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The Co-P t  s y s t e m  is well  sui ted for s tudies  of o r d e r - d i s o r d e r  by f ie ld- ion  mic roscopy .  
Because  of th is ,  and the fact that detai led in fo rmat ion  on o rde r ing  is ava i lab le  for  only one 
L12 alloy (Cu3Au), an ex tens ive  X - r a y  study was made of CoPt3. L o n g - r a n g e  o r de r  fa l ls  to 
lower va lues  (S ~ 0.64) in this  al loy than in Cu3Au. The re  is  a two-phase  f ield n e a r  T c 

(685~ extending for about 20~ The o rde red  phase has a s m a l l e r  la t t ice  p a r a m e t e r  than 
the d i so rde red  phase close to T c ,  but at room t e m p e r a t u r e  the r e v e r s e  is t rue .  Order ing  
(when the domain  s ize is  la rge)  follows Ro ths te in ' s  k ine t ic  theory ,  with an ac t iva t ion  en -  
ergy of 74.0(9) kcal  per  g -a tom.  Domain growth is  s i m i l a r  to g ra in  growth, with a t ime  
exponent of about 0.45 and an average  ac t iva t ion  energy of about 62 kcal  per  g -a tom.  The 
ant iphase  domain  s t r uc tu r e  is i so t rop ic ,  in con t r a s t  to Cu3Au. The re  is l i t t le  d i f ference  in 
a tomic  volume of cobalt  and p la t inum in the o rde red  s ta te  as  compared  to the pure  e l ements .  

THE Pt-Co system exhibits complete solubility at 
high temperatures with at least two ordered phases 
occurring at low temperatures, I Fig. I. A tetragonal 
superlattice, well known for its good magnetic proper- 
ties, forms near the composition CoPt. 2 Near the com- 
position CoPts, an Lie-type superlattice (Cu3Au)was 
first reported by Geisler and Martin.3 They determined 
the critical temperature (T c) for an alloy with 30 at. 
pct Co to lie between 700 ~ to 800~ However, a tem- 
perature of 630 ~ to 650~ was reported by Menzinger 
and Paoletti 4 in a study, with neutron diffraction, on an 
alloy of 24.9 at. pct Co. 

Detailed studies of ordering kinetics and order vs 
temperature are really only available for one alloy of 
the Lle type--namely Cu3Au. Yet the Co-Pt alloys are 
widely employed in studies of ordering by field-ion 
microscopy, s'6 This investigation was undertaken to 
provide such detailed information for proper heat treat- 
ment, to resolve the uncertainty in Tc, and to provide 
information on a superlattice isomorphous to Cu3Au. 

I )  PROCEDURES 

A) Spec imens  

The al loy was obtained f rom Engelhard  Indus t r i e s ,  
Inc. ,  as  po lyc rys t a l l i ne  s t r ip .  Wet chemical  a n a l y s i s  
at s eve r a l  loca t ions  along the s t r ip  indicated a compo-  
s i t ion of 24.9 • 0.15 at.  pct Co; the p r inc ipa l  i m p u r i t i e s  
of Rh, Fe ,  Pd totaled l e s s  than 0.01 wt pct.  Spec imens  
employed for  s tudies  of la t t ice  p a r a m e t e r s  and the k i -  
ne t i cs  of o rde r ing  and growth of an t iphase  domains  
were  in the fo rm of foils  7 mi l  thick.  These  were  ob- 
ta ined by a l t e rna t e  ro l l ing  (to a reduct ion in th ickness  
of n e a r l y  100 pct) and annea l ing ;  the f inal  reduct ion 
was 50 pct.  The s t r ip  was then annea led  at 7 2 5 ~  for 
2 hr  to produce  a g ra in  s ize  of about 0.03 mm;  this  
was done in the h i g h - t e m p e r a t u r e  a t t achment  for the 
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X - r a y  s tudies  (see next sect ion) .  The fine gra in  s ize  
was needed to m i n i m i z e  s c a t t e r  in the m e a s u r e d  X - r a y  
in t ens i t i e s .  

For  s tudies  of equ i l i b r ium o rde r  vs t e m p e r a t u r e ,  
s ingle  c r y s t a l s  were  grown f rom the s t r ip  by Meta ls  
Resea rch  Limi ted :  a Br idgeman  technique was em-  
ployed under  a p r e s s u r e  of ine r t  gas to reduce  vapo r i -  
zation of cobalt .  Compar i sons  were  made of the la t t ice  
p a r a m e t e r s  of annea led  f i l ings  f rom the c rys t a l  and 
the s t r ip ;  spe c i me ns  were  quenched f rom above T c . 

F r o m  data r epor ted  by Gebhardt  and K6s te r  on la t t ice  
p a r a m e t e r  vs composi t ion,  7 the c r y s t a l s  were  within 
0.2 at .  pct Co of the o r ig ina l  s t r ip .  These  c rys t a l s  
were  then cut to expose a (100) face and pol ishing and 
repeated  etching was continued unt i l  no fu r the r  sha rp -  
ening of Laue spots  could be noted.  

B) Equipment  and Techniques  

Lat t ice  p a r a m e t e r s  of quenched powders  were  ob-  
ta ined  with f i l t e red  CuK~ radia t ion  and a c a m e r a  of 
114.6 m m  diam.  Values  given a re  the resu l t  of a l e a s t -  
squa r e s  fit to peaks  w i t h  (h 2 + •2 + i e) = 16 -- 24, VS the 
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~ �9 0 / 0 ) .  N e l s o n - R i l e y  p a r a m e t e r  (~{cos 0 / s in  0 + COSz 
Al l  o the r  s tud i e s  we re  p e r f o r m e d  on G. E. XRD-5 
P i c k e r  d i f f r a c t o m e t e r s ,  p r i m a r i l y  at  t e m p e r a t u r e  (or 
in a vacuum of 10 -5 t o r r  or  b e t t e r )  employ ing  an MRC 
h i g h - t e m p e r a t u r e  a t t achment*  or ,  w h e r e  ind ica ted ,  a t  

*Materials Research Corporalion, Orangebnrg, New York. 

r oom t e m p e r a t u r e .  In the  a t t achmen t ,  the s p e c i m e n  i s  
hea ted  by r e s i s t a n c e ;  s ing le  c r y s t a l s  w e r e  s p o t - w e l d e d  
to p l a t inum m e s h  for  th i s  p u r p o s e  whi le  fo r  the  fo i l s ,  
the heat ing e l emen t  was  the a l loy  foi l  i t s e l f .  Two 
C h r o m e l - A l u m e l  t h e r m o c o u p l e s ,  0.006 in. in d i a m e t e r ,  
w e r e  a lways  a t t ached  to the s p e c i m e n  to m e a s u r e  t e m -  
p e r a t u r e  g r a d i e n t s  and for  con t ro l .  These  g r a d i e n t s  
w e r e  d e t e r m i n e d  to be t y p i c a l l y  3 ~ to 5~ ove r  the  face  
of a s p e c i m e n  (0.3 in. by 0.35 in.) but the  incident  
beam was  g e n e r a l l y  r e d u c e d  in s i z e  to keep  the g r a -  
dient  to I~ o r  l e s s ,  e s p e c i a l l y  in the v i c in i ty  of T c . 
The t e m p e r a t u r e  was  con t ro l l ed  to •176 by a T h e r -  
m a c - L a b a c  combina t ion .*  

*A silicon controlled rectifier and proportional control system manufactured by 
Radiation Instruments, Inc., Minneapolis, Minnesota. 

