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i i

ABSTRACT

The determ ination  o f  the k in e t ic s  o f  o rd erin g  f o r  va riou s  ord erin g  

phenomena o f  the Iron-Aluminum system u t i l i z in g  e x c lu s iv e ly  th e  Mossbauer 

e f f e c t  technique i s  shown to  be in fe a s ib le  f o r  a l l  but a h ig h ly  r e s t r i c ­

t i v e  co n s id e ra tio n  from experim ental as w e ll as t h e o r e t ic a l  ev id en ce . 

A lso , the p o s s ib le  use o f  the Mossbauer e f f e c t  f o r  the a n a ly s is  o f  oth er 

ordered  systems i s  d iscu sse d .

An a lte r n a t iv e  method f o r  the a c q u is it io n  o f  the needed in f o r ­

m ation u t i l i z i n g  d i f f r a c t io n  and Mossbauer techn iques i s  p resen ted  re ­

co g n iz in g  the need f o r  a computer f i t t i n g  a n a ly s is  o f  the complex Moss- 

bauer e f f e c t  sp e c tra . However, a t  th is  stage o f  in v e s t ig a t io n ,  no 

experim ental work has been perform ed using the a lt e r n a t iv e  method.
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CHAPTER 1

INTRODUCTION TO THE MOSSBAUER EFFECT

A llo y in g  i s  an a d u lte ra tio n  o f  a pur© metal by another m etal and 

the lo c a t io n  o f  these fo r e ig n  atoms in  the c r y s ta l  l a t t i c e  o f  the h ost 

m etal i s  o f  condern. I f  th e  fo re ig n  atoms m erely re p la ce  atoms o f  the 

parent m etal on some o f  the l a t t i c e  s i t e s ,  the a l l o y  i s  known as a 

s u b s t itu t io n a l s o l id  s o lu t io n . For many years resea rch ers  supposed 

th at the replacem ent o f  atoms o f  one element by th ose  o f  another to  

form a prim ary s u b s t itu t io n a l s o l id  s o lu t io n  d id  so by a p u rely  random 

replacem ent. As theory  p rogressed , the qu estion  o f  whether the atoms 

o f  d i f f e r e n t  kinds may be d is tr ib u te d  in  an order® ! d is t r ib u t io n  a ro s e . 

Present knowledge v e r i f i e s  th at th ere  a re  indeed p o s s ib le  ordered 

d is t r ib u t io n s .

P re se n tly  there a re  two types o f  approaches f o r  the study o f  the 

d is t r ib u t io n  o f  the atoms over the l a t t i c e  p o in ts . The secondary 

approach observes changes o f  some p h y s ica l p roperty  o f  the a l l o y  upon 

i t s  o rd e rin g . D ilatom etry and e l e c t r i c a l  r e s i s t i v i t y  are  the most 

commonly used secondary tech n iqu es. The primary approach in v o lv e s  the 

d ir e c t  o b se rv a tio n  o f  the ord erin g  p r o ce s s ; o f  co u rse , th is  cannot be 

accom plished p re se n tly , but there does e x is t  pseudo prim ary approaches. 

Of th ese , d i f f r a c t io n  tech n iqu es , e le c t r o n  m icroscopy and Mossbauer 

e f f e c t  a re  th e  most commonly used.

S ince 1923» X-Ray d i f f r a c t io n  served  as the m ajor t o o l  f o r  the 

study o f  ordered  system s; however, w ith  the work o f  Rudolf L, Mossbauer



2

in  1957» a n®w t o o l  f o r  the stu dy  o f  a toad c ord er  became a v a i la b le ,  

a lth ou gh  n ot im m ediately re co g n ize d . S ince the Mossbauer e f f e c t  o r  

th e  r e c o i l e s s  gamma ray  f lu o r e s c e n c e  i s  u t i l i z e d  in  the p r e s e n t  study, 

the fo l lo w in g  d is c u s s io n  in tro d u ce s  the p h ysica ] con cep ts  o f  th e  

M ossbauer e f f e c t  and p ro g re sse s  to  i t s  a p p lic a t io n  in  the stu dy  o f  

a tom ic  o rd e r .

M ossbauer's d is c o v e r y  r e s t s  on the r e a l iz a t io n  th a t  some o f  th e  

e n e rg ie s  a s s o c ia te d  w ith  n u c le a r  events a re  not la r g e r  than th ose  o f  

l a t t i c e  v ib r a t io n s . The e n erg ies  in  q u estion  a r c  th ose  a s s o c ia te d  w ith  

the r e c o i l  im parted to  a nucleus by the em ission  o f  a low  energy gamma 

ra y  and a re  analogous to  the r e c o i l  a s so c ia te d  w ith  the f i r i n g  o f  a 

r i f l e .  As exp ected , the n u c le a r  r e c o i l  i s  a sm all energy and b e fo r e  

M ossbauer’ s work th e  energy o f  a gamma ray was im p o ss ib le  to  measure w ith  

s u f f i c i e n t  p r e c is io n  t o  d e te c t  such a sm all energy d i f f e r e n c e .  With 

th e  d is c o v e r y  o f  r e c o i l  f r e e  em ission  and reson ant a b s o rp tio n  o f  n u c le a r  

gamma rays in  s o l id s  by M ossbauer, th is  energy d i f f e r e n c e  co u ld  be 

m easured. B efore e x p lo r in g  th e  f a r  reach ing consequences o f  t h is  d i s ­

c o v e r y , a c o n s id e r a t io n  w i l l  be  made o f  the term ’ reson an t a b s o r p t io n ’ 

w hich appeared in  th e  above d is c u s s io n .

A co u s t ic  reson ance i s  e a s i l y  dem onstrated w ith  two tu n in g  fo rk s  

having the same fre q u e n cy . I f  one i s  s tru ck , th e  o th e r  w i l l  a ls o  b eg in  

t o  v ib r a te  because i t  i s  d r iv e n  b y  the sound waves emanating from the 

f i r s t  on e .

At the beg in n in g  o f  t h is  cen tu ry  resonance in  a tom ic system s was 

dem onstrated by R. W, Wood who used the y e llo w  l i g h t  em itted  by sodium 

atom s; the sodium D l in e s  which was produced by NaCl p la ce d  in  a flam e. 

Each o f  th ese  D l in e s  o f  d e f in i t e  frequency  and w avelength may be con­

s id e re d  as corresp on d in g  to  a n a tu ra l v ib r a t io n  freq u en cy  o f  th e  sodium
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ou ter e le c tro n s . When the l ig h t  from the sodium flam® i s  focu sed  on 

an evacuated bulb f i l l e d  with sodium vapors, a ye llow  glow i s  observabDe, 

The sodium atoms in  the bulb are a ct in g  in  a manner s im ila r  to  that o f  

the second tuning fo rk  xdiere they are a b s tra ctin g  energy from the in c id e n t 

beam o f  ye llow  l i g h t  and rera d ia tin g  i t  in  a l l  d ir e c t io n s ,  i . e , ,  pro­

ducing resonance f lu o re sce n ce . I f  other atoms are  not 'tuned* to the 

sodium D l in e s  no e f f e c t  w i l l  be observed.

From a quantum mechanical p o in t o f  view , the c h a r a c te r is t ic  l ig h t  

em itted by  the sodium atoms may be considered the r e s u lt  o f  an e le c t ­

ron ic  t ra n s it io n  between the ground sta te  and an e x c ite d  s ta te  o f  the 

sodium atom. The energy d if fe r e n c e  between these two s ta te s  i s  rad iated  

as a photon o f  s p e c i f i c  energy and resonant absorption  r e s u lts  i f  the 

in c id e n t photon has ju s t  the c o r re c t  energy to  r a is e  an atom o f  sodium 

vapor to  an e x c ite d  s ta te .

Only a sm all extension  o f  th is  concept i s  needed to  ask  whether the 

same experiment cou ld  a lso  be performed w ith other electrom agnetic r a d i­

a tion  such as the gamma rays em itted by n u c le i .

In v e s tig a tin g  th is  p o s s ib i l i t y ,  con sider a fr e e  nucleus o f  mass M 

with two energy le v e ls  A and B separated b y  an energy Ej.. I f  the system 

decays brom B to  A by em ission o f  a gamma ray o f  energy Eg, momentum 

conservation  demands that the momentum p o f  the gamma ray  and the momen­

tum P o f  the r e c o i l in g  system be e q u il and o p p o s ite . The r e c o i l  energy 

o f  the em itting n u c le i  may be determined in  terms o f  the gamma ray 

energy from the conservation  o f  momentum. A ctu a lly , the r e c o i l  energy 

is  v ery  sm all compared to  the gamma ray energy and from energy con­

serva tion  th is  becomes apparent. Equations 1 and 2 i l lu s t r a t e  these 

re la t io n sh ip s .

As e a r l ie r  s ta te d , the fr a c t io n  o f  the a v a ila b le  energy which i s
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Eq 1 2 2 ^
^ r e c o i l  energy ~ ~ - 2~ ”

2M 2M 2Mc2

R « E g

R ^  Er 212Hc2

E y < <  < Hc^ th e re fo re  R ( r e c o i l  energy) i s
very  small

Eq 2
Er = Eg + R

V Jg
Therefor©

and

•V
-y"

B

:e

l o s t  to  the em ittin g  atoms as  a r e c o i l  energy i s  sm all and b e fo re  

Mo’s sb a u e r 's  ■work was im p oss ib le  to  measure. N everth eless, the r e c o i l  

energy l o s t  does become s ig n i f i c a n t  when compared w ith the in h eren t 

w idth o f  th e  gamma ray , i . e , ,  the p r e c is io n  with which i t s  energy i s  

d e fin e d  by the p r o p e r t ie s  o f  the nucleus. This f i n i t e  w idth a r is e s  

from the f i n i t e  tim e, ch a ra cter ized  by the h a l f l l f e  o f  the s ta te  which 

the nucleus spends in  th e  e x c ite d  s ta te . In  essence, i t  i s  a r e s u lt  

o f  the u n ce r ta in ity  p r in c ip le  o f  energy and tim e. The u n c e r ta in ity  

in  energy corresponds to  the w idth p  o f  the e x c ite d  n u clear s ta te  

and appears a ls o  as the l in e v id th  o f  the gamma ray , w h ile  the uncer­

ta in ty  in  tim e corresponds t o  the m eanlife  °Y  o f  the e x c ite d  n u clea r  

s ta te ,  A l i f e t i m e ^ i .  = 10“ ?  seconds (a ty p ic a l  v a lu e ) r e s u lts  in  a 

l in e v id t h  o f  4 ,6  x  10- ^ ev which i s  very  much sm aller than the energy 

l o s t  in  the n u clear  reco il* . 10“ ^ ev.

