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Rate-Controlling Processes in the High-Temperature
Oxidation of Tantalum

John Stringer?

Metal Science Group, Battelle Memorial Institute, Columbus Laboratories, Columbus, Ohio

ABSTRACT

The oxidation of tantalum in the temperature range 500°-950°C is approxi-
mately linear. At atmospheric pressure, the rate constant increases with tem-
perature in the temperature range 500°-650° and 800°-950°C, but decreases
slightly as the temperature increases from 650° to 800°C. 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 experimental evidence in the litera-
ture, it is concluded that in the temperature range 500°-800°C the rate-con-
trolling process is a reaction at the interface between the atmosphere and a
layer of tantalum pentoxide growing adherently on the metal surface. This
interface reaction is preceded by an equilibrium adsorption of oxygen on the
interface, the adsorption taking place with dissociation. In the temperature
range 800°-950°C, the over-all linear 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 tantalum, and the not-dissimilar creases the pressure at which the pressure-dependence

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 temperature and
oxygen pressure is unusual.

After an initial period (a few minutes at 950°C and
a few hours at 500°C) the reaction rate becomes ap-
proximately constant (linear rate law). The linear
rate constant increases with temperature from 500°
to 650°C and from 800° to 950°C, but decreases slightly
in the temperature range 650°-800°C. The rate con-
stant increases with pressure, the effect decreasing as
the pressure increases. Increasing the temperature in-

1 Present address: Department of Metallurgy, University of Liver-
pool, Liverpool, England

starts to diminish.

The principal reaction product is tantalum pentoxide,
Tas0s. The oxide grows adhering to the metal surface
and is formed under compressive growth stresses.
Eventually these cause the scale to fail from the metal
surface. Growth of adherent oxide recommences im-
mediately on the freshly exposed metal surface, and
repetition of this process produces a laminated de-
tached scale. In addition to the pentoxide, platelets of
a suboxide are formed penetrating into the metal from
the scale/metal interface. Finally, oxygen also dis-
solves in the metal.

While the oxidation of niobium has a number of
points of similarity to that of tantalum, notably in the
temperature- 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, particularly at higher
temperatures. Finally, the pentoxide exhibits a phase
change at approximately 800°C, and there is a clear
change in the reaction kinetics associated with the
change.

In this paper, the effect of a number of variables on
the kinetics and reaction-product morphology are re-
viewed in an attempt to identify the rate-controlling
processes in the oxidation of tantalum in the linear oxi-
dation region for temperatures of 500°-950°C 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 impuriities on the rate of
oxidation of tantalum, but the rate constants reported
by a number of investigators (1-5) over a period of
10 years using tantalum from a number of sources
agree closely, suggesting that the effect of impurities
is small.

Insufficient observations of the other features such as
scale structure and morphology were reported in most
of the earlier investigations to permit evaluation of
the effect of impurities on these.

Grain size.—Only one systematic study of grain-size
effects has been made and that was relatively limited
in scope (6). No effect of grain size on reaction rate
was observed. There do appear to be differenges 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 fine-grained samples, in contrast, the size of
the platelets is limited by the grain size, and thus the
voids in the pentoxide are difficult to discern. While
the grosser features of the scale on coupon specimens
are not obviously affected by the tantalum 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 apparently has no effect on
the linear oxidation rate in this temperature range (6).
The suboxide plates appear curved in cold-worked
specimens, but apart from this there is no apparent
effect on oxide morphology.

Surface preparation.—Since the linear oxidation is a
thick-film, steady-state process, no effect of initial sur-
face preparation would be expected, and, in fact, none
is observed (6).

Specimen shape.—It has been demonstrated that, at
820° and 925°C, Y-in. diameter spheres oxidize more
rapidly than .-in.-diameter spheres which in turn
oxidize more rapidly than coupon specimens (6). This
is consistent with 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 penetrating inward from 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 structure of the oxide plates as a function of
specimen shape.

