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The oxidation rates of cobalt and iron as a function of oxide thickness and temperature have

been measured in the vicinity of the hcp fcc(e y) and bcc fcc(0. y) crystallographic-

phase-transition temperatures using a gravimetric technique. The oxidation rate of both metals

changed markedly at the structural-phase-transition temperature. The effects of a crystallo-

graphic versus a magnetic phase change on the oxidation rates are compared.

I. INTRODUCTION

During the past several years there has been in-
creasing interest in the effects of electronic, structur-
al, and magnetic phase transitions of a substrate on
chemical reactions occurring at or near its surface. ' '

Much of this work focused on the relationship
between the rate of metallic oxidation and the mag-
netic phase of the metal. ' ' We have previously in-
vestigated the oxidation kinetics of nickel and iron
in the vicinity of the ferromagnetic to paramagnetic
phase transition temperature, T,. For both metals we
observed a relatively large change in the oxidation
rate near T„as well as a rather unusual dependence
of the size of the oxidation rate anomaly on the ox-
ide thickness. In particular, the relative magnitude of
the change in the oxidation rate near T, increased
with increasing oxide thickness for both iron and
nickel. Hence, it was hoped that a study of the ef-
fects of a crystallographic phase transition on the oxi-
dation kinetics of iron and cobalt would yield more
information concerning the coupling mechanisms
between the bulk characteristics of a metal and its ox-
idation rate and provide a comparison between the
effects of a magnetic versus a crystallographic phase
change on the oxidation rate.

In this paper, we present the results of a gravi-
metric study of the oxidation of cobalt near the ~-y
structural phase transition and the oxidation of iron
near the a y structural phase transition. The ~-y
transition of cobalt is from a hexagonal close packed
(hcp) structure (e phase) to a higher temperature
face centered cubic (fcc) structure (y phase) at a
temperature T, ~ =—713 K. The Q.-y transition of
iron is from a body centered cubic (bcc) structure (0,
phase) to a higher-temperature fcc structure (y
phase) which occurs at a temperature T ~

= 1190 K.

II. EXPERIMENTAL DETAILS

A. Cobalt studies

24 pieces of 99.999/0 pure cobalt foil obtained from
Electronic Space Industries were cut into rectangular
shapes measuring 0.05x 12.5 & 40 mm . Each cobalt
piece was wound into the shape of a spiral and
suspended with a Pt hook from one side of a Cahn
RG microbalance. It was found that the most repro-
ducible results were obtained if an unexposed cobalt
sample was used for each isotherm. The surface of
the cobalt was cleaned in situ by alternately oxidizing
for 20 min then reducing in pure H2 for 30 min at
T =628 K. This procedure was repeated twice before
the temperature was increased and the oxidation iso-
therm was recorded.

Below T, ~ the free energies of the two crystal
structures are about equal. This means a variety of
factors such as strain induced by cold working or sur-
face effects can alter the approach to equilibrium. At
room temperature, for example, about half of a
powdered cobalt sample which is cooled through T, ~
remains in the high-temperature cubic phase. " For
this reason a piece of the cobalt foil used was x rayed
after the hydrogen-oxygen pretreatment described
above. At room temperature the crystal structure
was found to be mainly hcp with only one or two
weak x-ray lines belonging to the cubic phase.

B. Iron studies

20 iron spheres each weighing 49 + 1 mg were
prepared from iron of 99.999'/0 purity obtained from
Electronic Space Industries by arc melting in an argon
atmosphere. Each iron sphere was placed in a small
quartz cup and suspended from the microbalance.
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Before an oxidation isotherm was recorded, each iron
sphere was treated in oxygen and hydrogen in a
manner similar to that used for cobalt but at a higher
temperature of 972 K;

Because of the way in which oxygen is introduced
into the microbalance chamber, during the first
minute of an oxidation isotherm the partial pressure
of oxygen rapidly changes from 0 to 1 atm. These
data are therefore excluded from further analysis.
Additional details of the experimental apparatus, the
techniques employed to record the oxidation iso-
therms (weight gain of a metal due to oxidation
versus time at a fixed temperature), and the in situ

calibration of the alumel-chromel thermocouples are
given in Ref. 5.

III. RESUI.TS

A. Cobalt

quartic, linear, direct logarithmic, inverse logarithmic,
and double logarithmic oxide growth laws If one
considers data from a narrow time or temperature in-
terval, or from a limited range of oxide thicknesses,
several of the above rate laws provide an adequate
description of the measured oxidation isotherms.
However, none of these laws accurately describe the
entire collection of isotherms for either Fe or Co.
Hence rather than force these data to fit a particular
theoretical model, we prefer to use a function which
gives an accurate analytic representation of each iso-
therm.