The counting s y s t e m  c o n s i s t e d  of a s c in t i l l a t i on  
coun te r  with a pu l se  height  a n a l y z e r  se t  to accep t  90 
pc t  of the Ka  r ad i a t i on .  F o r  m e a s u r e m e n t s  of peak  
d e p r e s s i o n s  (due to t h e r m a l  and s t a t i c  d i s p l a c e m e n t s  
f rom l a t t i c e  s i t e s )  on s p e c i m e n s  quenched f rom equi -  
l i b r i u m  at  v a r i o u s  t e m p e r a t u r e s ,  MoKa was  employed ,  
m o n o c h r o m a t e d  with a doub ly -ben t  L i F  c r y s t a l  in the  
inc ident  b e a m .  O t h e r w i s e  f i l t e r e d  CuKa was  employed .  
Al l  s cans  w e r e  made  in the  0-20 mode .  F o r  i n t e g r a t e d  
i n t e n s i t i e s  f rom s ing le  c r y s t a l s  (for m e a s u r e m e n t  of 
equ i l i b r ium o r d e r  at t e m p e r a t u r e  o r  d e t e r m i n a t i o n  of 
peak  d e p r e s s i o n s  on quenched s p e c i m e n s ) ,  background  
was  r e m o v e d  by a v e r a g i n g  va lue s  on e i t h e r  s ide  of a 
peak .  Ca re  was  taken to open the r e c e i v i n g  s l i t s  unti l  
the i n t e g r a t e d  in tens i ty  ove r  background  was  cons tan t .  
High-angle peaks were chosen to minimize extinction 
and to avoid rapid variations in background. The mini- 
mum net integrated intensity for a superstructure peak 
near T c was of the order of 20,000 counts but was 
more typically 200,000 counts, 

F o r  s tud i e s  of o r d e r i n g  and domain  s i z e  vs  t i m e  at  
v a r i o u s  t e m p e r a t u r e s  with the foil  s p e c i m e n s ,  c h a r t  
r e c o r d i n g s  w e r e  used  u n l e s s  o the rwi se  noted.  Gon iom-  
e t e r  s p e e d s  w e r e  chosen  a s  slow a s  p e r m i s s i b l e  but 
depended on the k i n e t i c s  of the  r eac t i on  at  any t e m p e r -  
a t u r e .  In t eg ra t ed  i n t e n s i t i e s  f rom c h a r t  r e c o r d i n g s  
w e r e  obta ined  with a p l a n i m e t e r .  Char t  r e c o r d i n g s  
w e r e  a l so  employed  to m e a s u r e  the width o r  pos i t ion  
of a peak (from a s ingle  c r y s t a l  o r  foil  spec imen)  vs  
t e m p e r a t u r e  a f t e r  equ i l ib r ium was  ach ieved .  

Any hea t  t r e a t m e n t  not p e r f o r m e d  in the h i g h - t e m -  
p e r a t u r e  a t t a chmen t  was c a r r i e d  out in a vacuum of 
10 -S t o r r  o r  l e s s  with the s p e c i m e n  s e a l e d  in a qua r t z  
capsu le .  R e s i s t a n c e  f u r n a c e s  employed  w e r e  c on t ro l l e d  
to •176 with g r a d i e n t s  of I~ ove r  the  length of the  
s a m p l e .  Quenching,  if r e q u i r e d ,  was  into ice  w a t e r .  

C) Di f f rac t ion  Theo ry  

The l o n g - r a n g e  o r d e r  p a r a m e t e r  (S) i s  def ined in 
th i s  s tudy,  fol lowing Cowley 8 

S : 3(ra - ~) + r - 4) [I] 

where a represents A-atom sites and/3 represents B- 

a tom s i t e s  in an A3B, L lz  a l loy ,  r i r e p r e s e n t s  the  f r a c -  
tion of sub l a t t i c e  i c o r r e c t l y  occupied .  Fo l lowing  
Schwar tz  and Cohen, ~ the s t r u c t u r e  f ac to r  (F) has  two 
f o r m s  for  such an a l loy .  F o r  fundamenta l  peaks  (hkl 
unmixed)  

F F  = (3fA + f B )  exp [ - ( M  T + M~w)] [2a] 

F o r  s u p e r s t r u c t u r e  p e a k s  (hkl mixed) ,  

FS = S]fB - - fAJ  exp[--( MT + MS)] [2b] 

w h e r e  f/  is  the a tomic  s c a t t e r i n g  f ac to r  of a tom i, and 
the D e b y e - W a l l e r  f a c t o r s  a r e  def ined  a s  fo l lows:  

M T = [-} - (~ )Sc]Ma + [-~ + (-~6)Sc]M~ [3a] 

M T  = [4 - 1/(Sc)]M(~ + [-} + 1/(Sc)]M~ [3b] 

[As l o n g - r a n g e  o r d e r  d i s a p p e a r s  the two t e r m s  in Eq. 
[3b] blow up, but the  s t r u c t u r e  f a c t o r  a l so  goes  to z e r o .  
F u r t h e r m o r e ,  t h e r e  a r e  two t e r m s  of oppos i te  s ign in 
the equat ion.]  Also :  C =4(fB - - f A ) / ( 3 f A  + fB )  

M~w = (~)e2{Vk(1 -- S e) + c(qk  - 4V~k)(S - 1)$2/6} [3c] 

Mw -- (a-%) EZ{Qk(1 - $2) - -~ (Qffe - Qzk)( S - 1)S - 8 / (3c)  

x (q,k  + V2k - V3k - V4b) (  S - 1)} [3d] 

In t h e s e  equa t ions ,  �9 = 1/47r(WA - - ~ B ) w h e r e  the ~ i  a r e  
the a tomic  v o l u m e s  of the  e l e m e n t s  (not n e c e s s a r i l y  the  
v o l u m e s  of the  pu re  components ) .  A l so ,  M ~ ,  M T r e p r e -  
sent  the  con t r ibu t ions  of m e a n - s q u a r e  t h e r m a l  v i b r a -  
t ions  ((p~v)) to the d e p r e s s i o n  of Bragg  peaks ;  the  t e r m  
M a ( M ~ )  has  the fo rm 8~r2((~)~>(sin 2 0/~ 2) 
= B a ( s i n  e 0/he). The  t e r m s  M~,  M} r e p r e s e n t  the  con-  
t r i b u t i o n s  due to m e a n - s q u a r e  s t a t i c  d i s p l a c e m e n t s  
f rom l a t t i c e  s i t e s .  The  t e r m s  in Q involve l a t t i c e  s u m s  
and have  been evaluatedff 

Qffe = 5 . 5 k ~  a4 

Vek = [ l l .7(k~ + k~) + 4.gk~]//a 4 

Q3k = [ l l .7(k~ + k~) + 4.9k~]//a ~ 

Q4k = [ l l .7(k~ + k~) + 4 .9k~l /a  4 

[4a] 

[4b] 

[4c] 

[4d] 

and Qk = Qlb + Q2k + Q3k + Q4k. ki --- 21rhi[bi] w h e r e  bi 
a r e  the a x e s  of the  r e c i p r o c a l  l a t t i c e .  B e c a u s e  of the 
I k i ] t e r m s  in Q, the M' t e r m s  v a r y  with sin 2 8/~ 2. 
Thus  a f t e r  m e a s u r i n g  i n t e g r a t e d  i n t e n s i t i e s  of funda-  
men ta l  p e a k s  (PF)  and s u p e r s t r u c t u r e  p e a k s  (PS), d i -  
viding by the L o r e n t z - p o l a r i z a t i o n  f a c t o r  (LP) and 
u t i l i z ing  Eq. [2], 

