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MODELS FOR FROZEN-FREE-SPLIT PHENOMENA IN e- -IRRADIATED A1 AND A1-Fe - 

K.-H. Robrock and H.R .  Schober 

I n s t i t u t  fiir E'estkiirperforschmg, KemforschungsanZage JuZich, 0-5170 JuZich, 
F. R. G. 

Abstract.- Samples of pure Al and Al containing 400 atppm Fe have been i r r a -  
d ia ted  with e lec t rons  a t  4.2K and annealed a t  subsequently higher tempera- 
t u r e s .  During the  annealing program i n  pure Al, t h e  growth and decay of two 
p a i r s  of mechanical re laxa t ion  peaks was observed, and i n  &-Fe of one p a i r .  
The members of' each p a i r  grow and decay i n  a p a r a l l e l  fashion.  They a r e  ex- 
plained as  being due t o  the  s t r e s s  induced occupation of two d i f fe ren t  s e t s  
of e l a s t i c  energy l e v e l s  v i a  two d i f f e r e n t  re laxa t ion  modes by the  reor ien ta -  
t i o n  of t h e  same defec t .  For t h e  p a i r s  i n  pure A1 and f o r  t h e  p z i r  observed 
i n  &-Fe a tomis t ic  models a re  given based on computer simulation s t u d i e s .  

Introduction.- Many examples a r e  known where i r r a d i a t i o n  induced s e l f - i n t e r s t i t i a l  

atoms give r i s e  t o  mechanical re laxa t ion  peaks /1,2/. I n  t h e  case of pure Al, these 

peaks were a t t r i b u t e d  t o  s ing le  and mult iple  s e l f - i n t e r s t i t i a l s  ( S )  / 3 , 4 / ,  and i n  

A1-Fe t o  so-called SI-complexes, which cons i s t  of one or  severa l  s e l f - i n t e r s t i t i a l s  - 
bound a t  an impurity atom (I) /5/.  Since t h e  peak he igh ts  a r e  proport ional  t o  t h e  

concentrations of t h e  defec t s  responsible  f o r  t h e  peaks, it i s  possible  t o  follow 

the  change of concentrat ions of ind iv idua l  defec t s  during t h e  course of an isochro- 

n a l  tempering t reatment .  In some cases it was observed, t h a t  two peaks of t h e  re-  

l axa t ion  spectrum showed t h e  same annealing behaviour i n  c o n t r a s t  t o  t h e  d i f f e r e n t  

behaviour of t h e  o thers .  This p a r a l l e l  annealing must be considered a s  a very s t rong  

ind ica t ion ,  t h a t  each peak doublet i s  caused by one defec t  v i a  two separate  relaxa- 

t i o n  modes r a t h e r  than by two d i f f e r e n t  defec t s .  This phenomenon has been named 

"frozen-free-splitt'-phenomenon i n  t h e  l i t e r a t u r e  / 6 / .  The aim of  t h e  present  

a r t i c l e  i s  t o  describe atomist ic  models, by wnich t h e  occurance of double relaxa- 

t i o n  modes observed i n  pure A 1  and &-Fe can be explained. 

Experimental.- De ta i l s  of t h e  experiments a re  described elsewhere /3 ,4,5/ .  The i r r a -  

d ia t ions  were performed a t  t h e  low temperature i r r a d i a t i o n  f a c i l i t y  of KFA Jiilich 

a t  4.2K with 3 MeV e l e c t r o n s .  The e l a s t i c  a f t e r  e f f e c t  measurements on A 1  were 

ca r r ied  out i n  a t o r s i o n a l  pendulum using a l a s e r  interferometer  technique, t h e  

i n t e r n a l  f r i c t i o n  measurements on A1 and g - F e  i n  t h e  same apparatus ,  using an 

electromagnetic pick up system. The concentration of  r a d i a t i o n  induced defec t s  

were monitored by simultaneously i r r a d i a t e d  r e s i s t i v i t y  samples. 
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Resu l t s . -  In Tig .  1 and 2 ,  t h e  r e s u l t s  a r e  shown. m e  r e s p e c t i v e  upper f i g u r e s  d i s -  

p l ay  t h e  r e l a x a t i o n  s p e c t r a  of e l e c t r o n  i r r a d i a t e d  A 1  and Q-Fe, f o r  a  f i x e d  r e l axa -  

t i o n  t ime .  The b a r s  i n d i c a t i n g  t h e  peaks a r e  pos i t ioned  a t  t'nose t empera tu res ,  where 

t h e  p rocesses  have a  r e l a x a t i o n  t ime of  100s ( A l )  and 0.04s ( 4 - F e ) ,  r e s p e c t i v e l y .  