Eq 3
f  • ° r = ' K r  =h

0. 0693^

< r / p
When an em itted gamma ray o f  energy Eg and momentum p s tr ik e s  the

absorber  o f  mass M, which i s  i n i t i a l l y  a t  r e s t ,  the e n t ir e  momentum p i s
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tra n s fe rre d  to  the absorber} the absorber thus r e c o i l s  and the energy 

o f  r e c o i l  R i s  again  given as b e fo r e . In order to  e x c it e  a l e v e l  o f  

energy Ej., the t r a n s it io n  energy from s ta te  A to  B, to  a ch iev e  reson ­

ance a bsorp tion  in  the absorber, the incoming gamma ray must have an 

energy + R to  compensate f o r  the r e c o i l  o f  the a b sorb er ; however, 

on ly  an energy E_ -  R i s  a v a ila b le  fo r  the e x c ita t io n  o f  in te rn a l 

degrees o f  freedom due to  the r e c o i l  energy lo s s  o f  the em itter* Reson­

ance absorp tion  can occu r  o n ly  i f  some o f  the incom ing gamma rays 

possess enough energy to  reach the sta te  B and a t  the same tim e p rov id e  

the energy R to  the r e c o i l in g  absorber* For resonance a b sorp tion  to  be 

Figure 1

EMITTING ATOM ABSORBING ATOM

Ej. -  R A v a ila b le  from em itting atom

Ej, + R Required to  e x c ite  absorber 
to  e x c ite d  s ta te

B

A

Equation h

2 R <
REQUIREMENT FOR RESONANCE 

ABSORPTION

p o s s ib le ,  the fo llo w in g  r e la t io n  expressed by equation  4 must be met in  

which case th ere  i s  an overlap  o f  the two spectra  r e s u lt in g  in  reson­

ance a b sorp tion . For the n u clear gamma ray process  con s id ered , the ab­

sorp tion  i s  not p o s s ib le  as i l lu s t r a te d  by f ig u r e  2 . For o p t ic a l  systems 

as w ith the sodium gas mentioned e a r l ie r ,  the co n d it io n  f o r  resonance 

absorp tion  i s  g e n e ra lly  met and i s  re a d ily , observable  f o r  o p t ic a l
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FIGURE 2

ENERGY DISTRIBUTION OF 
GAMMA RAY EMITTED BY 
TRANSITION B-^A

ENERGY SPECTRA NEEDED 
TO EXCITE STATE B IN 
TARGET

OVERLAP OF b  and c

OVERLAP AREA IS RESPONS­
IBLE FOR RSSGSLUeB
ABSORPTION

THE CONDITION FOR OVERLAP AND THUS RESONANCE ABSORPTION IS :

2 R <  f



?

system s.

P re v io u s ly , the em ittin g  and the absorbing systems were assumed 

t o  be a t  r e s t ;  a c t u a l ly ,  source  and ta rg e t atoms a re  in  therm al motion 

and t h is  m otion produces an a d d it io n a l separa tion  o f  the em ission  and 

a b so rp tio n  l in e s  c a l le d  D oppler broadening. This broadening produces

an added component t o  the r e c o i l  energy as shown in  f ig u r e  3 . 

F igure 3
Eg = Ej. + R + DOPPLER TERM

Doppler broadening causes 
fu rth e r  sep a ra tion  o f  
a bsorp tion  and em ission  
l in e s

LA

Er -  R E* Ej. + R

For th e  id e a l  o b se rv a tio n  o f  nu clear resonance a b s o r p t io n , the 

incom ing gamma ray should  possess  an energy d is t r ib u t io n  o f  w idth 

id e n t ic a l  t o  the w idth o f  the absorb in g  s ta te  and w ith  i t s  energy cen­

te re d  a t  Er* This im p lie s  th at ( 1 )  the r e c o i l  energy R i s  e i t h e r  neg­

l ig ib le -  or- has been compensated f o r ,  and th a t ( 2 ) em ittin g  and absorbing 

s ta te s  a r e  id e n t ic a l  and are  not broadened by e x te rn a l in f lu e n c e s .  I f  

th ese  two co n d it io n s  a re  met, the c ro ss  s e c t io n  f o r  n u c le a r  resonance 

a b sorp tion  i s  la r g e  as i l lu s t r a t e d  in  f ig u r e  r̂. In  n u clear  exper­

im ents b o th  co n d it io n s  may be f u l f i l l e d  by sev era l means.

C ondition  (1 )  i s  f u l f i l l e d  upon the r e a l iz a t io n  th a t a c r y s ta l l in e  

s o l id  i s  a m echanical system whose v ib r a t io n a l p r o p e r t ie s  must be des­

cr ib e d  in  quantum m echanical term s. The_ v ib ra t io n  o f  a l a t t i c e  i s
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FIGURE 4

COMPLETE OVERLAP

Er

analogous to  an o s c i l l a t o r  and i s  ch aracterized  by the quantum numbers 

o f  i t s  o s c i l la t io n  where the on ly  p o ss ib le  changes in  i t s  s ta te  are an 

in cre a se  o r  decrease in  one o r  more o f  the quantum numbers. The 

em ission  o f  a gamma ray i s  accompanied by the t r a n s fe r  o f  in t e g r a l  

m u ltip les  o f  the phonon o r  l a t t i c e  v ib ra tio n a l energy to  the l a t t i c e ;  

( 0 ,+hv,+2h v , . . . ) ,  and i f  an average i s  taken over many em ission  p rocesses , 

the energy tra n s ferred  per event i s  e x a ctly  the free-atom  r e c o i l  energy.* 

The p o s s ib i l i t y  o f  no energy tra n s fe r  to  the l a t t i c e  e x is t s  and l e t  f  

be the fr a c t io n  o f  events which takes p lace  w ithout l a t t i c e  e x c ita t io n  

o r  zero  phonon even ts . This r e c o i l  f r e e  fr a c t io n  o f  the em itted  gamma 

ray p ossess  the f u l l  energy o f  the nuclear t r a n s it io n  and th e re fo re  the 

requ ired  energy to  e x c it e  the absorber nucleus to  an e x c ite d  s t a t e , i . e . ,  

Ej.+R. Noting that n which i s  the quantum v ib ra t io n a l s ta te  o f  the l a t t i c e  

approaches zero a t  low  tem peratures, the r e c o i l  f r e e  f r a c t io n  f  

in c r e a s e s ; th e r e fo r e , many experiments are performed a t  low  tem peratures. 

C ondition  (1 )  i s  cu rre n tly  s a t is f ie d .

EQUATION 5
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Th® widths j| o f  th«s® gamma rays shown in  f ig u r e s  2 arid h are  

so sm all that i t  i s  exceed in g ly  u n lik e ly  th at a gamma ray from a 

nuclear t r a n s it io n  in  one iso to p e  can be reson an tly  absorbed by another, 

Mossbauer e f f e c t  experim ents are th e re fo re  carr ied  ou t w ith sources 

and absorbers u t i l i z i n g  the same nu clear tr a n s it io n  as d ep icted  by figur< 

5. I f  t h is  procedure i s  fo llo w e d , then con d ition  ( 2 ) i s  f u l f i l l e d .

FIGURE 5

R a d ioa ctive  Source f o r  use w ith F e ^  Absorber

cai^ s the Mossbauer gamma ray which in te ra c ts  w ith the ta rg e t  con ta in ing

In  the op eration  o f  an autom atic Mdssbauer e f f e c t  spectrom eter, 

the energy o f  the gamma ray o f  a ra d io a c t iv e  source i s  Doppler modulated 

to  sweep rep ea ted ly  a cro ss  the reg ion  o f  resonant a b sorp tion  o f  the 

absorber which con ta in s n u c le i o f  the same s p e c ie s . The gamma ray 

d e te c to r  output i s  so rted  in to  storage r e g is te rs  in  a m ultichannel 

ana lyzer whose a ccess  i s  synchronized w ith the Doppler v e lo c i t y  o f  the

source as i l lu s t r a t e d  by f ig u r e  6 . The re su lts  are a b sorp tion  spectra  

l ik e  th ose  shown in  f ig u r e  7 where the energy s ca le  i s  u su a lly  repre
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FIGURE 6

DIAGRAM OF THE MOSSBAUER EFFECT SPECTROMETER

FIGURE 7

Counts

MOSSBAUER EFFECT SPECTRUM
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santed by the Doppler v e lo c i t y .  The Doppler ve locity^  re la t io n sh ip  

to the energy s h i f t  5  L i s  expressed by equation  6. The purpose o f  the 

Doppler m odulation i s  to  permit an examination o f  a reg ion  o f  the spectrum 

near the unperturbed energy o f  the gamma ray; thus a llow in g  the sp e ctro ­

meter to  map out the t o t a l  energy absorption  reg ion  as shown in  f ig u r e  9 . 

EQUATION 6

The Mossbauer e f f e c t  spectrom eter enables the comparison o f  

the n u clear t r a n s it io n  energies in  two m ateria ls  with high p r e c is io n .

At f i r s t  thought th is  does not appear- to be a va luable accom plishm ent, 

unless the le v e ls  a re  s p l i t ,  because one tends to  b e lie v e  th at the 

nuclear le v e ls  are  them selves f ix e d  in  p o s it io n . However, the nucleus 

i s  surrounded and penetrated  by e le c t r o n ic  charge w ith which i t  in t e r ­

a cts  e le c t r o s t a t i c a l ly .  A change in  the s -e le c t r o n  d e n s ity  such as 

might a r is e  from a change in  va lence w i l l  r e s u lt  in  an a lte r e d  Coulorabic 

in te r a c t io n  which manefests i t s e l f  as a s h i f t  o f  the n u clear  le v e ls .

