and the load increases w i t h  
increasing punch displacement. However, a p o i n t  of p l a s t i c  i n s t a b i l i t y  i s  reached beyond which s t ra in -  
hardening does not  compensate f o r  specimen th inn ing and the load f a l l s  w i t h  increasing displacement. 
F i n a l l y ,  the specimen f a i l s  by separation. For mater ia ls which f a i l  i n  tension by microvoid growth and 
coalescence, t h i s  occurs p r i m a r i l y  by microvoid growth and microcrack formation i n  the process zone 
fo l l ow ing  the onset o f  p l a s t i c  i n s t a b i l i t y  and Sh_$ ul t imate formation o f  one o r  more macrocracks which 
r a p i d l y  propagate through the remaining ligament. I n  addi t ion,  macrocrac&i may nucleate a t  the punch- 
die-specimen in ter faces and propagate more slowly p r i o r  t o  t h i s  f i n a l  f a i l u re .  

This resu l t s  i n  a deformation volume o f  -4x10 
ma p l a s t i c  zone produced in@j,frohardness. 

Consequently, there  are many s i m i l a r i t i e s  between shear punch and tension t e s t s  manifested i n  s i m i l a r  load- 
displacement curves. Moreover, analogous p l a s t i c ,  i n s t a b i l i t y  and microscopic f a i l u r e  processes are 
exh ib i ted i n  shear punching, prov id ing the po ten t ia l  t o  der ive useful d u c t i l i t y  parameters. Because of the 
complexity o f  the stress and deformation f i e l d s  i n  the process zone, however, we have i n i t i a l l y  attempted 
to develop empir ical  cor re la t ions between shear-punch data and un iax ia l  data f o r  the punch and dies we 
have invest igated. 

5.3 Results and Discussion 

We have performed shear punch t e s t s  on a va r ie ty  of mater ia ls  i nc lud ing  s ta in less steel ,  carbon steel ,  low 
a l l o y  steel ,  brass, aluminum and copper i n  meta l lu rg ica l  condi t ions ranging from h igh ly  cold-worked t o  
f u l l y  r e c r y s t a l l i z e d  and i n  both the un i r rad ia ted and i r r a d i a t e d  condi t ion.  I n  addi t ion,  we have obtained 
un iax ia l  t e n s i l e  data on the un i r rad ia ted mater ia ls from sheet t e n s i l e  specimens. Correlat ions between 
un iax ia l  and shear punch data are shown i n  Figs. 3-5, and t h e i r  basis discussed below. 

We have found t h a t  the fo l l ow ing  re la t i onsh ip  cor re la tes  both the shear punch y i e l d  load P w i t h  the 
un iax ia l  y i e l d  s t ress o f  the mater ia l ,  and the maximum shear punch load Pm w i t h  the u l t imdte t e n s i l e  
strength: 
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@Punch 

FIGURE 1. Schematic i l l u s t r a t i o n  o f  t h e  shear punch apparatus. 

FIGURE 2. Load-displacement curve  ob ta ined  i n  a shear punch t e s t  and micrographs showing t h e  s t a t e  o f  
deformat ion i n  a ye l l ow  brass sample a t  d i f f e r e n t  stages of  t h e  t e s t .  

3mm YIELD 
0 3 m m  MAX 

UNIAXIAL (MPa) 

FIGURE 3. Comparison o f  u n i a x i a l  y i e l d  s t r ess  and u l t i m a t e  t e n s i l e  s t r eng th  w i t h  the  shear l oad  
parameter P-FI21n-t. 



0.15 
c 

B 

B 
c 0 0.10 

c 
& 

0.05 

ALUMINUM 
BRASS 
COPPER 
STEEL 

- 

- 

- 

STAINLESS 
STEEL 

3 "rn 
0 

0 

0 
6 

0 

1 mrn . . . 
0 

0- 
0 0.05 0.10 0.15 0.20 

OBSERVED n 
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FIGURE 5. Comparison between measured values o f  r educ t i on  o f  area i n  t e n s i l e  specimens a t  f a i l u r e  and 
D f / t .  

where P i s  t he  shear punch load, a i s  t he  corresponding u n i a x i a l  s t ress ,  F i s  t he  f unc t i on  between t he  
punch, specimen and d i e  (.which can be determined from the  load-displacement t race) ,  r i s  t he  punch diameter, 
t i s  t he  specimen th ickness ,  and C i s  a constant  which can be determined from regress ion  ana lys is .  Values 
o f  a We have regressed t he  da ta  i n  
seveFd'dQ ways. 0.54; t a k i n g  maximum 
load  da ta  a lone C 1: 0.62; and t a k i n g  yiel.YI and maximum laod df&a combined C : 0.59. The curve f o r  t h i s  
l a t t e r  value of C i s  a l s o  shown on F ig .  3. Johnson and S l a t e r  have found a s i m i l a r  r e l a t i o n s h i p  between 
t e n s i l e  s t r eng th  and maximum load  f o r  b lank ing  operat ions,  b u t  we f i n d  t he  r e l a t i o n s h i p  holds for  y i e l d  as 
we l l .  It i s  i n t e r e s t i n g  t o  note t h a t  these regress ion  c o e f f i c i e n t s  a re  c l ose  t o  1/43, t he  r a t i o  o f  shear 
t o  u n i a x i a l  s t r ess  i n  t he  Yon Mises y i e l d  c r i t e r i o n ,  suggest ing t h a t  t he  s t r ess  s t a t e  i n  t h e  process zone 
i s  l a r g e l y  shear. However. i t  i s  c l e a r  from f ractography o f  t he  punched specimens t h a t  as t he  p o s t - y i e l d  
s t r a i n  develops, a s i g n i f i c a n t  hyd ros ta t i c  s t r ess  develops i n  t he  process zone t o  d r i v e  mic rovo id  growth 
and coalescence processes t y p i c a l  of f a i l u r e  i n  u n i a x i a l  t ens ion  t es t s .  

a re  p l o t t e d  aga ins t  a i n  Fig.  3 f o r  bo th  y i e l d  and maximum loads. 
Taking y i e l d  da ta  ( w i t h  a < 1400 MPa) alone, we have found t h a t  C 
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The 95% conf idence i n t e r v a l  on p red i c ted  a f o r  a g iven  P i s  - f 16% f o r  y i e l d  and - t 7% f o r  UTS. Much o f  
t he  unce r ta i n t y  i n  the  y i e l d  s t r ess  c o r r e l a t i o n  comes from d i f f i c u l t y  i n  determining P a t  t he  p o i n t  of 
d e v i a t i o n  from l i n e a r i t y .  As mentioned e a r l i e r ,  we have t r i e d  several  experimental metxods t o  f a c i l i t a t e  
t h i s  de te rmina t ion .  and we have found t h a t  load-displacement curves produced by ram/ crosshead displacement 
a re  e a s i e s t  t o  analyze and prov ide  t he  most reproduc ib le  r e s u l t s .  I n  add i t i on ,  s tandardized computer-aided 
procedures t o  determine y i e l d  p o i n t s  a re  under i l v e s t i g a t i o n ,  and these may reduce sca t t e r .  
By assuming a r e l a t i o n s h i p  o f  the  form a = K & , and a c o n s t i t u t i v e  value o f  & = ,002 a t  y i e l d ,  n can be 
determined from the  f o l l o w i n g  r e l a t i o n s h i p  

P 
(")n = 2 

pY 
.002 (2) 

F igure  4 shows t h a t  t h i s  r e l a t i o n s h i p  works q u i t e  w e l l  f o r  t he  ma te r i a l s  we have i nves t i ga ted ,  and a c t u a l l y  
works somewhat b e t t e r  f o r  t he  l m m  than t he  3mm punch . The 95% conf idence i n t e r v a l  on n f o r  a g iven  Pm/P 
i s  approximately  f 40% o f  n. Again, much o f  t h i s  might  be a t t r i b u t e d  t o  u n c e r t a i n t i e s  i n  measuring n an8 
P as w e l l  as the  s i m p l i c i t y  of t he  empi r i ca l  model. 

Y 

F i n a l l y .  we have found t h a t  t he  punch displacement t o  f a i l u r e  co r re l a tes  q u i t e  w e l l  w i t h  t he  reduc t i on  of 
area ( R A )  a t  f a i l u r e  i n  the  t ens ion  t e s t  w i t h  t he  r e l a t i o n  RA = d f / t .  The 95% 
confidence i n t e r v a l  on RA f o r  a g iven d,/t i s  - + 30% o f  RA. 

F igure  5 demonstrates t h i s .  

5 .4  Conclusion 

The shear punch t e s t  i s  a r e l a t i v e l y  s t r a i gh t f o rwa rd  t e s t  which can be performed on specimens as s m a l l  as 
TEM d iscs.  The deformat ion and f a i l u r e  phenomena which occur du r i ng  shear punching are  s i m i l a r  t o  and 
r e l a t e d  t o  those e x h i b i t e d  du r i ng  u n i a x i a l  t ens ion  t e s t s .  Hence, shear punch loads and displacements have 
been c o r r e l a t e d  success fu l l y  w i t h  u n i a x i a l  t e n s i l e  and y i e l d  s t reng ths  and w i t h  p l a s t i c  i n s t a b i l i t y  and 
f a i l u r e  parameters such as t he  work-hardening exponent and reduc t i on  i n  area. Th is  technique should thus 
be q u i t e  use fu l  i n  t e s t i n g  i r r a d i a t e d  ma te r i a l  i n  t he  f u s i o n  program. 
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A THEORETICAL ASSESSMENT OF THE EFFECT OF MICROCHEMICAL, MICROSTRUCTURAL AND ENVIRONMENTAL MECHANISMS 
ON SWELLING INCUBATION I N  AUSTENITIC STAINLESS STEELS 

G.R. Odette and R.E. S t o l l e r  (Univers i ty  o f  Ca l i fo rn ia ,  Santa Barbara)" 

1.0 Object ive 

The ob jec t ive  of t h i s  work i s  t o  determine the r e l a t i v e  influence of a va r ie ty  of environmental. micro- 
s t ruc tu ra l  and microchemical var iables on the swel l ing  incubat ion time i n  i r r a d i a t e d  A I S 1  316 s ta in less 
s tee l .  

2.0 Sunmary 

The s e n s i t i v i t y  of swel l ing  incubation i n  aus ten i t i c  steels i s  assessed. A c r i t i c a l - s i z e d  helium bubble- 
to- vo id  conversion model i s  used t o  evaluate the inf luence of helium p a r t i t i o n i n g ,  s ink  strength, surface 
energy and d i f f u s i o n  rates which mediate microchemical, microst ruc tura l  and environmental ef fects.  Several 
new mechanisms of precipitate-enhanced (and retarded) vo id  formation are proposed. While such micro- 
chemical ef fects are important, they were not found t o  be dominant i n  a l l  cases. The resu l t s  suggest t h a t  
unless f ine d i s t r i b u t i o n s  of helium can be maintained, swel l ing  w i l l  be higher i n  fus ion than i n  e i t h e r  
f a s t  o r  mixed spectrum f i ss ion  environments. 

3 . 0  

T i t l e :  

P r inc ip le  Invest igators:  G.R. Odette and G.E. Lucas 

A f f i l i a t i o n :  Univers i ty  of Cal i fornia,  Santa Barbara 

Damage Analysis and Fundamental Studies fa r  Fusion Reactor Mater ia ls Development 

4.0 Relevant OAFS Program Plan Task/Subtask 

Subtask C Corre la t ion Methodology Effects o f  Helium on Microstructure 

5.0 Accomplishments and Status 

5 .1  In t roduct ion 

Neutron-induced swel l ing  i n  aus ten i t i c  s ta in less s tee ls  d iv ides i n t o  t w o  regimes: incubation, 
characterized by s ign i f i can t  microst ruc tura l  and microchemical evo lu t ion and l i t t l e  c a v i t y  swel l ing;  and 
steady-state swel l ing,  characterized by rap id  vo id  growth,lcoupled w i t h  a tendency towards satura t ion Of a 
number o f  other microst ruc tura l  and microchemical features . The steady-stpte swel l ing  r a t e  appears t o  be 
r e l a t i v e l y  constant over a range o f  mater ia l  and environmental var iables , although the extent o f  t h i s  
range has y e t  t o  be determined. Unfortunately, these rates are high (up t o  l%/dpa), suggesting t h a t  
s t ruc tu ra l  l i f e t i m e s  w i l l  be set  by the incubat ion period, which i s  sens i t ive  t o  an ar ray  o f  environmental 
and mater ia l  var iables.  

Garner and Brager e t  a l .  propose t h a t  the incubat ion per iod i s  l a r g e l y  governed by the r a t e  of an 
" inev i tab le"  microchemical 2evo lu t i on  " leading t o  an endpoint independent o f  most environmental and 
thermonechanical var iables"  . Removal of n icke l  from the matr ix  by p rec ip i ta tes  i s  suggested t o  be the 
most c r i t i c a l  ra te- con t ro l l i ng  process governing vo id  nucleation, w i t h  other fac tors  such as helium and 
microstructure p lay ing a "necessary but  not  rate-determining ro le" .  We be l ieve t h a t  there i s  data which 
suggests t h a t  these conclusions cannot be general ly appl ied and t h a t  there a5e questions concerning the 
empir ical  and ana ly t i ca l  basis fo r  t h i s  phenomenological microchemical model . I n  t h i s  paper we use a 

Financial  support f o r  one of the authors ( S t o l l e r )  was also provided by the Magnetic Fusion Energy 
Technology Fellowship Program. 
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physical model of swelling incubation to quantitatively evaluate the influence of a number of microchemical, 
microstructural and environmental factors. 

Our model postulates that the incubation period is the time required for helium bubbles to grow 
sufficiently to undergo transition to voids. The “critical“ number of helium atoms (m*) is dictated by a 
number of microstructural and microchemical phenomena, while the total helium generation required t o  reach 
m* is determined by partitioning between various sinks. The model is semi-empirical since it 1) broadly 
describes the observed sequence of events leading to rapid void swelling; 2) directly incorporates micro- 
structural information as input parameters; and 3) is calibrated to swelling data. scriptions of the 
basic model, including a discussion of its limitations, have been published previously . 

In this work, sensitivity of m* to variations in parameters reflecting proposed environmental, micro- 
structural and microchemical mechanisms, and the effect of helium partitioning on swelling incubation times 
are evaluated. 

5.2 The Critical Helium Content for Bubble-to-Void Conversion 

The critical helium content m* obtains when the bubble and void roots of the radial velocity gunction F = 
f(r) = 0 are equal. 

4 >?f 

For a real gas this must be found numerically, but the results are simply 

where $ is the vacancy minus interstitial impingement rate or effective supersquration. An analytical 
expression for the real gas correction factor g(an $) has been published elsewhere . The parameter F is 
related to various surface/interface energies for bubbles on precipitates and y is the matrix suryace 
energy. 

Calculation of $ is based on steady-state vacancy and interstitial balance equations with whatever level of 
detail is appropriate, i.e. with multiple sink components, bias factors, defect traps, cascade clusters and 
the like. For the case with only dislocations and bubble sinks and negligible +ecombination, 

Here the z are interstitial bias factors (with vacancy bias factors taken as l), S are the sink 
strengths a#$ and 0 the self-diffusion coefficient. Hydrostatic stress u may be treated%$ simply adding 
W k T  term to Eq. 2 ,  where 0 is the vacancy volume. 

5.3 The Effects of Microstructural, Microchemical and Environmental Variables on Bubble-to-Void 
Conversion 

5 . 3 . 1  The Critical Helium Number (m*) 

Fig. 1 shows the temperature dependence of the critical number and the associated critical radius using the 
nominal parameters given in Reference 6 .  In the following sections we discuss briefly the influence on 
these results of possible microstructural, microchemical and environmental mechanisms as mediated by the 
model parameters. 

Fig. 2a shows that m* increases rapidly with decreasing values gf the net bias parameter ( 2  -z  ) / z  below - 
.2- .4.  sfeady-state swelling rates suggest values of z 2 1.2 , which is a140 consistent tlitR thboretical 
estimates . However, Wolfer and Mansur 
have shown that solute segregation can reduce or even reverse this bi%s (i.e. z c 1); and that even for 
bare bubbles I - 1 at r 2 2 nm . Since stable bubbles are likely segregation sitks and critical radii are 
generally equaq to or &eater than 2nm it appears that bias does not have an important effect on void 
swell ing incubation. 

We also note that bias enhancement due to radiation-induced segregation o f  nickel to cavities does not 
appear2consistent with the enhancement of swelling by matrix nickel depletion as proposed by Garner and 
Brager . This obtains directly from observations that matrix nickel depletion should lower the difference 

Small bare bubbles can be biased towards idterstitials (z > 1) . 
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between nickel content in segregated and matrix regions; and segregation-enhanced bias effects decrease as 
this difference decreases. 

The critical number ma3is proportional to F , which is expected to have values in the range from - . 2 5  - 
1 (Wrix), and m* a y , as shown in Fig. 28. Chromium is known to be interface active in nickel and fcc 
iron , thus it may segregate and lower values of y. perhaps even forming stable oxide surface layers. If 
radiation-induced segregation of nickel increases in ma could be 
expected. Such chromium depletion behavior is indeed reported. This mechanism may, in part, explain the 
observation that increasing nickel reduces swelling. 

replaces chromium atlyoid surfaces, 

Reliable values of-aloy self:f,jffupion coefficip5$, D are not available at low temperatures. Estimates 
range from 0 - 10 to 3x10 cm /s at 500°C ' . Self-diffusion rates are known to be sensitive to 
solute content; "clean" model materials have lower rates than "impure" alloys.l2 lFfr example, available 
high temperature data suggests that a few percent silicon could increase 0 by - 2 . Fig. 2c shows that 
such variations can have large effects on m*. This emphasizes an important microchemical role of 
precipitates in acting as sinks for solutes and impurities in commercial alloys. 

