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I. INTRODUCTION 

L i t t l e  comment i s  requ i red  t o  conv inc ing l y  present  t h e  urgent  

need f o r  m a t e r i a l  p rope r t y  data f o r  t h e  U.S. fus ion r e a c t o r  program. 

With t h e  present  schedule f o r  t he  Tokamak Fusion Tes t  Reactor (TFTR) , 
t h e  Fusion Engineer ing Research F a c i l i t y  (FERF), and t h e  f i r s t  

Experimental  Power Reactors (EPR's), i t  i s  probably t o o  l a t e  t o  

generate the  .pe r t i nen t  mechanical p rope r t y  da ta  f o r  t he  TFTR and 

FERF w h i l e  t ime i s  s h o r t  t o  accomplish t h i s  t ask  f o r  the  EPR. 

Mechanical p r o p e r t y  data should be a v a i l a b l e  i n  t ime f o r  m a t e r i a l s  

s e l e c t i o n  f o r  EPR which must be made p r i o r  t o  1985. Even though the  

Demonstrat ion Power Reactor (DPR) i s  a  much longer  range o b j e c t i v e  

f o r  DCTR, m a t e r i a l  s tud ies  d i r e c t e d  s p e c i f i c a l l y  towards the  DPR 

needs should beg in  now. The r a t i o n a l e  f o r  t h i s  statement i s  

presented i n  F ig.  1  where i t i s  assumed t h a t  m a t e r i a l s  f o r  some DPR 

components a r e  n o t  p r e s e n t l y  a v a i l a b l e  b u t  must awa i t  l a b o r a t o r y  

development and scale-up t o  commercial a v a i l a b i l  i t y .  Th i s  c y c l e  

f r e q u e n t l y  r e q u i r e s  t e n  years o r  more. The s i g n i f i c a n c e  o f  t h i s  

t ime  l a g  i s  t h a t  t h e  i n i t i a l  m a t e r i a l  development work f o r  t he  DPR 

must be done w i t h  e i t h e r  t he  a v a i l a b l e  f i s s i o n  and f u s i o n  neutron 

sources, and i o n  s i m u l a t i o n  because the  FERF may n o t  be a v a i l a b l e .  

e a r l y  enough t o  a l l o w  t h e  f u l l  development c y c l e  be fore  major DPR 

dec i s ions  must be made. 

Acce lera tors ,  which a r e  u s e f u l  f o r  s imu la t i ng  b u l k  i r r a d i a t i o n  

by f a s t  neutrons, must be a b l e  t o  p rov ide  beams o f  ions  which can 

produce damage r a t e s  equal t o  and i n  excess o f  t h e  damage r a t e s  

expected f rom neutron f i e l d s  i n  CTR's. The i o n  ranges i n  t h e  t e s t  

samples must be cons iderab ly  l a r g e r  than t h e  minimum thicknesses o f  

these samples. Th i s  i s  necessary t o  avo id  chemical contaminat ion of 

t h e  samples by t h e  i ons  and t o  reduce t h e  v a r i a t i o n s  i n  damage r a t e  

across the  sample. Other impor tan t  cons idera t ions  a r e  c o s t  per  u n i t  

o f  da ta  and t h e  t ime requirements t o  o b t a i n  use fu l  r e s u l t s . .  The 

expecta t ion  t h a t  i o n  s i m u l a t i o n  can prov ide  r e s u l t s  more r a p i d l y  than 



i s  poss ib le  w i t h  neutrons, w i t h  b e t t e r  c o n t r o l  o f  most experimental  

parameters, and a t  lower c o s t  than w i t h  neutrons, i s  t he  major 

j u s t i f i c a t i o n  f o r  such s imu la t ion .  

I o n  beam s i m u l a t i o n  of neutron damage f o r  mechanical 

p r o p e r t i e s  i s  a  r e l a t i v e l y  new and undeveloped research area w i t h  

t h e  c l e a r  except ion  o f  v o i d  s w e l l i n g  studies.  The f o l l o w i n g  r e p o r t  %. 

c on ta ins  r e v i e w s o f  U.S. CTRmechanical p r o p e r t y n e e d s a n d i o n s i m u l a t i o n  . 

f o r  mechanical p r o p e r t i e s  a n d  d e t a i l e d  dizcus-sions o f  key ,exper imenta l3 . . 

quest ions . 



11. Pre l im ina ry  Assessment o f  the Requirements f o r  Mechanical Proper ty  

Data Related t o  CTR Mate r ia l s  . . 

A. I n t r o d u c t i o n  

Any at tempt t o  p r e d i c t  what m a t e r i a l s  pyoperty data w i l l  be 

needed f o r  f u t u r e  CTRS' i s ,  a t  best,  1  i ke t r y i n g  t o  fo recas t  what 

offense t o  use f o r  the  1987 Superbowl . BO t h  p red i c t i ons '  obv ious ly  

depend on what teams ( reac to r  concepts) w i l l  be sent  t o  the  game, 

what the  r u l e s  o f  the  game w i l l  be a t  t h a t  t ime (i.e. what w i l l  

s o c i e t y  be w i l l i n g  t o  accept f o r  envi ronmental ly  compatible energy 

product ion)  .and what. new s t a r s  (new a1 l o y s )  w i l l  be developed be- 

tween now and t h a t  t ime. Once a l l  of these dec is ions  a re  made, one 

i s  faced w i t h  d e f i n i n g  the  weather ( i r r a d i a t i o n  and thermal envi ron-  

ment) on the day of  the  game and making a  judgement about how the 

team might  operate i n  those cond i t ions .  Th is  l a t t e r  dec i s ion  would 

r e q u i r e  a  l a r g e  amount of  experience (data bank) under s i m i l a r  con- 

. d i t i o n s  and i f t h o s e  cond i t i ons  have n o t  been tested, some r igorous ,  

in tense t r a i n i n g  ( s imu la t i on )  t o  see how the  team might  p l a y  i n  t he  

r a i n ,  snow, sunshine, a r t i f i c i a l  t u r f ,  e t c .  ' 

Turning s p e c i f i c a l l y  t o  the  quest ion o f  mechanical p roper ty  re -  

quirements f o r  CTRs we might  approach the  problem by asking oursel'ves 

the  f o l l o w i n g  four quest ions. 

1 )  What i s  ' the t ime frame i n  which we need the  data? 
' 

.A re  we i n t e r e s t e d  i n  m a t e r i a l s  f o r  near term break-even devices, 

the  f i r s t  cxperirnental reactor-s, the  ma te r ia l  s  t e s t  reac to rs  o r  com- 

merc ia l  systems? Obviously, t he  urgency re laxes  .as we extend our  

t ime requirements b u t  the  form of  t he  reac to r  a1 so becomes more un- 

c e r t a i n  as w e l l .  

2) What type n f  r e a c t o r  concept should we considet.? 

Aside from the  obvious d i v i s i o n s  o f  tokamak, m i r r o r ,  magnet ica l l y  

pulsed device, l a s e r  o r  e l e c t r o n  beam system, we must a1 so address 

the  quest ion  o f  whether t he  reac to r  w i l l  be a  d r i v e n  system ( l i k e  TCT), 

a  f u s i o n - f i s s i o n  hybr id,  a  f i s s i o n  product  burner o r  a  "convent ional " 
device. Each of  t h e  reac to rs  have problems common t o  a l l  devices 



bu t  they a1 so have some problems which a re  very spec i f i c  t o  a g iven 

concept, i .e. f a t i g u e  problems i n  l a s e r  systems,' i n s u l a t o r  'problems 
f ' . . 

f o r  the ta  pinches, etc.  

3)  What a re  the  environments i n  which we w i l l  expect ,mater ia ls  

t o  operate? 

What w i l l  be the  charged p a r t i c l e ,  photon and neutron, f l u x e s  and 

fl.uence? What type o f  cool a n t  (which w i l l  l a r g e l y  -determine t h e  

operating. temperature ,and pressure) w i l l  be used and w i l l  t he re  be 

chemical as we l l  as physical  problems t o  contend w i t h  dur ing  a com- 

ponents l i f e t i m e ?  We must a l so  be prepared t o  examine t h e : e f f e c t  a 

swi tch  t o  a D-D cyc1.e might  have on neutron f l u x  and f luence values. 

Ei.nal ly, w i l l  t he  r e a c t o r  opera t ion  .be - t y p i c a l l y  steady s t a t e  o r  w i l l  

. there be a l a r g e  number of temperature and/or pressure excursions t o  

. . contend w i t h  over a l ong  ?per iod  o f  t ime? 

: 4 )  What m a t e r i a l s  do we expect t o  use i n  a g iven type o f  reac to r  
f 

and how long  do we expect they must l a s t ?  
. . , . . . 

. , . I .  . ,  
One .! poss ib le  . scenario i s  t h a t  soc ie ty  w i l l  p lace a l a r g e  premium 

o n  redyc t i on  o f  t he rma l  p o l l u t i o n  thereby d i c t a t i n g  the  use i f  h i g h  
I .  ' 1  

temperature r e f r a c t o r y  metals and a1 1 oys. such as Mo, Nb, V o r  even 
. . 

graph1 te .  ' Perbtjaps, t h e  emphasis w i l l  be on minimum long  term a c t i -  

. v a t i o n  mate.r ials .such as A1 o r  V i n  contras.! t o  Nb o r  s t a i n l e s g  s tee ls .  
. . .  

There may be an advers ion t o  1 i q u i d  metals (because o f  f i r e  hazard)  

'and "sa fe r "  coo lants  s.uch as he1 i u m o r  H20 , (steam) . would be pre fer red.  

The l a t t e r  choice might  a l l o w  Z r  a l l o y s  t d  be used. I f  there  i s  a 

t rend  toward lower t r i t i u m  inven to r ies  i n  the  blanket,  we must then 

ask if we w i l l  be al lowed t o  use la rge am6Unts o f  Be whlc t~  $ s  t-ela- 

t i ' v e l i  scarce and expensive. F ina l  ly ,  w i l l  thare  be any specia l  

" problems w i t h  the  use o f  f i s s i o n a b l e  ma te r ia l s  i n  t h e  b lankets? 

The above 1 i s t  o f  quest ions I s  indeed fo rn~ idab le  and i n  the  1 i m i  ted  

scope o f  t h i s  r e p o r t  .I w i l l  o n l y  be a b l e  t o  presen.t a surnrrlary of  what 

i s  ,being 'proposed now (June 1975). Later ,  more. d e t a i l e d  repor t s  can . . 

expand on these ideas, examine new forms o f  reac tors ,  and exp lore  how 

one might  t e s t  m a t e r i a l s  under conditions t r u e l y  c h a r a c t e r i s t i c  of 

f u s i o n  reac to rs .  . .  . 



4 The l a s t  caveat t h a t  must -  e made i s  t h a t  t h i s  r e p o r t  w i l l  o n l y  

address the  mechanical p roper t i es  o f  t h e  metal 1 i c  ma te r ia l s  i n  the  

reac to r  blanket,  and i n  p a r t i c u l a r ,  the  f i . r s t  w a l l .  I t  i s  c e r t a i n l y  

recognized t h a t  t he re  w i l l  be l a r g e  st resses and s t r a i n s  i n  magnet 

s t ruc tu res  and even i n  CTR shie lds,  bu t  these tend t o  be more "con- 

vent iona l "  i n  t h a t  the  i r r a d i a t i o n  p lays a minimal r o l e .  

L e t  us now consider  each one o f  t he  above quest ions i n  more 

d e t a i l .  

B. Time Frame f o r  Data Requirements 

There appears t o  be a t  l e a s t  f i v e  d i f f e r e n t  l e v e l s  o f  r e a c t o r  

( o r  device) developments,which must be transcended before  one would 

g e t  t o  a "standard" commerical reac tor .  These phases a r e  l i s t e d  .be- 

low along w i t h  the  expected dates o f  operat ion.  

(1 975-1 982) 1 ) Near Term Fusion Neutron Source ~ e v i c e s  - The o b j e c t  o f  these 
20 -2 -1 devices . w i l l  be t o  sub jec t  ma te r ia l  s t o  moderate (-1 0 n cm yr ), 

14 MeV neutron f luences and t o  study the  d i f f e r e n c e  i n  damage mechanisms 
' 

o f  14 MeV and f i s s i o n  neutrons. The neutron sources fal.1 i n t o  3 general 

categor ies:  sol  i d  t a r g e t s  [ r o t a t i n g  t a r g e t  D-T systems o r  Be(D,n) B ,. 

sources] s2) ,  1 i q u i d  ta rge ts  [ ~ i  ( ~ , n ) ~ e ] ( ~ )  and gas ta rgets .  (4 

(1 980-1 982) 2) D-T Fusion Feas ib i l  i ty  Devices - The purpose o f  these machines 

would be t o  demonstrate some type o f  p o s i t i v e  power balance wh i l e  

burning D&T. Th is  does n o t  necessar i l y  mean t h a t  the  i g n i t i o n  Lawson . 

c r i t e r i a  w i l l  be exceeded. Such machines cou ld  be d r i v e n  machines 

( i  .e. l a r g e  amounts o f  power i n j e c t e d  t o  keep t h e  plasma temperature 

h igh)  i n  t h e  case of tokamaks. (5-6) There  may a1 so be such devices 

f o r  l a s e r  and e l e c t r o n  beam i n e r t i a l  confinement schemes, m i r r o r  

systems o r  pulsed concepts. 

(-1 985) 3 )  Fusion Engineering ~ e s e a r c h  F a c i l i t y  (FERF) - Th is  w i l l  be 

the  f i r s t  type o f  f u s i o n  device s p e c i f i c a l l y  aimed a t  h i g h  f luence 

i r r a d l a t i o n  s tud ies  o f  p o t e n t i a l  CTR mate r ia l  s. Such reac to rs  may 

be i n  t h e  few hundred megawatt thermal systems b u t  there  w i l l  probably 

be no at tempt t o  use t h i s  power t o  make e l e c t r i c i t y  (hence, i t  w i l l  
i nvo l ve  low temperature heat) o r  t o  breed t r i t i u m .  The maximum 



14. 2' 14 MeV-neutron f l u x  w i l l  be 510 .n/cm /sec and there w i l l  be modest 

.. thermal .and mechanical s t ress .  requirements. I n  the past, the mt r ro r  

appeared t o  be the best .approach f o r  such a f a c i l  i . ty  but  

the. theta pinch(8) could a1 so con t r ibu te  here. However, a recent 
(9)  proposal f 0 r . a  tokamak mater ia ls  t es t i ng  f a c i l i t y  . has great  mer i t .  

(1 985-1 990) 4) Experimental Power Reactor (EPR) Stage - This wil.1 be the 

f i r s t .  ser ies o f  .reactors where attempts may be made t o  pro.duce 

e l e c t r i c i t y  (as a demonstration o f  p r inc ip le ,  no t  a commercial venture) 

and t o  breed t r i t i u m .  Such reactors w i l l  encounter some of the problems 

o f  commeri ca l  systems (high f l  uences ; temperatures, .e tc .  ) but  the re-  

ac to r  would probably no t  be incorporated i n t o  an e l e c t r i c a l  g r id .  This 

means t ha t  p l a n t  ' f ac to r s  can be somewhat relaxed (perhaps 'as low as 

10%) and m o r i  f requent shutinwn and replacement would be allbwed. 

Power '1 eve1 s a r e  an t i c ipa ted  t o  be i n  the 50-200 M W ~  region. (1 0-i 2)  

(1 990-2000) 5) Demonstration Power 'Reactor (DPR') Stage - '  I t  i s  a t  t h i s  
.. stage t h a t .  fus1,on reactors w i l l  ,be expected .to produce high grade , .  , - 

(h igh . temperature) thermal .energy. f o r  production o f  a :several hun- 

' dred MWe. . . (14-32! There w i l l  be attempts t o  incorporate such reactors 
" .I . ,',. ' - , i n t o  exist , ing g r i ds  so t ha t  h igh p l a n t  fac to rs  may be requjred (-70%) 

. and ,.a premium w i l l  be ,placed on long 1 ived re1 i a b l  e components. Such 

reactors w i  11 - not  produce e l e c t r i c i t y  .economical l y  but  must demonstrate 

? . - -the, ~ a p a b i l i ~ t y  t o  do so w i t h  a l l '  the necessary fus ion systems operat ing 

s imul  taneously ( S / C  magnets, T p  systems, injectors!,  mater ia l  s,  coup1 ed 

.. : ,power .systems, 1 asers, energy storage, .env4 ronmental factors,  etc.  ) 
Th is  . i s  the type o f  reactor  described by' most o f  .the conceptual de- 

. . s . i g n c e f f o r t s  i n  the past  few years ( i  .e.. UWMAR ser ies,  PPPL, ANL-LASL, 

ORNL designs). 

(>2000) , 6) . Commercial - Power Reactor (CPR): Stage - It: i s  a t  t h i s  po in t  
I t ha t  a1 1 systems must have demonstrated .sufficic?n.t: .re1 i a b i l  i t y  such 

that .  u t i l ' i t i e s  w i l l ,  o f  t h e i r  own choice, choose a fus ion reactor  over 

, a,,co~nparabl e sized f i s s i o n  or f oss i l ,  fue l  system. Extremely h igh re-  

.l i a b i l  i ty: ( i  .e. p l a n t  fact0.r o f  approximately 80%) w i l l  be required 

of a1 1- :components and mater ia l  s performance w i  1 1 be 1 argel y governed 

., by s t r i c t  codes which w i l l  have been developed i n  the.DPR stage f o r  



t he  ma te r ia l s  of i n t e r e s t .    herd' i s  c u r r e n t l y  no work i n  t h i s  area 

simply because one must be we l l  i n t o  the  DPR stage before i t  i s  ap- 

parent  what ma te r ia l s  and reac to r  concepts w i l l  surv ive  t o  the  CPR 

stage. 

For mechanical p roper t i es  work the re  i s  no st rong i n t e r e s t  i n  t ime 

regimes 2 and 6. The f i r s t  i s  r e l a t i v e l y  un in te res t i ng  because o f  the 

low temperature and f luence opera t ion  and t h e  low c o s t  pena l ty  invo lved 

w i t h  f requent  changing o f  the  i r r a d i a t e d  components. The l a s t  i s  o f  

i n t e r e s t ,  b u t  there  i s  no way such a regime could be t rea ted  a t  t h i s  

time. 
We a r e  then l e f t  w i t h  the  mechanical p roper t y  requirements f o r  

t he  FERF, EPR and DPR regimes and how the near term fus ion neutron 

sources can be used t o  understand the  ma te r ia l s  behavior a t  l e a s t  

i n  the  EPR and FERF stage. 

C. What Type o f  Reactor Concept Should be Considered? 
. :  

I 

Such a quest ion can o n l y  be answered w i t h  considerable specu- 

l a t i o n  a t  t h i s  t ime bu t  we can develop a scenario on the  bas is  o f  

our  present  in format ion .  

It appears t h a t  the  l e a d i n  contenders f o r  t he  FERF se r ies  a r e  

the  D-T o r  tokamak .('' reac to rs  e i t h e r  d r i v e n  o r  i n  an 

i g n i t e d  s ta te .  There appears to '  be no reason t o  use any f i s s i o n -  

f u s i o n  system fbr such a reac tor .  The. the ta  p inch reac to r  cou ld  

a l so  f u n c t i o n  as a FERF t o  t e s t  ma te r ia l s  i n  a pulsed neutron and 

thermal environment b u t  many physics and technology quest ions s t i l l  

need t o  be answered. (*) No proposals f o r  i n e r t i a l  conf  i nrment FERF1s 

have been made pub1 i c  . 
. It i s  reasonable t o  expect t h a t  the  f i r s t  EPR w i l l  be o f  t he  type 

which f i r s t  success fu l l y  passes the  f e a s i b i l i t y  stage. A t  t h i s  time, 

t h a t  means the  tokamak. M i r r o r  machines may a l so  be considered i n  

t h i s  stage i f  f i ss ion - fus ion  b lankets a re  a1 lowed. There a re  p resen t l y  

a t  l e a s t  th ree groups work in nn the tokamak-EPR, ORNL, G.A., and 

Argonne Nat ional  Laboratory. '10-12) LASL has had thoughts about a 

the ta  p inch EPR. No known proposals f o r  l a s e r  EPR's have been f o r t h -  

comi ng . 



,F ina l l y ,  a l l  o f  the  f o u r  r e a c t o r  types have been considered f o r  

t h e  DPR stage. There have been a t  l e a s t  8 l a b o r a t o r i e s  engaged' in 

' Tokamak designs, one i n  m i r ro rs ,  2 i n  the  t h e t a  p inch 'and f o u r  i n  

l a s e r  concepts. These a re  l i s t e d  below i n  Table I. There have been 

a wjde v a r i e t y  o f  mater ia ls ,  coolants, temperatures and i r r a d i a t i o n  

cond i t i ons  proposed f o r  DPRs and a l a r g e  number o f  ma te r ia l s  .analys is  

. . .  s tud ies  have been made. ' The DPR i s  a l s o  the  system t h a t  most 

people t h i n k  about when they want t o  s t a r t  work i n  the  fus ion tech- 

. nology f i e l d .  

D. What are. the Anzic ipated Operat ing Conditions f o r  .#s%:,-m- CTR Mate r ia l s?  

An a t tcmpt  has been made i n  t h i s  sec t i on  t o  gather  tkg i the ' r  aq 

much o f  t h e  in format inn  a v a i l a h l  e today concerning the a n t i c i p a t e d  

environment f o r  CTRs. Th is  i n fo rma t ion  i s  summarized i n  Table 11 
w i t h  respect  t o  concept, f i r s t  wa l l  f l u x  and accumulated f l  uence 

(yr-l ) , major cons t ruc t i on  ma te r ia l  , coolant,  opera t ing  temperature, 

coo lant  pressure, s t ress  (when a v a i l a b l e )  number o f  cyc les  per year 

and specia l  comments p e r t a i n i n g  t o  t h a t  system. 

Unfor tunate ly ,  the  EPR designs a re  too p re l im ina ry  a t  t h i s  t ime 

t o  make any f i r m  est imates o f  the  opera t ion  cond i t ions .  Current  

designs env is ion  s t e e l  wa l l  s  opera t ing  up t o  -600 '~  a t  0.1-0.2 MW/m 2 

and 50% p l a n t  f a c t o r .  These systems should be b e t t e r  developed 

i n  the  nex t  year  and  able I 1  can be updated. 

Since the pr imary purpose o f  t he  FERF's a re  t o  t e s t  ma te r ia l s  

under h igh  neutron f luences and n o t  t o  produce power, t h e  reac to r  

coo lant  ('and hence t h e  b lanket  w a l l s )  can be operated a t  low pressures. 