This e f f e c t  i s  p a rt o f  the e l c t r i c  hyperfine s p l i t t in g  ( h f s )  i . e , ,  

the s p l i t t in g  o f  the l in e s  o f  an atom ic spectrum produced by the 

angular momentum o f  the nucleus o f  the atom and i s  c a lle d  the Isomer 

S h ift  o r  Center S h ift  ( C . S . ) .  This s h ift in g  o f  the n u clear  le v e ls  i s  

con cep tu a lly  seen by the fo llo w in g  Mossbauer e f f e c t  spectrum ; fig u res  

8 and 9 .

The preceding d iscu ss ion  assumed the nucleus to  be sp h e r ica l and 

the charge d e n s ity  to  be uniform . I f  these  r e s t r ic t io n s  a re  rela^-sd,
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FIGURE 8

ISOMER SH IFT AFFECT UPON THE MOSSBAUER EFFECT SPECTRUM

Counts

FIGURE 9
ISOMER SHIFT AFFECT UPON THE NUCLEAR ENERGY LEVELS

S E

ISOMER SHIFT = Etapget “  ^sottrce

The Isomer S h ift  (o r  Center S h ift  C.S . )  s h i f t s  n u clea r  le v e ls  
v ith o u t l i f t i n g  the sp in  degeneracy.
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higher o rd e r  tanns o f  the e le c t r o s t a t ic  in te r a c t io n  appear. These 

higher o rd e r  terms do not s h i f t  the nuclear l e v e l s ,  they s p l i t  them, 

i . e . ,  th ey  l i f t  a l l  o r  p a rt o f  the degeneracy l e v e l s .  This s p l i t t in g  

re su lts  from the in te r a c t io n  o f  the nuclear quadrupole moment, Q, w ith 

the grad ien t o f  the e l e c t r i c  f i e l d  with changes in  the c r y s t a l ,  A 

change in  the l o c a l  environment o f  the atom as i l lu s t r a t e d  by d i f fe r e n t  

degrees o f  order f o r  an ordered system can cause such a change in  the 

symmetry thereby  in vok in g  the h igher order co n s id e ra t io n s . This 

p roperty  r e f l e c t s  th e  d e v ia tio n  o f  the nucleus from s p h e r ic a l symmetry 

and i s  known as the Quadrupole S p lit t in g  (QQ). The a f f e c t  upon the 

Mossbauer e f f e c t  spectrum i s  i l lu s t r a t e d  by f ig u re s  10 and 11 ,

The most fa m ilia r  p a rt o f  the hyperfine s tru ctu re  i s  the m agnetic 

part a r is in g  from th e  in te r a c t io n  o f  the nu clear m agnetic d ip o le  moment 

with the m agnetic f i e l d  due to  the atom 's own e le c t r o n s .  Th is a f f e c t  

upon the Mossbauer e f f e c t  spectrum i s  presented in  f ig u r e s  12 and 13, 

The Mossbauer e f f e c t  may be u t i l i z e d  to  study the o rd e r  o f  a 

system due to  i t s  s e n s i t iv i t y  to th e  lo c a l  e le c t r o n ic  environment about 

an absorb in g  n u c lid e . Each d i f fe r e n t  e le c t r o n ic  environment about an 

absorbing n u clid e  w i l l  produce i t s  own h yperfin e  s p l i t t in g  s tru c tu re  

( h f s )  c h a r a c t e r is t ic  o f  the l o c a l  environment o f  the absorb in g  atom. 

Recognizing that an ordered  s tru ctu re  p ossesses a d e f in i t e  atom ic 

environment o f  o th e r  atoms a t  each degree o f  ord er and knowing th at the 

stru ctu re  o f  th is  environment w i l l  a f f e c t  the e le c t r o n ic  environment o f  

the absorb in g  n u c lid e , the orderin g  o f  a system may be stu d ied  by ob­

serv ing th e  change o f  environment upon ordering as e x h ib ite d  by the 

changing Mossbauer sp e c tra .
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FIGURE 1 0
QUADRUPOLE SPLITTIN G  OF THE MOSSBAUER EFFECT SPECTRUM

Cdtmts
106

CHANNEL NUMBER

FIGURE 11

CENTER SHIFT o r  
ISOMER SHIFT

A E q = EQ ( 3 / 2 )  -  Eg ( 1 / 2 )

QUADRUPOLE SPLITTING
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FIGURE 1 3

THE MAGNETIC HYPERFINE SPLITTING o f  the GROUND and FIRST EXCITED

STATE o f  F<r5?

+3/2

SPLITTING

The s ix  a llow ed A Et= +1 tr a n s it io n s  are in d ica te d . These t r a n s it io n s  
a r e  resp on s ib le  f o r  the s ix  peaks o f  the Mossbauer e f i e c t  spectrum .
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CHAPTER 2

MOSSBAUER EFFECT AND THE STUDY OF ATOMIC ORDER

The proceed ing  d is cu s s io n  in trod u ces  in  general terms the-.-resulting 

Mossbauer spectra  f o r  d i f fe r e n t  s ta te s  and degrees o f  order f o r  an e le ­

mentary type o f  ordered b in ary  system. Follow ing th is  d is c u s s io n , the 

variou s ord erin g  p rocesses  f o r  the Fe-Al system a re  in v e s t ig a te d  in  

d e t a i l  to  a s ce rta in  th e  f e a s i b i l i t y  o f  u t i l i z in g  the Mossbauer e f f e c t  

in  ob ta in in g  the k in e t ic s  o f  ord erin g  from variou s s ta tes  and degrees o f  

o rd e r ,

A binary m etal a l l o y  c o n s is ts  o f  two or more m e ta llic  s p e c ie s  com­

bined  hom ogeniously. Assuming a pure metal i s  ad u ltera ted  by the a d d it io n  

o f  another m etal thereby form ing a b in ary  system; an ordered s o l id  so lu t io n  

comes in to  ex ista n ce  from such a mixing i f  d is s im ila r  atoms are  a t t r a c t ­

ed by one type o f  atom more than s im ila r  ones. The r e s u lt in g  tendency 

i s  f o r  one atom o f  one type to  possess  nearest neighbors o f  the o th er typ e .

There are  two d i s t in c t  types o f  order that may e x is t .  For long 

range order the l a t t i c e  can be regarded as being composed o f  two o r  more 

in te rp en etra tin g  s u b - la t t ic e s  some o f  which con ta in  most o f  the atoms o f  

one type and the remaining con ta in in g  most o f  the atoms o f  the oth er 

typ e . There i s  thus a coherent scheme o f  order extending over a la rge  

reg ion  o f  the l a t t i c e .  This ordered  l a t t i c e  s tru ctu re  known as a super­

l a t t i c e  i s  la r g e r  than the l a t t i c e  o f  the d isord ered  o r  random s o lu t io n . 

This observation  was a llu d ed  to  above and comes about because in  the
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ordered  s tru ctu re , the true l a t t i c e  v e cto rs  must jo in  s im ila r  atoms 

and not merely s im ila r  l a t t i c e  s i t e s  as i s  the case f o r  a d isord ered  

random a l lo y .  A 'p e r f e c t '  s u p e r la tt ic e  i s  on ly  p o s s ib le  a t  a c r i t i c a l  

and sim ple p orp ortion  o f  atoms. In  p r a c t ic e ,  the atom ic p orp ortion s  

a t  which s u p e r la tt ic e s  have been observed are  l j l  as B2 ord er  type 

and 3*1 as a DO3 type o f  ordered s tru ctu re . I f  the com position  i s  

changed from the c r i t i c a l  p orp ortion , th© a l lo y  w i l l  e x h ib it  p a r t ia l  or 

im p erfect order due to  l a t t i c e  s i t e s  being fo rce d  to  a cce p t  the wrong 

type o f  atoms,

Thard is t r ib u t io n  o f  atoms in  an ordered s u b s t itu t io n a l s o l id  

s o lu t io n  gen era lly  depends upon tem perature. Above a c r i t i c a l  ordering 

tem perature, Tc , the lon g  range ord er  i s  d estroyed , f o r  th e  orderin g  

fo r c e  i s  no lon ger stron g  enough to  m aintain the coherent scheme with 

the presence o f  in ten se  thermal a g ita t io n . D espite the long range order 

being d estroyed , sh ort range ord er  does p e r s is t  in  which sm all ordered 

groups o f  atoms con tin u a lly  form , break up and form again thereby 

producing an order over  the sh ort ranged d is ta n ce s . The change from an 

ordered to  a d isord ered  s ta te  upon heating o r  th* reverse change on 

c o o l in g , may e x h ib it  a second ord er  t ra n s it io n  where the ord erin g  pro­

cess  proceeds over a range o f  tem peraturej the beginning and end o f  the 

t r a n s it io n  are but the extremes o f  a con tin iou s p ro ce ss .

In v e s tig a tin g  such a tr a n s it io n  upon c o o lin g  an a l l o y  from above 

the c r i t i c a l  temperature Tc , to  w e ll below Tc , produces a study o f  short 

range ord er  and antiphase domains in  the form ation  o f  long range ord er. 

B a s ica lly , the co n d it io n  fo r  ord er  i s  that d is im il ia r  atoms should 

a t t r a c t  each other p r e fe r e n t ia l ly  and th is  can be s a t is f ie d  to  a la rg e  

degree w ithout having any long range order present? on ly  sm all groups o r  

domains o f  l o c a l  order as i l lu s t r a t e d  below by f ig u r e  1^. E xperim entally;
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FIGURE 1 4

DOMAIN 1 DOMAIN 2

lon g  range order i s  known to  e x is t  and a r is e  from the fa c t  that the 

domain boundaries are unstable a t  low  tem peratures. There i s  thus a 

tendency f o r  the domains to  grow absorbing each other and nearby d is ­

ordered m ateria l thereby reducing the t o t a l  area o f  domain boundaries 

in  the a l l o y  and a ls o  con vertin g  the short range order in to  long range 

ord er, Th® growth o f  a domain i s  analogous to  the growth o f  a grain  and 

may be expected to  be correspon d in gly  slow .