As was also found in our previous studies of the
oxidation kinetics of nickel ' and iron near their
magnetic transformation temperatures, a simple
power law of the form

x=A—f
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FIG. 1. Typical oxide thickness x vs t isotherms for cobalt
oxidation at various temperatures near T, „.

Several typical oxidation isotherms from 642 to 779
K are shown in Fig. 1. The average oxide thickness x
was calculated from the geometric surface area of
each piece of cobalt foil assuming that only
stoichiometric CoO was formed. '9

Many theoretical models for metallic oxidation
have been suggested in the literature, which, after
various approximations, give rise to parabolic, cubic,

provides a sufficiently flexible expression to accurate-
ly describe both the cobalt and iron oxidation data re-
ported in this paper. 25 In Eq. (1), x is the average
oxide thickness in A, t is the time in minutes, tp was
taken to be 1 min, and the factor A and the exponent
o, depend on temperature. For times between 1 and
19 min, each isotherm was fitted by the method of
least squares with a line of the form:

lnx =lnA +uln(t/to)

The isotherms of Fig. 1 are displayed in Fig. 2 as
plots of logx versus logt. For all of the isotherms,
the correlation coefficient was better than 0.999 and
the reproducibility of A and n was within +2% and
+ 3%, respectively.

The temperature dependence of the factor A and
the exponent a [Eq. (I)] are shown in Fig. 3. As a
function of temperature the exponent a increases
from a value of 0.35 at 642 K to a maximum of 0.58
at 753 K, then decreases slightly to 0.55 at 779 K.
Since A is the amount of oxide which forms on the
cobalt surface after 1 min of oxidation, A /I min can
be regarded as an average oxidation rate for the
0—1-min time interval. Therefore, logA versus 1/T
is plotted in Fig. 3(b). When plotted in this fashion
the factor A can be described by two Arrhenius laws.
For T ( T, „, A (T) =Aoexp( —E6/RT) where
Ao= 8.58 x 10' A and E6=9.0 +0.3 kcal/mole, while
for T ) T, „,A (T) =Aiexp( —Ei/RT), where
A ~

= 7.55 x 10 A and E~ =24.9 +0.2 kcal/mole.
To determine the effects of the crystallographic

phase transition of Co (and Fe) on its oxidation rate,
the rate for each oxidation isotherm should be com-
pared in a region where the oxidation mechanism is
the same. Since the proposed mechanisms for oxide
growth (cation diffusion, electric field assisted cation
diffusion, electron tunneling, electron diffusion, etc.)
only apply for a limited range of oxide thicknesses, a



