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a depolarizer which removes H ~ from local cathodic 
sites on the anode surface. (Cd has a relat ively high 
hydrogen overvoltage and hence hydrogen is not 
evolved.) Momentary  protection of portions o~ the 
anode surface (local cathodic sites, uneven  film forma- 
tion, or film disruption) allows anodic dissolution to 
undermine  and ul t imately  detach metal  particles from 
the surface. These particles are noted in surface films 
on the anode and the phenomenon by which they are 
formed has been termed "anodic disintegration." This 
mechanism leads to a mathemat ical  model which is 
consistent with the exper imental  results. 
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Rate-Controlling Processes in the High-Temperature 
Oxidation of Tantalum 

John Stringer' 
Metal Science Group, Battelle Me~rmrial Institute, Columbus Laboratories, Columbus, Ohio 

ABSTRACT 

The oxidation of t an ta lum in the tempera ture  range 500~176 is approxi-  
mately linear. At atmospheric pressure, the rate constant  increases with tem- 
pera ture  in the tempera ture  range  5000-650 ~ and 800~176 but  decreases 
slightly as the tempera ture  increases from 650 ~ to 800~ The reaction rate 
depends on the square root of the oxygen pressure at low pressures and high 
temperatures,  but  at lower temperatures  the pressure dependence decreases 
as the pressure increases. On the basis of exper imental  evidence in the l i tera-  
ture, it is concluded that in the temperature  range 500~176 the ra te-con-  
troll ing process is a reaction at the interface between the atmosphere and a 
layer  of t an ta lum pentoxide growing adherent ly  on the metal  surface. This 
interface reaction is preceded by an equi l ibr ium adsorption of oxygen on the 
interface, the adsorption taking place with dissociation. In  the tempera ture  
range 800~176 the over-al l  l inear  rate is a consequence of the diffusion- 
controlled growth of adherent  pentoxide to a critical thickness, at which the 
scale fails from the metal. The corollary to this conclusion is that the rate of 
the diffusion process must  be strongly dependent  on the oxygen pressure. 

The oxidation of tanta lum,  and the not-diss imilar  
oxidation of niobium, has been studied extensively for 
both practical and theoretical reasons. The reaction 
kinetics are of considerable interest,  since the depen-  
dence of the reaction rate on both tempera ture  and 
oxygen pressure is unusual .  

After  an ini t ia l  period (a few minutes  at 950~ and 
a few hours at 500~ the reaction rate becomes ap- 
proximately  constant  ( l inear  rate law).  The l inear  
rate constant  increases with tempera ture  from 500 ~ 
to 650~ and from 800 ~ to 950~ but  decreases slightly 
in the temperature  range 650~176 The rate con- 
stant  increases with pressure, the effect decreasing as 
the pressure increases. Increasing the tempera ture  in-  

Presen t  address :  D e p a r t m e n t  of Meta l lu rgy ,  Un ive r s i t y  of L ive r -  
pool,  Liverpool ,  E n g l a n d  

creases the pressure at which the pressure-dependence 
starts to diminish. 

The principal  reaction product is t an ta lum pentoxide, 
Ta2Oj. The oxide grows adher ing to the meta l  surface 
and is formed under  compressive growth stresses. 
Eventua l ly  these cause the scale to fail from the metal  
surface. Growth of adherent  oxide recommences im-  
mediately on the freshly exposed metal  surface, and  
repeti t ion of this process produces a laminated de- 
tached scale. In  addit ion to the pentoxide, platelets of 
a suboxide are formed penet ra t ing  into the metal  from 
the sca le /meta l  interface. Final ly ,  oxygen also dis- 
solves in the metal.  

While the oxidation of n iobium has a n u m b e r  of 
points of s imilari ty to that  of tanta lum,  notably  in the 
tempera ture-  and pressure-dependence of the rate 
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constant, there  are also a number  of important  differ- 
ences. In addition to the pentoxide, stable lower 
oxides are formed. The platelets of a metastable  sub- 
oxide are much less evident,  par t icular ly  at higher  
temperatures.  Finally,  the pentoxide exhibits a phase 
change at approximate ly  800~ and there  is a clear 
change in the react ion kinetics associated with the 
change. 

In this paper, the effect of a number  of variables on 
the kinetics and react ion-product  morphology are re-  
v iewed in an a t tempt  to identify the ra te-contro l l ing  
processes in the oxidation of tan ta lum in the l inear oxi-  
dation region for tempera tures  of 500~176 and oxy-  
gen pressures of 1-60,000 Torr. 

Effect of Experimental Variables 
on Experimental Results 

Impurities in the metaL--No systematic study has 
been made of the effect of impuriLies on the rate of 
oxidation of tantalum, but  the rate  constants repor ted  
by a number  of invest igators  (1-5) over a period of 
10 years using tan ta lum from a number  of sources 
agree closely, suggesting that  the effect of impuri t ies  
is small. 

Insufficient observations of the other features such as 
scale s t ructure  and morphology were  reported in most 
of the earl ier  investigations to pe rmi t  evaluat ion of 
the effect of impuri t ies  on these. 