In order to  s p e c i fy  the degree o f  long range order o f  the atoms 

over l a t t i c e  p o in ts , a lon g  range order parameter S i s  in trodu ced  and 

i s  d e fin e d  by equation 7 where ra i s  the fr a c t io n  o f  A s i t e s  occup ied  

by the 'c o r r e c t ' atom s, i . e , ,  A atoms, and i s  the f r a c t io n  o f  A atoms 

in  the a l l o y .  When th e  lon g  ran ge-order i s  p e r fe c t ,  r# = 1 by d e f in i t io n ,  

and th e re fo re  S = 1 , 0 .  When the atom ic arrangement i s  com pletely  

random, r ,  = F, and S = 0 .0 . P e r fe c t  order i s  such a s tru ctu re  that

EQUATION 7
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the a l l o y  would need to  be ordered a t  0° Kelvin}, however, a t  low  temp­

eratures the d i f fu s io n  ra tes  are o f  such slowness as to  prevent any 

exten sive  ordering o f  the system. T h erefore, p e r fe c t  ord er  even a t 

the c r i t i c a l  com position  may be concluded to  be experim entally  non­

e x is te n t .

P resen tly  the Mossbauer e f f e c t  i s  used f o r  the study o f  the long 

range ord er  o f  many systems by in corp ora tin g  the e f f e c t  o f  the con­

f ig u r a t io n  o f  n earest neighbor atoms upon the absorbing n u c lid e ’ s 

e le c t r o n ic  invironm ent. (2

A cadem ically, con s id er  an ordered BCC stru ctu re  o f  FeCo possessin g  

the CsCl ordered s tru ctu re  where the Mossbauer e f f e c t  s e n s it iv e  element

57Fe i s  lo ca te d  a t  the body centered  p o s it io n ; the remainder o f  the 

l a t t i c e  p o s it io n s  being  occupied by Co/atoms. The c r i t i c a l  porportion  

i s  l i l  o r  B2 type and the a l lo y  i s  5 ° a t $  Fe.

FIGURE 15
PERFECTLY ORDERED Fe-Co ALLOY

(©) Fe Atom 

O  C° Atom

I f  100# o f  the a l l o y  i s  ordered with long range order parameter 

equal t o  u n ity , the Fe atoms possess 8 Co nearest neighbors or 0 Fe 

nearest neighbors (0F«nn) , The natural occurance o f  F e ^  i s  2 .19#  

which im p lies  that some u n it c e l l s  are not Mossbauer e f f e c t  s e n s it iv e ;
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n e v erth e less , the long range ord er  stru ctu re  i s  represented in  view o f  

s t a t i s t i c a l  co n s id era tion s . The re su ltin g  Mossbauer spectrum o f  th is  

p e r fe c t ly  ordered stru ctu re  would appear as a s in g le  component (0Fenn) ,  

6 peak stru ctu re  (due to  the magnetic d ip o le  in te r a c t io n )  w ith  i t s  own 

c h a r a c te r is t ic  quadrupole s p l i t t in g  (QQ) and cen ter  s h i f t  (C .S .) ,

Figure 16 i l lu s t r a t e s  th is  con cep t,

FIGURE 16

MOSSBAUER SPECTRUM FOR PERFECTLY ORDERED Fe-Co ALLOY

As e a r l ie r  s ta te d , the presence o f  p e r fe c t ly  ordered  a l l o y  i s  an 

im p o s s ib i l i t y .  I f  the ord er parameter S i s  d i f f e r e n t  from u n ity , the 

a l l o y  w i l l  p ossess  oth er ir o n  n earest neighbor con fig u ra tio n s  oth er 

than the OFe^ co n fig u ra tion  component. For in sta n ce , suppose the a l l o y  

i s  known to  have an equll.librium  order degree o f  0 .9 8 , which i s  a high 

degree o f  ord er but not p e r fe c t  ord er, i . e , ,  some Co atoms are  rep laced  

by Fe and some Fa atoms by Co atoms. There would now be p r o b a b i l i t ie s  

f o r  0,1 ,$,3»^>5>6,7 ar‘8 8 F e ^  components. Fortunantly, most o f  these 

components would have percentage e f f e c t  p r o b a b il i t ie s  c lo s e  to  zero ;
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i . e . ,  the area under the component would be c lo se  to zero . Therefore, 

the Mossbauer e f f e c t  spectrum would most l ik e ly  appear as b e fo r e  which 

was i l lu s t r a te d  by f ig u r e  .

As the order degree d ecrea ses , the p r o b a b il it ie s  o f  the 1,2,3,**-, 

5 , 6 ,7  and 8 Fenn components become In creasin g ly  im portant. Assuming 

the 6 ,7  and 0 F e ^  components are o f  importance i . e , ,  percentage e f f e c t  

s ig n i f ic a n t ly  greater than zero , the Mossbauer e f f e c t  spectrum may appear 

as dep icted  by fig u re  18 co n s is t in g  o f  9 components o f  which on ly  three 

are considered . Each component co n s is ts  o f  6 peaks and t h e ir  own 

c h a r a c te r is t ic  cen ter s h i f t  and quadrupole s p l i t t in g ,

FIGURE 1?

COMPUTER RESOLVED 
MOSSBAUER EFFECT 
SPECTRUM

FIGURE lg

OBSERVED MOSSBAUER 
EFFECT SPECTRUM
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Since the b a s ic  im p lica tion s  o f  the Mossbauer have been in v e s t ig a te d , 

a d e ta ile d  and system atic study o f  an ordered system, the Fe-Al system, 

w i l l  be undertaken. S p e c i f i c a l ly ,  the f e a s i b i l i t y  o f  ob ta in in g  the 

k in e t ic s  o f  orderin g  o f  the DOj ordered stru ctu re  from the d isord ered  o< 

s tru ctu re  o f  the Fe-Al system from the u t i l iz a t io n  o f  the Mossbauer e f f e c t  

w i l l  be o f  in t e r e s t .  The concepts thus learned w i l l  be ap p lied  to  o th er  

ord erin g  phenomena o f  the Fe-Al system to  determine th e ir  f e a s i b i l i t y  

in  ob ta in in g  th e ir  k in e t ic s  o f  orderin g .

E lu cid ation  o f  the tru e  nature o f  the Fe-Al equilibrium  diagram 

has proven to  be a cha llen g in g  problem as evidenced by the fa c t  that 

s ix  q u ite  d i f fe r e n t  vers ion s  o f  the iro n  r ich  p ortion s  have been pub­

lis h e d  s in ce  1958.^ The f i r s t  equ ilibrium  diagram shown by f ig u r e  19 

was obtained by d ila to m e tr ic  stu d ies  and presented by H. J. McQueen and 

G. C. Kuczynski^ in  1959. This equ ilib riu m  diagram, however, has been

shown to  be in  e rro r  in  l ig h t  o f  new in form ation , A second equ ilibriu m
o

deagrara, f ig u re  20 , was proposed by L, Riralinger in  1965 based upon 

X-Ray d i f f r a c t io n  a n a lys is  and dilatom © try. The equ ilib riu m  diagram 

in v is io n s  s in g le  phase f i e l d s  o f  the ordered phases o f  the types FeAl 

(B2) ,  Fe-jAl (DO-j) and the d isord ered  BCC Fe-Al s o l id  so lu t io n  d isord ered  

phase °C separated from one another in  every case by la rg e  two phase 

re g io n s . The im p lica tio n  i s  that the ord er t r a n s it io n s  are o f  f i r s t  

ord er} however, th e o r e t ic a l  con s id era tion s  show th at the t r a n s it io n s  

are a c tu a lly  second ord er  o r  h igher.'*  A fu rth er and most l ik e ly  a more 

c o r re c t  r e v is io n  o f  the Fe-A l equilibrium  diagram o f  s ta te  was pre­

sented by P. R, Swann, et a l . , in  1969? f ig u r e  21, Their r e v is io n  was 

based upon observation s  u t i l i z in g  transm ission  e le c tro n  m icroscopy and 

th e ir  equ ilib riu m  diagram w i l l  be used f o r  a l l  fu tu re  re fe re n ce s .
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FIGURE * 9

C on stitu tion  diagram 
o f  ir o n -r ic h  Fe-Al 
a llo y s  in  the s o l id -  
s i lu t io n  range as 
determined by McQueen 
and K uczynskl(6)

FIGURE 20

The ir o n -r ic h  p ortion s o f  the 
Fe-Al equilibrium  diagram 
proposed by Rimlinger (7 )
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FIGURE 21

w eight per cent A1

The ir o n -r ic h  portions o f  the Fe-Al equilibrium  diagram pro­

posed by Swann ©t a l .  (5 )
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The equ ilibriu m  diagram f o r  the Fe-Al system shows three types o f  

ord er} a B2 stru ctu re  as FeAl a t  high tem peratures, a DÔ  s tru c tu ra l 

type e x is t in g  as Fe^Al a t  low er temperatures and a d isord ered  random 

phase denoted as , As a f i r s t  order approxiam ation, the o (  phase 

may be considered as a s o lid  s o lu t io n  o f  ir o n  and aluminum p ossessin g  

a BCC stru ctu re  whose l a t t i c e  p o s it io n s  occupancy i s  considered random 

with resp ect to ir o n  and aluminum atoms.

For the i l lu s t r a t io n  o f  the B2 arid DOj ordered s tru ctu re s , con­

s id e r  a un it c e l l  which co n s is ts  o f  three kinds o f  s u b la t t ic e  s i t e s ,

° (  t /<S • arx* /  • At 25 a t#  A l, the s to ich io m e tr ic  com position  o f  Fe-^Al, 

FIGURE 23
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the p e r fe c t ly  ordered stru ctu re  possesses the above s u p e r la tt ic e  whoae 

s u b la tt ic e s  are occuciied in  the fo llow in g  manners £  la t t i c e s  being 

occup ied  by A1 atoms and °( and ^ s i t e s  by Fe atoms, The p e r fe c t ly  

ordered structure produces two types o f  Fe nearest neighbors j th e  Fe 

atom in  the s ite s  p ossesses 4 F e ^  and the Fe atom in  the o( s i t e  

possesses 3 F e ^  in  a r a t io  o f  2 /3  s 1 /3  re sp e c t iv e ly .