Specimen texture.—There is a clear orientation de-
pendence of the oxidation rate at the higher tempera-
tures. At 925° and 820°C {110} faces oxidize more
rapidly than any others; {100} faces oxidize more
slowly (8). At 600° and 500°C 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 texture at
high temperatures. No study of this has been made
yet.

The oxide structure is clearly a function of orienta-
tion. Under steady-state reaction conditions, the sub-
oxide platelets are always formed parallel to {100},
throughout this temperature 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 fracture under the compressive growth stresses is
facilitated. As a result, the laminations in the detached
scale are much thinner above {110} faces than above
{100} faces (8).

Gaseous impurities—Small amounts of gaseous im-
purities in the oxidizing atmosphere have not been
studied in any detail, but they appear to have a negli-
gible effect on the oxidation rate and the scale struc-
ture.

Temperature and Pressure Dependence
of the Oxidation Rate

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

KsPo,
rate = Kj —————— [1]
1 4 K>Po,

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

rate « K1K2P02 [2]
whereas experiment showed that
rate a k Poy!/? [3]

Accordingly, these investigators (9,3) suggested re-
placing Eq. [1] by K e
2P
rate = K; =% [4]
1 + KoPo,1/2

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 rate vs. log pressure,
by expanding the low pressure region, emphasizes the
difference between the two forms.

Figure 1 shows a set of results for the oxidation of
a tantalum coupon at 600°C. The full line is the best
fit using Eq. [4]; with the rate in g/cm?/sec and the
pressure in Torr, K; = 6.53 x 10—6, and K> = 0.031. In
Fig. 2 the same equation is plotted over five orders of
pressure and compared with constant pressure data
from the literature. Plainly, the agreement between
the various investigators is excellent: it is not possible
to fit these data using Eq. {1].

The empirical Eq. [1] and [4] can be interpreted in
terms of a reaction mechanism in which the rate-
controlling process is linearly dependent on the ad-

o

Oxidation Rate,g/cm%sec X 10°

10 100 1000
Oxygen Pressure,torr

Fig. 1. Pressure dependence of the oxidation of tantglum at
600°C; data from a varying pressure experiment.

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


http://ecsdl.org/site/terms_use

430 J. Electrochem. Soc.:. ELECTROCHEMICAL SCIENCE

aI
&

- -1r T  ———Tr 1
]
o (<]
800°C ,g//ﬂn‘“:J

L3}

Oxidation Rate,g/cm?/sec
=
»

© Peferson'
U Kofstad ¢
x Stringer®
167 L I | 1
1 10 102 105 0% 108

Oxygen Pressure,torr

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

sorbed oxygen concentration 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-
perature dependence of Kj, which is related to the
rate of the rate-controlling process, will be given by a
conventional Arrhenius equation

K; = Koy exp ( _RQTI ) [5]

and the temperature dependence of K., which is re-
lated to the adsorption process, will be given by a
Langmuir expression

. Q@2
KPoyt/2 = KT ~5/2 exp (Tﬁ) 61

In this expression, the T—5/2 term arises from the tem-
perature dependence of the concentration of the gas
phase at constant pressure T—! and the temperature
dependence of the reciprocal of the partition function
of the gas for unit volume, T—3/2, In these expressions
R is the gas constant, T is the absolute temperature,
and Q@ and Q: are positive energies. Conventionally,
Ko, is regarded as being independent of temperature,
but the temperature dependence of K¢ is more un-
certain: it is assumed to be small in comparison with
that of the exponential term. Substituting [5]1 and [6]

into [4]
Q:2— @ )
Ko Ko,T'—5/2 (____
1= exp RT

rate = [7]

Qs )
1 & Ko,T—5/2 (
+ K% exp RT

In this work, both K°; and K¢ are regarded as being
independent of temperature.

