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Abstract

The dynamics of a broad class of high-temperature oxidation accompanied by scale dissociation, volatilization, cor-
rosion and erosion is theoretically analyzed through a dimensionless Tedmon’s equation. The dependence of early stage,
transition and asymptotic dynamics on oxidation (parabolic) and scale removal (linear) rate constants, and oxide initial
conditions, are classified into distinct and universal categories. This analysis provides a simple yet powerful roadmap to
study material performance in many technologically important applications, including the use of early stage measure-
ment to predict long-term behaviors and screen materials.

© 2005 Elsevier B.V. All rights reserved.

1. Introduction

High-temperature oxidation of metals is of great sci-
entific and technological importance. It plays an impor-
tant role in the selection of materials for constructions
or industrial equipments. If the oxides are protective,
and the environment is stabilizing, then purposefully
growing and maintaining oxides can be used to prevent
or reduce corrosion by other mechanisms.

Scale removal affects many high-temperature oxida-
tion processes with important technological applications.
It can proceed through scale dissociation, volatilization,
corrosion, erosion, etc. In high-temperature oxidation
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applications where corrosion exists, scale removal thins
the protective layer and may lead to higher corrosion.
On the other hand, scale removal can be applied to con-
trol the oxide layer thickness. It has been recognized that
very thick oxide layer becomes structurally unstable and
may break away.

High-temperature oxidation with scale removal has
broad applications in the design of materials for fossil,
solar, nuclear power reactors, passivation and oxidation
of semiconductors, oxidation of materials developed and
tested for fusion and fission energy systems. As such it
has been widely studied for different purposes [1-11].
Recently, it is being intensively studied for corrosion
mitigation in liquid lead-alloys (liquid lead, lead-
bismuth eutectic) cooled advanced reactors and acceler-
ator-driven systems [12].

Liquid lead-alloys appear to be the best coolant for
advance nuclear reactors. For reducing the corrosion
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rate and forming the protective oxide layer, the oxygen
concentration in the liquid is controlled in a reasonable
range [12]. The structure materials (Fe-Cr alloy) are
therefore subjected to both oxidation and mass transfer
corrosion. The present study is mainly motivated by
studying the protective oxide layer behavior in liquid
lead—alloy systems, while the information in this study
is generic for any environment containing linear scale
removal and parabolic oxidation.

Generally, high-temperature oxidation with scale re-
moval simultaneously involves both thermodynamics
and kinetics. Because of the fast oxidation reaction,
the process reaches local thermodynamic equilibrium
quickly. Kinetics, such as species diffusion, becomes
the most important and dominates. In the temperature
range of interest, the kinetics can be described by a para-
bolic rate constant for oxidation, Kp, and a linear rate
constant for scale removal, K, [3]. The oxide thickness,
x, observes Tedmon’s equation [1]:

dx K,
T g 1
dr 2x M
The solution for x(r = 0) = 0 (no pre-oxidation) is
——1—K—f’21n1—2fo. (2)
K, 2K K,

Tedmon’s original model for high-temperature oxida-
tion with scale removal has been verified in several
experiments. However, this form of the solution (Eq.
2) does not lend itself for conveniently analyzing kinet-
ics, and no expression for mass change can be derived
simply from Eq. (2).

In the present study, Tedmon’s model is normalized
for a universal description of oxidation with scale re-
moval. The initial and asymptotic (long-term) kinetics
are discussed and simple expressions for the kinetics
are presented. The model is extended to include pre-
oxidation cases. The dependence of early stage, transi-
tion and asymptotic dynamics on oxidation (parabolic)
and scale removal (linear) rate constants, and oxide ini-
tial conditions, are classified into distinct categories. The
weight change is analyzed using the non-dimensional
variables. The present analysis provides a simple yet
powerful roadmap to study material performance in
many technologically important applications, including
the use of early stage measurement to predict long-term
behaviors and screen materials.

2. Modification of Tedmon’s original model

Noting that Eq. (1) is demarcated by x < x; for oxide
growth and x > x¢ for oxide thinning, where
Ky
. 3
K, 3)

Xr =

It is clear that x; is the asymptotic oxide thickness,
assuming it is structurally stable (no spalling). The oxide
thickness and time can then be scaled as

X:£:2er

t 2K’
T =
X Kp ’ t. Kp ’

= (4)
where . = Kp/ZKf = x¢/K, is not the time for achieving
the asymptotic thickness. It is twice the time needed to
reach the asymptotic oxide thickness following a pure
parabolic growth law. Eq. (2) becomes:

T=—-X—In|l - X|. (5)
When X — 1 or 1 — oo, Eq. (5) can be approximated as
X(t—o0)=1—exp(—t—1), (6)

which illustrates that the asymptotic kinetics as expo-
nential approach. For early stages, the approximate
solution becomes [2]:

X(r—0) = (20)"? %r. (7)
The first term in the right side of Eq. (7) is the parabolic
law, while the second term represents two-third of the
linear scale removal. So the initial parabolic growth is
reduced by the linear removal with the apparent removal
rate reduced by 1/3. Such solution explicitly shows that
the initial kinetics and the interaction of the two pro-
cesses (oxide growth and scale removal) at early stages.