Fig. 2c also suggests that m* is sensitive to the displacement rate G However, in this simplified version 
of the model we have neglected the effect of intrinsic bulk recombina&on and solute trapping, which can be 
treated by multiplying G Coupled with reported variations in 
microstructure with damagg rate and the effect of transient subvisible defect clusters the predicted 
effects of damage G 

by t& defect fraction reaching sinks. 

are decreased or reversed. d 

Fig. 2c also shows that m* is very sensitive to dislocation sink strength Sd (note 0 a G / S  D )  which 
typically varies by factors of - 3 or more. Under normal circumstances, thls appears to 81, $he major 
source of microstructural influence on m*. One effect of titanium addition to 20% cold-worked 316 
stainless steel may be extended incubation times as a result of Tic stabilization of the dislocation 
density (15). 

Stress on dislocation sources is predicted to have a relatively large effect on ma only at high 
temperatures, as shown in Fig. 2d. Growing precipitates may provide significant sources of internal 
stresses (acting on interface and near boundary dislocations). Thus, preferential void formation on phases 
with negative misfit strains wouldlke expected, while precipitates with positive misfit strains would be 
expected to retard void nucleation. 

Swelling calculations usually assume dislocations are free to climb. However, bowing of pinned 
dislocations, resulting in lower vacancy concentrations in local equilibrium, would be expected in 
structural alloys. This can be modeled approximately as an alloy strength parameter acting as an 
"effective" negative (back) stress. This might also partly explain the swelling resistance of comercia1 
relative to soft model alloys. 

For breeder reactor conditions the bubble sink strength S is small and has a minpl; effect on m*, as shown 
in Fig. 2e. However, high helium generation rates inkrease cavity densities . When the bubble-to- 
dislocation sink strength approaches 1, significant increases in ?* result. This can contribute to a 
bifurcation in cavity evolution from void to bubble-dominated paths' 

Assuming that they are unbiased, subvisible sinks S , in the form of very small gas bubbles or cascade- 
induced clusters, have the same effect as bubble si& shown in Fig. 2e. Thel9ossible importance of such 
sinks is shown by the swelling resistance imparted by cold preimplanted helium. 

Fig. 2f shows m* as a function of the strength of an equilibrium sink S capable of absorbing excess 
vacancies. Hence, an increase in 
void sink strength contributes to trapping cavities in the bubble category leading to the "bimodal" 
cavity distributions which are often observed. 

It is well known that interphase boundaries are often poor vacancy sources and sinks.l* 
not be true for interstitials; hence, precipitates may be biased towards interstiti$ls ( S . ) .  
lattice misfit precipitates would produce a similar effect. 
neglect vacancy emission. 

Examples would be large voids ( P  c< y/r) or grain/ subgrain bounadaries. 

However, this may 
.Negative 

For simplicity we assume z. = 0 bnd z! = 1 and 
Fig. 29 shows that sinks of this type can cause a modest detrease in ma. 
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Cynversely we might  pos tu l a te  a second type  o f  p r e c i p i t a t e  s i nk ,  5 , which i s  h i g h l y  b iased forlgacancies, 
z = 0,  z: = 1. Th is  might  be associated w i t h  p r e c i p i t a t e s  w i t h  l g r g e  p o s i t i v e  m i s f i t  s t r a i n s ,  F i g .  2h 
SLOWS t h a t  a small  Sv can have a very  l a r g e  e f f e c t  on ma. 

O f  course, such e f fec ts  would be t r a n s i e n t  and associated w i t h  growing second-phase p a r t i c l e s .  However, 
they  may be s u f f i c i e n t  t o  boost  c a v i t i e s  p a s t  c r i t i c a l  s izes  o r ,  a l t e r n a t i v e l y ,  suppress s w e l l i n g  f o r  an 
extended per iod.  exp la i n  t he  behavior  o f  t i tanium-modifded s t e e l s  which appear 
t o  be swe l l i ng  r e s i s t a n t  when MC carbides w i t h  p o s i t i v e  m i s f i t  s t r a i n s  a re  present .  

The l a t t e r  may, i n  p a r t ,  

5.3.2 Helium P a r t i t i o n i n g  

It a p w r s  t h a t  most of t he  hel ium reaches s inks ,  i n c l u d i n g  g r a i n  and subgrain boundaries and growing 
voids. p a r t i t i o n i n g  can 
be est imated based on r e l a t i v e  t ime  dependent ( i .e . ,  evo lv ing)  s i n k  st rengths.  The number o f  bubbles i s  a 
p a r t i c u l a r l y  important  p a r t i t i o n i n g  parameter; p rev ious  modeling e f f o r t s  have used empi r i ca l  guidance t o  
s e l e c t  bubble dens i t y  parameters. ' 

D i s l oca t i ons  and p r e c i p i t a t e s  probably a c t  as e f f i c i e n t  c o l l e c t o r s  f o r  bubbles; 

Thf7bubble dens i t y  Nb i s  known t o  sca le  w i t h  t he  hel ium genera t ion  r a t e  G as N G p  w i t h  p - 0.5 t o  
1. F igure  3 shows ca l cu la ted  bubble- to- void convers ion exposures as a f k k i o n  b f  G Heand P f o r  500 and 
600'C; here we assume h a l f  t he  hel ium reaches t he  bubbles and a p r e c i p i t a t e  associated k d u c t i o n  i n  m* by a 
f a c t o r  o f  0 . 1  a t  600OC. 

A t  moderate values of p (- 0.5) t he  conversion dose I decreases con t inuous ly  w i th  i nc reas ing  G,, . 
However, a t  h i gh  values of p (p = 0.75 t o  1). I passes kbrough a minimum inc reas ing  r a p i d l y  thereafkef, 
We have p rev ious l y  discussed t h i s  "bifurcation"b!n t h e  pa th  of c a v i t y  evo lu t i on  as d i c t a t e d  by G 
The pr imary  p r a c t i c a l  i m p l i c a t i o n  appears t o  be t h a t  t h e  very  h i gh  bubble dens i t y  induced by mixed s k r u m  
reac to r s  may, i n  some cases, produce lower swe l l i ng  than  experienced i n  e i t h e r  f i s s i o n  o r  f u s i o n  devices. 
I n  con t ras t ,  f o r  lower G and/or values of t he  s c a l i n g  exponent p. I i s  decreased s i g n i f i c a n t l y .  Th is  
suggests lower i ncuba t i o i eand  h igher  swe l l i ng  f o r  fus ion  environmentk! Note, these c a l c u l a t i o n s  do n o t  
d i r e c t l y  account f o r  t he  exposure requ i red  t o  produce t he  microchemical cond i t i ons  assumed i n  t he  c r i t i c a l  
bubble ca l cu la t i ons .  Th is  would be expected t o  reduce t he  absolute e f f e c t  of GHe and p on s w e l l i n g  
incubat ion .  

' 

5.4 

These r e s u l t s  show t h a t  t he  c r i t i c a l  number of hel ium atoms requ i red  f o r  bubble- to- void convers ion i s  
s e n s i t i v e  t o  a v a r i e t y  o f  microchemical and m ic ros t ruc tu ra l  parameters. The r e l a t i v e  importance of t he  
var ious  parameters discussed above i s  shown i n  F igure  4. It appears t h a t  p r e c i p i t a t i o n  of r a d i a t i o n -  
induced o r  enhanced phases such as q. G and laves  promotes s w e l l i n g  i n  316 s t a i n l e s s  s t e e l  and, indeed. may 
be necessary a t  h igher  temperatures. There a re  a number o f  mechanisms by which p r e c i p i t a t i o n  can enhance 
v o i d  format ion,  and i t  i s  n o t  poss ib l e  t o  i d e n t i f y  s p e c i f i c  processes which a re  l i k e l y  t o  have general 
dominance ( i .e . ,  n i c k e l  dep le t ion) .  I n  add i t i on ,  p r e c i p i t a t e s  such as T i c  which r e s u l t  i n  r e f i n e d  bubble 
m ic ros t ruc tu res  may reduce s w e l l i n g  by lengthening i ncuba t i on  t imes.  Fur ther ,  t he  e f f e c t  o f  hel ium 99 
microchemical processes i s  s t i l l  a sub jec t  o f  considerable controversy b u t  has n o t  been addressed here. 

Imp l i ca t i ons  t o  Fiss ion-Fusion Swel l inq  Co r re l a t i ons  and A l l o y  Development 

M i c r o s t r u c t u r a l  fac to rs  have an important  q u a n t i t a t i v e  e f f e c t  on m*. Th i s  i s  p a r t i c u l a r l y  s i g n i f i c a n t  t o  
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  if environmental d i f fe rences  r e s u l t  i n  l a r g e  and q u a l i t a t i v e  changes i n  
mic ros t ruc tu re ,  as i s  observed i n  comparing fast- to-mixed spectrum reac to r  i r r a d i a t i o n  data. Hel ium 
p a r t i t i o n i n g  i s  p r i m a r i l y  mediated by m ic ros t ruc tu ra l  f a c t o r s  such as c a v i t y  dens i ty ,  which i s  i t s e l f  
i n f l uenced  by hel ium genera t ion  ra tes .  Th i s  suggests a p a r t i c u l a r l y  impor tan t  r o l e  o f  c a v i t y  dens i t y  
s c a l i n g  laws. 

We be l i eve  t h a t  most evidence suggests t h a t  t he  n e t  e f f e c t  o f  increased hel ium i n  going from f i s s i o n  t o  
f u s i o n  cond i t i ons  w i l l  be t o  reduce i ncuba t i on  t imes. 

F i n a l l y ,  t h i s  ana l ys i s  supports what has been a fundamental goal  o f  a u s t e n i t i c  a l l o y  development f o r  fus ion 
reac to rs ,  namely s e t t i n g  cond i t ions  t o  encourage t he  format ion and sustenance of a f i n e  d i s t r i b u t i o n  of 
helium. I f  the  use o f  t a i l o r e d  phases such as MC t u rns  o u t  t o  be i n h e r e n t l y  doomed because o f  i n e v i t a b l e  
i n s t a b i l i t i e s ,  o the r  approaches t o  forming and main ta in ing  such d i s t r i b u t i o n s  should be sought. 
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FACTORS 

F.A. Garner (Hanford Engineering Development Laboratory) and W.G. Wolfer (University of Wisconsin) 

THAT DETERMINE THE SWELLING BEHAVIOR OF AUSTENITIC STAINLESS STEELS 

1 .o Objective 

The object of this effort is to provide models describing the behavior of irradiated alloys and use these 
models in development of fission-fusion correlations. 

2 .o Sumnary 

Once void nucleation subsides, the swelling rate of many austenitic alloys becomes rather insensitive to 
variables that control the transient regime o f  swelling. 
nickel, chromium and silicon in void nucleation. 
temperature, displacement rate and composition is also discussed. 

Models are presented which describe the roles of 
The relative insensitivity of "steady-state" swelling to 

3.0 Program 

Title: Irradiation Effects Analysis 
Principal Investigator: D. G. Ooran 
Affiliation: Hanford Engineering Development Laboratory 

4.0 Relevant Program Plan Taskhbtask 

Subtask II.C.l Effects of Material Parameters on Microstructure 

Subtask II.C.16 Composite Correlation Models and Experiments 

5.0 Accomplishments and Status 

5.1 Introduction 

Neutron-induced swelling of austenitic alloys can be characterized by a transient regime followed by a 
regime of essentially constant swelling rate. The latter regime is often misdesignated as "steady-state". 
In some alloys, the transient is rather abrupt, but in others the transient regime persists, yielding cur- 
vature to swelling levels of 20% or morel. 
of the major compositional, fabricational and environmental factors which influence swelling. 
reviews our conception of these factors, progressing from simple alloys with uncomplicated irradiation 
histories to more complicated alloys and histories. 

Recently there has emerged a reasonably coherent description 
This paper 

5.2 Simple Fe-Ni-Cr Ternary Alloys 

Johnst n and coworkers first demonstrated with self-ions the sensitivity of swelling to nickel and chromium 
levels9,3. As shown in Figure la the primary influence of nickel lies in the duration of the transient 
regime. 
recently been shown that this is an illusion which arises from the previously unsuspected distortion of 
swelling when determined by step-height measurements4. 
dominated by injected interstitials, which distort the temperature and compositional dependence of swelling 
relative to that of neutron irradiations4.5. 

While it appears that the post-transient swelling rate is influenced to a lesser degree, it has 

It was also shown that self-ion irradiations are 
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FIGURE 1. Ion-Induced Swelling of Fe-15Cr-XNi and Fe-15Cr-EONi-XSi Alloys at 675°C.2.3 

Neutron irradiations of Fe-Ni-Cr alloys in EER-I1 have shown that nickel and chromium influence void 
nucleation and therefore the duration of the transient regime6s7. 
saturation void density is rather insensitive to composition. 
post-transient swelling rates are %l%/dpa, relatively insensitive to both composition and temperat~re~.~ 
as shown in Figure 2. 
temperature-sensitive. (See Figure 3.) The break-away temperature itself is a function of nickel and 
chromium level. The longest transients occur at 445% Ni for Fe-15Cr-XNi alloys and are even longer at 
lower chromium levels. 

A model was earlier proposed to explain some of these observations6.10. While many properties of ternary 
alloys vary slightly with composition, the model concentrated on the compositional dependence of the void 
bias and the impact on the bias of the nickel segregation always observed at void surfaces. 
not include composition-dependent dislocation biases since no data are available showing sensitivity of 
dislocation evolution to nickel and chromium levels. 
elements as efficiently as can stationary voids. 

Investigation of the diffusion of vacancies and interstitials in superimposed strain and composition gra- 
dients shows that drift terms arise in the void bias description as a result of segregation. These terms 
originate from the compositional dependence of elastic properties and lattice parameter. When compounded 
with forces arising from the inverse Kirkendall segregation mechanism, these terms substantially alter the 
void bias, providing a qualitative explanation for the dependence of swelling on nickel and chromium. At 
low-chromium and high-nickel levels, where voids have difficulty nucleating, loss of chromium and segrega- 
tion of nickel at surfaces of the first voids not only stabilizes them against dissolution but changes the 
matrix composition, thus making it easier for other voids to nucleate. 

TWO features of this model are particularly attractive. First, it offers a rationale for the minimum in 
swelling observed at 35%-45% nicke12.3. 
vacancies when the matrix nickel level is %35%, as calculated for Fe-Ni alloys using published diffusion 
and thermodynamic data. 
while the opposite occurs above 35%. 

induced increases in shear modulus at void surfaces reduce the attractive force on interstitials and thus 
help stabilize voids. For ternary alloys with 15% chromium, nickel segregation increases the modulus, but 
at 7.5% chromium there is no appreciable change in modulus with nickel segregationll. 
transient relative to alloys with 15% chromium. 

This model implies a compositional sensitivity of both transient and post-transient swelling. Since only 
the former is observed this suggests that segregation effects are second order in magnitude (compared to 
temperature and displacement rate) for large voids and influence primarily void nucleation. 
is another second order effect that has not been previously considered. Small increases (2100%) in the 
effective vacancy diffusion coefficient Dv f have been shown to strongly decrease the void nucleation 

and Fe-Ni-Cr-Mo15 all0 s increases the diffusivity of alloy components, while additions of chromium 

45Ni14. At temperatures where void nucleation begins to become difficult, the combined influence o f  these 
twa second order compositional effects explains much of the observed swelling behavior o f  Fe-Ni-Cr alloys. 

At a given temperature, however, the 
Unlike ion irradiations, neutron-induced 

For each alloy there is a break-away temperature above which the transient is 

The model did 

Moving dislocations also cannot segregate major 

A reversal in sign for the Kirkendall force is experienced by 

Below 35% vacancies are attracted into regions of higher nickel concentration 
Second, the dependence of shear modulus on nicke and chromium at void-relevant temperatures is consistent with the compositional dependence of swelling + . Segregation- 

This extends the 

However, there 

rate, particularly at higher temperatures 75 . 
decrease diffusivities 7 4,15. For example, D&f increases %loo% in going from Fe-15Cr-EONi to Fe-15Cr- 

In general, the addition of nickel to Fe-Ni13, Fe-Ni-CrlQ 
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FIGURE 2. In Some Fe-15Cr-XNi Ternaries the Swelling in EBR-I1 is Relatively Independent o f  NicKel Level 
and Temperature Between 400 and 510"C.8 (See Figure 3 for additional data at 25% Ni.) 
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FIGURE 3. Swelling of Fe-15Cr-25Ni in EBR-I1 at 400-650°C.4 

5.3 Silicon-Doped Fe-Ni-Cr Alloys 

As shown in Figure lb, silicon's primary influence on swelling is also to extend the transient but it is 
much more ffective per atom than nickel, however. It suppresses nucleation at all void-relevant tem- 
peratureslg but the suppression is only temporary. As shown in Figure 4, Singh and coworkers have 
observed that void densities eventually converge at a level which is relatively insensitive to silicon 
content 17. 

The model12 developed to explain silicon's role in pure metals is based on its higher diffusivity compared 
to that of the host metal and thus its effect on increasing Dkf. 
components of Fe-Ni-Cr and Ni-Cr alloys increase substantially upon small additions of ~ilicon14,18,~9,~~ 
as shown in Figure 5. 
1.4 wt.% silicon was added. DZff increases even more than 45% when silicon's diffusivity contribution is 
included. 
at higher temperatures. 

In addition, the diffusivities of all 

Rothman14 found that the diffusivities in F e - W Z O N i  increased roughly 45% when 

The enhanced diffusivity of silicon-doped alloys strongly decreases void nucleation, particularly 
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Silicon is also a smaller atom in Fe-Ni-Cr alloys21,22 and is proposed in this model to form interstitial- 
solute pairs. Dimitrov and coworkers23 have recently demonstrated strong interstitial-silicon trapping in 
neutron-irradiated Fe-16Cr-25Ni. Silicon will thus not only drift down interstitial gradients but alSO UP 
vacancy gradients, both of which exist at microstructural sinks. The combined fast-diffusion/interstitial 
binding allows silicon segregation to proceed at sinks biased toward interstitials but dispenses with the 
requirement of unrealistically large binding energies needed for solute binding alone to suppress swelling. 
Nickel segregates to the same sinks by the inverse Kirkendall mechanism. 

