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Recovery of T by Annealing of I r r a d i a t e d  A-15 Compounds* 
C 

. . 
. . D. Dew-Hughes, S. ~ o e h l e c ~ e +  and D.  0 .  Welch 
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Upton, New York 11973 

Abstract  

A model has been developed f o r  t h e  recovery ok T i n  rad ia t ion-  
C 

damaged A-15 compounds. This model has been applied t o  isothermal 

annealing da t a  a t  5 5 0 ~ ~  on a sample of Nb Ge, and t o  isochronal 
3 

annealing ( 2 0 0 " ~ - 9 0 0 ~ ~ )  data  on V S i ,  Nb Ge and Nb Sn subjected 
3 3 3 

t o  varying doses of f a s t  neu.crons, and on Nb A 1  of various compos i- 
3 

t i ons  subjected t o  dre same dose. 

The recovery is assumed t o  take place by vacancy-assisted 

reorder ing and occurs i n  severa l  s tages .  The major low-temperature 

s tage  involves a' f a i r l y  s t a b l e  populat ion of i r r ad i a t i on -  induced 

vacancies. A t  nigh temperatures tnese  a r e  replaced by thermal 

vacancies.' Act ivat ion energies  ca lcu la ted  fo r  tnese  processes,  

-0 -6-1.3 eV f o r  s i t e  interchange, and -1-2 eV f o r  vacancy forma- 

t ion,  a r e  cons i s t en t  wi th  what is known about d i f fu s ion  in  the  

A-15 s t r u c t u r e .  Act ivat ion energies  show some dependence upon 

r ad i a t i on  dose, b u t  l i t t l e  upon composition. 

*Work performed under the  auspices of t h e  U.S. Energy Research 
and Development Administration. 
+On leave from Univers idade Estadual  de Campinas; Braz 1.1, sup- 
ported by Conselho Nacional de Pesquisas. 



In t roduct ion 

The superconducting c r i t i c a l  temperature T of compounds with 
C 

t he  A-15 s t r u c t u r e  is p a r t i c u l a r l y  sens i t i v e  t o  r ad i a t i on  damage, 

and a t  s u f f i c i e n t l y  high doses can be reduced t o  a small s a t u r a t i o n  

value. This l o s s  of superconductivi ty is  associa ted wi th  radia t ion-  

induced disorder ,  and may be completely recovered by a s u i t a b l e  

annealing treatment.  Data is now being co l lec ted ,  e i t h e r  f o r  

isothermal o r  isochronal annealing, on the  r a t e  of recovery of T 
C 

a f t e r  i r r ad i a t i on ,  in  a number of A-15 compounds. 

The recovery of T is presumed t o  be a-consequence of the  re-  
C 

order ing of the  two species  of atom on the  A-15 l a t t i c e .  One of 

us, (DOW) has accordingly developed a model fo r  the  k i n e t i c s  of 

the reordering. prOc.ess i n  the . A - ~ s  s t ruc tu re .  .This model is based 
. . 

on Vineyard's theory fo r  the  reordering. of AB bcc and AB fcc  a l l o y s  
3 

by a vacancy mechanism,. and the  de t a i l ed  der iva t ion  of t he  model 

w i l l  be given elsewnere. 

The r e s u l t s  of t h i s  model a r e  applied t o  t he  experimental re-  

s u l t s  of  another of  us (SM) on Nb Ge, Nb A l ,  and V3Si, t he  d e t a i l s  
3 3 

of which a r e  t o  be found i n  a doc tora l  thes  is (2) : and t o  t he  re- 

s u l t s  of K a r ~ i n ,  e t  a l .  on Nb3Sn. (3 )  . 