Comparisons between the initial and asymptotic
kinetics with the exact solution are shown in Fig. 1, as
well as the parabolic law. While the parabolic law
over-predicts significantly even at t=0.0637, X=
0.3158 by 13%, the second order approximation (Eq.
(7)) only under-predicts by 2% at t = 0.257, X = 0.5569.
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Fig. 1. Initial (Eq. (7)) and asymptotic kinetics (Eq. (6))

compared with the exact solution (Eq. (5)). The parabolic law is

also shown.
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The figure indicates that it is reasonable to analyze
long-term behaviors based on short-term experiments.
Eq. (7) can be applied to analyze the short-term experi-
ments and provides the rate constants that can be substi-
tute into Eq. (6) to predict the long-term behaviors. The
figure also shows that there is a transition period in
which neither Eq. (6) nor Eq. (7) is valid.

3. Extending Tedmon’s original model to include
pre-oxidation

Pre-oxidation can be an effective method to establish
a protective oxide layer. For pre-oxidized materials, the
initial condition of the Tedmon’s model becomes:

X=X, at 1=0, (8)
where X is the non-dimensional pre-oxidation thick-
ness. The solution of Eq. (1) is

1-X

=—(X —-Xgy) -1
7= = Xo) = Infre

: ©)

Clearly, Xr =1 is the asymptotic oxide thickness. Based
on Eq. (9), the asymptotic kinetics can be expressed as

X(1— 00) =1 — (I — Xo)exp(—1 — 1 + Xo). (10)

If X =0, the solution is reduced to the original Ted-
mon’s model.

Case I 0 < Xy <.

This corresponds to dX/dt > 0, or thickening of the
oxide. X approaches 1 from below.

For 0 < Xy < 1. Eq. (7) can be applied to analyze the
initial kinetics by shifting the time origin back by
7o = — Xo — In(1 — Xy). Then:

x(f_>0):(zr+27.-0)1/2—§(z+10). (11)

For 0 < Xy <1, the initial oxide growth can be
approximately calculated using a second order approxi-
mation based on Eq. (1):

1 1/1 1

The changes of the non-dimensional thickness in time
are shown in Fig. 2 for X3, = 0.1 and X, = 0.8, with the
approximation results. The thickness approaches the
limit similarly to that in the case of X, =0 (Fig. 1).
The asymptotic kinetics can be expressed by Eq. (10)
for any X, in the range of (0, 1).

Case II: Xo=1.

This corresponds to dX/dt =0, or constant oxide
thickness. No new oxide forms on the surface and all
the metal ions diffusing through the existing oxide scale
are removed by the flowing liquid.

1
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Fig. 2. Variations of the oxide thickness in time for X, =0.1

and X, = 0.8. The dashed lines are from the approximations of
the initial and asymptotic kinetics.

X, =30

2.5}

Fig. 3. Variations of the oxide thickness in time for X, =1.5
and X, = 3. The dashed lines are from the approximations of
the initial and asymptotic kinetics.

Case III: Xy > 1.

This corresponds to dX/dt <0, or thinning of the
oxide. X approaches 1 from above. For this case, the ini-
tial and asymptotic kinetics can be approximated using
Eqgs. (12) and (10) respectively. The changes of oxide
thickness in time for Xy =1.5 and X, = 3.0, as well as
the initial and asymptotic approximations, are shown
in Fig. 3.

4. Domains for approximations of initial and asymptotic
kinetics

To apply the approximation expressions for the early
states and long-term operations, their valid ranges
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should be determined. The domains for valid approxi-
mations of initial and asymptotic kinetics can be shown
in maps of t and pre-oxidation thickness X,. With 3%
allowable deviation, the maps are shown in Fig. 4 for
0<X0<landX0>l.