The FeAl order s tru ctu re  possesses su b la tt ice s  that are  occupied  

in  the fo llow in g  manner f o r  the s to ic h io s e tr i  c. com position o f  50 

A l : c< and £  la t t i c e s  are  occupied by A1 atoms and the y  s i t e s  by 

Fe atoms thereby causing the Fe atoms to  possess 0 F e ^ , I f  the A1 com­

p o s it io n  i s  reduced to  25 at^  A1, the °< and £  s i t e s  become randomly 

occu o ied  w ith Fe and A1 atoms w hile the y  s ite s  remain occup ied  by Fe 

atoms.

Th® p o in t o f  in t e r e s t  f o r  th is  in v e stig a tio n  i s  to  obtain  the 

k in e t ic s  o f  ordering f o r  the DOy  FeyLl, stru ctu re  from the d isordered  

random phase o( , The experim ental response was to  u t i l i s e  a s t o ic h i ­

om etric , 25 at£  Al sample that would b® quenched from 1100°C w ith in  the 

d isordered  reg ion  to  room temperature thereby reta in in g  the high 

temperature s ta te . Subsequent isotherm al anneals as a fu n ction  o f  time 

would be performed a t 2CO, 2h0, 260 ,and 300°C u n t il  eq u illib riu m  was 

reached. Subsequent Mossbauer spectra  were to be obtained f o r  each step 

o f  the annealin g  procedure f o r  each temperature and then analyzed using
Q

the computer lea st-sq u a res  f i t t i n g  procedure ou tlin ed  by Bent, et a l , ,  

in  order t o  acotnre the percent change o f  the b ,8 and 6 Fem  components 

with ord erin g . From th is  percen t change as a fu n ction  o f  anneal time, 

the rate  o r  k in e t ics  o f  th is  ordering process cou ld  be a scerta in ed .

However, many com plications arose  that were not a n tic ip a te d  and 

the con sideration  o f  the f e a s i b i l i t y  in  u t i l i z in g  e x c lu s iv e ly  the
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Mossbauer spectrom eter in  a scerta in in g  the ordering k in e t ics  become o f  

im portance. The f e a s i b i l i t y  in  U tiliz in g  the Mossbauer spectrom eter 

depends upon the compensation o f  the fo llow in g  com plication s.

1. D i f f ic u lt y  o f  producing a workable computer f i t t i n g  procedure 
y ie ld in g  the percentage e f fe c t  f o r  each iro n  nearest neighbor 
con figu ration  f o r  each con stitu en t.

2. Consideration o f  antiphase boundaries.

3. The recogn ition  o f  the Mossbauer spectrom eter averaging the 
F e ^  components a r is in g  from d ifferen t, phases.

k. The reten tion  o f  unwanted high temperature s ta tes  during quench­
in g .

5. Recognition that the ordered domains are o f  d i f fe r e n t  Al com­
p o s it io n  than the surrounding d isordered  m atrix.

6 . Extraneous con sidera tion s  as d ire c t io n a l magnetic p ro p e rtie s  
exh ib ited  due to  r o l l in g ,  spectra peak broadening due to  the 
f in i t e  th ickness o f  the f o i l  specimens, p o s s ib i l i t y  o f  second­
ary extraneous phases not p red icted , and f in a l ly  the p o s s ib i l ­
i t y  o f  supersaturation  o f  Al due to quenching from a high 
temperature s ta te .

These com plications w i l l  be elaborated  upon with the proceeding d iscu ss ion s  

o f  the d if fe r e n t  sta tes  and types o f  ordering phenominon o f  the Fe-Al 

ordered system,

Building upon the concepts associa ted  with a 22 a t$  Al a l l o y ,  a 

b e l i e f  ex isted  that in  perform ing a room temperature water quench, the 

quenching ra te  would be rapid  enough to  prevent any DÔ  ordering during 

quenching and a ls o  re ta in  the high temperature d isord ered  ^  phase 

a t  room temperature. Since a d e f in it e  time i s  required  f o r  atoms to 

rearrange them selves, the change in  order does not respond in s ta n t ly  to  

a change in  temperature. At temperatures where d i f fu s io n  i s  very  slow , 

i t  i s  p o ss ib le  f o r  non -equ ilibrium  sta tes  o f  order to  p e r s is t  f o r  in ­

d e f in i t e ly  long periods o f  tim e. To v e r i fy  that a room temperature 

ag ita ted  water quench d id  suppress the form ation o f  DÔ  order during
o

the quench, an ic e  water and room temperature ag ita ted  quench from 1100 C
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was performed on 0.007 inch  th ick  specimens. The specimens were sub­

sequently chem ically thinned to  0,002 inches to avoid  l in e  broadening 

o f  th e ir  Mossbauer e f f e c t  spectrums which were obta ined . I f  a d i f f e r ­

ence e x is ts  between the two sp ectra , the p o s s ib i l i t y  o f  the DO-̂  order 

net being suppressed i s  a re a l con s id era tion . As i l lu s t r a te d  by fig u res  

25 and 26 there i s  indeed a d if fe r e n c e .

This p rev iou s ly  mantioned d iffe r e n c e  i s  a ttr ib u ted  to the form ation

o f  very f in e  ordered DÔ  domains during the quench. A lso , the in v e s t -
9

ig a tio n s  performed by D. V&tanabe has demonstrated th at the DÔ  domains 

thus i n i t i a l l y  formed upon the f i r s t  increm ent o f  anneal a re  o f  the 

equilibrium  degree o f  order and subsequently grows upon isotherm al 

annealing to  the equilibrium  amount o f  DÔ  s tru ctu re  as exh ib ited  by 

the equilibrium  order phase diagram fo r  th at p a r t icu la r  tem perature,

An isotherm al anneal sequence i s  presented by fig u re  26 f o r  a 22 a t$

Al a l lo y  heat trea ted  a t  200°C.

The o r ig in a l th ink ing considered  on ly the 4 and 8 F e ^  components 

f o r  the w e ll ordered specimens, which are c h a r a c te r is t ic  o f  the ordered 

system. The 6 Fenn component was be lieved  to  be c h a r a c te r is t ic  o f  the 

d isordered  s ta te ; however, th e o r e t ic a l  ca lcu la t io n s  were made o f  the 

p r o b a b il ity  o f  variou s con figu ra tion s  o f  Fe atoms in  a l lo y s  o f  d i f fe r e n t  

com positions w ith d i f fe r e n t  degrees o f  o rd er. Based upon these c a l ­

cu la t io n s , oth er F e ^  components were found to  be o f  extreme im portance 

e s p e c ia lly  a t low  degrees o f  o rd er . The fo llo w in g  d iscu ss io n  e laborates  

upon t h is  concept.

R eferring  to  the u n it c e l l  shown e a r l ie r  by fig u re  23 d escr ib in g  the 

Fe^Al o r  DÔ  type o f  order f o r  the 25 a t$  Al a l lo y ;  the and y  s ite s  

are occup ied  by Fe atoms and the £  nodes by Al atoms. Based upon the 

work o f  S. A. Loslyevskaya and R. N. Kuz’ m in ^ , the long range order
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parameter 5 ^  covering the range o f  ex istance o f  the FeyVl phase may be 

in troduced  as ex ib ited  by equation 8 . In th is  case the q , r f and 1-p 

are the p r o b a b il i t ie s  o f  su b stitu tio n  o f  the Fe atoms o f  the y  , ,

and /O nodes, re sp e c t iv e ly ; c i s  the Al concentration  o f  the a l lo y ;  q and 

p may be represented by the formula as shown, N onetheless, the th e o re t ­

i c a l  amount o f  Fenn components have not been e lu cid a ted .

EQUATION 8

S31 = 2 (l-q + p -2 c )  = r+p-1 = Long Range Order Parameter

q = c ( S ^  -  1 )  p = + 1 )  FOR c . l e s s  than 25 a t$  Al

Using th® binom ial law o f  atom d is tr ib u t io n  a long the l a t t i c e  s i t e s  

in  the f i r s t  nearest neighbor coord in ation  sphere, and considering  the 

number o f  o( , $  , and y  s i t e s  surrounding a given  s ite  in  the l a t t i c e  

o f  an Fe-Al a l lo y  o f  a rb itra ry  com position , a formula is  obtained fo r  

the r e la t iv e  number o f  Fe atoms in  the and y  nodes with d i f f e r ­

ent numbers (m l) o f  F e ^ , Equations 9*10 and 11 presents th is  id ea .