[c i t 7'9 + 
In 3fA "+/B) \ L . P . ]  J = 2 In K -  M•) [5a] 

In I fB  - f A I  \L----.-~./ J = ~-In K -  + 

S t ra igh t  l i ne s  a r e  obta ined  if the  lef t  s i d e s  of Eq. [5] 
a r e  p lo t ted  vs  sin 2 0/~ 2. The t e r m  K is  lus t  a p r o p o r -  
t iona l i ty  cons tant  be tween  i n t e g r a t e d  in t ens i ty  and F2;  
it  i nc ludes  the d i r e c t  b e a m ' s  in t ens i ty ,  ab so rp t i on ,  and 
so  for th ,  and i s  independent  of ang le  for  a f la t  c r y s t a l  
cut for  s y m m e t r i c a l  d i f f r ac t ion  and l a r g e r  than the in-  
c ident  b e a m .  The va lue  of S i s  found that  g ives  the 
s a m e  o rd ina t e  for  Eqs.  [5a] and [Sb]. Th is  t r e a t m e n t  
a s s u m e s  that  the  v i b r a t i o n a l  ampl i t ude  of an a tom de -  
pends  only on the  sub l a t t i c e  i t  occup ie s .  F o r  S = 1, 
t h e r e  i s  no d i f f e r ence  between th i s  t r e a t m e n t  and one 
which c o n s i d e r s  the  v i b r a t i o n  to depend on the a tom 
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Fig. 2--In KV'2 e - M v s  sin20/h 2 where Kl/2e -M is the square 
root of the integrated intensity divided by the L. P. factor and 
F 2. S, superstructure peaks (300, 500, 700, 900); F, fundamen- 
tal peaks (600, 620, 800, 660, 840, 1000); measurements at 
T = 298 K. (a) Slow-cooled, S = 1.01; (b) quenched from 660~ 
S = 0.73 (600, 620, and 840 peaks were not measured). 

type;  i .e .  al l  A a toms  a r e  on the a subla t t ice  and a l l  
B a toms  a r e  on the/3 subla t t ice .  Also,  for this  ease ,  
the M' t e r m s  vanish  and B T, B T can be de t e rmined .  
With these  va lues ,  and for  S < 1, E can be de t e rmined .  

This  p rocedure  was u t i l ized  at room t e m p e r a t u r e  
on s ingle  c ry s t a l s  equi l ib ra ted  to give S = 1 and th ree  
other  s ta tes  of o rde r  (the heat t r e a t m e n t s  wil l  be 
given with the r e su l t s ) .  Knowing M~, M/3 and M~, Mw 
as  a funct ion of o rde r ,  the ra t io  of the in tegra ted  in t en -  
s i t i e s  of the 300 and 400 peaks f rom a s ingle  c rys t a l  at 
any t e m p e r a t u r e  was then employed to obtain S. 

I 2S ( L P ) F I  1'2 13fA + f B I  e x p [ - ( M F  r + M:~)] 
S / P F  (--L~s I I fB  + fAI e x p [ - ( M  T +M~)] [6] 

The m e a s u r e d  in tegra ted  in t ens i t i e s  in Eqs.  [5] and 
[6] contain unwanted con t r ibu t ions  due to t h e r m a l - d i f -  
fuse sca t t e r ing  which peaks nea r  the Bragg re f l ec t ions  
as  does the so - c a l l e d  "Huang pe a k"  due to m e a n -  
square  s ta t ic  d i sp l acemen t s .  The l a t t e r  has  been shown 
to be un impor tan t  9 but the f o r m e r  was co r r ec t ed  for 
one-phonon p r o c e s s e s  in the s tudies  with s ingle  c r y s -  
t a l s  us ing  a computer  p r o g r a m  developed by Walker  
and Chipman.  n (Their  XTDL 2 p rog ram was used 
which neglec ts  the incident  b e a m ' s  d ivergence . )  Cor-  
rec t ions  ranged f rom 1 to 14 pct depending on the peak; 
the r e s u l t s  were  i n sens i t i ve  to e r r o r s  in the e las t ic  
cons tan ts  and to the c r y s t a l ' s  p r e c i s e  or ien ta t ion .  The 
e las t ic  cons tan ts  employed were  in te rpola ted  between 
the va lues  a t  25~ for p la t inum tz and fcc cobal t)3 
Changing these  to va lues  at t e m p e r a t u r e  following the 
changes for p la t inum ~ r e su l t ed  in a change in S of l e s s  
than 0.001. Changing the d i rec t ion  n o r m a l  to the dif-  
f rac t ion  vec tor  to (013) f rom (001} caused a change in 
S of 0.005 pct.  C o r r e c t i ons  ca lcula ted  at  room t e m p e r -  
a tu re  were  the re fo re  used in the data taken with s ingle  
c r y s t a l s  at a l l  t e m p e r a t u r e s .  

Ant iphase  domain s i zes  (D) were  ca lcula ted  f rom 
the hal f -widths  (/3) of s u p e r s t r u c t u r e  peaks  (cor rec ted  
for  i n s t r u m e n t a l  e r r o r s )  us ing  the S c h e r r e r  equation: 

0.9~, [7a] 
/3hkl - Dhkl cos 0 

/3 was obtained f rom the actual  hal f -widths  (B) and the 
i n s t r u m e n t a l  b read ths  for an inf ini te  domain s ize (b). 
The l a t t e r  va lue  was obtained at the c o r r e c t  20 by ex-  
t rapo la t ing  the b read ths  of fundamenta l  peaks ,  

/3 = {,/ff 'x--S~. (B - b)} */z [7b] 

This  is  an ave rage  value for Gauss ian  and Cauchy peak 
shapes and has been shown to give r easonab le  a g r e e -  
ment  with va lues  obtained f rom t r a n s m i s s i o n  e lec t ron  
mic roscopy  .14 

II) RESULTS 

A) Debye-Wal le r  F a c t o r s  

A CoPra c rys t a l  (crys ta l  1) was in i t i a l ly  heat t r ea ted  
as  follows: 1 hr  at 710~ 24 hr  at 670~ 72 hr  at 
665~ 72 hr at 655~ 24 hr at 625~ 24 hr at 600~ 
48 hr at 580~ 48 hr at 550~ 48 hr at 520~ 120 hr 
at 500~ 48 hr at 480~ 48 hr at 460~ 24 hr at 
440~ and air cooled. From the integrated intensities 
and Eq. [5], S = 1.01(3)* at 298 K. The error in S was 

*Values in parentheses indicate the standard deviation throughout the text. 

e s t ima ted  f rom l e a s t - m e a n - s q u a r e  fi ts  of Eq. [-5~_ An-  
other  c rys ta l  (c rys ta l  27 was o rde red  over  a five 
month per iod;  the in tegra ted  i n t ens i t i e s  r e su l t ed  in 
S = 1.010 (25) f rom the data shown in Fig.  2(a). Two 
peaks on the l ine for the fundamenta l s  were  affected by 
ext inct ion (they fall below the line) whereas  no supe r -  
s t r u c t u r e  peaks were  apprec iab ly  affected. Slopes for 
both fully o rde red  a l loys  yie lded the r m s  v ib ra t iona l  
ampl i tudes  for p la t inum in Table  I. Also p r e sen t ed  a re  
the Debye t e m p e r a t u r e s  (Oi) of p la t inum calcula ted  
f rom Eq. [8]: ls-17 

B~(T)= 6h~TNa { ~4} 
MkO2 q2(X) + 

[8] 
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Table I. Amplitudes of Thermal Vibration, P t a C o  , S = 1 .01 Tmeas = 2 9 8 K  

Crystal 1 Crystal 2 

Sublattice Atom,-/ BT, A 2 <u~>�89 A 07, K BT, A 2 < u ~ > ~ , A  07, K 

Pt 0.337 0.0653 229 0.331 0.0647 231 
fl Co -0.100 -0.086 

[Scattering factors and dispersion corrections were taken from D. T. Cromer 
and D. T. Mann, LASL Report LA-3689 (1967) and M. J. Copper, Acta CO, st., 
1963, vol. 16, p. 1067.] 