The h e i g h t s  of t h e  b a r s  correspond t o  t h e  maximum peak h e i g h t s ,  A o ,  ob ta ined  d u r i n g  

t h e  tempering t r ea tmen t .  
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' f ie r e s p e c t i v e  ,Jpper f i g u r e s  r e p r e s e n t  a  schematic view of  t h e  mechanical r e l axa -  
t i o n  spectrum of  e l e c t r o n  i r r a d i a t e d  N a t  T = 100s and g - F e  a t  T = 0 .04s ,  where 
T i s  t h e  relaxation t ime.  The r e l a x a t i o n  s t r e n e t h , A o , i s  t h e  l a r g e s t  value  ob- 
t a i n e d  d u r i n g  an 10 min i sochrona l  annea l ing  t r ea tmen t .  The r e s p e c t i v e  lower 
curves  show t h e  build-up and recovery of  t h e  d i f f e r e n t  r e l - axa t ion  peaks observed 
dur ing  t h e  annea l ing  t r ea tmen t .  

Below t h e  normalized peak h e i g h t s ,  A I L o ,  a r e  p l o t t e d  a s  a  func t ion  o f  annea l ing  

t empera tu re .  I n  pure  A l ,  p rocess  M h a s  been i d e n t i f i e d  a s  t h e  migrat ion and simul- 1 
taneous  r e o r i e n t a t i o n  p rocess  o f  t h e  s i n g l e  s e l f - i n t e r s t i t i a l  i n  form of  100-dumb- 

b e l l s  / 3 / .  As t h e s e  mig ra t e ,  t hey  may encounter  o t h e r  s e l f - i n t e r s t i t i a l s  o r  t h e  

Fe-atoms i n  s o l u t i o n ,  wi th  which they  form e i t h e r  multip1.e s e l f - i n t e r s t i t i d s  i n  

t h e  case  o f  pure  A l ,  o r  SI-complexes i n  t h e  case  of  &-Fe. The f a c t  t h a t  p rocesses  

Ro ,  R and p a r t i a l l y  R,, i n  A 1  as w e l l  a s  p rocesses  1  and 4 i n  &-Fe grow p a r a l l e l  2 
with t h e  decay of M I  has  l e d  t o  t h e  conc lus ion ,  t h a t  t h e s e  p rocesses  a r e  caused 

by r e a c t i o n  p r o d l ~ c t s  o f  t h e  mig ra t ing  s e l f - i n t e r s t i t i a l s :  Mul t ip l e  s e l f - i n t e r s t i -  

t i a l s  i n  t h e  case  of  pure A 1  and SI-complexes i n  t h e  case  o f  &-Fe. The remarkable 

f e a t u r e  i s  not  on ly  t h a t  a l l  t h e s e  p rocesses  appear i n  a  para]- le l  f a s h i o n ,  b u t  t h a t  

t h e y  fo l low pa i rwi se  t h e  same beha.viour d u r i n g  t h e  subsequent tempering treatment;: 



The ( R 2  , M ~ ) - d o u b l e t  decays  i n  a narrow temperature  range around 47~, t h e  (n0,Rh)- 

doub le t  remains cons tan t  up t o  about 6 0 ~  and a l s o  decays  i n  a  narrow temperature  

range t o  ze ro .  F i n a l l y ,  t h e  ( l , 4 ) - d o u b l e t  i n  g - F e  decays  i n  a  p a r a l l e l  f a sh ion  by 

about 15% between 80K and 200K, and then  i n  a  s t e p  t o  zero  a t  220K. 

