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EVIDENCE FOR THE GROWTH MECHANISM OF Cr20 AT LOW OXYGEN POTENTIALS'

3
H. Hindam* and D. P. Whittle®
Materials and Molecular Research Division
Lawrence Berkeley: Laboratory
°and Department of Materials Science and Mineral Engineering
: University of California
Berkeley, California 94720
ABSTRACT
The growth rate of Cr203 on pure Cr, Ni-25 and 50% Cr and Co-25% Cr in

f]pwing CO-CO2 mixtures of effectiVe oxygen pressures in the range 8.'4x10'15

9 atm. at 1000°C has been measured. The parabolic growth constant

to 8.3x10°
is virtually independent of oxygen potential for both pure Cr and the ‘
alloys; for the alloys it is about an order of magnitude smaller than'

for pure Cr. These results provide supportfve evidence for Cr interstitials

being the predominating mobile defect species in Crzo3 under these conditions.

INTRODUCTION

Cr203 is an important oxide: it provides the protective scale on many
technologically important alloys. Nevertheless, neither its defect and trans-
port properties,nor its growth mechanism are well understood. This isthe case in
spite of the many investigations of Crzo3 formation on both pure Cr and many
, Cr203-form1ng alloys. Most of these have been summarized recently (1, 2).

With some justifiab]e'resérvations, the growth kinetics of Cr203 are
generally diffusion-controlled (parabolic), at least at some stage of the

reaction. However, apparent rate constants at 1000°C, for example, can differ
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by as mu¢ch as a factor of 104. Indeed, the largest scatter in rate constants

is obtained with growth on pure Cr, rather than with alloys (2).

Considerable effort has been expended in attempts to explain these large
differences, but Tittle consensus has been achieved. Nevertheless, one of the
major contributory factors is the development of non-uniform growth of the
Cr‘203 in the form of oxide nodules, blisters, convoluted and mu]ti-}ayered W
scales: the detailed metallographic observations of several authors (1, 3, 4)
provide excellent examples. Detachment of the Cr203 scale from the substrate
as a result of'poor adhesion, or étress development during growth supposedly
does not stifle its growth since the vapor pressure and transport rate of Cr
from the metal to the.underside of the oxide are high enough to sustain con-
tinued growth. Cracking of the detached oxide and formation of a second or
more layer of Cr203 is a common occurrence. There is seemingly 1ittle corre-
lation with experimehta] variables, such as surface condition, sample purity,
temperature, oxygen pressure, etc.

Nevertheless, a]though not definable a priori, under certain cdnditions,
Cr203 does grow as a protective layer which may or may not be adherent to the
substrate, and it is possible to rationalize the parabolic growth constant by
comparing its hagnitude with that calculated from independent diffusion
measurements of the transport rate of the predominantly mobile species in the
oxide. In doing this, Lillerud and Kpfstad (1) were only able to rationalize

their results by assuming that the important cation lattice defects were Cr

£
L

interstitials and not vacancies, as seems to have been commonly accepted in
Titerature discussions, although the basis for this seems rather obscure, or
at least tentative. Kroger (5) has comprehensively reviewed all the evidence
and is unable to differentiate between'Vg; or Cr?' as the predominating defect.
An important implication of Cr interstitials being the predominant defects

is that the parabolic growth constant is independent of oxygen pressure, as
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observed (1), and that Cr diffusivity in Cr203 increases with decreasing oxygen
pressure. According to Lillerud and Kofstad (1), this explains the observation

thét the Cr diffusion coefficient was approximately 10 times higher in hot

‘pressed than in sintered Cr203 compacts (6). The original authors (6)

reported that the hot pressed samples contained free Cr, suggesting (1) that
the effective oxygen pressure within the samples was close to the Cr/Cr203
dissociation preésure and lower than that existing within sintered samples

7 to 10'6

which were annealed in nitrogen (residual oxygen being 10~ atm.)

As pointed out (1), enhanced sintering of Crzo3 as the oxygen partial pressure
is decreased is also consistent with an n-type defect model, oxygen vacancies
being the minority defect.

