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An estimate of the diffusion parameters of 
oxygen and silicon in fl-cobalt from 
studies of internal oxidation 

A study of the internal oxidation of dilute alloys 
can provide diffusion data on oxygen that can 
be applied to pure metals because the oxidation 
process is interpreted as being diffusion con- 
trolled [1]. The precipitated oxide serves as a 
marker and, at sufficiently small concentrations 
of  the solute, the effect of the oxide dispersion 
on the diffusion of  oxygen is assumed to be 
negligible. Determinations of oxygen diffusion 
constants have been made from internal oxida- 
tion experiments on silver [2], nickel [3-5] and 
iron [3, 6, 7] alloys and other alloys containing 
a relatively inert solvent. The purpose here is to 
present values of  the diffusion constants of 
oxygen in fcc/3-cobalt for the temperature range 
1000 to 1300~ 

Under certain conditions of internal oxidation, 
more concentrated silicon-bearing alloys can 
exhibit a filamentary form of the oxide dispersion 
[8]. Approximate values of the diffusion con- 
stants of silicon in cobalt have been calculated 
using a theory relating the depth at which fila- 
mentary growth commences with the diffusion 
coefficient of the solute. 

The phenomenon of internal oxidation is fairly 
well understood [1, 10]. Rhines et al [11] and 
others, e.g. [10], have obtained equations 
describing the rate of internal oxidation in terms 
of  material parameters. If  the concentrations of 
free oxygen and solute in the alloy are assumed 
zero at the oxidation front, i.e. at a plane reaction 
front at a depth X from the free surface of the 
alloy, Rhines et al obtain: 

X 2 [ CsG ] CsDsG 
Dg ~ 7 L2--CgS + 0.16 - 0.84- CgS (1) 

Og and Ds are the diffusion coefficients of 
oxygen and solute, Cg is the oxygen concen- 
tration at the free surface at the solubility limit, 
Cs is the original concentration of solute and 
G/S is the weight ratio of oxygen to solute in the 
oxide precipitated. Theoretical treatments lead- 
ing to equations of the form of Equation 1 
relating the rate of oxidation X~/t to Og are  
usually effected under the assumption that 
Og >~ Os; this is generally the case in "normal"  
internal oxidation. 

The rate of internal oxidation X2/t can be 
considered as the "diffusion coefficient" of the 
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oxidation front, Dr, such that an Arrhenius-type 
equation 

-}- = Df = Dfo exp (2) 

governs the oxidation. Measurement of xe/t at 
various temperatures T enables Df to be cal- 
culated over a range of temperatures, and sub- 
stitution into equations such as Equation 1 gives 
Dg at various temperatures and hence the pre- 
exponental term Dgo and the activation energy 
Qg for an equation of the form of Equation 2. 

Nolan and Grundy [9] have shown that if 
filamentary growths of silica commence at a 
depth XF and if the growth direction is normal 
to the oxidation front then XF is related to Ds 
as 

X 2 S p 

X2/t relates to the oxidation front, which can be 
expressed as Equation 2, p is the radius of 
curvature of the filament tip and S/M is the 
ratio of  silicon to matrix atomic weights. 
Measurement of XF and O and a knowledge of 
Dfo and Qf enables Ds to be estimated. 

Two alloys of composition Co-0.08 and Co- 
0.55 w t ~  Si were prepared from Johnson 
Matthey Ltd, spectroscopically pure materials 
by melting and homogenizing under argon. The 
specimens were prepared for oxidation and 
measurement as in [3] except here the Rhines 
pack [11 ] consisted of a mixture of Co304-Co 203 
and Co powders and X and XF were measured 
by scanning electron microscopy to an accuracy 
better than 5 lam. The oxidation temperatures 
were accurate to 5~ Values of X and, where 
appropriate, X~- were obtained for oxidation at 
several temperatures between 1050 and 1300 ~ C 
for periods between 0.5 and 50 h. Graphs of 
In(X2/t) against lIT were drawn and values of 
D,o and Qf obtained from an equation of the 
best fitting line obtained by the method of least 
squares. Values of X2/t calculated for the tem- 
peratures shown in Table I were substituted into 
Equation 1 and values of Dg obtained. The 
temperature dependent values of Cg used were 
those obtained by Seybolt and Mathewson [12]. 
A plot of InDg against the lIT values gave Dgo 
and Qg. The results for Dg, and Ogo and Qg 
are given in Table I. 