The annea l ing  curves  of t h e  o t h e r  p rocesses  R1, R3, R and 3 ,  3, 5 ,  6 fo l low 
5 

e n t i r e l y  d i f f e r e n t  t r e n d s  t h a n  those  of  t h e  pa i r cd  peaks .  

Uiscuss ion. -  l'he p a r a l l e l  behaviour  of  t h e  two members of  each of t h e  p a i r s  i s  a  

r a t h e r  s t r o n g  i n d i c a t i o n ,  t h a t  t hey  r e s u l t  from t h e  r e o r i e n t a t i o n  o f  t h e  same de- 

f e c t  v i a  two d i f f e r e n t  r e l a x a t i o n  modes r a t h e r  than  from two d i f f e r e n t  d e f e c t s ,  

which undergo f o r t u i t o u s l y  t h e  same r e a c t i o n s  d u r i n g  t h e  temper ine  t r ea tmen t .  Th i s  

view is suppor ted by r e c e n t  computer s imula t ion  s t u d i e s  /'(-lo/ of t h e  s t a b i l i t y  

and m o b i l i t y  of d i f f e r e n t  s e l f - i n t e r s t i t i a l - c o n f i g u r a t i o n s  which w i l l  be  d i scussed  

i n  t h e  fo l lowing.  

One o f  t h e  ou t s t and ing  p r o p e r t i e s  of  t h e  <loo> dumbbell s e l f - i n t e r s t i t i a l  is  i ts  

c a p a b i i i t y  t o  perform low frequency r e sonan t  l i b r a t i o n  modes. These have been found 

f o r  s i n g l e  <loo> dumbbells / 8 / ,  f o r  dumbbells which a r e  members i n  a  m u l t i p l e  i n t e r -  

s t i t i a l  /7/ and a l s o  i.or mixed dumbbells / a / .  These l i b r a t i o n  modes are very sens i -  

t i v e  t o  p e r t u r b a t i o n s ,  and can be made l o c a l l y  uns t ab ly  by s m a l l e s t  changes i n  t h e  

p o t e n t i a l  used i n  t h e  computer s imula t ion .  These l o c a l  i n s t a b i l i t i e s  may cause  a 

tilt of  t h e  dumbbell away from t h e  e x a c t  <001> d i r e c t i o n  f o r  up t o  10'. Such tilts 

have been found f o r  d i i n t e r s t i t i a l s  /7/  and f o r  mixed dumbbells / 9 / .  

The d i i n t e r s t i t i a l  c o n s i s t i n g  of  two p a r a l l e l  t i l t e d  dumbbells is  shown i n  

f i g .  3. F i g .  3a shows t h e  two e q u i v a l e n t  o r i e n t a t i o n s ,  which t h e s e  dumbbells may 

occupy. T r a n s i t i o n s  between t h e s e  two may cause an  IF peak wi th  an a c t i v a t i o n  

F i g .  3: ( a )  "Tiltw-jump and ( b )  90'-jumps o f  t h e  d i i n t e r s t i t i a l  atom c o n s i s t i n g  
of  two p a r a l l e l  t i l t e d  dumbbells.  
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energy of  t h e  o r d e r  of 0.01 eV according t o  t h e  computer simul.a%ion. Th i s  d i i n t e r -  

s t i t i a l  may undergo a second r c o r i e n t a t i o n  a s  shown i n  f i g .  3b, which i s  expected 

t o  g ive  r i s e  t o  a second r e l a x a t i o n  e f f e c t  wi th  an a c t i v a t i o n  energy of  t h e  o r d e r  

of  0.1 eV. This  l a t t e r  jumpca~;sess imultaneously wi th  t h e  r e o r i e n t a t i o n  e f f e c t  a 

l ong  range d i f f u s i o n  of  t h c  d i i n t e r s t i t i a l .  This  i s  e x a c t l y  whet h a s  been observcd 

f o r  t h e  peak p a i r  (R M ) where ir! R2 on ly  a l o c a l  reorientation i s  involved,  
2'  2 ' 

whereas i n  M2 i n  a d d i t i o n  t o  $he r e o r i e n t a t i o n  a long  rangc d i f f u s i o n  occur s  / 4 / .  