1690 A. L. CABRERA, B.C. SALES, AND M. B.MAPLE 25

5000—

4000-

3000

2000—

779 K
~~~»

766' K

753K

~O

629

0.9-

0.8—

0.7—

670
T(Kj

710 750 790

(a)

819

1000

800

x (A) 600

500

400

300

200

100

80

60—
50

I

728.5K

~O

,.~704K

691 K

678K

666.5 K

. ~ ~ 654.5K

l I ! I J I I I ! I I!', I ll! IIII

3 4 5 6 78910 15 20

f (min)

0.5—

0.4—

0.3—

0,2-

01—

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

l000—
800'-

600—
500—

400—

300—

A(A)

200—

100—

80-
FIG. 2. Typical logarithm of the oxide thickness x vs log-

arithm of the time t plots for cobalt oxidation at various
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reasonable definition of the oxidation rate is the rate
of oxide growth at a fixed oxide thickness xp. We
note that although this definition of the oxidation
rate is not unique, it is a physical definition which
can be used regardless of the particular oxide growth
law encountered.

The oxidation rate r is therefore defined as

FIG. 3. (a) Exponent n vs absolute temperature T and
(b) logarithm of the factor A vs inverse absolute tempera-
ture for Co oxidation.
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To obtain an accurate derivative, the oxide thick-
ness xp should be attained some time between 1 and
19 min (see Fig. 2) since it is only within this interval
that the rate [Eq. (3)] is not an extrapolation. This
limits the choices for xp from about 50—1000 A.

The rates of oxidation for xp =50, 100, 200, and
500 A are displayed in Fig. 4 as log r versus 1/T. At
T, „=—710 K, there is a definite change in the oxida-
tion rates which becomes smaller for larger oxide
thicknesses (larger xp). These data can be described
by r =rpexp( —Ep/RT) for T ( T, „and by
r =rj exp( —E~/RT) for T & T, ~. The values for r p,

Ep, rb and E~ at various oxide thicknesses are deter-
mined by the method of least squares are given in
Table I.
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TABLE I. Cobalt oxidation parameters for four oxide thicknesses.

x, (A) E& (kcal/mole) r) (10 A/min) Eo (kcal/mole) r0 (10 A/min)

50
100
200
500

42.4 f 1.1
44.6+0.4
46.7+0.3
49.5+ 1.1

2.75
7.14

15.91
51.57

17,7+ 0.9
26.4+ 0.3
35.1+0.5
46.4+ 1.3

6.42
1.56 X 10
4.28 x 105

5.79& 10

At this point we must emphasize that the activation
energies and prefactors derived from the two Ar-
rhenius laws are not meant to be used quantitatively.
As will be discussed in more detail later, the analysis
of rate data of any type from such a narrow tempera-
ture interval in terms of two Arrhenius laws is ques-
tionable. However, in the absence of a specific
theory, this method of analysis does provide a simple
way of displaying the qualitative changes in the oxi-
dation rate due to the phase transition.

B. Iron

Several typical oxidation isotherms from 1095 to
1230 K are shown in Fig. 5. The average oxide

thickness x was calculated from the geometric surface
area of each sphere assuming that stoichiometric FeO
was formed. The reproducibility of each isotherm
was within +2%.

The analysis of the iron isotherms and the defini-
tion of the oxidation rate were identical to those used
for the cobalt data. As before, the oxidation iso-
therms are well described by a power law [Eq. (1)]
and for times between 1 and 3.67 min each isotherm
was fitted by the method of least squares by Eq. (2).
The isotherms of Fig. 5 are displayed as plots of logx
versus logt in Fig. 6. For all isotherms the correla-
tion coefficient was better than 0.999 and the repro-
ducibility of A and n was within +2% and +3%,
respectively.
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The temperature dependence of the factor A and
the exponent a of Eq. (1) are shown in Fig. 7. The
exponent n is approximately constant and is equal to
0.500+0.015 in the temperature range 1095—1168.5
K and then decreases slightly from 0.49 at 1181 K to
0.46 at 1230 K. The factor A can be described by

A =Apexp( —Ep/RT) for T & T ~ where
A p

= 6.5 x 10 A and Ep = 22.8 + 0.3 kcal/mole and by
A =A~exp( —E~/RT) for T &1200 & T ~ where
A ~

= 2.8 x 10" A and E~ =31.9 + 1.7 kcal/mole. For
temperatures near the a —y transition (T —1190 K),
A exhibits a small cusplike feature.

The oxidation rate is defined to be the rate of ox-
ide growth at a fixed oxide thickness xp [see Eq. (3)].
The rate of oxidation for xp=0.5, 1.0, 1.5, 2.0, 4.0,
and 6.0 x 10' A is shown in Fig. 8. As was found for
cobalt near T, „, the change in the oxidation rate of
iron near T ~ becomes smaller with increasing oxide
thickness xp. The oxidation rate data for iron can be
described by r =rpexp( —Ep/RT) for T & T ~ and
by r =r~exp( —E~/RT) for T & T ~ The values of.
fp, Ep, f~, and E~ for iron at various oxide thick-
nesses as determined by the method of least squares
are given in Table II.

TABLE II. Iron oxidation parameters for six oxide thicknesses.

xp (105 A) E] (kcal/mole) r] (10 A/min) Ep (kca 1/m o le ) r (10~2 A/min)

0.5
1.0
1.5
2.0
4,0
6.0

97.5+1.2
86.9+2.2
80.6+ 2.8
76.2+3.2
65.6+4.3
59.4+4.9

1.1.5 x 108

6.56~ 10'
3.16x 103

3.71 x 103

21.0
1.02

48.6+ 0.9
46.7+ 0,7
45.5+ 0.6
44. 7+ 0.5
42.8+0.5
41.6+ 0.6

1.60 X 10
341.9
138.2
72.9
15.6
6.2
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IV. DISCUSSION

A. Previous work