Addition of silicon inevitably causes irradiation-induced segregation of nickel and silicon into precipi- 
tates. The removal of sufficient amounts o f  these nucleation-controlling elements largely determines the 
duration of the transient. 
silicon that must be reached in the matrix before nucleation proceeds24925. 

For each silicon-doped alloy there appears to be threshold levels o f  nickel and 
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5.4 More Complex Fe-Ni-Cr Alloys 

Addition of C, P, Mo, Mn, or Ti to Fe-Ni-Cr-Si alloys allows other phases to develop during irradiationz6. 
Most, but not all, of these phases concentrat ni kel and silicon, and each responds t o  fabricational and 
environmental variables in a different manne 26-36. The combined sensitivity of the microstructural and 
microchemical evolutions to the many operating variables has been judged to be too complicated to model. 
correlation has been established, however, between the history-sensitive phase evolution and the history 
dependence of transient swelling. 
history, stress and preirradia on thermal-mechanical treatment are mirrored in the sensitivities of the 
nickel-silicon removal processJj. Details of phase identity do not appear to be as significant as are 
their consequences on matrix composition. 

It has been shown that the 
a wide range of temperatureP.31. While the transient regime may be sensitive to temperature for some 
heats of steel, others are relatively insensitive to temperature. 
insensitive range the transients are longer but eventually the same swelling rate is reached . 
stresses and some temperature changes can accelerate phase formation and lead to an abrupt truncation Of 
the transient, however. 
typical for isothermal or stress-free histories24,29,38. 

A 

The sensitivities of swelling to neutron flux and fluence, temperature 

v ntual swelling rate of several 300 series stainless steels is *l%/dpa over 

At temperatures outside the temperature- 
Applied 

Under these conditions rates f zl%/dpa can be reached much quicker than is 

5.5 DISCUSSION 

The influence of environmental, fabricational and compositional variables seems to reside in their effect 
on the transient regime. 
chemical in nature. 
curvature. 
variables such as displacement rate32,33. 
ment rate sensitivities of microstructure are not as instrumental in determining the swelling rate as 
previously envisioned. 

The swelling rate contains bias-driven and void annealing contributions34. 
the temperature is below 0.6Tm or if the voids are relatively large or gas-pressurized. 
containing primarily large voids and dislocations, 

In addition, their action involves primarily void nucleation and is largely 
When radiation-induced segregation is sluggish the transient regime exhibits a lot of 

The eventual swelling rate appears not to be very sensitive to composition or environmental 
This implies that the temperature, composition and displace- 

A rationale for this insensitivity can be demonstrated using rate theory. 

The latter can be ignored if 
Thus for a system 

The first right-hand term contains only void and dislocation sink strengths. 
strongly on temperature for a microstructure dominated by one sink type, high fluence microstructures in 
austenitic alloys are characterized by a balance of sink strengths. 
temperature dependencies, So(T) = Sd(T) over a large temperature range. 
term equals 0.25 independent of temperature. 

The second term is the system net bias and depends only weakly on temperature. 
potentially contains the major influence of temperature and displacement rate. 

While this term depends 

Since both So and sd possess similar 
For this condition, the first 

The last term, however, 

where 

F(P,T) = +$ [K- a ]  

S is the total sink strength, R c  the recombination radius 2a0, a. the lattice parameter, rfjq the average 
vacancy concentration in equilibrium with all sinks, Zi and 2, are bias factors for interstitials and 
vacancies, 2 the average bias factor for the system, n the atomic volume, Dv the vacancy diffusivity and P 
the defect production rate. If we divide Eqn. (1) by P, we obtain the fractional swelling rate per dpa. 
Since the first two terms of Eqn. (1) are relatively insensitive to temperature, only F/P is plotted in 
Figure 6 to show the sensitivity of swelling to temperature and sink strength. 
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The activation energy for self-diffusion in nickel i s  known to be 2.9 eV, but the formation and migrati n 
energies that contribute to the total are not as well characterized. The value o f  E! (and hence also Et) 
has been revised recentl95~36. Whereas the accepted migration energy was 1.4 eV. it now appears to be 
1.1 f 0.1 eV. 
1.1 eV. Low values of sink strength also yield predictions of trong temperature dependency. 

rate is insensitive to temperature and second-order composition effects on diffusivity. 

One consequence of this treatment is that we expect a similar relative insensitivity of the eventual 
swelling rate to both displacement rate and helium/dpa ratio as was observed in ref. 32 and 37. 
treatment decouples many of the sensitivities of post-transient swelling from the sensitivities of 
composition and microstructure, providing both void and dislocation sink strengths are sufficiently high. 

Fig. 6 shows that a strong dependence on temperature occurs when E! is 1.4 eV but not for 
In Fe-Ni-Cr 

alloys, however, the high fluence sink strengths (>5 x 1010 cm- 3 ) are sufficiently large that the swelling 

This 
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7.0 Fu ture  Work 

The impact of second-order composi t ional  v a r i a t i o n s  on vo id  nuc lea t i on  w i l l  be evaluated us ing  vo id  
nuc lea t i on  theory.  

8.0 Pub l i ca t i ons  
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THE LITHIUM SHELL EFFECT AN0 ITS IMPACT ON MICROSCOPY OETERMINATIONS OF SWELLING BEHAVIOR 

W. J .  8 .  Vang, F. A. Garner (Hanford Engineering Development Laboratory) and A .  Kumar (University of 
Missouri-Ro1 la) 

1 .o Objective 

The object of this effort is to determine the factors that influence the dimensional change behavior of 
irradiated alloys. 

2.0 Sumnary 

The heterogeneity of swelling in some irradiated alloys arises from localized enhancement of void nucleation 
by the "lithium shell effect" near boron-rich precipitates. 
volumes can be discounted in microscopy determinations of the bulk-averaged swelling rate. 

It has been found that these lithium-affected 

3.0 Program 

Title: Irradiation Effects Analysis (AKJ)  
Principal Investigator: D. G. Doran 
Affiliation: Hanford Engineering Development Laboratory 

4.0 Relevant OAFS Proqram Plan Task/Subtask 

Subtask II.C.2 Effect of He on Microstructure 
Subtask II.C.4 Effects of Solid Transmutants on Microstructure 

5.0 Accomplishments and Status 

5.1 Introduction 

Neutron-induced swelling in comercial alloys often occurs in a very heterogeneous manner. 
formity has many origins and depends on the alloy composition, its prior thermal and mechanical history and 
its irradiation environment. 
ments to be rather low, microscopy is often employed in the development of predictive swelling correlations 
to differentiate between volume changes resulting from voids and phase changes. 
geneity exists, however, there is often a problem in the selection o f  regions exhibiting representative or 
average behavior. 

In some cases the nonuniformity requires the microscopist to resort to a time-consuming process o f  sampling 
and averaging of many areas. 
and a judgement can be made as to the consequences of ignoring the heterogeneity. 

Microscopy examination sometimes shows that while the matrix swelling is close to that inferred from com- 
parison of density changes of thermally-aged and irradiated specimens, there are some areas of the same 
specimen which exhibit substantially higher swelling. 
are just on the threshold of a breakdown of their swelling resistance and will shortly swell at a rate 
higher than predicted by extrapolation of density change data. 

A conservative approach to the development of design correlations would utilize the highest levels of 
swelling observed by microscopy to establish the anticipated swelling rate. This approach is valid if no 
other rationale can be invoked to explain the local enhancement of swelling. 

This nonuni- 

When the bulk-averaged swelling is determined by imnersion density measure- 

If a significant hetero- 

In other cases, however, the origin of the heterogeneity can be identified 

The possibility therefore exists that such alloys 

In this paper it is shown 
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that in some cases there is cause to discount such enhanced swelling volumes in the development of swellinq 
correlations. 

5.2 Experimental Procedures 

The specimens examined 'n this paper were irradiated in the EBR-I1 fast reactor to fluences ranging from 
1.5 to 12.0 x 1022 n/cd (E > 0.1 MeV) at temperatures between 400 and 649'C. The alloys involved were 
Fe-45Ni-12Cr with molybdenum, titanium, aluminum and silicon additions. 
low at 0.03 and 0.005 wt.%, respectively. After measurement of their density, the specimens were examined 
by conventional microscopy and energy dispersive x-ray (EDX) procedures. 
unirradiated archive specimens was also employed in the later stages of this study. 

The carbon and boron levels were 

Ion microprobe analysis of 

5.3 Results - 
Enhanced swelling regions were found in all of the irradiated specimens and a typical example is shown in 
Figure 1. Outside this region the void density is much lower. The central enhanced region has relatively 
uniform swelling and is roughly circular in shape, having a diameter of about 3 m. 
There also appears to be an outer concentric ring of enhancement separated from the central area by a small 
gap. There exists no obvious correlation of these two regions with any microstructural component. The 
enhancement of swelling manifests itself primarily in the nucleation of a secondary set of small voids, 
while the primary larger voids are comparable to those observed at lower densities in the unenhanced 
areas. 

On the basis of this micrograph alone one might be tempted to assume that a local breakdown of swelling 
resistance had occurred and was spreading outward. This is a particularly attractive explanation where 
enhanced zones were found to be surrounded by essentially unvoided material. 
to be incorrect however, and will be reinterpreted in a later section of this paper. 

Such an assessment was judaed 

FIGURE 1. Swelling Enhanced Region Observed at 454OC After 7.5 x loz2 n/cm2 (E > 0.1 MeV). 
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FIGURE 2. Concentrlc Enhanced Void Zones Due to the Products of (n,.) Reactions in M3B2 Particles. 

Figure 2 provides clues necessary to identify the origin of the enhancement. 
isolated single or a few clustered precipitates which were surrounded by enhanced swelling. 
tral precipitate (about 2 pm in size) clearly has two zones of enhanced swelling, each delineated by the 
boundaries associated with the smaller secondary voids. 
and 2.6 microns from the precipitate surface. Near the smaller precipitate (about 1 fl in diameter) a 
similar enhancement is seen but a small qap (about 0.2 um) exists between the first enhanced region and 
the precipitate surface. The zone boundary distances of 1.1 urn and 2 um are again observed. These 
are recognized to be the ranges in this steel of the products of the 1fW n,a) reaction, namely that of 
lithium and helium atoms, respectively. In a previous paper1 it was shown that both lithium and helium 
affect void nucleation in fast reactor irradiations when these elements form atmospheres around precipi- 
tates containing boron. 
centrations than helium and also appears to exert a larger influence on void nucleation per unit concen- 
trati0n.l 
have been presented in reference 2. 

In order to be convinced that the enhanced regions arise from the deposition of the l%(n,m) reaction pro- 
ducts, two conditions are necessary. 
particularly since the bulk-averaged boron concentration is rather low. 
the two enhanced zones (as well as the void distribution within the regions) should be checked for 
consistency with earlier predictions 2 3 3  

The precipitate phase was determined to have a tetragonal lattice structure with a. = 0.58 nm and 
co = 0.32 nm. 
determined by in-foil EDX analysis shows that the precipitates are enriched in Mo, Cr and Ti. 
Table 1.) Since boron is below the detection limit of the EDX technique, the concentration of boron within 
the precipitate phase is uncertain. Based on crystal structure and lattice parameters, the precipiate phase 
is most likely a M3B2-type boride. This phase is probably formed during fabrication prior to irradia- 
tion, since these precipitates were also observed during microscopy of unirradiated archive specimens. 
Furthermore, ion microprobe examination definitely confirmed the existence of boron-rich clusters in the 
unirradiated alloy. 

It appears that the ranges of the two reaction products are nearly identical in both the precipitate and 
matrix phases, since the width of the enhanced regions are measured to be essentially equal to the pre- 
cipitate diameters. This means that the stopping power ratio of the two phases must equal -1.O.l For M3B2 
precipitates in this alloy, the stopping power ratio was calculated to be 1.08. Using this value, it was 
found that predictions of enhanced zone size were in good agreement whenever the precipitates were retained 
in the foil and were sufficiently close to the spherical2 or flat surface3 geometry assumed in earlier 
analyses. 

Infrequently there were found 
The large cen- 

These boundaries are located at distances of 1.1 

The influence of lithium is usually easier to observe since it is at higher con- 

Detailed calculations of the concentration profiles for any precipitate1 matrix combination 

First, the precipitates and their composition must be identified, 
Second, the width and spacing of 

The unit cell dimensions are close to those of the M&-type  boride^.^ The composition 
(See 
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DlRLCnON OF 
OMERVAllON 

TABLE 1 

I COMPOSITION (in wt.%) AND STRUCTURE OF 
THE PRECIPITATE PHASE 

Possible Chemical Formula 

(Fe0.39Cr0.59Ni0.21M01 .01Ti0.5~'0.22Si0.01)B1 .98 
a, = 0.578 nm, cn = 0.313 nm FIGURE 3. Schematic of the Relative Position of - " 

Precipitate, Microscopy Foil Section 
and Helium and Lithium-Affected Zones 
(corresponding to Figure 1). 

5.4. Discussion 

The enhanced region shown in Figure 1 can now be reinterpreted to be that produced by a particle large 
enough to produce a relatively thick lithium shell, but where the foil section was non-equatorial with 
respect to the precipitate and thus did not contain it. The resultant section of the lithium zone would 
indeed appear in projection as a nearly uniform circular region, as shown in Figure 3. One would also 
expect to see a concentric ring corresponding to the helium-affected zone. Even though both the particle 
size and the altitude of the section relative to the particle are unknown, geometrical considerations 
dictate that the radius of the lithium-affected zone should be roughly half that of the helium-affected 
zone. 
to the expected relationship. 
zone since helium exists at one quarter of the concentration of lithium.1 

Due to the low level of boron in this alloy it must segregate to relatively few precipitates in order to 
yield observable rings, and this low density is confirmed by microscopy. 
are confined to a very small fraction of the total alloy volume and may be ignored in determination of bulk 
swelling rates for design equations. It has been shown elsewhere that the primary influence of most compo- 
sitional variations lies in the duration of the transient regime that preceeds steady-state swelling5;6 
and it is not expected that these enhanced swelling areas will exhibit higher swelling rates than that of 
the unDerturbed matrix. 

The helium zone can be faintly observed in Figure 1 and the relative radii of the two zones conform 
The helium-affected enhancement is not as pronounced as that of the lithium 

Therefore, the enhanced regions 

5.5 Conclusions 

The enhanced swellin observed in localized regions of some alloys arises from the deposition of lithium 
atoms generated by l&(n,u) reactions in precipitates, where the lithium is deposited in halos in suf- 
ficient concentration to affect void nucleation. 
bulk and do not represent an incipient breakdown of swelling resistance. These lithium-affected volumes 
can therefore be ignored in determination of steady-state swelling rates for design equations. 

The affected volumes are small compared to the unaffected 
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CONDITIONS FOR THE SUPPRESSION OF YO10 FORMATION DURING ION-BOMBARDMENT 

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

1 .o Ob jec t i ve  

I n j e c t e d  i n t e r s t i t i a l s  were recen t l y  shown t o  suppress vo id  nuc lea t ion  i n  5 and 14 MeV s e l f - i o n  bombardment. 
For lower-energy i n c i d e n t  ions,the spread of the  i n j e c t e d  i n t e r s t i t i a l s  represents a l a r g e r  f r a c t i o n  of t h e  
e n t i r e  range so t h a t  complete suppression cou ld  occur. The e f f e c t  of low-energy ions  on the  suppression of 
vo id  nuc lea t ion  i s  examined i n  bo th  a recombination dominant l o s s  regime and a sink-dominant l o s s  regime. 

2.0 Sumnary 

I n  t he  reg ion  o f  i o n  depos i t ion  the  number o f  i n t e r s t i t i a l s  i s  l a r g e r  than the  number o f  vacancies produced 
by displacement damage. As a r e s u l t  vo i d  formation can be suppressed. 
s a t i s f i e d  f o r  the  suppression to occur: the  d i s t r i b u t i o n  o f  i n j e c t e d  i ons  and t he  d i s t r i b u t i o n  of d isplace- 
ment damage must overlap; w i t h i n  t h i s  reg ion  o f  overlap, the  i r r a d i a t i o n  cond i t ions  must be such t h a t  
recombination i s  a s i g n i f i c a n t  process. It i s  shown t h a t  vo id- f ree  zones along t he  i o n  range can be pro- 
duced border ing on regions w i t h  voids both behind and i n  f r o n t  o f  the  displacement damage peak. The sup- 
pression of v o i d  format ion i s  p a r t i c u l a r l y  severe i n  low-energy i o n  bombardments. 

The f o l l o w i n g  cond i t i ons  must be 

3 .O Programs 

T i t l e :  
P r i n c i p a l  I nves t i ga to r :  W.G. Wolfer 
A f f i  1 i at ion :  

T i t l e :  Radiat ion Damage Studies 
P r i n c i p a l  I nves t i ga to r :  G.L. Ku l c i nsk i  and R.A. Dodd 
A f f i  1 i a t i  on: 

4.0 Relevant DAFS Program Task/Subtask 

Ef fects o f  Rad ia t ion  and High Heat F lux  on the  Performance of F i r s t  Wall Components 

U n i v e r s i t y  o f  W i  sconsi n-Madi son 

U n i v e r s i t y  o f  W i  sconsi n-Madi son 

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

5.0 Accomplishment and Status 

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

I o n  bombardment has been used t o  study vo id  swe l l i ng  because t he  h igher  damage r a t e s  a re  capable o f  g i v i ng ,  
i n  hours, displacement doses "equ iva len t "  t o  years of neutron i r r a d i a t i o n s .  However, t he  i n j e c t e d  i o n s  af-  
f e c t  vo id  formation more d ramat ica l l y  than o r i g i n a l l y  an t i c ipa ted .  B r a i l s f o r d  and Mansur( l )  found t h a t  t he  
i n j e c t e d  ions  would reduce the  vo id  growth r a t e  whenever recombination was a dominant process. 
a l . ( 2 )  exper imenta l l y  v e r i f i e d  t h i s  by N i - i on  i r r a d i a t i o n  o f  316 SS t h a t  had been precond i t ioned by neutron 

i r r a d i a t i o n  t o  a uniform vo id  d i s t r i b u t i o n .  
can be d r a s t i c a l l y  suppressed by t he  presence o f  t he  i n j e c t e d  ions. 
depos i t ion  and peak damage should be avoided i n  vo id  format ion studies.  