Grain s/ze . - -Only one systematic study of grain-size 
effects has been made and that  was re la t ive ly  l imited 
in scope (6). No effect of grain size on reaction rate  
was observed. There do appear  to be differences in the 
scale morphology and in the suboxide platelet  distri-  
bution as a function of grain size. In coarse-grained 
samples, long, straight suboxide plates are formed, and 
these produce pores in the outer  detached pentoxide 
(7). In f ine-grained samples, in contrast, the size of 
the platelets is l imited by the grain size, and thus the 
voids in the pentoxide are difficult to discern. While 
the grosset  features of the scale on coupon specimens 
are not obviously affected by the tan ta lum grain size, 
it has been demonstrated that, over  convex surfaces, 
the pore lines can act as paths for tensile fractures  in 
the detached scale (6, 7). Therefore,  it is possible that  
the scale morphology over  convex surfaces may show 
a grain-size dependence. 

Cold work.--Cold work apparent ly  has no effect on 
the l inear oxidation ra te  in this t empera ture  range (6). 
The suboxide plates appear curved in cold-worked 
specimens, but apart  f rom this there  is no apparent  
effect on oxide morphology. 

Surface preparation.--Since the l inear oxidation is a 
thick-film, s teady-state  process, no effect of initial sur-  
face preparat ion would be expected, and, in fact, none 
is observed (6). 

Specimen shape.wit  has been demonstrated that, at 
820 ~ and 925~ 1/4-in. d iameter  spheres oxidize more 
rapidly than u spheres which in turn 
oxidize more rapidly than coupon specimens (6). This 
is consistent wi th  the tendency of coupon specimens 
to oxidize more rapidly  at the edges and corners than 
at the centers of the flat faces. The scale formed over  
convex surfaces contains fissures normal  to the metal  
surface penetra t ing inward  f rom the outside, and it 
appears that  these fissures are produced by tensile 
stresses in the outer layers of the oxide, generated by 
the pressure of the newly  forming oxide layers be-  
neath. There  is no obvious difference at steady state 
in the s t ructure  of the oxide plates as a funct ion of 
specimen shape. 

Specimen texture.--There is a clear orientat ion de-  
pendence of the oxidation rate at the higher  t empera -  
tures. At  925 ~ and 820~ {110} faces oxidize more 
rapidly than any others; {100} faces oxidize more  
slowly (8). At 600 ~ and 500~ there  is no obvious 
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effect of orientation. As a consequence, one might  ex-  
pect the oxidation rate  to be a function of tex ture  at 
high temperatures.  No study of this has been made 
yet. 

The oxide s t ructure  is clearly a function of or ienta-  
tion. Under  s teady-sta te  react ion conditions, the sub- 
oxide platelets are always formed paral le l  to {100}wa 
throughout  this t empera ture  range. At higher  tem-  
peratures  the lines of pores above the platelets act as 
crack paths, and, if the plates lie at 45 ~ to the surface, 
scale f racture  under  the compressive growth stresses is 
facilitated. As a result,  the laminations in the detached 
scale are much th inner  above {110} faces than above 
{100} faces (8). 

Gaseous impur~ties.--Small amounts of gaseous im- 
purit ies in the oxidizing atmosphere  have not been 
studied in any detail, but they appear  to have  a negl i-  
gible effect on the oxidation rate  and the scale struc- 
ture. 

Temperature and Pressure Dependence 
of the Oxidation Rate 

The first exper iments  on the pressure dependence 
of the oxidation rate  were  per formed by Peterson 
et al. (1), who described their  results by the empirical  
equation 

K2P02 
rate  = K1 [1] 

1 -b K2Po2 

Later, Cowgill  and Str inger  (9) pointed out that at 
low pressures this reduces to 

rate a K1K2Po.2 [2] 

whereas  exper iment  showed that  

rate a k Po21/2 [3] 

Accordingly,  these invest igators (9, 3) suggested re-  
placing Eq. [1] by 

K2Po2 z/2 
rate  = Kz [4] 

1 + K2Po21/2 

This point was confirmed by Kofstad (4), who sug- 
gested a modified form of Eq. [4]. 

On a direct plot  of rate vs. pressure, there  is not a 
great  deal of difference between the fit obtainable with 
Eq. [1] and [4]; but a plot of log ra te  vs. log pressure, 
by expanding the low pressure region, emphasizes the 
difference be tween the two forms. 

F igure  1 shows a set of results for the oxidation of 
a tan ta lum coupon at 600~ The full  l ine is the best 
fit using Eq. [4]; wi th  the rate  in g/cm2/sec and the 
pressure in Torr, Kt = 6.53 x 10 -6, and K2 ~--- 0.031. In 
Fig. 2 the same equat ion is plotted over  five orders of 
pressure and compared wi th  constant pressure data 
f rom the l i terature.  Plainly,  the agreement  between 
the various invest igators  is excellent:  it is not possible 
to fit these data using Eq. [1]. 

The empir ical  Eq. [1] and [4] can be in terpre ted  in 
terms of a react ion mechanism in which the ra te-  
controll ing process is l inear ly  dependent  on the ad- 
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Fig. 1. Pressure dependence of tee oxidation of tantalum at 

600~ data from a varying pressure experiment. 