The ac tua l  m a t e r i a l s  t e s t i n g  can be done i n  closed loops which provide 

t h e  appropr ia te  temperature and environment. Presumably, these loops 

w i l l  be designed such t h a t - t h e y  can be e a s i l y  replaced and there-  

f o r e  they need n o t  l a s t  t h e  f u l l  l i f e t i m e  o f  the p l a n t  ( they  w i l l  have 

t o  l a s t  f o r  a t  l e a s t  some minimum t ime such as approximately 6 months 

o r  t h e  downtime requ i red  f o r  replacement w i l l  s e r i o u s l y  reduce t h e  

p l a n t  f a c t o r ) .  The p o t e n t i a l  low temperature opera t ion  o f  t h e  f i r s r  

w a l l s  o f  t h e  FERF should be high1 igh ted  because, i n  general, ma te r ia l s  



TABLE I 

Summary of Labora tor ies  Which Have Presented Complete 

o r  Semi-complete, Demonstration Power Reactor Designs 

Reactor Type 

To kama k 

Laser 

Mirror-Regul a r  
-Hybrid 

Theta Pinch 

E-Beam 

Laboratory 

ORNL 

Univ. o f  Wisc. 

PPPL 

Cul ham 

Toka i 

BNL 

I sp ra  (Euratom) 

Khurc ha tov  

LASL 

LLL 

~;l i c h  

ORNL 

LLL 
LLL-BNW 

Reference 

Sandia 



TABLE II  
S u m r y  o f  Materials Envtromnents f o r  Various 0-1 Fusion Devices 

F i r s t  
Max. Coolant Wall 

Power F i r s t  Val1 Flux Fl=nce/)(r F t r s t  Wall Pressure Stress 
nwt Materla! n/cm2xl0l3(a! n ! c s d x ? ~ ~ ! b )  ?emp.OC Coolant Psi 

Cycles 
Per 
Year Ref. -- 

Responsible 
Laboratory Type 

0-T Neutron 
Source 

~ o m r g e t  LLL-ex1 s t  i ng 
LLL-projected 
OF.NL,W,UCO 
Ee(0.n)-existing. 

BNL Li(0.n)- 
pro jected 

LASL 
PP:'L-Wes t inghouse 
OR4L 

Gas Target 
Breakeven 

FERF 
R i r r o r  
Pinch 
Tdtarnak 

3.4 NS 
195 SAP 

E PR 
m a m a  k ORVL 

GA 
AIL 

100 SS 
BDO(-lm We) SS 

(ceramic) 
SS 

-1 NS He NS NS 
NS 600 He NS NS 
NS . 1200 r a d i a t i o n  --  NS 

1 ;4' 600 He NS NS 
om - 
Tokamak ' ORVL WOO 

W UWNAK- I 3 0 0  
UWNAK- I I 5000 . 
UWNAK-111 . EOOO 

1050 L1 . 500 L i  
550 He 
1000 L1 
663 He 
4 70 He 
630 He 
400-700 He 
400 He 
401) He 

NS L1 
NS L1 

500-1100 L1, 
850 m x  Ne 

482 cL1 
-653 'L1 
NS. NS 
550-850 L i  

TZC -1 1 
PEld 7.8 
Nb 12.8 
Incoloy 800 8.9 
Mo A l l o y  7 
S AF 4.4 
31ESi 0.42 
M,>(?) NS 
Nr, 6 . 8 ~ 1 0 ~ - 9 . 1  Ave. 

Nb 4.4~106-4.4 Ave. 
N 5 11.1 
Cr bb-steel Very low 
Stcii1e:s Steel  7.1 
Graprll tc Steel  NS 
Nb 1100 I n s t .  -8.9 'Ave. 

(d) F o r  prapo;ed 1000 shots 
NS = No t  S t r t e j  
(e) f o r  50: p l a n t  f a c t o r  

P T ~  ~ 5 4 6  
Cli l  ham- I EOOO 
J.YRI-I ZOO0 

-11 2000 
B Y - I  2125 
Elaa tom - 170 
Kachatov NS 

Lcser LaSL- I 3745 
-il 

11 2 
28 
Ve-y 1 w  
18.3 
NS- ' 

22.6 

M i r r o r  LL L 
BEW-LLL 

Pulsed U.SL-ANL 

(a) Ins tan taneas  14 MeV M u t r o , i  Flux 
b Assuming an  80% p l a n t  fac to r .  14 MeV Irl Spectrum o f  Ene?gies. are. I 5  MeV 



properties are. degraded with increasing temperature a t  constant 

neutron fluences. The materials choices for  the reactor blankets 
appear to  be. 1 imi ted to  perhaps three classes of alloys which are  
readily obtainable in fabricated form and acceptable to s t r i c t  de- 
sign codes, inexpensive and compatible with water (or perhaps gaseous) 
coolants. These  materials a re  most l ike ly  to  sa t i s fy  the above re- 
quirements: 

s ta in less  s t ee l s  
a1 umi num a1 1 oys 
zirconium a1 1 oys 

Compared to  the previous devices, the DPR design studies cover 
a wide range of power levels (30-12,000 MUt), materials (Nb, NblZr, 
TZM, Mo, 316 s ta in less  s t ee l ,  Incoloy-800, SAP and graphite),  h i g h  

13 2 14 MeV neutron fluxes (0.42-1 2.8 x 10 n/cm /sec time averaged and 
19 2 0.42 x to 6.8 x 10 n/cm /sec instantaneous), high 14 MeV 

20 2 neutron fluences (1.1 to 32.6 x 10 n/cm / y r ) ,  higher operating tem- 
pdrature (400-1 1 0 0 ~ ~ ) ~  more diverse coolants (He, Na, Li ) , higher 
coolant pressures (275 to 735 ps i ) ,  substantial f i r s t  wall s t resses  
(2000 to 21,330 psi)  and a wide variation in the number of s t r e s s  

9 or s t r a in  cycles experienced per year (<I0 to 2.5 x 10 ) . Such 
widely varying parameters a re  d i f f i cu l t  to categorize in th i s  way 
so l e t  us examine the mechanical property data in a l i t t l e  different  
manner. 

E. What a re  the Specific Sources of Stresses and Strains in CTR 

Envi ronments? 

I t  I s  converijent a t  t h i s  point to divide these sources into 
four categories. 

1 )  Steady s t a t e  sources ar is ing from thermal sources such as  
plasma radiation to f i r s t  walls, temperature gradients in blankets 
and shields,  different ial  thermal expansion of dissimilar materials, 
e tc  . 

2)  Steady s t a t e  sources ar is ing from mechanical sources such 
as pressure d i f fe rent ia l s  around the plasma chambers, coolant pressures, 
component mass, magnetic f i e ld  pressure, different ial  void swelling, e tc .  

3)  Time dependent sources ar is ing from thermal sources such as 
s t a r t  u p  and shutdown, pit1 sed plasma radiation and neutron fluxes,  e tc .  



4)  Time dependent sources a r i s i n g  from' mechanical sources such 

as pul sed magnetic f i e l d s ,  magnetic f i e l d - l i q u i d  metal "water hammer" 

e f f e c t s ,  b l a s t  wave e f f e c t s  from i n e r t i a l  confinement schemes, e tc .  

These e f f e c t s  h a ~ e  been summarized i n  Table 111 and i n d i c a t i o n s  

have been g iven as t o  which reac to r  system i s  most suscept ib le  t o  

them. and what p a r t i c u l a r  p roper t y -  i s  most c r i t i c a l  . Most a1 1  o f  

these sources a r e  present  i n  one form o r  another i n  a l l  D-T fus ion  

devices, and i t  i s  o v e r s i m p l i f i c a t i o n  t o  i s o l a t e  one o r  two mechanical 
- p roper t i es  t h a t  a r e  most e f f e c t e d  b u t  f o r  t h e  purposes o f  t h i s  

assessment, we wi1.l. have t o  make such assumptions. 

It i s  ev ident  f rom-Table I11 t h a t  since .mi r rors  a re  e s s e n t i a l l y  

steady s t a t e  devices, long term,creep-rupture p roper t i es  a re  most 

important .  It might  a l so  be concluded t h a t  the  same q.na!ogy holdq 

fgr tnkamaks, b u t  t he  r e l a t i v e l y  s h o r t  'burn t ime (several 100 t o  

several thousand seconds) means t h a t  there  w i l l  be many cyc1 .e~  per 
4 

year (up, t o  10 ). The b lanket  w i l l  s u f f e r  e i t h e r  a  d r o p  i n  tempera- 

t u r e  a t  constant  coo lan t  pressure ( f low r a t e )  o r  a  drop i n  pressure 

( f l o w  rat ,e)  a t  constant  temperature.  It i s  f e l t  t h a t  i n  e i t h e r  case 

f a t i g u e  w i l l  be a  major problem and the re fo re  i t  i s  f e l t  t h a t  low 

- c y c l e  f a t i g u e  w i l l  be the  most, c r i t i c a l  mechanical p roper ty  i n  _ .  ' 

t o  kama ks . 
, . 

F. What a r e  the  Magnitudes o f  t h e  Stresses on CTR Mate r ia l s?  

The next  s tep  i n  ' t h i s  assessment i s  t o  tabu la te  t h e  e x i s t i n g  data 

on the var ious  components of s t ress  on CTR mater ia ls .  Table, I V  i s  an 

o u t l i n e  .o f  how such a  t a b l e  could be formulated f o r  t h e  f i r s t  w a l l  

on ly ,  and examples a re  given, fop  the  UWMAK-I, 11 and Pr inceton De- 

signs.. I n  order  t o  complete t h i s  table,  i t  would be necessary t o  

review, i n  d e t a i l ,  a l l  of the  systems s tud ies  of Table 111. Such 

, a  study would be worthwhi le, b u t  t ime consuming. I t  i s  a l so  poss ib le  

t h a t  o t h e r  headings may have t o  be added t o  Table I V  i n  order  t o  i n -  

corpora te  specia l  s i t u a t i o n s .  . 



TABLE 111 

Summary of Thermal and Mechanical Stresses in CTR Systems 
I 

Thermal 

Source of 
Stress 

Plasma Radiation I X I X  
Thermal Gradient 
in Blanket I x /  

I I 
--I 

w Differential T h e m  I 
Expansion amoung 

Start up and 

Plasma and 
Neutron Radiation 

Differential Therrna 
Expansion among 

1 Mechanical 

Principle Mech. Source of Reactor Types Principle Mech. 
Prop. Affected Stress T M L P PropertyDuring 

Irradiation 

Creep-rupture 
life yield Vacuum Retention X X X Yield Strength 
Strength 

Creep-rupture Coolant Pressure Yield Strength, 

X life yield creep-rupture lifi 

Strength Component Weight Yield Strength, 
Creep-rupture life 

I Creep-rupture Differential 
X life, Yield Void Swelling 

1 Strength 1 1 1 1 1 1 
Magnetic Field 
Pressure X X Yield Strength 

I Fatigue,ductility Magnetic Field fracture toughnes I I I I X I Fatigue, ductility 

Fatigue, ductilit Magnetic Field 
yield strength Liquid Metal 

' 1 1 Interaction X Fatigue, ducitlity 
Fracture toughness 

Fatigue, ductilit 
yield strsngth Blast wave I / / X / I Fatigue, ducitlity 

T = Tokamak L - Laser 
H = nirror P - Pulsed (Theta Pinch) 



Table IV 

Magnitude of Mechanical and Thermal' Stresses Induced 
in the First Walls of Selected CTR Designs 

Parameter . Unit UWMAK-I UWMAK- I I -- 
General 

Material -- 316SS 316SS 

First Wall .Thickness mm 2.5 10.8 

First Wall Temperature (Max) "C 500 550 

' Thermal -... ,. 

- - 2 
Surface Heat Load W/ cm 22.6 

Thermal Stress First Wall psi 8424 

Thermal Pulse Time (a > sec 120 
-1 

Number of Cycles Y r 4100 

Mechanical 

Coolant Pressure ' psi 400 735 

Stress due to Coolant Pressure psi 4572 7143 

Stress due to Vacuum Alone psi 

Stress due to ~omgonent Wt. Psi 

Stress due' to Differential 
Void Swelling ., psi 

Stress due to Magnetic Yield psi 

Coolant Stress Difference 
Between Burn Time. and psi 
Recharge Time 

PPPL 

(a) From zero thermal stress to -90% of equilibrium level. 
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G. General Comments on What Mechanical Proper t ies  are  Most C r i t i c a l  

f o r  Successful CTR Operat ion 

I f  pressed t o  name the most c r i t i c a l  mechanical p rope r t i es  

t h a t  must be measured f o r  each of t he  four CTR systems, the  f o l -  

lowing l i s t  i n  Table V might  be suggested. Reasonable d u c t i l i t y  

i s  c l e a r l y  the  dominant p roper ty  requ i red  fo r  steady s t a t e  devices 

l i k e  the  m i r r o r  system. Both low s t r a i n  r a t e  (creep-rupture 1  i f e )  

and h igher  s t r a i n  r a t e  (un i fo rm e longat ion)  s tud ies  should be per- 

formed. The i nd i ca ted  ma te r ia l  s  may be somewhat con t rove rs ia l  , 
b u t  the.  temperature and s t ress  ranges a r e  broad enough t o  i nc lude  

most types o f  r e a c t o r  operat ion.  

High c y c l e  f a t i g u e  l i f e  i s  obv ious ly  the most severe problem 

i n  the the ta  p inch  and l a s e r  systems, w i t h  thermal and low c y c l e  

f a t i g u e  most l i k e l y  t o  be the dominant problem i n  Tokamaks. Using 

the  same m a t e r i a l s  and temperature as i n d i c a t e d  above, c y c l i c '  s t resses 

between -103 and +I03 MPa f o r .  s tee l ,  -28 and +28 MPa f o r  SAP, e tc .  
7 8  should be conducted -10 -10 times t o  understand t h e i r  behavior f o r  

8  
a  year  o f  ope ra t i on  f o r  a  the ta  p inch system and 10 -10" f o r  a  year  

i n  a  l a s e r  system. The per iod  o f  t h e  c y c l e  t ime should approximate 

the  thermal pulse t ime i n  such a  reac t ion ,  or, -0.1 sec f o r  t h e  the ta  

p inch and -1 0 - ~ - 1  o - ~  sec f o r  l a s e r  systems. 

I t i s  worthwhi le  t o  re-emphasize t h a t  Tokamaks w i l l  face  a  

ser ious f a t i g u e  problem du r ing  the s t a r t u p  and shutdown per iods 

associated w i t h  D-T burn times. The number o f  cyc les  cou ld  exceed 

10,000 i n  power reac to rs  and 300,000 i,s probably an upper 1  i m i  t f o r  

EPR's and FERF's. Most systems w i l l  probably cool  down and heat up 

over 10-100 .seconds so t h a t  ' t he  temperature w i l l  n o t  drop t o  ambient 

bec'ause o f  t he  thermal i n e r t i a  o f  the system. However, i t  i s  worth- 

w h i l e  t o  see how t h i s  l a r g e  temperature excurs ion might  e f f e c t  the  

f a t i g u e  l i f e .  The s t ress  values a r e  n o t  very  f i r m  a t  t h i s  t ime and 

more work i s  needed i n  t h i s  area. 



Tabl-e P 
Summary of ' c r i t i c a l  Mechanical I'ropert ies t h a t  Must 

B e  Known f o r  I r r a d i a t e d  Metals 

Approximate 
S t r e s s  

Proper ty  Mate r ia l  - T . O  C Range-Ks i Comment 

Creep- S t a i n l e s s  S t e e l  400-650 1&20 

D u c t i l i t y  SAP. 200-400 2-3 
Mo . ~ l i o ~ s  500-1000 10-30 
V Al loys  500-800 10-20 

Fa t. i gue S t a i n l e s s  S t e e l  400-650 +15 
SAP 200-400 + 4 
~n ~ i l n ~ s  5130-1000 ZZ 0 
V Alloys 500 4,800 - +15 

For a l l  r e a c t o r  concepts,  high 
s t r a i n  r a t e  (uniform elongation 
and low s t r a i n  r a t e  (creep- 
rup tu re  l i f e )  

Number of cyc les  should be 
10'-lo8 f o r  t h e t a  pinch and . 

&us-1010 f m  laser system. 
Cycle period -0,l sec for t.)zeta 
pinch and t o  10-3 sec  f o r  
laser systems. 

Fat igue  S t a i n l e s s  S t e e l  400-650 - +10 For tokamak, number of cycles  
SAP 200-400 - + 2 .should be 10,000-150,000. 
Mo Alloys 500-1000 - +15 Cycle period 10-100 sec.  
V Alloys 500-800 +10 - 



H. Summary Comments 

Several areas have n o t  been. covered i n  adequate.detai1 i n  t h i s  

1  i m i  t ed  study. These- i ncl  ude : 

1 )  A complete ca ta log ing  of s t ress  ca l cu la ted  by var ious  reac to r  

design groups. Such a  cata log, ing i s  p resen t l y  underway a t  McDonnell- 

Doug1 as and may be ready by October-November 1975. 

2) A complete l i s t i n g  o f  the  i r r a d i a t i o n  evnironment ( i  .e. dpa, 

dpa ra te ,  gas product ion,  s o l i d  t ransmutat ion ra tes ,  etc.)  has n o t  

been g iven nor  has any d iscuss ion  been devoted t o  how t h i s  r a d i a t i o n  

damage would e f f e c t  t h e  mechanical p rope r t i es  s ta ted  above. Th is  i s  a  

more invo lved area and one which would r e q u i r e  several man months o f  

e f f o r t .  

3)  The d e t a i l s  o f  . the FERF and EPR systems have n o t  been e n t i r e l y  

accessible. However, recent  progress i n  t h i s  area.has been r a p i d  and 

updat ing o f  t he  in fo rmat ion  i n  Table I1 f o r  these systems cou ld  be 

done every 3-6 months. 

4 )  Only metal1 i c  ma te r i a l s  have been covered, no ceramic mater ia ls ,  

( i .e .  A1203, graphi te,  SiC)have been considered. The use o f  carbon i n  

one form o r  another has become wide spread i n  r e a c t o r  design. For ex- 

ample, a l l  t h ree  EPR d i s i g n s  now use some form o f  carbon on t h e  f i r s t  

w a l l .  It would be worthwhi le  t o  s t a r t  examining the  spec ia l  mechanical 

p rope r t i es  which may be requ i red  f o r  these l i n e r  m a t e r i a l s  because 

they represent  more near term devices. 

5 )  The quest ion o f  how t o  t e s t  m a t e r i a l s  i n  meaningful i r r a d i a t i o n  

environments was n o t  addressed. This  i s  the  sub jec t  o f  i n t e r n a t i o n a l  

conferences i n  J u l y  1975 a t  ANL and Gat1 inburg, Tcnn. i n  October 1975. 

c a r e f u l  ana lys i s  of  t h e  s t a t e  of the  a r t  a f t e r  those meetings would be 

worthwhi l  e. 

An at tempt has been made t o  show where and when mechanical p roper ty  

data i s  requ i red  fo r  the  var ious  devices and reac to rs  proposed by ERDA 

and i t s  con t rac to rs  as we l l  as t o  l i s t  the  'major s tud ies  performed thus 

f a r .  The sources of s t resses and s t r a i n s  f o r  var ious  reac to rs  have 

been enumerated and an o u t l i n e  o f  t h e  var ious  s t ress  c o n t r i b u t i o n s  has 

been suggested. One cannot go much f u r t h e r  w i thou t  ana lyz ing  a  r e a c t o r  

which i s  a c t u a l l y  going t o  be b u i l t .  F i n a l l y ,  a p r e l  i rninary suggest ion 

o f  t he  c r i t i c a l  mechanical p roper t ies ,  m a t e r i a l s  and t e s t  parameters 



has been made to  serve a s  the basis for  future work. This analysis 
reveals tha t  low cycle fatigue will be most c r i t i ca l  for  tokamaks 
and high cycle fatigue will be most troublesome for pulsed reactors. 
Creep-rupture l i f e  a t  h i g h  temperatures plays a dominant role  i n  

mirror machines, and probably a secondary ( b u t  important role)  i n  

the .pulsed devices including the tokamak reactor. 



111. I o n  S imula t ion  For Bulk Mechanical Proper t ies :  Review 

A. U. S. and European Experiments 

. . 
I o n  beam s imu la t i on  o f  neutron damage f o r  mechanical 

p rope r t i es  i s  a  r e l a t i v e l y  new and undeveloped research area 

w i t h  the  c l e a r  except ion o f  vo id  s w e l l i n g  studies.  We a re  

concerned here w i t h  bu l k  p rope r t i es  such as creep and y i e l d  

and n o t  e x c l u s i v e l y  w i t h  voids induced i n  the  near surface re -  

gion. Measurements of these p rope r t i es  imp l i es  the use o f  sam- 

p les  which a r e  t h i c k  enough t o  represent  bu l k  ma te r i a l  s  and which 

a r e  t h i n  enough t o  permi t  pene t ra t i on  by a v a i l a b l e  acce le ra to r  i o n  

beams. The c r i t e r i a  f o r  sample s i z e  w i l l  be discussed a t  l e n g t h  

elsewhere i n  t h i s  repo r t .  However, i t  i s  useful  t o  p o i n t  o u t  a t  

' t h i s  p o i n t  t h a t  metal samples of th ickness g rea te r  than about 

0.002 cm a r e  expected t o  p rov ide  useful  bu l k  data. 

, A1 though i o n  beam s imu la t i on  of fers p o s s i b i l i t i e s  f o r  a  wi'de 

range o f  use fu l  experiments, r e l a t i v e l y  1  i t t l e  has been done t o  

date 36-46 t o  e x p l o i t  t h e  technique. I n  s i t u  i r r a d i a t i o n  induced 

creep measurements have been made a t  the  Argonne Nat ional '  Labora- 

t o r y  by ~ a r k n e s s ,  Yagee and ~ o l f i ~ '  a n d  a t  t h e  ~ a s s a c h u s e t t s  I n -  

s t i  t u t e  o f  Technology by Hendrick, Bement and Harl  ing? C u r r e n t l y  

i o n  beam ' s imu la t i on  research f o r  b u l k  mechanical p rope r t i es  i s  

being pursued a t  var ious  l abo ra to r i es .  I n  t h e  USA work i s  i n  

progress a t  the  P a c i f i c  Northwest Laboratory o f  the  B a t t e l l  e 

Memorial I n s t i t u t e ,  and t h a t  work w i l l  be o u t l i n e d  i n  some de- 

t a i l  i n  another  repo r t .  Work on i n  s i t u  i r r a d i a t i o n  enhanced creep 

i s  con t i nu ing  a t  the Massachusetts I n s t i t u t e  o f  Technology. A 

s i m i l a r  e f f o r t  w i t h  more soph is t i ca ted  ins t rumenta t ion  i s  now i n  

progress a t  the  Naval ~ e s e a r c h  Laborator ies.  A t  AERE-Harwell, 

~ " 1  i ch ,  ~ e r n f o r s c h u n ~ s  Zentrum Kar l  s'ruhe, Hol + f i e l d  Nat tonal  Lab- 

o r a t o r y  and Hanford Engineering ~eve lopment  Laboratory, i n  s i t u  creep 

experiments a re  being developed. Mechanical property'measurements o f  
i o n  i r r a d i a t e d '  samples are expected t o  recetve  f u r t h e r  development a t  
the  Kwrchatov I n s t i t u t e  near Moscow. 



