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Interdi f fus ion coefficient (D) in coba l t -manganese  al loys has been  de t e rmined  by Matano ' s  
method in the t e m p e r a t u r e  range  between 1133 and 1423 K on (pure C o ) -  (Co-30.28 at.  pct 
Mn alloy) and (pure C o ) -  (Co-51.76 at. pct Mn alloy) couples.  This ,  D, has been found to 
i n c r e a s e  with the i n c r e a s e  of manganese  content .  However,  the ac t iva t ion  energy (Q) and 
f requency factor  (Do) show a max imum at about 10 at.  pct Mn. The concent ra t ion  depend- 
ence of D and Q has been d i scussed  taking into account  the the rmodynamic  p rope r t i e s  of 
the al loy.  The d i f ference  in Q between the f e r r o -  and pa ramagne t i c  phases  in Co-5 at.  
pct Mn alloy has been found to be 24 k J / mo l ,  which is l a rge r  than that for the diffusion of 
Mn 54 in this al loy.  F u r t h e r  it has been found that the Ki rkendal l  m a r k e r  moves toward 
m a n g a n e s e - r i c h  side, showing that manganese  a toms diffuse fas te r  than cobalt a toms.  
F r o m  the m a r k e r  shift,  the i n t r i n s i c  diffusion coefficients ,  Dco and DMn , at 33 at.  pct 
Mn have been de te rmined  as follows: 

DCo = 0.22 • 10 -4 exp ( -263  kJ mol-1/RT) m2/s,  

and 

DMn = 0.98 x 10 -4 exp (-229 kJ mol-1/RT) m2/s .  

IN the past  few decades,  much efforts have been made 
on the theore t ica l  and expe r imen ta l  s tudies  on diffu- 
s ion in pure  meta l s  and di lute alloys.1 Although a 
few studies  on a tomic mechan i sm  of diffusion in con- 
cent ra ted  a l loys  have been ca r r i ed  out, they a re  
l imi ted  to e i ther  completely random or complete ly  
o rdered  al loys .2 It may be in t e re s t ing  to study the 
diffusion p a r t i c u l a r l y  in concent ra ted  al loys to ex- 
amine  the re l a t ionsh ips  between the diffusion pa r -  
a m e t e r s  and the i r  phys ica l  or t he rmodynamic a l  p rop-  
e r t i e s .  The ac t iva t ion  energy  and f requency factor  for  
in terd i f fus ion  de te rmined  by the A r r h e n i u s  r e l a t ion -  
ship a re  re la ted  not only to the se l f -d i f fus ion  of both 
components  in the al loy but a lso  to the t e m p e r a t u r e  
dependence of the the rmodynamic  factor  in D a r k e n ' s  
re la t ion .  3 F u r t h e r  the effect of magnet ic  t r a n s f o r -  
mat ion  on the se l f -d i f fus ion  and impur i ty  diffusion 
has been studied fa i r ly  well  in or- iron 4-13 and co- 
bait.14'15 

Though, the p re sen t  authors  have studied in te rd i f -  
fusion in a s e r i e s  of cobalt  a l loys,  such as Co-Ni,  16 
Co-Pd  17 and C o - F e  18 al loys,  now Co-Mn sys t em has 
been chosen for the invest igat ion,  s ince  Co-Mn al loys 
appear  to be su i table  for  s tudying both the t e m p e r a -  
tu re  and concen t ra t ion  dependence of in te rd i f fus ion  
coefficient  and the effect of magnet ic  t r a n s f o r m a t i o n  
on in terd i f fus ion .  This  has been fac i l i ta ted  s ince  
cobalt  and manganese  form a solid solut ion over  a 
wide range  of t e m p e r a t u r e  and composi t ion  19 (the 
max imum solubi l i ty  of manganese  is about 58 pct* at 

*Composition of alloys is expressed always in at. pct unless otherwise stated. 