EQUATION 9 

Nv(m l)

EQUATION 10

2( l - c ) I
u  K

i,i/4 \^“k k, , 4-ml+k, Nml-k(1—q ) q b !p  T (1-p )

(4-k)tkt(4-ml+k)!(ral+k)l
(10)

( - )

m l,, . 8-ml r q (1- q )  81
N (m l) = --------  --------------
^  4 ( l - c )  ( 8-m l)lm lt

EQUATION 11

Nd (m l) =
( 1-p )  qm l( l - q )8"ral 81

ml = 0 ,1 ,2 ,, , , 8 

(0 < k < ml IF ml < 4) 

(ml-4 < k <  b IF ml > 4)

4 ( l - c ) (8-m l) 1m l1

Th9 formula N^,(ral) i s  in  e rro r . Upon red e r iv a tio n , the (ml+k)l shown 

in  tho denominator should be (m l-k ) ! , Personal correspondance confirmed 

th is  ch a n g e .^

By the ad d ition  o f  each (ml) Fem  fo r  each s i t e ,  the above formula
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reduces to the fo llow in g  set as l is t e d  5n tab le  1, These equations when 

app lied  to a 22 at£  Al sample produces the graph shown by fig u re  27,

The p ro b a b ility  study shows the 6 F»nn component as not representa­

t iv e  o f  the d isordered  s ta te  but rather the 3»^r5»6i? anc* 8 Fenn com­

ponents, The f u l l  impact i s  f e l t  when the Mossbauer spectra are  analyzed 

f o r  the percentage e f fe c t  o f  each component using the computer le a s t  

squares f i t t in g  procedure. O rig in a lly , the peeks were be lieved  to be 

an a d d it iv e  com posite o f  on ly  the 4 and 8 F e ^  component f o r  th® w e ll 

ordered specimens and th® 6 F e ^  component fo r  the d isordered  specimens 

and the 4 , 8 and 6 f o r  p o in ts  between. However, the w e ll ordered sp e c i­

men i s  cu rren tly  shown to  be a composite o f  the 4 , 8 and 5 F e ^  components; 

the d isordered  a composite o f  the 3»^*5>6,7 and 8 components*

Although the work performed in  attempting to  analyze the spectra by 

u t i l i z in g  the computer le a s t  squares f i t t i n g  procedure was a major part 

o f  the experim ental procedure, the computer program w i l l  not be d iscu s ­

sed in  d e ta i l .  Let i t  s u f f i c e  that we were unsuccessfu l in  producing

a working computer f i t t in g  procedure; however, th is  i s  a so lva b le  p ro-
8

blem and fo r  fu rth er re feren ce  see Bent, e t  a l ,  N onetheless, th is  sh ort­

coming d id  l im it  the f e a s ib i l i t y  o f  u t i l i z in g  the Mossbauer e f f e c t  fo r  

the study o f  the k in e tics  o f  ordering o f  the DÔ  from the d isordered  

phase in  view o f  other methods.

The above p ro b a b ility  study forced  a ra d ica l change o f  thinking

and created  an in te r e s t  in  the p o s s ib i l i t y  o f  other component spectra
12being observed in  the sp ectra , M, R, L e s o ille  and P. M. Gielen assign  

a component contributed  from a second phase o f  Fe^Al.(C), However, th is  

seemed u n lik e ly  fo r  our con sideration  due to  the sm all amount o f  carbon 

in  our specimens; 0,01 wt^ darbon. Nonetheless, a sample was carburized



TABLE 1

THEORETICAL PERCENTAGE EFFECT FOR EACH IRON 

NEAREST NEIGHBOR COMPONENT

N(8 ) = 1
4 ( i - c )

j j l^  + 2q3(l-p )* J' + ( l-p )q ^ Q

N(7) = 1 •J- ' 8q ® (l-q )  + 8( l - p ) ( l - q ) q ?  -f 2q 4 ( t -q  X l - p / 'q 3 +

M 1 ~0 ) l _  /4 .(l-p )3q^p

N(6) = 1 J 28q? ( l - q )2 + 2? ( l - p ) ( l - q ) 2q6 + 2q[* 6 ( l - q ) 2( l - p ) V  + 

^   ̂ l 6 ( l - q ) ( l - p ) 3q3p + 6 ( l - p ) 2q^p2

N(5) = 1 | 56q6( l - q )3 + 56q5( l - q P ( l - p )  + 2q 4 ( l - q ) 3( l - p ) \

4 (1 “ c )  L 2 ^ ( l - q ) 2( l - p ) 3q2P + 2 4 ( l - q ) ( l - p ) 2q3p2 + 4 ( l - p ) q V

N(4) = ( l - q ^ l - p ) ^  +1 r ? 0 ( l - p ) ( l - q ) V  + 7 0 ( l - q ) V  + 2q

^(1 - c )  [ _ l6 ( l - q ) 3( l - p ) 3qp + 3 6 ( l - q )2 ( l - p ) V p 2 + l 6( i - q ) ( l - p ) q

4 4 + q P

N(3) = 1 P 56q^(l-q)3 + 56(1-p )(l-q)3q3 + 2q ^4(l-q)^(l-p)3p +

^ 1-C  ̂ l 24(1 -q)3(1 -p)2qp2 + 24(1 -q)2(1 -p)q2p3 + 4 (l-q )q V <'I
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a t 1100°C and quenched in to  room temperature water, A d e fin ite  component 

a r is in g  from carbu rizin g  was observed as presented by figu re  2 8 ,and the 

peaks do come in  as L e s o ille  and Gielen s ta te . However, th is  component 

■was not observable from the Mossbauer work performed upon the normal 

samples, although i t  may have been unresolved and thereby not observable ,

A fu rth er  question  arose as to the a f f e c t  o f  the antiphase boundar­

ie s  upon our sp ectra . P, R, Swann^et a l .  a t tr ib u te  an added 5 F'enn com­

ponent from f in e  antiphase domains on the boundaries o f  which most Fe

atoms have 5 Fe and secondly to  the presence o f  a second phase FeioA lo nn
with ordered stru ctu re  having Fe atoms with on ly  8 and 5 Fenn. Kuz'min

1©and Losiyevskaya A t t r ib u t e  an added 5 Fenn component to  concentration  

d iso rd e r in g . They show that with f in e  antiphase domains which one gets  

by quenching, one would achieve a la rg e r  5 F e ^  component than with la rg e  

domains? i . e . ,  a 5 Fenn component from fin® antiphase domains. I f  

Swann's Fe-^^Al^ phase does e x is t  than the mechanism in  which the 5 and 

8 Fenn component a c ts  in  the ordering process i s  com plicated , i . e , ,  i s  

the orderin g  o ( -  DO3 -  Fe^A l^? Kuz'min and losiyevskaya show that the 

change in  the hyperfine values o f  the b and 8 F e ^  components with Al 

concentrations is  in e x p lica b le  i f  the a llo y s  are assumed to c o n s is t  o f  

two phases. A lso , despit©  the extensive  work performed by M, B. Stearns  ̂

a second phase o f  F e^A l^  was not d etected .

In concluding the above d iscussed  co n s id era tion s , a few words w i l l  

be sa id  about the problems encountered w ith the Mossbauer e f f e c t  f i t t i n g  

procedure. The in ten t o f  the computer f i t t i n g  procedure i s  to  create  a 

th e o r e t ic a l  Mossbauer fu n ction a l spectrum f o r  each F e ^  component. By 

varlng each component's percentage e f f e c t  i . e . ,  area under each component, 

quadrupole s p l i t t in g ,  cen ter s h i f t ,  and approxiam ately nine oth er exper­

im en ta lly  and th e o r e t ic a lly  obtained parameters, the in d iv id u a l component;
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spectra  ware added and compared to  the a ctu a l experim entally obtained 

spectrum. This procedure was repeated u n t i l  a best f i t  w ith the experi 

mental spectrum was obtained. From the best f i t ,  each F e ^  component 

percentage e f f e c t ,  which i s  dependent upon the r e la t iv e  number o f  Fenn, 

could be obtained .

As a lready re a liz e d , the f i t t i n g  procedure must now con sider the 

3 , 4 ,5,6,7 and 8 Fenn components and th is  added con siderab le  com plication  

over the o r ig in a lly  be lieved  4 ,8  and 6 Fenn components. The computer 

f i t t i n g  required  the input parameters mentioned above; however, many 

Fenn components are hidden w ithin the spectra , e s p e c ia lly  f o r  th® d is ­

ordered sp ectra , and are not resolved  enough to  ca lcu la te  the quad­

rupole s p l i t t in g  and center s h i f t .  A lso , to  imput the f i r s t  'g u e ss ' 

f o r  the percentage e f f e c t  f o r  each Fe^j component, the th e o r e t ica l 

amounts as ca lcu la ted  e a r l ie r  f o r  an in t e l l ig e n t ly  guessed long range 

order parameter was assumed. However, th is  would not be c o r re c t  f o r  the 

5 F«nn component in  l ig h t  o f  the antiphase boundary con tr ib u tion s . To 

circumvent th is  handicap, a hand unfold ing o f  the spectra was attempted 

by p lainam etric means to  acqu ire the cen ter s h i f t ,  quadrupole s p l i t t in g  

and percentage e f f e c t  o f  each component. For the w ell ordered specimens 

sp ectra , th is  proved r e a l i t iv e ly  s u cce s s fu l, but no success was encountered 

f o r  the d isordered  specimens.

To overcome the above problem, a procedure was devised  using X-Ray 

a n a lys is  to  obtain  the long range order parameter f o r  each time o f  anneal 

and thus knowing the exact th e o r e t ica l percentage e f f e c t ,  an un fold ing 

technique as be fore  would be u t i l iz e d  f o r  the 3*4 ,6,7 and 8 F e ^  com­

ponents and the remaining area o f  the spectrum would be a ttr ib u ted  to  

the 5 F©nn component. This procedure was not used due to a con sideration  

that up to th is  p o in t was not taken in to  account.
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R eferring to the anneal se r ie s  shown e a r lie r  by figu re  26, the 

in v is ion ed  m icrostructure shows that during the room temperature quench, 

fin e  DO3 domains are formed surrounded by the disordered k ’ phase. A fter  

the f i r s t  time increment o f  anneal, the DÔ  domains e x is t  in  the e q u il­

ibrium  sta te  o f  order which may be obtained fo r  that p a rticu la r  temp­

erature using figu re  29. As the annealing process proceeds, the DO3 

domains grow absorbing each other and nearby disordered m aterial u n til  

the equilibrium  amount o f  each phase i s  encountered as predicted  by the 

phase diagram. For the 22 at$  Al a l lo y ,  the equilibrium  structure at 

200°C co n s ists  o f  both and DÔ  phases.

R ea lizing  that the d isordered  o( phase o f  long range order degree 

c lo s e  to zero a lso  contributes a certa in  p ro b a b ility  o f  percentage e f fe c t  

f o r  each F e ^  component and that the Mossbauer spectrum shows but the 

sum t o t a l  o f  each F e ^  component, d isp it®  what phase i t  a r is e s , the 

an a lysis  o f  the spectrum f o r  each Fe^n component f o r  each phase becomes 

extrem ely d i f f i c u l t .  T h eoretica l consideration  fo r  the p ro b a b ility  o f  

each F e ^  component f o r  order degree zero i s  presented in  ta b le  2.