The only  s e r i o u s  d iscrepan-y i n  t h i s  r r s s ipmcn t  l i e s  i n  t h e  f a c t ,  t h a t  t h e  expe r i -  

menta l ly  observcd a c t i v a t i o n  e n e r a  o f  R 2 ,  which i s  0.09 eV i s  nuch h ighe r  than  ex- 

pected f o r  a s l i g h t l y  t i i t e d  dumbbell. 

Larger m u l t i p l e  i n t e r s t i t i a l  a t o n s  may a l s o  con te in  t i l t e d  dumbbells.  Tilt- jumps 

and 9 0 ~ - j w n ~ s  a s  be fo re  of  dumbbells i n  one o l  t h e s e  nultip1.e interstitial atoms 

nay b e  invoked t o  account f o r  t h e  occurcnce of t h c  second peak doub le t  ( R  R ) ob- 
0 '  4 

se rved  i n  A l .  

The <001>-mixeci dunbbel l  i s  shown i n  f i g .  4a ,  where an impuri ty  atom and a h o s t  

atom a r e  members of  he dumbbell. Tilere a r e  6 equ iva len t  p o s i t i o n s  of  t h e  mixed d+ 

b e l l  around t h e  o c t ~ h e d r a l  c e n t r e ,  where t h e  impuri.ty-end p o i n t s  always t o  t h i s  cen- 

t r e .  Reor i en ta t ion  jumps may occur by j:unps of t h e  impurity-atom from one s i t e  t o  

another  l i k e  i n  a cage.  

F ig .  4a: The <001> xixed dunbbel l  with t h e  "cageff i n  which t h e  impuri ty  may r a t t l e  
around. 

F i e .  4b: T i l t e d  mixed dumbbell. The fou r fo ld  dcgerleracy o f  t h e  co rne r s  o f  t h e  oc ta -  
h e d r a l  cage i s  l i f c e d .  Two ,jumps a t  d i f f e r e n t  r a t e s  v ,  and v2  occur  u i t h -  
i n  the squa res  and f'rom ope square  t o  t h c  o t h e r ,  r e s p e c t i v e l y .  

F ig .  4c: S p l i t  Lrigonal cage. It develops from t h e  previous  one (Pip;. 4b)  by in- 
c r e a s i n g  t h e  s i z e  of t h e  squa res ,  whereby t h e  s i z e  of  t h e  t r i a n g l e s  de- 
c r e a s e s .  

If t h e  dumbbell i s  t i l t e d  t h e  'ourfold degeneracy of t h e  co rne r s  of  t h e  octahe- 

&a1 cage is  l i f t e d  and a new cage wi th  24 equ iva len t  conf igu ra t ions  i s  formed a s  

shown i n  f i g .  hb. Two d i f f e r e n t  jumps can occw i n  t h i s  cage:  juaps wi th in  each o f  



t h c  squa res  a t  a r a t e  v l ,  and jumps from one square  t o  ano the r  a t  a r a t e  v 2 '  
Although t h i s  " t i l t e d "  dmbbel l  model e x p l a i n s  i n  p r i n c i p l e  t h e  occurence o f  a 

peak doub le t  because of t h e  two d i f f e r e n t  jumps, it t u r n s  o u t  t h a t  t h e  peak p a i r  

(1 ,4 )  i n  A1-Fe cannot be  expla ined by t h i s  model Secause of t h c  fo l lowing  pecu1j.w 

p rope r ty  o f  t h i s  p a i r :  Both peaks a r e  cklaracter izcd by & C  # 0 and 6C' 2 0 ,  i . e .  