Figure 3 shows the rate constants reported in the
literature by a number of investigators, corrected to
a pressure of 760 Torr where necessary using the ex-
perimentally determined pressure dependence. The
full line is drawn according to Edq. [7] with @ =
67,700 cal/mole and Q: = 70,000 cal/mole. The fit is
quite good over the range 500°-820°C. The T—5/2 terms
cannot be neglected, since the variation of the expo-
nential 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 concentration would fall so low that
the adsorption step would become the rate-determin-
ing process. At 760 Torr and 800°C the volume per
molecule in the gas phase is approximately 10—19 cm3.,
Assuming the sites on the adsorption interface are
roughly 4 x 10—8 em apart, the surface concentration
will equal the mean concentration in the atmosphere
adjacent to the surface when the fractional surface
coverage ¢ falls to approximately 102, One would not
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Fig. 3. Oxidation rate of tantalum as a function of temperature
at an oxygen pressure of 760 Torr showing the fit of the adsorp-
tion model.

expect therefore that the mechanism would continue
to describe the reaction when ¢ is appreciably less than
this.
The fractional coverage of the adsorption interface
¢ is given by
KsPoyl/2

1 + K2P021/2

and Fig. 4 shows ¢ calculated for the curve shown in
Fig. 3. At the temperature at which Eq. [7] ceases to
describe the experimental results, ¢ is approximately
10-3, 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 unlikely: it does not predict
or help in understanding the high-temperature process.

For the empirical fit of the data shown in Fig. 2
one calculates 6760 = 0.46, which is the value at 628°C
according to Fig. 4. The experimental data at 650°C
are shown in Fig. 5, and good fit is obtained with
K; = 8.0 x 105 and Kz = 0.004. These two values
correspond to 6760 = 0.099, equivalent to a temperature
of 679°C according to Fig. 4. While these agreements
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Fig. 4. Fractional surface coverage at an oxygen pressure of
760 Torr, 6760, as a function of temperature.
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Fig. 5. Pressure dependence of the oxidation of tantalum at
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Fig. 6. Pressure dependence of the oxidation of tantalum at
550°C.

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

There are some important defects in the theory,
however, Equations [4] and [7] imply that, as the
pressure changes, the general form of the temperature
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 Torr and below the rate increases
slightly with temperature in the range 650°-800°C. No
other investigation in this temperature and pressure
range has been reported.

At 550°C one would expect 6769 to be in the range
0.92-0.98, but the published data of Kofstad (4) and
Peterson (1) shown in Fig. 6 are better fitted by an
equation of the form

rate a Pg,1/6 [9]

However, this may be fortuitous. Kofstad’s data alone
are not inconsistent with Eq. {4] and correspond to a
high value of 4.

Scale Morphology

If is clear that the properties of the tantalum pent-
oxide scale vary as a function 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 seale is most
fragmentary at about 600°C; the scale formed at 500°C
appears to be far more coherent with a greater layer
thickness, and the scale at 820°C 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
maximum in the rate of 650°C and the anomalous
temperature dependence between 650° and 800°C 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 layers to a critical thickness at which they
fail, an average linear rate constant K; will result
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0/ mm

Fig. 70. Cross sections of oxidized samples showing the lamina
thickness in the detached pentoxide. Sample oxidized at 500°C,
450 Torr.

0lmm
Fig. 7b. Oxidized at 600°C, 450 Torr

0lmm
Fig. 7c. Oxidized at 820°C, 450 Torr

which is related to the parabolic rate constant K, and
the critical scale thickness w.

Kp

K = {101
We

If the anomalous temperature dependence is sclely 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°C the scale should
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increase in thickness by approximately 100 times. It is
extremely difficult to obtain a quantitative measure of
the layer thickness because of the wide variation from
point to point, the loss of resolution due to multiple
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 temperature range.