B. Comparison o f  Rad ia t ion  Sources 

The damage ef fect iveness of a number o f  a v a i l a b l e  r a d i a t i o n  

sources i s  i l l u s t r a t e d  i n  F igure 1. As a usefu l  measure o f  damage 

effect iveness we have used dpa /pa r t i c l  e/cm? There i s  some quest ion 

t h a t  dpa i s  an adequate bas is  f o r  comparing the  damage from var ious 

rad ia t i ons .  C e r t a i n l y  an adequate comparison of t h e  damage from 

var ious sources should i nc lude  the  e f fec ts  o f  hydrogen and hel ium 

product ion  and o f  transmutat ions. Helium product ion va r ies  w ide ly  

f o r  d i f f e r e n t  neutron sources as expected from cons idera t ion  o f  

t he  energy dependence o f  the  (n,a)  cross sect ion.  The r a t i o  o f  

hel ium product ion  t o  dpa i s  presented i n  F igure 2. I o n  beams 

can be used t o  i n j e c t  appropr ia te  amounts nf h ~ l  ium, w h i l e  d i s -  
placement damage i s  sim111 taneously created by t h e  same beam o r  

by a second bombarding i o n  beam o f  a d i f f e r e n t  energy and o r  specles. 

F igure  3 combines t h e  damage ef fect iveness i n  dpa/part ic le/cm 2 

w i t h  t h e  p a r t i c l e  f l  uxes a v a i l a b l e  a t  var ious  r a d i a t i o n  sources. 

The damage r a t e  i n  dpa/sec i s  shown for  two US f a s t  reactors,  f o r  
n 

a f u s i o n  r e a c t o r  w i t h  1 ~ w / m ~  wa l l  loading, f o r  a (D, T) neutron 
13 2 source o f  10 /cm -sec and f o r  var ious c u r r e n t  d e n s i t i e s  o f  p ro ton 

and deuteron i o n  beams. The f a s t  reac to rs  w i l l  obv ious ly  have a 

p lace i n  the  CTR t e s t  program, even though r e a c t o r  i r r a d i a t i o n s  

a r e  very  expensive and t h e  hel ium product ion per  dpa i s  much lower 

than f o r  t h e  f u t u r e  f u s i o n  reac tors .  I n  a l i m i t e d  number o f  cases, 

where n i c k e l  i s  a major c o n s t i t u e n t  o f  t h e  t e s t  ma te r ia l ,  i t  should 

be poss ib le  t o  approach the  c o r r e c t  r a t i o  o f  he1 ium product ion t o  

dpa. I n  such cases a h i g h  f l u x  thermal r e a c t o r  such as HFIR would 

be used t o  produce hel ium by two successive r~ t tu t ron  reaet ions  I n  
13 2 n i cke l  : The (D, T)  source o f  10 /cm -sec I s  c u r r e n t l y  not: i n  ex- 

i s tence.  The Rota t ing  Target  Neutron Source (RTNS) a t  LLL cur-  
12 2 r e n t l y  produces a peak f l u x  o f  about 10 n/cm -sec f o r  a sample 

which would be usefu l  f o r  i n  s i t u  mechanical p roper t y  tes t ing .  

An upgraded RTNS w i t h  approximately 10X t h e  p resen t l y  a v a i l a b l e  

f 1 ux i s  proposed and may be a v a i l  ab le  3-5 years from today. The 

he1 ium product ion  r a t e  per  neutron o f  a pure (D, T) source w i l l  

probably exceed t h a t  o f  a f u s i o n  reac to r .  Higher (D, T) neutron 

f l  uxes should eventual 1 y become ava i  lab1 e. For exampl e, a super- 

sonic j e t  nozzle t a r g e t  proposed by LASL i s  expected t o  produce 



~ i ~ u r e  1 .  Damage E f f e c t i v e n e s s  o f  Some R a d i a t i o n  S o u r c e s  
A p p l i e d  t o  N i o b i u m  



FFT F EBR I1 ET R HFl R FUS l ON 

Figure 2. Ratio of the atomic parts per million of helium gas 
generated per.dpa in.vanadium for various nuclear 
facilities,. 
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f l u x e s  around 1014 i f  the  pro jec ted 5 year development and con- 

s t r u c t i o n  schedule can be maintained. Another acce lera tor  neutron 

source which i s  o f  considerable i n t e r e s t  t o  CTR mate r ia l s  t e s t s  

i s  t h e  (D, Be) o r  (D, L i )  source. Cur ren t l y  a v a i l a b l e  (D, Be) 
13 2 sources produce f l u x e s  up t o  about 10 n/cm -sec i n  the  forward 

. d i r e c t i o n .  Upgrading o f  (D, Be) o r  (D, L i )  so.urces appears q u i t e  
3 feas ib le  and a  proposal e x i s t s  f o r  a  source w i t h  a  1  i q u i d  1  i t h i u m  

t a r g e t  which cou ld  produce f l u x e s  i n  the  '1  0' range. 

C. Review o f  Acce lera tor  Sources. f o r  I o n  I r r a d i a t i o n s  

Accelerators,  which a re  useful f o r  s imu la t i ng  bul k  i r r a d i a t i o n  

by f a s t  neutrons, must bc ab le  t o  providc bcams o f  ions  which can 

produce damage r a t e s  equal t o  and i n  excess o f  t he  damage ra tes  

expected from neutron f i e l d s  i n  CTR's. The i o n  ranges i n  the  

t e s t  samples must be consi'derably l a r g e r  than the  minimum t h i c k -  

nesses of these samples. This i s  necessary t o  avo id  chemical con- 

taminat ion o f  t h e  samples by the  ions  and t o  reduce t h e  v a r i a t i o n s  

i n  damage r a t e  across the  sample. Examples of damage p r o f i l e s  f o r  

. r e l e v a n t  cond i t i ons  w i l l  be g iven i n  another sec t i on  of t h i s  repo r t .  

Other impor tant  cons idera t ions  a r e  c o s t  per u n i t  o f  data and t h e  

t ime requirements t o  o b t a i n  usefu l  resu l t s .  The expectat ion t h a t  

i o n  s imu la t i on  can provide r e s u l t s  more r a p i d l y  than i s  poss ib le  

w i t h  neutrons, w i t h  b e t t e r  c o n t r o l  o f  most experimental parameters, 

and a t  lower c o s t  than w i t h  neutrons, i s  the major j u s t l f i c a t i o n  

f o r  such s imula t ion .  

A r e l a t i v e l y  l a r g e  number o f  s u i t a b l e  p o s i t i v e  i o n  acce lera tors  

i n c l u d i n g  cyc lo t rons ,  l i n a c s  and Van de Graaffs a re  a v a i l a b l e  i n  the  

- USA f o r  neutron s imu la t i on  i n  mechanical p roper t y  measurements. A  

good compi la t ion  o f  such f a c i l i t i e s  i s  a v a i l a b l e  i n  reference 48. 

Overal l  the requi renlen l s  f o r  the luri bedills ~ ~ ~ t t n ~ i u r i e d  a bvve can best 

be met by use o f  protons, deuterons o r  hel ium ions  produced by ex- 

i s t i n g  low energy and medium energy cyc lo t rons .  Accelerators which 

would permi t  s e l f - i o n  bombardment, of s ~ r f f  i c i e n t l y  l a r g e  range t o  

be useful f o r  mechanical p roper t i es  measurements, could be con- 

s idered fo r  s imu la t i on  work a f t e r  i t s  u t i l i t y  has been c l e a r l y  

demonstrated. Such heavy ions  would have considerably h igher 

damage r a t e s  than the  low mass hydrogen o r  he1 ium ions. However, 

24 ' 



development o f  such beams would very  1  i k e l y  r e q u i r e  l a r g e  new 

c a p i t a l  investments. Van de Graaffs and l i n a c s  a r e  a l so  su i tab le ,  . 

b u t  these machines a r e  genera l l y  s t i l l  , .  of major importance f o r  

nuclear  physics research, w h i l e  t he  lower energy cyc lo t rons  capable 

o f  producing protons, deuterons and'hel ium ions  i n  t he  energy range 

o f  -1 0  - 100 MeV have essent ia l  l y  become obso le te  f o r  the  research 

which j u s t i f i e d  t h e i r  cons t ruc t ion .  ~ u i t a b l  e  i o n  cur ren ts ,  c u r r e n t  

d e n s i t i e s  and p a r t i c l e  energies fo r  mass 1, 2 and 4 ions  a re  a v a i l -  

ab le  from several such acce lera tors  fo r  use i n  mechanical p rope r t i es  

s tudies.  I o n  c u r r e n t  d e n s i t i e s  which' w i l l  produce damage r a t e s  

i n  excess o f  t h a t  expected f o r  f u s i o n  reac tors ,  see Figs. 1  and 3, 

a r e  a v a i l a b l e  from these e x i s t i n g  acce lera tors .  I n i t i a l l y  a t  

l e a s t  i o n  s imu la t i on  experiments w i l l  be l i m i t e d  by the  a b i l i t y  

t o  remove beam heat from the  sample r a t h e r  than by the  capabi l  i t i e s  

o f  a v a i l a b l e  acce lera tors .  Contro l  o f  sampl e  temperatures i s  par- 

t i c u l a r l  y c r i t i c a l  f o r  i n  s i  t u  i r r a d ~ a t i o n ~ ~  creep measurements. 

For B a t t e l l e ' s  i o n  s imu la t i on  research we expect t o  make use. 

o f  t h e  76-inch isochronous c y c l o t r o n  a t  t h e  U n i v e r s i t y  o f  Cal i f o r n i a  , 
Davis and t h e  60-inch c y c l o t r o n  a t  the  U n i v e r s i t y  o f  Washington, 

Seat t le .  Some use may a l so  be made o f  t he  negat ive  and p o s i t i v e  

i o n  e l e c t r o s t a t i c  acce lera tors  a t  PNL. These accel e r a t o r s  cou ld  

be very  usefu l  i n  developing and t e s t i n g  the  i r r a d i a t i o n  equip- 

ment which would be used a t  the  cyc lo t rons .  The e l e c t r o n  Van de 

Graaf f  a t  PNL has adequate i n t e n s i t y  and energy (2MV) t o  pe rm i t  

cons idera t ion  f o r  d i r e c t  use as s imu la t i on  source. Table V I  shows 

some o f  the  parameters o f  the two cyc lo t rons  which a re  re levan t  

t o  the  present  discussion. Both the  UCD and UW a r e  convenient t o  

PNL, approximately f o u r  hours t r a v e l  time, and both  acce lera tors  

have a v a i l a b l e  s u f f i c i e n t  beam t ime t o  meet t h e  forseeable needs 

f o r  B a t t e l l  e ' s  i r r a d i a t i o n s .  A s i g n i f i c a n t  a d d i t i o n a l  advantage 

o f  us ing  these two cyc lo t rons ,  p a r t i c u l a r l y  t he  one a t  Davis, i s  

the a v a i l a b i l i t y  o f  (D, Be) neutron sources. The Davis (D, Be) 

source i s  p a r t i c u l a r 1  a t t r a c t i v e  s ince i t  produces usefu l  neutron 
r 3  2  f l u x e s  up t o  about 10 n/cm -sec. Th i s  w i l l  be discussed f u r t h e r  

i n  t he  nex t  sec t i on  o f  t h i s  r e p o r t .  



Table V I .  Some C h a r a c t e r i s t i c s  of Accelerators t o  be Used by B a t t e l l e  f o r  
I o n  S imula t ion  Studies. 

He1 i um He1 i um Approx . 
Pro ton  Proton Deuteron Deuteron i o n  i o n  c o s t  

Acce le ra to r ,  Energy , .Cur ren t ,  Energy - Current  :, Energy : Current  per  h r  
I 

r I 

i I 
>45ua 15-45MeV >45pa !30-86MeV f >25pa $135 

1 Isochronous 1; I 

. , 

Cyc lo t ron  1 1 
I 

U. Fusion Neutron I-aci  l i t ~ e s  

i: 

I I Cyc lo t ron  
!1 

An essen t i a l  p a r t  o f  B a t t e l  l e t s  s imu la t i on  program w i l l  

be the  use o f  neutron i r r a d i a t i o n s  t o  o b t a i n  mechanical p rope r t y  

data. These measurements a r e  necessary i n  o rder  t o  determine the  

degree o f  c o r r e l a t i o n  which can be obta ined w i t h  the  use o f  pene- 

t r a t i n g  i o n  beams. A g r e a t  deal o f  data i s  a l ready  a v a i l a b l e  

from the  i r r a d i a t i o n  o f  f i s s i o n  r e a c t o r  m a t e r i a l s  i n  f a s t  t e i t  

reac tors .  Much o f  t h i s ' d a t a  w i l l  be va luab le  f o r  c o r r e l a t i o n s  

w i t h  the  present  CTR m a t e r i a l s  studies, however, a d d i t i o n a l  neutron 

measurements w i l l  be needed. I n  t h i s  s e c t i o n  we w i l l  b r i e f l y  re -  

view the  a v a i l a b l e  neutron f a c i l i t i e s  which can be used f o r  CTR 

t e s t i n g .  D e t a i l s  o f  t he  neutron data needs w i l l  be discussed 

elsewhere. 

C u r r e n t l y  t h ~ r e  a re  no neutron sources which have an energy 

spectrum and i n t e n s i t y  comparable t o  t h a t  expected i n  f u tu re  CTR's. 

This.  o f  course, i s  the ma,jor , j u s t i f i c a t i o n  f o r  the  s imu la t i on  

approach. Accel e r a t o r  produced neutron sources a re  ava i  1  ab l  e  

which produce neutrons f rom the  f u s i o n  reac t i ons  (D, D) and (D,T) 

and by  deuteron s t r i p i n g  e.g., (D, Be) and (D, L i ) .  Fast  f i s s i o n  

reac to rs  such as the  FFTF and E B R - I 1  a re  a1 so o f  use f o r  CTR t e s t i n g  

a1 though t h e  r a t i o  o f  he1 ium product ion  t o  dpa i s  much smal ler  than 

f o r  a  f u s i o n  source, please see F igure  2. 

$ 

I i j 
I 



I r r a d i a t i o n s  w i t h  h igh  f l u x  reac to rs  w i l l ,  i n  al.1 p r o b a b i l i t y  

be an impor tan t  p a r t  of the  B a t t e l l e  program. High dpa r a t e s  a re  

a t ta inab le ,  see Fig.  1  .and 3. Gas product ion, e s p e c i a l l y  hel ium 

can be a t t a i n e d  i n  such f i s s i o n  reac to r  i r r a d i a t i o n s  by use o f  

t h e  t r i t i u m  t r i c k ,  hel ium i o n  imp lan ta t i on  by acce lera tors  o r  

i n  the case of n i cke l  samples by thermal neutron induced (n,a) 

reac t ions .  The l ong  i r r a d i a t i o n s  needed t o  b u i l d  up adequate 

f luence and the  g rea t  d i f f i c u l t y  i nhe ren t  i n  p rope r l y  c o n t r o l l e d  

i n - reac to r  mechanical p roper ty  t e s t s  w i l l  cont inue t o  make t h i s  

approach a  c o s t l y  and slow one. 

Acce lera tor  sources based on the (D, T) o r  deuteron s t r i p p i n g  

reac t ions ,  c u r r e n t l y  o f fe r  t he  most promise f o r  CTR t e s t i n g .  

However, w h i l e  these sources w i l l  general l y  produce a  usefu l  

dpa/He r a t i o ,  t h e i r  i n t e n s i t y  i s  c u r r e n t l y  much lower than f o r  

f u s i o n  reac tors .  End o f  1  i f e  f l  uences are, t h e r e f o r e ,  impossi d l  e  

t o  a t t a i n  and mechanical p roper ty  data w i l l  have . to be extrapolated.  

Other f u s i o n  neutron reac t i ons  such as (D, D) would produce lower 

j n t e n s i  t i e s  w i t h  e x i s t i n g  acce lera tors .  The most in tense (D, T) 

source c u r r e n t l y  a v a i l a b l e  i s  the  r o t a t i n g  t a r g e t  neutron source 

(RTNS), a t  LLL. A 400 KeV D+ i o n  beam o f  20-30 ma 

-3-5 x  10' (D, T) neutrons per  second f rom a  t r i t i a t k d  t i t a n i u m  

ta rge t .  The t a r g e t  i s  r a p i d l y  r o t a t e d  through the  beam and i s  
3 water cooled t o  prevent  r a p i d  l o s s  o f  the  H  from the  i r r a d i a t e d  

zone. A t  the  c l o s e s t  p r a c t i c a l  p o i n t  o f  approach, t o  t he  neutron 
12 2  source spot, a  f l u x  o f  -2 x  10 n/cm -sec i s  ob ta inab le  on a  metal 

f o i l  sample about 1  cm i n  diameter. For i n  s i t u  mechanical p roper ty  

t e s t s  a neu t ru r~  f l u x  o f  -5-10 x  10" i s  a  r e a l i s t i c  est imate o f  the  

useable f l u x  f o r  a  sample w i t h  a  gauge l e n g t h  o f  1  cm. Under these 

cond i t i ons  the  maximum f l u x  g rad ien t  seen by t h i s  sample would be . . 

-20%. The RTNS produces (D, T) neutrons w i t h  an e s s e n t i a l l y  i s o -  

t r o p i c  spac ia l  dependence and w i t h  an energy . . spread o f  several 

hundred KeV. It i s  u n l i k e l y  t h a t  t h i s  energy spread o r  t he  v a r i a t i o n  

i n  niearl neutron energy w t t h  angle w i l l  be of g r e a t  s i g n i f i c a n c e  

i n  most CTR bu lk  p roper ty  t es t s .  Mean neutron energy i n  t he  forward 

o r  deuteron d i r e c t i o n  where most samp1.e.s a r e  mounted, i s  14.8 MeV 

f o r  t he  RTNS. 



Major upgrading of t he  RTNS i s  proposed t o  increase the  

source s t reng th  by about a  fac to r  o f  t e n  w h i l e  main ta in ing  the 

c u r r e n t  t a r g e t  l i f e  of about 50 hours and the  source spot  s i z e  

of l e s s  than 1  cm. Several advanced RTNS type acce lera tors  a re  

expected t o  be a v a i l a b l e  i n  3-5 years. M u l t i p l e  acce lera tors  

o f  t h i s  type should g r e a t l y  expedi te the  general CTR mate r ia l s  

program. ERDA l a b o r a t o r i e s  such as PNL w i t h  heavy committments 

t o  CTR m a t e r i a l s  tes t i ng ,  would probably be ab le  t o  accelerate 

t h e i r  m a t e r i a l s  t e s t i n g  i f  advanced o r  upgraded versions o f  the  

RTNS cou ld  be placed d i r e c t l y  a t  the  i n d i v i d u a l  l abo ra to r ies .  

A  more in tense (D, T) source than the  upgraded RTNS i s  

planned a t  LASL. Th is  source w i l l  use a gas t a r g e t  f o r  heat 

removal and a  superSorslc shock nozzle lu pt-oduce a small h igh  
15 dens i t y  gas t a r g e t  zone. Source s t rengths  o f  -10 n/sec and 

14 2 usefu l  f l u x e s  o f  -10 n/cm -sec a re  expected when t h i s  source 

becomes ava i l ab le .  A  development and cons t ruc t i on  lead t ime of 

-5 years I s  a n t i c i p a t e d  once funding i s  authorized. 

An acce le ra to r  source which produces f a s t  neutrons i n  the  

range o f  i n t e r e s t  t o  CTR i s  the  (D, Be) o r  (D, L i )  source. ,These 

sources based on deuteron s t r i p p i n g  and w i t h  c u r r e n t l y  a v a i l a b l e  

medium energy o r  l ow  encrgy acce lera tors ,  a re  p o t e n t i a l l y  i m -  
po r tan t  f o r  CTR m a t e r i a l s  tes ts .  The neutron energy spectrum 

obta ined from deuterium ions  on a  t h i c k  be ry l1  ium t a r g e t  i s  

shown f o r  D+ energies o f  16 and 30 MeV i n  Figs. 4  and 5. The 

neutrons a re  present  i n  a  broad d i s t r i b u t i o n  from zero energy 

t o  approximately the  deuteron energy. The most i n t e n s i t y  occurs 

a t  ahnut 0.40 of t h e  deuteron energy. These spectra are c a l -  + 
cu la ted f o r  neutrons emi t ted  i n  the  forward o r  D d i r e c t i o n .  The 

i n t e n s i t y  d i s t r i b u t i o n  o f  the  s t r i p p i n g  reac t i ons  i s  h i g h l y  aniso- 

t r o p i c .  Most OQ t he  neut ror~s  dr't? emi t ted  i n  the  forward d i r e c t i o n .  

Th is  f e a t u r e  o f  s t r i p p i n g  sources can be used t o  advantage I n  CTR 

m a t e r i a l s  t e s t s  s ince t h e  forward d i r e c t i o n  i s  a l so  the  l o c a t i o n  

f o r  t e s t  samples. The neutron source s t reng th  c u r r e n t l y  a v a i l a b l e  

from such sources i s  exempl i f ied  by the  UCD-76 i n .  and UW-60 i n c h  
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cyc lo t rons  which produce about (D, Be) n lsec.  use fu l  f l u x e s  
13 2 o f  -10 -n/cm -sec can be a t t a i n e d  on small t h i n  f o i l  samples l o -  

cated i n  the forward d i r e c t i o n  near these sources. There a r e  

proposal s t o  develop much more in tense deuteron s t r i p p i n g  sources 
16 e.g. a (D, L i )  source o f  10 n lsec  has been proposed? Such a 

15 2 source would have f l u x e s  around 10 n/cm -sec. A t  t he  present  

t ime the  a v a i l a b l e  (D, Be) sources w i l l  p rov ide  a va luab le  com- 

p l  ement t o  o the r  "CTR" .neutron t e s t  f a c i  1 i t i e s .  Because t h e i r  

i n t e n s i t y  i s  h igher  than t h a t  o f  c u r r e n t  (D, T) sources they  

. may permi t  some experiments which a r e  n o t  p r a c t i c a l  w i t h  the  

present  RTNS. 

B a t t e l  l e  p lans t o  use f a s t  reac tors ,  t he  LLL, RTNS and the 

(D, Be) sources a t  UCD and UW f o r  "CTR" neutron i r r a d i a t i o n s .  

None o f  these sources i s  i dea l  f o r  CTR t e s t i n g  b u t  each has s ig -  

n i f i c a n t  u t i l i t y  f o r  c e r t a i n  c lasses o f  measurements. 



I V .  Damage Ana lys is  and Ca lcu la t ions  For L i g h t  Ions 

Damage induced i n  metals exposed t o  neutron i r r a d i a t i o n  occurs 

when a neutron t ransfers enough energy t o  a l a t t i c e  atom t o  cause 

the  atom t o  be d isp laced from i t s  l a t t i c e  s i t e .  Th is  d isplaced 

atom i s  the  pr imary knock-on (PKA) which can ( i )  " r a t t l e "  through 

t h e  l a t t i c e  and s top a t  an i n t e r s t i t i a l  s i t e  o r  ( i i )  t rans fe r ,  by 

e l a s t i c  c o l l i s i o n s ,  s u f f i c i e n t  energy t o  c reate  secondary o r  h igher 

order  displacements. I t  should be poss ib le  t o  s imulate t h i s  type 

of damage, i .e.  t he  c r e a t i o n  of v a c a n c y - i n t e r s t i t i a l  pa i r s ,  us ing 

ions  f o r  t he  bombarding species. With r e l a t i v e l y  h igh  i o n  f l uxes  

the  technique might  we l l  be used t o  dup l i ca te  l a r g e  number o f  d i s -  

placements per l a t t l c e  atom (cipa), such as w i l l  occur i n  fus ion  r e v  

a c t o r  ma te r ia l  s. 