Theory 

It  is assumed t h a t ,  in  common with  simpler metals, i n t e r s t i t i a l s  

a r e  mobile enough t o  annea'l during an ambient temperature r eac to r  



i r r a d i a t i o n  and, consequently, t h a t  reorder ing during subsequent 

annealing takes  place by interchange of A atoms (Nb, V, e t c . )  on 

B s i tes  wi th  vacancies on A s i tes ,  and by B atoms ( A l ,  Ga, S i ,  G e ,  

Sn, e t c . )  on A s i t e s  with vacancies on B s i t e s .  I t  is s t r a i g n t -  

forward t o  apply Vineyard's theory of  reordering by the  vacancy 

mechanism(') t o  t he  A-15 s t r u c t u r e .  Upon the  assumption t h a t ,  

in  t h e  temperature range of i n t e r e s t ,  the  equil ibrium degree of 

order  is very near uni ty  and t h a t  the  ordering energy is dominated 

by the  A-A "covalent  in te rac t ion"  along the  A-site chains,  the  

model y i e ld s  fo r  the  reordering i i inet ics  : 

where c-  (1-S) , S being the  usual  Bragg-Williams order  parameter, 

f  is the  f r a c t i o n  of vacant l a t t i c e  sites, v ( v  ) is the  attempt v A B 

frequency and U (U ) the  a c t i v a t i o n  energy f o r  the  jump of an A 
A B 

( B )  atom on a B (A) s i t e  i n t o  an adjacent  vacancy on an A (B)  

s i t e .  

I f  t he  r a t e  of  jumping of an A atom in to  an A s i t e  is very 

much g rea t e r  than the  r a t e  of jumping of a B atom i n t o  a B s i te ,  

i . e .  v e -U~/kT,>V e 
B 

-U~'kT, then . (1) becomes: 
A 

5 2 - 1 6  f v e  -ug/kt 
d t  v B 5 



i.e. it is a f i r s t  order  process.  I f  v e -"~/W,>v -'A/~', o r  if 
B A 

5 is small,  then equation (1) becomes: 

a second.order process.  

In tegra t ing  equations ( 2 )  and (3)  y i e ld ,  respect ively:  

and 

I f  da ta  from isothermal anneals a r e  ava i lab le ,  the  order  of the  

reorder ing process can be determined by wnicnever of an5 o r  
1 
c 

wnen p l o t t e d  aga ins t  time y i e ld s  a s t r a i g h t  l i n e ,  provided t h a t  

f  is constant .  Act ivat ion energies can be obtained from iso-  
v r 

. "  i-1 
. chronal annealing da t a  by p l o t t i n g  e i t h e r  -en an(- 

1 1 
) o r  -en(--- 1 

'i s i  5i-1 1 
A 

versus -, where 5 .is the  value a t  the  end of the  i t h  annealing 
T: i 

s t ep .  Again it m u s t  be assumed chat  f  does not  change appreci- v 

ably during each annealing step.. 

Unfortunately t h e  experiments do not  measure 5,  bu t  the  super- 

conducting t r a n s i t i o n  temperature, T . The value of T i n  ir- 
C C 

r ad ia ted  samples does, however, seem t o  vary l i n e a r l y  w i t h  S 

provided 1>S>0.6, ( * )  and in  what follows is taken as being 
T 

C 
propor t ional  t o  (1--)=y, t he  experimentally determined quant i ty .  

T 
CO 
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1 1 vacancies  i n i t i a l l y  present .  A p l o t  of - - - versus 0.0022 t + 
Y Yo 

-t/25 0.3 (1-e ) ,  Fig.  2 ,  y i e ld s  a very good s t r a i g h t  l i n e .  The 

f i n a l  po in t  i n  Fig. 1, a t  380 mins, and two fu r the r  po in t s  a t  

1820 and 5660. mins-, a l so  f a l l  below the  l i n e .  This probably ind i- 

ca t e s  t h a t  f is not  r e a l l y  constant ,  bu t  a l s o  decays exponen- 
v2 

.. t i a l l y ,  wi th  a re laxa t ion  time which is -10,000 min. This cannot 

be checked properly, as  t he re  a r e  i n s u f f i c i e n t  r e s u l t s  a t  ex- 

tremely long times. 

The reordering process does, of i t s e l f ,  not  r e s u l t  i n  a ne t  

l o s s  of vacancies; these  a r e  merely exchang,ed between the  two 

s u b l a t t i c e s  of the  A-15 s t r u c t u r e .  The change in  vacancy con- 

cen t r a t i on  can only be due t o  ann in i l a t i on  a t  s inks such a s  g ra in  

boundaries, d i s luca t ions ,  o r  o the r  defec t s .  The d i f fe rence  be- 

tween the  two f r ac t ions  of vacancies, can be e i t h e r  t h a t  those 

represented by f . a r e  s p a t i a l l y  much c lo se r  t o  s inks  than a r e  
vl. 

those i n  f , o r  t h a t  t h e r e ' a r e  some s inks  which become sa tura ted  
v2 

o r  exhausted a f t e r  absorbing only f of the  t o c a l  vacancies.  I t  

i s  no t  poss ib le  t o  specula te  f u r t h e r  a s  t o  the  exact  nature  of 

these  s inks  u n t i l  something is known of t he  p rec i se  na ture  of 

r ad i a t i on  induced defec t s  i n  t he  A-15 s t ruc tu re .  