1433 K) and the magnet ic  t r a n s f o r m a t i o n  takes place 
in an appropr ia te  t e m p e r a t u r e  range  for diffusion ex- 
p e r i m e n t s .  
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In the p re sen t  work, an a t tempt  is a lso made to 
examine  the A r r h e n i u s  re la t ionsh ips  as cited above, 
in some concent ra ted  Co-Mn a l loys .  The in te rd i f -  
fusion expe r imen t s  on (pure Co) - (Co-30 .28  pct Mn 
alloy) and (pure Co) - (Co-51 .76  pct Mn alloy) couples 
have been c a r r i e d  out in the t e m p e r a t u r e  range  be-  
tween 1133 and 1423 K. The data on the diffusion of 
Mn 54 in cobalt,  in Co-5.22 and in 10.24 pct Mn al loys 15 
and the the rmodynamic  data 2~ have been used to in-  
t e r p r e t  the r e su l t s .  

EXPERIMENTAL PROCEDURE 

Pure cobalt discs, 8..7 mm in diameter and 7 mm 
thick, were  machined f rom the cobalt  bar  which was 
obtained by vacuum-  mel t ing e lec t ro ly t ic  cobalt .  
Chemica l  ana lys i s  showed the impur i t i e s  to be Ni: 
0.02, Fe:  0.02, C: 0.005, Cu: 0.003 and Mn: <0.0001 
wt pct. Co-30.28 pct Mn and Co-51.76 pct Mn a l -  
loys were  made by mel t ing  the e lec t ro ly t ic  cobalt  
and e lec t ro ly t ic  manganese  (99.94 wt pct puri ty)  in 
an a rgon  gas a tmosphe re .  The alloy d iscs  were 
machined to make the same  d imens ion  as the pure  
cobalt  d i scs .  After  the annea l ing  for g ra in  growth 
at the t e m p e r a t u r e s  about 100 K lower than the mel t -  
ing point for 3 or 4 days in a s t r e a m  of pur i f ied  
hydrogen gas, the average  gra in  s ize  was 4 to 5 mm 
in pure  cobalt and 2 to 3 mm in a l loys .  Ana lys i s  of 
the al loy spec imens  by an e lec t ron  probe m i c r o -  
ana lyze r  showed that dur ing  the annea l ing  the s u r -  
face was depleted in Mn to a depth of about 0.5 mm 
as a r e s u l t  of evaporat ion.  The depleted sur face  
layer  was therefore  removed by a p r e c i s i on  cutt ing 
machine .  F la t  faces  of each spec imen  were  then ca r e -  
fully ground on e me r y  papers  and pol ished on a lap 
with fine a lumina  pas te .  Sandwich type diffusion 
couple cons is ted  of three  d i scs ,  two outer  cobalt  
d i scs  and a cen t ra l  al loy disc,  was put in a s t a in l e s s  
s tee l  holder  with sc rews ,  and p r e s s e d  by the sc rews  
and dif fus ion-welded by heat ing at 1173 K for  2 h in 

METALLURGICAL TRANSACTIONSA VOLUME 8A, JUNE 1977 991 



a s t r e a m  of pu r i f i ed  hydrogen  gas .  The  d i f fus ion 
width by th is  t r e a t m e n t  was about 10 /~m which was 
neg l ig ib le  c o m p a r e d  with that  by the ac tua l  d i f fus ion  
anneal ing .  A v e r y  s m a l l  amount  of f ine c h r o m i u m  
oxide powder  was put in the  weld ing  i n t e r f a c e  of the 
couple as  the K i r k e n d a l l  m a r k e r .  The d i f fus ion 
couple  was s e a l e d  in a qua r t z  tube with a rgon  gas 
and annea l ed  in e l e c t r i c  r e s i s t a n c e  f u r n a c e s  in the 
t e m p e r a t u r e  r ange  be tween  1133 and 1423 K. The 
fu rnace  t e m p e r a t u r e  was con t ro l l ed  within • K d u r -  
ing the di f fus ion.  A f t e r  the d i f fus ion anneal ,  the 
couple  was cut p a r a l l e l  to the d i f fus ion d i r ec t i on ,  
and the cut s u r f a c e  was ground on e m e r y  p a p e r s  
and f ina l ly  po l i shed  on a lap with f ine a lumina  pa s t e .  