For 0 < Xy <1, Fig. 4(a) indicates that the valid
range of the asymptotic approximation (Eq. (10)) in-
creases with increasing pre-oxidation thickness. For
Xy > 0.85, the approximation can be applied to the en-
tire time domain within 3% deviation. The parabolic
law modified by linear scale removal (Eq. (11)) becomes
invalid when the pre-oxidation thickness exceeds about
0.63. The valid range of the second order approximation
for the early stages (Eq. (12)) also increases with increas-
ing pre-oxidation thickness. Fig. 4(a) also indicates that
there is a gap in which neither approximation for the
early stage nor the asymptotic solution is valid. This
is categorized as the transition period in the present
study.

1.5¢

0.5¢

0 0.2 0.4 0.6 0.8 1

(b)

Fig. 4. Domains for approximations of the initial and asymp-
totic kinetics: (a) 0 < Xp < 1; (b) Xp > 1.

For X, > 1, Fig. 4(b) shows that the valid domain for
the asymptotic kinetics becomes larger when the pre-
oxidation thickness approaches 1. When X, < 1.2, the
asymptotic kinetics approximation can be applied to
the entire time domain. The valid range of the second
order approximation increases with increasing pre-
oxidation thickness. There is also a transition period
similar to that in the case of 0 < X < 1.

These two maps, Fig. 4(a) and (b), illustrate several
key points. First, they determine the time intervals for
the early stage kinetics and the asymptotic kinetics,
and what approximation should be used in a specific
time interval. Second, it is possible to analyze short-term
experimental results and predict long-term behaviors
using the asymptotic kinetics expression and to reduce
the reliance on long-term experiments. Third, when the
oxide thickness is near the limit, the evolution follows
an exponential law (Eq. (10)).

5. Weight change analysis

Compared with measuring the oxide thickness, it is
sometimes easier to measure the weight changes that
can be derived from the proceeding discussions. For a
sample with pre-oxidation thickness X, the weight
change includes two parts: weight gain through oxidation
that can be expressed as: po,fox{X — Xp); and weight loss
through corrosion that is pox(1 — fo)K;t. Therefore the
specific weight change per unit area can be expressed as

Aw = poijxf(X _XO) - pox(l _fb)Kr[7 (13)

where p,, is the oxide density, and fo is the mass fraction
of oxygen in the oxide. If the weight change per unit area
is non-dimensionalized as: AW = Awlpoxs, Eq. (13)
becomes:
AW = fo(X —Xo) — (1 = fo)t. (14)
The weight change rate Rpy is
dAw
dt
Clearly for X — 1 and t — oo, Ray = — (1 — fo), indi-
cating that the asymptotic weight change has a linear
loss rate.

When X, =0 (no pre-oxidation), the weight change
reaches a peak AW},

Raw =

fo%*(lffo)- (15)

AW, = f5+ (1= fo)lfo + In(1 = fo)], (16)
at
7, =—fo—In(l —fo) and X, = fo. (17)

Therefore, for © < 7,, Ray > 0, corresponding to weight
gain (oxidation dominates in the early stage); for 7 > 1y,
Raw <0, corresponding to weight loss (scale removal
dominates over the long run).
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Fig. 5. Weight changes in time for different pre-oxidation
thickness for fo =0.3158 (Fe304). The time for reaching the
weight gain peak for X, <fo is much smaller than that for
approaching the asymptotic oxide thickness. All asymptotic
weight loss rates are the same (1 — fo).

When Xj < fo, the weight change peak becomes:

AWy = folfo = Xo) + (1 = fo) {f‘ﬁX‘)Hn (11:;((;)]

(18)

The initial weight gain still exists.

When X, > fo, X, is already exceeded, and Ray <0,
corresponding to weight loss for the entire duration. The
weight changes for different pre-oxidation thicknesses
are shown in Fig. 5.

For weight change at the early stage, Egs. (11) and
(12) for oxide thickness can be employed, therefore:

1 2
AW = —foXo + fo(21 + 279)'* — (1 —gf())f —gforo

(19a)

for 0 < Xp <1, and

fo 1, /1 1y,
AW =—(1-2=)t—=fol = —— 1
w ( X, T 2/0 X T (19b)
for 0 < Xy <1 and X, > 1. Egs. (19a) and (19b) can be
easily applied to fitting the weight change measurement

data from short-term experiments and calculating the
rate constants K, and K.

6. Technological implications and discussions

Motivated by the studies of protective oxide layer
behaviors in liquid lead—-alloy coolant system, Tedmon’s
original model for Cr oxidation with volatilization is
extended to high-temperature oxidation with parabolic
law and linear scale removal for any initial pre-oxidation

condition. The scale removal may result from scale
dissociation, volatilization, corrosion and erosion, etc.
The initial conditions are classified into distinct catego-
ries. For deriving expressions of the weight changes,
the early stage and asymptotic approximations of the
oxide thickness are discussed. Simple expressions for
analyzing the experimental results are obtained. The
analysis gives a clear and simple roadmap to investigate
specific materials and conditions of scientific and tech-
nological importance.