The oxidation of cobalt near the e-y crystallo-
graphic-phase transition has been investigated previ-
ously by Chattopadhyay and Measor using a
manometric technique. They fitted each isotherm
by a logarithmic growth law of the form x =Eo
log~o(1+ t/r) and found an anomaly in the loga-
rithmic rate constant Ko, near T, ~. Although the
oxidation isotherms reported here are better
described by a power law [Eq. (1)], it can be shown
that for 642I( T & 779 K, the prefactor 2 of the
power law is approximately proportional to Eo.

For T ) T, ~, the activation energy of A was
found to be 24.9 +0.2 kcal/mole [see Fig. 3(b)] in

good agreement with the value for Ko of 20
kcal/mole reported by Chattopadhyay and Measor. '
Because of experimental limitations, the lowest tem-
perature at which we could accurately study the oxi-
dation rates of cobalt was about 640 K. Over the
temperature interval from 640 K & T & T, ~ =—700
K, the prefactor A follows an Arrhenius law with an
activation energy of about 9 kcal/mole [see Fig.
3(b)l. Over a similar temperature range, the loga-
rithmic rate constant Eo can also be described by an
Arrhenius law with an activation energy of about 10
kcal/mole. However, because of the different experi-
mental technique used, Chattopadhyay and Measor
were able to study the oxidation of Co at tempera-
tures 50—60 K below our experimental limits. They
found that as the temperature was lowered further,
the activation energy for the rate constant Eo con-
tinuously increased and at the lowest temperatures
studied had a value of 18.5 kcal/mole —about the
same activation energy as found above T, ~.

A comparison of the results from these two oxida-
tion experiments clearly emphasizes the danger of
analyzing rate date of any type fram a relatively nar-
row temperature interval in terms of two Arrhenius
laws with temperature independent activation energies.
Such an analysis was previously made by us and oth-
ers to discuss the changes in the oxidation rates of
nickel, ' iron, "and cobalt near their Curie tem-
peratures as well as the changes in the rate of nickel
carbonyl production' near thc Curie temperatures of
some NiCu alloys. In all of these experiments the
unphysically large differences in activation energy
found near T, (0.5—1.0 eV/atom) are most likely due
to the persistence of non-Arrhenius behavior at tem-
peratures 50—100 K below T,.

Further support for this hypothesis is found in re-
cent studies of the sublimation rate of cobalt near its
Curie temperature. As was found originally by
Khandros and Bogolyubov" and more recently by
Sales et al. ' there is an apparent change in the ac-
tivation barrier for sublimation of 0.5—0.8 eV/atom

at the Curie temperature of cobalt when the data are
analyzed in terms of two Arrhenius laws with tern-
perature independent activation energies. However,
as was shown by Sales et al. "one can account quan-
titatively for the observed results with a simple
mean-field model which incorporates into the sub-
limation process the temperature dependence of the
magnetic contribution to the binding energy of a
cobalt surface atom. In addition, this model demon-
strates that in studying reaction rate anomalies near a
ferromagnetic phase transition one should only ex-
pect true Arrhenius behavior at temperatures where
the magnetization, M(T), is approximately constant.
For most ferromagnets this implies temperatures
below about 0.6T„where the magnetization has at-
tained about 90% of its maximum value. In all of the
experiments mentioned above the reaction rates were
not measured at temperatures below about 0.85—0.90
x Tc

Davies et al. ' studied the oxidation rate of iron
and found no anomaly in the parabolic rate constant
k near T „. However, in their experiments the ini-
tial oxidation process was not studied and k was
determined from the growth rates of much thicker
oxide layers. As can be seen from Fig. 8, the anoma-
ly in the oxidation rate near T „decreases rapidly
with increasing oxide thickness; hence it is not
surprising that no anomaly was observed by these
researchers,

B. Crystallographic versus magnetic
phase transitions

The magnetic phase transformation of nickel and
the crystallographic phase transformation af cobalt
occur in a similar temperature range (573—773 K),
and the oxide layers studied were of comparable
thickness (-100 A).4 The magnetic and crystallo-
graphic phase transitions of iron also occur in a simi-
lar temperature interval (973—1273 K) and in both
experiments oxide layers of about 100000 A were
studied. ' As was noted in the Introduction, it was
hoped that by comparing the results from the nickel
and cobalt oxidation experiments, and the results
from the two iron oxidation experiments, some in-
sight could be gained concerning the effects of a
magnetic versus a crystallographic phase transition on
metallic oxidation.

For the temperature ranges and oxide thicknesses
encountered in the four oxidation experiments dis-
cussed above, previous work has established that
only FeO, NiO, and CoO are formed. ' ' ' All three
oxides have a simple NaC1 cubic crystal structure but
form with a metal deficiency. The metal deficiency is
known to be particularly high for Wustite (FeO) and
can easily exceed 5%. 6 Although there are some