bo th  peaks a r e  i n d u e d  by a pure C-shear de fo rma t io r~  / 5 / .  I n  o r d e r  t o  account f o r  

t h e  non van i sh ing  r e l a x a t i o n  s t r e n g t h  of  t h e  high temperature  peak ( 4 )  it i s  ne- 

c e s s a r y  t o  assume t h a t  t h e  f u l l  thermodynamic equ i l ib r ium dis1; r ibut ion o f  t h e  Fe- 

atoms among t h e  24 r o s i t i o n s  can on ly  be achieved by t h e  u2-junps, and a l r eady  not  

by t h e  v jumps a t  low t empera tu res .  I t  t u r n s  ou t  now t h a t  t h i s  requirement i s  jusl, 
1 

no t  f ' u l f i l l c d  by t h e  t i l t e d  dumbbell: The system can a l r eady  r c l a x  i n t o  t h e  f ina l .  

equ i l ib r ium v i a  vl-jumps s o l e l y  / 9 / ,  and t h e r e f o r e  a second peak under a C-defor- 

ma ti or^ cannot bc expla ined d e s p i t e  o f  t h c  two d i f f ' e r en t  jump modes. 

S e v e r a l  o t h e r  cage s t r u c t u r e s  have been examined. One p o s s i b l e  cand ida te ,  which 

would e x p l a i n  t h e  p resen t  observations is  shown i n  f i g .  4 c .  This  cage cen be en- 

v isaged a s  devel.oping from the  previous  one by i n c r e a s i n g  t h e  squa res ,  whereby t h c  

s i z e  of t r i a n g l e s  dec reascs .  A s  !.he s e p a r a t i o n  i n  t h e  t r i a n g l e  becomes smal.1, t h e  

low temperature  peak wou1.d occur v i a  jumps i n  t h e  t r iangl .e ,  and t h e  high tempera- 

t u r e  peak v i a  jumps i n  t h e  squa rcs .  Th i s  cage could  i n  f a c t  account for a l l  t h e  

p r o p e r t i e s  of  t h e  peak double t  (1 ,4 )  i n  A1-Fe. 

There i s  however a seve re  o b j e c t i o n  e g a i n s t  th i . s  model coming from an e n t i r e l y  

d i f f e r e n t  s i d e : T h e l o c e l i z c d  d i f f u s i o n  of  t h e  F'e-atoms i n  a cage has  a l s o  been ob- 

served r e c e n t l y  by Mijljbauer measuremcrits / I ? / .  The r e s u l t s  of t h e s e  measurements 

however a r e  not i n  egreement wi th  t h e  cage shown i n  f i g .  kc,  i..e . t h e  cage which 

exp la ins  t h e  IF-peaks w e l l  does  n o t  s o  f o r  t h e  MoDbauer measurements / 1 2 / .  A l l  

cages  compatible wi th  t h e  cubic  symmetry o f  t h e  f c c  l s t t . i c e  con ta in ing  up t o  31+ i n -  

t e r s t i t i a l  s i t e s  f o r  t h e  s o l u t e  atom have been examined. There a r e  two o t h e r  cages 

which could  e q u a l l y  w e l l  account f'or t h e  p resen t  IF ' - resul ts  on &-Fe l i k e  t h e  pre- 

v ious  one,  b u t  agzin  both models f a i l  t o  exp la in  t h e  MGBbauer r e s u l t s .  

Conc1.usion.- Peak doub le t s  which man i re s t  themselves by t h e i r  p a r a l l e l  annea l ing  

behaviour  have been observed i n  i r r a d i a t e d  A1 and &-Fe. Atomis t ic  models invol-  

v i n g  t i l t e d  dumbbells and l o c a l i z e d  d i f f u s i o n  of t h e  Fe-ntoms i n  i n t e r s t i t i a l  cages ,  

r e s p e c t i v e l y ,  may i n  p r i n c i p l e  e x p l a i n  these  obse rva t ions .  I n  d e t a i l ,  however, it 

i s  no t  p o s s i b l e  t o  p resen t  d i s t i n c t  models a t  t h e  ? re sen t  t ime .  For &.-Fe i n  par-  

t i c u l a r  a model account ing f o r  thc  MBDbauer r e s u l t s  s imul taneously  wi th  t h e  pre-  

s e n t  I F - r e s u l t s  i s  s t i l l  l a c k i n g .  
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