For measurement and analysis of oxidation with
scale removal, this study shows how the oxide thickness
and weight change data can be used, what simplified
model is applicable in what range with what initial
conditions.

For applications utilizing passivation or oxidation to
protect substrate materials, this study provides a com-
plete set of quantitative selection criteria for materials
and operating conditions. Because of the influence of
scale removal and the scale thickness limit imposed by
structural stability, there are conclusions that appear
paradoxical until now. The discovery will lead to
re-thinking of some conventional wisdom.

The discussion for applications is best conducted
with the inclusion of the physical parameters, ie. K
and K, in this case. First, the asymptotic thickness
xr= Kp/2K; has to be structurally stable for the entire
process to proceed as discussed, otherwise the scale
may spall and the oxidation process will reset and start
from the beginning. Since initial oxidation is rapid and
lead to accelerated wastage of the substrate materials,
this is undesirable. This constraint leads to the following
criterion:

xp =K, /2K, < xq, (20)

where x; is the limit for structurally stable oxide scale. It
is usually tens of microns or less.

Typically materials of high oxidation resistance are
among the first to be selected, and the oxygen partial
pressure of the environment is minimized. However, if
K. is reduced even more than the reduction in K, the
oxide may grow too thick, spall off, and re-grow at the
much faster initial rate. The overall long-term corrosion
of materials could be worse than in conditions where K,
is higher for complying with the criterion (Eq. (20)).
In the case of using active oxygen control to reduce
corrosion of steels in heavy liquid metal coolant (lead—
bismuth or lead), this leads to the need of keeping oxy-
gen concentrations which is limited by criterion (Eq. (20))
at the highest temperature and oxygen saturation at the
lowest temperature in closed circulation systems.

Under the condition that x; < x;, the long-term mate-
rial thinning rate, R,, is

R =22 (1- fo)k,, (21)
Pm
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where pyr is the metal density. The above equation indi-
cates that it is the scale removal rate that determines the
steady state recession rate of the substrate. Knowing the
design limit for the maximal wastage allowance, the life-
time estimate can be derived through Eq. (21).

Using pre-oxidation to enhance protection still re-
quires the maintenance of oxygen activity in order to
keep the oxide stable. Otherwise the oxide will be grad-
ually removed. With the oxygen partial pressure or con-
centration set to a constant value, it is possible to vary
the linear scale removal rate to make the oxide thickness
satisfy Eq. (20). For example, this can be achieved by
varying the liquid flow velocity in the mass transfer
corrosion case, such as liquid metal coolant system
subjected to corrosion.

It is also possible to pre-oxide materials in a condi-
tion that favors one oxidation mechanism and oxide
over the others, and results in better protection in the
early stage and even over the long run in practical
applications with different achievable conditions. For in-
stance, steels with relatively high Cr may be pre-oxidized
at intermediate temperature and low oxygen partial
pressure, and later used in high-temperature applica-
tions. The pre-oxidation condition favors the formation
of non-porous tenacious Cr,O3z, which may lead to a
later process dominated by Cr oxidation and scale re-
moval, as opposed to in situ formation of Cr-Fe spinel
and Fe;04 (magnetite) layers at higher operating tem-
peratures that is dominated by Fe oxidation and scale
removal. The detailed analysis of these scenarios will
be reported in another paper.

In the present study, oxide thickness and time are
normalized by x; and ¢, respectively. Both of them are
very sensitive to K, especially the time scale #.. A very
large . indicates that it takes a long time to approach
the asymptotic oxide thickness. For a specified pre-oxi-
dation thickness Xj, the oxide variation depends on
the value of K. If K, is small so that X, < xp, the oxide
thickness increases in time and approaches x; from
below; if K, is large so that Xy > xg, the oxide thickness
decreases in time and approaches x¢ from above.

If the linear removal rate constant is sufficiently small
so that x; > x;, then x; cannot be achieved because spall-
ation may occur when the oxide thickness reaches x;.
For such cases, the present model for predicting the final
oxide thickness needs to be expanded, while it is ex-
pected that the new oxide layer formation at the spalla-
tion is still following the present law. Such situations
should be avoided in engineering applications where oxi-
dation is needed for protective purposes, therefore we
focuses on the materials without oxide spallation in
the short term. The present analysis is based on the
assumption of parabolic oxidation. However, it is easy
to be extended to the others such as the cubic law. Such
extension for cases without pre-oxidation has been done
by Stringer [13].