An e l e c t r o n  p robe  m i c r o a n a l y z e r  ( S h i m a z u - A R L -  
Type  II) was used  to d e t e r m i n e  the concen t ra t ion  d i s -  
t r i bu t ion  in the d i f fused  s p e c i m e n .  The a n a l y s i s  con-  
d i t ions  of the m i c r o a n a l y z e r  were  a s  fo l lows :  a c -  
c e l e r a t i n g  vol tage ,  30 kV; t ake -o f f  angle  of r ad ia t ion ,  
52.2 deg; s p e c i m e n  c u r r e n t  for  pu re  cobal t ,  0.008 
pA; scanning  speed ,  8 /~m/min  o r  24 /~m/min.  The 
r e l a t i v e  i n t ens i t i e s  of the X - r a y  r a d i a t i o n s  (Co-Ks  
and Mn-K~)  we re  conver t ed  into concen t r a t i ons  u s -  
ing the c a l i b r a t i o n  cu rves  shown in F ig .  1 which 
was  obta ined  by  the s t a n d a r d  s p e c i m e n s .  

The in t e rd i f fus ion  coeff ic ient  was d e t e r m i n e d  a s  a 
function of concen t ra t ion  by M a t a n o ' s  method.  21 It 
was shown that  the m o l a r  vo lume of C o - M n  a l loy  
was p r o p o r t i o n a l  to the mole  f r ac t i on  of manganese  
up to about 52 pc t  Mn, 22 t h e r e f o r e  the p a r t i a l  m o l a r  
vo lume of each  component  in the a l loy  was cons tan t  
independent  of concen t ra t ion  and the mole  of man-  
ganese  p e r  cubic c e n t i m e t e r  could be used  as  the 
unit of concen t r a t i on  without any c o r r e c t i o n  for  the 
v a r i a t i o n  of vo lume  with compos i t ion .  23 N u m e r i c a l  
ca l cu la t ions  fo r  M a t a n o ' s  a n a l y s i s  were  made us ing  
NEAC 2200 Model  700 E l e c t r o n i c  Compu te r  in 
Tohoku U n i v e r s i t y .  

RESULTS AND DISCUSSION 

1. Concen t ra t ion  and T e m p e r a t u r e  Dependence  of 
In te rd i f fus ion  Coeff ic ient  

F ig .  2 shows the concen t ra t ion  dependence  of the 
in te rd i f fus ion  coeff ic ient  (D) d e t e r m i n e d  by us ing  
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Fig. l--Standard calibration curves for electron probe micro- 
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Fig. 2--Concentration dependence of interdiffusion coefficient 
(D) and solidus temperature (Ts) in Co-Mn alloys. 

(pure C o ) - ( C o - 5 1 . 7 6  pct  Mn al loy)  couple,  in c o m -  
p a r i s o n  with that  of the so l idus  t e m p e r a t u r e  (Ts). To 
examine  the concen t r a t i on  dependence  of D on the 
c o b a l t - r i c h  s ide  in de ta i l ,  the couple  of (pure C o ) -  
(Co-30.28 pct  Mn al loy)  has  a l so  been  d i f fused  at  
the t e m p e r a t u r e s  of 1223, 1323 and 1423 K. It has  
been  found that  the r e s u l t  of (pure C o ) - ( C o - 3 0 . 2 8  
pc t  Mn a l loy)  couple  is  in a g r e e m e n t  with that  of 
(pure C o ) - ( C o - 5 1 . 7 6  pct  Mn a l loy)  couple  within 
e x p e r i m e n t a l  e r r o r s .  It i s  c l e a r  f r o m  F ig .  2 that  in 
the r ange  of 5 to 45 pc t  Mn the in t e rd i f fus ion  coef f i -  
c ient  (D) i n c r e a s e s  about tenfold with d e c r e a s e  of the 
so l idus  t e m p e r a t u r e  (Ts), as has  been  g e n e r a l l y  r e -  
cognized  in many binary alloys.24 

The values of In ~)/T s for the two temperatures, 
1323 and 1423 K, along with the activation energy and 
frequency factor for all the compositions studied in 
this investigation are listed in Table I. It can be 
seen from this that the values of in ~)//T s for 1323 
and 1423 K are nearly independent of composition. 
This can also become clear by expressing the 
Arrhenius equation as 

Ts Ts 

F r o m  the above,  s ince  both Q//T s and Do a r e  n e a r l y  
independent  of compos i t i on  excep t ing  at  10 pct  Mn, 
In ~)~T s is  cons tant  at  t he se  two t e m p e r a t u r e s .  