However, the qualitative parallel between the tem-
perature dependence of the rate and that of the scale
layer thickness is interesting and may well 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 metal + suboxide/
pentoxide interface is irregular, and one must polish
some way back from the interface to obtain good x-ray
results, but the volume fraction of the suboxide is too
small even at very short distances from the interface
and the structures appear to be too close to that of
tantalum itself to obtain reasonable results. Further,
all one’s observations of necessity must be made on
specimens cooled from reaction temperature. Studies
have been made on the structure of the suboxides
formed in the very early stages of the oxidation, prior
to the complete coverage of the surface by the pent-
oxide, using high-temperature x-ray diffraction and
hot-stage metallography (12). It is dangerous to as-
sume, however, that these suboxides are the same as
those present in the steady-stage process (8) since, for
example, the growth stresses associated with the ad-
herent Tas0Os5 are absent.

Recently, Stringer (7) pointed out that, above sub-
oxide platelets lying more or less normal to the metal/
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 plate-
lets at reaction temperature. Using this as an indi-
cation, it appears very likely that all the platelets ob-
served in cross sections of specimens cooled from
steady-state reaction in this temperature range were
present at temperature and have not precipitated on
cooling. Pore lines are evident in scales formed at
600°-950°C, although as the temperature decreases
they become more difficult to see.

All the platelets formed during the steady-state
(linear) reaction in the temperature range 500°-925°C
are parallel to {100}t, (8).

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

e
20U

Fig. 8a. Internal structure in suboxide plates visible in polarized
light; oxidized at 925°C, 450 Torr.

May 1967

Fig. 8b. Oxidized at 500°C, 450 Torr.

shows the internal structure in plates formed at 500°C)
so that any transformation must take place below
500°C. It is also possible that this is a domain structure
formed at temperature, but so far it has not been
possible to determine this.

It appears, therefore, that one cannot interpret the
observed temperature dependence of the rate constant
in terms of a change in structure or habit of the sub-
oxide. Every indication is that they are the same
throughout the whole temperature range. While the
number of platelets seems a little less at 950°C than at
lower temperatures, there appear to be at least as
many at 800° as at 600°C, so that again one cannot ex-
plain the anomalous temperature dependence in terms
of varying volume fraction of suboxide at the interface.

Scale Failure Modes

The scale grows adhering to the metal surface, and
in cross section it appears that both TayOs;/Ta and
Ta0s/suboxide interfaces may exist. However, it may
be that a very thin layer of suboxide is present
between the pentoxide and the metal, and in fact
in polarized light a bright line 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 light is of interest. It also ap-
pears dark in oblique (dark-field) illumination but
white in normal illumination, whereas the detached
oxide appears white in all illumination. The color is
darkest at the oxide/metal interface and becomes
lighter away from the interface (5). The effect may
be due to a stoichiometry gradient across the scale,
but the striking similarity between polarized light and
dark-field illumination suggests that the effect may be
due to the absence of internal reflection from flaws in
the oxide.

An adherent scale growing under compression on a
metal surface may fail either by shear or by blistering
from the metal surface. Clearly, shear is a much easier
process and is probably much more common; blister-
type fractures are sometimes observed, however. For
tantalum oxidized at 925°C, 450 Torr, it has been
observed that above {110}1, faces the oxide lamellae
are much thinner than those above the {100}r, faces,
and that this occurs because the pore lines which re-
sult from the oxidation of the suboxide plates act as
crack paths (8). At 820°C this feature is still evident,
but at lower temperatures there is no obvious depen-
dence of laminar thickness on orientation. This may be
because a new mode of scale failure 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 with the thinnest layer thickness
oxidize most rapidly.

The oxidation rate is also a function of surface
curvature at higher temperatures, and there is some
evidence to suggest that the layer thickness also varies
with surface curvature. Stringer (6) reported that at
820° and 925°C 14-in.-diameter spheres oxidized more
rapidly than -in.-diameter 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 min
at 820°C, 420 Torr; outer radius 6.35 mm, inner radius 1.45 mm,
length 9.5 mm.

oxidized more rapidly than coupons, There was no de-
tectable effect of surface curvature on the rate at
600°C. The scales on the spheres contained large radial
fissures, apparently due fo the tensile stresses produced
in the outer layers of the scale by the outward pressure
of the newly forming oxide.