The present paper reports additional data which support the broposed (1)
defect mode]x It is not meant to be a comprehensive study, but represents
data obtained for the growth kinetics of Cr203 on Cr and Cr-rich a11oys as
part of a research program on alloy behavior in sulfur-containing atmospheres

of low oxygen potential (7).

'EXPERIMENTAL

Samples of pure Cr, NiCr and CoCr alloys were cut from induction melted
and vacuum cast ingots to dimensions approximate]y 12x12x1 mm and their
surfaces prepared by grinding through 600 grit SiC pabers. After cleaning,
the samples were suspended by quartz fiber in a Cahn 1000 microbalance
assembly, for which, under the presént operating conditions, the
sensitivity ofvthé thermogravimetric measurements was better than 30 yng.

The sample hung in the center of the inner of two concentric mullite
tubes.  These had diameters of approxiamtely 1 and 2.5 cm. respectively. The
gas flow paséed down the outer tube and up the inner one, and so was preheated

before coming into contact with the sample. The mullite tubes were heated by
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a quartz lamp furnace, controllable within + 1°C. A purified argon gas flow
passed through the balance head chamber, and was exhausted with the reactive
gas above the furnace tube.

Control of the reactive gas composition was achieved by mixing metered
flows of certified grade CO, and C0,-C0 mixtures. Prior to mixing,the flow
rates of the individual supplies were controlled through motorized needle v
valves actuated through calibrated mass flow meters. The flow rate of the
final gas mixture, corresponding to a linear velocity of 0.3 cm/sec, was also
measured by a calibrated mass flow meter and was kept constant throughout all
the experiments, with the exception of a few runs to determine the effect, if
any, of this variable on the reaction rate.

The kinetic data were recorded on a chart recorder, the experimental data
points marked, on accompanying figures indicating the values taken from the
original chart recordings.

Samples were examined after exposure by standard techniques.

RESULTS

Figure 1 presents weight change data plotted as a function of square root
of time for pure Cr exposed at 1000°C to a number of CO/CO2 mixtures, as
detailed in Table I; the effective oxygen partial pressure is also included.
Protective behavior was always observed up to the maximum periods of exposure.

A1l the lines deviate slightly from linearity; however, as discussed later,
P

Y

this is related to slight grain coarsening during scale growth and does not
invalidate the determination of a meaningful parabolic rate constant. Indeed,
linear correlation coefficients are always better than 0.999. The rate
constants are included in Table I.

There is no systematic variation of the parabolic rate constants with

oxygen partial pressure. The slight differences are almost certainly related
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to subtle changes in the grain size of the Cr203, which may be dependent on
the exposure conditions, although this was not studied in detail. For a
particular set of conditions, the kinetic curves are reproducib]e. Figure 2
shows an example of three fndependent weight gain/time curves in C02-0.3 vol.
% CO at 1000°C, at linear gas velocities of 0.03, 0.33 and 0.66‘cm/sec. .The”

weight changes at the longest exposure time (15 h) are within % 50 ug/cmz;

- the standard deviation of the parabo]ic rate constants for the three runs is

0~10 g2 e secl.

+ 0.05x1

In addition, volatilization of Cr203 to Cr03(3) is not expected at these
low oxygen pressures. This was confirmed by recording the weight change of a
large flake of Cr203 (scale spalled from one of the samples) exposed to the
C02-0.1% €0 mixture (highest Poz).= Within the sensitivity of the microbalance,
no weight change was observed over a time period corresponding to that of a

typical experiment.

In all cases only uniform, single layer scales of Cr203 were ever observed,

- although in most cases these spalled from the surface as large rectangular

flakes when cooled rapidly from the reaction temperature. They exhibited a
macroscopic, wrinkled appearance, inferring plastic deformation without
fracture at these reduced oxygen potentials. Presumably, they were not totally
adherent fo the substrate; however, they evidently did not crack opén. Figure
3 shows a typica]lfracture section through spalled flake. Equiaxed grains
with uniform, sub-micron size are evident, although not easily measurable.
Some whiskers protrude out of the outer sukface.of the scale, but would not
contribute any significant amount to the total weight gain.