contradictory results for cobalt, the vast majority of
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experimental evidence (radioactive tracer, inert mark-
er, and cation substitution experiments) indicates
that the growth of FeO, CoO, and NiO is primarily by
outward diffusion of the metal cations (Fe'+, Ni'+,
and Co2+)'s through cation vacancies in the oxide.

Qualitatively, the growth of an oxide layer of FeO,
CoO, or NiO can be divided into three spatially
separate regions. At the metal-oxide interface there
is a boundary reaction where metal atoms are incor-
porated into the oxide. At this interface the metal
surface supplies to the growing oxide both positively
charged metal ions and electrons.

At the oxygen-oxide interface there is another
boundary reaction in which oxygen molecules dissoci-
atively chemisorb to the oxide, trap electrons, and fi-
nally combine with metal ions to form more oxide.
During this process the oxygen ions also create metal
vacancies near the oxygen-oxide interface.

In the bulk oxide both metal ions and electrons (or
metal vacancies and holes) migrate across the oxide
driven by a concentration gradient of metal vacancies
and by the electric field which must be present. The
electric field can be regarded as the equalizing force
which compensates for the inherently different
mobilities of metal ions and electrons in a growing
oxide. For example, as has been emphasized by
Fromhold, ' during oxide growth there can be no net
transfer of charge (other than the charge necessary to
set up the electric field). This implies that

j;(E)q, +j,(E)q, =0, (4)

where j~(j,) is the mass current density due to ionic
(electronic) motion, q;(q, ) is the metal ion (electron)
charge, and E is the electric field. Depending on the
sign of E either the electronic or ionic current can be
rate limiting. If the ionic movement through the ox-
ide is intrinsically slower than the electronic motion,
the net electric field will increase the ionic current
and retard the electron current such that Eq. (4) is

satisfied. In general, for thin oxide layers the effects
of the boundary reactions and the electric fields are
important, while for thicker oxide layers ionic and
electronic diffusion become dominant.

With this simplified picture of metallic oxidation, a
change in the crystal structure of the metal could af-
fect the rate of oxidation by:

(i) Changing the number of metal atoms per cm2 at
the metal oxide interface, and/or the binding energy
per surface atom. (This would modify the metal-
oxide boundary condition. )

(ii) Altering the rate of thermionic emission of
electrons into the oxide. [This would modify j,(E)
in Eq. (4), which would change the electric field E
and thus change j;(E) which is proportional to the
rate of oxide growth. l

(iii) Modifying the stress induced in the growing
oxide. [A slight expansion or contraction of the ox-
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ide lattice would affect the diffusion coefficient of
metal ions in the oxide. ]

Similarly, a change in the magnetic phase of the
metal could affect the rate of oxidation by:

(i) Changing the binding energy of a metal surface
atom.

(ii) Modifying the rate of thermionic emission of
electrons into the oxide.

(iii) Altering the stress induced in the growing ox-
ide layer (near the Curie temperature there is appre-
ciable expansion of the metal lattice). 2~

For "thin" oxide layers one can attribute the
anomalies observed in the oxidation rates of Fe, Ni,
or Co to one or more of the coupling mechanisms
listed above. Experimentally, it is very difficult to
separate the effects of one mechanism from another
on the oxidation rate. However, it can be shown that
these coupling mechanisms all become weaker for
thicker oxide layers. That is, any anomaly in the oxi-
dation rate due to one or more of the above mechan-
isms should become smaller with increasing oxide
thickness. As can be seen from Figs. 4 and 8, the
anomaly in the oxidation rate for Co near T, ~ does
indeed diminish with increasing oxide thickness xo.

Near the Curie temperature of Fe and Ni, howev-
er, our previous results showed that the anomaly in

the oxidation rate near T, actually increased with in-
creasing oxide thickness. This is illustrated in Table
III where values for the difference in the apparent ac-
tivation energies for oxidation near the crystallo-
graphic or magnetic phase transition are shown for
different values of xo. These results indicate that
there is a major qualitative difference between the ef-
fects of a crystallographic versus a magnetic phase
transition on the oxidation kinetics of Fe, Ni, and
Co. Since the coupling mechanisms listed above are
similar for both types of phase transition, we suggest
that the difference may be due to the spontaneous
macroscopic magnetic field which develops below T,
when iron and nickel become ferromagnetic. Such a
field could influence the motion of the charged metal
ions and electrons in the oxide and might have an ef-
fect on the motion of the paramagnetic oxygen
molecules near the oxide surface. Further oxidation
experiments in carefully oriented external magnetic
fields may be able to test this hypothesis.
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