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 130.203.136.75Downloaded on 2016-09-15 to IP 

http://ecsdl.org/site/terms_use


430 J. Electrochem. Sac.: ELECTROCHEMICAL SCIENCE May 1967 

io -5 _ _ _ _  

E 

IO 

I I - -  I I o 

6 0 0 ~  x x~  ~ 

_ , ~ , ~ / - a  o Peterson ~ 
o Ko fs tad  4 
x S t r i nge r  5 

I I / 0 [ io io 2 io '~ ios 
Oxyqen Pressure,tort 

Fig. 2. Pressure dependence of the oxidation of tantalum at 
600~ constant pressure data from the literature. The curve is 
the same as for Fig. 1. 

sorbed oxygen concentrat ion at some interface. In  the 
case of Eq. [1] the oxygen is adsorbed as molecules; 
in  the case of Eq. [4] the adsorption takes place with 
dissociation, and the oxygen is adsorbed as atoms. 

If this is the situation, one may expect that the tem- 
pera ture  dependence of K1, which is related to the 
rate of the ra te-cont ro l l ing  process, wilt  be given by a 
conventional  Arrhenius  equation 

--Qz 
K, = K~ exp ( ~ )  [5] 

and the temperature  dependence of K2, which is re-  
lated to the adsorption process, will  be given by a 
Langmui r  expression 

K2Po21/2 = K~ -5/2 exp ~ /  [6] 

In  this expression, the T -5/2 term arises from the tem- 
perature  dependence of the concentrat ion of the gas 
phase at constant  pressure T -1 and  the temperature  
dependence of the reciprocal of the part i t ion funct ion 
of the gas for un i t  volume, T -3/2. In  ~hese expressions 
R is the gas constant, T is the absolute temperature,  
and Q1 and Q., are positive energies. Conventionally,  
Ko2 is regarded as being independent  of temperature,  
bu t  the temperature  dependence of K~ is more un -  
certain: it is assumed to be small  in comparison with 
that of the exponent ial  term. Subst i tu t ing [5] and [6] 
into [4] 

( Q2 --  Q1 -W ) KOlK%T-5/2 exp \ 
rate = [7] 

1 -b K~ -~/" exp - - ~  

In  this work, both Kol and K% are regarded as being 
independent  of temperature.  

Figure 3 shows the rate constants reported in  the 
l i terature by a number  of investigators, corrected to 
a pressure of 760 Torr where necessary using the ex- 
per imenta l ly  determined pressure dependence. The 
ful l  l ine is d rawn according to Eq. [7] with QI = 
67,700 cal /mole and Q2 = 70,000 cal/mole. The fit is 
quite good over the range 500~176 The T -5/2 terms 
cannot be neglected, since the var ia t ion of the expo- 
nent ia l  terms is small  at elevated temperatures,  but  
the shape of the curve does not depend significantly 
on their inclusion: the value of Q2 is merely  altered 
slightly. 

One would expect this mechanism to cease to operate 
at high temperatures  and low pressures because the 
adsorbed surface concentrat ion would fall so low that  
the adsorption step would become the ra t e -de te rmin-  
ing process. At  760 Torr  and 800~ the volume per 
molecule in the gas phase is approximately 10 -19 cm 3. 
Assuming the sites on the adsorption interface are 
roughly 4 x 10 - s  cm apart, the surface concentrat ion 
will equal the mean  concentrat ion in  the atmosphere 
adjacent  to the surface when  the fractional  surface 
coverage e falls to approximately 10 -2. One would not 
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Fig. 3. Oxidation rate of tantalum as a function of temperature 
at on oxygen pressure at 760 Torr showing the fit of the adsorp- 
tion model. 

expect therefore that the mechanism would continue 
to describe the reaction when  e is appreciably less than  
this. 

The fract ional  coverage of the adsorption interface 
is given by 

K2Po~ 1/2 
e = [8] 

1 + K2Po21/2 

and Fig. 4 shows o calculated for the curve shown in 
Fig. 3. At the tempera ture  at which Eq. [7] ceases to 
describe the exper imenta l  results, s is approximately 
10-~, close to the estimate above. However, it must  be 
stressed that this merely indicates that  the mechanism 
does not continue to give a fit to the data in  regions 
where this is physically unl ikely:  it does not  predict 
or help in unders tanding  the h igh- tempera ture  process. 

For  the empirical  fit of the data shown in Fig. 2 
one calculates e760 = 0.46, which is the value at 628~ 
according to Fig. 4. The exper imental  data at 650~ 
are shown in  Fig. 5, and good fit is obtained with 
K1 = 8.0 x 10 -5 and K2 ~- 0.004. These two values 
correspond to e760 = 0.099, equivalent  to a temperature  
of 679~ according to Fig. 4. While these agreements 
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Fig. 4. Fractional surface coverage at an oxygen pressure of 
760 Torr, 07oo, as a function of temperature. 
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Fig. 6. Pressure dependence of the oxidation of tantalum at 
550~ 

Fig. 7a. Cross sections of oxidized samples showing the lamina 
thickness in the detached pentoxide. Sample oxidized at 500~ 
4 5 0  Tort. 

are not exact, they are sufficiently close to be satis- 
factory. 