Table II. Distortion Coefficient [el from Bragg Reflections for 
Pt 3 Co ( T = 298K for Measu rement*) 

S BF, A2 leF], cm 3 BS, A 2 I%1, cm 3 

0.87 0.340(24) 2.75 X 10 zs 0.568(21) 4.16 X 10 -2s 
0.855 0.331(24) 2.33 X 10 2s 0.585(20) 4.35 x 10 2s 
0.835 0.338(13) 2.45 X 10 ~s 0.587(21) 4.19 X 10 ~s 
033 0.388(24) 2.91 • 10 ~5 0.626(24) 3.91 X 10 2s 

*The following values were employed to obtain the listed values (flora data on 
crystals with S = 1.01 ) 

B ;  = 0.297(17)A z 

B T = 0.479(17)A 2 

where h is  P l a n c k ' s  constant, NA is  Avogadro ' s  n u m -  
be r ,  M is the a tomic  m a s s ,  k is Bo l t zmann ' s  constant  
and • = O~/T. {r + (~4)}  is  a complex function of 
which was evaluated n u m e r i c a l l y  by Zene r .  z5 The 
va lues  in Table  I can be compared  to X - r a y  d e t e r m i n a -  
t ions  for pure  p la t inum at 25~ [236 (5) K]J  7 The phys -  
ica l ly  un rea l  negat ive  t e r m  for  B~ r e s u l t s  because  the 
a t e r m  domina tes  Eqs.  [3a] and [3b]; the t e r m  in t3 is 
only a few pe rcen t  of the t e r m s  in a .  (See Ref. 18 for 
0 for  pure  cobalt .)  

Four  d i so rde r i ng  t r e a t m e n t s  were  pe r fo rme d  by 
quenching spec imens  f rom 615 ~ 630 ~ 638 ~ and 660~ 
(The quar tz  capsu les  did not sha t t e r  on quenching f rom 
615 ~ and 630~ so that these  quenches  were  r a t h e r  
slow.) Values  of S and peak dep re s s ions  de t e rmined  
f rom the pa r t i a l ly  o rde red  a l loys  a r e  given in Table  II. 
The data a f t e r  the quench f rom 660~ a r e  shown in 
Fig.  2(b); the i n c r e a s e s  in the s lopes due to s ta t ic  
a tomic  d i sp l acemen t s  a r e  c lear .  With the t he r ma l  
ampl i tudes  for the fully o rde red  al loy and the peak de-  
p r e s s i o n s  for S < 1.00, it is  poss ib le  to evaluate  r �9 f, 
the d i f ference  in a tomic  vo lumes  of p la t inum and cobalt  
f rom Eq. [3]. These  va lues  a r e  a lso  given in Table II. 
The ave rage  value of I �9 I for  al l  fundamenta l  peaks is  
2.61 • 10 -25 cu cm and for al l  s u p e r s t r u c t u r e  r e f l ec -  
t ions  is  4.15 • 10 -25 cu cm. If p la t inum and cobalt  
ma in ta in  the rad i i  of the pure  e l emen t s  ] �9 J = 3.1 
x 10 -25 cu cm whereas  data for a d i so rde red  (i.e. shor t  
range  ordered)  al loy indica tes  r = 1.7 • 10 -25 cu cm.~9 
Our va lues  ave rage  to c lose  to the f o r m e r  value.  (Note 
a l so  that the osc i l l a t ions  of the data points  a re  the 
same  in Figs .  2(a) and 2(b); these and other  data sug-  
gdst that th i s  is  a rea l  effect for which we as  yet have 
no explanat ion.)  In obtaining long - range  o rder  vs t e m -  
p e r a t u r e  (with Eq.Jr6]) in the next  sec t ion,  the t e m p e r a -  
t u r e  components  BI~" and B T were  a s s u m e d  to va ry  with 
t e m p e r a t u r e  accord ing  to Eq. [8], inc luding  a c o r r e c -  
t ion for the change in Debye t e m p e r a t u r e  (Oi) with 
vo lume :2o 

O(T) (ao( To)~ a7 
-- \ [9] 

where ao is the la t t ice  p a r a m e t e r  at the indicated t e m -  
p e r a t u r e  and V the Grune i sen  constant  (the value was 
in te rpola ted  between va lues  for cobalt  and p la t inum) ,  z~ 

B) Long-Range Order 

Initially a CoPt3 crystal was subjected to the follow- 
I ing ordering treatment: -~hr at 720~ 72 hr at 670~ 

24 hr at 600~ 24 hr at 550~ 24 hr at 525~ 48 hr at 
500~ 24 hr at 480~ 24 hr at 470~ 24 hr at 460~ 
24 hr at 450~ 24 hr at 440~ 24 hr at 430~ The 
long-range order of this sample was determined from 
Eq. [6] to be 1.07 (I); the heat treatments for this alloy 
and the ones described in the previous section (for 
which S = 1.01) were similar, so the actual order is 

IO2 

.75 

tO 

.50 

25 

O ~  64 
T (*C) 
(a) 

75 

tn 

5C 

.2~ 

\ 

T (% 1 
(b) 

7(30 

Fig. 3--(a) The  normalized long-range order parameter as a 
function of temperature. Experimental results are given by 
the solid curve. The short-dashed curve gives the calculation 
by Cowley 8 and the long-dashed curve gives the calculation by 
Bragg and Williams. 2~ Circles represent single crystal data 
whereas triangles represent data taken from polycrystalline 
foils. (b) Measurements of long-range order vs temperature 
near Tc using a smaller beam size than in (a). 
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l ike ly  c l o s e  to uni ty (the h igher  va lue  h e r e  i s  p r o b a b l y  7' 
due to ex t inc t ion  in th i s  c r y s t a l  lower ing  the in tens i ty  
of the  fundamenta l  peaks ) .  F o r  th i s  r e a s o n ,  a l l  va lue s  
of S w e r e  n o r m a l i z e d  by dividing by 1.07. The c r y s t a l  
was  then hea ted  and he ld  at  v a r i o u s  t e m p e r a t u r e s  unti l  
the  in t ens i ty  of the  300 s u p e r s t r u c t u r e  peak  no l onge r  T 
d e c r e a s e d  o r  unt i l  the  da ta  on o r d e r i n g  k ine t i c s  ( s ec -  
t ion II.  E) i nd i ca t ed  that  o r d e r i n g  was  comple t e .  Equi -  ~ 6' 
l i b r i u m  l o n g - r a n g e  o r d e r  v s  t e m p e r a t u r e  i s  p r e s e n t e d  
in F ig .  3 S d e c r e a s e s  cont inuous ly  f rom 1 at  430~ �9 f D  

to 0.64 at  668~ at  which point  i t  f a i l s  a p p r o x i m a t e l y  
l i n e a r l y  to ze ro �9  Inc luded a r e  da ta  po in t s  f rom (a t -  
t e m p e r a t u r e )  m e a s u r e m e n t s  with a p o l y c r y s t a l l i n e  foi l  
employ ing  only the 100 peak ,  and a s s u m i n g  S = 1.0 at 
low t e m p e r a t u r e s . *  The  a g r e e m e n t  i s  good. The o r -  

*These data were corrected for the peak depression, but not for TDS, which is 
negligible at this position. 

de r ing  was  found to be  r e v e r s i b l e  f r o m  m e a s u r e m e n t s  
t aken  on cool ing a s  we l l  a s  on hea t ing .  The p r e d i c -  
t ions  of the  Cowley 8 and Bragg  and W i l l i a m s  22 t h e o r i e s  
for  A3B a l l o y s  a r e  s u p e r i m p o s e d  in the  f igu re ,  showing 
that  n e i t h e r  mode l  d e s c r i b e s  th is  r e a c t i o n  p r o p e r l y .  