Lee e t  

Recently, Plumton and W ~ l f e r ( ~ '  have shown t h a t  vo id  nuc lea t i on  
Th is  imp l i es  t h a t  t he  reg ion  of i o n  
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The i n j e c t e d  ions  a f f e c t  vo id  nuc lea t ion  by coming t o  r e s t  as i n t e r s t i t i a l s  w i t hou t  a vacancy par tner .  These 
excess i n t e r s t i t i a l s  a re  r e l a t i v e l y  few i n  nmber.  Therefore, they w i l l  on ly  be important  when most of t he  
p o i n t  defects produced by displacements are recombining e i t h e r  a t  s inks  o r  i n  the  bulk.  Th i s  recombination 
l oss  i s  predominant a t  low temperatures and f o r  l a r g e  vacancy m ig ra t i on  ene rg ies . ( lS3 )  

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  depends on the  over lap  o f  the  displacement damage and deposi ted i o n  

p ro f i l e s . ( 31  
a reg ion  midway a long the  range f a r  from the  inf luence o f  the  f r o n t  sur face o r  the  i n j e c t e d  ions. However, 
as the i on  energy i s  lowered, the mutual over lap becomes an inc reas ing  f r a c t i o n  o f  the  t o t a l  range, u n t i l  
t he  over lap w i l l  be l a r g e  enough so t h a t  no reg ion  e x i s t s  f ree from the in f luence o f  the  sur face o r  the  i n-  
j ec ted  i n t e r s t i t i a l  s. 

For a h igh energy ion, e.g. 14 MeV, there  i s  a l a r g e  i on  range so t h a t  TEM work can be done i n  

5.2 Theory and Resul ts  

The vo id  nuc lea t ion  theory presented p rev ious l y (3 )  i s  used i n  t h i s  study w i t h  the  m o d i f i c a t i o n  t h a t  a 

surface s ink term a lso  i s  inc luded.  
t he  reduc t ion  i n  vacancy concent ra t ion  due t o  f r o n t  sur face prox imi ty .  The exper imental ly  determined average 
denuded zone width, Lvf,  was found t o  depend on the  vacancy d i f f u s i v i t y  0" and displacement r a t e  P according 

t o  the  r e l a t i o n  

The experimental r e s u l t s  o f  Garner and Thomas(') were used t o  o b t a i n  

This denuded zone w id th  was then used t o  reduce the value of Cv, the  vacancy concentrat ion,  i n  the  r a t e  
equations according t o  the  equat ion 

where x i s  the  d is tance i n t o  the  sample. This approach gave denuded zones on t he  same order  as those ob- 

served by Garner and Thomas.(4) The ma te r i a l s  parameters used are  t he  same as employed prev ious ly .  (3) 

The ca l cu la ted  vo id  nuc lea t i on  ra tes  versus depth f o r  i o n  i r r a d i a t e d  n i cke l  are presented i n  F igs.  1-3 f o r  
2.5 MeV N i  ions, i n  Figs. 4 and 5 f o r  1 MeV N i  ions, and i n  F ig.  6 f o r  0.5 MeV N i  ions. The ex tens ive  
parametr ic  study on the  e f f e c t  o f  sur face denuding and i n j e c t e d  i n t e r s t i t i a l s  i s  i l l u s t r a t e d  here by two 
cases, namely: 

Ev f  = 1.7 eV, and Q = 5 x l O I 3  K2. 

spec t i ve l y ,  wh i l e  Q i s  the  t o t a l  s i nk  st rength.  
wh i l e  Figs. 2, 3, and 4 are f o r  case 2 (recombination dominant regime). 
a t i o n  r a t e  w i t h  excess i n t e r s t i t i a l s  neglected i s  shown by a dashed l i n e  and with excess i n t e r s t i t i a l s  
inc luded by a s o l i d  l i n e .  

The BRICE  code(5) and HERAO code(6) were used t o  c a l c u l a t e  t he  displacement r a t e  and excess i n t e r s t i t i a l  
f r a c t i o n  f o r  Figs. 1, 2, 5, and 6 and Figs. 3 and 4, r espec t i ve l y .  For  2.5 MeV N i  ions, and h igher  ener- 
gies,  the  d i f f e rence  between the  two displacement codes i s  ev i den t  (F igs.  2 and 31. For  energies of 1 MeV 
and lower, the over lap between the  displacement r a t e  p r o f i l e  and excess i n t e r s t i t i a l  f r a c t i o n  p r o f i l e  i s  
almost complete so t h a t  d i f fe rences  i n  shapes o f  t he  p r o f i l e s  do n o t  mani fest  themselves i n  t he  nuc lea t i on  
p r o f i  1 e .  

A l l  f i g u r e s  i l l u s t r a t e  the  suppression o f  vo id  nuc lea t ion  a t  T = 300"C, w h i l e  F ig .  1 (case 11 shows on ly  a 
small decrease i n  the  nuc lea t ion  r a t e  a t  500 and 6OO'C. F igures 2 and 3 (case 2)  bo th  show 1-112 orders  o f  
magnitude decrease a t  600°C (suppression values quoted a t  peak suppression). A t  500'C Fig. 2 shows a 4-112 
decade decrease wh i le  F ig.  3 shows almost 7 orders o f  magnitude decrease. F igures 2 and 3 i l l u s t r a t e  [T = 
300-5OO0C) the p o s s i b i l i t y  o f  two vo id  swe l l i ng  peaks i n  the  depth p r o f i l e ,  one be fore  and one a f t e r  the  
peak o f  i o n  depos i t ion .  
pression o f  vo id  nuc lea t ion  becomes pronounced even a t  h i gh  temperatures. 
recombination dominated case (Fig.  5, case 2) on ly  a band o f  vo ids  nucleated j u s t  below the  surface i s  l e f t  

case 1 f o r  E,, = 1.1 ev, ~, f  = 1.8 ev, and Q = 1 x 1014 m-2; and case 2 f o r  E,, = 1.2 ev, 
E,, and Evf  a re  t he  vacancy m ig ra t i on  and formation energies, r e-  

F igures  1, 5, and 6 are f o r  case 1 ( s i n k  dominant regime) 
I n  these f igures,  the  vo id  nucle-  

F igure  4 (case 1) demonstrates t h a t  as t he  i n c i d e n t  i o n  energy i s  lowered, t he  sup- 
Fo r  1 MeV i n c i d e n t  i ons  i n  a 
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a 0  0.2 0.4 0.6 0.8 1.0 1.2 

3 DEPTH (microns) 

FIGURE 1. Void nucleation r a t e  vs.  depth for 2.5 MeV N i  ions incident on N i  (BRICE code, case 1). 

a 0 0.2 0.4 0.6 0.0 1.0 1.2 

3 DEPTH (microns) 

FIGURE 2. Void nucleation ra te  vs. depth for 2.5 MeV N i  ions incident on N i  (BRICE code, case 21. 
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FIGURE 3. Void n u c l e a t i o n  r a t e  vs.  depth f o r  2.5 MeV N i  ions  i n c i d e n t  on N i  (HERAD code, case 2 ) .  
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FIGURE 4 .  Void n u c l e a t i o n  r a t e  vs. depth f o r  1 MeV N i  ions  i n c i d e n t  on N i  (HERAD code, case 11. 
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F I G U R E  5. Void nucleation ra te  vs.  depth for  1 MeV N i  ions incident on N i  ( B R I C E  code, case 2 ) .  
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F I G U R E  6. Void nucleation ra te  vs. depth for 0.5 MeV N i  ions incident on N i  ( B R I C E  code, case 1 ) .  
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a t  low temperatures. 
0.5 MeV ions, the  sur face denuding prevents vo id  nuc lea t ion  a t  60OoC (Fig.  6, case 11, wh i l e  the  suppression 
i s  again severe and leads t o  two peaks a t  400°C, and a reduc t ion  by 4 orders of magnitude a t  500°C. 

5.3 O i  scussion 

A t  h igher  temperatures, two bands o f  severely  suppressed vo id  nuc lea t ion  occur. Fo r  

When 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 TEM i n  t he  peak damage 
reg ion  the e f f e c t  of i n j e c t e d  i n t e r s t i t i a l s  i s  present. 

lower temperatures as obta ined by these two techniques(7)  i s  poss ib ly  due t o  i n j e c t e d  i n t e r s t i t i a l s .  

The p rec ip i t ous  dec l i ne  o f  vo id  s w e l l i n g  towards 

A vo id  f ree gap o r  a reduc t ion  i n  swe l l i ng  i n  the  middle o f  the  displacement depth p r o f i l e  has been observed 

by several authors. 
(400'C) i n  n i c k e l .  Johnston e t  al.('] found a midrange swe l l i ng  reduc t ion  a t  h igh  temperatures (625'C) i n  

s ta i n l ess  s tee l .  F a r r e l l  e t  al.(") a l so  observed a midrange swe l l i ng  reduc t ion  a t  600'C i n  n i c k e l .  The 
exis tence of tw bands o f  voids, one before and one a f t e r  the  peak o f  i o n  deposi t ion,  i s  i n  agreement wi th  
the  r e s u l t s  of the  present  study. 

Whi t ley (8)  observed a v o i d  f ree  gap i n  the  depth d i s t r i b u t i o n  a t  low temperature 

The degree and ex ten t  o f  the  i n j e c t e d  i n t e r s t i t i a l  e f f e c t  depend c r i t i c a l l y  on the  over lap of the  p r o f i l e s  
f o r  displacement damage and deposi ted ions. 
t h a t  the  HERAD code g ives  l a r g e r  vo id  suppressions i n  the  peak depos i t ion  reg ion  than does the  BRICE code 
a t  h igh temperatures. Since HERAD invo lves  a more d e t a i l e d  modeling o f  the  c o l l i s i o n  process, r e s u l t s  
der ived  from i t  are presumably more accurate. 

The combined e f f e c t  of surface denuding and i n j e c t e d  i n t e r s t i t i a l s  can l ead  t o  a t o t a l  suppression of vo id  
nuc lea t ion  a t  a l l  temperatures f o r  heavy i on  bombardment w i t h  energies on the  o rder  o f  0.5 MeV o r  l ess ,  as 
found i n  the present  study. 
gases must be implanted e i t h e r  be fo re  o r  dur ing  the  heavy i o n  bombardment. 

The comparison between tw codes f o r  displacement damage shows 

I n  o rder  t o  cmpensate f o r  t h i s  t o t a l  suppression, s i g n i f i c a n t  amounts of i n e r t  
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CORRELATION OF HELIUM CONTENT AND MICROSTRUCTURE TO BUBBLE GROWTH I N  HELIUM IRRADIATED THIN FILMS OF NICKEL 
M. L. S a t t l e r  and W. A. Jesser (Un i ve rs i t y  of V i r g i n i a )  

1 .o Ob jec t i ve  

The ob jec t  o f  t h i s  e f f o r t  i s  t o  examine i n  d e t a i l  bubble growth dur ing  i n - s i t u  TEM annealing and t o  r e l a t e  
bubble behavior  w i t h  hel ium content  and e x i s t i n g  mic ros t ruc tu re .  

2.0 Summary 

Thin PVD n i c k e l  f i lms  were i r r a d i a t e d  a t  80 keV by monoenergetic hel ium ions  t o  f luences as h i gh  as 1022m-2. 
Those samples con ta in ing  bubbles were subsequently annealed in a TEM a t  550, 600, and 650°C f o r  90 minutes 
each. I n d i v i d u a l  volume changes were monitored f o r  about 40 bubbles dur ing  t he  anneal. 
600°C showed a l l  bubble s izes  growing regardless o f  l oca t i on .  Annealing a t  650'C showed small bubbles 
sh r i nk i ng  and l a r g e  ones growing apparent ly  v i a  an Ostwald r i pen ing  mechanism. 
vaporized i n  a mass spectrometer t o  measure re ta i ned  helium. 
55% o f  t he  measured re ta i ned  hel ium was needed t o  f i l l  each bubble t o  e q u i l i b r i u m  a t  650°C. A sa tu ra t i on  
l e v e l  o f  hel ium re ta i ned  i n  t he  samples was found t o  be 8 x 1020 n r 2  (0.8%) f o r  specimens w i t h  no v i s i b l e  
bubbles and i r r a d i a t e d  a t  
specimens i r r a d i a t e d  a t  -750OC. 

Annealing a t  550 and 

F i n a l l y ,  t he  f i lms  were 
For the  sample w i t h  v i s i b l e  bubbles only,  

55OOC; over tw i ce  as much re ta i ned  hel ium was found i n  bubble- conta in ing 

3.0 Program 

T i t l e :  
P r i n c i p a l  I nves t i ga to r s :  W. A. Jesser and R. A. Johnson 
A f f i l i a t i o n :  U n i v e r s i t y  o f  V i r g i n i a  

S imu la t ing  the  CTR Environment i n  t he  HVEM 

4.0 Relevant DAFS Program Plan Taskpubtask  

Subtask l l .C.Z.1 M o b i l i t y ,  D i s t r i b u t i o n  and Bubble Nuc lea t ion  

5.0 Accomplishments and Status 

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

I n  view o f  t he  h i gh  he l ium produc t ion  and h igh  gas loads experienced by t he  f i r s t  w a l l  o f  a f us i on  reac to r ,  
the  behavior  of bubbles and t he  i n t e r a c t i o n  of bubble evo lu t i on  w i t h  m ic ros t ruc tu re  i s  important .  
r e l evan t  t o  i n v e s t i g a t e  bubble growth dur ing  i r r a d i a t i o n ,  b u t  i t  i s  a l so  o f  i n t e r e s t  t o  i n v e s t i g a t e  bubble 
e v o l u t i o n  dur ing  annealing because of the  poss ib l e  anneal ing of r e a c t o r  components d e l i b e r a t e l y  f o r  
recovery and outgassing and a c c i d e n t a l l y  dur ing  coo lan t  loss.  

It i s  

Previously,  hel ium bubbles i n  n i c k e l  have been i nves t i ga ted  i n  anneal ing experiments by Jager and Rothl  
who i nves t i ga ted  hel ium t r app ing  and reemission dur ing  anneal ing o f  bu l k  N i  f o i l s  a t  h igh  temperature, 
Poker and Wi l l iams2 who s tud ied  low temperature re lease  o f  bu l k  samples, and Jager, e t  a l . ,  3 i n  an 
i n v e s t i g a t i o n  of t he  p ressu r i za t i on  of hel ium bubbles i n  t h i n  f i l m s  o f  n i c k e l  dur ing  stepwise annealing. 

I n  t h i s  work i n - s i t u  TEM annealing experiments were conducted on a sample w i t h  a dense bubble popu la t ion .  
I n  previous annealing work4 t he  growth o f  bubbles i n  an i r r a d i a t e d  sample t h a t  conta ined no v i s i b l e  bubbles 
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was fo l lowed.  
showed t he  growth exponent n t o  be equal t o  1 f o r  g ra i n  i n t e r i o r  bubbles and equal t o  0.6 f o r  g r a i n  boundary 
bubbles. Since the  l a r g e s t  t ime dependence f o r  homogeneous growth processes was g iven as n = 0.55 which 
corresponds t o  Ostwald r i pen ing ,  i t  appears d i f f i c u l t  t o  e s t a b l i s h  mechanisms o f  growth through ana lys is  
o f  t h i s  growth exponent. 
i n d i v i d u a l  bubbles i n  one reg ion  o f  the  sample were examined a t  var ious t imes dur ing  the  anneal. Bubble 
behavior  was then co r re l a ted  w i t h  g r a i n  boundary and d i s l o c a t i o n  m ic ros t ruc tu re .  A f t e r  annealing, t o t a l  
hel ium content  of t he  specimen was measured i n  an e f f o r t  t o  determine hel ium p a r t i t i o n i n g  t o  the  e x i s t i n g  
m ic ros t ruc tu ra l  fea tu res .  

Th is  anneal ing was performed a t  a temperature w e l l  above the  i r r a d i a t i o n  temperature and 

D i r e c t  observat ion o f  growth was poss ib le  i n  t he  present  experiment where 

5 . 2  Experimental Resul ts  and Discussion 

5.2.1 Experimental Procedure 

Uniformly t h i n  f i lms  o f  pure N i  were obta ined by t he  phys ica l  vapor depos i t ion  (PVD) of N i  w i res  onto heated 
rock s a l t .  The f i lms  acquired a (100) o r  nea r l y  (100) o r i e n t a t i o n  of small  g ra ins  averaging 170 nm across. 
The th ickness of t he  f i lms  was 125 nm as determined from angstrometer measurements. Another se r i es  o f  PVD 
f i lms  was developed having an i n i t i a l  m i c ros t ruc tu re  of small d i s l o c a t i o n  c e l l s  and a th ickness of 110 nm. 
The f i l m s  were removed by d i s s o l u t i o n  o f  t he  rock s a l t  and mounted upon 100 mesh Mo g r i d s  f o r  the  
remainder of t he  experiments. 

The N i  samples were i r r a d i a t e d  w i t h  80 keV hel ium ions  a t  f luences ranging from 2.1 x loz1  ions  m-' t o  
2.8 x 1022 ions  m-2. 
produced a f i n a l  m i c ros t ruc tu re  cons i s t i ng  of bubbles homogeneously l oca ted  throughout  the  sample w i t h  
l a r g e r  bubbles appearing on g r a i n  boundaries and e s p e c i a l l y  l a r g e  bubbles a t  t r i p l e  j unc t i ons .  
samples whose irradiation temperature remained lower than 550'C conta ined a f i n a l  m i c ros t ruc tu re  of 
d i s l o c a t i o n  tang les .  