There are some impor tant  defects in  the theory, 
however. Equations [4] and [7] imply that, as the 
pressure changes, the general  form of the tempera ture  
dependence remains the same, and, in  particular,  that  
the negative slope of the higher temperature  range 
remains  the same. Kofstad's data (10) suggest that this 
is not so; at  10 Tor t  and below the rate increases 
slightly with tempera ture  in the range 650~176 No 
other invest igat ion in this temperature  and pressure 
range has been reported. 

At 550~ one would expect 8760 to be in the range 
0.92-0.98, but  the published data of Kofstad (4) and 
Peterson (1) shown in Fig. 6 are bet ter  fitted by an 
equation of the form 

rate ~ Po2Z/6 [9] 

However, this may be fortuitous. Kofstad's data alone 
are not  inconsistent wi th  Eq. [4] and correspond to a 
high value of 8. 

Scale Morphology 

I t  is clear that  the properties of the t an ta lum pent-  
oxide scale vary  as a funct ion of temperature.  At the 
low temperatures  the scale is soft and weak, and the 
layers in the laminar  detached scale are thin. At high 
temperatures the scale is hard and strong, and the 
layers are much thicker. Actually, the scale is most 
f ragmentary  at about 600~ the scale formed at 500~ 
appears to be far more coherent with a greater layer  
thickness, and the scale at 820~ is clearly much more 
continuous. Typical scales are shown in Fig. 7. Because 
of this, it is tempting to suggest that the origin of the 
max imum in the rate of 650~ and the anomalous 
temperature  dependence between 650 ~ and 800~ is 
related to the changing properties of the scale. In  fact, 
this suggestion has been made by Aylmore, Gregg, and 
Jepson (11) in the case of niobium. 

If the oxidation is assumed to take place by the re- 
peated (parabolic) diffusion-controlled growth of ad- 
herent  scale Iayers to a critical thickness at which they 
fail, an  average l inear  rate constant  K~ wil l  result  

Fig. 7b. Oxidized at 600~ 450 Torr 

Fig. 7c. Oxidized at 820~ 450 Torr 

which is related to the parabolic rate constant Kp and 
the critical scale thickness Wc 

Kp 
K~ = - [10] 

Wc 

If the anomalous temperature dependence is solely a 
result of the change in the scale properties, one can 
easily calculate, using Eq. [9] and Fig. 3, the sort of 
change one would need to see in the critical scale 
thickness. Between 600 ~ and 800~ the scale should 
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increase in thickness by approximate ly  100 times. It  is 
ex t remely  difficult to obtain a quant i ta t ive  measure  of 
the layer  thickness because of the wide var ia t ion f rom 
point to point, the loss of resolut ion due to mul t ip le  
reflection in the oxide, and the indeterminate  effects 
of cooling; but  it is difficult to obtain a value  of greater  
than 10 times for the change in the layer  thickness in 
this t empera ture  range. 

However ,  the qual i ta t ive  paral le l  be tween the t em-  
pera ture  dependence of the rate  and that of the scale 
layer  thickness is interest ing and may wel l  be signifi- 
cant. 

Suboxide Structure and Morphology 
Since the suboxide or suboxides are  metastable  at 

all  temperatures ,  one cannot prepare  them in bulk to 
examine their  properties. The meta l  + suboxide/  
pentoxide interface is i rregular ,  and one must  polish 
some way back from the interface to obtain good x - r a y  
results, but the vo lume fraction of the suboxide is too 
small  even at ve ry  short distances f rom the interface 
and the structures appear  to be too close to that of 
tan ta lum itself to obtain reasonable results. Fur ther ,  
all one's observations of necessity must  be made on 
specimens cooled f rom reaction temperature.  Studies 
have  been made on the s t ructure  of the suboxides 
formed in the very  ear ly  stages of the oxidation, prior 
to the complete coverage of the surface by the pent-  
oxide, using h igh- t empera tu re  x - r ay  diffraction and 
hot -s tage  meta l lography (12). It  is dangerous to as- 
sume, however ,  that  these suboxides are the same as 
those present  in the s teady-stage process (8) since, for 
example,  the growth stresses associated with the ad- 
herent  Ta205 are absent. 

Recently,  S t r inger  (7) pointed out that, above sub-  
oxide platelets lying more or less normal  to the m e t a l /  
oxide interface, lines of pores are formed in the pent-  
oxide and argued that  the existence of these pore lines 
in the scale is evidence for the presence of the pla te-  
lets at react ion temperature .  Using this as an indi-  
cation, it appears very  l ikely that  all the platelets ob- 
served in cross sections of specimens cooled f rom 
s teady-s ta te  react ion in this t empera ture  range were  
present at t empera tu re  and have not precipi tated on 
cooling. Pore  lines are evident  in scales formed at 
600~176 al though as the tempera ture  decreases 
they become more difficult to see. 

All  the platelets formed during the s teady-state  
( l inear)  reaction in the tempera ture  range 500~176 
are paral le l  to (100}Wa (8). 