Figure 9 shows the scale formed on the outer and
inner surfaces of a cylinder oxidized at 820°C. The
outer radius of the tube was 6.35 mm, the inner radius
was 1.45 mm, total length was 9.5 mm. The cylinder
was machined from bar stock and recrystallized, using
the same preparation techniques that were used for the
spheres (6) to eliminate any possibility of texture
effects. The total oxide thickness was approximately
three times greater on the convex outer surface than
on the concave inner surface. The difference in rate
diminishes as the inner radius increases; Figure 10
shows the scale formed on the outer and inner surfaces
of a cylinder of internal radius 5.87 mm and external
radius 6.35 mm, oxidized at 820°C. The difference in
rate is negligible, although 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
rafe 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
diameter cylinder, but apparently not as much as three
times greater. However, this cannot be determined
quantitatively with any great precision. The general
effect is much the same at 925°C

Although it is difficult to make categoric statements
on the basis of cooled and sectioned samples, it seems
likely that the interfaces present in the system are

atmosphere/Tas0;5
TasOs/suboxide
suboxide/Ta
and, possibly,
Tazos/ Ta

One cannot dismiss the possibility of very thin layers
of other suboxides, but no evidence for these has been
produced. Interfaces between the atmosphere and the
metal and between the atmosphere and the suboxides
either do not exist or are transitory.

Rate-Controlling Processes

Plainly, the “repeated-parabolic” scaling model de-
scribed before accords well with the anisotropy of
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Fig. 10. Scale formed on the outer (upper part) and inner
(lower part) surfaces of a tontalum tube oxidized 90 min ot
820°C, 420 Torr; outer radius 6.37 mm, inner radius 5.86 mm,
fength 6.34 mm.

oxidation at elevated temperatures, and numerically
the agreement is fair: at 925°C the {110} faces oxi-
dize 5 to 10 times 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 failure of the scale is easier on a convex than on
a concave surface, it also accords with the curvature-
dependence of the oxidation rate at high temperatures,
although here the quantitative fit is less easy to evalu-
ate.

However, while qualitatively the variation in lami-
nar thickness parallels the temperature dependence of
the rate constant, the quantitative agreement is poor.
In addition, it is difficult to reconcile the high pressure
dependence of the linear rate constant with this model.

The defect structure of Ta;Os is apparentily com-
plicated. Hartmann (13) reported that it was an n-type
semiconductor, and, since marker experiments indicate
a mobile anion, it was generally 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-
tion pressure increasing as the temperature 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 pressure-dependent growth. The magnitude of
the pressure dependence depends on the detailed defect
structure, but Kofstad (10) has shown that at pres-
sures in the range 1-760 Torr at 900°C there is an
initial parabolic growth of TayOs for which

Kp a Pogl/5:5 [11]

While the critical 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 K;. However, it would be very sur-
prising if w. varied as (Kjp) 2, which would be re-
quired to give the observed pressure dependence of K.

A linear reaction rate may also result from an inter-
face controlled process. In this event, the reaction rate
is linear on a microscopic scale; the adherent growth
of the scale to the critical thickness is also linear.
There is, of course, nothing in the scale morphology
incompatible with this concept.

If the adherent TasO; layer is very thin, so that
transport through it is very rapid in comparison with
the reactions at the pentoxide/metal + suboxide inter-
face, the oxygen activity at this interface would equal
that at the atmosphere/pentoxide interface, and so a
rate-controlling process at the inner interface would
not be incompatible with the observed pressure de-
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pendence of the reaction. However, in general, some
oxygen-activity gradient must exist across the ad-
herent layer to provide the driving force for the oxy-
gen flux required by the reactions at the inner inter-
face, and so one would expect the oxygen activity at
the inner interface to be rather less than that at the
outer scale/atmosphere interface. This would have the
effect of reducing the apparent pressure dependence
of the reaction.