Evalua t ion  of e r r o r s  i nd i ca t ed  that  m e a s u r i n g  s t a t i s -  
t i c s ,  use  of i n t e rpo l a t ed  e l a s t i c  cons t an t s  in the TDS 
c o r r e c t i o n  and u n c e r t a i n t y  in t e m p e r a t u r e  (•176 r e -  
su l t  in e r r o r s  in S of t e s s  than 0.01 at  any t e m p e r a t u r e  
below 670~ The ma in  s o u r c e  of e r r o r  i s  due to the  
u n c e r t a i n t i e s  in the  m e a s u r e d  peak  d e p r e s s i o n s .  E m -  
p loying  s t a n d a r d  dev i a t i ons  d e t e r m i n e d  for  B F  and BS,  

the  va lue  of S m e a s u r e d  at  430~ l i e s  be tween 0.99 and 
1.01, with 95 pc t  conf idence  l i m i t s ;  a t  660~ S l i e s  b e -  
tween 0.72 and 0.76 with 95 pc t  conf idence  l i m i t s .  

The l i n e a r  d e c r e a s e  in S with t e m p e r a t u r e  ove r  the  
l a r g e  i n t e r v a l  of 20~ was  b o t h e r s o m e .  Since c h e m i c a l  
a n a l y s i s  i nd i ca t ed  a n e a r l y  s t o i c h i o m e t r i c  compos i t i on ,  
a s h a r p e r  d rop  was  expec ted .  F o r  th i s  r e a s o n ,  the 
m e a s u r e m e n t s  above 650~ w e r e  r e p e a t e d  us ing  a 
s m a l l e r  b e a m  s i ze  to f u r t h e r  r educe  g r a d i e n t s  in t e m -  
p e r a t u r e .  M o r e  da ta  po in t s  w e r e  inc luded  a l so  n e a r  
TC .  T h e s e  da ta  a r e  p lo t t ed  s e p a r a t e l y  in F ig .  3 and 
ind ica te  that  the  d e c r e a s e  in S with i n c r e a s i n g  t e m p e r -  
a t u r e  i s  not exac t ly  l i n e a r  be tween 668 ~ to 685~ but 
that  the  a b s o l u t e  s lope  i n c r e a s e s  s l i gh t ly  with t e m p e r a -  
t u r e  up to jus t  below T C . This  i s  jus t  the  t r e n d  ex-  
pec t ed  when p a s s i n g  th rough  a t w o - p h a s e  r eg ion  of 
o r d e r e d  and d i s o r d e r e d  p h a s e s ,  if the f r ac t i on  of the  
d i s o r d e r e d  phase  i n c r e a s e s  n e a r l y  l i n e a r l y  with t e m -  
p e r a t u r e  whi le  S of the  o r d e r e d  p h a s e  d e c r e a s e s  (ap-  
p r o x i m a t e l y )  l i n e a r l y  with i n c r e a s i n g  t e m p e r a t u r e .  
The d i s o r d e r i n g  k i n e t i c s  w e r e  found to b e c o m e  s lug -  
g ish  n e a r  and above  670~ Seve ra l  days  w e r e  r e q u i r e d  
to r e a c h  " e q u i l i b r i u m "  a f t e r  t e m p e r a t u r e  changes  of 
only a few d e g r e e s  in th i s  reg ion �9  Th i s  would be ex -  
pec t ed  for  nuc lea t ion  and growth  of a second  phase .  
Th i s  p o s s i b i l i t y  i s  c o n s i d e r e d  f u r t h e r  in the  next  
sec t ion .  

C) Broaden ing  of Di f f rac t ion  P e a k s  

Since the  l a t t i c e  p a r a m e t e r s  and c o m p o s i t i o n s  of 
o r d e r e d  and d i s o r d e r e d  p h a s e s  can be expec ted  to d i f -  
f e r  in any t w o - p h a s e  r eg ion ,  the  h igh -ang le  fundamen-  
ta l  peaks  should b roaden  (or sp l i t )  if two p h a s e s  a r e  
p r e s e n t  nea r  670~ 

The b r e a d t h  of the  400 peak  at  half  height  was  m e a s -  

5 

/ \ 
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Fig. 4--Change with temperature of breadth at half height of 
the 400 reflection from CoPt 3. Circles represent  data from 
chart recordings and triangles represent  measurements em- 
ploying step-scanning. 

u r e d  f r o m  c h a r t  r e c o r d i n g s  be tween  650 ~ and 700~ 
As  shown in F ig .  4 ( c i r c l e s )  a s l ight  b roaden ing  o c -  
c u r r e d  between 668 ~ to 684~ Because  th is  b roaden ing  
was  so s m a l l ,  an a c c u r a t e  s t ep  scanning  m o t o r  with i n -  
c r e m e n t s  of 2 s ec  of a r c  was  employed  in ano the r  run 
to obtain the  shape  23 (A ' s  in F ig .  4). The slow d i s o r -  
de r ing  k i n e t i c s  at  675~ a l lowed  the b roaden ing  to be 
fo l lowed a s  a function of t i m e  ove r  the  s e v e r a l  days  
r e q u i r e d  to r e a c h  equ i l ib r ium�9  The  b roaden ing  i s  ob-  
s e r v e d  in the  s a m e  t e m p e r a t u r e  r ange  a s  the  a p p r o x -  
i m a t e l y  l i n e a r  r eg ion  of S vs  T, f u r t h e r  v e r i f y i n g  the 
p r e s e n c e  of t w o - p h a s e  r eg ion  between 668 ~ to 685~ 
Unfor tuna te ly ,  the b roaden ing  was  so s l igh t  that  it  was  
not  p o s s i b l e  to d e t e r m i n e  which s ide  of the  peak  was  
b r o a d e n e d ,  so  i t  i s  not known whe the r  the  o r d e r e d  
phase  i s  p l a t i n u m - r i c h  o r  c o b a l t - r i c h .  