Finally,  Fig. 8a shows, in polarized light, a section 
through the broad part  of a platelet  in a specimen oxi-  
dized at 925~ 450 Torr. There  is evidence of an in- 
ternal  structure,  which might  suggest a t ransforma-  
tion in the platelet  on cooling. However ,  the same type 
of internal  s t ructure  is observed in platelets formed 
throughout  the whole tempera ture  range, (Fig. 8b 

Fig. 8a. Internal structure in subaxide plates visible in polarized 
light; oxidized at 925~ 450 Torr. 

May  1967 

Fig. 8b. Oxidized at 500~ 450 Torr. 

shows the internal  s t ructure in plates formed at 500~ 
so that any t ransformat ion must take place below 
500~ It is also possible that this is a domain s t ructure  
formed at temperature,  but so far  it has not been 
possible to determine  this. 

It appears, therefore,  that one cannot in terpret  the 
observed tempera ture  dependence of the rate constant 
in terms of a change in s tructure or habit  of the sub- 
oxide. Every  indication is that  they are the same 
throughout  the whole tempera ture  range. While the 
number  of platelets seems a l i t t le less at 950~ than at 
lower temperatures,  there  appear to be at least as 
many at 800 ~ as at 600~ so that  again one cannot ex-  
plain the anomalous tempera ture  dependence in terms 
of varying volume fract ion of suboxide at the interface. 

Scale Failure Modes 
The scale grows adhering to the metal  surface, and 

in cross section it appears that  both T a2O JT a  and 
Ta2OJsuboxide  interfaces may exist. However ,  it may 
be that a very  thin layer of suboxide is present 
be tween the pentoxide and the metal, and in fact 
in polarized l ight a br ight  l ine is often visible be- 
tween the metal  and the adherent  oxide, both of which 
appear  dark. The dark coloration of the adherent  
pentoxide in polarized l ight is of interest. It also ap- 
pears dark in oblique (dark-field)  i l luminat ion but 
whi te  in normal  i l lumination, whereas  the detached 
oxide appears white  in all i l lumination.  The color is 
darkest  at the ox ide /meta l  interface and becomes 
l ighter  away from the interface (5). The effect may 
be due to a s toichiometry gradient  across the scale, 
but the s t r iking s imilar i ty  be tween polarized l ight  and 
dark-f ield i l luminat ion suggests that the effect may be 
due to the absence of internal  reflection f rom flaws in 
the oxide. 

An adherent  scale growing under  compression on a 
meta l  surface may  fail  ei ther by shear or by blistering 
f rom the metal  surface. Clearly, shear is a much easier 
process and is probably much more common; blister-  
type fractures are sometimes observed, however .  For  
tanta lum oxidized at 925~ 450 Torr, it has been 
observed that  above {ll0}Ta faces the oxide lamellae 
are much th inner  than those above the {100}Ta faces, 
and that  this occurs because the pore lines which  re-  
sult f rom the oxidation of the suboxide plates act as 
crack paths (8). At  820~ this feature  is still evident,  
but at lower tempera tures  there is no obvious depen-  
dence of laminar  thickness on orientation. This may  be 
because a new mode of scale fa i lure  operates at low 
temperatures,  or may  suggest that  a single crack, once 
nucleated, propagates over  a large distance. The oxida- 
tion rate  is also a function of surface orientation, and 
in general  the faces wi th  the thinnest  layer  thickness 
oxidize most rapidly.  

The oxidation ra te  is also a function of surface 
curvature  at h igher  temperatures ,  and there  is some 
evidence to suggest that  the layer  thickness also varies 
wi th  surface curvature.  S t r inger  (6) repor ted  that  at 
820 ~ and 925~ ~/4-in.-diameter spheres oxidized more 
rapidly than �89  spheres which in turn 
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Fig. 9. Scale formed on the outer (upper photograph) and inner 
(lower photograph) surfaces of a tantalum tube oxidized 100 rain 
at 820~ 420 Torr; outer radius 6.35 ram, inner radius 1.45 ram, 
length 9.5 ram. 

oxidized more rapidly than coupons. There  was no de- 
tectable effect of surface curva ture  on the ra te  at 
600~ The scales on the spheres contained large radia l  
fissures, apparent ly  due to the tensile stresses pro~tuced 
in the outer  layers of the scale by the outward pressure 
of the newly  forming oxide. 

F igure  9 shows the scale formed on the outer  and 
inner surfaces of a cylinder oxidized at 820~ The 
outer radius of the tube was 6.35 mm, the inner  radius 
was 1.45 mm, total length was 9.5 ram. The cyl inder  
was machined f rom bar stock and recrystall ized, using 
the same preparat ion techniques that  were  used for the 
spheres (6) to e l iminate  any possibility of tex ture  
effects. The total  oxide thickness was approximate ly  
three t imes greater  on the convex outer  surface than 
on the concave inner  surface. The difference in rate 
diminishes as the inner  radius increases; F igure  10 
shows the scale formed on the outer  and inner  surfaces 
of a cyl inder  of in ternal  radius 5.87 m m  and externa l  
radius 6.35 mm, oxidized at  820~ The difference in 
rate  is negligible, a l though the scale formed on the 
outer  surface contains the radial  fissures and that  on 
the inside does not. Clearly, the radial  fissures do not 
affect the oxidation rate, and thus the difference in 
ra te  for the smaller  radius must  lie in the scale-frac-  
ture process at the interface. The scale layers on the 
concave surface are thicker  in the case of the smaller  
d iameter  cylinder,  but  apparent ly  not  as much as three 
times greater.  However ,  this cannot be determined 
quant i ta t ive ly  wi th  any great  precision. The general  
effect is much the same at 925~ 