Those samples t h a t  were heated dur ing  i r r a d i a t i o n  t o  a temperature of about 75RaC 

Those 

The i r r a d i a t e d  sample (750°C) whose f i n a l  m i c ros t ruc tu re  conta ined a bubble popu la t ion  was subsequently 
annealed i n  a TEM a t  550°C, 600°C and 65OOC f o r  90 minutes each, and micrographs were taken t o  record  
bubble growth dur ing  the  anneals. 
LN2 coo l i ng  o f  t he  Cu " co ld  f i nge r . "  
w i t h  no i r r a d i a t i o n  h i s t o r y  was annealed a t  65OOC f o r  two hours i n  t he  TEM under t he  same cond i t i ons  and 
showed no bubble nuc lea t ion  o r  impu r i t y  p r e c i p i t a t i o n .  

The pressure o f  t he  system was kept  below 8 x 10-8 t o r r  by s imple 
No o x i d a t i o n  of t he  sample was seen t o  occur. A con t ro l  PVD N i  sample 

A f t e r  i r r a d i a t i o n  and annealing, each sample was f l a s h  evaporated i n  a monopole mass spectrometer where 
t he  amount o f  hel ium (amu 4)  i n  the  sample was measured. 
vaporized gene ra l l y  d i d  n o t  a l so  vapor ize t he  Mo g r i d .  
known amounts of hel ium a t  room temperature and pressure and by l i n e a r l y  r e l a t i n g  t he  peak he igh t  t o  the  
number o f  atoms i n  t he  i n j e c t e d  volume. 
0.992. Experimental values of hel ium content  were determined from the  peak he igh t  obta ined du r i ng  
evaporat ion by us ing the  c a l i b r a t i o n  curve and by assuming i d e a l i t y  a t  low pressure. Ca lcu la ted  values 
o f  implanted hel ium atoms were compared t o  these exper imenta l l y  measured values of hel ium atoms. 
ca l cu la ted  value o f  hel ium atoms re ta i ned  i n  t he  t h i n  f i l m s  was computed using the  
ions  a t  30" g lanc ing  angle and 80 keV energy. 
and f o r  120 nm, t he  f r a c t i o n  was 0.35. 
ca l cu la ted  f o r  t he  sample w i t h  a bubble popu la t ion  us ing  an improved reduced Van der  Waals equat ion of s t a t e  
f o r  he l ium a t  h igh   pressure^.^ 

The temperature a t  which the  N i  f i lms  were 
The spectrometer was c a l i b r a t e d  by i n j e c t i n g  

The c o r r e l a t i o n  coe f f i c i en t  f o r  t h i s  c a l i b r a t i o n  curve was 

The 
f o r  He 

For 110 nm t h i c k  f i l m s ,  t he  f r a c t i o n  re ta i ned  was 0.21 
TRIM code 

Also, the  value f o r  e q u i l i b r i u m  number o f  hel ium atoms was 

52.2 Helium Content o f  Hel ium - I r r a d i a t e d  Thin Fi lms 

The t h i n  i r r a d i a t e d  n i c k e l  f i lms  having vary ing  f i n a l  m ic ros t ruc tu res  were vapor ized and found t o  Contain 
more hel ium than t h a t  ca l cu la ted  from the  T R I M  code. 
i r r a d i a t e d  a t  h igher  temperatures was g rea te r  than t h a t  f o r  t he  lower temperature i r rad i .a t ions .  
fea tu re  can be r e l a t e d  t o  t he  observa t ion  t h a t  no bubbles were present  i n  t he  lower temperature 
i r r a d i a t e d  specimens; however, a l a r g e  popu la t ion  of bubbles was v i s i b l e  i n  the  specimens i r r a d i a t e d  a t  
h i gh  temperature. 
measured and t he  ca l cu la ted  implanted d e n s i t i e s  o f  each sample a t  t h e i r  corresponding i r r a d i a t i o n  
temperatures. 

Also, the  amount o f  hel ium re ta i ned  i n  samples 
Th is  

Thus, t he  bubbles apparen t ly  t r a p  a d d i t i o n a l  helium. F igure  1 g ives t he  values f o r  t he  
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F igure  1 :  Comparison o f  measured and ca l cu la ted  implanted hel ium d e n s i t i e s  t o  t h a t  o f  Jager and Rothl .  

Samples i r r a d i a t e d  a t  temperatures lower than 550°C d i d  d i sp lay  a m ic ros t ruc tu re  of d i s l o c a t i o n  tang les  
w i t h  d e n s i t i e s  t h a t  genera l l y  increased w i t h  f luence and w i t h  hel ium content. 
the  h ighes t  f luence where t he re  was a s l i g h t  decrease i n  d i s l o c a t i o n  densi ty .  
var ious samples used a long w i t h  t h e i r  f luences,  d i s l o c a t i o n  dens i t y  o r  r e l a t e d  swe l l ing ,  and hel ium 
content .  

The except ion occurred a t  
Table 1 summarizes the  

The data from these lower temperature i r r a d i a t i o n s  suggest a s a t u r a t i o n  l e v e l  a t  approximately 8.0 x l ozo  
He m-2 (0.8% He/Ni). The sa tu ra t i on  l e v e l  found by Jager and Roth 1 i n  t h e i r  bu l k  N i  f o i l s  i s  a l so  shown 
i n  F igure  1 a long w i t h  the  100% t rapp ing  curve. 
the  comparison here i s  between t h i n  f i l m  work versus t h e i r  experiments on bu l k  n i c k e l .  
experiments completed by Jager, e t  a l .  3 no s a t u r a t i o n  l e v e l  was seen. 
r e ta i ned  i n  t he  sample f i r s t  increased and then decreased wi th  f luence u n t i l  none was re ta i ned  a t  h igher  
f luences.  Th is  was n o t  seen 
i n  t he  present  work, b u t  t he  atomic percentage of r e ta i ned  hel ium i s  much lower f o r  the present  case than 
f o r  t he  above mentioned t h i n  f i l m  case. 
i r r a d i a t e d  samples. 

Th is  l e v e l  i s  h igher  than t h a t  o f  t he  present  work b u t  
I n  t h i n  f i l m  

Instead, t he  amount of hel ium 

(The descr ibed experiment was performed us ing  lower i r r a d i a t i n g  energies.) 

Jager, e t  a l .3,  a l so  repor ted  v i s i b l e  bubbles i n  a l l  o f  t he  

5.2.3 Helium P a r t i t i o n i n g  

For t he  t h i n  f i lms  i r r a d i a t e d  a t  a h igh  temperature (-750'C) so t h a t  a bubble popu la t ion  was formed, the  
t h e o r e t i c a l  he l ium content  was compared t o  the  measured value. A d i s t r i b u t i o n  of bubble s izes  was 
examined, as g iven  i n  Table 2, and t he  t h e o r e t i c a l  number o f  hel ium atoms t h a t  would res ide  i n  each 
e q u i l i b r i u m  bubble was ca l cu la ted  and t o t a l l e d .  
r e ta i ned  i n  t he  sample, 
o f  t he  s i z e  range i n  the  sample. 
bubbles, 1.3 x 1015 hel ium atoms remain unassigned. 

Experimental measurements showed 3.0 x 1015 he l ium atoms 
as compared t o  1.7 x 1015 hel ium atoms ca l cu la ted  t o  be i n  e q u i l i b r i u m  bubbles 

It seems reasonable i n  a sample o f  such small g r a i n  
By p a r t i t i o n i n g  t he  a v a i l a b l e  measured hel ium i n t o  these e q u i l i b r i u m  
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s i ze  and l a r g e  d i s l o c a t i o n  dens i t y  t h a t  the  remainder of t he  hel ium atoms are  t rapped a t  these s i t e s  as 
w e l l  as i n  p o i n t  defect  complexes i n  the  ma t r i x .  This i s  e s p e c i a l l y  p l a u s i b l e  because t he re  was m r e  
hel ium conta ined i n  t r aps  i n  t he  samples w i t h  no v i s i b l e  bubbles than t h a t  assigned t o  other- than-bubble 
t r aps  i n  t he  sample w i t h  v i s i b l e  bubbles. 
ca l cu la t i ons  o f  hel ium p a r t i t i o n i n g  t o  t r aps  by Spi tznagel ,  e t  a l .  8 
number o f  hel ium atoms i n  each bubble and i n  t he  specimen are  g iven i n  Table 2. 
number of hel ium atoms t h a t  a bubble can con ta i n  be fo re  loop  punching occurs, as descr ibed f o r  n i c k e l  by 
T r i n k a ~ s , ~  i s  shown i n  the  t ab le .  The t o t a l  number of hel ium atoms necessary be fo re  bubbles i n  t h i s  sample 
begin loop  punching i s  7.5 x 1015 atoms, which i s  more than tw ice  the  q u a n t i t y  o f  hel ium exper imenta l l y  
measured. 

Th is  d i s t r i b u t i o n  of hel ium atoms i s  comparable t o  t h e o r e t i c a l  

I n  add i t ion ,  the  maximum 
The ca l cu la t i ons  for  t he  e q u i l i b r i u m  

I t  i s  t he re fo re  poss ib le  from t h i s  p o i n t  of view f o r  a l l  o f  t he  hel ium t o  be i n  bubbles. 

TABLE 1 - TEST CONDITIONS 

SAMPLE DESCRIPTION FLUENCE DISLOCATION AMOUNT OF He PER UNIT AREA 
~ 1 0 2 2  ions  m-2 DENSITY x 1020 atoms m-2 

x 1015 m-2 MEASURED CALC. IMPLANTED 

D i s l oca t i on  - ce l l ed ,  .21 1 .o .55 .44 
110-nm t h i c k ,  .63 1.6 3.96 1.33 
low-temp. i r r a d .  (<550°C) .84 2.6 7.80 1.72 

1.9 - 7.78 3.96 
2.8 2.1 8.20 5.20 

D i s l o c a t i o n  - ce l l ed ,  2.7 
110-nm t h i c k ,  
high-temp. i r r a d .  (-750°C) 

Small - grained, 125 nm t h i c k ,  1.9 
1 ow-temp. i rrad .  (< 550" ) 
high-temp. anneal. (600") 

Small - ara ined 125 nm t h i c k .  1.3 

4 

high-temp. i r rad.( -750"C) 
lower-temp. anneal. (600, 650'C) 

.2J 28.9 5.65 

SWELLING(%) 

.69 - - 

7.0 15.5 4.59 

TABLE 2 - HELIUM PARTIT IONING 

AVE. BUBBLE NO. OF BUBBLES EQUILIBRIUM NO. OF He ATOMS TOTAI NO. OF HP ATOMS PER SPECIMEN SIZE 
DIAMETER (nm) PER SPECIMEN S I Z E  PER BUBBLE (105) 

fx1020 m-3) a b C a b C 

5.3 
9.5 

16 
25 
35 
45 
55 
70 
95 

63.5 
68.4 
58.6 
14.7 
29.3 
14.7 

4.91 
4.91 
4.91 

0.0528 
0.233 
0.819 
2.29 
4.83 
8.35 

12.84 
21.42 
40.62 

0.0514 
0.244 
0.779 
2.15 
4.53 
7.80 

11.98 
19.94 
37.71 

0.0807 
0.442 
1.96 
6.80 

16.97 
33.06 
55.73 

103.01 
219.64 

0.. 334 
1.60 
4.78 
3.36 

14.14 
12.25 
6.31 

10.52 
19.92 

0.326 
1.53 
4.58 
3.15 

13.28 
11.46 

5.90 
9.97 

18.52 

0.511 
3.03 

11.46 
9.98 

49.77 To ta l  
48.54 Meas. He 
27.34 123730- 
50.56 

107.79 

_ _ - _  

TOTALS 73.20 68.54 308.99 

SPECIMEN S I  E 
Area = 2 mm 
Thickness = 125 nm 

5 a. T = 6OO0C, y = 2.81 J m-2 
b. T = 650°C. y = 2.75 J m-* 
c .  T = 650"C, rep lace  y by Y + %- 

p = 186 GPa, b = 2.55 x 10-10 m 
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5.2.4 Annealing o f  a High Temperature I r rad ia ted  Sample 

A f t e r  i r r a d i a t i o n  a t  -750°C. the specimen contain ing a dense populat ion o f  bubbles was annealed f i r s t  a t  
55OOC f o r  90 minutes. 
the on ly  bubbles seen t o  grow. 

The bubbles on the g ra in  boundary and very la rge bubbles i n  the g ra in  i n t e r i o r  were 
The ma jo r i t y  of bubbles remained the same size.  

For both the 6OO0C and the 650'C anneals, a l l  o f  the bubbles observed i n  an area 5.4 x l o3  nm 
i n  the g ra in  i n t e r i o r  were measured and analyzed. 
i n  Table 3 and an ed i ted  sequence of micrographs from t h i s  annealing experiment i s  shown i n  Figure 2. 
The t a b l e  suggests a growth i n  bubbles regardless of i n i t i a l  s i ze  dur ing the 6OO0C anneal and a tendency 
toward shrinkage i n  bubbles between 5 and 20 nm i n  diameter dur ing the 65OOC anneal. 
(20 t o  60 nm) grew dur ing the 650°C anneal. 
coalesce dur ing the anneals and a few bubbles were seen t o  nucleate and grow dur ing the 650°C anneal. 
as the  tab le  shows, there  i s  no conservation of volume between bubble s i ze  groupings dur ing bubble growth 
f o r  any annealing temperature. 

i n  s i z e  
The volume changes fo r  these 38 bubbles are recorded 

The la rge bubbles 
No bubbles i n  t h i s  g ra in  i n t e r i o r  region were seen t o  

Also, 

For t h i s  s a w  group of bubbles, the change i n  the number o f  helium atoms res id ing  i n  the bubble, assuming 
equ i l ib r ium,  was calculated.  
dur ing the 600°C anneal and an add i t iona l  1.5 x 105 helium atoms (9%) dur ing the 65OOC anneal. 

For bubbles on the g ra in  boundary, the same r e s u l t  was found as f o r  g ra in  i n t e r i o r  bubbles. A l l  s izes of 
bubbles grew for  the 6OO0C anneal and on ly  l a rge  bubbles (15 t o  120 nm) grew f o r  the 650OC anneal. 
However, bubbles located on t r i p l e  junc t ions of g ra in  boundaries were seen t o  shr ink  o r  t o  grow w i t h  
roughly equal p r o b a b i l i t y  regardless of s ize.  
who observed bubbles on the t r i p l e  junc t ions t o  grow a t  a fas ter  r a t e  than those on 

It was found t h a t  an add i t iona l  3.0 x 1015 helium atoms jo ined the bubbles 

This r e s u l t  i s  d i f f e r e n t  from t h a t  o f  Braski, e t  al.,1° 
the g ra in  boundary. 

5.2.5 Ostwald Ripening Mechanism for  Bubble Growth upon Annealing a t  650'C 

The data o f f e r  de ta i l ed  measurements i n  support of Ostwald r ipen ing of helium bubbles i n  n i cke l  annealed a t  
65OOC. Annealing of the specimen a t  600°C showed t h a t  a l l  bubble s izes tended t o  grow wi thout  coalescence. 
Such growth i s  consistent  w i t h  e i t h e r  an overpressurized bubble populat ion o r  a l a t t i c e  releasing trapped 
helium. I n  view of the r e s u l t  t h a t  a subsequent 650°C anneal o f  the same specimen produced shr ink ing o f  
the s m a l l  helium bubbles, the overpressur izat ion argument i s  less  l i k e l y  than the release o f  helium from 
some o f  the l a t t i c e  t raps.  
bubble volume was no t  conserved bu t  ra the r  swel l ing  increased w i t h  a net  absorption o f  about 1.5 x 106 
add i t iona l  vacancies. Assuming t h a t  each bubble a lways contains the equ i l i b r i um number of helium atoms, 
one ca lcu la tes  t h a t  a net  gain of about 1 x 105 helium atoms occurred dur ing the  90 minutes of annealing 
a t  65OOC. 
t o  the  bubble populat ion even a t  constant t o t a l  helium i n  the bubbles even so there was an add i t iona l  
capture by bubbles o f  helium from l a t t i c e  t raps so t h a t  net  bubble growth occurred beyond t h a t  expected 
from Ostwald r ipen ing alone. 
i nd i v idua l  bubbles which supports the  idea t h a t  helium bubbles may grow dominantly v i a  an Ostwald 
r ipen ing mechanism. This mechanism was observed on ly  a t  6 5 0 T  and no t  a t  600 o r  5 5 0 T  (<Tm/2) and hence 
i t  i s  no t  appropr iate t o  ex t rac t  an a c t i v a t i o n  energy from the data over the temperature range 600-650°C. 

The ove ra l l  bubble populat ion observed by TEM dur ing annealing showed t h a t  t o t a l  

This r e s u l t  suggests t h a t  wh i le  Ostwald r ipen ing was occurr ing w i t h  a ne t  increase o f  vacancies 

Nevertheless, t h i s  data represents the f i r s t  de ta i l ed  observation o f  

5.2.6 Conclusions 

1. There seemed t o  be a satura t ion  l eve l  of helium i n  the f i l m s  i r r a d i a t e d  under s i m i l a r  condi t ions.  
This l i m i t a t i o n  was about 8 x 1020 He m-2 (0.8aX) f o r  f i lms 110 nm t h i c k  where no v i s i b l e  bubbles were 
exh ib i ted .  

2 .  
twice t h a t  of specimens wi thout  v i s i b l e  bubbles. 

3. 
t h a t  about h a l f  o f  the re ta ined helium could reside a t  o ther  t raps.  

4. 
average whi le  l a r g e r  bubbles grew a l l  wi thout coalescence. 
mechanism of Ostwald r ipen ing dur ing the anneal. 

High-temperature i r r a d i a t i o n  which produced bubbles i n  the f i l m s  showed a helium re ten t i on  of about 

A p a r t i t i o n i n g  o f  helium w i t h i n  a specimen t o  v i s i b l e  equ i l i b r i um bubbles and t o  o ther  t raps showed 

For specimen i r r a d i a t e d  a t  h igh temperature (750°C) and annealed a t  650°C, small bubbles shrank on 
This r e s u l t  i s  consistent  w i t h  a growth 

112 



6.0 References 

1 .  

2 .  

3. 