D) L a t t i c e  P a r a m e t e r s  

The change in ce l l  d i m e n s i o n s  when Pt3Co o r d e r s  i s  
ano the r  X - r a y  method  of o b s e r v i n g  the o r d e r i n g  p r o c -  
e s s ,  s i nce  the  o r d e r e d  p h a s e  g e n e r a l l y  has  a m o r e  
compac t  ce l l  vo lume than the  d i s o r d e r e d  phase .  The 
pos i t i on  of the  420 peak  vs  t e m p e r a t u r e  was  u t i l i z e d  
to  examine  the  l a t t i c e  p a r a m e t e r  changes ,  a s  shown in 
F ig .  5. F r o m  th i s  f igu re  i t  is  c l e a r  that  l a t t i c e  p a r a m -  
e t e r s  of the  o r d e r e d  and d i s o r d e r e d  p h a s e s  a r e  mos t  
wide ly  s e p a r a t e d  at  high t e m p e r a t u r e s ,  r a t h e r  than at 
r o o m  t e m p e r a t u r e ,  i nd ica t ing  d i f fe ren t  r a t e s  of t h e r -  
ma l  expans ion  (12.06 p i n . / i n .  ~ and 12.66 ~ i n . / i n .  ~ 
r e s p e c t i v e l y ) .  A cont inuous  t r a n s i t i o n  f r o m  the l ine  of 
the  o r d e r e d  (or  d i s o r d e r e d )  p h a s e  to the  l ine  of the  
o the r  phase  e x i s t s  be tween  450 ~ and 685~ No d i s c o n -  
t inuous  shif t  in peak  pos i t i on  was  o b s e r v e d  at  T c and 
the m a x i m u m  s e p a r a t i o n  is  only 6 min in 28. F r o m  th i s  
f igu re  it can be seen  that  whi le  the  o r d e r e d  phase  has  
a s m a l l e r  l a t t i c e  p a r a m e t e r  a t  t e m p e r a t u r e  than the 
d i s o r d e r e d  phase ,  the l a t t e r  a p p e a r s  to have a s l igh t ly  
s m a l l e r  l a t t i c e  p a r a m e t e r  at  r oom t e m p e r a t u r e .  Th i s  
f inding i s  suppo r t ed  by l a t t i c e  p a r a m e t e r s  f rom powder  
p a t t e r n s  of fu l ly  o r d e r e d  and d i s o r d e r e d  Pt3Co w i r e s  
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Fig. 5--Change with temperature of the position of the 420 re-  
flection from CoPt 3. (Dashed lines are extrapolations.) 

taken at room t e m p e r a t u r e  (3.8539 (4)A and 3.8530 (3).~ 
r e spec t ive ly  for  ~t = 1.54051A). 

E) Kinet ics  of Order ing  

If a pa r t i a l ly  o r d e r e d  al loy with equ i l ib r ium long-  
range  o rde r  and a la rge  domain s ize  is  quenched f rom 
jus t  below T c to a lower t e m p e r a t u r e ,  the o rde r  within 
each domain will  i n c r e a s e  to the new equ i l ib r ium value 
with e s sen t i a l l y  no change in domain s ize .  This  homo-  
geneous o rde r ing  p r o c e s s  is  to be d is t inguished  f rom 
the nuclea t ion  and growth of domains  opera t ive  in a 
spec imen quenched f rom above T c . T h e  kine t ics  of this  
homogeneous o rde r ing  was studied by m e a s u r i n g  the 
change in di f f racted in tens i ty  of a supe r l a t t i ce  peak 
over  the t ime  in te rva l  r equ i r ed  to obtain the equi l ib-  
r i um value of S. 

A po lyc rys t a l l i ne  foil, annea led  for  s eve ra l  days n e a r  
670~ to a domain s ize n e a r  500-&, was quenched to the 
t e m p e r a t u r e  of i n t e r e s t  and the 100 peak was r e pe a t -  
edly scanned.  Quenches  were  made f rom n e a r  670~ to 
625 ~ 600 ~ 575 ~ 550 ~ 525 ~ and 500~ Typical  exper i -  
menta l  plots  of S vs  t ime  a f te r  quench a r e  given in Fig.  
6 for  T = 625 ~ and 500~ (The data were  not co r rec t ed  
for TDS or  peak dep res s ion .  These  co r rec t ions  were  
negl ig ible ,  p r i m a r i l y  due to the low diff ract ion angle  of 
the 100 peak,  and the fact that a na r row range of in te -  
gra t ion was employed.)  Orde r ing  was complete  in l e s s  
than 50 min  at 625~ while r equ i r ing  seve ra l  days at 
500~ Scat ter  in the data taken at h igher  t e m p e r a t u r e  
is  cons ide rab ly  g r ea t e r  because  of the fast  scan ra tes  
r equ i r ed  to r eco rd  many peaks in a short  t ime ,  com-  
pared  to lower  t e m p e r a t u r e s .  

These  data a r e  s u m m a r i z e d  in the form of a t i m e -  
t e m p e r a t u r e - t r a n s f o r m a t i o n  ( T T T )  d iagram in Fig.  7. 
Curves  cor responding  to different  pe rcen t ages  of com-  
plet ion of the reac t ion  have been drawn,  including data 
points  at 670 ~ to 675~ obtained f rom the inves t iga t ions  
of the l ong - r ange  o rder  vs  t e m p e r a t u r e .  The noses  of 
the curves  a r e  close to 665~ although the k ine t i cs  do 
not become sluggish unt i l  n e a r l y  670~ where  the two- 
phase region is  encountered .  

The most  sa t i s fac tory  approach to desc r ib ing  the k i -  
ne t i cs  of homogeneous o rde r ing  appea r s  to be Dienes '  
chemical  ra te  theory 24 in which the in te rchange  of an 
A atom and a B atom from right  s i t es  of the s to ich io-  
m e t r i c  supe r l a t t i ce  to wrong s i tes  is  t r ea ted  as a chem-  
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Fig. 6--Change in order with time after quench from 670~ 
(a) T = 625~ solid line is best overall fit with Eq. [10b]. 
(b) T = 500~C; solid line is fit with equation at long times; 
dashed line is fit at short times. 
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Fig. 7--Time-Temperature-Transformation diagram for or- 
dering in CoPt~. 

ical  reac t ion .  The bas ic  k inet ic  equation of the Dienes 
model is :  

d-Tas = kw {xAxB( 1 _S)2_ vwV--r [S + x A xB(1 - S )  2] 

• exp [ ( - W / k T ) ] }  [10a] 

where  W is the B r a g g - W i l l i a m s  energy (WoS), v r (Vw) 
is  the f requency for  the in te rchange  of r ight  (wrong) 
atom pa i r s  and kw is the ra te  constant  for the backward 
reac t ion .  Because  W depends on S, Eq. [10a] is t r a n s -  

M E T A L L U R G I C A L  T R A N S A C T I O N S  



10-3r.__r_ 

l0 -4 

I 

t a  

10-5 

I.~ .0012 O013 
I/T (~ 

Fig. 8--The rate eonstant r in Eq. [ l l l  as a function of the re -  
ciprocal absolute temperature. 

cendenta l  and may  only be  so lved  n u m e r i c a l l y  fo r  a s -  
sumed  v a l u e s  of the  p a r a m e t e r s .  Nowick and W e i s -  
b e r g  25 have so lved  Eq. [10a] by a T a y l o r ' s  expans ion  
about the  equ i l i b r ium l o n g - r a n g e  o r d e r ,  Se, for  s m a l l  
dev i a t i ons  f rom S e. They  showed that  the  r e su l t i ng  
equation c lo se ly  a p p r o x i m a t e s  the fol lowing e x p r e s s i o n  
deve loped  e a r l i e r  by Roths te in  26 under  m o r e  r e s t r i c -  
t ive  condi t ions .  