Al though it is difficult to make categoric s tatements  
on the basis of cooled and sectioned samples, it seems 
l ikely that  the interfaces present  in the system are 

atmosphere/Ta20~ 
Ta2Os/suboxide 

suboxide /Ta  
and, possibly, 

T a 2 O J T a  

One cannot dismiss the possibility of ve ry  thin layers 
of other  suboxides, but  no evidence for these has been 
produced. Interfaces be tween  the a tmosphere  and the 
meta l  and between the a tmosphere  and the suboxides 
ei ther  do not exist or are transitory. 

R a t e - C o n t r o l l i n g  Processes 
Plainly,  the " repeated-parabol ic"  scaling model  de- 

scribed before accords wel l  w i th  the anisotropy of 

Fig. 10. Scale farmed on the outer (upper part) and inner 
(lower part) surfaces of a tantalum tube oxidized 90 rain at 
820~ 420 Torr; outer radius 6.37 ram, inner radius S.86 ram, 
length 6.34 mm. 

oxidat ion at e levated temperatures ,  and numerical ly  
the agreement  is fair:  at 925~ the {110} faces oxi-  
dize 5 to 10 t imes as fast as the {100} faces, and the 
scale laminations over  the {100} faces are 5 to 10 times 
thicker  than those over the {110} faces. If one accepts 
that  fai lure of the scale is easier on a convex than on 
a concave surface, i t  also accords wi th  the curva ture -  
dependence of the oxidation rate  at high temperatures ,  
a l though here the quant i ta t ive  fit is less easy to eva lu-  
ate. 

However ,  whi le  qual i ta t ive ly  the var ia t ion in lami-  
nar  thickness paral lels  the tempera ture  dependence of 
the rate  constant, the quant i ta t ive  agreement  is poor. 
In addition, it is difficult to reconcile the high pressure 
dependence of the l inear  rate  constant wi th  this model. 

The defect s t ructure of Ta205 is apparent ly  com- 
plicated. Har tmann  (13) reported that it was an n- type  
semiconductor,  and, since marke r  exper iments  indicate 
a mobile anion, i t  was general ly  assumed that  oxygen 
vacancies were  mobile. However ,  Kofstad (14) has 
shown that  the oxide is p - type  at higher  oxygen pres-  
sures and n- type  at lower  oxygen pressures, the transi-  
t ion pressure increasing as the t empera tu re  increases. 
An n- type  oxide would not be expected to show a 
significant dependence of diffusion-controlled growth 
on the oxygen pressure, but  a p - type  scale should ex-  
hibit  p ressure-dependent  growth. The magni tude  of 
the pressure dependence depends on the detailed defect 
structure,  but  Kofstad (10) has shown that  at pres-  
sures in the range 1-760 Tor t  at 900~ there  is an 
initial parabolic growth of Ta205 for which 

Kp ~ Po21/5.5 [11] 

While  the cri t ical  scale thickness would  not be ex-  
pected to show any direct dependence on the oxygen 
pressure, it might  depend on the rate of the diffusion- 
controlled growth, thus enhancing the apparent  pres-  
sure dependence of Ki. However ,  it would be very  sur-  
prising if we var ied  as (Kp)-2,  which would  be re-  
quired to give the observed pressure dependence of Kz. 

A l inear  react ion rate  may also result  f rom an in ter -  
face controlled process. In this event,  the react ion ra te  
is l inear  on a microscopic scale; the adherent  growth 
of the scale to the crit ical  thickness is also linear.  
There  is, of course, nothing in the scale morphology 
incompatible wi th  this concept. 

If  the adherent  Ta205 layer  is ve ry  thin, so that  
t ransport  through it is ve ry  rapid in comparison with  
the reactions at the pen tox ide /meta l  -}- suboxide in ter -  
face, the oxygen act ivi ty at this interface would  equal  
that  at the a tmosphere /pen tox ide  interface, and so a 
ra te-contro l l ing  process at the inner interface would 
not be incompatible  wi th  the observed pressure de-  
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pendence of the reaction. However ,  in general, some 
oxygen-ac t iv i ty  gradient  must exist across the ad- 
herent  layer to provide  the dr iving force for the oxy-  
gen flux requi red  by the reactions at the inner  in ter -  
face, and so one would expect  the oxygen act ivi ty  at 
the inner interface to be ra ther  less than that at the 
outer  sca le /a tmosphere  interface. This would have  the 
effect of reducing the apparent  pressure dependence 
of the reaction. 