4 .  

5 .  

6. 

7. 

8. 

9.  

10. 

W. Jager and J .  Roth, "Microstructure o f  Ni and Stainless  Steel a f t e r  Multiple Energy He and  D 
Implantation," Journal of Nuclear Materials, 93&94 (1980). 756. 

D.  B .  Poker and J .  M .  Williams, "Low Temperature Release of Ion-Implanted Helium from Nickel," 
Applied Physics Let ters ,  40 (1982), 851. 

W. Jager,  R .  Manzke, H. Trinkaus, G .  Crecelius, R.  Zel ler ,  J .  Fink, and H .  L .  Bay, "Density and 
Pressure o f  Helium in Small Bubbles i n  Metals," Journal of Nuclear Materials, 111 & 112 (1982), 674. 

M .  L .  S a t t l e r ,  J .  I. Eennetch, and W.,8A.  Jesser ,  "Bubble Growth Kinetics Associated w i t h  Irradiated 
a n d  Post- irradiation Annealed Metals, 
1981), 155 .  

P. J .  Goodhew and S.K. Tyler, "Helium Bubble Behavior in B . C . C .  Metals Below 0.65Tm," Proceedings 
of Royal Society of London, A377 (1981), 151. 

DAFS Quarterly Progress Report, DOE/ER - 004617, (November, 

M .  Baskes and K. Wilson, Sandia Livermore Laboratory, private communication. 

J .  I. Eennetch and W .  A. Jesser ,  "An Improved Reduced Van der Waals Equation of State fo r  Helium a t  
High Pressures," Journal of Nuclear Materials, 116 (1983), 339. 

J .  A .  Spitznagel, S. Wood, N. J .  Doyle, W. J .  Choyke, J .  N. McGruer, J .  R .  Townsend, and R .  E. Irwin, 
"Helium Parti t ioning t o  Extended Defects in Dual Ion Bombarded 304 and 316 SS," 
Materials, 103 a n d  104 (1981). 1463. 

Journal of Nuclear 

H. Trinkaus, "Precipitation of Helium and I t s  Effects on Mechanical Properties of Metals," in :  
Point Defects and Defect Interactions in Metals, eds. J .  Takamura, M .  Doyama. and M. Kiritani 
(University of Tokyo Press, Tokyo, Japan, 1982T, 312. 

D. N .  Braski, H. Schroeder, and  H. Ullmaier, "The Effect of Tensile Stress on the Growth of Helium 
Bubbles in an Austenitic Sta inless  Steel ," Journal of Nuclear Materials, (1979), 265. 

113 



THERMAL CREEP AND STRESS-AFFECTED PRECIPITATION OF 20% COLD-WORKED 316 STAINLESS STEEL 

R. J .  Puigh, A. J. Love11 and F. A. Garner (Hanford Engineering Development Laboratory)  

1.0 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  p rov ide  f i s s i on- fus ion  c o r r e l a t i o n s  f o r  dimensional changes induced by 
i r r a d i a t i o n  i n  A I S 1  316. 

2.0 Sumoary 

Measurements o f  t he  thermal creep o f  20% cold-worked 316 s t a i n l e s s  s t e e l  have been performed f o r  tempera- 
t u r e s  from 593 t o  760"C, s t r ess  l e v e l s  as h igh  as 138 MPa and exposure t imes as long as 15,000 hours. 
creep s t r a i n s  e x h i b i t  a complex behavior  a r i s i n g  from the  combined a c t i o n  o f  t r u e  creep and st ress- af fected 
p r e c i p i t a t i o n  of i n t e r m e t a l l i c  phases. 
i r r a d i a t i o n .  

The 

The l a t t e r  process i s  suspected t o  be a l t e r e d  by neutron 

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 nves t i ga to r :  D. G. Doran 
A f f i l i a t i o n :  Hanford Engineer ing Development Laboratory 

4 .O Relevant Program Plan Task/Subtask 

Subtask II.C.1 E f f e c t s  o f  Ma te r i a l s  Parameters on M ic ros t ruc tu re  

Subtask Il.C.14 Models of Flow and Frac tu re  Under I r r a d i a t i o n  

5.0 Accomplishments and Status 

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

Thermal creep i s  one of t h e  processes t h a t  w i l l  c on t r i bu te  t o  t he  d i s t o r t i o n  o f  s t r u c t u r a l  components i n  
fus ion reac to rs .  I n  devices opera t ing  on t he  m i r r o r  p r i n c i p l e ,  t h e  b lanke ts  may be r u n  a t  s u f f i c i e n t l y  
h i gh  temperatures t h a t  thermal creep w i l l  supplant r ad ia t i on- d r i ven  processes as t h e  major  design concern. 
There are some data, however, which suggest t h a t  thermal creep i s  a l t e r e d  i n  r a d i a t i o n  environments.l.2 
I t  i s  a l so  known t h a t  t he re  are complex i n t e r a c t i o n s  between phase evo lu t ion ,  vo id  swel l ing,  i r r a d i a t i o n  
creep and thermal creep. 
t r a n s i e n t  regimes t o  minor d i f f e rences  i n  composi t ion and fabr ica t ion .3 -7  

These cons idera t ions  r e q u i r e  t h a t  t he  development o f  a thermal creep c o r r e l a t i o n  f o r  f u s i o n  a p p l i c a t i o n  
proceed us ing  da ta  f rom t h e  same heat o f  s t e e l  from which i r r a d i a t i o n  creep and s w e l l i n g  c o r r e l a t i o n s  w i l l  
be derived, namely t h a t  o f  t h e  heats o f  s t e e l  comnonly designated as FFTF* f i r s t  core  s tee l s .  The cu r ren t  
pub l i shed thermal creep equation8 i s  der ived  from another heat  of s t e e l  (V87210) whose creep, s w e l l i n g  
and p r e c i p i t a t i o n  behaviors e x h i b i t  longer t r a n s i e n t s  and t he re fo re  lower s t r a i n s  f o r  a g iven  exposure. 

These four  dimensional change c o n t r i b u t i o n s  a l l  e x h i b i t  s e n s i t i v i t y  i n  t h e i r  

* F F f F s  t he  Fast F lux Test F a c i l i t y  i n  Richland, WA. 
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Th i s  paper presents thermal creep da ta  f o r  t he  20% cold-worked f i r s t  core s t e e l  designated as heat  K81581 
o r  NICE-lot. 
i n  Reference 2. 
l a t e r  r epo r t .  

The experimental techniques employed i n  t h i s  s tudy were i d e n t i c a l  t o  those repor ted  f o r  heat V87210, and 
invo lved  l a s e r  in te r fe rometer  measurements of d iametra l  s t r a i n s  o f  t h i n- wa l l ed  hel ium-pressur ized tubes. 
These tubes were mainta ined i n  i n e r t  gas w i t h i n  +3'C o f  t he  nominal t e s t  temperature. 

Th is  heat provides t he  m a j o r i t y  of t h e  da ta  used t o  d e r i v e  t h e  i r r a d i a t i o n  creep C o r r e l a t i o n  
The development of a p r e d i c t i v e  c o r r e l a t i o n  based on these da ta  w i l l  be presented i n  a 

5.2 Experimental Resul ts  

The diameter changes of these tubes a t  four temperatures are shown i n  Figures 1 through 4. 
a compi la t ion  of t h e  s t r a i n  and f a i l u r e  data. 
w a l l  hoop s t ress ,  which remains nea r l y  constant, dropping o n l y  2% f o r  a hoop s t r a i n  o f  5%. 

A t  594 and 649°C the  onset of accelerated creep i s  observed f o r  a l l  s t r ess  l e v e l s  inves t iga ted .  
however, t he  accelerated creep regime i s  fo l lowed by a dece le ra t ion  i n  creep r a t e  a f t e r  4 0 0 0  hours. 
same pa t t e rn  i s  much more pronounced a t  760"C, w i t h  t he  slowdown i n  creep r a t e  occur r ing  a f t e r  13000 hours. 

Since e a r l i e r  s tudies9 (see F igure  5 )  had shown t h a t  a p o r t i o n  o f  t h e  s t r a i n s  i s  due t o  volume changes 
associated w i t h  phase formation, t he  diameter increase o f  a tube he ld  a t  760°C f o r  14,800 hours and nomi- 
n a l l y  zero s t r ess  was measured and found t o  be 0.70%. 
were i s o t r o p i c .  
were no t  t he  r e s u l t  of a non-zero bu t  small  s t r ess  d i f f e r e n t i a l ,  two o the r  tubes w i thou t  end p lugs (V87210, 
760°C f o r  16,000 hours) were examined. 
and 0.98% diameter increases, r espec t i ve l y .  These t h ree  se ts  o f  measurements i n d i c a t e  t h a t  t h e  phase- 
r e l a t e d  dens i t y  decrease i s  d i s t r i b u t e d  i n  a very  an i so t rop i c  manner. Meta l lograph ic  examination conf i rmed 
t h a t  subs tan t i a l  format ion ( > l o  volume %)  of l a r g e  i n t e r m e t a l l i c  p r e c i p i t a t e s  had occurred; presumably 
these were most ly  sigma phase. 

Table 1 conta ins 
The s t r ess  l e v e l s  quoted i n  these f i g u r e s  r present  t h e  mid- 5 

A t  705OC, 
The 

Th is  imp l ies  a volume increase o f  2.1% i f  t h e  s t r a i n s  
The measured dens i t y  decrease, however, was o n l y  1.22%. To be c e r t a i n  t h a t  these s t r a i n s  

These tubes experienced 1.33 and 1.28% dens i t y  decreases and 0.97 

5.3 Discussion 

In previous reports2.5 t he  i n i t i a l  acce le ra t ion  of creep s t r a i n  was a t t r i b u t e d  t o  t he  onset o f  t e r t i a r y  
creep. 
t h a t  diameter s t r a i n s  on t h e  o rder  of 21% occur even i n  t he  absence of s t r ess  and account f o r  t he  i n i t i a l  
acce le ra t ion  of s t r a i n  r a t e .  
705 and 760°C may be t he  r e s u l t  of r e c r y s t a l l i z a t i o n .  
worked d i s l o c a t i o n  d e n s i t i e s  dur ing  aging does no t  occur u n t i l  t he  i n t e r m e t a l l i c s  form.1° 

The 

These l a t t e r  phases ar The i r  d i f f e r e n t  s t r uc tu res ,  when compounded w i t h  
t h e  pronounced tex tu reg4 o f  these tubes, leads t o  non iso t rop ic  s t r a i n s .  
hexagonal laves  invo lves  1 7 %  compression of t h e  c r y s t a l  l a t t i c e  i n  two d i r e c t i o n s  and expansion o f  24.5% 
i n  t h e  other ,  r e s u l t i n g  i n  a volume increase of 
exceeding several  volume percent, however, and cannot cause t he  observed t o t a l  s t r a i n .  

The two heats discussed i n  t h i s  r e p o r t  are p a r t i c u l  r 
phase, however, reaching l e v e l s  as l a r g e  as 10-14%. 7,k 
t h a t  t he  nuc lea t i on  and growth of these phases must be accelerated by app l ied  st resses.  
demonstrated exper imenta l l y  f o r  these tubes10 and a lso  o the r  heats of 316.17,18 

The l a te- te rm  dece le ra t i on  of creep seen i n  F igures 3 and 4 cannot be a t t r i b u t e d  s o l e l y  t o  s a t u r a t i o n  o f  
p r e c i p i t a t e - r e l a t e d  s t r a i n s ,  s ince  t he  s t r a i n s  are g rea ter  than can be a t t r i b u t e d  t o  phase fo rmat ion  
alone. 
format ion and/or p r e c i p i t a t e s .  

It i s  i n t e r e s t i n g  t o  speculate whether t he  format ion of i n t e r m e t a l l i c  phases w i l l  be delayed by i r r a d i a t i o n  
as suggested by Watkin.19 
shown i n  F igure  6 of h i gh  temperature i r r a d i a t i o n  creep ( r e l a t i v e  t o  thermal creep) imp l ies  t h a t  such a 
de lay  occurs. 
r e ta rds  t h e  elemental segregat ion needed t o  nucleate those phases b u t  a lso  r e s i s t s  t he  r e c r y s t a l l i z a t i o n  
process. I n  add i t ion ,  radiat ion-produced phases form a t  h igh  d e n s i t i e s  w i t h i n  t h e  g ra i ns  and segregate 
many elements known t o  in f luence t he  r a t e  of sigma formation i n  austent ics.  A l l  o f  these processes may 
c o n t r i b u t e  t o  t he  delay of accelerated creep dur ing  i r r a d i a t i o n .  

Th is  assumption was c a l l e d  i n t o  ques t ion  when t he  creep r a t e  subsequently decl ined.  It now appears 

These s t r a i n s  sa tu ra te  below 2%, however, and t he  l a r g e r  s t r a i n s  a t t a i ned  a t  
Maziasz has po in ted  out  t h a t  the  r e l a x a t i o n  of co ld-  

hase sequences i n  t h i s  s t e e l  i n i t i a l l y  cause a small  an i so t rop i c  d e n s i f i c a t i o n  du r i ng  carb ide  forma- 
t i o n  P 1312 fo l lowed by volume increase upon format ion of i n t e r m e t a l l i c  phases: laves, c h i  and sigma.l3 

no t  fcc i n  s t r uc tu re ,  however. 
For  example, fo rmat ion  of 

The laves  phase does no t  form i n  amounts 

lgrone t o  t he  fo rmat ion  o f  t he  t e t r agona l  sigma 

Th is  has been 
Inspec t ion  o f  F igures  1 through 4 a l so  shows 

Th i s  dece le ra t i on  may represent  a hardening o f  t he  m ic ros t ruc tu re  a r i s i n g  from d i s l o c a t i o n  c e l l  

If these phases are precursors o f  t he  acce le ra t i on  o f  creep, then t h e  de lay  

An a l t e r n a t i v e  exp lanat ion  i s  t h a t  t he  i r r ad ia t i on- induced  d i s l o c a t i o n  network n o t  o n l y  
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FIGURES 1-4. Thermal Creep Strains Observed in the Diameter o i  Gds-?vr\>urized Tubes Constructed from 
A I S 1  316 Heat K81581. The stresses shown are midwall hoop stress levels. 
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TABLE 1 
THERWL CONTROLS - NICE-LOT 

bOO/OO, percent 

Stress 3.6 360 1080 2160 3600 '7200 10800 19440 28080 35518 46386 kilorec 
~pecimen Hpa~ 111 & & jl000) (2OW) (30001 114001 (7800) 198661 

811-K (1000V) 

L7 
A2 
A3 
A4 
A5 
A6 
A7 
L5 
A9 
A10 

0 
28 
55 
86 
103 
138 
172 
241 
310 
414 

0 
4 

,003 
-.004 
.a01 

- ,002 

-.a08 
-.W7 
-.a02 
0 
,004 

- ,008 
,011 
.a08 
.030 
,043 

-.a13 
-.a01 

-.022 
,006 

-.a13 
.a09 

-.012 
0 

-.a02 
.015 
,030 
.027 
,049 
,088 
,165 
,194 

-.a13 
,003 
,009 
,031 
,045 
,053 
,096 
,170 
,133 

1.220 

-.a21 
0 

,001 
,037 
,067 
.Ob8 
.117 
.224 
,491 

failed' 

-.a14 
,0065 
,019 
,056 
,079 
,084 
,141 
,392 
,718 

-.a10 
,011 
,023 
,054 
,092 
,097 
,153 
,330 
,886 

-.a11 
-.003 
,008 

-.a03 
.a13 
,019 
,039 
.Ob5 

12.5 
15 
20 
25 
35 
45 
60 

,014 
-.w9 
,010 
,009 
,025 
,043 

,016 
-.a01 

,022 
,077 
,051 
,100 

El 
E2 
E3 
L4 
E5 
E6 
E7 
E8 
E9 
E10 
Ell 
E12 
E13 
E14 
L15 
L6 

0 
14 
34 
55 
69 
86 
103 
121 
138 
155 
172 
206 
241 
276 
310 
345 

0 
2 
5 
8 
10 
17.5 
15 
17.5 
20 
22.5 
25 
30 
35 
40 
45 
50 

-.a13 
-.a02 
,003 
,004 
,009 
,008 
.020 
.a20 
,018 
,026 
,029 
,039 
,051 
,051 
.065 

- ,005 
-.a03 
- ,001 
,017 
.OlO 
,029 
,046 
,041 
,058 
,074 
,075 
.lo4 
,145 
,203 
,272 
,404 

-.a19 
-.a10 
.003 
,018 
,028 
,039 
,063 
,072 
,083 
.lo6 
,138 
,173 
,250 
,342 
,555 
,977 

-.OX 
-.a14 
-.a02 
,015 
,037 
,048 

.098 

.114 

.lo5 
,170 
,243 
,367 
,620 

1.248 
4.177 

,070 

-.a19 - .004 
,012 
,027 
,049 
,070 
,094 
,121 
.136 
.180 
.I20 
,328 
,516 

1.071 
1.945 
failed 

-.020 -.027 
-.a06 

-.029 
-.007 
,014 
,077 
,067 
,082 
,126 
-165 
.194 
,275 
,464 
,635 

3.188 
failed 

-.024 
.a01 
,023 
.loo 
.075 
,101 
,139 
,186 
,233 
,334 
,466 

1.229 
failed 

-.a16 
,003 
.036 
,060 
,086 
,136 
,201 
,273 
,371 
,729 
,463 

2.193 

,073 
,041 
,040 
,126 
,127 
,170 
,298 
,513 
.914 

3.08 
,427 

2.172 

-.a22 
,035 
,047 
,099 
,149 
. 2  30 
,522 
1.094 
3.016 
3.067 
failed 
failed 

-.a29 
,037 
,057 
,145 
,219 
,422 
1.46 
3.71 
3.32 
failed 

.a 
,011 
,029 
,058 
,071 
,096 
,125 
.15b 
,201 
,332 
,380 
,733 

2.151 
4.200 

,013 
,028 
.058 
.a74 
,104 
,137 
,169 
,223 
,358 
,442 

1.041 
2.892 
failed 

,881 

922'K (1200'F) 