That the  reorder ing process appears t o  be  second order ,  even 

a t  r e l a t i v e l y  l a rge  values OF 5, is no t  p a r t i c u l a r l y  su rp r i s ing .  

I t  implies t h a t  i n  the  A-15 s t r u c t u r e  B atoms a r e  more mobile than 



A atoms. This is . in l i n e  w i t h  wnat is known about growth of Nb Sn 
3 . . 

and V Ga i n  the  s o l i d  s t a t e ,  which occurs by t n e  d i f fu s ion  of B 
3 

atoms .across the  e x i s t i n g  compound layer .  (6) 

Isochronal  Anneals I 

The r e s u l t s  of  isochronal anneals on Nb Ge and Nb Sn i r r a d i a t e d  
3 3 

t o  d i f f e r e n t  doses, on 'Nb3A11 o f  varying composition, and on *V S i ,  
3 

a r e  now analyzed. I n  view 'of the  s l i g h t  preference fo r  a second 

order  process displayed in  the  previous sect ion,  the analyses a r e  

presented i n  terms of a second order  process.  ( I n  every case  a 

f i r s t  order  ana lys i s  has a l s o  been c a r r i e d  out ,  and the  r e s u l t s  

found t o  be worse than f o r  the  second order,  although the  con- 

c lus ions  reached a r e  much the  same.) From equation ( 5 ) ,  it may 

be seen t h a t  t he  change in  T during the  ith annealing s t e p  is 
C 

given by 

. . . . 

wnere f (i)  is the  average vacanacy concentrat ion during the  i th 
v 

s t ep .  Thus t h e  'apparent  a c t i v a t i o n  energy f o r  t he  recovery, Q ,  

1 1  
d t n  (--- 1 

Yi Yi-l . . dGnf (i) - v 
Q , z  - d ( l / k ~ .  ) - u A -  d ( l / k ~ .  ) 

1 1 

From the  r e s u l t s  of the  previous sect ion,  t he re  appears t o  be a 

f r a c t i o n  of the vacancy population which anneals ou t  rapidly .  



F.or annealing s t eps  i n  which t h i s  process is occ.urr.ing, Q z U  -E 
A m' 

where E is the  e f f e c t i v e  migration energy fo r  the  vacancy anneal- m 

ing. For annealing s t eps  a t  nigher temperatures during which the  

more s t a b l e  vacancy population is annealing ou t  slowly compared 

with t h e  r a t e  of reordering,  *UA. A t  s t i l l  higher temperatures, 

where t he  r ad i a t i on  induced vacancies have annealed out ,  QzUA+E 

where E is the  vacancy formation energy. 
f 

Figure 3 shows the  r e s u l t s  of 2 .hour isochronal anneals on 

th ree  pieces  of t h e  same Nb Ge specimen subjected t o  the  previously 
3 

described isothermal anneal, each.  subjected t o  d i f f e r e n t  doses of 

1 1 
f a s t  neutrons. ' I n  Fig.  4 '  dn(--- ) is p l o t t e d  versus 1 / ~ ~ ,  and 

Y i  Yi-l 

four  s tages  o f . r e o r d e r i n g  can b e . i d e n t i f i e d  i n  the  p l o t .  Stage I, 

corresponding t o  the  region of l i t t l e  change in  T in  Fig.  3, e x i s t s  
C 

up t o  about 4 0 0 ' ~  'and has a low slope.  Stage 11, between - - 4 0 0 - 6 0 0 ~ ~ ,  

corresponds t o  50-70% recovery of T and is reasonably l i n e a r  on 
C 

the  Arrhenius p l o t .  I n  Stage 111, --600-700°c, the  r a t e  of re-  

ordering appears t o  be constant  o r  even decrease with increas ing 

temperature, and a t  temperatures 'above - - 7 0 0 ~ ~ ,  t he  r a t e  of reorder-  

.ing again increases wi th ,  a s lope g rea t e r  than t h a t  of Stage 11. 

  he temperature range over which these .  various s tages  e x i s t ,  and. 

where appropr ia te  the  ac t iva t ion  energies  ca lcu la ted  therefrom, 

a r e  given i n  Table I .  A t e n t a t i v e  i n t e r p r e t a t i o n  or' t he  r e s u l t s  



is given in t he  discuss ion sec t ion .  