[1] 

2. Concen t ra t ion  Dependence  of Ac t iva t ion  
Ene rgy  and F r e q u e n c y  F a c t o r  

F ig .  3 shows the A r r h e n i u s  plot  of the i n t e r d i f -  
fus ion  coef f ic ien t  fo r  each  concen t ra t ion .  F r o m  th is  
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Table I. Activation Energy (Q) and Frequency Factor (Do) for Interdiffusion in Co-Mn Alloys. O/T s and In D/T s Are Also Listed. 

Q_. Do ~./T s In D] 323 K In D] 423 K 
(kJ/m ol) (10 -4 m2/s) (J/mol K) T s :is 

Composition 
(At. Pct Mn) 

5 (ferro) 
5 (para) 

10 
20 
30 
40 

296 7.79 17 ] - - 
273 0.78] ]57 -1.97 X 10 -2 -1.87 X 10 -2 
284 3.07 t67 -2.00 X 10 -2 -1.88 • 10 -2 
257 0.700 159 -2.04 X 10 -2 1.92 X 10 -2 
248 0.721 160 -2.07 X 10 -2 -1.97 X 10 -2 
241 0.627 161 -2.12 X 10 -2 2.02 X 10 -2 
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Fig. 3- -Tempera ture  dependence of interdiffusion coefficient 
in Co-Mn alloys. 

f i g u r e ,  one can  s e e  a d e v i a t i o n  f r o m  the  l i n e a r i t y  
f o r  C o - 5  pc t  Mn.  As  th is  i s  not  so  r e m a r k a b l e ,  i t  
has  b e e n  a t t e m p t e d  to d e t e r m i n e  the  a c t i v a t i o n  
e n e r g y  and f r e q u e n c y  f a c t o r ,  s e p a r a t e l y  f r o m  th i s  
p lo t  in the  f e r r o -  and p a r a m a g n e t i c  p h a s e s .  It  can  
be  s e e n  f r o m  T a b l e  I tha t  the  d i f f e r e n c e  in the  a c t i -  
v a t i o n  e n e r g y ,  AQ mag, b e t w e e n  the  two p h a s e s  in 
C o - 5  pc t  Mn a l l oy  i s  24 k J / m o l  which  is  l a r g e r  
than  tha t  (12 k J / m o l )  f o r  the  d i f fu s ion  of Mn s4 in 
C o - 5 . 2 2  pc t  Mn a l l oy .  Is T h i s  r e s u l t  i s  in c o n t r a s t  
to the  c a s e  of C o - P d  a l l o y s  1~ w h e r e  the  i n f l u e n c e  of 
m a g n e t i c  t r a n s f o r m a t i o n  on i n t e r d i f f u s i o n  is  s m a l l e r  
than  tha t  on the  s e l f - d i f f u s i o n  in t h e s e  a l l o y s .  T h i s  
d i f f e r e n c e  b e t w e e n  the two s y s t e m s  m a y  be  a t t r i b u t e d  
to the  d i f f e r e n c e  in the e f f e c t s  of m a g n e t i c  t r a n s -  
f o r m a t i o n  on t h e i r  t e m p e r a t u r e  d e p e n d e n c e  of the  
t h e r m o d y n a m i c  f a c t o r .  C o r r e s p o n d i n g  to th i s  d i f -  
f e r e n c e  in the  a c t i v a t i o n  e n e r g y  at  t h i s  c o m p o s i t i o n ,  
t he  f r e q u e n c y  f a c t o r  in  the  f e r r o m a g n e t i c  p h a s e  is  a s  
l a r g e  a s  t en fo ld  tha t  in the  p a r a m a g n e t i c  p h a s e .  T h e  
a c t i v a t i o n  e n e r g i e s  and f r e q u e n c y  f a c t o r s  at  10 to 
40 pc t  Mn a l l o y s  a r e  d e t e r m i n e d  only in the  p a r a -  
m a g n e t i c  p h a s e ,  b e c a u s e  d i f fus ion  t e m p e r a t u r e s  in 
the  p r e s e n t  w o r k  a r e  beyond  the C u r i e  t e m p e r a t u r e s  
in t h e s e  c o m p o s i t i o n s .  