It would appear more likely, therefore, that the rate-
controlling process is a reaction at an interface in di-
rect contact with the atmosphere, although one cannot
at this stage reject the alternative possibility. The
observed temperature dependence may then be ex-
plained in one of two ways:

(A) The reaction interface or the interface process
changes abruptly at 800°C. Below this temperature,
oxygen is adsorbed on an interface, dissociating as it is
adsorbed. The agreements with the adsorption model
in the range 500°-800°C are regarded as real; the ap-
parent disagreements, in the low temperature-pressure
dependence, for example, are due to experimental
variations between the different investigators. Above
800°C the rate-controlling process is situated at a
different interface, again between the atmosphere and
one of the solid phases; or, alternatively, there is a
change in the rate-controlling process at the original
interface. There is insufficient evidence to indicate
whether or not an adsorption process precedes this
high-temperature reaction.

(B) Again there are two reaction interfaces in-
volved, but in general both are present simultaneously.
As the temperature is raised the relative area of one
increases. The low-temperature temperature depen-
dence is then typical of one of these processes, and the
high-temperature temperature dependence of the other.
The anomalous temperature range is where both con-
tribute to a significant extent, and is thus a transition
region. The low-temperature process is independent of
the oxygen pressure, and the high-temperature process
depends on the square root of the oxygen pressure.
Increasing the pressure at any temperature increases
the relative contribution of the low-temperature proc-
ess, so the adsorption-type pressure-dependence curves
again represent transition processes. All the numerical
fits with the adsorption model are regarded as for-
tuitous. This model is much more qualitative than the
first.

It is possible to combine the features of these
models: one can regard the temperature dependence
as being due to a gradual transition in rate-controlling
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 structure and
morphology is essentially the same throughout the
whole temperature range, and that, in particular, the
only interface between the atmosphere and a solid
phase is between the gas and the adherent pentoxide
layer. For the high-temperature process, furthermore,
it is extremely difficult to see how an interface proc-
ess can show such a clear dependence on the surface
curvature or on the scale failure process.

Conclusions

On the basis of the arguments presented above, it
appears that the only tenable model for the oxidation
involves two distinet processes.

In the range 500°-800°C the fit with the adsorption
model seems far too good to be accidental. Not only
can the femperature dependence in this range be ex-
plained, but the values of ¢ calculated from the tem-
perature 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 temperature
one would expect from a rough calculation.

Since the only interface with the atmosphere is at

May 1967

the outer surface of the adherent Tay05 layer, the ad-
sorption must take place there, If one accepts that no
internal interface process can show a linear depen-
dence on the oxygen concentration at that interface, it
follows that the rate-controlling process must also be
at the TasOs/atmosphere interface. The reactions at
this interface may be written

Oz/gas— 2 Oguds [12}
Oads + O0/x —» O/Ta:x05 [13]

or,
Oads_) OA/X [133]

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 interstitials are consumed) in the
scale-forming process at the metal/scale interface

2Ta/meta1=> Ta;05 + 5 OL/0 [14]
or
2Ta/metal + 5 O &/0 - Taz05 [14a]
diffusion
00/0 ———8 — 00/x [15]
diffusion
OA/x«———0A/0 [15a]

Similar equations involving possible suboxides may
be written, but they do not affect the over-all mech-
anism. Equation [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 activity may
be effectively the same at the inner interface as at the
outer.

The reaction mechanism clearly alters above 800°C,
and, because of the dependence of the rate on surface
curvature and because of the apparent correlation be-
tween laminar thickness and the linear rate, one must
conclude that above 800°C the linear rate is a result
of a repeated parabolic process, with the diffusion step
(Eq. [15]) being the slow process.