The r e s u l t s  of 2 hour isochronal anneals f o r  four samples of 

'Nb ~l ' of d i f f e r e n t  compos i t i o n ,  i r r ad i a t ed  t o  approximately the  
3 

same dose of f a s t  neutrons, a r e  shown in  Fig. 5. Up t o  --525O~, 

the  recovery process appears t o  be independent of composition. 

Above 525Oc the  d i f f e r e n t  compositions recover a t  d i f f e r e n t  races ;  

t he  g rea t e r  t he  depar ture  from stoicniometry the  slower the  r a t e  

of recovery. Above 8 0 0 ~ ~  a drop in  Tc is seen fo r  those samples 

with excess niobium. This i s  assoc ia ted  w i t n  p r e c i p i t a t i o n  of  

the  bcc s o l i d  so lu t ion  phase. 

1 1  1 
Figure 6 is  a p l o t  of dn (--- ) vs -. This d i f f e r s  a l i t t l e  

T. Y i  Yi-l 1 

from t n a t  of Nb Ge, i n  t h a t  Stage I1 shows two slopes.  Stage I I a ,  
3 

corresponding t o  the  region of recovery independent of composition, 

has a much lower slope than t n a t  of Stage I I b  above 525Oc. Within 

the  s c a t t e r  of the  points ,  the  s lopes  a r e  independent of  compos i- 

t i o n .  Again t he  r e s u l t s  a r e  l i s t e d  i n  Table I .  

The r e s u l t s  of 2 hour isochronal  anneals fo r  one sample of 

V S i is shown i n  Fig. 7 .  Differences i n  comparison wi th  t he  
3 

previous samples a r e  t h a t  ( i)  recovery begins a t  much lower tem- 

pera tures  ' ( 2 5 0 ~ ~  versus 450°c) ,  (ii) the re  is a very rapid  in- 

c rease  i n  T between 400 and 450°c, and (iii) a f t e r  t he  r a t e  of 
C 



T increase appears t o  t a i l - o f f  a t  - - S O O ~ C ,  it then shows a f a s t e r  
C 

r a t e  above 6 5 0 ~ ~  and almost t o t a l  recovery of T a t  7 0 0 ' ~ .  
CO 

These d i f fe rences  become even more apparent i n  t he  p l o t  of 

1 1  
&n (---- 

1 
) v e r s u s ? ,  Fig.  8. Stage I1 has a very low slope,  

Y i  Yi.-l 

Stage I11 is separated from Stage I1 by a l a rge  jump, and Stag,e 

I V  has an extremely high s lope.  More data,  including d i f f e r e n t  

i r r a d i a t i o n  dosages, and isothermal annealing curves, a r e  neces- 

s a ry  on t h i s  mate r ia l  before  a proper comparison can be made wi th  

the  o the r  A-15 compounds. 

Nb Sn 
-3- 

There a re ,  a s  ye t ,  few r epo r t s  of annealing s tud i e s  on ir- 

rad ia ted  A-15 compounds in  the  l i t e r a t u r e .  A reasonably de t a i l ed  

isochronal study on db Sn was c a r r i e d  out  by Karkin e t  a l .  ( 3  
3 / 

Specimens were annealed fo r  20 minutes a t  each temperature, fo l -  

lowing one of th ree  doses of  r 'ast neutrons. The r a t e  of . T  ' recovery 
C 

increases w i t n  increas ing temperature up t o  t he  po in t  of almost 

complete r e s to ra t i on  of the  o r i g i n a l  T . The curves a r e  not 
* C 

sigmoidal a s  found i n  t h i s  work. 