TABLE 2

PERCENTAGE EFFECT

Fe(8 )

Fe(7)

Fe(6 )

13.70

30.91

30.24

17.22

Fe(4) 6.06

Fe(3) 1.37

THEORETICAL
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Equilibrium  Degree o f  Order as a Function o f  Temperature as Determined 

by Pauscher (16)
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P rev iou sly  shown by fig u re  27 and ta b le  2 are the th e o r e t ic a l  pro­

b a b i l i t i e s  o f  percentage e f fe c t s  that should be observed i f  and on ly  i f  

the specimens co n s ists  o f  e ith e r  100$ <\' or  100* DO .̂ However, th is  i s  

not the case f o r  our samples. At the time o f  the quench some DÔ  i s  

p resen t with and a t equ ilibrium  some 0( e x is ts  with DO-j, Consequent­

l y ,  the observed percentage e f f e c t  w i l l  be a com posite o f  the °( and 

DÔ  and be a fu n ction  o f  th e ir  r e la t iv e  amounts. For example:

TIMS OF QDENCH — —  3* D03 97? S = 0 .9 4  :

Iron nearest T h eore tica l percentage E ffe c t
neighbor DO3 ( 100* ) o (  (100* )

F e(3 ) 33.00 13.70

F e(7) 4 .30 30.91

F e(6 ) 7 .00 30.24

F e(5 ) 23.00 17.22

Fe (4 ) 30.60 6 , 06

F e(3) 1.50 1.37

Expected Percentage E ffe c t

F e(3 ) (3 3 .0 £ )(3 * )  + (1 3 .7 0 * )(9 7 * ) 14.28*

F e(7) ( 4 .3 * ) (3 * )  + < 3 0 .9 l* )(9 7 * ) 30.11*

F e (6 ) ( 7 .0 5 0 (3 * ) + (30 .2450 (97*) 29 .54*

F e(5 ) (2 3 .0 * )f ( j* )  + (1 7 .2 2 * )(9 7 * ) 17.39*

F e(4) (3 0 .6 * )(3 * )  + ( 6 . o6 * )(9 7 * ) 6 . 80*

F « (3 ) ( l .5 * ) ( 3 * )  + ( 1 .5 7 * )(9 7 * ) 1 .3 7 *

This process can be extended to  o th er p o ss ib le  degrees o f  order 

and r e la t iv e  amounts o f  each phase. However, an added com plication  

a r is e s  when the d iffe r e n c e s  in  Al con cen tration s between the d isord ered
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e< and ordered DÔ  phases i s  considered. The ordered DÔ  domains formed

have Al concentrations o f  25 at$  Al and th ere fore  the disordered

phase i s  depleted  o f  Al atoms as the amount o f  W j domains in creases.

Therefore, the Fenn components a r is in g  from the d isordered  phase

change with time due to concentration  v a ria tion s . A ls o , p o ss ib ly  a

p o in t i s  reached near equilibrium  where the DÔ  domains have consumed

most o f  the d isordered  o( and th ere fore  th® DÔ  domains now must change

i t s  Fe components due to the lack  o f  Al atoms to  f u l f i l l  the desired nn r
con figu ra tion .

The computer an a lysis  o f  th® spectra y ie ld s  on ly  th* t o t a l  per­

centage e f fe c t  o f  each component. As ou tlin ed  e a r l ie r ,  the k in e t ics  o f  

DChj ordering from d isordered  o( was to  be determined by noting the change 

o f  the DÔ  F®nn components percentage e f fe c t  with ord erin g ; however, 

the percentage o f  the t o ta l  observed Fe components that a c tu a lly  be­

long to  the DÔ  phase i s  unknown. One may con sider the th e o r e t ica l as 

in  the example b e fo re , but th id  i s  not c o r re c t  in  view  o f  antiphase 

boundaries. Other com plications a r ise  when the p o s s ib i l i t y  o f  super­

saturation  o f  A l during the quench i s  considered. I f  th is  happens, the 

p r o b a b ilit ie s  o f  th e  Fenn components o f  the °( phase change with anneal­

in g  due to  the com position change. A lso , i f  i t  i s  in c o r re c t  to  sta te  

that the DÔ  domains when formed during the growth p rocess  i s  a t the 

equilibrium  degree o f  order f o r  that temperature o f  anneal, then the 

DO-j domains must ba considered to  ba ordering to  a h igher order as 

i t  grows.

In conclusion , when considering that a computer f i t t in g  procedure 

may be p erfected  f o r  the an a lysis  o f  these extrem ely com plicated over­

lapping spectra , the need to know the r e la t iv e  amounts o f  each phase a t 

each time o f  anneal in  order to  ca lcu la te  the th e o r e t ica l or the exper­
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im ental rata o f  DO-̂  ord erin g , a c tu a lly  the growth o f  DÔ  domains from 

the d isord ered  ;< phase, makes the us* o f  the Mossbauer e f fe c t  infeas-- 

i b l o  f o r  th is  p a rticu la r  problem in  view  o f  other more stra ightforw ard  

tech n iqu es. Id e a lly ,  the observation  o f  the change o f  the DÔ  F®nn 

componants with ordering would produce d ir e c t  evidence o f  the growth o f  

the DÔ  domains. However, the Mossbauer e f f e c t  spectra  reveal the t o t a l  

Fenn components d esp ite  what phase they may a r ise?  th e re fo re , the DÔ

F e ^  components cannot be separated from the t o ta l  component w ithout 

re so r t in g  to  th e o r e t ic a l means which was shown to  be in  p a r t ia l  e rro r ,

The orderin g  process d iscussed  i s  a c tu a lly  on ly  a growth o f  the DÔ  

domains from the d isordered phase and X-Ray d i f f r a c t io n  techniques 

p rov id es  a b a s ic  means f o r  the acqu irin g  o f  the d esired  in form ation . 

B r ie f ly ,  d i f f r a c t io n  patterns fo r  a d isord ered  a l lo y  would be as norm ally 

p re d icted  f o r  any m etal, whereas f o r  the ordered a l l o y  d i f f r a c t io n  

p a tte rn , new l in e s  a r ise  known as s u p e r la tt ic e  l in e s .  Experim entally, 

the in te n s ity  o f  these s u p e r la tt ic e  l in e s  are dependent upon the degree 

o f  lon g  range order present w ithin  the a l lo y .  The advantage o f  X-Ray 

techniques over ths Mossbauer technique f o r  th is  p a r t icu la r  concern 

l i e s  w ith the con sideration  that on ly the ordered s tru ctu re , DO ,̂ i s  

observab le  w ith the use o f  s u p e r la tt ic e  in te n s it ie s ?  the in te n s ity  

in cre a s in g  with the amount o f  DÔ  domains. The d isord ered  o( phase a cts  

as any normal metal a l lo y  producing normal fundamental lin e s  whose 

in te n s ity  remains the same f o r  both ordered o r  d isordered  a l lo y .  D if­

f r a c t io n  techniques w il l  a lso  produce r e s u lts  revea lin g  the v a ria tion s  

in  the s iz e  o f  ordered domains. T h erefore , the d es ired  in form ation  

may be obtained without the use o f  the Mossbauer e f f e c t  merely by ob­

serv in g  the change o f  the degree o f  long range order with the DO-} domair? 

growth, Kensuke 010. * ^  a l ,  have determined the k in e t ic  behaviors o f
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orderin g f o r  Fe^Al a llo y s  using X-Ray d if fr a c t io n  techniques with la rge  

su ccess.

In vestigating  ths f e a s ib i l i t y  in  obtain ing the k in e t ics  o f  order­

ing  f o r  the DO-j structure from the d isordered X  fo r  the 25 a t$  Al a l lo y  

w i l l  be the next concern. Using the same experim ental response as be fore

u t i l iz in g  the Mossbauer spectrom eter, the im p o ss ib ility  o f  th is  problem
13i s  immediately rea lized  from the work o f  Swan et a l , who showed that 

even a t  a quenching rate o f  50«000°C per second through ths B2 or FeA'J. 

reg ion  to room temperature from the d isordered <>( region  did not reta in  

the °C phase but resu lted  in  f u l l y  100$ f in e  domain s ized  B2 s tru ctu re . 

T h erefore, DÔ  ordering from d isordered o( w i l l  never e x is t  a t  th is  com­

p o s it io n  or  f o r  our experim entally used quenching ra te s . N evertheless, 

the ordering ra ts  o f  D0  ̂ from a B2 structure may be determ ined.

Acknowledging that D0  ̂ domains grow from B2 domains as a nucleation  
14- _and growth process , one would expect to  see the DÔ  Fenn components to

grow in  a t the expense o f  the B2 Fe components when viewing an anneal

s e r ie s  as b e fo re . However, the same problems a r ise  as b e fo re ; the

r e la t iv e  amounts o f  each phase a t  each time o f  anneal i s  needed to be

known in  ordsr to  d e te ct  the change in  the DO-̂  F e ^  components with

orderin g , A fu rth er com plication  a rises  beyond the previous example's

problem ; the B2 domains are a ls o  growing as the DO3 domains are  growing
17

and consuming the B2 ordered stru ctu re . The work o f  K. Oki supports 

th is  statement by the fo llow in g  o b s e r v a t io n 's  expressed by f ig u re  30 

and 31 „

The required in form ation before the spectra may be analyzed f o r  the 

percent change o f  the DÔ  structure Fenn components as a function  o f  time 

in clu d e  the re la t iv e  amounts o f  each phase with time and the degree o f
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ISOTHERMAL CHANGE IN DEGRESS OF ORDER FOR DÔ  and 32 a t  ,383°C

ANNEALING TIES (min)

FIGURE 31

DOMAIN GROV/TH OF DÔ  TYPE ON ISOTHERMAL ANNEAL
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long range order f o r  the B2 s tru ctu re . This la s t  in form ation  i s  re ­

quired in  order to  ca lcu la te  the th e o r e t ica l percentage e f f e c t  fo r  

each B2 Fenn component and with the knowledge o f  the r e la t iv e  amount 

o f  each phase, subtract these B2 components from the analyzed t o t a l  

spectra Fenn components thereby leav in g  the true DÔ  Fenn components. 