In fact, Kofstad (10) has shown that the initial non-
linear reaction at 900°C is parabolic and that at higher
temperatures and lower pressures the rate curves do
have the appearance of repeated parabolas. This is
probably due to the fact that w, increases as the tem-
perature is increased so that the “smoothing out”
of the repeated parabolae to an over-all linear rate is
not possible. The activation energy of the high-
temperature process contains the temperature de-
pendence of the parabolic growth rate and the tem-
perature dependence of the scale layer thickness.
Since the latter clearly increases with tempera-
ture, the real temperature dependence of the parabolic
rate constant must be greater than that of the linear
rate. The activation energy for the linear rate is ap-
proximately 35,000 cal/mole, while Kofstad (10) gives
an activation energy of 45,000 cal/mole for the initial
parabolic rate in the range 900°-1050°C.

However, in this range the linear rate constant de-
pends on the square root of the oxygen pressure (ap-
proximately). According to Kofstad (10) the parabolic
rate constant varies as Pg,l/55 at pressures above the
n - p transition and is independent of pressure at
pressures well below the transition. Therefore, for
the linear rate to exhibit the observed pressure de-
pendence, the critical scale thickness w. (which cannot
depend directly on oxygen pressure) must depend on
the rate, and in fact

We @ (Kp)—Zapﬂlli% [16]

It is extremely difficult to measure w. with any ac-
curacy, but at 1000°C Kofstad’s data (10) show no
obvious pressure dependence of the scale thickness at
the break-away from the initial parabola. At 1200°C
wc is approximately 1.5 times as great at 1 Torr as at
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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

Iron-chromium alloys (1-15 w/o [weight per cent] Cr) oxidized in dry
carbon dioxide at 700°, 900°, and 1100°C form duplex scales which are simi-
lar in structure to those generated in HoO-Ar atmospheres, i.e., a detached but
continuous outer layer of iron oxides (predominantly FeO) and a porous
inner layer of FeO and Fe-Cr spinel particles, Carburization accompanies this
oxidation at all temperatures, and the resulting microstructural changes, the
carbides formed, the hardness increases and the carbon content of homoge-
neous specimens are related to the equilibria 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 within the voids separating the outer and inner oxide layers.
This requirement suggests a carbon permeation of the dense outer scale and
the generation of a CO.-CO atmosphere in these voids which is carburizing
as well as oxidizing fo the alloy.

The high-temperature oxidation of iron-chromium
alloys in carbon dioxide produces two-layered scales
which are very similar in structure to those generated
on these alloys in atmospheres of HyO-Ar (1). An ex-
ample of this scale structure is illustrated by the
micrograph of Fig. 1. The outer layer of iron oxides
is dense and crack-free while the inner layer of wust-
ite and an Fe-Cr spinel is relatively 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.

Within the proper experimental limits of time and
temperature linear rates are observed for the oxidatior.
of iron in CO.-CO mixtures, and there is general
agreement that the reaction at the gas:oxide interface
is the rate determining 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 iron to the gas:oxide
interface is maintained in spite of the extensive voids
separating the outer from the inner scale layer. Al-
though this detachment is never complete, the re-
maining columns of oxide connecting the fwo layers
appear to be adequate as diffusion paths for the iron
required by the oxidation reaction at the outer-oxide:
gas interface. Since the integrity of the outer detached

scale layer is preserved, an alternative source of iron
must be provided to augment the “normal” diffusion
process through the connecting oxide columns if the
high oxidation rates are to be sustained.

The experimental evidence in the previous study of
the oxidation of Fe-Cr alloys in water vapor indi-
cated a substantial contribution to the iron flux in the

OUTER

INNER

Fig. 1. Unetched microstructure of a typical two-layered scale,
from Fe-15Cr alloy oxidized for 24 hr at 900°C in 1 gtm of dry
COs. Magnification approximately 60X.
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