Their  r e s u l t s  a r e  analyzed in  terms of t he  above model i n  

Fig. 9.  I n  comparison with previous r e s u l t s  t he re  appears t o  be 

no Stage I11 in  the  process'. The da ta  i s  i n s u f f i c i e n t  a l s o  t o  

determine the  t r u e  exis tence  of a l i n e a r  Stage I V .  The act iva-  

t i o n  energies  quoted f o r  Stage I V  must be regarded a s  t e n t a t i v e .  



Discuss ion 

The r e s u l t s  a r e  summarized in  Table I .  Stage I, where it 

occurs, is thought t o  be associa ted wi th  t h e  i n i t i a l l y  high 

f r a c t i o n  of mobile vacancies, f  , which a r e  ann ih i la ted  i n  t he  
v1 

e a r l y  p o r t  ion of the  anneal ing process.  

Stage I1 represents  the  reorder ing of  displaced atoms by 

means of  a longer l i ved  f r ac t ion  of r ad i a t i on  induced vacancies, 

f . Tile ac,tiwatFon energy fo r  t h i s  process increases wi th  in-  
V 7  

c reas ing  f a s t  neutron dose. I t  is not  a t  a l l  c l e a r  why the re  

should be two a c t i v a t i o n  energies fo r  t he  Nb A 1  specimens. The 
3 

Stage I1 a c t i v a t i o n  energies,  U, a r e  p lo t t ed  versus R /R the  
A B" 

radius  r a t i o  of the  A and B atoms, according t o  the  modified 

(7) G e l 3 . e r  scneme, , i n  Fig. 10. I t  would seem t.nat U is l i n e a r l y  

propor t ional  t o  R /R t he  slope increas ing f o r  increas ing radia-  
A B) 

t i o n  dose. I t  is i n t e r e s t i n g  t o  note t h a t  ex t rapo la t ion  of these  

po in t s  c u t s  t h e  U=O ax i s  a t  R /RBsO.  34. . This i s  the  most probable 
A 

value of R ~ / R ~  a s  found by Hartsough (8) f o r  the  A-15 s t r u c t u r e .  

The s ign i f icance ,  i f  any, of t h i s  r e s u l t  is not  a t  p resen t  under- 

stood. The t r end  is contradic tory  t o  t h a t  found by Luhman and 

Sweed1e.r. This  p l o t  p red ic t s '  f o r  V Ga a value of U=0.025 eV. 
3 

I f  co r r ec t ,  t h i s  would expla in  t h e  d i f f i c u l t y  experienced i n  t r y -  

ing t o  d i sorder  V G a  by i r r a d i a t i o n  a t  r eac to r  temperature (-140- 
3 



Stag'e I1 is ' thought t o  end with the  exhaustion of t.ne radia-  

t i o n  induced vacancies, i .e . ,  fv +O, a t  the  usual vacancy s inks .  
2 

Stage I11 i s  an intermediate regime between Stages I1 and I V ,  

and is absent  i f  I1 and, I V  overlap.  Stage I V ,  which represents  

an increase i n  t he  r a t e  of recovery of T , is i n  a temperature 
C 

range i n  which the  generat ion of t,nermal vacancies is , l i k e l y  t o  

be s i g n i f i c a n t .  Reordering now takes p lace  wi tn  the  a i d  of thermal 

vacancies; t h e  measured a c t i v a t i o n  energy .is U plus the  energy or' 

formation of an A-site vacancy. The d i f fe rence  between Stage I1 

and Stage I V  energies is tnis  vacancy 'formation energy. Values 

of -1.4 eV for  Nb Ge, 1.1 eV fo r  Nb A l ,  1 .2 -2 .2  eV fo r  Nb Sn 
3 3 3 

seem e n t i r e l y  reasonable. The value., -5.8 eT7, f o r  V - S  F, is much 
3 

too la rge .  

Taking an average value f o r  t he  formation energy of vacancies 

in  the  A-15 s t r u c t u r e  of -1.5 eV and sub t r ac t ing  t h i s  from " t y p i c a l "  

a c t i v a t i o n  energies  f o r  s e l f -d i f fu s ion  of t i n  through N b  Sn (10) 
3 

and gallium through V Ga, 
3 

(11) -2.5-2 - 8  eV, est imated from r a t e s  

of layer 'growth,  suggests  t h a t  t h e  migration energy of vacancies 

is of the  order  of  1 eV, comparable t o  t he  ac t iva t ion  energies  

i n  Stage I1 recovery of order .  Though the  processes of  l ayer  

growth involve t h e  movement of B atoms on the  B s u b l a t t i c e ,  and 

a r e  there fore  no t  i d e n t i c a l  with t he  reordering processes s tudied 

here, the  consistency of  t he  r e s u l t s  . is sa t i s fy ing .  



conclus ions 

1. The recovery of T i n  A-15 compounds upon annealing a f t e ' r  
C 

i r r a d i a t i o n  has been in te rpre ted  a s  being due t o  a vacancy-assisted 

reorder ing process.  