In the calculation of D~ from Equation 1 the 
negative term in Ds was neglected because of a 
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T A B L E  I Diffusion constants for oxygen in cobalt 
calculated from measurements on (a) Co-0.08 
wt ~ Si alloy and (b) Co-0.55 wt ~ Si alloys. 

Temp. Dgcm2/sec Dgocm2/sec Qgkcal/g 
(~ C) atom 

(a) Co-0.08 
wt ~ Si 1050 2.42 • 10 -~ 

1100 5.20 • 10 .0 
1150 1.10 • 10 -7 
1200 2.08 • 10 -7 
1250 4.21 • 10 -~ 
1300 7.73 • 10 -r  67.8• 57.6~0.I 

(b) Co-0.55 
w t ~ S i  1050 2.09 • 10 .0 

1100 4.20 • 10 -8 
1150 9.83 • 10 -8 
1200 1.58 • 10 .7 
1250 2.88 • I0 -r  
1300 5.05 • 10 -7 10.04-1.5 52.84-0.2 

lack o f  knowledge  of  the  diffusion coefficient of  
si l icon in cobal t .  This app rox ima t ion  in t roduces  
l i t t le  e r ror  in D g  as, by  compar i son  with  the  case 
o f  Ni-Si  al loys [3] and  by subst i tu t ion  o f  typica l  
values,  we should  expect  X2/tDs ~-, 102 and  an  
e r ror  o f  the  o rde r  o f  1 ~ in D e. This a s sumpt ion  
is co r robo ra t ed  by  ca lcula t ion  of  Ds f rom 
Equa t ion  3 using D~o and Qf as 9.2 cm2/sec and  
Qf as 31 kca ls /g-a tom.  The values o f  Ds given 
in Table  II ,  a long with values o f  O g o  and  Qs, 

T A B L E  I I  Diffusion constants for silicon in cobalt 
calculated f rom measurements on a Co-0.55 
wt ~ Si alloy 

Temp. Dscm2/sec Ds ocm~/sec Q~kcal/g a tom 
(~ 

1050 5.5 • 10 -11 
1100 1.1 • 10 -11 

1150 2.4 • 10 -1~ 
1200 3.8 • 10 -1~ 
1250 6.8 • 10 -~~ 
1300 1.2 • 10 .0 3.4 • 10 -2 53.2 

show tha t  Z2/tDs is of  the  o rde r  o f  5 x 102 at  
any given tempera ture .  There  is, to the au thors '  
knowledge,  scant  in fo rmat ion  on Ds for  sil icon 
in coba l t  in the  l i terature.  The  values ca lcula ted  
here are  reasonable  in tha t  they compare  with 
those  for  si l icon in nickel  as de te rmined  by 
Swalin et al [13]. However ,  they are  at  the  best  
a p p r o x i m a t e  and have  a m i n i m u m  error  of  the 
o rder  1 0 ~ ,  bu t  in the absence o f  o ther  da t a  

they are  o f  value.  
The  results  for  D e suggest tha t  the  presence 

o f  a coarse  in ternal  oxide p roduc t  in the  more  
concen t ra ted  al loy,  i.e. long and  fair ly  close 
packed  fi laments,  p rovides  a bar r ie r  to the  
diffusion of  oxygen. I t  is suggested, therefore,  
tha t  the results  for  the more  di lute  al loy should  
be given more  weight  and  it can be expected 
tha t  an a l loy as di lute  as 0.08 wt ~ Si in Co 
should  app ly  fair ly well to the pure  metal .  A 
similar  conclus ion was made  in [3] and  [5] for  
the diffusion o f  oxygen in Ni-Si  and  Ni-Be 
al loys where results for  al loys wi th  solute  con-  
cent ra t ions  ~ 0.1 a t . ~  are  typical  o f  the  pure  
metal .  The  fact  tha t  the values o f  Dg are smal ler  
for  coba l t  t han  for  nickel  is consis tent  with the 
slower rates o f  in ternal  ox ida t ion  in cobal t .  
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