It would appear more likely, therefore,  that  the ra te-  
control l ing process is a reaction at an interface in di- 
rect  contact wi th  the atmosphere,  a l though one cannot 
at this stage re ject  the a l ternat ive  possibility. The 
observed tempera ture  dependence may then be ex-  
plained in one of two ways: 

(A) The reaction interface or the interface process 
changes abrupt ly  at 800~ Below this temperature ,  
oxygen is adsorbed on an interface, dissociating as it is 
adsorbed. The agreements  with the adsorption model 
in the range 500~176 are regarded as real;  the ap- 
parent  disagreements,  in the low tempera tu re -pressure  
dependence, for example,  are due to exper imenta l  
variat ions between the different investigators.  Above  
800~ the ra te-contro l l ing  process is si tuated at a 
different interface, again be tween the atmosphere and 
one of the solid phases; or, al ternat ively,  there is a 
change in the ra te-contro l l ing  process at the original  
interface. There  is insufficient evidence to indicate 
whether  or not an adsorption process precedes this 
h igh - t empera tu re  reaction. 

(B) Again there are two reaction interfaces in-  
volved, but in general  both are present simultaneously.  
As the tempera ture  is raised the re la t ive  area of one 
increases. The low- tempera tu re  tempera ture  depen- 
dence is then typical of one of these processes, and the 
h igh- t empera tu re  tempera ture  dependence of the other. 
The anomalous tempera ture  range is where  both con- 
t r ibute to a significant extent,  and is thus a transit ion 
region. The low- tempera tu re  process is independent  of 
the oxygen pressure, and the h igh- tempera tu re  process 
depends on the square root of the oxygen pressure. 
Increasing the pressure at any tempera ture  increases 
the re la t ive  contribution of the low- tempera tu re  proc- 
ess, so the adsorpt ion- type pressure-dependence  curves 
again represent  transit ion processes. All  the numerical  
fits with the adsorption model  are regarded as for-  
tuitous. This model  is much more qual i ta t ive  than the 
first. 

It is possible to combine the features of these 
models: one can regard the tempera ture  dependence 
as being due to a gradual  transit ion in ra te-contro l l ing  
mechanism, but accept that one or both of these proc- 
esses involve an adsorption step. 

However ,  as discussed earlier, there is every  indi-  
cation that  the oxide and suboxide s t ructure  and 
morphology is essentially the same throughout  the 
whole tempera ture  range, and that, in particular,  the 
only interface be tween the atmosphere and a solid 
phase is between the gas and the adherent  pentoxide 
layer. For  the h igh - t empera tu re  process, fur thermore ,  
it is ex t remely  difficult to see how an interface proc- 
ess can show such a clear dependence on the surface 
curva ture  or on the scale fa i lure  process. 

Conclusions 
On the basis of the arguments  presented above, it 

appears that  the only tenable  model for the oxidation 
involves two distinct processes. 

In the range 500~176 the fit with the adsorption 
model  seems far  too good to be accidental. Not only 
can the tempera ture  dependence in this range be ex-  
plained, but  the values of 0 calculated f rom the tem-  
pera ture  dependence at constant pressure agree quite  
well  with those calculated from the pressure-depen-  
dence data at constant temperature .  In addition, the 
process ceases to operate  at about the t empera tu re  
one would expect  f rom a rough calculation. 

Since the only interface wi th  the a tmosphere  is at 

the outer surface of the adherent  Ta205 layer, the ad- 
sorption must take place there. If one accepts that  no 
internal  interface process can show a l inear  depen- 
dence on the oxygen concentrat ion at that  interface, it 
follows that  the ra te-cont ro l l ing  process must also be 
at the Ta20~/atmosphere interface. The reactions at 
this interface may be wr i t ten  

O2/gas-~ 2 Oads [12] 

Oads W O [3/x -> O/Ta20~ [13] 
or~ 

O~ds ~ O ~ / x  [13a] 

Here  the subscript x indicates the outer surface of the 
adherent  scale layer.  The ionicity of the species has 
not been considered, The oxygen vacancies are pro-  
duced (or oxygen interst i t ials  are consumed) in the 
scale-forming process at the meta l / sca le  interface 

2Ta/metal~ Ta205 -t- 5 O []/o [14] 
or 

2Ta/metal -~- 5 0  A/O-~ Ta205 [14a] 

diffusion 
O [3/0 ) O ~ / x  [15] 

diffusion 
O A/x  ( O A/o [15a] 

Similar  equations involving possible suboxides may 
be wri t ten,  but they do not affect the over -a l l  mech-  
anism. Equat ion [13] is regarded as the slow step in 
this sequence. 

However ,  while  it is less likely, the reactions at the 
outer interface may be rapid and the diffusion through 
the adherent  oxide very  rapid, and, provided the ad-  
herent  layer  is thin enough, the oxygen act ivi ty  may 
be effectively the same at the inner  interface as at the 
outer. 

The reaction mechanism clear ly  alters above 800~ 
and, because of the dependence of the rate  on surface 
curva ture  and because of the apparent  correlat ion be- 
tween laminar  thickness and the l inear  rate, one must 
conclude that  above 800~ the l inear rate is a result  
of a repeated parabolic process, wi th  the diffusion step 
(Eq. [15]) being the slow process. 