( l - S )  / c o t h \ ,  
= k t a n h ) t a  t +/3) [10b] 

w h e r e  a i s  a complex  function of S, W and the  d e r i v a -  
t i v e s  of Wwi th  r e s p e c t  to S; # is  an in t eg ra t ion  con-  
s tan t .  The tanh function app l i e s  to d i s o r d e r i n g .  Roth-  
s t e i n ' s  equation h a s  been  t e s t e d  and been  shown to fi t  
the  ava i l ab l e  da ta  for  s m a l l  changes  of l o n g - r a n g e  
o r d e r  in Cu3Au. 27 

Eq. [10b] has  been f i t ted  to the l a t t e r  pa r t  of each  
curve  of S vs  t i m e  for  CoPt3, t h e r e b y  obtaining a and/3 
a s  a funct ion of t e m p e r a t u r e .  At a l l  t e m p e r a t u r e s  the 
cu rve  g e n e r a t e d  us ing  ~ and/3 f i t s  the  e x p e r i m e n t a l  
cu rve  qui te  wel l  except  for  shor t  t i m e s  a f t e r  the 
quench,  e.g. Fig .  6(b). Th is  devia t ion  a t  sho r t  t i m e s  i s  
expec ted  s ince ,  in mos t  c a s e s ,  the  t o t a l  change in o r d e r  
i s  too l a r g e  for  the  Nowick and W e i s b e r g  app rox ima t ion  
to be  s t r i c t l y  va l id .  (The change in o r d e r  with t i m e  i s  
g r e a t e s t  jus t  a f t e r  the  quench w h e r e  the fit with t h e o r y  
can then be expec ted  to be w o r s t . )  Nowick and W e i s b e r g  
show that  to a good f i r s t  a p p r o x i m a t i o n ,  a i s  given by 

1 • exp [ - (  (AHAB + -~Wo)/kT)] [11] 

w h e r e  Z B i s  the n u m b e r  of B s i t e s  ad j acen t  to an A s i t e  
and AHAB is  the  ac t iva t ion  ene rgy  for  the  a tomic  i n t e r -  
change of a wrong A - B  p a i r .  The ac t iva t ion  ene rgy  
(&HA B + 1 Wo) d e t e r m i n e d  f rom the s lope  of a plot  of 
I n a  v s  I / T ,  Fig .  8, employ ing  a l e a s t - m e a n - s q u a r e  
f i t ,  i s  74.0 (9) kca l  p e r  g - a t o m .  The i n t e r c e p t  y i e l d s  
a f r equency  f a c t o r ,  (vrvw) 1/2, of 1.27 • 1014 sec  -1. If 
Eq. [11] i s  i n s t e a d  f i t ted  to the  in i t i a l  p a r t  of each o r -  
de r ing  cu rve ,  e.g. Fig .  6(b), the  ac t iva t ion  ene rgy  i s  
73.3 (12) kca l  p e r  g - a t o m  with a f r equency  f a c t o r  of 
9.7 x 10 la s ec  -1. 

The ac t iva t ion  energy  d e t e r m i n e d  f rom F ig .  8 a p -  
p e a r s  to  be  l a r g e r  than t yp i c a l  ac t iva t ion  e n e r g i e s  for  
diffusion c on t ro l l e d  p r o c e s s e s  in a l l o y s .  Schoi je t  and 
G i r i f a l co  27 have s u g g e s t e d  that  the ac t iva t ion  energy  
d e t e r m i n e d  in o r d e r i n g  e x p e r i m e n t s  c o r r e s p o n d s  to the  
l a r g e s t  ac t iva t ion  energy  for  a jump which i n c r e a s e s  
S. F o r  CoPt3, the  movemen t  of a p l a t inum a tom f rom 
the coba l t  to a p l a t inum sub l a t t i c e  i s  the  r a t e  c o n t r o l -  
l ing s tep .  Th i s  then should d e t e r m i n e  the ac t iva t ion  
ene rgy  o r  o r d e r i n g ,  l a r g e r  than what  i s  m e a s u r e d  in a 
diffusion e x p e r i m e n t .  

F)  Growth of An t iphase  D oma ins  

In the  c o m p l e t e l y  o r d e r e d  s t a t e ,  CoPt~ has  an L12 
s t r u c t u r e  in which any one of the  four  s u b l a t t i c e s  can 
be occupied  by cobal t  a t o m s  whi le  the  o the r  t h r e e  sub-  
l a t t i c e s  a r e  occupied  by p l a t i num.  The four  p o s s i b l e  
unit  c e l l s  a r e  c r y s t a l l o g r a p h i c a l l y  r e l a t e d  by sh i f t s  of 
a/2 (110). On quenching f rom above  to below T c, o r -  
de r ing  o c c u r s  by a nuc lea t ion  and growth  p r o c e s s ,  b e -  
c a u s e  as  we have shown the r e a c t i o n  i s  f i r s t  o r d e r .  
Each o r d e r e d  r eg ion  is  b a s e d  on one of the four t ypes  
of unit  ce l l  and g rows  by consuming the su r round ing  
d i s o r d e r e d  m a t e r i a l  unt i l  r eg ions  impinge  at  " a n t i -  
phase  d o m a i n b o u n d a r i e s "  (APDB). Af t e r  i m p i n g e -  
ment ,  s o m e  doma ins  grow with the  reduc t ion  in a n t i -  
p h a s e  domain  boundary  a r e a  p rov id ing  the d r iv ing  f o r c e  
for  growth.  S imul taneous ly  with the  growth  of o r d e r e d  
d o m a i n s ,  the  o r d e r  within the doma ins  may  be in 
i n c r e a s i n g .  

In h ighly  o r d e r e d  Cu3Au, the APDB have been found 
to l i e  p r i m a r i l y  on {100} p l a n e s Y - 3 ~  Two types  of 
APDB can o c c u r  on {100} p l a n e s  in an L12 a l loy .  One 
type  has  a low s u r f a c e  energy  and i s  r e f e r r e d  to a s  
Type  I [the shif t  of a /2  (110) l i e s  in the (100) bound-  
a r y ] .  The (100} Type  II APDB has  n e a r e s t  ne ighbor  
v io l a t ions  a c r o s s  the boundary  making  i t  a high energy  
boundary  (the shif t  of a /2  Cll0) i s  p e r p e n d i c u l a r  to the 
bounda ry  p lane t .  A l so  s h e a r  type  APDB on (111} p l a n e s  
can be  p r o d u c e d  by mot ion  of a n o r m a l  fcc d i s l oca t i on  
with B u r g e r ' s  vec to r  a /2  4110) through the o r d e r e d  
s t r u c t u r e .  F r o m  a n a l y s e s  p r o p o s e d  by Wi l son  3~ and 
Mikkola  and Cohen, 31 the p r o b a b i l i t y  of {111} s h e a r ,  
{100} Type  I and {100} Type  II APDB can be  d e t e r m i n e d  
f rom the b roaden ing  of s e v e r a l  s u p e r s t r u c t u r e  peaks .  
In Cu3Au the (100} Type I APDB p r e d o m i n a t e  at  sho r t  
t i m e s ,  with {111} s h e a r  APDB i n c r e a s i n g  in i m p o r -  
t ance  at  l onge r  t i m e s .  The {100} Type  I b o u n d a r i e s  a r e  
qui te  evident  in the  d i f f r ac t ion  p a t t e r n  s ince  t h e s e  p r o -  
duce no b roaden ing  of 100 p e a k s  but an a b n o r m a l l y  
l a r g e  b roaden ing  of 110 peaks .  F o r  the o the r  two t y p e s  
of boundary ,  both peaks  a r e  b r o a d e n e d  but the 100 i s  
b r o a d e n e d  m o r e  than the 110. 

A p o l y c r y s t a l l i n e  foil  of CoPt3 quenched f rom 700~ 
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Fig. 9--Change in antiphase domain size with time after 
quench for various temperatures. (a) Domain sizes measured 
from broadening of 100 superlattice peak; (b) domain sizes 
obtained from 110 superlattice peak. 

was i so the rma l ly  annea led  below T c for  s eve ra l  days.  
The 100 and 110 super l a t t i ce  peaks were  examined 
many  t i m e s ,  while the 210 and 211 peaks  were  e xa m-  
ined only occas iona l ly .  