But neutrons w i l l  produce chanyes i n  the l a t t i c e  o ther  than 

displacements. Transmutation e f f e c t s  i n i t i a t e d  from (n,x) reac t ions  

can a1 so cause var ious  changes i n  ma te r ia l  p roper t ies .  Phase 

s t a b i l i t y  w i l l  be a f f e c t e d  i n  some CTR candidate a l l o y s  (Ku lc insk i ,  
49 L o f t  and Yang ) because o f  s i g n i f i c a n t  changes i n  composit ion o f  

t he  a l l o y  dur ing  opera t ion  i n  the f u s i o n  environment. Th is  w i l l  be 

p a r t i c u l a r l y  important  fo r  Nb-1Zr where Zr might  increase t o  the  

p o i n t  where a second phase begins t o  appear. Adverse i r~ f luer lces  

on d u c t i l i t y  can be caused by the  hel ium gas from (n,a) reac t ions .  

Th is  can be p a r t i a l l y  simulated using ions. That i s ,  lie1 iu111 can 

be i n j e c t e d  t o  the  ex ten t  t h a t  i t  matches t h a t  q u a n t i t y  produced 

by neutrons. I t  i s  more d i f f i c u l t  t o  s lmulate the  cot l~posi t ion 

changes due t o  v a r i a t i o n  o f  metal atom species. A l l o y  composit ion 

might  Ire vdr>ied p r i o r  t o  i o n  i r r a d i a t i o n  t o  match composit ion n f  l ong  

term neutron i r r a d i a t e d  mater ia l .  Which of these w i l l  be the  most 

dominant i n  a g iven mechanical p roper ty  t e s t  remains t o  be determined. 

n i s p l  acements per  atom, r a t e  o f  displacement product ion, gaseous and 

so l  i d  t ransmutat ion ra tes ,  phase i n s t a b i l  i t i e s ,  temperature and s t r a i n  

r a t e  w i l l  a1 1 i n f l uence  mechanical p roper t i es  o f  i r r a d i a t e d  mater ia ls .  

Simulat ing a l l  these e f f e c t s  w i t h  i o n  beam i r r a d i a t i o n s  i s  no t  simple; 



however, w i t h  the  except ion of sol i d  transmutat ions, a c lose approxi-  

mation t o  the  f u s i o n  environment should be possib le.  It should be 
pointed o u t  t h a t  i o n  beam i r r a d i a t i o n s  a l l o w  one t o  study these e f -  

f e c t s  independently w h i l e  a1 so being ab le  t o  study t h e i r  combined 

ef fects.  The e f f e c t  o f  chemistry changes r e s u l t i n g  from s o l i d  t rans-  

mutat ions on phase s t a b i l i t y  i n  an i r r a d i a t i o n  environment might  be 

simulated by i r r a d i a t i n g  a se r ies  of a l l o y s  o f  vary ing  composition. 

Calculated s o l i d  transmutat ion r a t e s  would be s u f f i c i e n t l y  accurate 

t o  determine the  composi t i o n / r e a c t o r  t ime re1 a t i o n s h i  p. 

DPA and Displacement Cross-Section 

The displacement cross-sect ion represents the  suscepti  b i l  i ty  

o f  a p a r t i c u l a r  ma te r ia l  t o  displacements by a g iven bombarding 

,species. Recommended procedures fo r  c a l c u l a t i n g  t h i s  cross-sect ion 
51 have been described by Doran, Bee1 er, Dudey and ~ u s s ~ '  and Keefer. 

The f o l l o w i n g  g ives a b r i e f  d e s c r i p t i o n  of t he  general procedures. 

Resul t s ,  a r e  discussed f o r  neutron, proton, deuteron and a1 pha par- 

t i c l e  i r r a d i a t i o n  o f  N i  and Nb. These resu l ' t s  i nc lude  analyses o f  

dpa p r o f i l e s ,  dev ia t i ons  from dpa homogeneity, and dpa r a t e  l i m i t s  

i n  He gas cooled samples. 

The cross-sect ion a(E) f o r  an i o n  o f  energy E i s  

where do(T) i s  the  Ruther ford s c a t t e r i n g  x-.section f o r  a t r a n s f e r  

of energy T, and nd(T) i s  a t c n  which accounts Tor. secondary and 

h igher order  displacements. Ed i s  the  thresh01 d energy and T,, i s  

t h e  maximum energy which can be t rans fer red.  



The term nd(T) g ives  the number of displacements due t o  the 
5 2 c o l l i s i o n  cascades s t a r t e d  by PKA's. From the  Robinson - f o rmu la t i on  

of L S S ~ ~  p a r t i  t i o n  energy theory 

where Tdam i s  t he  t n t a l  e l a s t i c  energy a v a i l a b l e  fo r  p roduct ion  o f  

displacements and B i s  somewhat a r b i t r a r y ,  b u t  near u n i t y ;  Doran 

e l  d l  51 use 0.0 fo r  re .  ~ o b i n s o n ' s ~ ~  t rca tmcnt  o f  t h e  LSS theory  

g ives  

. where 

f o r  a metal of  atomic weight  A and atomic number Z, and where t rans-  

f e r  energy T i s  i n  k i l o v o l  t s  . 
Numerical i n t e g r a t i o n  o f  equat ion (1 ) , us ing  protons, deuterons 

and alphas as bombarding species on N i  and Nb, g ives  the displacement 

cross-sect ions shown i n  f i g u r e s  6 and 7. I t  should be kept  i n  mind 

t h a t  these cross-sect ions become more u n c ~ r t a i n  as energy increases. 

Th i s  i s  due t o  the  increas ing  i n f l uence  the  u n c e r t a i n t i e s  i n  Tdam 

and Ed values have on the  secondary and h igher  o rder  displacements. 

That i s  t o  say, t he  h igher  t h e  energy o f  t he  primary, t he  g rea te r  

t h c  energy t ransfer ,  and hence the  g rea te r  t he  p r o b a b i l i t y  of secon- 

dary displacement, which i s  depender~t on Tdam and Ed. 

I t  i s  impor tan t  t o  note t h a t  i n e l a s t i c  s c a t t e r i n g  cross-sect ions 

a r e  n o t  inc luded i n  these c a l c u l a t i o n s .  But ~ o ~ a n ~ ~  has inc luded 

i n e l a s t i c  c o l l  i sions t o  determine PKA spectra f o r  p ro ton  i r r a d i a t i o n  

o f  niobium; a s imple comparison can be made t o  est imate the  magni- 

tude o f  t he  e f f e c t  o f  t he  i n e l a s t i c  c o l l i s i o n s .  Th i s  has been done 

using Logan's chosen value (36eV) f o r  t he  th resho ld  energy i n  niobium. 
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. F i g u r e  7 .  T o t a l  D i s p l a c e m e n t  C r o s s  S e c t i o n s  f o r  ~ b ( ~ o u 1 o m b  
S c a t t e r i n g  O n l y )  



For 16.4 MeV protons t h e  displacement cross-sect ion from coulomb 

sca t te r i ng  a lone i s  about 2 percent smal ler  (see f i g .  7)  than the 

crogs-sect ion obta ined from the data of Logan, e t  a ~ ! ~  Th is  d i s -  

crepancy decreases rapid1 y w i t h  decreasing energy over several MeV. 

There i s  agreement around 14 MeV.; no compari'son was made a t  lower 

energies . 

Neutrons ' . 

Generally, t h e o r e t i c a l  est imates f o r  neutron displacement cross- 

sec t ions  should inc lude i n e l a s t i c  s c a t t e r i n g  cross-sect ions. E r ro rs  

in t roduced by neg lec t ing  these cross-sect ions show l a r g e  d i f f e rences  

between d i f f e r e n t  mater ia ls .  ' For example, t h e i r  i n c l u s i o n  i s  n o t  

as important  fo r  vanadium, chromium o r  i r o n  exposed t o  14 MeV neutrons, 

as i t  i s  t o  the  est imates f o r  n i cke l  i r r a d i a t e d  by these neutrons. 

 ora an^' has 'shown t h a t  none las t ic  processes in t roduce a 11 , 12 and 4 

percent  c o r r e c t i o n  respec t i ve l y  f o r -  vanadium, i r o n  and chromium. 

Th is  c o r r e c t i o n  increases t o  about 75 percent f o r  n i c k e l .  

Neutron displacement cross-sect ions and damage energies, ac- 

count ing fo r .  (n; n ' )  and (n, i n )  reac t ions ,  have been est imated 'by 

56, 57 Ku lc insk i  , Doran and ~ b d o u ~ ~  and by ~ o b i n s o n ~ ~  respect ive ly .  Doran, 

The i n e l a s t i c  c o n t r i b u t i o n s  were found from numerical eva luat ions  o f  

where Ri(E) i s  e i t h e r  the  mean number o f  displacements per PKA, o r  

t h e  mean energy going i n t o  a displacement per PKA, F(E) i s  e i t h e r  

the  displacement cross-sect ion o r  t h e  damage energy, respec t i ve l y ,  

and qi(E) i s  the  p r o b a b i l i t y  o f  e x c i t i n g  a g iven nuclear  s ta te .  

The ENDF/.B s c a t t e r i n g  parameters were used by these i n v e s t i g a t o r s  ; 

14 MeV neutron d i  splacement cross-sect ions resu l  t i n g '  from these data 

are  1 i s t e d  i n  Table V I I .  Values of th resho ld  displacement energies 

which were used t o  determine the  cross-sect ions from the  displacement 

funct ions, g iven by Ku lc insk i ,  e t  a1?? a re  l i s t e d  a lso .    he cross- 

sect ions w i l l  s h i f t  i n  inverse p ropor t i on  t o  f r a c t i o n a l  changes i n  

t h i s  th resho ld  energy. 



TABLE V I I  

Est imated Displacement Cross-Sections f o r  14 MeV NeutPons , 

. . 

Ma te r i a l  I ~ i s ~ l  acement c ross-sec t ion  : Ef fec t i ve  Reference 
I ( k i  lobarns)  ,Displacement . 
i 
i :Ed(eV) Energy x 1.67 

. . i 
! 

f 
S t a i n l e s s  S tee l  18/10 f 1 .91 5 5 

1 .  
57 

S t a i n l e s s  Steel  316 1 2.22 40 58 
i 
t 

Nickel  $ 
,. 1.48"' 5 5 5 7 

i Vanadi um ; 2.1 3 i 43 . . 
I 

58 
1 

Niobium i 1.72 ! 
60 

! 
58 

I A1 umi num 1.90 27. 58 

i '  I 
. t 

* Value quoted by   or an^' m u l t i p l i e d  by 0.66 o make c ross-sec t ions  
5 8 c o n s i s t e n t  w i t h  values recommended b.y IAEA, 



The dpa r a t e s  due t o  14 MeV neutrons from var ious  f u s i o n  re -  

a c t o r  designs were ca l cu la ted  us ing  the  cross-sect ipns i n  Table V I I .  

Table V I I I  shows r e s u l t i n g  dpa r a t e s  f o r  d i f f e r e n t  wa l l  m a t e r i a l s  i n  

several o f  these reac to r  designs. 

Cross-Section Pro f i  1  es 

Estimates of damage produced'by ions  must necessar i ' ly  account 

f o r  the  number o f  atoms t h a t  a r e  d isp laced (neg lec t ing  t r a n s p o r t  and 

i n t e r a c t i o n s  of defects) .  This  number can then be used to, compare 

r e l a t i v e  damages.for t h a t  g iven ma te r ia l  i r r a d i a t e d  w i t h  t h a t  par- 

t i c u l a r  species f o r  which the  c a l c u l a t i o n  i s  made. Since d isp lace-  

ment cross-sect ions shown i n  f igures  6 and 7 increase r a p i d l y  w i t h  

.decreasing energy, t he  r e l a t i v e  damage must increase i n  a s i m i l a r  

manner. Species which have l o s t  most of t h e i r  energy (e.g. those 

near the  end of t h e i r  pene t ra t i on  depth) w i l l  produce r e l a t i v e l y  
' 

. 1 arge numbers o f  displacements. The i r r a d i a t e d  'sampl e w i l l  there-.  

f o r e  con ta in  a d i spo rpo r t i ona te  number o f  d isp laced atoms i n  t h a t  

reg ion  o f  pene t ra t i on  which i s  equal t o  t he  range. Th is  can be pre- 

vented by a d j u s t i n g  the  sample th ickness and energy o f  the  i o n  so 

t h a t  the th ickness i s  we l l  below the  range o f  t he  ion .  The t h i c k -  

ness and energy chosen can be determined from t h e  cross-sect ion 

.p ro f  i 1 es . 
, Cross-sect ion p r o f i l e s  u ( x )  f o r  protons, deuterons and a1 pha 

p a r t i c l  es were determined from stopping power data E ( x )  o f  W i  11 iamson, 

Bou jo t  and picard!' f i g u r e s  8, 9 and 10. The r e s u l t i n g  cross- 

sec t ions  a(x) f n r  var ious  values o f  E a r e  shown i n  f i g u r e s  11, 12 

and 13. I t  i s  seen t h a t  i f  the i o n  energy i s  s u f f i c i e n t l y  l a r g e  t h e  

c ross-sec t ion  increase i s  i n i t i a l l y  1 i nea r  w i t h  energy and even- 

t u a l l y  becomes-hyperbolic. This  imp l i es  t h a t  atomic displacements 

w i l l  n o t  general l y  be d i s t r i b u t e d  w i  t h  equal concent ra t ion  through- 

o u t  the volume o f  t he  sample. It . i s  conceivable, o f  'course, t h a t  

t he  dpa.  cou ld  be made more un i fo rm by p rope r l y  vary ing  ,the sample 

o r i e n t a t i o n  du r ing  i r r a d i a t i o n .  For example, t h e  sample might  be 

r o t a t e d  i n  t he  i o n  beam. 



TABLE V I I I  

DPA Rates Due t o  14 MeV Neutrons 
From Several D-T Fusion Faci  1 i t i e s  

F a c i l  i t y  ! F lux  ' 

i 13 -2 
/ ( I 0  cm S ~ C - l )  

ORNL I 2.0 ; 0.4 " 0.4 ; 0.3 : 0.3 0.4 0.3 0.4 i I 
i 

FERF i 6.0 ' .  1.1 1.3 ; 0.8 ! 1.0 ' 1.3 ; 1.0 : 1.2 
( M i r r o r )  [ i 

RTNS ! 0.2 : 0.04 ! 0.04 / 0.03 1 0.03 ' 0.04 ! 0.03 1 0.04 



PROTONS (WILLIAMSON, et. al. ) 
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FIGURE 8 .  E n e r g y - D e p t h  R e l a t i o n s  f o r , N i  a n d  Nb 



DEUTERONS (WILLIAMSON, et. al. 
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rFIGURE 9. E n e r g y  D e p t h  R e l a t i o n s  f o r  N i  a n d  Nb 
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FIGURE lo .  A l p h a  E n e r g y  D e p t h  ~ e l ' e a t i o n s  f o r  N i  a n d  Nb 
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F I G U R E  1 i .  Displa1:ement Cross E e c t i o n  D s p t h  P r o f i l e s  f o r  P r o t o n s  I n c i d e n t  o n  N i  
a n d  Nb 
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F IGURE 1 2 .  D i s p l a c e m e n t  C r o s s - S e c t i o n  P r o f i l e s  f o r  D e u t e r o n s  I n c i d e n t  o n  N i  a n d  
N b  



NOTE: Ni  (WITH 40 MeV a's) CURVE USES THE LINEAR 
APPROXIMATION TO THE WI LLI AMSON CURVE 
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FIGURE 13.  isp placement P r o f i l e s  f o r  A l p h a s  I n c i d e n t  o n  N i  
and  N b  



It i s  impor tan t  t o  know how t h i s  damage might  be d i s t r i b u t e d .  

We assume a  c y l ' i n d r i c a l  sample r o t a t i n g  about i t s  a x i s  of symmetry 

and i r r a d i a t e d  by ions  from a  s i n g l e  d i r e c t i o n  perpendicular  t o  

the  sample a x i s  ( f i g u r e  14-a). Focussing our  a t t e n t i o n  on a  p o i n t  

on the per imeter  we note t h a t  when the p o i n t  i s  on the  fa r  s ide  o f  

the  beam the  d isp lacenent  c ross-sec t ion  depends on the p o s i t i o n  so 

t h a t  
. 3 ~ 1 2  <0<n/2 a ( x )  = a ( r , ~ )  , 

where r i s  the  r a d i a l  d is tance and 0  i s  the  angle the rad ius  vec to r  

makes w i t h  the  beam. When the p o i n t  of i n t e r e s t  i s  on the  near s ide  

o f  the beam ( i . e .  n/2 '0'31~/2) the  displacement c ross-sec t ion  i s  

constant.  The t ime v a r i a t i o n  o f  the  displacement c ross-sec t ion  w i l l  

then l o o k  s i m i l a r  t o  t h a t  o f  f i g u r e  14-b. The exac t  shape w i l l  de- 

pend on the f r a c t i o n  of the  displacement p r o f i l e  which i s  sampled 

by the  p o i n t  i n  quest ion. 

Magnitude o f  the  dpa i s  g iven as a  m u l t i p l e  o f  W, by m u l t i -  

p l y i n g  the  i o n  f l u x  by the  area under the  curve o f  f i g u r e  14-b. 

Th i s  can be compared v r i  t h  damage on the  c y l  i nde r  a x i s  which ex- 

periences a  cons tant  displacement cross-sect ion a(0)  such as t h a t  

shown by the  dashed l i n e  i n  14-b. We determine the  f r a c t i o n a l  d i f -  

ference, a ( r ) /a (O)  -1, f o r  two cases: 1 )  a ( r )  i s  a  l i n e a r  f u n c t i o n  

o f  depth and 2) a ( r )  i s  hyperbo l ic  w i t h  depth. The dpa c reated a t  

p o s i t i o n  x i s  g iven by: - 

where' F  i s  the f luence and T i s  t h e  pe r iod  o f  r e v o l u t i o n .  For case 1  

we assume a = a  + 2b rcosO f o r  3n/2 <0<1~/2 and a = a  f o r  n /2  <013n/2. 

For case 2, a  = Aexp [ 2 r  cos01  f o r  3n/2 <0<.rr/2 and a  = A f o r  n /2  f013n/2. 

Constants a, b  and A a r e  determinable from the c ross-sec t ion  p r o f i l e s .  

I n t e g r a t i o n  f o r  case 1  y i e l d s :  



- 
ION -b 

BEAM X - 

a(R) 
MAX 
a (0) 

(b) 
FIGURE 14 .  D i s p l a c e m e n t  C r o s s  S e c t i o n s  a t  r>O a: a  C y l i n d e r  R o t a t i n g  i n  an I o n  

Beam 

( a )  5 . chemat i s  o f  I o n  Beam and C y l i n d e r  

( b )  T ime  V a r i a t i o n  o f  t h e  C r o s s  Sec:ion~: S o l i d  L i n e  R e p r e s e n t s  t h e  
P e r i p h e r a l  P o i i n t  and  Dashed L i n e  R e p r . ? s e n t s  a  P o i n t  on  t h e  A x i s  
o f  t h e  C y l i n d e r  



In tegra t i ,on  of case 2  y i e l d s :  

where I o ( 2 r )  i s  the  mod i f ied  Bessel f unc t i on  of o rder  zero. 

We now d e f i n e  the  dpa inhomogeneity as the f r a c t i o n a l  d e v i a t i o n  

o f  dpa a t  a  per iphera l  p o i n t  r e l a t i v e  t o  the  dpa a t  t he  center  o f  

the  w i re .  Th i s  d e y i a t i o n  i s  shown f o r  both cases i n  f igures  1.5. and 16. 

We have chosen values. f o r  a and b  which a re  rep resen ta t i ve  o f  the  dpa 

p r o f i l e s  f o r  16 MeV deuterons on Ni  discussed prev ious ly .    or > t h i s  

l i n e a r  rep resen ta t j ve  case 2.5 m i l s  corresponds t o  5  percent. A zero 

p o i n t  occurs a t  a  rad ius  o f  about 2.3 m i l s  f o r  case 2. 

Note t h a t  t he  dpa a t  the small r ad ius  inhomogeneity i s  negat ive 

f o r  both cases. That  i s  t o  say, the  dpa on the  a x i s  i s  g rea ter  than 

t h a t  on the  per iphery.  The change i n  the  s i g n  of the  inhomogeneity 

o f  case 2 ii due t o  the l a r g e  change i n  displacement cro'ss-sect ion 

w i t h  penet ra t ion .  Th i s  change becomes so l a r g e  t h a t  i t  even tua l l y  

g ives  dominance t o  the  per iphera l  dpa r e l a t i v e  , to  dpa .p roduct ion  a t  

t he  center.  I n  such a  case the  per iphera l  p o i n t  can be a t  the h ighes t  

dpa p o s i t i o n  o n l y  a  r e l a t i v e l y  s h o r t  t ime and s t i l l  accumulate more 

dpa than the  center .  

It can be concluded t h a t  inhomogenei t y ,  as de f i ned  here, vanishes 

a t  some rad ius  f o r  t he  case where the  displacement c ross-sec t ion  

va r ies  exponen t ia l l y  w i t h  pene t ra t i on  d is tance.  The displacement 

c ross-sec t ion  p r o f i l e s  shown it .1 'f ' igures 11 and 12 i n d i c a t e  such a  

behavior might  be expected f o r  deuterons and protons on Ni  and Nb 

i f  t h e  bombarding energies a r e  about 1 0  MeV and w i r e  diameters are  

-0.125 mm ( 5  m i l s ) .  I t  must be kept  i n  mind t h a t  t h i s  ana lys i s  f o r  

case 2  assumes an exponen t ia l l y  inc reas inq  displacement c ross-scc t ion .  

The t r u e  shape i s  n o t  known. Because o f  s t ragg l i ng ,  u n c e r t a i n t i e s  i n  

range c a l c u l a t i o n s  become l a r g e  a t  low energies, t he  shape o f  the  
. ., 

c ross-ssc t ion  p r o f i l e s  'near t he  eqd o f  t he  range cannot be est imated 

w i t h  conf idence. U n t i l  t h i s  i s  poss ib le  i t  i s  b e s t ' t o  design ex- 

periments so t h a t  damage created can be est imated f rom the  l i n e a r  

p o r t i o n  of  t he  cross-sect ion p r o f i l e s .  

4 9 
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RADIUS (mi ls )  
- .  