F r o m  F i g .  4, i t  can  be  s e e n  tha t  the  a c t i v a t i o n  
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Fig. 4--Relationship between activation energy for interdif-  
fusion and solidus temperature  in Co-Mn alloys. 

e n e r g y  i s  p r o p o r t i o n a l  to T s ,  e x c e p t  fo r  a peak  at  10 
pc t  Mn.  A l l  the  a c t i v a t i o n  e n e r g i e s  i n c l u d i n g  the  
v a l u e  f o r  the  i m p u r i t y  d i f fus ion  of Mn in p u r e  Co a r e  
the  v a l u e s  fo r  the  p a r a m a g n e t i c  p h a s e .  T h e  r a t i o  
of Q to T s i s  about  134 ( J / m o l  K), which  is  c l o s e  to 
159 ( J / m o l  K) f o r  the  s e l f - d i f f u s i o n  in p u r e  fcc  
metals .2S 

A c c o r d i n g  to D a r k e n  26 and Manning ,  27 the  i n t e r d i f -  
f u s i o n  c o e f f i c i e n t  (D) i s  r e p r e s e n t e d  by 

~) = (N2D*~ + N , D ~ ) m S  [2] 

w h e r e  Nx and Ne a r e  the  m o l e  f r a c t i o n s ,  D~* and D~ 
a r e  the  s e l f - d i f f u s i o n  c o e f f i c i e n t s  of c o m p o n e n t s  1 and 
2 in the  a l loy ,  m the  t h e r m o d y n a m i c  f a c t o r ,  and S is  
the  f a c t o r  wh ich  a r i s e s  f r o m  v a c a n c y  f low zv in the  
i n t e r d i f f u s i o n  coup le .  Then ,  the  a p p a r e n t  a c t i v a t i o n  
e n e r g y  fo r  i n t e r d i f f u s i o n  Q can be w r i t t e n  a s  a s u m  
of t h r e e  p a r t s  c o r r e s p o n d i n g  to the  t e m p e r a t u r e  d e -  
p e n d e n c e  of  (NeD*~ + N~D*),  m and S: 

"Q = Q* + Q T  + Q s .  [3] 

A c c o r d i n g  to H i l l i a r d ,  3 

Q* = pQ*~ + (1 - p)V~ 

w h e r e  

[4] 
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p = 1/[1 + (N~D$JN2D~) exp(Q~* - Q~)/RT]. [5] 

Dt~ and D$2 a r e  the f r equency  f a c t o r s  fo r  s e l f -d i f fu s ion  
of components  1 and 2 in the a l loy .  

QT is  ca l cu la t ed  by 

QT = - R  d(ln m)/d(1 /T)  [6] 

where  

rn = I + d(In yl)/d(ln N~) [7] 

and 7~ i s  the ac t iv i ty  coef f ic ien t  of the  component  1 in 
the a l loy  of concen t ra t ion  N~. 

A c c o r d i n g  to Manning,  27 

2X~Nz(Dt - D~) 2 [8] 
S = 1 + Mo(N1D~ + NED*) (N,D* + NED*) 

where  Mo is  the  constant ,  equal  to 7.15 for  the tcc  a l -  
loys .  Then,  

qs  = - R  d(ln S)/d(1/T)  [9] 

1 2 
= (Q* - Q~)(1 - ~) [ ~ )  

1 1 ] 
1 + ( N , D * / ~ ' ~  - 1 + (N2D*/N~D*~) " [10] 