In fact, Kofstad (10) has shown that the init ial  non- 
l inear reaction at 900~ is parabolic and that at h igher  
tempera tures  and lower pressures the rate  curves do 
have the appearance of repeated parabolas. This is 
probably due to the fact that We increases as the tem- 
pera ture  is increased so that  the "smoothing out" 
of the repeated parabolae to an over-a l l  l inear rate  is 
not possible. The act ivat ion energy of the high-  
tempera ture  process contains the tempera ture  de- 
pendence of the parabolic growth rate  and the tem-  
pera ture  dependence of the scale layer  thickness. 
Since the lat ter  clearly increases with tempera-  
ture, the real  t empera tu re  dependence of the parabolic 
rate constant must be greater  than that  of the l inear 
rate. The activation energy for the l inear rate  is ap- 
proximate ly  35,000 cal /mole,  whi le  Kofstad (10) gives 
an act ivation energy of 45,000 ca l /mole  for the initial 
parabolic rate in the range 900~176 

However ,  in this range the l inear rate  constant de- 
pends on the square root of the oxygen pressure (ap- 
proximate ly) .  According to Kofstad (10) the parabolic 
rate constant varies as Po~ T M  at pressures above the 
n ~ p transit ion and is independent  of pressure at 
pressures well  below the transition. Therefore,  for 
the l inear rate to exhibi t  the observed pressure de- 
pendence, the critical scale thickness wc (which cannot 
depend directly on oxygen pressure)  must  depend on 
the rate, and in fact 

We ~ (Kp)-2  ~ p-1/3 [16] 

It is ex t remely  difficult to measure  wc wi th  any ac- 
curacy, but at 1000~ Kofstad's  data (10) show no 
obvious pressure dependence of the scale thickness at 
the b reak -away  f rom the init ial  parabola. At 1200~ 
Wc is approximate ly  1.5 times as great  at 1 Torr  as at 
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10 Torr; Equation [16] gives a value of 2.15. While the 
data are clearly insufficient to confirm or deny the 
model, they are equally clearly not inconsistent with it. 
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Carburization of Fe-Cr Alloys During Oxidation 
in Dry Carbon Dioxide 

C. T. Fujii and R. A. Meussner 

Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

I ron-chromium alloys (I-15 w/o  [weight per cent] Cr) oxidized in dry 
carbon dioxide at 700 ~ 900 ~ and l l00~ form duplex scales which are simi- 
lar in s tructure to those generated in H20-Ar  atmospheres, i.e., a detached but  
continuous outer layer of iron oxides (predominant ly  FeO) and a porous 
inner  layer of FeO and Fe-Cr  spinel particles. Carburizat ion accompanies this 
oxidation at all temperatures,  and the resul t ing microstructural  changes, the 
carbides formed, the hardness increases and the carbon content  of homoge- 
neous specimens are related to the equil ibria  of the Fe-Cr -C system. The car-  
burization and the continued high oxidation rates, in spite of the detached 
duplex structure of the scale, require that  a gaseous transfer  of oxygen 
and carbon occur wi thin  the voids separat ing the outer and inner  oxide layers. 
This requ i rement  suggests a carbon permeat ion of the dense outer scale and 
the generation of a CO2-CO atmosphere in these voids which is carburizing 
as well  as oxidizing to the alloy. 

The h igh- tempera ture  oxidation of i ron-chromium 
alloys in  carbon dioxide produces two-layered scales 
which are very similar in  structure to those generated 
on these alloys in  atmospheres of H20-Ar  (1). An ex-  
ample of this scale s tructure is i l lustrated by the 
micrograph of Fig. 1. The outer layer  of i ron oxides 
is dense and crack-free while the inner  layer of wus t -  
ite and an Fe-Cr  spinel is relat ively porous. The oxi- 
dation process generates large voids between the outer 
and inner  scale layers, but  the extension of these voids 
does not appear to alter the high oxidation rates of 
these alloys. In  fact, these rates are comparable to that  
of pure iron where the scale remains  rather  adherent  
and the diffusion of iron is unhindered  by voids. 

With in  the proper exper imental  l imits of t ime and 
temperature  l inear  rates are observed for the oxidation 
of i ron in  CO2-CO mixtures,  and there is general  
agreement  that  the reaction at the gas: oxide interface 
is the rate  de termining process (2-4). Thus, the 
diffusion of iron through the oxide is sufficiently rapid 
to preclude the observation of parabolic oxidation 
rates. Similarly,  the oxidation rates of Fe-Cr  alloys 
indicate that  an adequate flux of i ron to the gas: oxide 
interface is main ta ined  in  spite of the extensive voids 
separat ing the outer from the inne r  scale layer. Al-  
though this detachment  is never  complete, the re-  
main ing  columns of oxide connecting the fwo layers 
appear to be adequate as diffusion paths for the i ron 
required by the oxidation reaction at the outer-oxide:  
gas interface. Since the integri ty of the outer detached 

scale layer is preserved, an a l ternat ive  source of i ron 
must  be provided to augment  tho "normal"  diffusion 
process through the connecting oxide columns if the 
high oxidation rates are to be sustained. 

The exper imental  evidence in  the previous study of 
the oxidation of Fe-Cr  alloys in water  vapor indi-  
cated a substant ial  contr ibut ion to the iron flux in  the 

Fig. 1. Unetched mlcrostructure of a typical two-layered scale, 
from Fe-15Cr alloy oxidized for 24 hr at 900~ in 1 arm of dry 
C02. Magnification approximately 60X. 
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