F1 
F2 
F3 F4 

F5 F6 

F7 

0 
7 
14 
21 
28 
34 
41 

-.a16 -.a24 
-.007 -.a23 
-.WE -.a04 
,003 -.010 
,003 . W 7  
.W6 ,013 
.a14 ,023 

-.a17 -.a19 .069 
-.a11 -.a18 ,007 
-.a06 -.a11 -.002 
-.001 -.004 ,002 
,011 ,005 ,021 
,013 .024 ,027 
.022 ,024 ,043 

-.a11 
-.a11 
,003 
,008 
.023 
.a37 
.054 

-.a20 - ,0009 
,025 
,040 
,069 
.116 
.137 

-.a15 
,012 
.053 
.073 
.126 
,223 
,287 

-.021 
,031 
.lo7 
.286 
,383 
,859 

1.202 

-.OM 
,074 
,190 
,344 
,794 

1.730 
2.482 

,009 
,103 
,255 
.490 

removed 
2.333 
renaved 

,007 
,120 
,305 
,636 

0 
,011 
,030 
,048 
,060 

i 
6 

3.10 

92ZmK (1200°F) (Cont'd) 

F8 55 8 ,027 ,041 .010 .O52 ,067 ,083 ,101 ,321 ,957 4.380 10.620 removed 
F9 69 10 ,031 ,043 .053 ,051 .a99 ,112 .141 ,517 1.826 8.545 8.514 failed 
F1O 86 12.5 ,034 ,066 ,078 ,095 ,129 ,160 ,210 1.531 6.341 6.301 6.254 failed 
F11 103 15 ,062 ,100 .110 ,121 ,199 ,277 ,525 5.477 failed 
F12 138 20 ,081 ,137 ,165 .202 ,318 ,544 2.251 3.985 failed 
~ 1 3  172 25 ,127 ,228 .296 .405 .7ns 4.137 failed 
F14 207 30 ,162 .334 ,474 .?I7 1.246 3.896 failed 
~ 1 5  241 35 ,734 ,550 3 5 5  2.061 4.125 4.292 failed 

918°K [1300DF) 

L1 
J2 
53 
J4 55 

56 
J7 58 

0 
1 

0 
0.5 

-.a20 
-.a11 
,003 

-.OOl 
.006 
,013 
,024 
,029 
,047 
,044 
,060 
,086 
,067 
,158 

-.on4 

-.018 
- ,020 
-.OW 

-.a01 
,015 
,020 
.043 
,031 
,071 
,075 
,111 

,277 
,417 

.on1 

.I no 

-.a30 
-.a08 
-.006 

,004 
,046 
.a34 
.042 
,066 
,089 
,102 
,165 
,102 
,567 

1.223 

,009 

-.a20 
- ,006 
,004 
,014 
,026 
,040 
,067 
,105 
,126 
,208 
,240 
,561 

1.945 
5.773 
5.291 

- ,020 

.023 
,040 
.058 
.094 
.141 
,320 
,427 

1.017 
1.187 
4.407 
6.850 
failed 
failed 

.om 
-.019 

,040 
,077 
, 1 1 1  
,199 
,378 

1.037 
1.446 
3.585 
4.793 
8.266 
failed 

,010 
-.017 -.003 
.033 ,063 
,091 ,137 
.178 ,277 
,306 ,475 
,612 1.104 

1.352 2.641 
3.927 8.404 
6.366 18.674 
19.321 failed 
13.283 failed 
failed 

-.006 
.a81 
.187 
.435 

2.316 
6.430 

25.368 

,816 

32.901 

.a28 
,135 
,266 
,589 

1.139 
3.052 
10.607 
41.523 
failed 

,021 
,134 
,278 
,632 

1.267 
4.034 
13.128 
falled 

,018 

.285 
,684 

1.88 

1.41 
4.69 
15.75 

10 
14 
71 
28 
34 
11 

1.5 
2 
3 
4 
5 
6 
7 

.010 

.01b 
,028 
,045 
,063 
,062 
,097 

Id5 

J9 
JlO 
Jll 
Jl2 
J13 
Jl4 
J15 

.. 
48 
55 
69 
90 
110 
131 

8 
10 
13 
16 
19 

. . .. 
,201 
,278 

1033'K 11400'F) 