However, th is  technique i s  not accurate because as a lread y  observed, 

the a c tu a l Fenn component percentage e f fe c t s  do not fo llo w  th e o r e t ic a l 

con s id era tion s ,

The previous concepts may be extended to  other two phase ordering 

systems to  fin d  them to  be e q u il ly  in fe a s ib le  with the Mossbauer e f f e c t  

fo r  the a cq u is it io n  o f  the ra te  o f  ordering. There does e x is t  a 

p o s s ib i l i t y  o f  ob ta in in g  the k in e t ics  o f  ordering o f  a phase from a more 

d isordered  sta te  o f  that same phase; in v e stig a tin g  the 25 &Vp A l a l lo y  

w il l  e lu c id a te  th is  id ea .

Based upon the equilibrium  ord er degree Vs temperature diagram 

shown e a r l ie r  by f ig u r e  29 f o r  the 25 a t $ A l a l lo y ,  the degree o f  order 

is  h igher when low er temperatures are used to ach ieve equ ilibrium  order. 

T herefore, i f  a specimen i s  ordered u n til equilibrium  i s  reached a t 500°C 

and subsequently i c e  water quenched to  room temperature, thereby  re ­

ta in ing the order s ta ts  o f  500°C (S=0,60) and subsequently perform ing 

isotherm al anneals f o r  various temperatures below 500°C but high enough 

so d i f fu s io n  can take p lace  r e a d ily  (160°C), one may obta in  the rate o f  

the DOj ordering from more d isordered  DÔ  in  the same manner as out­

lin ed  p rev iou s ly , A question  a r is e s  as to the p o s s ib i l i t y  o f  observing 

a s ig n if ic a n t  change in  the Fenn components between the d isordered  and 

the ordered sta te  to  determine th is  change with the Mossbauer sp ect­

rometer, Consequently, the th e o r e t ic a l p r o b a b il it ie s  o f  variou s ?enn 

components was ca lcu la te d  fo r  degrees o f  order fo r  the 25 a t^  Al a l lo y .
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Figure 32 i s  a graph fo r  the p r o b a b ilit ie s  f o r  the Fenn encountered 

fo r  d if fe r e n t  degrees o f  order fo r  the 25 a t$  Al a l lo y .  As prev iou sly  

determ ined, a t  500°C, the equilibrium  degree o f  order was determined to 

be 0,60 and a t l60°C , the order degree i s  0 ,99 . Based upon a th e o r e t ica l 

approach, a s ig n if ic a n t  d iffe r e n c e  e x is ts  a t  the two extremes; however, 

any annealing above 350°  C creates questionable concerns, e s p e c ia lly  

fo r  the 3 ,5 ,6  and 7 F e ^  components, P resently , on ly  the end p o in ts  o f  

the ordering p rocess  has been considered; however, the changes between 

the various stages o f  annealing a t ony one temperature may not be 

s ig n if ic a n t  enough to  be re a d ily  observable.

The Mossbauer spectra  an a lysis  would proceed as b e fore  u t i l iz in g  

a computer f i t t i n g  procedure to  obtain the percentage e f f e c t  change 

f o r  each F e ^  component. For th is  s in g le  phase orderin g  p rocess , the 

components a r is e  on ly  from the DÔ  ordered structure and a l l  previous 

com plications are  absent i f  the assumption i s  made that no B2 ordered 

stru ctu re  e x is ts  a f t e r  orderin g  a t 500°C.

D espite the lim ita t io n s  placed  upon the u t i l iz a t io n  o f  the Mossbauer 

e f f e c t  f o r  the q u a n tita tive  study o f  ordered systems, the Mossbauer 

e f f e c t  o f fe r s  a m ajor advantage over d i f f r a c t io n  or  other techniques.

The Mossbauer e f f e c t  w i l l  y ie ld  more in form ation  via  the observation  

o f  the change in  nine d i f fe r e n t  F e ^  component percentages. X-Ray 

d i f f r a c t io n  techniques y ie ld  on ly one a r t i c l e  o f  in form ation ; in te n s ity  

o f  the s u p e r la tt ic e  l in e s .  The im p lica tio n  o f  using the various changes 

in  the F e ^  component percentages may be extended to  study the e f fe c t s  

o f  various treatments upon the d if fe r e n t  su b la tt ice s  upon the im oosition  

o f  various appropriate l im ita t io n s .
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EXPERIMENTAL PROCEDURE

The a l lo y  was obtained from the Naval Ordnance Laboratory in  sheet 

form aoproxim ately 0.038 inches th ick . The com position  o f  the a l lo y  

was reported as 25 atom ic percent aluminum and remainder ir o n . However, 

subsequent chem ical an a lysis  revealed the a l lo y  to  be 22 atom ic percent 

aluminum.

In preparing the d isordered  a l lo y  specimens, the a l l o y  i s  a i r  hot 

r o lle d  to  produce a sheet 0.008 inches th ick . At th is  p o in t , the 

22 atom ic percent aluminum a l lo y  i s  water quenched from 1100°C a f t e r  hold­

ing f o r  fou r  hours fo r  equilibrium  to  be achieved producing a d isordered  

ex' s tru ctu re . This th ickness and resu ltin g  ox ide  coatin g  i s  u n satis­

fa c to r y  f o r  Mossbauer e f f e c t  work} th e re fo re , the specimens are sand 

b lasted  to  remove the ox id ized  layers  o f  metal and subsequently chem­

i c a l l y  thinned to  0.002 inches using a 70$ phosphoric a c id ,  15$ n i t r i c  

a c id , and 15$ water so lu t io n  heated to  68°C.

The isoth erm al annealing as a fu n ction  o f  time was performed u t i l i z in g  

a s i l i c o n  o i l  bath with temperature con tro l v a lid  to  + 1 .0°C . For 

the stopping o f  the orderin g  at any p a r t icu la r  tim e o f  anneal, the 

specimen i s  ra p id ly  quenched in to  water. Subsequent Mossbauer e f fe c t  

spectrum i s  obtained  f o r  each time o f  anneal as shown be f ig u re s  26 

and 33•
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FIGURE 
33 

ANNEALED FOR 22 HOURS AT ?M
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EXPERIMENTAL RESULTS

A Determination o f  A llo y  Composition

The Mossbauer e f f e c t  peak assignments and percentage e f f e c t  fo r  

each Fenn component f o r  the 200°C anneal se r ie s  d id  not agree with 

other researchers f o r  the 25 at#  Al a l lo y .  However, a good agree­

ment was noted i f  the a l lo y  was 22 at# A l.  Figure 3/1. presents the 

spectrum assoc ia ted  with a specimen that was quenched from 510°C a f t e r  

ach iev ing equ ilibriu m . I f  the a llo y  was 25 at# A l, a d ifferen t, spectrum 

from the 1100°C quenched specimen would be seen due to  the DÔ  order 

present. The spectrum d id  not i l lu s t r a te  a d iffe r e n c e  ju s t  as a 22 at#

Al a l lo y  would be expected not to show a d iffe r e n c e . From th is  data, 

a chemical an a lysis  was ju s t i f ie d  which revealed the a l lo y  to  be 22 at#  A l.

B Order Induced by Gamma Irra d ia tion

An in te r e s t  p ers is te d  as to i f  gamma ir r a d ia t io n  could be used 

to  produce order in  a therm ally d isordered  iron-aluminum a l lo y .  Figure 

35 *nd 36 presents spectra f o r  gamma irra d ia ted  22 a t#  Al specimens that 

were irra d ia ted  fo r  167.2 hours a t  2 .34  X 10^ R/Hr, and 171 hours a t  

2.34 X 10^ R/Hr r e sp e c t iv e ly . No d iffe re n ce  between the d isordered  and 

irra d ia te d  spectra were observable.

C Mossbauer E ffe c t  Spectrum Line Broadening

The p o s s ib i l i t y  o f  observing a change in  the Mo’ ssbauer e f f e c t  spectrum 

Fe comPonen4 widths with the annealing out o f  vacancies ex is t in g

from the water quench was in v estiga ted . A water quench was performed from 

1100°C fo r  a 22 at#  Al specimen and low temperature anneals were p er­
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formed and any change in  peak width noted. Figure 37 presents such an 

anneal s e r ie s .

This procedure proved t o  be in  error because the Mossbauer e f f e c t  is  

very se n s it iv e  to many types o f  la t t i c e  d e fe c ts  and no means was devised 

to separate the d e fe c t  e f fe c t s  upon the spectrum. A lso , the F e ^  com­

ponent peaks would need to be studied and not the observed peaks because 

the observed peak widths are a function  o f  the percentage e f f e c t  o f  

hidden components. Therefore, the computer f i t t e d  spectrum peak

widths was needed but the f i t t i n g  procedure was not p erfected ,

D D isorder by Mechanical Deformation

Figure 38 presents the Mossbauer e f fe c t  spectrum fo r  the 22 &t$ Al 

a l lo y  that was d isordered  by producing fin e  a l lo y  f i l l i n g s .  The spectrum 

is  unresolved and i s  due to  magnetic e f fe c t  con sideration s ,
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ICE BRINE QUENCHED ANNEALED FOR 7 HOURS AT l60UC
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CONCLUSION

From th e o r e t ic a l  and experiment*.! con s id era tion s , the u t i l iz a t io n  

o f  the Nossbauer e f fe c t  f o r  the a cq u is it io n  o f  the k in e t ic s  o f  ordering 

f o r  any two phase order systea by noting the change in  one ph ase 's  

absorbing n u c l id e 's  environment is  in fe a s ib le .

The i n f e a s ib i l i t y  a r ise s  from the Mossbauer e f f e c t  s e n s it iv ity  to 

a l l  absorbing n u c lid e s , and th ere fore  i t s  in a b i l i t y  to  d is t in g u ish  

between the two phase ord er.
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