Broadening  of the 211 super l a t t i ce  peak a f te r  long 
annea l ing  t imes  (2 to 3 days)  r e su l t ed  in domain s i zes  
s i m i l a r  to the 110, whereas  the 210 ref lec t ion  indicated  
s l ight ly l a r g e r  domain s i zes  than both the 110 and 211. 
Domain s i z e s  obtained f rom the 100 and 110 peaks a r e  
s i m i l a r  at shor t  annea l ing  t i m e s  with the 110 domain 
s ize  i n c r e a s i n g  at a f a s t e r  ra te .  

It i s  apparen t  that the APDB takes a m o r e  random 
orientation in CoPt3 than in Cu3Au. 

Domain sizes were determined as a function of time 
for several quenching temperatures. It has been sug- 
gested by Rudman 32 that antiphase domain growth is 
analogous to grain growth and should follow the kinetic 
law : 

D = k t n  + A [12] 

where  k and n a r e  cons tants  and t is  the t ime .  In Fig.  
9, log D vs  log t is  plotted for the 100 and 110 peaks .  
All plots  a r e  l i n e a r  with n va ry ing  between 0.38 and 
0.45 for the 100 peaks and about 0.5 for the 110 r e f l ec -  
t ion.  (For  me t a l l u rg i ca l  g ra in  growth n -- 0.5 is  the 
pred ic ted  l imi t ing  value for high pur i ty  me ta l s  n e a r  the 
mel t ing  point ,  but expe r imen ta l  va lues  range  f rom 0.25 
to 0.33.) Average  ac t iva t ion  ene rg i e s  of 63 kcal  pe r  g-  
a tom and 61 kcal  pe r  g - a tom were  obtained f rom In ! 
vs r ec ip roca l  t e m p e r a t u r e  at constant  domain s ize  for 
the 100 and 110 peaks ,  Fig.  10. Poquette  and Mikkola 29 
found that for Cu3Au, n ~ 0.5 and that the act ivat ion 
energy obtained f rom s tudies  of domain growth is  the 
s ame  as  that found for  diffusion in the al loy,  indicat ing 
that domain growth i s  diffusion cont ro l led .  No diffusion 
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Fig. 10--Time to reach a given domain size vs reciprocal 
temperature (as measured from broadening of the 100 super- 
lattice reflection). 

data a r e  ava i lab le  for  the P t -Co  sys tem,  but act ivat ion 
ene rg ie s  de t e rmined  f rom self  diffusion of p la t inum 
(68 kcal  per  g-a tom)  31 and cobalt  (65 kcal  per  g -a tom)  32 
suggest  the s a m e  is  t r ue  in CoPt3. 

III) DISCUSSION AND SUMMARY 

This  r e s e a r c h  e s t ab l i shes  that the o r d e r - d i s o r d e r  
t r a n s f o r m a t i o n  in CoPt3 is f i r s t  o rder ,  as  expected, 
but r e ve a l s  the p r e s e n c e  of a two-phase  region  between 
668 ~ to 685~ That  a s ignif icant  two-phase  region is  
p r e s e n t  so c lose  to s to ich iomet ry  is  unusual  when com-  
pa red  to other  known supe r l a t t i ce s .  Also noteworthy 
is  that Ge i s l e r  and Mar t in  3 found the c r i t i ca l  o rde r ing  
t e m p e r a t u r e  to be higher  than 700~ for a 30 at .  pct 
al loy as  compared  to 685~ in this  inves t iga t ion  and to 
below 650~ in Menzinger  and P a o l e t t i ' s  work.  4 A dif-  
fe rence  of 35~ in T c de te rmined  by Menzinger  and 
Paole t t i  and ou r se lves  on n e a r l y  s to ich iomet r i c  c r y s -  
ta ls  sugges ts  that T c may va ry  sharp ly  with compos i -  
t ion n e a r  s to ich iomet ry .  

A re la t ive ly  low degree  of l ong - r ange  o r de r  (S 
= 0.64) can be to le ra ted  by CoPt3 before  d i so rde r ing  
with a fu r the r  i n c r e a s e  in t e m p e r a t u r e ,  Fig.  3. In 
Cu3Au the m i n i m u m  degree  of o rde r  is  0.80. This  be-  
havior  for  CoPt3 may be pa r t i a l ly  due to the a b n o r m a l l y  
sma l l  d i f ference  in la t t ice  p a r a m e t e r s  of the o rde red  
and d i so rde red  phases .  In Cu3Au the d i f ference  in la t -  e 
t ice  p a r a m e t e r s  n e a r  T c is 0.006A as  compared  to 
0.001A in CoPt3; s igni f icant  changes in S in the f o r m e r  
al loy resu l t  in l a r g e r  s t r a in  ene rg i e s .  

The k ine t i cs  of o rde r ing  for CoPt3 were  found to fit 
Ro ths te in ' s  e6 equation for o rder ing .  An act ivat ion en-  
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e r g y  o f  74 k c a l  p e r  g - a t o m  w a s  f o u n d  f o r  t h e  o r d e r i n g  

p r o c e s s ,  w h i c h  i s  p r o b a b l y  a s s o c i a t e d  w i t h  t h e  m o t i o n  
of  a p l a t i n u m  a t o m  f r o m  t h e  c o b a l t  t o  t h e  p l a t i n u m  
s u b l a t t i c e .  T h e  k i n e t i c s  o f  a n t i p h a s e  d o m a i n  g r o w t h  
o b e y  t h e  e q u a t i o n  d e s c r i b i n g  g r a i n  g r o w t h ,  w i t h  a n  

a v e r a g e  a c t i v a t i o n  e n e r g y  o f  62 k c a l  p e r  g - a t o m .  T h e  

b r o a d e n i n g  o f  s u p e r l a t t i c e  p e a k s  i n d i c a t e s  t h a t  t h e  l ow  
e n e r g y  {100} T y p e  I A P D B  a r e  n o t  a s  p r e d o m i n a n t  f o r  

C o P t 3  a s  t h e y  a r e  f o r  C u 3 A u ;  a m o r e  r a n d o m  d i s t r i b u -  
t i o n  o f  A P D B  i s  p r e s e n t .  

F i n a l l y ,  w e  h a v e  n o t e d  t h a t  a p a r t i a l l y  o r d e r e d  s p e c i -  

m e n  i s  m a g n e t i c  n e a r  0 ~  b u t  a f u l l y  o r d e r e d  s p e c i m e n  
o r  a d i s o r d e r e d  s p e c i m e n  i s  n o t .  T h i s  s u g g e s t s  m o r e  

c o b a l t - r i c h  r e g i o n s  i n  t h e  f i r s t  c a s e  t h a n  in  t h e  l a s t ,  
b u t  a d e t a i l e d  s t u d y  o f  l o c a l  a t o m i c  a r r a n g e m e n t s  i n  
b o t h  c a s e s  w o u l d  b e  interesting. 

A C K N O W L E D G M E N T S  

T h i s  r e s e a r c h  w a s  s p o n s o r e d  b y  t h e  N a t i o n a l  S c i e n c e  
F o u n d a t i o n .  S u p p o r t  b y  a N D E A  f e l l o w s h i p  a n d  b y  a 
C a b e l l  f e l l o w s h i p  f r o m  N o r t h w e s t e r n  U n i v e r s i t y ,  a r e  
g r a t e f u l l y  a c k n o w l e d g e d .  D r s .  W a l k e r  a n d  C h i p m a n  
k i n d l y  m a d e  a v a i l a b l e  t h e i r  p r o g r a m  f o r  c a l c u l a t i n g  
T D S .  
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