7. Application

The proposed model is applied to interpret the exper-
imental results of steel D-9 (~13.6% Cr and ~13.6% Ni).
The experiments were carried out in a LBE loop at tem-
perature 550 °C [14]. The LBE flow velocity was 1.9 m/s
and the oxygen level is in the range of 0.03-0.05 ppm.
The weight changes and the oxide thickness were mea-
sured after 1000, 2000 and 3000 h exposures. For such
experiments, no obvious erosion or oxide spallation is
observed [14].

To obtain the parabolic oxidation rate constant and
the mass transfer rate, the experimental results on
weight changes are fitted using the early stage approxi-
mation (Eq. (19a)), shown in Fig. 6. The parabolic rate
constant K, and mass transfer rate K, are 6.87X
1077 m?s and 7.04 x 10~'* m/s, respectively. The K,
value is about three times larger than that of SUS316
steel (2.64x 1077 m%s [15]) under the same oxygen
partial pressure in gaseous environments. The difference
may be attributed to the different Cr content in the two
steels. Taking into account that there were many uncer-
tain factors during the experiments [14], the present
model captures the key features in the analysis of
experimental results of steels in LBE environment and
is suitable as a starting point to predict long-term
behaviors.

Knowing K, and K,, the corresponding ¢, and x¢ are
calculated as . = 2.2 yr and x; = 48.8 pm. Because ¢. is
not the time to reach the steady state, it takes more than
2.2 yr to approach the limiting oxide thickness for the
present cases. At the steady state, the substrate recession
rate R is 3.4x 107" my/s, leading to a corrosion rate
10.7 um/yr that is consistent with the kinetic corrosion
model results [12]. The above calculation indicates that
the oxide layer can protect the steel and reduce the cor-
rosion rate significantly if it is stable.

0.015
— K, =687x10""m’/s

é K, =7.04x10"m/s A
o

E 001
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= 0005
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00 500 1000 1500 2000 2500 3000 3500
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Fig. 6. Weight changes of steel D-9 in flowing LBE. Symbols
are experimental results from Ref. [14], and the solid curve is
the fitting results using Eq. (19a).
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It should be noted that the present calculations only
give very preliminary evaluation of the protective oxide
behaviors of steels in flowing lead—alloy system. The
microstructure and steel composition effects are ne-
glected. Information on the protective oxide layer in li-
quid lead-alloy systems is still lacking and the existing
experimental results are scattered. No general relation
can be obtained yet, partly due to wide-ranging experi-
mental conditions and materials, and partly due to a
lack of consistent protocol to analyze and report all rel-
evant results. For broad industrial applications, more
theoretical and experimental studies should be carried
in a more systematic framework.

8. Summary

High-temperature oxidation with scale removal is
studied using the non-dimensional Tedmon’s equation.
The initial conditions are classified into distinct catego-
ries. The early stage and asymptotic (late stage) kinetics
are discussed. Approximation equations, easily used for
fitting experimental results, are derived. We show which
simplified model is applicable in what range with what
initial conditions. The proposed model is successfully
applied to interpret the oxide behaviors of D-9 steel in
flowing LBE. It is found for pre-oxidation cases:

1. If X, <1, the non-dimensional thickness increases in
time and approaches 1 from below. If X, > 1, the
oxide thickness decreases in time and approaches 1
from above. If X;; = 1, the thickness remains constant.

2. If X, <fo (oxygen mass fraction in the oxide), the
specific weight change first increases, then decreases
in time after reaching a peak. If X > fo, it decreases
in time, and especially for X, = 1, the decrease is lin-
ear in time.

3. The asymptotic oxide thickness and the time constant
are very sensitive to the rate of the linear scale
removal, which can be used to control or adjust the
desired oxide thickness. The asymptotic (long-term)
substrate recession rate is determined by the linear
scale removal rate and not by oxidation.

4. The present analysis provides clear guidance to using
short-term experiments to predict long-term kinetics
by extracting the relevant process parameters.

High-temperature oxidation is a very complicated
process, especially for alloys, which involves multiple
oxide layers and multi-component diffusion. More stud-
ies should be carried out theoretically and experimen-
tally. Experiments on protective-scale removal through
mass transfer corrosion in heavy liquid metal coolant
(lead-bismuth and lead) systems are being performed
at the Los Alamos National Laboratory for applications
in advanced nuclear systems. For this specific applica-
tion of using protective oxide to mitigate steel corrosion,
more detailed analysis will be performed and reported
separately. However, the general methodology outlined
here should be applicable to a broad range of problems
and applications.
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