E r e m e n k o ,  Lukashenko and S idorko  ~9 have m e a s u r e d  
the ac t iv i ty  of manganese  in Co-Mn a l l oys  for  seven  
compos i t i ons  (9.5, 15.2, 20.0, 30.3, 38.4, 49.6 and 
53.3 pct  Mn) in the t e m p e r a t u r e  r ange  be tween 950 
and 1150 K. They have found that  in c o b a l t - r i c h  so l id  
so lu t ion  the ac t iv i ty  of manganese  i s  s m a l l e r  than 
that  in the  i dea l  so lu t ion .  The  ac t iv i ty  da t a  of the 
f e r r o m a g n e t i c  phase  have been obta ined  only in 9.5 
pc t  Mn a l loy .  QT e s t i m a t e d  by Eqs .  [6] and [7] us ing  
t h e i r  r e s u l t s  in the compos i t i on  r ange  f r o m  15 to 50 
pct  Mn is  neg l ig ib ly  s m a l l  c o m p a r e d  with Q*. How- 
eve r ,  owing to the  pos i t i ve  t e m p e r a t u r e  dependence  
of m at 9.5 pc t  Mn, QT in Co-5  pc t  Mn and 10 pc t  Mn 
a l l oys  a p p e a r s  to be a r e l a t i v e l y  l a r g e  pos i t i ve  va lue  
though the exac t  va lue  can not be d e t e r m i n e d ,  due to 
the  l ack  of the  a c t i v i t y  da ta  in m o r e  c o b a l t - r i c h  a l -  
loys .  

If (DMn/DCo) and (Q~In * - Qco)  in Co-Mn a l loys  a r e  
n e a r l y  the s a m e  as  those  in pu re  cobal t ,  ~4,~5 Qs e s t i -  
ma ted  by Eq.  [10] should  be neg l ig ib ly  s m a l l  com-  
p a r e d  with Q*. 

Although the s e l f -d i f fu s ion  coef f ic ien t s  of mangan-  
e s e  in th is  s y s t e m  has been s tud ied  by the p r e s e n t  
au tho r s ,  ~ the s a m e  m e a s u r e m e n t  fo r  coba l t  has  not 
ye t  been  m a d e .  However ,  with the p r e s e n t  e x p e r i -  
men ta l  r e s u l t s  on D$~ and Q~~(for the s e l f -d i f fu s ion  of 
manganese  in the a l loy)  and Q, the va lue s  of D$2 and 
Q~ (for the s e l f -d i f fu s ion  of cobal t  in the a l loy)  and 
QT can be e s t i m a t e d  as  fo l lows:  When we a s s u m e  

D ~ n  > D~o and Q~In < Q~o as  in pu re  coba l t  in Eq.  
[5], the va lue  p i s  n e a r l y  equal  to one at  the t e m p e r a -  
t u r e  1273 K which i s  r e p r e s e n t a t i v e  in the  p r e s e n t  
e x p e r i m e n t .  F r o m  Eq. [4], Q* i s  n e a r  QMn and then 
QT can be e s t i m a t e d  a p p r o p r i a t e l y  f r o m  Eq. [3]. When 

D* ' * * D ~ n /  Co is  not so  l a r g e  as  two, DoCo and Qco can 
be  e s t i m a t e d  f r o m  Eqs .  [41 and I5 I. The  r e s u l t s  a r e  
d i s p l a y e d  in Tab le  IT. 

A peak of the mix ing  entha lpy  in Co-Mn a l loy  at  
about  10 pc t  Mn o b s e r v e d  by E r e m e n k o ,  Lukashenko 
and S idorko  ~9 may be r e l a t e d  to the peak  of Q at  the 
s a m e  compos i t i on .  Though, a t  p r e s e n t  i t  is  not pos -  
s ib le  to give a de t a i l ed  m e c h a n i s m  to exp la in  t hese  
r e s u l t s ,  it  a p p e a r s  that  the a l loy  is  m o r e  r i g i d  a round  
that  compos i t i on .  

3. K i r k e n d a l l  Effect  

The K i rke nda l l  effect  has  been o b s e r v e d  in (pure 
C o ) - ( C o - 5 1 . 7 6  pct  Mn al loy)  couples  d i f fused  at  1323, 
1373, and 1423 K. The concen t ra t ion  of manganese  
at  the m a r k e r  pos i t ion  has  been con f i rmed  to be con-  
s tan t  (33 pct  Mn) and independent  of d i f fus ion t ime  
and t e m p e r a t u r e .  A l so ,  the  m a r k e r  movemen t  toward  
the m a n g a n e s e - r i c h  s ide  has  been o b s e r v e d .  In F ig .  
5, the l i n e a r  r e l a t i o n s h i p  be tween  m a r k e r  shif t  and 
squa re  roo t  of d i f fus ion t i m e  shows that  m a r k e r  
ve loc i ty  is  cons tant  at  each  t e m p e r a t u r e .  