K1 
12 
K3 
K4 
K5 
16 
K7 
K8 
K9 
K10 

0 
3 
7 
10 
14 
21 
28 
34 
41 
48 

0 
0.5 
1 
1.5 
2 
3 
4 
5 
6 
7 

,020 
0 
.013 
.007 
,013 
,030 
,045 
,061 
,081 
.070 

- ,008 
.a02 

-.a04 
,017 
,027 
,030 
,049 
,075 
-108 
.lo5 

,009 
-.a23 
,001 
,008 
.a16 
,047 
,059 
,100 
,180 
,144 

-.018 -.a02 
,015 ,046 
.010 ,087 
,016 ,145 
,050 ,237 
.092 ,529 

,327 3.289 
.8b8 15.148 
,617 1.581 

,156 1.187 

,002 
.079 
,175 
.604 
.604 

1.649 
4.622 
17.456 
20.318 
25.749 

,059 
,154 
,289 
,527 
,977 

3.001 
8.649 
38.278 
failed 
failed 

669 .693 
1.047 
1.546 
2.270 
1.456 
removed 
27.411 

.73 
1.13 
1.71 
2.52 
3.84 

~~ 

,288 ,412 ,630 
,507 ,612 ,990 
,884 1.116 1.539 

1.606 1.975 2.519 
5.021 5.516 6.894 
14.859 16.988 70.610 

~~~ 

,958 
1.420 
7.070 
3.158 
8.049 
24.394 34.01 

failed 

* Note: Failed Specimen u~ u a l l y  denotes benign failure mode. Specimen is considered failed when creep growth stops. The final waswe- 
?pnt is listed in the examination tine before the '"failure'' note, 1.e..  the rpecilnen was not  piesent during the aging ti- in which 
failure'' Occurred. 
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FIGURE 

I I 
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A 

5 

TIME, HOURS 

I I I I I I 

5. Diametral and Volume Changes Observed at 70OoC i n  Zero-Stress Thermal Creep Tubes 
From Heat V87210.10 

4 t  \/ IN-REACTOR 
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FIGURE 6. Creep Behavior Observed in 20% Cold-Worked 316 Stainless Steel at 65OoC, Showing Apparent 
Suppression of Accelerated Strain Regime by Irradiation.2 
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5.4 Conclusions 

The strains measured in thermal creep experiments on one heat of cold-worked 316 stainless steel exhibit a 
complex behavior arising from the interaction of creep processes with phase evolution and recrystallization, 
both o f  which are suspected to be altered by radiation. 
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Future Work 

A correlation will be developed from this data to describe the strains associated with thermal creep and 
precipitation. 

8.0 Publications 

This report will be published in the Journal of Nuclear Materials as part of the proceedings of the Third 
Topical Meeting on Fusion Reactor Materials, (Sept. 1983) Albuquerque, NM. 
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THE INFLUENCE OF IRRADIATION AND THERMAL CFSEP ON STRESS REDISTRIBUTIDN IN FUSION BLANKETS 

James P. Blanchard and Nasr M. Ghoniem (University of California, Lo8 Angeles) 

1.0 Objective 

The objective of this work is to investigate the influence of creep and swelling on fusion blanket lifetimes. 

Creep processes, due to thermal and irradiation fields, have generally been assumed to relax stresses result- 
ing from the loading of structural components. However, in order to determine failure modes and mechanisms, 
a global inelastic structural analysis is required. We have recently developed the STAIRF computer program 
for g r e s s  ealysis Including Eadiation Effects. This code is based on modified beam and arch theory far the 
simultaneous calculation of stresses and deflections in beams of arbitrary cross-section. 
plied to the lifetime analysis of the girror Advanced Reactor Study (MARS) blanket modules. The objective of 
the present paper is to assess the global impact (3-dimensional) of both irradiation and thermal creep 
strains on the stresses resulting from thermal and swelling strains. The analyzed blanket consists of 
semi-toroidal tubes around the plasma. Thus, pipes of hollow circular cross-sections are treated as beams 
hanging between the inlet and outlet headers under a variety of boundary conditions. 

The work is ap- 

3 . 0  Program 

Title: Helium Effects on Swelling of Steels 
Principal Investigator: N.M. Ghoniem 
Affiliation: University of California at Los Angeles 

4.0  Relevant DAFS Propram Plan TaskISubtask 

Subtask Group C: Damage Microstructure Evolution and Mechanical Behavior 

5 . 0  Accomplishment and Status 

5.1 Introduction 

Until recently, structural analysis of fusion components has usually been divorced from radiation effects. 
Detailed structural models have been used without considerations of radiation induced property changes. 
the other hand, estimates of lifetime limits have been performed at a crude level, using simple 1-D models 
or arbitrary design criteria. 
tent. 
ing of the effects of void swelling and thermal and irradiation creep on a 3-D structure. 
the results of a global structural analysis could not be obtained by merely extending the results of a 1-D 
study. 

On 

The independence and disparity of these two approaches is obviously inconsis- 
In order to obtain more reliable end-of-life (EOL) estimates one requires a more thorough understand- 

In some cases, 

In this %?per, the interplay between swelling and creep is examined through the use of a computer code 
(STAIREj developed at UCLA. This code is based on classical beam theory, modified to analyze curved, 
thin-walled pipes including radiation effects. The basic configuration of these pipes is shown in Figure 1. 
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We show the applicability of this co e to fusion blankets by analyzing the blanket modules of the Mirror 
Advanced Reactor Study (MARS) design!') This is a major  study of a commercial tandem mirror reactor, to 
establish the feasibility of the mirror concept. 

The basic design of the blanket is quite simple. 
through a large coolant header at the top. From there, it flows (in parallel) through the rectangular HT-9 
beam structure and the 10-cm-diameter circular HT-9 tube section. The tubes in the front ensure uniform 
flow in the regions where the neutron heating is the highest, and the rectangular sections are better suited 
to attain a low void fraction to increase the neutronic energy multiplication factor. 
exits through a large-diameter coolant pipe to a double-walled heat exchanger. 
sary to reduce the MHD pumping power losses. 

The Li-Pb alloy is fed at 35OoC to the HT-9 blanket module 

At 5OO0C, the Li-Pb 
The larger pipes are neces- 

5 . 2  Theoretical Basis of STAIRE 

The STAIRE code i s  designed to calculate the stresses and deflections in curved pipes with various end con- 
ditions. 
mined simultaneously. This is accomplished by setting up three equations for the deflections at the end of 
the pipe in terms of the inelastic strains and the unknown end reactions. For example, the equation for the 
radial displacement at the end (AR) is: 

Because the pipes are indeterminate, the stresses and deflections are coupled and must be  deter- 

XdS xyds :ds - + XF 1 - + XP 1 - 
E1 E 1  E 1  

AR = - j w ' x d s  + 6 '  s i n  Eds + XM 

I' = - j (eC+e5+u~) WA 
where KIII A 

- 1  
e'  = - (eC+eS+al)dA and 

A A  
The quantity w' is the change in curvature due to the inelastic strains and e '  is the average inelastic 
strain over the cross-sectional area, A. Equation (1). a long  with equations for tha axial end displacement 
and end rotation, can be solved for the end reactions, XM, XF, and XP. 

Once the reactions are known, the stresses in the pipe can be determined with the use of simple statics. 
The moment, M, and axial force, F, at any angle, 8, can be found in terms of the reactions and the axial 
stress can thus be given as: 

F 2 M  s -  
Q = - + C ( 1  - K 5 )(- - E w ' )  - E(ec+e tal-e') I 

A KIII 
where K and K are constants determined by the pipe dimensions. I I1 

The pipe deflections are obtained by replacing the end reactions in equation (1) with the forces on the 
section at which the deflection is calculated and adjusting the coordinates to correspond to that section. 
This completes the analysis. 

5.3 Irradiation and Thermal Creep 

Irradiation creep data exists for a limited number of ferritic alloys. 
with a suggested correlation of the form: 

C~dette(~)compiled such information, 

where A is a constant, fl the applied Von Mise6 (equivalent) stress, and6is the irradiation dose. The 
values gf A 
2x10-5/dpa 7 ksi were reported. 

The following equation, developed by Amodeo and Ghoniemi4) was used for thermal creep: 

seem to be both temperature and alloy dependent. Values ranging from 7x10-71dpa I ksi to 

3 

where T is the absolute temperature and u0 is the temperature-dependent back stress. 
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5.4 Influence of Irradiation Creep 

In an indeterminate structure with no applied loads, the stresses result solely from restraint of the ine- 
lastic strains, so irradiation creep leads to stress relaxation, rather than an increase in the total strain 
as in a typical, constant load situation. In contrast, void swelling causes a substantial increase in both 
stresses and deflections as damage occurs. If both phenomena are considered eimultaneously, one can envision 
the pipe reaching a steady state, in which the stress increase due to swelling is balanced by the relaxation 
due to creep. In Figure 2, the maximum stress due to swelling alone is seen to increase linearly with time, 
as the damage is accumulated at a rate of 69 dpatyear. 
stress exhibits a less rapid increase and it reaches a steady-state value of 41  ksi. This steady-state 
value is determined by the creep-free elastic strain rate divided by the creep coefficient. 

When creep is included in the analysis, the maximum 

Contrary to what one might expect, the pipe deflections do no t  change when creep is included, i.e., the pipe 
expanded with time as if the creep coefficient is zero. This can be understood by more closely investigat- 
ing the distribution of creep strains over the cross section. 
stress and the stress is an add function over the cross section, the creep strains are negative on the inner 
fibers ( 5  < 0 )  and positive on the outer fibers (i > 0 ) .  As a result, the pipe accomodates creep by decreas- 
ing the elastic strains rather than increasing the total strains. I n  terms of our model, the radial deflec- 
tions of the clamped pipe are caused by Z '  alone and the creep strains do not contribute significantly to 
this quantity. 

Because creep is proportional to the local 

5.5 Damage Gradient Effects 

The previous analysis has been performed under the assumption that the damage rate (69 dpa) was uniform 
everywhere in the pipe. In reality, 3-D neutronics Monte Carlo calculations in the MARS study found that the 
damage rate at the back of the pipe is about half that at the front. This affects tkresults in two ways. 
First, the swelling is taken to be a linear function of the dose, so it decreases with major radius. Second, 
the irradiation creep shows similar behavior, because it is proportional to the dose rate. 

Figure 3 exhibits the deleterious effects of a damge gradient on the stress distribution in the pipe. 
Although the overall damage in the pipe has decreased, the maximum stress actually increases due to the over- 
a l l  decrease in the creep coefficient. 
the pipes' weakest points, decreases by a small amount. 

Fortunately, the stress at the welds ( e  = O ) ,  which w i l l  likely be 

5.6 Thermal Creep 

From the available HT-9 data, it appears that at temperatures near or below 5OO0C, thermal creep can be 
neglected if the stress levels are below about 40 ksi. Because the Structure temperatures in the MARS blan- 
ket are limited to about 53O0C by the compatibilify of the LiPh coolant with HT-9 and the stresses are main-  
tained below 30 ksi, the previous analyses will not be substantially affected by thermal creep. 

In order to assess the structural response to the temperature and non-linear 
creep, we will consider an illustrative case in which the inlet and outlet coolant temperatures will be 
4SOOC and SSO'C respectively. 
effects of thermal creep will be isolated. 
which the designer attempts to avoid the ductile-to-brittle transition temperature (DBTT) of HT-9 and also 
keep the structure temperature away from the peak swelling temperature of 425 C. 

Stress dependences of thermal 

Irradiation creep will be neglected in this temperature range, so that the 
The assumed coolant temperatures might be seen in a blanket for 

The effect of thermal creep on the stress distribution in the pipe is shown in Figure 4 .  
redistributed by the deformation, increasing in some places and decreasing in others. 
effect results from the temperature dependence and non-linear stress dependence of the creep law. 
case of irradiation creep, the creep rate is linear in the stress and is unnaffected by temperature over the 
range used, so the relaxation process occurs uniformly and the shape of the stress distributions is un- 
changed. 

The stress is 
This non-uniform 

In the 

Although thermal creep appears to have increased the blanket lifetime by decreasing the stresses at the 
welds, the increased deformation due to creep strains must also be considered as a cause of failure. 
impose a limit of one percent on the accumulated creep strains (as seen in the ASME Boiler and Pressure 
Vessel code), the life would be limited to less than three years by thermal creep alone. 
percent on the total permanent strain would decrease the lifetime to below two years and the inclusion of 

If we 

A limit of one 
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irradiation creep will further increase the the permanent strain. Apparently, operating the blanket in this 
high-temperature range is not beneficial because of the onset of thermal creep. 

5.1 Lifetime Prediction 

Because of the uncertainties in the material properties and modeling of any structural analysis, the most 
realistic result is a frequency of failure, rather than an absolute failure time. In the context of  this 
paper, we will illustrate this method by focusing on irradiation creep. We predict the failure frequency 
using an assumed probability of occurrence for the creep compliance, A,. The EOL criterion will vary, de- 
pending an the extent of the analysis. 

( 5 )  In Figure 5, the EOL is shown for a design stress limit of 28 ksi and two different strain limits. Appar- 
ently, the lifetime will be primarily strain-limited and the failure will occur by loss of structural 
integrity or rupture. 

In order to determine the frequency of failure, we will use the more conservative limit of 2% permanent 
strain and assume that A, has an equal probability of occurrence anywhere in the measured range of the 
available data and no probability outside that range. A more realistic assumption might be some type of 
normal distribution. but a uniform occurrence will be adequate for demonstration purposes. Figure 6 shows 
that, under the assumed operating conditions, over 90% of the coolant pipes in the MARS blanket should sur- 
vive nearly three years. The abrupt change in the predicted frequency at about 2.8 years is due to the fact 
that the vast majority of the pipes will be in the strain-limited region, where the EOL is nearly indepen- 
dent of A,. 

5.8 Summary and Conclusions 

Although void swelling can cause very large stresses in a structure, irradiation creep may relieve these 
stresses to a level that will allow an adequate lifetime for a fusion component. The stress levels in a well 
designed pipe will reach a steady-state value below the design stress,  but this does not lead to infinite 
life. The swelling and creep will continue, despite the steady stress, and failure occurs because of exces- 
sive deformation. 

To narrow down the prediction of a component's failure point, statistical methods can be used to calculate 
the probability of failure. With the use of some reasonable, simplifying assumptions, the probability of 
any pipe lasting about 2.8 years in the MARS blanket was found to be about 0.95. Obviously, the failure 
frequency will vary widely for different EOL limits o r  parameter distributions. More work is needed to 
quantify the effects of statistical uncertainties-in bath material properties and calculational methods-- 
an the prediction of fusion reactor component lifetimes. 
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IRRADIATED BEHAVIOR OF HIGH-STRENGTH COPPER ALLOYS 

S.J. Zink le ,  S.N. Farrens, G.L. Ku l c i nsk i  and R.A. Dodd ( U n i v e r s i t y  of Wisconsin) 

1 .o Ob jec t i ves  

To i nves t i ga te  the  i r r a d i a t e d  response of h igh- strength,  h i g h- e l e c t r i c a l  c o n d u c t i v i t y  copper a l l o y s  as a 
f unc t i on  o f  heavy ion damage l eve l .  
under i r r a d i a t i o n  w i l l  be s tud ied  i n  o rder  t o  determine what events may l i m i t  the  usefu l  l i f e t i m e  o f  t he  
mater ia l  i n  a fus ion reac to r .  

The m ic ros t ruc tu ra l  evo lu t i on  o f  candidate h igh- s t rength  copper a l l o y s  

2.0 Sumnary 

T h i s  r e p o r t  descr ibes t he  i n i t i a l  e f f o r t s  o f  a program designed t o  i nves t i ga te  the  i r r a d i a t i o n  p rope r t i es  o f  
tm) commercial h igh- strength,  h i g h - e l e c t r i c a l  conduc t i v i t y  copper a l l oys .  R e s i s t i v i t y  and microhardness 
measurements have been performed on as- received AMZIRC and AMAX-MZC copper a l l o y s  i n  o rder  t o  he lp  charac- 
t e r i z e  t h e i r  i n i t i a l  p roper t ies .  In  add i t ion ,  14-MeV Cu i o n  i r r a d i a t i o n s  have been completed on 8 samples 
a t  temperatures between 300°C and 700°C (0.4 - 0.7 TM) a t  ca l cu la ted  peak damage l e v e l s  between 4 and 40 
dpa. The co r re l a ted  y i e l d  s t r eng th  of t he  u n i r r a d i a t e d  a l l o y s  as obta ined from microhardness measurements 
agrees we l l  w i t h  values supp l ied  by the  manufacturer b u t  the  measured e l e c t r i c a l  c o n d u c t i v i t i e s  a re  s i g n i f i -  
c a n t l y  l e s s  than the  manufacturer 's  values. 

3.0 Program 

T i t l e :  Rad ia t ion  Ef fects 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 r s :  G.L. Ku l c i nsk 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 Relevant DAFS Program Plan Task/Subtask 

Subtask 11.6.3.2 Experimental Charac te r iza t ion  o f  Primary Damage State;  S tud ies  o f  Metals  
Subtask II.C.1.2 Modeling and Analys is  o f  E f f e c t s  o f  Mater ia l  Parameters on Mic ros t ruc tu re  
Subtask II.C.6.3 E f f ec t s  o f  Damage Rate and Cascade St ruc tu re  on Micros t ruc tu re ;  Low-EnergylHigh-Energy 

Neutron Co r re l a t i ons  

5.0 

5.1 

There 

Accomplishments and Status 

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

1s r e c e n t l y  been a renewed i n t e r e r  I the  
design s tud ies  which c a l l  f o r  i nco rpo ra t i on  of h i g  
reactors.  Requirements o f  h igh- ax ia l  magnetic f i e  
conducting c o i l  i s  i nse r t ed  i ns i de  of a sh ie lded  s 

ys  as a r e s u l t  o f  
a l s  i n  f us i on  
gn where a noma l -  
copper a l l o y s  have 

been considered f o r  use as h i gh  magnetic f i e l d  i n s e r t  c o i l s  i n  bo th  tandem m i r r o r ( l ,  
reactors.  
t o r o i d a l  c o i l s  i n  a compact tokamak design.(4) 

and tokamak(3) fus ion 
High- strength copper a l l o y s  are a lso  being considered f o r  use as unshie lded high-magnetic f i e l d  

. rad ia ted  p rope r t i es  c 
s t rength,  high-conduc 
Is have l e d  t o  a h y b r i  
ierconducting c o i l .  H 

copper a1 
vi ty mate 
magnet de 
h- strengt  
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TABLE 1 

COMPOSITION AND OPTIMUM PHYSICAL PROPERTIES OF AMZIRC AND MZC (FROM REF. 5 )  

Z r  C r  Ms E l e c t r i c a l  Conduc t iv i t y  Y i e l d  Strength 
__ (% ) Cu (+As) @ 20'C ( % )  (0.2% O f f s e t )  - - A1 1 oy 

AMZIRC 0.13-0.20 - - Balance 93% I A C S  410 MPa 

MZC 0.15 0 .a0 0.04 Balance 80% I A C S  517 MPa 

AMZIRCe and AMAX-MZC@ are p rec ip i ta t ion- hardenab le ,  h igh- conduc t iv i t y  copper a l l o y s  manufactured by AMAX 

Copper, I ~ C . ( ~ )  
quoted by the  manufacturer. 
C18200). 
aging. 
treatment, cold-work and aging. The Cu5Zr phase i s  p r e c i p i t a t e d  dur ing  the  aging o f  AMZIRC, thereby pro- 
ducing an increased e l e c t r i c a l  conduc t i v i t y  and d u c t i l i t y  wh i l e  r a i s i n g  the  r e c r y s t a l l i z a t i o n  temperature by 

re ta rd i ng  d i s l o c a t i o n  mot ion . (5 )  AMAX-MZC conforms t o  the requirements o f  Copper No. C18100 and A M Z I R C  con- 
forms t o  the requirements of Copper No. C1500. 

Table 1 l i s t s  the  composi t ion o f  these a l l o y s ,  a long wi th  s m  t y p i c a l  phys ica l  p r o p e r t i e s  
The p rope r t i es  o f  MZC are s i m i l a r  t o  those o f  chromium copper (Copper No. 

AMAX-MZC i s  an oxygen-free copper a l l o y  t h a t  der ives  i t s  s t reng th  from cold-work fo l lowed by 
AMZIRC i s  an oxygen-free copper a l l o y  t h a t  develops i t s  maximum p rope r t i es  through s o l u t i o n  heat  

Th i s  study i s  in tended t o  p rov ide  in fo rmat ion  on the  i r r a d i a t e d  response of h igh- strength copper a l l o y s  a t  
an t i c i pa ted  f us i on  reac to r  opera t ing  temperatures. 
ab le  f o r  these h igh- strength,  h i g h- e l e c t r i c a l  conduc t i v i t y  copper a l l oys .  E lec t ron  microscopy w i l l  be 
performed on i o n- i r r a d i a t e d  samples which have been th inned i n  cross sec t ion  i n  order  t o  i n v e s t i g a t e  t he  
na ture  o f  t he  depth-dependent evo lu t i on  of the  specimen m ic ros t ruc tu re  dur ing  i r r a d i a t i o n .  

There i s  c u r r e n t l y  no known i r r a d i a t e d  data base a v a i l -  

5.2 Experimental 

Samples of MZC@ and AMZlRC@ copper a l l o y s  were obta ined from AMAX Copper, Inc.  i n  the  form o f  250 um t h i c k  
f o i l s .  Spec i f i ca t i ons  g iven t o  the  manufacturer f o r  
t he  a l l o y  heat  t reatment  c a l l e d  f o r  ob ta i n i ng  the  h ighes t  e l e c t r i c a l  c o n d u c t i v i t y  achievable which was con- 
s i s t e n t  w i t h  a y i e l d  s t r eng th  of 415 MPa (60 k s i ) .  
t rea tment  and cold-working, fo l lowed by aging a t  400°C for  the  MZC a l l o y  and 375'C f o r  the  AMZIRC a l l o y .  

The composit ion o f  these a l l o y s  i s  g iven i n  Table 1. 

The a l l o y  p repara t ion  cons is ted  o f  a s o l u t i o n  heat  

R e s i s t i v i t y  samples were prepared from the  as- received mater ia l  by a t t ach ing  the  metal f o i l s  t o  a p l e x i -  
g l ass  base w i t h  an adhesive lacquer. 
t i v i t y  "w i res"  were then f l o a t e d  o f f  from the P l e x i g l a s  base by immersing the  assembly i n  acetone, which 
d isso lved  the  adhesive lacquer.  Th i s  procedure has the advantage o f  producing un i fo rm f o i l s  of small cross-  
sec t iona l  area w i thou t  i n t r oduc ing  deformation t o  the  wire.  
ven t iona l  shearing methods had been used. 

A diamond saw was used t o  c u t  s t r i p s  o f  w id th  200 um. These r e s i s -  

Severe deformation would have occurred i f  con- 

R e s i s t i v i t y  measurements were performed a t  room temperature (23OC), 77 K and 4.2 K. Standard 4- po in t  probe 
r e s i s t i v i t y  methods were fo l lowed,  us ing  a Ke i t h l ey  nanovol t  de tec to r  and a 4 - d i g i t  mu l t imeter  f o r  the  vo l -  
tage readings. 

cu r ren t  dens i ty  was mainta ined a t  about 200 A/cm2. 
taken w i t h  the  c u r r e n t  going both ways through the  sample and the  r e s u l t s  averaged i n  o rder  t o  cancel t he  
e f f e c t  o f  thermal emfs. 

The gage l eng th  over which the  vo l tage  drop was measured was about 2 inches (5  cm). The 

Four samples o f  each a l l o y  were measured. Readings were 

Vickers microhardness measurements were obta ined as a func t ion  o f  i nden te r  l oad  f o r  bo th  a l l oys .  
of 25 indents on 2 d i f f e r e n t  f o i l s  were measured fo r  each a l l o y  a t  every value o f  indenter  load.  
ments Were obta ined us ing  a Buehler MicromeP microhardness t e s t e r  and an a n t i - v i b r a t i o n  t e s t  stand. 

D e t a i l s  of the  sample p repara t ion  and measurement procedure have been p rev ious l y  described.(6) 

A minimum 
Measure- 

5.3 Resu l ts  

The r e s i s t i v i t y  r e s u l t s  obta ined f o r  the  as- received AMZIRC and MZC copper a l l o y  samples a re  summarized i n  
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TABLE 2 

OBSERVED RESISTIVITY VALUES FOR AS-RECEIVED AMZIRC AND MZC 

180 

160 

140 

120 

too 

Resi s ti v i  ty ( n%m) 

A1 1 oy 296 K 77 K 4.2 K RRR = P29dP4.2 K Conduct iv i ty  (23°C) 

AM21 RC 24.0 t 1.6 6.8 f 0.6 4.0 t 0.3 6.0 71% I A C S  

MZC 29.5 * 1.6 14.4 i 0.8 13.5 + 0.8 2.2 58% I A C S  

~ - - - 

J 

I I I I 

M Z C  - - 
T T ;r 

I T 

3 *- 
- - 

I - 
AMZIRC 

- / 
- - 

- - 

Table 2. AMZIRC has about a 20% l a r g e r  e l e c t r i c a l  conduc t i v i t y  than MZC a t  room temperature, w i t h  a con- 
d u c t i v i t y  of  ~ 71% I A C S  ( I n te rna t i ona l  Annealed Copper Standard). AMZIRC a lso  has a h igher  res idua l  r e s i s -  
t i v i t y  r a t i o  ( R R R I  than MZC, which i s  an i n d i c a t i o n  of a r e l a t i v e l y  lower impu r i t y  content  ( so lu te- f ree  
ma t r i x ) .  Both measured values o f  the a l l o y  e l e c t r i c a l  conduc t i v i t y  are s i g n i f i c a n t l y  lower (by - 35%) than 
the manufacturer's quoted optimum values. 

The Vickers microhardness as a f unc t i on  o f  indenter  l oad  i s  shown i n  F igure  1. 
both a l l o y s  i s  r e l a t i v e l y  constant f o r  indenter  loads greater  than 25 g. 
20% greater  than the hardness of t he  AMZIRC a l l oy .  The average microhardness numbers f o r  indenter  loads 

above 25 g are 143.5 kg/mm2 (AMZIRC) and 174 kg/mm2 (MZCI. 

The microhardness number of 
The MZC a l l o y  hardness i s  about 

w 
I 

LOAD ( g  1 
FIGURE 1. Vickers microhardness vs. indenter  l oad  f o r  AMZIRC and MZC copper a l loys .  
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TABLE 3 

IRRADIATION PARAMETERS OF ION-IRRADIATED RMZIRC AND MZC 

A1 1 oy 

A M Z I R C  

AMZIRC 

AMZIRC 

AMZIRC 

MZC 

MZC 

MZC 

MZC 

MZC 

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

cu 
cu 

cu 

cu 

cu 

cu 

cu 

cu 

N i  

I r r a d i a t i o n  
Temp. 

300°C 

300'C 

500°C 

500Y 
300'C 

300°C 

700°C 

700°C 

500'C 

Ca lcu la ted  Damage 
Peak 

~ 

1 

10 

1 

10 

1 
10 

1 

10 

10 

4 

40 

4 

40 

4 

40 

4 

40 

40 

Ion i r r a d i a t i o n s  have been completed on 9 AMZIRC and MZC samples us ing  14-MeV Cu o r  N i  i ons  from t h e  

U n i v e r s i t y  o f  Wisconsin Heavy Ion  I r r a d i a t i o n  F a c i l i t y . ( ' )  Table 3 l i s t s  the  i r r a d i a t i o n  parameters 

obta ined f o r  these f o i l s .  

ions/m2-s. 

The i n c i d e n t  p a r t i c l e  f l ux  was maintained w i t h i n  t 10% o f  a value o f  6.6 x 1 O I 6  

5.4 Discussion 

Co r re l a t i ons  which are a v a i l a b l e  i n  the  

hardness t o  a y i e l d  st rength.  
microhardness lHV) which was shown t o  be cons is ten t  w i t h  the  u l t i m a t e  t e n s i l e  s t reng th  c o r r e l a t i o n  developed 
by Tabor:(9) 

may be used t o  r e l a t e  the observed Vickers micro-  

Cahoon(') der ived  an expression r e l a t i n g  y i e l d  s t r eng th  lo,) t o  V ickers  

u = (HV/3) 10.l)n , 11) 
Y 

where n i s  the  s t r a i n  hardening c o e f f i c i e n t .  The value o f  n v a r i e s  w i t h  the amount of cold-work present  i n  

the metal.  
respec t ive ly .  Using the  average o f  t he  microhardness numbers obta ined a t  indenter  loads above 25 g. an es- 
t imate  of the  AMZIRC and MZC copper a l l o y  y i e l d  st rengths may be obta ined by assuming t h a t  the  s t r a i n  hard- 
ening c o e f f i c i e n t  I n )  equals 0.1. 
p rec ip i ta t ion- hardened.  The r e s u l t s  of t h i s  c o r r e l a t i o n  a re  p l o t t e d  along w i t h  t he  exper imenta l l y  observed 
e l e c t r i c a l  c o n d u c t i v i t y  r e s u l t s  i n  F igure  2. For purposes o f  comparison, the  ma te r i a l s  parameters of a 

h igh- strength,  h igh- conduc t iv i t y  copper a l l o y  being developed by INESCO, Inc . I4 )  are shown i n  t h i s  f i g u r e  
a long w i t h  t he  ma te r i a l  p rope r t i es  of cold-worked and annealed copper. The y i e l d  s t reng th  o f  annealed pure 

copper was der ived  fran repor ted  microhardness da ta l 6 )  assm ing  a s t r a i n  hardening c o e f f i c i e n t  o f  n = 0.45. 
The cold-worked copper y i e l d  s t reng th  value was der ived  from microhardness da ta l6 )  assuming n = 0.1. It i s  
ev ident  frm Figure 2 t h a t  the  c o r r e l a t e d  y i e l d  s t reng th  o f  t he  t w  comnercial copper a l l o y s  i s  i n  good 
agreement w i t h  the  manufacturer 's  spec i f i ca t i ons .  
s t a n t i a l l y  below the  quoted optimun value. 
econm ic  consequences i n  proposed f us i on  power r eac to r s  i n  t he  form o f  increased d i s s i p a t i v e  power con- 
sumption by the copper a l l o y  magnets. 

Typical  values f o r  copper are(9)  n = 0.1 and n = 0.45 f o r  cold-worked and annealed cond i t i ons ,  

Th is  appears t o  be a reasonable assumption s ince  bo th  a l l o y s  have been 

However, t he  observed e l e c t r i c a l  c o n d u c t i v i t y  i s  sub- 
This decrease i n  e l e c t r i c a l  c o n d u c t i v i t y  cou ld  l ead  t o  severe 
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An i n v e s t i g a t i o n  of t h e  m i c r o s t r u c t u r a l  e v o l u t i o n  of t h e  AMZIRC and MZC copper a l l o y s  d u r i n g  14-MeV Cu i o n  
i r r a d i a t i o n  i s  be ing planned. 
e n t i r e  damage r e g i o n  may be viewed i n  c ross  sec t ion .  A n a l y s i s  o f  t h e  r a d i a t i o n  damage w i l l  be assessed by 
e l e c t r o n  microscopy techniques u t i l i z i n g  a JEUL 200 CX e l e c t r o n  microscope. 
i r r a d i a t e d  samples w i l l  be presented i n  the  n e x t  q u a r t e r l y  progress r e p o r t .  

I r r a d i a t e d  samples a re  c u r r e n t l y  be ing  e l e c t r o p l a t e d  w i t h  copper so t h a t  t h e  
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