FIGURE 1 6 .  c o m p a r i s o n  ~ e t w e e n  DPA a t  -Ce.n.ter a n d  P e r i p h e r y  
, o f  a  R o t a t i n g  , ,Wire  i n  a n  I o n .  Beam A s s u m i n g  a n  

E x p o n e n t i a l  D i s p l a c e m e n t  C r o s s  S e c t i o n  P r o f i l e  



y. Sample Heating and Cool ing Considerat ions 

A subs tan t ia l  p o r t i o n  o f  the  i o n  beam energy may be converted 

t o  the  molar i n t e r n a l  energy i n  samples i n t e r c e p t i n g  the  beam. The 

f r a c t i o n  o f  beam energy which goes i n t o  thermal ly  e x c i t i n g  the  sample 

depends on the  sample thickness and can be est imated from the energy 

p r o f i l e s  ( f i g u r e s  8, 9 and 10) and displacement cross-sect ions 

( f igures  6 and 7).  For example, from f i gu re  9, i t  i s  seen t h a t  f o r  

16 MeV deuterons about 23 percent o f  t he  energy o f  the  impinging i o n  

energy i s  absorbed by a 0,125 mm (5  m i l )  n i cke l  ta rget ,  wh i l e  the  

same t a r g e t  absorbs 60 percent  of t h e  energy o f  a 10 MeV deuteron 

beam. The poreion o f  t h i s  energy which i s  used l u  cr-eale displace-  

ments ' i s  r e l a t i v e l y  small as i nd i ca ted  by the  average value f o r  t he  

c ross-sec t ion  a, est imated from f i g u r e s  9 and 6 and t h e  small values 

used f o r  th resho ld  energies ( E d )  That i s  t o  say, t o  c reate  d i s -  

placements the  average i o n  expends on2Ed/Eo of i t s  o r i g i n a l  energy, 

which f o r  16 MeV deuterons on a 0.1 25 mm N i  t a r g e t  i s  about 0.02 
3 percent.  I n  t h i s  expression n i s  t h e  number o f  atoms per cm, 8 i s  

t he  t a r g e t  th ickness and Eo i s  the i o n  k i n e t i c  energy; t he  th resho ld  

energy Ed i s  chosen t o  be 40 eV. Therefore. if o n l y  the  near 1 i nea r  

p a r t  o f  t h e  displacement cross-sect ion p r o f i l e  i s  sampled, by f a r  the  

l a r g e s t  p o r t i o n  o f  t h e  k i n e t i c  energy aRsorR~d goes toward increasing 

t h c  molar i n t e r n a l  energy o f  t h e  ta rge t .  Th is  i s ,  o f  course, n o t  

necessar i l y  t he  case i f  the  t a r g e t  th ickness i s  increased so t h a t  

"end o f  range" displacement cross-sect ions a re  included. The d i s -  

placement cross-sect ions i n  t h i s  range could increase orders o f  mag- 

n f  tude above t h a t  o f  t he  1 i nea r  p o r t i o n  o f  t he  p r o f i l e s .  A much 

l a r g e r  f r a c t i o n  of t he  energy o f  t h e  k i n e t i c  energy would then be 

used t o  c rea te  d i  splaccments. 

The r e l a t i v e l y  l a r g e  e f f8 i c iency  o f  conversion from k f n e t i c  t o  
molar i n t e r n a l  energy imposes 1 i m i  t s  on the  r a t e  o f  product ion o f  

dpa o r  damage energy. That  i s  t o  say, steady s t a t e  cond i t i ons  con- 

s i s t e n t  w i t h  a g iven s e t  of experimental boundary cond i t i ons  may 



n o t  be poss ib le  when i o n  .currents exceed some 1 i m i t i n g  value. These 

l i m i t s  can be est imated e a s i l y  f o r  g iven sample coo l i ng  cond i t i ons  

and sample geometries. Th i s  has been done i n  the fo l l ow ing  manner 

f o r  c i r c u l a r  wi res cooled by a  he1 i um gas stream. 

Suppose energy dens i t y  f l o w  i n t o  ,a w i r e  o f  rad ius  (a )  i s  Q. . . 

Th is  i s  the  energy dens i t y  created by an impinging i o n  beam a t  c u r r e n t  

d e n s i t y  J. We assume un i fo rm depos i t i on  throughout t he  w i re .  As 

we have seen, t h i s  i s  n o t  t he  case, b u t  un i fo rm i t y  i s  approached 

by a  r o t a t i n g  w i r e  which samples o n l y  the  r e l a t i v e l y  l i n e a r  p o r t i o n  

o f  the  dpa p r o f i l e .  The r a t e  of  energy product ion  i n  t he  w i r e  i s  

g iven by YJE, where E i s  the  i o n  energy and y i s  the  f r a c t i o n  

absorbed. For steady s t a t e  and neg lec t i ng  r a d i a t i o n  exchange w i t h  

the  gas we have: 

where T  i s  temperature, R i s  w i r e  l e n g t h  and k, h, a and e are  thermal 

c o n d u c t i v i t y  of wi re,  convect ive heat t r a n s f e r  c o e f f i c i e n t ,  Stefan- 

Boltzman constant  and e m i s s i v i t y  respec t i ve l y .  Subscr ipts  g, e, 1  

and 2  i n d i c a t e  temperatures of gas, w i re  end, w i r e  sur face and shroud 

o r  vacuum chamber respec t i ve l y .  

For w i r e  temperatures l e s s  than the order  of 1  0 0 0 ~ ~  and w i r e  

r a d i i  i n  the range appropr ia te  f o r  un i fo rm "damage" from ions, 

r a d i a t i o n  and end l o s s  e f fec ts  a re  small r e l a t i v e  t o  convect ive losses 

by hel ium gas. Th i s  i s  made obvious by w r i t i n g  h  = n  g , where 

Kn i s  the  Nussel t number and k  i s  thermal conduct iv i?$  o f  the  gas. 
9 

Since Kn w i l l  be greater  than 0.6, and k  i s  g rea te r  than 10-I  
9  

Watt meter/meter2 O K  t he  f i r s t  term i n  the  above equat ion dominates ' ,  

as l ong  as the  w i r e  dimensions a re  p r a c t i c a b l e  f o r  t h i s ' w o r k .  There- 

fo re ,  second and' t h i r d  terms on the  , . l e f t  hand s ide  o f  t he  above . . 

equat ion a re  negl ected and the  equat ion becomes; 



E l i m i n a t i o n  o f  T between the  above equat ion and the  sol 'u t ion 
1 

t o  the  steady . s t a t e  hea t  ' f low equat ion ( c y l  i n d r i c a l  coordinates. 

w i t h  temperature Ta constant  a long the  a x i s  and symmetric about the 

a x i s )  g ives the  l i m i t i n g  c u r r e n t  dens i t y  value: 

or: .  

6  1 ,62 where K;' has been r e p l a c e d  by c ( R ~ ' ) ~  (~o lman ,  J. P., H i l i e r t ,  R. )¶  

. . .  
y c o r r e c t s  E t o  the  value absorbed by t h e  sample, Re i s  t he  Reynold's 

number and C and n ape vdl  u e s  f r o m  the  experimental  data o f  Hi ' l  pert 

and t.ah111'at.pd by Hnlman, arid Ta i s  temperature on the  w i r e  a x i s .  The 
equat ion i s  e a s i l y  changed t o  g i v e  l i m i t i n g  dpa r a t e  values by m u l t i -  

p l y i n g  by 511.6 x lo-''. 
The dpa r a t e  1 i m i t s w e r e  c a l c u l a t e d  f o r  N i  and Nb us ing  the  

above equat ion  f o r  J and experimental  values o f  C and n as tabu la ted  

by Holman. Some o f  t h e  low temperature ( - 1 0 0 ~ ~ )  low gas speed (-1 m/sec) 

c a l c u l a t i o n s  necess i ta ted  t h e  use o f  Re values s l i g h t l y  smal ler  than the '' 

min imum values f o r  which C and n a r e  tabulated.  '"In such cases the  C, n  

values used were those re lated.  t o  the  smal les t  Re t abu la t i on ,  i .e., 
. . . . 

0,4. Resu l t i ng  isotherms and cons tant  gas f l o w  r a t e '  curves a r e   show^ 

i n '  f i g u r e s .  17-26, respec t i ve l y .  I t  i s  seen t h a t  inc reas ing  the  w i r e  

" r a d i u s  decreases' t he  poss ib le  dpa r a t e  w h i l e  increas ing  cool  i n g  gas 

speed increases the  l i m i t i n g  dpa r a t e .  For deuterons 0.125 and0.25 mm 
' 

r a d i i  Ni  w i res  w i l l  have the  same 1 i m i t i n g  dpa r a t e  i f ; ope ra t ' i ng  tem- 
* .. 
: pera ture  i s  3 7 0 ' ~  and'gas speeds a r e  10 and 100 mlsec, respec t i ve l y .  

~t ' 5 0 0 ~ ~  ' t h i s  doubl' ing o f  the  rad ius  decreaies'  t he  1 i m i  t i n g .  dpa r a t e  

by about 65 percent.  Maximum deuteron i n i t i a t e d  dpa r a t e  i n  Ni  ' a t  

500 '~  w i l l  occur f o r  13 MeV deuterons ( i n  o r d e r  t o  operate a long the  

l i n e a r  p o r t i o n  o f  t he  dpa p r o f i l e )  and w i l l  va ry  from 8.1 x t o  

4.8 x  1 0 - ~ d ~ a / s e c ,  depending on He gas f low.  Th is  v a r i a t i o n  i s  de- 

p i c t e d  as the  d o t t e d  l i n e  of f i g u r e  18. 
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F I G U R E  20 .  C a l c u l a t e d  Maximum D P A  R a t e s  i n  He C o o l e d  N i  W i r e s  
S u b j e c t e d  t o  16 MeV d e u t e r o n s  and 40  MeV A l p h a s  
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W l RE TEMPERATURE, OC 

F I G U R E  24 .  C a l c u l a t e d  ~ a x i r n u r n  D P A  R a t e s  i n  H e - C o o l e d  Nb W i r e s  
. S u b j e c t e d  . t o  10 MeV a n d  1 6  MeV P r o t o n s ,  ' .  



W l RE TEMPERATURE, OC 

FIGURE 2 5 .  C a l c u l a t e d  Maximum D P A  R a t e s  i n  H e - C o o l e d  Nb W i r e s  
S u b j e c t e d  t o  16  MeV D e u t r e r o n s  



W I RE TEMPERATURE, OC 
I 

I 

. FIGURE 26.  C a l c u l a t e d  Maximum DPA R a t e s  i n  H e - C o o l e d  Nb W i r e s  
S u b j e c t e d  t o  40  MeV A l p h a s  



For 40 MeV alphas, 0.125 mm rad ius  w i res  a re  1  i m i t e d  t o  dpa 

r a t e s  several  percent  below t h a t  produced by deuterons f o r  t h e  same 

temperatures and gas speed. On the  o the r  hand, i f  t h i s  rad ius  i s  

doubled the  . l i m i t i n g  dpa r a t e s  a r e  several percent  g rea ter  than those 

ca l cu la ted  f o r  deuterons on the same s i z e  w i r e  w i t h  s i m i l a r  coo l ing .  

Such an i n v e r s i o n  i n  the magnitude of the d i f f e rences  between deuteron 

and alpha induced dpa l i m i t s  i s  brought about by a  r e l a t i v e l y  l a r g e  

increase i n  the  average displacement c ross-sec t ion  when the  0.125 mm 

w i r e  rad ius  i s  doubled. For deuterons t h i s  increase i s  about 32 per- 

cent;  f o r  alphas i t  i s  54 percent. Maximum dpa r a t e  occurs f o r  t he  

smal ler  rad ius  wire;  a t  500 '~  t h i s  i s  about 4.8 x  1 0 - ~ d ~ a / s e c .  

Suppose tha t ,  ins tead o f  a  wire, a  f o i l  o f  th ickness L i s  broad- 

s ide  t o  an i o n  beam and t h a t  hel ium gas coo lan t  f lows p a r a l l e l  t o  

' ' t h e  f o i l  surfaces. I n  t h i s  case an ana lys i s  s i m i l a r  t o  t h a t  made 

f o r  w i res  can be used t o  c a l c u l a t e  1  i m i t i n g  dpa ra tes .  The d i f f e rence  

i s  i n  the  f l o w  pa t te rns  over  f o i l s  versus wires.  Assuming a  t u r b u l e n t  

f l o w  and us ing  the  r e s u l t s  o f  ~ o ~ f ~ ~  and C 0 1 b u t - n ~ ~  f o r  a  heat t rans-  

f e r  c o e f f i c i e n t ,  as suggested by Jacob and ~ a w k i  ns f5 '  t he  expression 

f o r  the  l i m i t i n g  c u r r e n t  dens i t y  can be expressed as 

where p i s  the  mass dens i t y  of  the  gas, C i s  the s p e c i f i c  heat, Pr 
P  

i s  the  Prandt l  number, and U i s  the  gas speed. 

The above expression f o r  t he  l i m i t i n g  i o n  c u r r e n t  dens i t y  on a  

f o i l  should n o t  be expected t o  g i v e  any b e t t e r  than order  o f  magni- 

tude accuracy. Ex ten t  of turbulence and the  v a r i a t i o n  of (Ta - 
Tg) 

as the  gas moves a long the  f o i l  sur face w i l l  s i g n i f i c a n t l y  i n f l u e n  ce 

' t he  resu l  t. Nevertheless the  c a l c u l a t i o n  i s  use fu l  f o r  comparison 

w i t h  est imates made f o r  gas cooled w i res .  The r e s u l t i n g  1  i m i t i n g  dpa 

value isotherms a r e  shown i n  f i g u r e  27. The value . f o r  T  was assumed 
9  

t o  be cons tant  and equal t o  the  average between t h a t  o f  t h e  f o i l  and 

t h e  temperature o f  the  gas a t  a  l a r g e  d is tance from the  f o i l .  Values 

o f  k  and k  used were those a t  the  temperatures o f  t h e  f o i l  and t h e  
9  

viscous f i l m  ( a t  the  f o i l  surface),  respec t i ve l y .  The Prandt l  number 
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was determined by us ing  v i s c o s i t y  values ca l cu la ted  from the  kinematic 

v i s c o s i t i e s  g iven by Boel t e r ,  e t  a1 f6  The r e s u l t s  show dpa 1  i m i t s  f o r  

0.127 mm t h i c k  f o i l s  a re  about one order  o f  magni,tude smal le r  than 

the  l i m i t s  determined fo r  0.127 mm diameter wires.. Comparison o f  

coo lan t  i s o k i n e t i c  curves o f  t he  f o i l  ( f i g u r e  28) w i t h  those o f  

l a r g e r  w i r e  diameters (0.25 mm) shows the  f o i l  cooled w i t h  100 m/sec 

t u r b u l e n t  hel ium gas has dpa l i m i t s  s i m i l a r  t o  those o f  a  0.25 mm 

diameter w i r e  cooled by 10 m/sec he1 ium gas. 

The above c a l c u l a t i o n  f o r  f o i l  s  neglected the  r a d i a t i o n  .and 

end e f f e c t s .  Th i s  i s  a  v a l i d  approximation f o r  small f o i l s  having 

areas of a  few square cent imeters i n  the  temperature and He gas speed 

ranges inves t iga ted .  

I t  i s  concluded from the  above simple analyses, f o r  the  dimensions, 

i o n  energies and gas f l o w  ranges examined, t h a t  d i f f e r e n c e s  i n  f l o w  

c h a r a c t e r i s t i c s  over  w i res  and f o i l s  a re  l i k e l y  t o  produce order  o f  

magnitude d i f f e rences  between dpa r a t e  1  i m i t s  i n  Ni  w i r e  and f o i l ,  

and t h a t  N i  w i res  of rad ius  (a )  a r e  b e t t e r  s u i t e d  than N i  f o i l s  o f  

th ickness L = 2a - i n  being a b l e  t o  sus ta in  a  h igher  dpa r a t e  a t  a  g iven 

temperature. I t  i s  emphasized t h a t  t h i s  i s  the case o n l y  if t h e  t a r -  

ge ts  i n  ques t ion  do n o t  sample the  h i g h l y  non- l inear  p o r t i o n  o f  t he  

displacement c ross-sec t ion  p r o f i l e .  Higher i o n  energies w i  11 a1 1  ow 

use o f  t h i c k e r  t a r g e t s  b u t  r a t e  of thermal energy e x t r a c t i o n  i s  de- 

creased which decreases the  maximum poss ib le  dpa r a t e .  
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V I .  Specimen Size and Surface E f f e c t s  on Mechanical Proper t ies  

The boundary between a  s o l i d  metal and i t s  environment i s  a  

phys ica l  d i s c o n t i n u i t y  which can have pronounced e f f e c t s  on the  

mechanical p rope r t i es  o f  t h a t  metal . A1 t e r a t i o n s  t o  the  physical  

o r  chemical s t a t e  o f  t h i s  boundary as i n  the  case o f  t he  Roscoe 

e f fec t ,  i .e. a  surface ox ide o r  coat ing,  ' o r  of the  Rehbinder ef fect ,  

i . e .  a  sur face a c t i v e  l i q u i d  have an i n c r e a s i n g l y  pronounced e f -  

f e c t  on the  p rope r t i es  o f  metals as the  sur face area/volume r a t i o  

increases. The Roscoe and Rehbinder e f f e c t s  can be c l a s s i f i e d  as 

e x t r i n s i c  w h i l e  i n t r i n s i c  e f f e c t s  a r i s e  from near surface d i s l o -  

c a t i o n  dynamics and sur face energy cons idera t ions  which c o n t r i b u t e  

t o  sur face drag forces. 

Size dependent mechanical p rope r t i es  can be a t t r i b u t e d  t o  th ree  

f a c t o r s :  1 )  surfaces, 2 )  g r i p  e f f e c t s ,  and 3) c r y s t a l  dimensions 

which are r e l a t e d  t o  d i s l o c a t i o n  mean f r e e  paths "and th ickness /gra in  

s i z e  e f f e c t s .  It i s  the  purpose o f  t h i s  sec t i on  t o  rev iew each of 

these c o n t r i b u t i o n s  t o  mechanical p roper ty  behavior w i t h  a p p l i c a t i o n  

made t o  the  sur face and specimen geometry considerat ions f o r  i o n  i r r a d i a -  

t i o n  o f  metals f o r  mechanical p rope r t y  s tud ies .  

Specimen s i z e  l i m i t s  a r e  s e t  p r i m a r i l y  by the  pene t ra t i on  depth 

o f  t h e  bombarding i o n  s ince complete pene t ra t i on  o f  t he  t e s t  sample 

i s  desi reable.  With h igh  z  ions, sample dimensions o f  a  few pm i n  

the  beam d i r e c t i o n  a r e  requ i red  w h i l e  t h i s  dimension may be 100 t o  

200 pm w i t h  low z ions. Removal o f  the  beam energy deposited w i t h i n  

the  sample i n  the  form of heat cou ld  1  i m i t  the  'sample th ickness more 

than the  pene t ra t i on  depth depending on beam energy and cur ren t .  A 

lower l i m i t  on sample dimensions may be imposed by the need t o  re -  

l a t e  the  i o n  beam i r r a d i a t e d  data t o  bu l k  behavior and a l s o  by 
. ,  

hand1 i ng considerat ions.  

A.' Surface E f f e c t s  on -- Crys ta l  P l a s t i c i t y  

1. I n t r i n s i c  Surface E f f e c t s  

D is loca t i ons  near a  h y p o t h e t i c a l l y  c lean sur face a r e  i n -  

f luenced by two forces o f  s u f f i c i e n t .  magnitude t o  warrant  



discussion. These forces are  c l a s s i f i e d  as surface energy and 

image forces. The 'surface energy fo rce  i s  der ived from the 

sur face s tep which r e s u l t s  when a d i s l o c a t i o n  has a component 

o f  i t s  Burgers vec tor  perpendicular t o  the surface. A s t a t i o n -  

a r y  d i s l o c a t i o n  very near the  surface may experience an a t -  

t r a c t i v e  o r  r e p u l s i v e  force depending on the  step energy r e l a t i v e .  

t o  the  d i s l o c a t i o n  s t r a i n  energy. An a t t r a c t i v e  fo rce  r e s u l t s  

from the decrease i n  the s t r a i n  energy o f  t he  system as a d i s -  

l o c a t i o n  approaches a f ree  sur face w h i l e  the  work of c rea t ing  

new surface ac ts  t o  repel  a d i s loca t ion .  

The thermodynamic system composed of t h e  sol i d  and i t s  en- 

v i run~ l len t  underyues a ct~anyt! ,In Ltle He1111t1ul r rrskt! erler-yy AG wller~ 

a new sur face i s  in t roduced i n  the  sol  i d .  This energy change 

r e s u l t s  f rom the  mechanica'l work Aw = yAA, where y i s  t he  spec i f i c  

surface work and AA i s  the  area o f  the  new surface, and the  chemical 

work which i s  t he  sum C G ~ A N ~ ,  where p i  i s  the  chemical p o t e n t i a l  
i 

o f  the  i t h  adsorbed species and Ni i s  the  q u a n t i t y  o f  mater ia l  

t rans fe r red  t o  t h i s  new surface. 
. . 

The spec i f i c  sur face wo'rk then equals: 

AG where i s  the  spec i f i c  sur face f ree  energy and Ci i s  sur face con- 

c e n t r a t i o n  o f  t he  i t h  adsorbant. The sur face work i s  reduced by 

chemical p o t e n t i a l .  An example i s  the  r e a c t i o n  o f  a i r  w i t h  a l l  

metals except go ld  t o  form a surface oxide. 

A v i r t u a l  force i s  exer ted on a d i s l o c a t i o n  as i t  approaches 

an i d e a l l y  c lean  surface. Th is  a t t r a c t i v e  force r e s u l t s  from a 

lower ing  of the  f r e e  energy o f  t he  system as  the  straln energy 

associated w i t h  the d i s l o c a t i o n  i s  decreased by the  approach t o  

the  surface. The term image f o r c e  has been app l i ed  t o  t h i s  v i r t u a l  

force because the  a t t r a c t i v e  force may be accounted f o r  by an 

imaginary d i s l o c a t i o n  which i s  a m i r r o r  illlaye o f  the r e a l  d isa  

l oca t ion .  



Consider a screw dislocation, s ,  in a solid near a f ree  
surface;as shown i n  Fig. 29. The s t r e s s  a t  the plane x = 0 

from the screw dislocation located a t  -x i s :  

This shear. s.tress ac ts  in -the Z direction on a plane perpen- 
dicular to the x direction with a force applied in the x direction 
to a screw dislocation lying i n  the z direction. The shear s t r e s s  

a = - '2 must vanish a t  the plane x = 0 because a 
Y z 2.n x + y  

f ree  surface cannot support tangential shear s t resses .  The 
imaginary dislocation s '  i s .  necessary to sa t i s fy  the boundary 
condi,tions. A s t r e s s  a t  the plane x = 0 from the screw dis- 
location s '  i s :  

The above solution for  the s t r e s s  f i e ld  of a dislocation nearing 
a f ree  surface i s  a special case where' the e l a s t i c  constants of 
the two material s are  equal . In general the el a s t i c  properties 
of the two materials will d i f fe r .  A dislocation approaching a 
material of greater e l a s t i c  modul i will be repulsed by the in- 
crease i n  the s t r a in  energy of the system as i t s  s t ra in  f i e ld  
enters th i s  material. A n  a t t r ac t ive  force resul ts  from the de- 
crease in the s t r a in  energy of the system for  a material with 
smaller e l a s t i c  moduli; Further comment on the e f fec t  of sur- 
face coatings and reaction products i s  deferred to the section 
on extr insic  surface effects .  