Figure 4 shows weight change data for Co-25 wt.% Cr and Ni-25 and 50 wt.%
Cr at 1000°C in different gas mixtures as detailed in Table II. Again, the
rates are substantially parabolic, decreasing very slightly with extended

exposure, but not sufficiently that a meaningful average parabolic rate
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constant cannot be defined. The rates, given in Table II, are virtually
independent of gas composition and alloy chromium content (at least in Ni
alloys for the range 25-50 wt. % Cr), slightly greater for Ni alloys compared
with the Co alloys, and considerably lower than the cbrreSponding rates for
pure Cr.
Examination of the scales showed no apparent differences in grain morpho- v
logy to those formed on pure -Cr, no detectable Ni or Co conténts (by EPMA) but
then this was expected since»the»effectiVe ambient oxygen pressure was- either-
below or only slightly above the dissociation pressure of Ni0 or Co0, and

perhaps slightly less tendency to spall on cooling.

DISCUSSION AND CONCLUSIONS
Based on the present observations and data available in the literature, it
is now possible to formulate a growth mdde1 for Cr203. The presenf measurements
provide strong support for the recent suggestion by Lillerud and Kofstad (1).
Firstly, the parabolic growth constant is virtually independent of oxygen
fﬁgacity. According to the abbreviated version of Macner's parabolic equation
(8), if Crzo3 grows by bulk diffusion of interstitial Cr ions of effective

charge o, then

3
Kp [ (oxide thickness)z/time] = (a + 1)DEr{(P62) ot T
3

o]

where Kp is the parabolic rate constant in terms of oxide thickness, DCr is

the self diffusion coefficient of Cr in Cr203 in equilibrium with oxygen at

unit activity, and Pé and PS are the effective oxygen partial pressures at
2

2
the inner and outer scale interfaces respectively. In the case of pure Cr,

Pg is of course the dissociation pressure of Cr203 in contact with Cr, which
2 _
is 10'21'57 atm. at 1000°C, and hence even at the lowest ambient oxygen poten-
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Cr (i.e. at ac

10

tial used (2.4x10™"" atm)
pd s Pi
0, 0,
and eqn. [1] reduces to 3
Kp[(oxide thickness)z/time] n (o +'1)DEr (Pg ) 4o+ 1) V(o + 1)Déf [2]

. 2
where Dér is the self diffusion coefficient of Cr in Cr,0, in equilibrium with

p = 1). Thus, the rate is independent of the external oxygen‘

pressure. Assuming a value of o = 3 (fully jonized interstitials) and conver-

ting the measured gravimetric rate constant, Kg, to Kp

- (12 | .
%~ (YDOX AL | i

 where y is the average weight fraction of oxygen in the oxide (for Crzo3 =

T%%) and pg, is the density of the oxide (QCr»O = 5.21 g/cm3), gives an
2°3

12

average value of Dlr of 4.93x10° cm2/s. This is very close to the value

extrapolated (their measurements were in the range 1030-1500°C, so this is only

a small extrapolation) from the diffusion experiments of Hagel and Seybolt (6)

12

in hot-pressed compacts of Cr203:' 5.57x10" cmz/s. As referred to earlier,

because of the presence of unreacted Cr in the compacts, the effective oxygen
potential of the measurements was thought (1) to be equivalent to the dissoci-
ation pressure of Cr203 in contact with Cr.

An alternative view of the growth.mechanism would involve Cr transport

through the oxide via cation vacancies, when

3 . 3
Kp [(oxide thickness)zltime] = (o + 1)D8r {(Pg ) 4(1+a) -<(Pa ) 4(1+a)} [4]
: 2 2
Again, with Pg >> Pa , the rate constant depends on the 3/4 (1+a)th power of
2 2 '
the ambient oxygen pressure. This means that over the_range of oxygen poten-