F r o m  D a r k e n ' s  r e l a t i o n  z~ and the o b s e r v e d  m a r k e r  
ve loc i ty ,  the i n t r i n s i c  d i f fus ion coef f ic ien t s  of both 
the componen t s  a r e  ca l cu l a t ed  in Co-33 pct  Mn a l loy .  
A l so ,  the  t e m p e r a t u r e  dependence  of the i n t r i n s i c  
d i f fus ion  coef f i c ien t s  in th is  a l toy  is ob ta ined  a s  foI-  
lows : 

DCo = 0.22 • 10 -4 e x p ( - 2 6 3  kJ mol-~/RT) m2/s  [11] 

and 

DMn = 0.98 • 104 e x p ( - 2 2 9  kJ  moK1/RT) m2s. [12] 

The above va lues  a r e  l i s t ed  in Tab le  III. It is  ev ident  

.c= 5o 

o 

i i t i 
. J  

--=-- 1325K 

. f  o ~  

5 10 15 20 25 
Square roof of diffusion time (h [/2) 

F ig .  5 - - R e l a t i o n s h i p  be tween K i r k e n d a H  m a r k e r  sh i f t  and 
s q u a r e  r o o t  o f  d i f f u s i o n  t i m e  f o r  i n t e r d i f f u s i o n  in  C o - M n  a l -  
l o y s .  

Table I|. Estimation of Or, O*, D~ c~ and 0~o in Co-5 Pet Mn and Co-10 Pct Mn Alloys 

Experimental Estimated 

Composition ~9 
(At. Pct Mn) (k J/tool) 

D~Mn Q~n D~co Q~o QT Q* D* Q~o 
(10"4m2/s) (kJ/mol) (10-4mZ/s) (kJ/mol) (~ /mol )  (~ /mol )  (10 "4 m~/s) (kJ/mol) 

0 
5 273 

1 0  2 8 4  

0.011 218 0.17 260 . . . .  
0.501 257 - - 15 258 6 285 
1.36 263 - - 19 265 19 293 
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Table III. Interdiffusion Coefficient (Lg) and Intrinsic Diffusion 
Coefficients (DMn and Dco) in Co-33 Pct Mn Alloy. 

Ratio of DMn to Dco is Also Shown 

/) DMn Dco 
Temperature, K (10-14 m2/s) (10-i4 m2/s) (10"14 m2/s) DMn/Dco 

1423 6.58 8.78 2.11 4.16 
1373 3.40 4.55 1.06 4.29 
1323 1.38 1.92 0.294 6.51 

2) The act ivat ion energy  Q and the frequency factor  
for the interdiffusion show a m a x i m u m  at about 10 
at.  pct Mn. 

3) The di f ference  in Q be tween  the f e r r o -  and para-  
magnet ic  phases  in Co-5  at. pct Mn al loy has been 
found to be 24 k. . l /mol.  

4) Kirkendal l  m a r k e r  m o v e s  toward m a n g a n e s e -  
r ich  s ide ,  showing that manganese  a tom di f fuses  
fas ter  than cobalt a tom in this s y s t e m .  

T(K) 
, r,-12 1500 14OO 15OO 
IU i i i 

Co-35 of*/. Mn alloy 

- -o - -  DM n 

1(~13 \ - - * -  Oco 

~5 

i0 ~5 I I 
6.5 ZO 7.5 8.0 

I04/T (K 4) 
Fig.  6 - -Tempera ture  dependence of in t r ins ic  di f fusion coef f ic i -  
ent of  Co and  Mn a t o m s  and  i n t e r d i f f u s i o n  c o e f f i c i e n t  in  C o - 3 3  
p c t  Mn a l l o y ,  

f r o m  this that manganese  a t o m s  diffuse fas ter  than 
cobalt  a t o m s  in this  a l loy .  F ig .  6 shows  plot of t h e s e  
va lues  together  with the interdiffusion coef f ic ient .  
The Kirkendal l  void has not been observed .  

CONCLUSIONS 

Experimental results on the interdiffusion in Co o 
Mn alloys are summarized as follows: 

I) The interdiffusion coefficient in the range of 5 
to 45 at. pct Mn increases about tenfold with de- 
crease of the solidus temperature from 1768 to 
1453 K. 
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