A drag force i s  also exerted on a moving dislocation by 
the presence of a f ree  surface. This drag force resu l t s  from 

the surface step area produced by a moving dislocation which 
intersects  a surface and has a compenent of i t s  Burgers vector 



F i g u r e  29. S c h e m a t i c . o f  a  Sc rew   is location N e a r  a  F r e e  
S u r f a c e  W t t h  I t s  Image  D i s l o c a t i o n .  The Z 

, D i r e c t i o n  i s  Norma l  t o  t h e  Pl.ane o f  t h e  P a p e r .  



perpendicular  t o  the surface. The shear s t r e s s .  necessary t o  

move a  d i s l o c a t i o n  aga ins t  t h i s  drag f o r c e  i s  a  f u n c t i o n  o f  

t h e  s p e c i f i c  sur face work, y, and ' the d i s l o c a t i o n  1  i n e  length ,  

L. The form o f  t h i s  r e l a t i o n  i s  as fo l lows:  

For l a r g e  c r y s t a l  s, L  i s  l a r g e  and the re fo re  the  drag fo rce  i s  

n e g l i g i b l e ;  w h i l e  a  d i s l o c a t i o n  i n  a  c r y s t a l  2000A t h i c k  would 
9 2  be pinned by a  s t ress  o f  rough ly  10 dyneslcm . The drag f o r c e  

from sur face energy cons idera t ions  can o n l y  be reduced by sur- 

face  reac t i ons  which reduce y, such as ox ide  formation; however, 

the  t o t a l  drag fo rce  may be increased by the  fo rmat ion  o f  an 

ox ide when the  image f o r c e  i s  a l s o  considered. 

The fo rmat ion  o f  a  h igh  d i s l o c a t i o n  dens i t y  near the  sur-  

faces o f  meta ls  deformed a  few percent  has been expla ined by 

the  favorab le  energet ics  f o r  d i s l o c a t i o n  mu1 t i p 1  i c a t i o n  near 

a  f r e e  surface.   is her'^ pos tu la ted  t h a t  a  Frank-Read source 

near a  f r e e  surface can be thought o f  as pinned t o  a  p o i n t  
ou ts ide  t h e  c r y s t a l  a t  one end and w i t h i n  the  c r y s t a l  a t  

t h e  o the r  end o f  the  semi -c i rcu la r  d i s l o c a t i o n  loop. The 

e x t e r i o r  p o i n t  i s  a  m i r r o r  image o f  t he  i n t e r i o r  p o i n t  w i t h  

the  e f f e c t i v e  d i s l o c a t i o n  l e n g t h  equal t o  tw ice  i t s  ac tua l  

length.  The c r i t i c a l  s t ress  f o r  generat ing ha l f  loops a t  the  * 
sur face i s  then rs = Gb where LS + LI = 2L. F i s h e r ' s  

approach assumes t h a t  the  d i s t r i b u t i o n  o f  i n t e r i o r  p inn ing  

p o i n t  spacings L are  equal t o  the  d i s t r i b u t i o n  of t h e i r  spacing 

from the  surface, LS. Th i s  may be an i n c o r r e c t  assumption f o r  

m a t e r i a l s  which have a  chemical concent ra t ion  p r o f i l e  vear 

t he  sur face.  Th i s  p r o f i l e  need o n l y  ex i ,s t  over a d is tance 

equal t o  the  i n t e r n a l  p inn ing  s e p a r a t i ~ n ,  L. Values n f  I. 
0 

equal t o  1000 - 2000 A a r e  n o t  uncommon. 

A mu1 t l p l e  cross-gl  i d e  mechanism f o r  d i s l o c a t i o n  mu1 ti- 

p l  i c a t i o n  a t  f r e e  sur faces o f  c r y s t a l 1  i n e  ma te r ia l s  has been 

proposed by Johnson and ~ i l m a n 6 ~  A schematic, , i l l u s t r a t i n g  



th ree phases o f  t h i s  mechanism, i s  shown i n  Fig. 30, where a  

screw d i s l o c a t i o n ,  AB, w i t h  Burgers vector,  b, 1  i e s  on a  g l i d e  

plane, ABCD, i n c l i n e d  t o  the sur face a t  an angle 8. The d i s -  

l o c a t i o n  can shorten i t s  1  ength and the re fo re  i t s  energy by 

moving o f f  i t s  pr imary g l i d e  plane, as i nd i ca ted  i n  F ig .  30-b. 

The c r e a t i o n  o f  a  sur face step opposes t h i s  motion. D i s l o c a t i o n  

mu1 t i p 1  i c a t i o n  resu l  t s  from the cross-gl i d i n g  opera t ion  because 

two pr imary s l i p  planes a re  now ac t ive ,  i .e. Koehler source, 

as demonstrated i n  F ig.  30-c. The d i s l o c a t i o n  now conta ins 

a  s e s s i l e  edge component o r  a  j o g  which imposes a  drag 

f o r c e  on the  d i s l o c a t i o n .  As t h e  two g l  i s s i l e  o r  mobi le seg- 

ments of t he  screw d i s l o c a t i o n  move they w i l l  t r a i l  a  d i s l o c a t i o n  

d i p o l e  which cannot e a s i l y  escape t o  the  f r e e  surface. The 

presence o f  a  h igh  concent ra t ion  6 f  edge d i s l o c a t i o n  d ipo lcs  

near the  frcc surfaces o f  p a r t i a l l y  f a t i gued  aluminum has been 
6 9 repor ted  by Grosskreutz and Benson. 

The cross-gl i d e  mechanism i s  p a r t i c u l a r l y  s e n s i t i v e  t o  the  

sur face energy because t h e  shear stresses around t h e  screw d i s -  

l o c a t i o n  a r e  re laxed a t  the  f r e e  sur face so the d i s l o c a t i o n  l i n e  

has o n l y  the  core  energy. The magnitude o f  t he  core energy i s  

comparable t o  the  sur face energy, so t h a t  sur face energy changes 

are expected to i n f l uence  t h c  crosb-gl i d e  mechanism. 

The presence o f  a  h igh  concent ra t ion  o f  d i s l o c a t i o n s  near 

t h e  f r e e  sur face f o l  1  owing cyc l  i c  deformation hds been observed 

by t ransmission e l e c t r o n  microscopy, b u t  has a l so  been demon- 

s t r a t e d  by Feng and ~ r a r n e r , ~ '  t he  e f f e c t  on the  y i e l d  s t reng th  o f  

removing, by e lec t ropo l i sh ing ,  100 ym from the surface. A back 

st ress,  as, i s  assigned t o  t h i s  h igh  d i s l o c a t i o n  dens i t y  l aye r ,  

o r  "debr is  layer " ,  which i s  equal t o  Ao. The Aa i s  the d i f ference 

i n  the  s t r e s s  t o  which t h e  sample was s t ra ined  p r i o r  t o  unloading 

and e l e c t r o p o l i s h i n g  and the  y i e l d  s t reng th  on re loading,  as 

i l l u s t r a t e d  i n  Fig. 31. The y i e l d  sLrtength upon re load ing i s  

equal t o  t h a t  f o r  v i r g i n  ma te r ia l .  A  d i s l o c a t i o n  near t h i s  

sur face l a y e r  experiences a  n e t  s t ress  o f  anet = oa-ui- Os 

where oa i s  the  app l i ed  s t ress  and oi i s  an i n t e r n a l  r e s i s t i v e  

s t ress .  For bcc i ron ,  deformed a t  -20°c, t he  sur face s t ress  

i s  about 60% o f  the  n e t  p l a s t i c  s t ress  up t o  s t r a i n s  of 0.20. 



F i g u r e  30.  C r o s s - G l i d e  Mechanism For 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 a Free  S u r f a c e  ( A f t e r  J o h n s t o n  
and ~ i l r n a n 6 8 )  

, 
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, F i g u r e  31. s c h e m a t i c  I l l u s t r a t i o n  o f  t h e  ~ f f e c t  o n  t h e  
T e n s i l e  P r o p e r t i e s  o f  Remov ing  t h e  S u r f a c e  Layer 



Recovery o f  t h i s  su r f ace  l a y e r  has been observed i n  4 hours 

a t  2 5 ' ~  f o r  aluminum71 and 2 hours a t  1 5 0 ' ~  f o r  go ld .  The 

removal o f  t h e  su r f ace  l a y e r  c o n t i n u o u s l y  d u r i n g  t e n s i l e  de- 

fo rmat ion  lowered t h e  d u c t i l e  t o  b r i t t l e  t r a n s i t i o n  temperature 
o  72 of  molybdenum approx imate ly  15 C .  

When meta l  s ing1 e  c r y s t a l s  were deformed i n  an e l  e c t r o -  

l y t i c  po l  i s h i n g  ba th  t o  con t i nuous l y  remove t he  sur face  l a y e r ,  

t h e  e x t e n t  o f  Stage I and I 1  inc reased  and t h e  work harden ing .  

decreasedT3 The e x t e n t  o f  Stage I s l i p  i n  aluminum s i n g l e  c r y s t a l s  

was doubled f o r  a  removal r a t e  o f  2.1 x 1 0 - ~ c m / s  w h i l e  t h e  Stage I 

work harderring r a t e  was more than  ha lved.  The e x t e n t  o f  Stage I 1  

s l i p  was inc reased  by a  f a c t o r  of  1.5 w h i l e  t h e  Stage I 1  work 

hardening r a t e  was reduced by a  f a c t o r  of  4 .  The s t r a i n  r a t e  

o f  t h e  t e s t  was I O - ~ S - ~ .  The apparent  a c t i v a t i o n  energy and 

volume f o r  p l a s t i c  de fo rmat ion  was a l s o  a f f e c t e d ,  w i t h  t he  

a c t i v a t i o n  energy be ing  decreased by a  f a c t o r  o f  4 and t h e  ac- 

t i v a t i o n  volume b y a  f a c t o r  o f  5, a t  a  reaoval  r a t e  o f  2.1 x  10-~crn/s .  

I n  summary, t h e  mechanical p r o p e r t i e s  o f  b o t h  f c c  and bcc 

meta ls  a r e  a f f e c t e d  by t h e  removal o f  t h e  su r f ace  l a y e r .  S i m i l a r  

behav io r  i n  two phase, age-hardened ,a1 l o y s  was n o t  observed by 

Feng and ~ramer!' a1 though o t h e r  su r f ace  e f f e c t s  such as su r f ace  

energy and image f o r ces  a r e  expected t o  have an i n f l u e n c e .  Some 

con t rove rsy  e x i s t s  as t o  the  ex i s tence  o f  a  su r f ace  "deb r i s  l a y e r " .  

examined t h e  d i s l o c a t i o n  d i s t r i b u t i o n  near t h e  su r f ace  

o f  deformed copper and concluded t h e  near su r f ace  d i s l o c a t i o n  

d i s t r i b u t i o n  d i d  n o t  d i f f e r  s i g n i f i c a n t l y  f rom the  b u l k .  However, 

Kramer and ~ a e h n e r ~ ~  noted t h a t  t h e  l a r g e  p l a s t i c  s t r a i n s  (1 5%) 

a t  which t h e  copper c r y s t a l s  were s t u d i e d  by Swann accounted 

f o r  t h i s  observa t ion .  The. su r f ace  " d e b r i s  l a y e r "  forms a t  l ow  

s t r a i n s  (< 5%) w i t h  b u l k  d i s l o c a t i o n  mo t i on  and mu1 t i p 1  i c a t i o n  

f o l  lowing.  



2. E x t r i n s i c  Surface E f f e c t s  

The t e n s i l e  s t r e s s - s t r a i n  behavior o f  metals w i t h  sur face 

f i l m s  and sur face a c t i v e  l i q u i d s  i s  i l l ~ s t r a t e d ~ ~  i n  Fig.  32. 
77 

The sur face f i l m  e f f e c t  was f i r s t  observed by ~oscoe"  i n  1934 

when he found t h a t  an oxide f i l m  of l e s s  than 20 atoms t h i c k  

on a bu lk  cadmium sample was s u f f i c i e n t  t o  ' r a i s e  the  y i e l d  s t r e i s  50% 

w h i l e  a 100% increase occurred f o r  an oxide f i l m  1200 atoms t h i c k .  

L a t e r  work by C o t t r e l l  and ~ i b b o n s ~ ~  confirmed these r e s u l t s  

on cadmium wh i le  Harper and co t t re l17 '  obta ined s i m i l a r  r e -  

sul  t s  on zinc, and ~ a k a m u r a ~ '  found a s i m i l a r  resu l  t fo r  a l  urni num. 

A very  c leve r  'experiment was performed by M. R. Pickus and 

E. R. parker8' where they performed a creep t e s t  on z inc  c r y s t a l s  

i n  a copper e l e c t r o p l a t i n g  so lu t i on .  The s t r a i n  r a t e  was re -  

v e r s i b l y  a l t e i e d  by p l a t l n g  and de-p la t ing  a 1.25 cn~ d i a .  r irlc c r y s l a l  

w i t h  copper. The creep r a t e  i n  the copper p ia ted '  condSt'Son was nearly 

a f a c t o r  o f  t e n  l e s s  , than the  unplated a t  200'~. 

~ e h b i n d e r ~ '  a,nd Rehbinder and ~ e n s t r o m ~ ~  were t h e  f i r s t  t o  

observe t h a t  the creep r a t e  o f  lead, t i n  and copper sheets was 

'greater  i f  small amounts o f  sur face-act ive agents ( c e t y l  a lcohol ,  

n-val e r ic ,  n-heptoic, s tea r i c ,  o l e i c ,  palmi t i c  and c e r o t i c  ac ids)  

were added t o  the  p a k a f f i n  o i l  bath i n  which the  samples were * 

immersed. Controversy concerning the  sur face a c t i v e  agents and 

mechanisms invo lved i n  the  Rehbinder e f t e c t  s t i l l  e x l s t s ;  however, 

f u r the r  comment on t h i s  sur face e f f e c t  w i l l  n o t  be made because 

o f  i t s  l a c k  o f  relevance t o  the  probable sur face cond i t i ons  which 

w i l l  be encountered i n  i o n  beam i r r a d i a t i o n  experiments. 

Oxide o r  carb ide  f i l m  growth on small samples dur ing  i o n  

beam i r r a d i a t i o n  i s  a l i k e l y  r e a c t i o n  which must be considered 

because sur face e f f e c t s  'are magni f ied a t  small sample sizes: 

A sur face coat ing  can a f f e c t  near sur face d i s l o c a t i o n  m o b i l i t y  

through t h e  image f o r c e  imposed by the  e l a s t i c  modu l i i  d i f f e r e n c e  

between coa t ing  and substrate.  I n  s imples t  terms, a ' d i s l o c a t i o n  

senses t h e  presence o f  a h igh  modulus coat ing  because the s t r a i n  

energy o f  t he  system i s  increased as the  s t r a i n  f i e l d  o f  t h e  

d i s l o c a t i o n  enters  t h e  coat ing. 
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F i g u r e  3 2 .  S c h e m a t i c  ~ l l u s t r a t i o n  o f  Two E x t r i n s i c  S u r f a c e  
E f f e c t s  o n  t h e  T e n s  e  P r o p e r t i e s  o f  Meta1.s 
( A f t e r  J. J. G i l m a n  i b ,  



A d e t a i l e d  ana lys i s  has been performed f o r  screw d i s -  

l o c a t i o n s  by ~ e a d ~ ~  where he showed t h a t  a  f i l m  whose shear 

modulus i s  g rea te r  than the  subst ra te  w i l l  e x e r t  a  long range 
' 

a t t r a c t i o n  and a  sho r t  range repu ls ion .  For an edge d i s l o c a t i o n  

which 1  i es ,  para1 1  e l  t o  .the sur face on a  g l  i d e  plane perpendicular 
8  5  t o  the  surface, Conners obtained t h e  f o l l o w i n g  expressions : 

. .. . 

where; '.b - .burgers vec tor  

h  = coat ing  thickness . . 

t = d i s l o c a t i o n  d is tance below the sur face 

G = shear modulus of' subst ra te  
- .  

Ec = Young's modulus o f  coa t ing  

E, = Young's modulus o f  subst ra te  

v = Poissons - r a t i o  which i s  assumed equal i n  the  
coa t ing  and substrate.  

~ r o s s k r e u t z ~ ~  used t h i s -  r e l a t i o n s h i p  t o  show t h a t  an edge d i s -  

l o c a t i o n  i s  a t t r a c t e d  t o  the  sur face when Be0.5, trapped a t  some 

d is tance beneath the  surface f o r  0.5SB 50.646 and repulsed fo r  

. p0.646. A  trapped o r  repul  sed d i s l o c a t i o n  would move toward 

t h e  sur face w i t h  an increase o f  the  app l i ed  shear st ress.  As 

t h e  d i s l o c a t i o n  approaches . to  w i t h i n  a  few angstroms o f  t he  

oxide-substrate i n te r face  w i t h  an increas ing shear st ress,  a  

s l i p  s tep  may form by f rac tu re  o f  t h e  oxi.de o r  shear.between 

. t he .ox ide  and substrate. The work t o  produce t h i s  s l  i p  step! - .  . . . . . .  

i s  in :addi  t- ion. t o  the: work done ;against  t he  image fo rce  and 

may be c a l l e d  an ox ide  f i l m  s t reng th  e f f e c t .  An e a r l i e r  com- 

ment about an ox ide  f i l m  a i d i n g  the  format ion o f  a  s l i p  s tep 



by lower ing  the  surface energy i s  app l i cab le  o n l y  if the  ox ide  

i s  s u f f i c i e n t l y  t h i n  o r  weak such t h a t  t he  work requ i red  t o  

f r a c t u r e  the ox ide i s  very  smal l .  The presence of adsorbed 

atoms s a t i s f i e s  t h i s  c r i t e r i a .  

3. Environmental E f f e c t s  

Since t h e  nature o f  t he  f r e e  sur face and chemist ry  o f  

t he  near sur face a r e  c o n t r o l l e d  by the environment, they 

should be discussed as an i n t r i n s i c  o r  e x t r i n s i c  s u r f a c e . e f -  

f e c t ;  however, a considerable amount o f  data e x i s t s  f o r  t e s t s  

performed i n  var ious  environments where t h e  sur face was n o t  

thoroughly analyzed. Therefore, a few comments about the  

mechanical p rope r t i es  o f  metals t es ted  i n  vacuum and gas 

atmospheres i s  appropr ia te .  

The f a t i g u e  l i f e  as a f u n c t i o n  o f  t he  environment has , 

been the  most thoroughly i nves t i ga ted  mechanical p rope r t y  

where a cont inuous increase i n  the  fa t i gue  1 i f e  o f  copper, 

as measured by the  number o f  cyc les  t o  f a i l u r e ,  Nf, was found 

by wadsworthB7 fo r  decreasing atmospheric pressures. The 
5 f a t i g u e  l i f e ' i n c r e a s e d  from 5 x 10 cyc les  a t  760 t o r r  t o  10 7 

cyc les  a t  ' 1 0 ' ~  t o r r .  A discont inuous change i n  the  f a t i g u e  

1 i f e  o f  l ead  was found by  nowd den^^ where no change occurred 
3 from a p ressu re  o f  10 t o  10-I t o r r  b u t  an increase from 

5- 7 4 x 10  cyc les  t o  2 x  1 0  cyc les  occurred f o r  a c y c l i c  s t r a i n  

of 0.00075 over  the  pressure range o f  10-I  t o  l o e 2  t o r r .  
7  The f a t i g u e  l i f e  remained cons tant  a t  2 x  10 cyc les  t o  a 

pressure o f  t o r r .  The environmental e f f e c t s  on f a t i g u e  

l i f e  a r e  a l so  dependent on the s t ress  and s t r a i n  ampl i tude 

and c y c l i c  frequency. 

Environmental dependence o f  f a t i g u e  1 i f e  i s  thought t o  

c o n t r o l  the c rack  propagation r a t e  by the presence o r  absence 

o f  r e a c t i v e  gas species a t  the  c rack  t i p .  The mechanisms oc- 

c u r i n g  a t  the  crack t i p  have n o t  been i nves t i ga ted  i n  any de- 

t a i l ;  however, the  r e a c t i v e  gas concept i s  reasonably consis-  

t e n t  w i t h  the  r e s u l t s  f rom var ious  mater ia l -envi ronment  



combfnations. These inc lude the l ack  o f  an environmental e f -  

f e c t  on the f a t i gue  l i f e  o f  gold and the increased f a t i gue  

l i f e  o f  var ious metals i n  i n e r t  atmospheres. 

Environmental e f f e c t s  on creep and stress- to-rupture have 

a lso  been found. Shahanian and Achter8' found the creep r a t e  

o f  n i cke l  t o  be highest  i n  a  n i t rogen atmosphere and lowest 

i n  vacuum wh i le  the creep r a t e  i n  a i r  and a  he1 ium-2% oxygen 

mix ture  were intermediate. The i r  r e s u l t s  are  shown i n  Fig.  33. 

The authors proposed t h a t  n i t rogen f a c i  1  i ta ted  crack propa- 

ga t ion  by reac t ing  w i t h  g ra i n  boundary impur i t ies .  

A d i f fe rence  i n  the minimum creep r a t e  o f  a  Ni-6%W a1 loys  

when tested i n  a  vacuum of t o r r  and argon atmospheres was 

found t o  be grain' s i ze  dependent by Johnson, e t .  a l?? as shown, 

i n  Fig. 34. The g ra i n  .size a t  which an environment e f f e c t  

was found corresponded t o  8 grains across the th innest  d i r e c t i o n  

o f  the  gauge sect ion. Grain boundary c a v i t a t i o n  was more pro- 

nounced i n  samples w i t h  g ra i n  s izes l a rge r  than.0.15 mm and 

tes ted i n  argon than those tested i n  vacuum. The commerical 

p u r i t y  argon was found t o  conta in  Po, = 7.6 x  t o r r ,  
' -4. 

P  = 15 x  t o r r  and ~ ~ ~ $ 7 . 6  x  10 t o r r  wh i le  the vacuum 
N9 

of 1  o ' ~  t o r r  had Po = 1.9 x  1  o - ~  t o r r ,  PN = 7.6 x  1  o - ~  t o r r ,  
2  2  

inL the  argon may 

posed by Shahania 

t o r r .  The n i t rogen and oxygen concentrat ions 

be causing a  s i m i l a r  reac t ion  t o  t h a t  pron 

n  and Achter?' however, Johnson, e t .  a?' d i d  

n o t  f ee l  t h e i r  r e s u l t s  supported a  conclusion about the 

mechanisms I nvol ved. 

Environment sens i t i ve  mechanical proper t ies  which depend 

on a  chemical reac t ion  between a  gas species i n  the envlron- 

ment and the sample would be time dependent and therefore no t  

be s i g n i f i c a n t  i n  a  h igh s t r a i n  r a t e  t e s t  such as a  t e n s i l e  

t es t .  However, the work hardening r a t e  o f  po lycrys ta l  1  i n e  

h igh p u r i t y  a1 uminum w i re  (0.051 cm) was a1 tered when tes ted 

i n  a  vacuum o f  8  x t o r r  as compared t o  760 t o r r .  The 

r e s u l t s  o f  t h i s  study are  shown i n  Fig. 35. The increased 

work hardening r a t e  w i t h  i o n  e tch ing may have resul  ted from 
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F i g u r e  34.  C r e e p  R a t e  V e r s u s  G r a i n  S i z e  a n d  E n v i r o n m e n t  
F o r  Ni -6%W a t  900°C a  35 MPa ( 5 0 0 0  p s i )  
( A f t e r  J.ohnson e t . a l .  
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F i g u r e  35 .  S t r e s s - S t r a i n  B e h a v i o r  o f  P o l y c r y s t a l  1 i n e  H i g h  
P u r i t y  A l u m i n u m  W i r e  (.GO8 cm) i n  V a r i o u s  
A t m o s p h e r e s .  ( A f t e r  K r a m e r  a n d  ~ o d l a s e c  k g 1  ) 



the  near sur face damage caused by i r r a d i a t i o n  w i t h  argon ions  

o r  t h e i r  entrapment near the  sur face.  