14 9

tials examined in the present study, 2.4x1.07"" to 8.3x10~

vatm., the rate
constant should have increased by a factor of 11(a = 3, fully dissociated
vacancies) or much greater than that if o is less than (120 if o = 1), and

would have been easily detected with the present experimental arrangement.
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The dependence of the gravimetric constant Kg (egqn. [3]) on Pg for the assumed
2

defect models (egns. [2] and [4]) along with the experimental values are
plotted in Figure 5. Evidently, the data substantiate the interstitial model.
The second piece of evidence presented here is the lower growth constant
observed for Cr203 growth on the alloys. Again, this is a direct consequence
of the interstitial model. For alloys, the Cr activity at the alloy/oxide v
interface is less than unity, and hence, the effective oxygen pressure there
is higher than when pure Cr is the substrate. In terms of a vacancy model
this would make virtua]]y.no difference to the expected growth rate (PS2 >> szL
except at low alloy Cr contents when the diffusion of Cr from the bulk alloy
to the scale became rate-controlling (11). Furthermore, this difference in
reaction rate, which is approximately an order of magnitude, cahnot be
~accounted for by a variation in oxide grain size. As indicated earlier, no
attempts were made for detailed grain'size measurements since no significant
difference was observable as a function of time or oxygen potential, or between
scales formed on pure Cr or the alloys. Nonetheless, based on the grain boundary
'éhort circuit' model (9, 10), it can be shown that if this Were the case, the
grain size would have been different by at least an order of magnitude since
the 'apparent' rate constant is roughly inversely proportional to the average
grain diameter.
As the reaction is diffusion controlled, the Cr concentration (activity)

at the alloy/scale interface is uniquely defined and is Tess than that in the
i

%

bulk alloy by an amount depending on the ratio of the scale growth constant
to the alloy interdiffusion coefficient. In order to estimate this parameter,
it is necessary to balance the fluxes of Cr into the scale and from the bulk
alloy. Following the usual analysis (11, 12), for the case where the alloy
is single-phase, has a concentration-independent interdiffusion coefficient,

and where selective oxidation is complete, gives



b
i _Xer ” F(n)

Xer = —TF) (5]
b

where Xér and XCr are the atomic fractions of Cr at the interface and in the
bulk alloy, and

- K .
n =1 ﬁf and F (n) = /o exp n? erfc p ' [6]
2

S all

where KC is the so-called "corrosion constant", and represents a parabolic
rate constant in terms of the displacement of the alloy/oxide interface,

AX

netal® due to scale growth as defined by

M oetal = V2 KC t . [7]

m

KC is thus related to the gravimetric rate contsnt by

K. = % Kg [pmeia1 .l;y]Z (81
where Pmetal is the density of ‘the metal substrate and y, as defined earlier,
is the average weight fraction of oxygeﬁ in thg ?xjgei [yCr203 = 0.3158].
'ﬁgiluisitheralloy interdiffusion coefficient.

For the Ni-Cr system, the alloy interdiffusion coefficient is approximately

independent of composition in the range 0-40 wt.% Cr (13) and at 1000°C has

11

a value of 2.2x10° cmz/sec. Combining this with the measured gravimetric

rate constants for Cr203 growth on Ni-25 and Ni-50% Cr alloy - 1.54x10'11 and

11 g en~d sec™! respectively - and using eqns. [5], [6] and [8] give

1.79x107° "
A an atomic fraction of Cr at the alloy/scale interface of 0.1 and 0.35 for the
two alloys respectively. The 50% Cr alloy actually contains two phases, the
vy -Ni solid solution and an o, Cr-rich b.c.c. phase. The solubility limit of
Cr is approximately 44% at this temperature. However, this would not signi-
ficantly alfer the calculated Cr-content at the interface. |

The effective P, at the alloy scale interface is now obtained by consi-

0y
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dering the equi]ibrium relationship between Cr203vand Cr in the alloy. Thus,
2AG2

. Cr,0
i _ 1 273
"o, SRR (7] [9]
Cr

where AGR is the Gibbs standard free energy of formation of Cr,0., and

. Cr203 v 273
aér the activity of Cr at the alloy/scale interface. On pure Cr, aér =1 and

i _ . s . .
P02 = "Cr203’ the dissociation pressure of Cr203 in contact with pure Cr. v