2 .  A model fo r  t he  reorder ing process has been develope'd, 

based upon Vineyard's theory. The process follows second order  

k i n e t i c s .  

3 .  The reordering process is character ized by a f i r s t  s t age  

' during which the  i n i t i a l  vacancy populat ion is rap id ly  reduced, 

a second s tage  in  which reordering is a s s i s t e d  by a f a i r l y  s t a b l e  

populat ion of radiation-induced vacancies, a t r a n s  i t i o n  s tage  dur- 

ing which the  radiation-induced vacancies a r e  depleted,  and a f i n a l  

s tage  involving thermal vacancies. 

This ana lys i s  has pointed ou t  the  need f o r  more de t a i l ed  re- 

s u l t s  on the  recovery of i r r a d i a t e d  A-15 superconductors. More 

mate r ia l s  should be s tudied,  i n  which composition, dose and type 

of ioniz ing r ad i a t i on  a r e  varied.  I r r a d i a t i o n s  c a r r i e d  o u t  a t  

-20 K a r e  necessary t o  charac te r ize  the  types of defec t s  produced 

in  these  s t r u c t u r e s .  Long-time isothermal anneals a r e  necessary 
, 

t o  properly determine the order  of t he  k i n e t i c s  of  t he  recovery 

processes.  I t  is .noped t n a t  t h i s  paper w i l l  s t imula te  f u r t h e r  

e f f o r t s  i n  these  a reas .  
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T a b l e  I 

Specimen Tco (K) Dose Tc, (K) S t a g e  I S t a g e  I1 S t a g e  I11 S t a g e  IV 
(n/ cm2 ) 1 Temp. (O C) Temp. ('C) AG (eV) Temp. (O C )  Temp. (O C) A G(eV)  
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Fig .  2. 
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t[=0.0022t+0.3(1-e -t'25) 1, f o r  t h e  sample of  Nb G e  shown 
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i n  F ig .  1. 

Fig .  3 .  2 hour i sochronal  anneal ing  curves f o r  ND Ge a f t e r  ir- 
3 

r a d i a t i o n  t o  t h r e e  d i f f e r e n t  doses  of  f a s t  neut rons .  

- 1  1 
Fig .  4 .  Ln(--- 

1 
) versus  - f o r  t h e  N b  Ge samples shown i n  
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Fig .  3.  

F ig .  5 .  2 hour i sochronal  anneal ing  curves f o r  samples of  N b  A 1  3  

o f d i f f e r i n g  compositions,  a f t e r  i r r a d i a t i o n  t o  tile same 

dose of  f a s t  neutrons.  

1 1  
Fig.  6 .  In(--- 
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) versus  - f o r  t h e  Nb A 1  samples shown i n  
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Fig .  5. 

Fig.. 7 .  . 2  hour i sochronal  anneal ing  curve  f o r  a  'sample of  V S i  
3 

a f t e r  f a s t  neutron i r r a d i a t i o n .  

-L I I 
Fig.  8. &n(--- ) versus  - f o r  t h e  V S i  sample shown i n  F ig .  5.  

Y i  Yi-l T 3 
7 .  

Fig.  9. - ~ n ( A - e )  versus  I - f o r  samples o f  N b  Sn a f t e r  i r r a d i a -  
Y; i-1 T 3 
A 

t i o n  t o  t h r e e  d i f f e r e n t  doses  o f  f a s t  neutrons,  d a t a  

from r e f e r e n c e  ( 3 )  . 
Fig .  10. Ac t iva t ion  energy f o r  S tage  I1 of i sochronal  recovery,  

p l o t t e d  versus  t h e  G e l l e r  r a d i u s  r a t i o ,  R /R f o r  
A B' 

s e v e r a l  A-15 samples. 
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