The lowered work hardening r a t e  observed by Kramer and 

~ o d l a s e c k ~ '  may n o t  be a t t r i b u t a b l e  t o  an ox ide  f i l m  s t rength-  

ening o r  image f o r c e  e f f e c t  if the.aluminum ox ide  f l i m  prop- 
. e r t i e s  measured by ~ r o s s k r e u t z ~ ~  i n  vacuum a r e  s i m i l a r  t o  the 

i n - s i t u  ox ide  on the aluminum wi re .  The r e s u l t s  obta ined by 

Grosskreutz f o r  t he  t e n s i l e  s t reng th  and Young ' s modul us of 

aluminum ox ide  i n  a i r  and vacuum a re  shown i n  F igs.  36 and 37. 

Removal o f  absorbed water vapor from the  ox ide  under vacuum 

cond i t i ons  was t h e  proposed mechanism f o r  t he  modulus increase 

4.  Surface Considerat inns i n  I o n  Bombardment f o r  Mechanical 

Property Studies 

The small t e s t  samples requ i red  f o r  i o n  i r r a d i a t i o n  s tud ies  

must n o t  o n l y  s imu la te  u n i r r a d i a t e d  bu l k  behavior,  b u t  a1 so ir- 

r a d i a t e d  bul  k behavior. Th i s  means t h a t  surface, g r a i n  boundary 

and volume reac t i ons  which may occur du r ing  i r r a d i a t i o n  must 

n o t  dominate the  mechanical behavior o f  these samples. Sur- 

face contaminat ion can occur f rom a number o f  sources such 

as: 1 ) sample preparat ion;  2) sample impur l  t i e s ;  3)  Gir . radiat ion 

e n ~ i ~ o n m e n t ;  4 )  i m p u r i t i e s  c a r r i e d  w i t h  t h e  i o n  beam, and 5 )  t e s t  

environment (pos t  t e s t s ) .  

The anneal i ng vacuum, c l  eani ng procedures and hand1 i ng 

methods a r e  the  prime sources o f  sur face contaminat ion du r ing  

sampl e preparat ion.  Contamination from these sources can be 
minimized b u t  n o t  t o t a l l y  e l im ina ted.  A sur face c lean ing  op- 

e r a t i o n  conducted w i t h i n  the i r r a d i a t i o n  o r  t e s t  chambers p r i o r  

t o  t e s t i n g  may overcome t h i s  source o f  contaminat ion; however, 

t h i s  e x t r a  e f f o r t  can o n l y  be j u s t i f i e d  i f  contaminat ion from 

o t h e r  sources i s  smal l .  I n - s i t u  sur face c lean ing  may be ac- 

compl ished by an e levated temperature bake-out and/or by i o n  

spu t te r i ng .  Surface a c t i v e  i m p u r i t i e s  w i t h i n  the  sample can 

be a source o f  sur face contaminat ion. An example' i s  s u l f u r  



F i g u r e  36 .  T y p i c a l  S t r e s s  V e r s u s  S t r a i n  R e l a t i o n s h i p  F o r  
3 0 0 0  a T h i c k  A n o d i c  F i l m s  i n  A i r  a n d  Vacuum 
( 1  o - ~  T o r r )  ( A f t e r  ~ r o s s k r e u t z 8 6 )  
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i n  n i cke l .  Contamination can resu l  t from i m p u r i t y  gases 

remaining i n  the  vacuum chamber a f t e r  pump down, and i m -  

p u r i t i e s  i n  the  hel ium coo l i ng  gas wh j l e  the  i o n  beam can be 

the  source of hydrocarbons which a r e  desorbed from the  beam 

1 i n e  wa l ls .  The l a t t e r  contaminat ion can be e l im ina ted  by 

. us ing a t h i n  window . t o  separate the  i r r a d i a t i o n  chamber from 

the beam. 

The e f f e c t  o f  these contaminants w i l l  be t o  a l t e r  the  

sur face energy, form'oxide,  n i t r i d e . o r  carb ide  f i l m s  and 

poss ib l y  a1 t e r  t h e  sample chemistry. Grain boundary d i f f u s i o n  and 

p r e c i p i t a t i o n  i s  a l so  very l i k e l y  and,cou ld  e a s i l y  dominate the  

mechanical behavior more than sur face contami nat ion .  

I d e a l l y ,  an a t o m i c a l l y  c lean sur face should be main- 

ta ined throughout the  i r r a d i a t i o n  experiment. Such a sur face 

woul d f a c i l  i t a t e  comparisons between the  mechanical p roper t i es  

o f  a ma te r ia l  i r ' rad ia ted i n  more than one apparatus and by more 

than one damaging species. However, such a sur face i s  a t y p i c a l  

o f  engineer ing ma te r ia l s  and the  measured p roper t i es  may be,un- 

s u i t a b l e  f o r  engineer ing appl i c a t i o n .  I n  r e a l  i ty, some 1 eve1 

o f  sur face contaminat ion must be to le ra ted;  however, i t  i s  

hoped t h a t  t h i s  l e v e l  can. be maintained s u f f i c i e n t l y  low 

t h a t  t he  sur face does n o t  dominate t h e  sample p roper t i es .  

Changes i n  the  surface energy and chemistry  can a f fec t  

the  s t reng th  o f  a ma te r ia l  by a number o f  mechanisms. The 

st rengthening e f f e c t s  of f o u r  poss ib le  sur face dependent 

mechanisms have been ca lcu la ted  from e x i s t i n g  models w i t h  

the r e s u l t i n g  values l i s t e d  i n  Table I X .  Wtrile. t h e  calcu-  

l a t e d  st rengthening e f f e c t s  may n o t  be accurate i n  an absolute 

sense, they a r e  usefu l  f o r  comparison. The. resu l  t s  of these 

c a l c u l a t i o n s  i n d i c a t e  t h a t  image forces  on near sur face d i s -  

l o c a t i o n s  w i l l  be the  most s i g n i f i c a n t  sur face e f f e c t .  

The c o n t r i b u t i o n  of the- sur face energy t o  the  s t reng th  

o f  a sample can be made w i t h  the  f o l l o w i n g  equation: 
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where Wo i s  the  zero creep load, r i s  the  rad ius  o f . t h e  

sample, Y, i s  the  sur face tension ' Ysb i s  the  g r a i n  boundary 

sur face tens ion and d i s  the  average g r a i n  length.  - Exper i -  

mental ly ,  W i s  determined w i t h  a creep t e s t  where loads l e s s  

than W r e s u l t  i n  a negat ive s t r a i n  and loads greater  than W 

r e s u l t  i n  a p o s i t i v e  s t r a i n .  The value f o r  t h e  sur face energy 

c o n t r i b u t i o n  a t  550 '~  l i s t e d  i n  Table I X  was obta ined from the 

zero creep load  f o r  0.0127 cm diameter n i c k e l  a t  1 3 7 0 ~ ~  o f  

41.5 mg obta ined by ~ 0 t h "  w i t h  the  assumption t h a t  t he  d i f -  

. ference i n  yS and y i s  independent o f  temperature. 
g b 

The sur face p inn ing c o n t r i b u t i o n  was ca lcu la ted  using 

equat ion 4 w i t h  L as the  sample thickness. The image force 

on near sur face d i s l o c a t i o n s  caused by an ox ide  f i l m  were 

determined w i t h  equat ion 5 and assuming the  e l a s t i c  modulus 

o f  t h e  f i l m  i s  f i v e  times greater  than f o r  t he  metal.  Since 

the  image forces i n f l uence  o n l y  the  near surface d i s loca t ions ,  

an assumption regarding t h e i r  dens i t y  was required.  For sim- 

p l  i c i t y ,  t h e  t o t a l  near sur face d i s l o c a t i o n  1 ength was taken 

t o  be the  sample ci,rcumference times the  number o f  s l  i p  p lanes.  

per gauge leng th . .  A s l i p  plane spacing o f  1 urn was assumed. 

,The sample s t ress  requ i red  t o  move a near sur face d i s l o c a t i o n  

t o  the  metal -oxide i n t e r f a c e  i s  the  product o f  the  image fo rce  

per l e n g t h  obta ined from equation 5 and the  t o t a l  d i s l o c a t i o n  

l eng th  d i v ided  by the sample area, expressed as fo l l ows :  

where F i s  the  image f o r c e  per  l eng th  o f  d i s l o c a t i o n  l i n e ,  A 

i s  t he  sample area, r i s  the  sample radius,  1 i s  the  gauge 

l e n g t h  and h i s  t h e  s l i p  p lane spacing. 



B. Sampl e  Gr ipping E f f e c t s  on Mechanical Proper t ies  

Stresses can be imposed on a  . t e n s i l e  t e s t  sample by the 

g r i p s  because o f  clamping procedures, s t ress  concentrat ions 

a t  sharp dimensional changes o r  i n  s i n g l e  c r y s t a l s  because o f  

bending moments. The f i r s t  two sources of g r i p  s t resses can 

be minimized by proper g r i p  design and gauge ?ec t i on .  i n  t he  

sample. The t h i r d  source i s  genera l l y  n o t  a  problem f o r  

bul k p o l y c r y s t a l l  i ne ma te r ia l  s  w i t h  random g r a i n  o r i e n t a t i o n s  

bu t  t h e  small t e s t  samples requ i red  fo r  i o n  beam i r r a d i a t i o n  

w i l l  have a  small number o f  g ra ins  per  cross-sect ion and may 

have a c rys ta l l og raph ic  tex ture .  The g r i p  s t resses imposed 

on these samples may be s i m i l a r  t o  thase jmposed on s i n g l e  

c r y s t a l s ,  and t h e r e f o r e  cons idera t ion  o f  t h i s  e f f e c t  i s  needed. 

A recen t  s tudy o f  the  g r i p  s t resses imposed on s i n g l e  

c r y s t a l  s  has been conducted b y  ~ a c ~ r o n e ? ~  who suggests the  

f o l l o w i n g  th ree  fac to rs  which a r e  invo lved i n  main ta in ing  the  

al ignment o f  a  sing1 e  c r y s t a l  du r ing  p l a s t i c  deformation: 

1. C rys ta l l og raph ic  r o t a t i o n  o f  the  t e n s i l e  ax is ;  

2. Bending moments a t  each g r i p ,  and . 

3. A r e l a t i v e  sideways displacement of t h e  g r i ps .  

No g r i p  s t resses a r e  imposed by fac to r  number one, w h i l e  

two and  t h r e e  do #impose g r i p  s t resses.  A schematic o f  these  
' 

operat ions i s  shown i n  F ig.  38. F le i sche r  and ~ h a l m e r s ~ ~  have 

shown t h a t  the  bending st resses ' g r e a t l y  exceed the  s t ress  caused 

by t h e  o f f s e t .  Th i s  bending moment i s  a  p o s i t i v e  maximum a t  

t he  upper end o f  the sample, zero a t  t he  center ,  and a negat ive 

maximum a t  t he  lower end o f  the sample. The magnitude o f  the  

bending moment and. there fore  the  g r i p  s t ress  i s  a,. . funct ion o f  

the .amount o f  g r i p  o f f se t  w i thou t  r e s t r a i n t .  Th i s  o f f se t  i s  

a  maximum f o r  s i n g l e  c r y s t a l  deformat ion when a  s i n g l e  s l  i p  

plane i s  ope ra t i ve  and can be compensated by s l i p  on a  secondary 

system. The r a t i o  o f  the  g r i p  s t ress ,  a t o  the  app l i ed  s t ress ,  
9  ' 

'a , i s  a  measure o f  t he  r e l a t i v e  importance o f  t he  g r i p  s t ress  

on the  measured p rope r t i es .  



F i g u r e  38.  S c h e m a t i c  R e p r e s e n t a t i o n  o f  P l a s t i c  D e f o r m a t i o n  
o f  a  S i n g l e  C r y s t a l  a, b )  W i t h  G r i p  D i s p l a c e m e n t  
a n d  No G r i p  S t r e s s e s  c )  W i t h  G r i p  I m p o s e d  S t r e s s e s  
( A f t e r  ~ a c ~ r o n e 9 3 )  



Some aspectse o f  the  i o n  beam i r r a d i a t i o n  t e s t  specimens 

which w i  11 min imize the  bending moment imposed g r i p  s t resses 

are: 1 )  the  m a t e r i a l s  t o  be tes ted  (Ni ,  Nb) w i l l  undergo 

s l i p  on more than one system because of t h e  presence o f  h igh  

angle boundaries, and the  expected tex tu res  w i  11 favo r  mu1 t i p 1  e  

; s l i p  (Ni  - [Ill], Nb - [110]); 2) t he  gauge sec t i on  w i l l  be 

s h o r t  r e l a t i v e  t o  the g r i p  spacing, p l a c i n g  the  gauge sec t i on  

. near t he  p o i n t  o f  zero bending moment; 3)  m u l t i p l e  s l i p  w i l l  

be favored i n  t he  e levated tempera ture ' tes ts .  

. . 
C.. Sample Size E f f e c t s  on Mechanical Proper t ies  

The s i  ze deperlder1.1 nacl iai i ical  p roper t t  cs o f  rnctal s can be 

rough ly  d i v i d e d  i n t o  th ree  ca tegor ies :  1 )  whiskers and t h i n  

fo i l swhere  t h e  t h i n  dimension 1s  l e s s  than '1 ~ 1 1 1 ,  2 )  To5ls or 
wires  where 1  pm. 5 t 5 d, where d i s  t he  g r a i n  diameter 

3) bu l k  s i n g l e  and p o l y c r y s t a l l i n e  ma te r ia l .  The s t reng th  o f  

whiskers i s  c o n t r o l l e d  p r i m a r i l y  by t h e i r  extremely low d i s -  

l o c a t i o n  d e n s i t y  and the  d i f f i c u l t y  o f  nuc lea t i ng  d is l 'oca t ions  

w h i l e  t he  s t reng th  o f  t h i n  f o i l s  th inned from the  bu l k  i s  con- 

t r o l l e d  by f r e e  sur face drag fo rces .  Th in  f o i l  s  deposited from 
17 2 the vapor have h igh  d i s l o c a t i o n  dens i t i es ,  l o1*  - 10 * I i nes /an  , 

b u t  t h e i r  mot ion i s  impeded by t h e i r  mutual i n t e r a c t i o n  and 

sur face drag forces.  

F o i l s  and w i res  i n  t he  mid-thickness range where 1  pm < t c d 

a r e  s t r o n g l y  a f f e c t e d  by i n t r i n s i c  sur face e f f e c t s  i f  g r i p  e f f e c t s  

a r e  overcome; however, a  considerable q u a n t i t y  o f  publ ished data 

on s i z e  e f f e c t s  probably r e f l e c t s  e x t r i n s i c  sur face e f f e c t s  from 

poor t o  improper sur face prepara t ion  and g r i p  ef fects .  

S ize  e f f e c t s  i n  bu l k  m a t e r i a l s  p e r s i s t  t o  g rea te r  t h i c k -  

nesses i n  sing1 e c r y s t a l s  than p o l y c r y s t a l l  i n e  ma te r ia l  s  be- 

cause o f  t h e  i n t e r f e r r i n g  e f f e c t  t h a t  g r a i n  boundaries have on 

the  i n t e r a c t i o n  between f r e e  sur faces and i n t e r n a l ,  grains, . A 
, . s i z e  e f f e c t  i n  copper sin,gle c r y s t a l s  as l a r g e  as 0.64 cm d i -  

95 . ameter was observed by Garstone, e t .  a l .  



The prev ious comments about s i z e  e f f e c t s  per ta. in  p r i m a r i l y  

t o  t e n s i l e  and creep p rope r t i es  o f  metals.  S ize and sur face 

e f f e c t s  on f r a c t u r e  and f a t i g u e  p r o p e r t i e s  o f  meta ls  genera l l y  

extend t o  l a r g e r  s izes  than they do f o r  t e n s i l e  and creep. An 

example o f  t h i s  i s  t he  sur face de fec t  dependence o f  h igh  c y c l e  

f a t i g u e  proper t ies .  

1. Tens i l e  Proper t ies  

The h igh  damage r a t e s  - 1oe2dpa/s) a t t a i n a b l e  w i t h  

heavy i o n  i r r a d i a t i o n  have made i t  poss ib le  t o  s tudy the micro-  

s t r u c t u r a l  changes o f  meta ls  a t  damage l e v e l  s  o f  100 t o  200 dpa 

w i t h  r e l a t i v e l y  sho r t  i r r a d i a t i o n s .  Heavy i o n  i r r a d i a t i o n  o f  

ma te r i a l s .  f o r  mechanical p roper ty  s tud ies  i s  a l s o  a  des i re -  

a b l e  goal; however, t h e  small pene t ra t i on  depth o f  heavy ions  

would r e q u i r e  the  use o f  samples l e s s  than 1  pm t h i c k  f o r  

7.5 MeV Ta o r  5 MeV Ni  and l e s s  than 5 pm t h i c k  f o r  20 MeV C 

o r  1.3 MeV H. The sub-micron t h i c k  samples necessary f o r  t h i s  

type o f  s tudy can be ca tegor ized as whiskers, f i l m s  th inned 

f rom the  bu l k  o r  t h i n  f i l m s  deposi ted from vapor phase. 

The f r a c t u r e  s t ress  ,o f  i r o n  and copper whiskers has been 

s tud ied  as a  f u n c t i o n  o f  diameter by ~ r e n n e r ' ~  and found t o  

be ve ry  diameter dependent w i t h  considerable s c a t t e r  i n  the  

r e s u l t s ,  as shown i n  F ig.  39. Brenner determined t h a t  the  
.I 

I average s t reng th  o f  t he  i r o n  and copper was a  f u n c t i o n  o f  - 
dave ' 

where dave i s  t he  average o f  f i v e  whiskers o f  approximate ly  

equal diameters. Th i s  diameter dependence i n d i c a t e d  t h a t  the 

s t reng th  was c o n t r o l l e d  by sur face de fec ts  o r  sur face p inn ing  

o f  d i s l o c a t i o n s .  A 5- dependence would be expected from the 

ope ra t i on  o f  a  d i s lo%at ion  source; however, t h e  ope ra t i on  o f  

a  d i s l o c a t i o n  source may have been necessary i n  the slr.ebb- 

s t r a i n  sequence. Copper and i r o n  whiskers have been s tud ied  

9 7 y  98 T h e i r  r e s u l t s  a l s o  more r e c e n t l y  by Yoshida, e t .a l .  

showed a  s t rong dependence o f  s t reng th  on diameter;  however, 

they observed an upper y i e l d  s t r e n g t h  w i t h  consi  derabl e 



F i g u r e  39, T e n s i l e  S t r e n g t h  V e r s u s  D i a m e t e r  o f  a )  C n p p e r  and 
b )  I r o n  W h i s k e r s  A f t e r  S .  S .  ~ r e n n e r 9 6  



p l a s t i c  f l o w  occur r ing  a f t e r  y i e l d i n g  and a t  a  much lower 

st ress.  They a t t r i b u t e d  the  y i e l d  p o i n t  t o  the  sudden i n -  

crease of mobi le d i s l o c a t i o n s  associated w i t h  the nuc leat ion  

and pi'updyation of Luders bands. 

Metal f o i l s  th inned from the bu lk  a re  used i n  e l e c t r o n  

beam i r r a d i a t i o n  s tud ies  where i n - s i t u  m ic ros t ruc tu ra l  s tud ies  

can be performed; however, t h e i r  use f o r  heavy i o n  i r r a d i a t i o n s  

f o r  mechanical p roper ty  s tud ies  i s  no t  prac, t ica l  because o f  

p repara t ion  and hand1 i n g  d i f f i c u l t i e s .  Deposited f i lms ,  e i t h e r  

e lec t ron  beam evaporated, sput tered 'or e lectrodeposi  ted, would 

be somewhat eas ier  t o  prepare; however, t he  p roper t i es  o f  

vapor. deposited f i lms  d i f f e r  from annealed bul k  ma te r ia l .  The 

t e n s i l e  s t reng th  o f  vapor-deposi t e d  n i c k e l  was foundg9 t o  b e  
0 

approximately thickness independent above 3000 A, as shown i n  
2 .  F igure 40 w i t h  a  t e n s i l e  s t rength  o f  180,000 1  b / i n  . Annealing 

these f o i l s  w i l l  lower t h e i r  s t rength  t o  a  value c lose r  t o  

bu1 k  n i c k e l  ; however, t h e  s t rength  o f  annealed f o i l s  should ex- 

ceed t h a t  o f  bu l k  n i c k e l  by an amount roughly equal t o  the  
0 

sur face p inn ing st ress.  For a  3000 A t h i c k  f o i l ,  t he  sur face 

p inn ing o f  d i s l o c a t i o n s  should c o n t r i b u t e  about 10,000 p s i  t o  

the  y i e l d  s t reng th  o f  bu l k  n i c k e l  which i s  approximately 10,000 

p s i .  

I n  summary, t he  use o f  h igh  z ions  t o  s imulate neutron 

damage f o r  mechanical p roper ty  s tud ies  would r e q u i r e  whiskers 

o r  f o i l s .  Annealed vapor deposited f o i l s  would be the  most 

s u i t a b l e  f o r  t h i s  experiment, i f  the  property- th ickness re -  

l a t i o n s h i p  does n o t  change w i t h  annealing. Surface contamin- 

a t i o n  dur ing  preparat ion, anneal ing o r  i r r a d i a t i o n  would present 

g reater  experimental d i f f  i c u l  t i e s  than preparat ion,  band1 ing,  

o r  t es t i ng .  I n  f a c t ,  t h i n  f o i l s  a re  so sur face s e n s i t i v e  t h a t  

contaminat ion may nhscure the proper ty  changes caused by ir- 

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

The penet ra t ion  depths o f  low z ions, such as H , D o r  He , 
a t  10 - 20 MeV a re  such t h a t  sample thicknesses much greater  

than 1  urn can be f u l l y  penetrated. I n  fact ' ,  sample thicknesses 



~ i ~ u r e  40 .  T e n s i l e  S t r c n g t h  o f  V a p o r  ~ e ~ o s i t e d  N i c k  
V e r s u s  T h i c k n e s s  ( A f t e r  D ' A n t o n i o  e t . a l .  
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o f  up . t o  375 pm a r e  poss ib le .  The t e n s i l e  p rope r t i es  o f  meta ls  

w i t h i n  t h i s  s i z e  range have n o t  been s tud ied  ex tens ive ly ,  a l -  

though some scat te red  data e x i s t s .  The room'temperature ten- 

s i l e  p rope r t i es  o f  copper f o i l s  i n  the  s i z e  range o f  2 pm t o  

53 pm s tud ied  by Lawley and schusterl O0 a r e  shown i n  F ig.  41 . 
For f o i l  thicknesses l e s s  than 26 pm, the  f o l l o w i n g  r e l a t i o n s h i p  

between y i e l d  s t reng th  and th ickness was observed: 

where uo i s  a l a t t i c e  f r i c t i o n  s t ress ,  k  i s  a constant  and t i s  

t he  f o i l  th ickness.  . T h i s  r e l a t i o n s h i p  i s  i d e n t i c a l  i n  form t o  

t h a t  der ived by ~ a l  l - ~ e t c h l O '  f o r  t h e  propagation o f  a l ude rs  

band a t  t he  lower y i e l d  s t ress  i n  a p o l y c r y s t a l l i n e  metal, ex- 

c e p t  t he  th ickness has been subst i , tu ted f o r  t he  g r a i n  s ize .  