Thus, combining eqns. [2] and [9], the ratio y, of parabo]ic'growth constants
for Cr203 on an alloy to that on pure Cr is given by

j 1/a+1
v=(ac) [10]

for the case where interstitials are the major defect.
This result is in contrast to that if vacancies were the dominant diffusion

species, when ¥ is given by-a combination of eqns. [4] and [9]:

i ~latl : - 3/4(1+a)
1 - (ag,) (7er 0,702 )
273 02 _
V= ( AT [11]
1 - (7 a
Cr203/P02
: _ . a ’ i . .
In the present case, since P02 >> ﬂcr203’ and unless 3, 1s very small, ¢ is

little different from unity.
Thus, it is argued that since experimentally, v ~ 0.15, and although this

is not entirely consistent with eqn. [10], that fact that is considerably less

than unity favors the interstitial model.
V)

Similar calculations for the Co-Cr system, in which Da]] appears (14-16)

12 i

to fall in the range (3.3-5.5)x10" cmz/sec. suggest that ey is somewhat

smaller than in the Ni-Cr system. However, diffusion coefficients (Cr tracer

11 cm2/sec. have been

in Co-21 wt.% Cr - 2 vol.% y,0, (17)) as high as 10~
measured, and this would give Cr concentration at the interface of similar

magnitudes to those in the Ni-Cr system. Again, the measured ratio of growth
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constants is ~0.12, and there is no evidence that the oxide growth rafe fs
being controlled by Cr diffusion in the underlying alloy, for example a ten-
dency to develop a non-planar alloy/scale interface. |
Although the growth constants for Cr203 on the alloys are not quantitatively
consistent, they do qualitatively agree with the general behavior observed at
higher oxygen potentia1s.(1 atm.): parabolic rate constants for Cr,05 growth
on Fe, Ni and Co-Cr all increase with increasing alloy Cr content_(18).
However, under these conditions, it has usually been speculated that this is
related to a decrease in the noble metal (Fe, Ni or Co) content of the oxide
modifying the defect concentrations. With the present experiments, significant
solubility of Ni or Co in the Cr203 is not gnticipated since the P02 is either
below, or only slightly above the dissociation pressures of Ni0 or Co0. Never-
theless, the apparent ihdebendence of the growth constant on the alloy Cr con-

tent, and by implication the content at the alloy/scale interface, is puzzling.
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Parabolic grdwth kinetics bf Cr203 on pure Cr at 1000°C in COZ/CO
mixtures. |

Parabolic growth kjnetics.of Cr203 on pure Cr at 1000°C in COZ-
0.3 vol.% CO at linear gas flow velocities of 0.03, 0.33 and 0.66
cm/sec. | | | |

Fracture section through'a spalled flake of Cr203 formed on pure
Cr.

Parabolic growth kinetics for Cr203 on Co-25 Cr and Ni-25 and

50 Cr at 1000°C in C02/C0 mixtures.

Dependence of the gravimetric parabolic rate constant for Cr203

growth on Cr on ambient oxygen poténtia] according to an inter-

stitial (eqn.[2]) and vacancy (eqn.[4]) model, and experimental

data.
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Cr at 1000°C.

TABLE I. Parabolic Growth Constants for Cr,0, Growth on Pure

Gas Mixture

Oxygen Potential, (atm.)

€0,-0.1% CO

€0,-0.3% €O
€0,-0.3% CO

€0,-0.3% €O

NN NN

C02-1% co
002-15% co
002-37% co

8.3
9.2
9.2
9.2
8.2
2.7
2.4

x 1079

x 10710
x 10

x 10710

X 10'11
x 10713

X 10'14

-10-

en™? s'l)
10—11

10-11

10-10

10-10

10-10

10710

10" 10

10-10

-y
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TABLE IT.

Alloy

Ni-25 wt.%
Ni-50 wt.%

Co-25 wt.%
Co-25 wt.%
Co-25 wt.%

-15-

Parabolic Growth Constants for Cr,0, Growth on Alloys at 1000°C.

Cr

Cr

Cr
Cr
Cr

Gas Mixture

,C02-15% co

C02-15% co

C02-0.1% co

C02-15% co
COZ-SO% €0

Oxygen Potential, (atm) .Eg(gzcm'

2.7 x 10713

2.7 x 10713

8.3 x 1072

2.7 x 10

8.4 x 10719

-13

41
1.54 x 10”11
1.79 x 10”11
1.28 x 10°11

1.47 x 10711

1.15 x 1011
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