The authors loo  proposed t h a t  a sur face f i l m ,  probably an ox ide  

l aye r ,  e x i s t s  which a c t s  as a b a r r i e r  t o  d i s l o c a t i o n  egress 

a t  t he  f r e e  surface, i n  an analogous manner t h a t  a g r a i n  boundary 

i n h i b i t s  s l i p  band propagation i n  p o l y c r y s t a l s .  The sur face 

l a y e r  supports a s t ress  equal t o  k t  -'I2 above the  l a t t i c e  f r i c t i o n  

s t r e s s  uo. The values o f  k  and oo a r e  s i m i l a r  i n  magnitude t o  

the  values obta ined from the  Hal l -Petch r e l a t i o n s h i p .  The de- 

c reas ing  y i e l d  s t reng th  w i t h  decreasing th ickness f o r  the  coarse 

grai 'ned f o i l s  was a t t r i b u t e d  t o  weakening caused by g r a i n  boundary 

thermal etching;  i n  f a c t ,  t he  coarse gra ined f o i l s  a re  n o t  con- 

s idered rep resen ta t i ve  because o f  t h i s  problem. No systematic 

dependence o f  t h e  u l t i m a t e  t e n s i l e  s t reng th  w i t h  th ickness was 

observed. The d u c t i l i t y  decreased w i t h  decreasing f o i l  th ickness 

f o r  a l l  g r a i n  s izes  w i t h  p l a s t i c  deformat ion occu r r i ng  randomly 

throughout the  gauge sect ion.  Qua1 i t a t i v e l y ,  t he  authors a t -  

tri buted 'the decrease i n .  work hardening r a t e  t o  an increased 

p robab i l  i ty  t h a t  df s l o c a t i o n  loops reached the  f o i l  surface be- 

f o r e  encounter ing obs tac l  es. 



FOILTHICKNESS, pm 

F i g u r e  41.   ensile P r o p e r t i e s  o f  F i n e  G r a i n e d  (- lourn)  
Copper  F o i l s  V e r s u s  T h i c k n e s s  ( A f t e r  Lawley 
and  ~ c h u s t e r 1 0 0 )  





A Hal l -Petch type o f  r e l a t i o n s h i p  between the  y i e l d  

s t reng th  and f o i l  thickness was a1 so observed by Aleksanyan, 

et.al!02 f o r  e l e c t r o l y t i c  copper f i l m s  i n  the  th ickness range . 

5 pm t o  70 pm. A r e l a t i o n s h i p  between th ickness .and d u c t i l i t y  

very s i m i l a r  t o  t h a t  observed by Lawley and Schuster was found. 

Aluminum and aluminum a l l o y  f o i l s  prepared by r o l l i n g  and 

anneal ing i n  the  thickness range 10 pm t o  100 pm were examined 

by Kadamer, e t .  al!03 Unfortunately, t he  g r a i n  s i z e  var ied  

w i t h  th ickness which makes i n t e r p r e t a t i o n  o f  t h e i r  data am- 

biguous. A1 so, a 5 pm t h i c k  ox ide  was present  on t h e i r  samples 

which f u r t h e r  complicates t h e i r  r e s u l t s .  However, t h e i r  d u c t i l i t y  

r e s u l t s  werc s i m i l a r  t o  those obta ined f o r  copper f o i l s  100, 102 

which leads t o  the  poss ib le  explanat ion t h a t  a sur face ox ide  

con t r i bu ted  t o  the  low d u c t i l i t y  o f  coppcr and aluminum f o i l s  

a t  thicknesses o f  about 10 pm. Only h igh  p u r i t y  aluminum samples 

had a s t reng th  t o  thickness dependence s i m i l a r  t o  copper. 

A comparison o f  s i z e  e f f e c t s  i n  s i n g l e  c r y s t a l  copper and 
104 cube tex tured copper f o i l s  has been made by Sumino and Yamamoto. 

The authors found the  y i e l d  s t reng th  o f  50.8 pm t o  96.7 pm s i n g l e  

c r y s t a l s  and 6.6 pm t o  96.7 pm cube tex tu red  f o i l s  t o  be i n -  

dependent o f  thickness. Also, the  s t r e s s - s t r a i n  curves ex- 

h i b i t e d  th ree  stages o f  s l i p  except f o r  cube tex tured f o i l s  

l ess  than 10 L[rn th ickness which e x h i b i t e d  o n l y  stage I s l i p  w i t h  
h igh  work hardening ra tes .  The cube tex tu red  f o i l s  behave as 

pseudo-$1 ngl e c r y s t a l  s  because the  degree o f  g r a i n  m i  s - o r i e n t a t i o n  

i s  q u i t e  low due t o  the  c r y s t a l l n g r a p h i c  tex ture .  Some e a r l i e r  

r e s u l t s  on the  s i z e  dependence o f  s i n g l e  c r y s t a l  p l a s t i c i t y  pre- 

sented by Suzuki. e t .  al!05 showed a marked increase i n  the  

range o f  easy g l  i d e  w i t h  decreasing c r y s t a l  dimensions wh i l e  

the y i e l d  s t reng th  was independent o f  s i z e  over the  s i z e  range 

60 pm t o  1000 pm. The y i e l d  s t reng th  r e s u l t s  o f  Sumino and 

~amamoto' O4 d isagree w i t h  those o f  Lawley and Schuster 100 

wh i l e  Suzuki, e t .  a l l o 5  tes ted c r y s t a l s  o f  l a r g e r  dimensions. 

Garstone, e t .  a1 Io6 confirmed the  s i z e  dependence o f  easy g l i d e  



i n  copper sing1 e c r y s t a l s  observed by Suzuki, e t .  a1 io5 i n  the  

s i z e  range 5000 pm t o  10,000 pm. Suzuki, e t .  .a1 !05 proposed 

a s i z e  dependent mechanism f o r  easy g l i d e  based on the  ex- 

haust ion o f  Frank-Read type d i s l o c a t i o n  sources which i s  a 

f u n c t i o n  o f  c r y s t a l  dimensions. The f o l l o w i n g  expression f o r  

stage I shear s t r a i n  was given: 

where S i s  t he  t o t a l  shear s t r a i n ,  n i s  t he  number o f  Frank- 

Read type sources i n  t he  annealed s ta te ,  s i s  t he  shear s t r a i n  

per  source, P i s  the  number o f  obstac les a d i s l o c a t i o n  w i l l  

meet as i t  sweeps o u t  an area equal t o  the t o t a l  sample cross-  

sec t i on  o f  rad ius  r. 

2. Creep Proper t ies  

Creep deformation s tud ies  o f  f o i l s  o r  w i res  have been con- 

ducted p r i m a r i l y  f o r  t h e  purpose of  s tudy ing  low st ress,  e leva ted 

temperature (-0.9 Tm) creep mechanisms, such as Nabarro-Herr i  ng 

o r  Coble creep. F o i l s  o r  w i res  w i t h  a s i n g l e  g r a i n  through t h e  

th ickness o r  diameter a r e  used i n  these experiments so t h a t  

the  displacement of one g r a i n  r e l a t i v e  t o  i t s  neighbors can 

be measured. While lower temperatures and h igher  s t resses 

would be used i n  any i o n  i r r a d i a t i o n  creep studies,  one o f  

these mechanisms may be operat iv,e because o f  t he  sample s i ze /  

g r a i n  s i z e  r a t i o .  For aluminum, Mohamed and ~ a n ~ d o n " ~  have 

s t~owr~  t ha t  Nabarro-Herring creep i s  dominant a t  s t resses up 

t o  1000 p s i  and cm g r a i n  diameter a t  0.9 Tm w h i l e  Coble 

. creep i s  dominant f o r  g r a i n  s i zes  l e s s  than 1 0 ' ~  cm. A t  

0.5 Tm, Coble creep i s  dominant f o r  g r a i n  s izes  l e s s  than 

l o - *  cm, w h i l e  Nabarro-Herring creep i s  n o t  opera t ive .  Gra in  

s izes  i n  the  range 1 t o  1 0-3 cm and temperatures around 

0.5 Tm a r e  q u l t e  l l k e l y  f o r  i o n  i r r a d i a t i o n  t e s t  samples and 

the re fo re  a b r i e f  d iscuss ion  o f  these mechanisms i s  needed. 



Cable creep occurs by the  s t ress-d i rec ted d i f f u s i o n  o f  

vacancies along g r a i n  boundaries, w i t h  t h e  fo l lowing theo re t i ca l  

equationlo8 f o r  t he  s t r a i n  r a t e :  

where 6 i s  t h e  e f f e c t i v e  boundary w id th  f o r  enhanced d i f f u s i o n ,  

Q i s  t h e  atomic volume, a i s  the  st ress,  Dgb i s  the  g r a i n  boundary 

d i f f u s i o n  c o e f f i c i e n t ,  d i s  t h e  g r a i n  diameter, and kT have 

t h e i r  usual meaning. Nabarro-Herring creep occurs by the  s t ress-  

d,irecl;ed d i f f u s i o n  s f  vacancies through the  l a t t i c e ,  w i t h  the  - 
f n l  1 nwing t h e o r e t i c a l  equatlon 109*110 for. the s t r a i n  rate: 

where D2 i s  the  l a t t i c e  s e l f - d i f f u s i o n  c o e f f i c i e n t .  Nabarro- 

Her r ing  creep has been shown by  ~ u r t o n l "  t o  be a f u n c t i o n  o f  

sample th ickness where the  s t r a i n  r a t e  i s  p ropor t iona l  t o  
&* 

A s i m i l a r  s o l u t i o n  was der ived by ~ i b b s " ~  when volume d i f -  
- 

f u s i o n  dominates and a 3 dependence a t  lower temperature when 
d t 

g r a i n  boundary d i f f u s i o n  dominates, as i n  Cob1 e creep. Vacancies 

a re  emi t ted  from g r a i n  boundaries normal t o  the  app l ied  load 

and absorbed a t  boundaries p a r a l l e l  t o  the  app l i ed  load. For 

the case o f  a s i n g l e  g r a i n  through thc  thickness, the  f r e e  sur- 

face i s  the  s ink  and t h e  d i f f u s i o n  d is tance i s  a f u n c t i o n  o f  

t h e  th ickness.  A s i m i l a r  dependence e x i s t s  when g r a i n  boundary 

d i f f u s i o n  i s  dominant, For samples w i t h  2 or 3 gra ins  through 

the  thickness, the  Nabarro-Herring & Coble creep r a t e s  w i l l  be 

values between the  bulk,  as expressed by equations 9, 10, and 

f o r  t h i n  t o i  1 s w l  t h  the  thickness deper~tler~~e. 
The r e l a t i o n s h i p  between g r a i n  Sire, s t ress  and creep mode 

can be g r a p h i c a l l y  presented on a deformation mechanism map 

such as those ca lcu la ted  by Mohamed and ~ a n ~ d o n l ~ ~  f o r  aluminum. 

A s i m i l a r  map f o r  n i c k e l  was p l o t t e d  and i s  shown i n  Fig. 42, 
d 

The boundaries separat ing the  l a b e l l e d  regions a re  values of 6 
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F i g u r e  42 .  D e f o r m a t i o n  M e c h a n i s m  Map f o r  B u l k  N i c k e l  a t  
550°C F o l l o w i n g  C o n s t r u c t i o n  M e t h o d  Used By 
Mohamed a n d  ~ a n g d o n l ' ~ ~  ( S e e  A p p e n d i x )  



and which r e s u l t  i n  equal creep r a t e s  f o r  the  two mechanisms. 
U t a Deformation mechanism maps which r e l a t e  t o  have a1 so been 

determined us ing  the  methods o f  Mdhamed and ~ a n ~ d o n " ~  and t h e  

creep r a t e  equat ions der ived by Gibbs. The construct ion.method 

i s  o u t l i n e d  i n  the  appendix and the  map f o r  n i c k e l  i s  shown i n  

F igure  43. The shaded regions i n  Figs. 42-43 a r e  the  ranges 

o f  g r a i n  size, sample thickness, and . s t ress  values expected 

f o r  t h e  i o n  i r r a d i a t i o n  experiments. 

The small samples requ i red  f o r  i o n  i r r a d i a t i o n ' e x p e r i -  

ments w i l l  have a minimum o f  3 g ra ins  across t h e  diameter and 

w i l l  probably have a creep behavior in te rmed ia te  between bu lk  

samples and t h i n  samples where there  i s  o n l y  1 g r a i n  across 

the d ia~neter .  It. s i g n i f i c a n t  t h a t  t he  major creep mechanism, 

i g n o r i n g  i r r a d i a t i o n  e f f e c t s ,  w i l l  be by a c l imb  process whether 

b u l k  o r  t h i n  behavior dominates. The except ion t o  t h i s  i s  f o r  
2 l ow  st resses (-1000 1 b / i n  ) and small g r a i n  s i zes  (-60pm) where 

a l a r g e  c o n t r i b u t i o n  t o  the  t o t a l  creep s t r a i n  may come from 

Cobl e type creep mechani sm. 

A deformat ion mechanism map f o r  n i c k e l  showing the  boundaries 

f o r  i r r a d i a t i o n ,  cl imb, Coble & Nabarro-Herring creep mechanism 

would be desi reable.  'The u n c e r t a i n t y  surrounding i r r a d i a t i o n  

creep mechanisms and models and the  t ime requi red,  t o  cons t ruc t  

such a ma,p discouraged such an e f f o r t  a t  t h i s  t ime. However, 

a re laxa t i on - t ime  map f o r  304L s t a i n l e s s  s t e e l  as a f u n c t i o n  of 

s t ress,  temperature and r e l a x a t i o n  t ime const ruc ted  by G i t t u s  11 3 

i s  shown i n  Fig. .44. For 304L s t a i n l e s s  s tee l ,  G i t t u s  determined 

t h a t  i r r a d i a t i o n  creep i s  dominant below 0.48 Tnl f o r  2 l e s s  than 
P 

10'~. Bulk behavior was assumed f o r  t he  cons t ruc t i on  o f  t h i s  

map so t h a t  a s h i f t  i n  the  boundary between i r r a d i a t i o n  and Coble 

creep 1s expected i f  t.l~.ir~ sample behavior i s  elominant. Using 

t h e  f o l  1 owing Cobl e Creep equat ion f o r  t t ~ i  r l  sampl e behavior: 
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F i g u r e  43 .  . D e f o r m a t i o n  M e c h a n i s m  Map f o r  T h i n  N i c k e l  Samp les  
a t  550°C F o ] 6 q w i n g  C o n s t r u c t i o n  M e t h o d  b y  Moham d  

, a n d  L a n g d o n  W i t h  C r e e p  E q u a t i o n s  A f t e r  G i b b s  71 2 
(See  A p p e n d i x )  



where d i s  t h e  g r a i n  s i z e  i n  the  l o n g i t u d i n a l  d i r e c t i o n ,  t h e  

s h i f t  i n  the  boundary between i r r a d i a t i o n  creep and Coble creep 

was c a l c u l a t e d  as a func t ion  o f  thickness. A va lue o f  
2 Dgb = 1.65 x cm / s  was c a l c u l a t e d  from the g iven cond i t i ons  

and assuming bu l k  behavior. Taking the  th ickness equal t o  the 

, g r a i n  s i z e  o f  60 pm, equat ion 11, p r e d i c t s  a r e l a x a t i o n  t ime 
6 equal t o  the  b u l k  value of 3 x 10 s. The boundary between ir- 

r a d i a t i o n  creep and Coble creep i s  s h i f t e d  t o  0.43 Tm a t  a r e -  
6 l a x a t i o n  t ime o f  5 x 10  s f o r  a th ickness of 64 urn and a g r a i n  

s i z e  i n  the  l o n g i t u d i n a l  d i r e c t i o n  o f  60 pm. For a w i r e  t e s t  

sample o f  120 pm and a g r a i n  s i z e  i n  the l o n g i t u d i n a l  d i r e c t i o n  

o f  60 pm, the  creep mechanism boundaries should be d isp laced 

f rom those shown i n  F l y .  44. 
Mat lock and ~ i x " ~  have developed a creep equat ion fo r  t h i n  

sample deformat ion w i t h  the  sample gauge sec t i on  d l v l d e d  I n t o  
reg ions  where one g r a i n  t raverses  the  th ickness and the  g ra ins  

a r e  one-hal f  t h e  thickness. I n  reg ion  1 i t  i s  assumed t h a t  g r a i n  

m a t r i x  deformat ion and g r a i n  boundary s l i d i n g  mechanisms a re  i n -  

dependent processes w h i l e  i n  reg ion  2 g r a i n  boundary s l  i d i n g  i s  

dependent on accommodation i n  ad jacent  gra ins.  The f o l l  owi ng 

equat ion  f o r  t h e  s t r a i n  r a t e  o f  t h i n  samples was derived: 

where gT i s  t h e  t o t a l  s t r a i n  r a t e ,  i i s  t he  s t r a i n  r a t e  due t o  
9 

m a t r i x  deformation, ; i s  the  g r a i n  boundary s l i d i n g  ra te ,  L1 
gbs 

i s  t he  i e n g t h  o f  r e g i o n  1, Lp i s  t h e  l e n g t h  o f  r e g i o n  2, L i s  

the  t o t a l  length ,  k  i s  a geometric f ac to r  r e l a t i n g  the g r a i n  

boundary o r i e n t a t i o n  t o  the  t e n s i l e  ax is ,  and q i s  t he  number 

of g r a i n  b n ~ ~ n d a r i e s  per  u n i t  l e n g t h  along the t e n s i l e  ax is ,  

While t h i s  model does n o t  d i r e c t l y  r e l a t e  s t r a i n  r a t e  t a  the 

th ickness  i t  does he lp  t o  b r i dge  t h e  gap between the  Cob1 e creep 

expression f o r  t h i n  samples, where t = d, t he  deformat ion 

' mechanism map der ived f rom.th is ,F ig.  43, and b u l k  creep behavior.  
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F i g u r e  44. R e l a x a t i o n - t i m e  f o r  SF 304L s t a i n l e s s  s t e e l  w i t h  
a  g r a i n - s i z e  o f  60pm i n  a  n e u t r o n - f l u x .  B o l d  
l i n e s  a r e  f i e l d  b o u n d a r i e s .  The dashed b o l d  l i n e  
i s  a  f i e l d  bounda ry  c a l c u l a t e d  f r o m  t h e  t h e o r y  
g i v e n  i n  t h e  p r e s e n t  paper .  T h i n  l i n e s  a r e  
c o n t o u r s  o f  c o n s t a n t  r e l a x a t i o n  t i m e  
each  i n  seconds) .  (From J. H. G i t t u s  



However, modi f icat ions t o  equation 11 would be necessary be- 

f o r e  i t  would apply t o  c y l i n d r i c a l  samples because i n  a sheet 

sample, f o r  which the equation was derived, the ma jo r i t y  o f  

the  grains are bounded on four  of t h e i r  s i x  sides by another 
- gra in  wh i le  t h i s  r a t i o  i s  less for  a cyl inder.  With L, = Lp - 

9 kl = k2 = 1, and q2 = q1 the fo l lowing expression resu l ts :  

A s t r a i n  r a t e  o f  2.3 x 10 -9 ,-I i s  predicted f o r  n icke l  a t  550'~ 
0 

w i t h  equation 12 whi le theabul k s t r a i n  ralt! deterii~lned from E 
9 

would be 2.1 x 10 l o  s . A d i f fe rence  of 15 i n  the s t r a i n  

r a t e  o f  t h i n  and bulk samples o f  N i d I W  a t  627 '~ and 5,000 ps i  

was observed by Matlock and ~ i x ! ' ~  however, a g ra in  s ize  d i f -  

ference existed between t h e i r  bul k and t h i n  samples . Correct ion 

f o r  the g ra in '  s i ze  makes t h i s  d i f ference about 25 times. 

A s t r a t n  r a t e  d i f ference o f  l ess  than an order o f  magnitude 

i s  expected f o r  n icke l  wires a t  550'~ because they w i l l  hav a 

L2 
f1 minimum o f  two t o  three grains across the diameter so t h a t  

w i l l  be zero and = w i l l  be approximately one. Equation 11 

redtrees t o  the fol lowing when these values f o r  L,  and LZ are 

i nserted : 

A t o t a l  s t r a i n  r a t e  f o r  n icke l  wires a t  550'~ and 5000 1 b/ in2 

equal t o  9.3 x 10 -lo swl i s  predicted by equation 13, which 

i s  on ly  f ou r  times greater than t h a t  predicted f o r  bul k n ickel .  
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APPENDIX: DEFORMATION MECHANISM MAPS FOR NICKEL BASED ON GRAIN SIZE 
AND THICKNESS 

I. Constitutive Equations 

1. Climb or Power Creep Law 

2. Nabarro-Herring 

3. Coble 

BULK 

BULK 

BULK 

11. Derivation of Map with Constitutive Equations for Bulk Samples 

A. Boundary Values at Equal Strain Rates. 

1. General Form 

2. Cob.le - N-H 
1 . . 



3. N-H and Climb 

1 (P-p ') 
(n-n ' ) (n-n ' ) 

4 ,  Boundary Between Climb - N-H and C1l~ll l .1 - CoLle 

(n' -n) 
Slope = 

.P P 

a) Slope (C:N-H) = -1.7 

b) Slope (C:C) = -1.1 

d 0 
B .  Range of - and - Values for Nickel Samples 

b G 

111. Derivation of Map with Constitutive .Equations for Thin Samples 

A. ~oundary Equations at  Equal Strain Rates 

1. General Form 

2. Coble-Nabarro-Herr ing 



3. Nabarro-Herring and Climb 

4 .  Boundary Between Climb - N-H and Climb-Coble 

t 
a )  - = cons tan t  

b 

nl-n 
SLOPE = - 

pl-P 

d 
b)  - = cons tan t  

b 

nl-n 
SLOPE = - 

Q1-Q 

B. Boundary Values 

1. Coble-Nabarro Herr ing 

t .. 5 
a )  Constant - - 2.5 x 10 

b 

d 
s o l u t i o n  breaks down - +  

b 

d 
b)  Constant - b 

2. N-H: Climb 



3. Slopes of  Boundaries 

1-4 4 a) Slope (Climb -N-H) = - 1 - - -3 .4  

1-4.4 b )  Slope (Climb-Coble)= - -1.7 
2 
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